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Preface

While many experimental techniques have been developed to assess gene expression, it
remains challenging to quantify translation of proteins at the genome-wide level. Ribosome
profiling has recently emerged as a powerful tool to monitor protein translation with high
resolution in vivo, but methodological challenges and lack of standardized protocols are the
major barriers to wide use of ribosome profiling-based approaches. This volume provides a
single-source reference on the current state of the ribosome profiling method describing
step-by-step experimental protocols for quantitative analysis of translation in a variety of
model organisms. It also presents an overview of the existing software tools and includes
detailed description of methods for statistical analysis, data processing, and visualization of
ribosome profiling data.

Boston, MA, USA Vyacheslav M. Labunskyy
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Chapter 1

Monitoring Bacterial Translation Rates Genome-Wide

Eugene Oh

Abstract

Modern DNA sequencing technologies have allowed for the sequencing of tens of thousands of bacterial
genomes. While this explosion of information has brought about new insights into the diversity of the
prokaryotic world, much less is known of the identity of proteins encoded within these genomes, as well as
their rates of production. The advent of ribosome profiling, or the deep sequencing of ribosome-protected
footprints, has recently enabled the systematic evaluation of every protein-coding region in a given
experimental condition, the rates of protein production for each gene, and the variability in translation
rates across each message. Here, I provide an update to the bacterial ribosome profiling approach, with a
particular emphasis on a simplified strategy to reduce cloning time.

Key words Ribosome profiling, Ribo-seq, Bacterial ribosome profiling, Bacterial translation

1 Introduction

Capturing translation rates can reveal which genes are being made,
how much, and when they are needed [1, 2]. Recent advances in
sequencing technologies have now made it possible to systemati-
cally assess translation rates under any experimental condition.
Ribosome profiling, or the deep sequencing of ribosome-protected
mRNA footprints, allows for the genome-wide monitoring of
ongoing protein synthesis and complements other global
approaches (such as RNA-seq and mass spectrometry-based prote-
omics) that enable exploration and discovery of diverse facets of
gene regulation [3]. Indeed, ribosome profiling of various bacterial
species has been used (i) to define unannotated open reading
frames, especially those that encode for small polypeptides [4, 5];
(ii) to find translation initiation sites [6–9]; (iii) to investigate
specific aspects of translation, including initiation [10] and frame-
shifting [11, 12]; (iv) to measure translation efficiencies and exam-
ine causes of their variation [13]; (v) to estimate stoichiometries of
protein complexes [14]; (vi) to ascertain sites of ribosome pausing
and their causes [15–17]; (vii) to determine codon usage patterns

Vyacheslav M. Labunskyy (ed.), Ribosome Profiling: Methods and Protocols, Methods in Molecular Biology, vol. 2252,
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[18]; (viii) to characterize the mechanism of antibiotic action
[19, 20]; and (ix) to identify stress-induced regulons [21–23].

While ribosome profiling was originally developed for the bud-
ding yeast [24], fundamental differences in bacterial translation
demanded a substantial overhaul of the eukaryotic protocol
[25, 26]. Firstly, bacteria can sense the immediate loss of nutrients
by rapidly shutting down translation initiation, causing ribosomes
to run off, which, in turn, leads to a localized paucity of ribosome
occupancy at the 50 end of messages. To minimize this effect, a
rapid filtration strategy was developed for cell harvesting in lieu of
traditional methods based on centrifugation. Secondly, the nucle-
ase used to generate ribosome-protected footprints for eukaryotes,
RNase I, had long been known to be inhibited by the 30S subunit
of bacterial ribosomes [27]. This necessitated a new digestion
strategy. While micrococcal nuclease was chosen for its ability to
be quenched, use of other ribonucleases might prove beneficial
[28]. Additionally, recent protocols have provided advancements
that should be taken into consideration [29, 30]. However, it is
worth noting that the cloning of mRNA footprints into a sequence-
able library is time-consuming, taking up to 6 days of continuous
work. Much of this time is spent on purifying each enzymatic step
through lengthy gel extractions. Here, I describe a protocol that
eliminates two gel purification steps, by substituting them with
SPRI (solid phase reverse immobilization)-based purifications.

2 Materials

2.1 Cell Harvesting

by Rapid Filtration

1. Growth media: LB broth (Lennox), LB broth (Miller), or
MOPS minimal medium containing 0.2% glucose.

2. 15 mL culture tube.

3. 1 L baffled flask.

4. 90 mm filtration apparatus.

5. Vacuum line.

6. Nitrocellulose filter discs, 90 mm diameter, 0.2 μm pore size.

7. Scoopula spatula.

8. Liquid nitrogen.

9. 50 mL conical and 18 gauge needle.

2.2 Cell Pulverization 1. Styrofoam box.

2. Liquid nitrogen.

3. Mixer mill, 10 mL grinding jar, and 12 mm grinding ball (see
Note 1).

4. 1 M tris(hydroxymethyl)aminomethane (Tris), pH 8 stock
solution in nuclease-free water.
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5. 1 M NH4Cl stock solution in nuclease-free water.

6. 1 M MgCl2 stock solution in nuclease-free water.

7. 10% Triton X-100 stock solution in nuclease-free water.

8. 10% Nonidet P-40 stock solution in nuclease-free water.

9. 100 mM chloramphenicol stock solution in 100% ethanol
(store at �20 �C).

10. DNase I, RNase-free (see Note 2).

11. Lysis buffer: 20 mM Tris, pH 8, 100 mM NH4Cl, 10 mM
MgCl2, 0.4% Triton X-100, 0.1% Nonidet P-40, 1 mM chlor-
amphenicol, and 100 unit/mL DNase I, RNase-free in
nuclease-free water.

12. 50 mL conical and 18 gauge needle.

13. Rounded-edge spatula.

2.3 mRNA

Enrichment

and Fragmentation

1. 1 M ethylenediaminetetraacetic acid (EDTA), pH 8 stock solu-
tion in nuclease-free water.

2. 3 M sodium acetate (NaOAc), pH 5.5 stock solution in
nuclease-free water.

3. Resuspension buffer: 10 mM EDTA and 60 mM NaOAc in
nuclease-free water.

4. MICROBExpress bacterial mRNA enrichment kit (seeNote 3).

5. 10 mM Tris, pH 7 in nuclease-free water (prepare from a 1 M
stock solution).

6. MEGAclear clean-up kit (see Note 3).

7. 2� alkaline hydrolysis buffer: 1 μL of 0.5 M EDTA, pH 8,
30 μL of 0.1 M Na2CO3, and 220 μL of 0.1 M NaHCO3

(prepare fresh each time).

8. GlycoBlue coprecipitant (15 mg/mL stock) or equivalent
carrier.

9. Isopropanol.

10. Microcentrifuge.

11. 80% ethanol in nuclease-free water (prepare from a 200 proof
stock solution).

2.4 Extract

Preparation, MNase

Footprinting,

and Monosome

Isolation

1. Tabletop centrifuge compatible for spinning 50 mL conicals.

2. 1.5 mL tubes.

3. Microcentrifuge.

4. RNA/DNA spectrophotometer or Nanodrop.

5. Micrococcal nuclease (MNase) (see Note 4). Prepare a stock
solution containing 250 units of MNase/μL in 10 mM Tris,
pH 8 (store aliquots at �80 �C, avoid freeze-thaw cycles).

Ribosome Profiling in Bacteria 5



6. SuperaselIn RNase inhibitor (see Note 5).

7. 100 mM CaCl2 stock solution in nuclease-free water.

8. 0.5 M ethylene glycol-bis(2-aminoethylether)-N,N,N,‘N’--
tetraacetic acid (EGTA), pH 8 stock solution in nuclease-free
water.

9. SW 41 Ti swinging buckets, rotor, and ultracentrifuge.

10. Sucrose.

11. 1 M Tris, pH 8 stock solution in nuclease-free water.

12. 1 M NH4Cl stock solution in nuclease-free water.

13. 1 M MgCl2 stock solution in nuclease-free water.

14. 100 mM chloramphenicol stock solution in 100% ethanol
(store at �20 �C).

15. 10% sucrose solution: 10% sucrose (w/v), 20 mM Tris, pH 8,
100 mM NH4Cl, 10 mM MgCl2, and 1 mM chloramphenicol
in nuclease-free water.

16. 50% sucrose solution: 50% sucrose (w/v), 20 mM Tris, pH 8,
100 mM NH4Cl, 10 mM MgCl2, and 1 mM chloramphenicol
in nuclease-free water.

17. SETON open-top polyclear tubes (see Note 6).

18. BIOCOMPGradient Master and Piston Gradient Fractionator
(see Note 6).

19. 2 mL screw cap tube.

20. Liquid nitrogen.

2.5 RNA Extraction 1. 20% sodium dodecyl sulfate (SDS) in nuclease-free water.

2. Acid phenol, pH 4.5.

3. Microcentrifuge.

4. 1.5 mL tubes.

5. Chloroform.

6. 3 M sodium acetate (NaOAc), pH 5.5.

7. Isopropanol.

8. 80% ethanol in nuclease-free water (prepare from a 200 proof
stock solution).

9. 10 mM Tris, pH 7 in nuclease-free water (prepare from a 1 M
stock solution).

2.6 Footprint Size

Selection

1. RNA/DNA spectrophotometer or Nanodrop.

2. 10 mM Tris, pH 7 in nuclease-free water (prepare from a 1 M
stock solution).

3. Agencourt AMPure XP beads (see Note 7).

4. Magnetic stand compatible for 1.5 mL tubes.
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5. 1.5 mL tubes.

6. Isopropanol.

7. 80% ethanol in nuclease-free water (prepare from a 200 proof
stock solution).

2.7 Dephosphory-

lation

1. NEB T4 polynucleotide kinase (PNK) (see Note 7).

2. 10� T4 PNK buffer (supplied with enzyme).

3. SuperaselIn RNase inhibitor.

4. 10 mM Tris, pH 7 in nuclease-free water (prepare from a 1 M
stock solution).

5. 3 M sodium acetate (NaOAc), pH 5.5.

6. GlycoBlue coprecipitant (15 mg/mL stock).

7. Isopropanol.

8. Microcentrifuge.

9. 80% ethanol in nuclease-free water (prepare from a 200 proof
stock solution).

2.8 Linker Ligation 1. NEB T4 RNA ligase 2, truncated K227Q (see Note 7).

2. 50% (w/v) PEG 8000 (supplied with enzyme).

3. 10� T4 RNA ligase reaction buffer (supplied with enzyme).

4. SuperaselIn RNase inhibitor.

5. 20 μM solution of oCJC88 oligonucleotide /5rApp/GATCG
GAAGAGCACACGT/3ddC/ (see Note 8) dissolved in
10 mM Tris, pH 7.

6. Agencourt AMPure XP beads.

7. Isopropanol.

8. Magnetic stand compatible for 1.5 mL tubes.

9. 10 mM Tris, pH 7 in nuclease-free water (prepare from a 1 M
stock solution).

2.9 Reverse

Transcription

1. 10 mM dNTP stock solution.

2. 20 μM solution of oCJC160 oligonucleotide /5Phos/AGAT
CGGAAGAGCGTCGTGTAGGGAAAGAGTGT/iSp18/GT
GACTGGAGTTCAGACGTGTGCTCTTCCGATC(seeNote
8) dissolved in 10 mM Tris, pH 7.

3. SuperScript III reverse transcriptase (see Note 7).

4. 5� First strand buffer (FSB) (supplied with enzyme).

5. 0.1 M DTT (supplied with enzyme).

6. SuperaselIn RNase inhibitor.

7. 1 N NaOH.

8. 2� Novex TBE-urea sample buffer (see Note 7).

Ribosome Profiling in Bacteria 7



9. 10% Novex TBE-urea gel, 12 wells (see Note 7).

10. 1� Tris-borate-EDTA (TBE) running buffer. Contains
0.089 M Tris-borate and 0.002 M EDTA buffered to pH 8.3.

11. SYBR gold nucleic acid gel stain (see Note 7).

12. 18 gauge needle, 0.5 mL tubes, and 1.5 mL tubes.

13. Microcentrifuge.

14. 10 mM Tris, pH 8.

15. Costar Spin-X centrifuge filters (see Note 7).

16. 5 M NaCl.

17. 0.5 M EDTA, pH 8.

18. GlycoBlue coprecipitant (15 mg/mL stock).

19. Isopropanol.

20. 80% ethanol in nuclease-free water (prepare from a 200 proof
stock solution).

2.10 Circularization 1. CircLigase ssDNA ligase (see Note 7).

2. 10� CircLigase reaction buffer (supplied with enzyme).

3. 1 mM ATP (supplied with enzyme).

4. 50 mM MnCl2 (supplied with enzyme).

2.11 rRNA

Subtraction

1. 100 μM solution of hybridization oligonucleotides dissolved in
10 mM Tris, pH 8 (see Note 8):
mix 77 μL of 100 μM oEO1055, /5Biosg/TCATCTCCGG

GGGTAGAGCACTGTTTCG;
4 μL of 100 μM oEO1056, /5Biosg/GGCTAAACCATG

CACCGAAGCTGCGGCAG;
17 μL of 100 μM oEO1057, /5Biosg/AAGGCTGAGGC

GTGATGACGAGGCACT;
and 2 μL of 100 μM oEO1058, /5Biosg/CGGTGCTGA

AGCAACAAATGCCCTGCTT.

2. 20� saline-sodium citrate (SSC). Contains 3 M NaCl and
0.4 M sodium citrate buffered to pH 7 with HCl.

3. PCR thermocycler.

4. MyOne streptavidin C1 dynabeads (see Note 7).

5. Magnetic stand compatible for 1.5 mL tubes.

6. 1� binding and wash (B&W) buffer: 5 mM Tris, pH 7.5,
0.5 mM EDTA, 1 M NaCl, and 0.01% Tween.

7. 2� B&W buffer: 10 mM Tris, pH 7.5, 1 mM EDTA, 2 M
NaCl, and 0.01% Tween.

8. 10 mM Tris, pH 8.

9. 5 M NaCl.
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10. 0.5 M EDTA, pH 8.

11. GlycoBlue coprecipitant (15 mg/mL stock).

12. Isopropanol.

13. Microcentrifuge.

14. 80% ethanol in nuclease-free water (prepare from a 200 proof
stock solution).

2.12 Library

Amplification by PCR

1. High-Fidelity (HF) Phusion DNA polymerase (see Note 7).

2. 5� HF buffer (supplied with enzyme).

3. 10 mM dNTPs.

4. 10 μM solution of oCJC161 oligonucleotide resuspended in
10 mM Tris, pH 8:
AATGATACGGCGACCACCGAGATCTACACTCTTTCCC

TACACGACGCTCTTCCGATCT.

5. 10 μM solution of oCJC60–71 indexing oligonucleotides
resuspended in 10 mM Tris, pH 8:
oCJC60: CAAGCAGAAGACGGCATACGAGATCGAGTAA

TGTGACTGGAGTTCAGACG, index: ATTACTCG.

oCJC61: CAAGCAGAAGACGGCATACGAGATTCTCCG
GAGTGACTGGAGTTCAGACG, index: TCCGGAGA.

oCJC62: CAAGCAGAAGACGGCATACGAGATAATGAGC
GGTGACTGGAGTTCAGACG, index: CGCTCATT.

oCJC63: CAAGCAGAAGACGGCATACGAGATGGAATCT
CGTGACTGGAGTTCAGACG, index: GAGATTCC.

oCJC64: CAAGCAGAAGACGGCATACGAGATTTCTGAA
TGTGACTGGAGTTCAGACG, index: ATTCAGAA.

oCJC65: CAAGCAGAAGACGGCATACGAGATACGAATT
CGTGACTGGAGTTCAGACG, index: GAATTCGT.

oCJC66: CAAGCAGAAGACGGCATACGAGATAGCTT
CAGGTGACTGGAGTTCAGACG, index: CTGAAGCT.

oCJC67: CAAGCAGAAGACGGCATACGAGATGCGCAT
TAGTGACTGGAGTTCAGACG, index: TAATGCGC.

oCJC68: CAAGCAGAAGACGGCATACGAGATCATAGCC
GGTGACTGGAGTTCAGACG, index: CGGCTATG.

oCJC69: CAAGCAGAAGACGGCATACGAGATTTCGCG
GAGTGACTGGAGTTCAGACG, index: TCCGCGAA.

oCJC70: CAAGCAGAAGACGGCATACGAGATGCGCGA
GAGTGACTGGAGTTCAGACG, index: TCTCGCGC.

oCJC71: CAAGCAGAAGACGGCATACGAGATCTATCGC
TGTGACTGGAGTTCAGACG, index: AGCGATAG).

6. 6� DNA gel loading dye.
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7. Novex 8% TBE-polyacrylamide gel, 12 wells.

8. 1� TBE running buffer.

9. SYBR gold nucleic acid gel stain.

10. 18 gauge needle, 0.5 mL tubes, and 1.5 mL tubes.

11. Microcentrifuge.

12. 10 mM Tris, pH 8.

13. Costar Spin-X centrifuge filters.

14. 5 M NaCl.

15. 0.5 M EDTA, pH 8.

16. GlycoBlue coprecipitant (15 mg/mL).

17. Isopropanol.

18. 80% ethanol in nuclease-free water (prepare from a 200 proof
stock solution).

2.13 Quantify,

Sequence, and Analyze

1. Fragment analyzer or equivalent.

2. Read1 oligonucleotide sequence: ACACTCTTTCCCTACAC
GACGCTCTTCCGATCT.

3. Indexing oligonucleotide sequence: GATCGGAAGAGCA
CACGTCTGAACTCCAGTCAC.

3 Methods

3.1 Cell Harvesting

by Rapid Filtration

(~10–15 min

for Harvesting)

1. Inoculate a single bacterial colony in 5 mL of growth medium.
Use the appropriate growth medium for your strain of interest
and/or experimental condition. Use of non-rich media has
been shown to deplete specific amino acids more readily and
will affect ribosome occupancy measurements. Culture cells
overnight at 37 �C (or at a growth temperature required for
your strain of interest) in a 15 mL culture tube.

2. Dilute overnight culture in 250 mL of growth medium (pre-
warmed to 37 �C) in a 1 L baffled flask. Make sure cells go
through more than five doublings. Starting OD600 should be
less than 0.005.

3. Grow cells at 37 �C until culture reaches log-phase growth
(or an OD600 of ~0.3–0.4). Culture conditions for log-phase
growth should be optimized for each strain.

4. Connect filtration apparatus to a vacuum line in a 37 �C warm
room. Make sure to use a 0.2 μm filter disc made of nitrocellu-
lose. Filter discs made of different materials and pore sizes have
been tested and do not filter as well. Cultures should be filtered
at their growth temperature, if possible. Use a portable vacuum
pump if a vacuum line is not set up in your warm room.
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5. Filter liquid culture (seeNote 9). Do not wait for liquid culture
to filter fully. Immediately disassemble filtration apparatus once
~90–95% of culture has passed through the filter. This will
minimize ribosome runoff, which occurs as soon as cells are
deprived of growth medium.

6. Firmly scrape cells off filter disc with a Scoopula spatula. These
spatulas are preferred because they have a long edge. Avoid
scraping cells more than once, as this will help minimize ribo-
some runoff.

7. Quickly plunge Scoopula spatula into a 50 mL conical filled
with liquid nitrogen. A second spatula (prechilled in liquid
nitrogen) may be needed to dislodge cells that are firmly
adhered to the Scoopula.

8. Remove excess liquid nitrogen. Pierce a 50 mL conical cap five
times with an 18 gauge needle. Cap conical and invert to
remove excess liquid nitrogen. Make sure vents face away
from you.

9. Store frozen cells at �80 �C [STOP POINT] or continue to
next section.

3.2 Cell Pulverization

(~1 h)

1. Fill a Styrofoam box with liquid nitrogen. You may need to
refill as liquid nitrogen evaporates.

2. Place a 12 mm grinding ball in a 10 mL grinding jar and
submerge in a liquid nitrogen bath until liquid nitrogen stops
boiling.

3. Prepare 1 mL of lysis buffer.

4. Fill a 50 mL conical with liquid nitrogen and add 650 μL of
lysis buffer dropwise.

5. Remove excess liquid nitrogen. Pierce a 50 mL conical cap five
times with an 18 gauge needle. Cap conical and invert to
remove excess liquid nitrogen. Make sure vents face away
from you.

6. Remove grinding jar (grinding ball included) from liquid nitro-
gen bath. Place frozen cells (from Subheading 3.1, step 9) and
frozen lysis buffer pellets in grinding jar. Make sure liquid
nitrogen has fully evaporated prior to assembling grinding jar.

7. Submerge closed jar in a liquid nitrogen bath until liquid
nitrogen stops boiling.

8. Pulverize cells in a mixer mill at 15 Hz for 3 min.

9. Submerge jar in a liquid nitrogen bath until liquid nitrogen
stops boiling.

10. Repeat steps 8 and 9 four more times.

11. Transfer pulverized cell powder into a 50 mL conical filled with
liquid nitrogen. Fill conical with liquid nitrogen up to the
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25 mL line. Do not overfill. Use a rounded-edge spatula (pre-
chilled in liquid nitrogen) to scrape out the pulverized cell
powder and gently deposit cell powder into liquid nitrogen.

12. Remove excess liquid nitrogen. Pierce a 50 mL conical cap five
times with an 18 gauge needle. Cap and tap the conical until
excess liquid nitrogen escapes through vents. Do not invert or
you will lose your pulverized cell powder. Make sure vents face
away from you.

13. Store pulverized cell powder at �80 �C [STOP POINT], or
continue to next section. If storing cell powder, store with
a vented cap. If genome-wide translation efficiency measure-
ments are desired, save one-third of pulverized cell powder for
Subheading 3.3 and two-thirds of cell powder for Subheading
3.4 (see Note 10). If only ribosome density measurements are
needed, proceed with Subheading 3.4.

3.3 mRNA

Enrichment (~4–5 h)

and Fragmentation

(~1.5 h)

1. For total RNA extraction, dissolve pulverized cell powder in
0.7 mL of resuspension buffer.

2. Proceed with Subheading 3.5, steps 1–18 and return.

3. Remove 16S and 23S ribosomal RNAs by subtractive hybridi-
zation using the MICROBExpress bacterial mRNA enrich-
ment kit (follow manufacturer’s instructions). Begin with
20 μg of total RNA. Isopropanol precipitate rRNA-subtracted
RNAs. Resuspend in 40 μL of 10 mM Tris, pH 7.

4. Remove small RNAs less than 100 nucleotides using the
MEGAclear clean-up kit (follow manufacturer’s instructions).
Isopropanol precipitate enriched mRNAs. Resuspend in 25 μL
of 10 mM Tris, pH 7.

5. Fragment enriched mRNA by alkaline hydrolysis. To 25 μL of
enriched mRNA, add 25 μL of freshly prepared 2� alkaline
hydrolysis buffer.

6. Incubate at 95 �C for 23 min and transfer to ice.

7. Precipitate fragmented RNA by adding 450 μL of 10 mM Tris,
pH 7, 55 μL of 3 M NaOAc pH, 5.5, 2 μL of GlycoBlue
coprecipitant, and 0.55 mL of 100% isopropanol. Vortex and
incubate at �80 �C for 30 min or longer.

8. Pellet at 20,000 � g or top speed in a microcentrifuge for
30 min.

9. Wash pellet twice with 0.5 mL of ice-cold 80% ethanol.

10. Dry pellet for 5 min in a chemical fume hood.

11. Resuspend pellet in 50 μL of 10 mM Tris, pH 7.

12. Proceed with Subheading 3.6, step 3.
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3.4 Extract

Preparation (~30 min),

MNase Footprinting

(~1.5 h),

and Monosome

Isolation (~3.5 h)

1. Thaw pulverized cell powder in a room temperature water bath
for 2 min (or until completely thawed).

2. Incubate on ice for 10 min.

3. Spin down 50 mL conical at 4000 � g in a tabletop centrifuge
for 1 min at 4 �C. This is to collect the extract adhering to the
conical wall.

4. Transfer thawed extract to a prechilled 1.5 mL tube.

5. Spin down insoluble debris at 20,000 � g or top speed in a
microcentrifuge for 10 min at 4 �C.

6. Transfer clarified supernatant to a prechilled 1.5 mL tube. Do
not disrupt pellet.

7. Measure RNA concentration by Nanodrop by diluting extract
1:100 in nuclease-free water. Measure A260 and calculate con-
centration. 1 A260 unit equals 40 μg/mL of total RNA.

8. Digest 0.5 mg of total RNA in a 0.2 mL reaction volume. To
0.5 mg of total RNA, add 750 units of MNase, 2.5 μL of
SuperaselIn, and 10 μL of 100 mM CaCl2. Bring up reaction
volume to 0.2 mL with lysis buffer (see recipe in Subheading
2.2).

9. Incubate reaction at 25 �C for 1 h.

10. Quench reaction with 2 μL of 0.5 M EGTA and leave on ice.

11. Prechill SW 41 Ti swinging buckets and rotor at 4 �C.

12. Prepare 15 mL of 10% sucrose solution.

13. Prepare 15 mL of 50% sucrose solution.

14. Add 6 mL of 50% sucrose solution to an open-top polyclear
tube. SETON brand tubes are less prone to cracking.

15. Layer 6 mL of 10% sucrose solution with a motorized pipette
controller. Use the slowest setting available to avoid mixing the
two layers.

16. Make a 10–50% gradient. Use the preset 10–50% (w/v) short
program on a Gradient Master.

17. Carefully load gradients into prechilled buckets. Gradients
should be stored at 4 �C until quenched reactions are ready
to be loaded.

18. Load samples without disrupting the gradients. Balance with
lysis buffer, if necessary (see recipe in Subheading 2.2).

19. Carefully attach the loaded buckets to the prechilled rotor. Set
ultracentrifuge to spin an SW 41 Ti rotor and spin at
35,000 rpm (151,000 � g) for 2.5 h at 4 �C.

20. Fractionate using a Piston Gradient Fractionator. Set piston
speed to 0.2 mm/s.
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21. Manually collect monosome peak in a 2 mL screw cap tube
(Fig. 1).

22. Flash freeze monosomes in liquid nitrogen and store at�80 �C
[STOP POINT] or continue to next section.

3.5 RNA Extraction

(~2 h)

1. To 0.7 mL of monosomes, add 40 μL of 20% SDS and 0.7 mL
of acid phenol, pH 4.5 (prewarmed to 65 �C).

2. Vortex and incubate at 65 �C for 5 min.

3. Chill on ice for 5 min.

4. Spin at 20,000� g or top speed in a microcentrifuge for 2 min.

5. Transfer aqueous layer to a new 1.5 mL tube.

6. Add 0.7 mL of room temperature acid phenol, pH 4.5.

7. Vortex and incubate at room temperature for 5 min.

8. Spin at 20,000 � g or top speed for 2 min.

9. Transfer aqueous layer to a new 1.5 mL tube.

10. Add 0.6 mL of chloroform.

11. Vortex and immediately spin at 20,000 � g or top speed for
1 min.

12. Transfer aqueous layer to new 1.5 mL tube.

13. Precipitate total RNA by adding 78 μL of 3MNaOAc, pH 5.5,
and 0.77 mL of 100% isopropanol. Vortex and incubate at
�80 �C for 30 min or longer.

14. Pellet at 20,000 � g or top speed for 30 min.

15. Wash pellet twice with 0.5 mL of ice-cold 80% ethanol.

MNase-digested

undigested control

Monosome
fraction
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Fig. 1 Sucrose gradient profiles of mock versus MNase-digested polysomes.
Polysomes were harvested from DH5α cells and run on a 10–50% sucrose
gradient. Gradient lengths (mm) are plotted as a function of absorbance at
260 nm (in arbitrary units)
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16. Dry pellet for 5 min in a chemical fume hood.

17. Resuspend pellet in 20 μL of 10 mM Tris, pH 7.

18. Store extracted RNA at �20 �C [STOP POINT] or continue
to next section.

3.6 Footprint Size

Selection (~1.5 h)

1. Quantify extracted RNA by Nanodrop.

2. Dilute 10 μg of extracted RNA in 50 μL of 10 mM Tris, pH 7.

3. Add 90 μL of AMPure XP beads (or SPRIselect beads). This
method is based on a strategy for cloning microRNA libraries
[31]. Make sure AMPure XP beads are fully resuspended prior
to use. AMPure XP and SPRIselect beads are identical except
SPRIselect beads are certified as RNAse-free. Nonetheless,
AMPure XP beads have been used to purify RNA without
observable degradation.

4. Mix by pipetting until beads are fully resuspended and incubate
at room temperature for 5 min.

5. Place tube in a magnetic stand, and allow beads to settle until
supernatant clears. RNA fragments greater than ~200 nucleo-
tides will adhere to beads.

6. Carefully transfer supernatant to a new tube. This fraction
contains RNA fragments that range in length from ~18 to
200 nucleotides.

7. Add 70 μL of AMPure XP beads and 90 μL of 100% isopropa-
nol. Final concentrations: 10.6% PEG, 30% isopropanol.

8. Mix by pipetting until beads are fully resuspended and incubate
at room temperature for 5 min.

9. Place tube in a magnetic stand, and allow beads to settle until
supernatant clears.

10. Carefully transfer supernatant to a new tube.

11. Add 90 μL of AMPure XP beads and 270 μL of 100% isopro-
panol. Final concentrations: 7.5% PEG, 58% isopropanol.

12. Mix by pipetting until beads are fully resuspended, and incu-
bate at room temperature for 5 min. RNA fragments ranging
from ~18 to 100 nucleotides will adhere to beads (Fig. 2).
RNA fragments outside the desired range of ~18–45 nucleo-
tides can be removed by gel extraction following the reverse
transcription reaction (see Subheading 3.9).

13. Place tube in a magnetic stand, and allow beads to settle until
supernatant clears.

14. Discard supernatant.

15. Wash twice with 0.5 mL of room temperature 80% ethanol. Do
not disrupt beads.

16. Dry beads for 5 min in a chemical fume hood.
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17. Resuspend beads with 30 μL of 10 mM Tris, pH 7.

18. Mix by pipetting until beads are fully resuspended and incubate
at room temperature for 2 min.

19. Place tube in a magnetic stand and allow beads to settle until
supernatant clears.

20. Transfer eluate into a new 1.5 mL tube and store at �20 �C
[STOP POINT] or continue to next section.

3.7 Dephosphory-

lation (~2.5 h)

1. To 15 μL of eluate, add 2 μL of 10� T4 PNK buffer (supplied
with enzyme) and 1 μL of SuperaselIn. Make a master mix if
performing many reactions. To monitor cloning efficiency, you
can perform the same reaction with the control oligo oNTI199
in parallel (see Note 11).

2. Add 2 μL of T4 PNK.

3. Mix by pipetting.

4. Incubate reaction at 37 �C for 1 h.

5. Heat kill enzyme at 75 �C for 10 min.

6. Precipitate by adding 480 μL of 10 mM Tris, pH 7, 55 μL of
3 M NaOAc, pH 5.5, 2 μL of GlycoBlue coprecipitant, and
0.55 mL of 100% isopropanol. Vortex and incubate at �80 �C
for 30 min or longer.

7. Pellet at 20,000 � g or at top speed in a microcentrifuge for
30 min at 4 �C.

8. Wash pellet twice with 0.5 mL of ice-cold 80% ethanol.

9. Dry pellet for 5 min in a chemical fume hood.

10. Resuspend pellet in 7 μL of 10 mM Tris, pH 7.

11. Store at �20 �C [STOP POINT] or continue to next section.

3.8 Linker Ligation

(~3 h)

1. Denature 7 μL of dephosphorylated RNA at 80 �C for 2 min
and return to ice.

2. Add 8 μL of 50% (w/v) PEG 8000 (supplied with enzyme),
2 μL of 10� T4 RNA ligase reaction buffer (supplied with

Small RNA enrichment
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Fig. 2 RNA bioanalyzer trace of SPRI-selected small RNA footprints. RNA was
quantified in fluorescence units (y-axis). #, $, %, and & signs reflect discrete,
contaminating rRNA bands (at indicated sizes), which are used as internal sizing
standards. The desired footprint lengths are enclosed within the gray box
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enzyme), 1 μL of SuperaselIn, and 1 μL of 20 μM oCJC88
oligonucleotide. Make a master mix if performing many
reactions.

3. Add 1 μL of T4 RNA ligase 2, truncated K227Q.

4. Mix by pipetting.

5. Incubate at 25 �C for 2 h.

6. To 20 μL of ligation reaction, add 29 μL of nuclease-free water,
75 μL of AMPure XP beads, and 129 μL of 100% isopropanol.
Final concentrations: 7.5% PEG, 51% isopropanol.

7. Mix until beads are fully resuspended by pipetting and incubate
at room temperature for 5 min. RNA fragments greater than
~35 nucleotides will adhere to beads (Fig. 3).

8. Discard supernatant.

9. Resuspend beads in 11.5 μL of 10 mM Tris, pH 7.

10. Place tube in a magnetic stand and allow beads to settle until
supernatant clears.

11. Transfer eluate into a fresh 1.5 mL tube and store at �20 �C
[STOP POINT] or continue to next section.

3.9 Reverse

Transcription (~3.5 h)

1. To 11.5 μL of ligated RNA, add 1 μL of 10 mM dNTP and
1 μL of 20 μM oCJC160 oligonucleotide.

2. Denature at 65 �C for 5 min and return to ice.

3. Add 4 μL of 5� FSB buffer (supplied with enzyme), 1 μL of
0.1 M DTT (supplied with enzyme), and 1 μL of SuperaselIn.
Make a master mix if performing many reactions.

4. Add 1 μL of SuperScript III reverse transcriptase.

5. Mix by pipetting.

6. Incubate at 50 �C for 30 min.

7. Add 2.3 μL of 1 N NaOH.
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Fig. 3 Small RNA bioanalyzer trace of RNA footprints ligated with linker. RNA was
quantified in fluorescence units (y-axis). #, $, %, and & signs reflect discrete,
contaminating rRNA bands (at indicated sizes), which are used as internal sizing
standards. RNA footprints will increase by ~18 nt, which is the length of the
linker. The desired footprint lengths are enclosed within the gray box
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8. Hydrolyze RNA at 95 �C for 15 min.

9. Add 23 μL of 2� TBE-urea sample buffer.

10. Denature at 80 �C for 2 min and return to ice.

11. Set up a 10% TBE-urea gel in 1� TBE. Pre-run gel at 200 V for
1 h. Wash lanes prior to use.

12. Load samples and run at 200 V until loading dye runs out of
gel. Instead of relying on loading controls, I now use the
contaminating rRNA bands to approximate sizes (see
Note 12).

13. Stain gel with a 1:10,000 dilution of SYBR gold reagent in 1�
TBE for 2 min.

14. Size select desired bands. Cut below the lowest contaminating
rRNA band (#) but well above the free oCJC160 oligonucleo-
tide to below the highest contaminating rRNA band (&)
(Fig. 4) (see Note 13). To maximize the recovery of all
ribosome-protected mRNA footprints, cutting a larger band
length is preferred. Use blue light source for detection, if
possible. Avoid using UV as light source to prevent
UV-induced crosslinking of library.

15. To recover DNA, pierce an 18 gauge needle through a 0.5 mL
tube. Insert gel slice in pierced tube and nest inside a
1.5 mL tube.

16. Spin down at 20,000 � g or top speed in a microcentrifuge for
2 min to crush gel.

17. Add 0.5 mL of 10 mM Tris, pH 8. Incubate at �20 �C for
30 min.

oCJC160

Pre Pos
t

&
%

#
$

Fig. 4 Gel analysis of reverse transcription reaction. Reverse-transcribed RNA
was resolved on a 15% TBE-urea gel (however, a 10% TBE-urea is
recommended). Size selection of your desired fragment lengths should occur
at this step. #, $, %, and & signs reflect discrete, contaminating rRNA bands,
which are used as internal sizing standards, rather than DNA ladders. Left panel
indicates gel before excision of bands (pre), while right panel indicates gel
following excision of bands (post)
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18. Incubate at 70 �C for 10 min with shaking. Transfer gel slurry
to a Spin-X cellulose acetate column using a wide-bore pipette
(or cut a pipette tip with a razor blade).

19. Spin at 20,000 � g or top speed for 1 min. Transfer flow
through to a new 1.5 mL tube.

20. Add 32 μL of 5 M NaCl, 1 μL of 0.5 M EDTA, 2 μL of
GlycoBlue coprecipitant, and 0.55 mL of 100% isopropanol.
Mix by vortexing and incubate at�80 �C for 30 min or longer.

21. Pellet at 20,000 � g or top speed for 30 min at 4 �C.

22. Wash pellet twice with 0.5 mL of ice-cold 80% ethanol.

23. Dry pellet for 5 min in a chemical fume hood.

24. Resuspend pellet in 15 μL of 10 mM Tris, pH 8.

25. Store at �20 �C [STOP POINT] or continue to next section.

3.10 Circularization

(~2.5 h)

1. To 15 μL of reverse-transcribed ssDNA, add 2 μL of 10�
CircLigase buffer (supplied with enzyme), 1 μL of 1 mM
ATP (supplied with enzyme), and 1 μL of 50 mM MnCl2
(supplied with enzyme). Make a master mix if performing
many reactions.

2. Add 1 μL of CircLigase.

3. Mix by pipetting.

4. Incubate at 60 �C for 1 h. Use a heated lid, if possible.

5. Dope in 1 μL of CircLigase and incubate at 60 �C for 1 h.

6. Heat kill enzyme at 80 �C for 10 min.

7. Store reaction at �20 �C [STOP POINT] or continue to next
section.

3.11 rRNA

Subtraction (~3 h)

1. To 5 μL of circularized DNA, add 1 μL of 100 μM mix of
hybridization oligonucleotides, 1 μL of 20� SSC, and 3 μL of
water. Make a master mix if performing many reactions. Hybri-
dization oligonucleotide sequences were designed for E. coli
ribosomal RNAs and must be empirically determined for other
bacterial species.

2. Incubate at 98 �C for 2 min.

3. Ramp down temperature to 37 �C over a span of 1 h in a PCR
thermocycler.

4. Incubate at 37 �C for 20 min.

5. Prepare 25 μL of MyOne streptavidin C1 dynabeads using
magnetic stand.

6. Wash dynabeads three times with 25 μL of 1� B&W buffer.

7. Resuspend in 10 μL of 2� B&W buffer.

8. Incubate dynabeads at 37 �C until needed.
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9. Add 10 μL of hybridization reaction to pre-washed dynabeads.

10. Incubate at 37 �C for 15 min.

11. Place in a magnetic stand and recover supernatant.

12. Precipitate DNA by adding 0.48 mL of 10 mM Tris, pH 8,
32 μL of 5 M NaCl, 1 μL of 0.5 M EDTA, 2 μL of GlycoBlue
coprecipitant, and 0.55 mL of 100% isopropanol. Mix by vor-
texing and incubate at �80 �C for 30 min or longer.

13. Pellet at 20,000 � g or top speed in a microcentrifuge for
30 min at 4 �C.

14. Wash pellet twice with 0.5 mL of ice-cold 80% ethanol.

15. Dry pellet for 5 min in a chemical fume hood.

16. Resuspend in 5 μL of 10 mM Tris, pH 8.

17. Store at �20 �C [STOP POINT] or continue to next section.

3.12 Library

Amplification by PCR

(~2.5 h)

1. Prepare a master mix containing 16.7 μL of 5� HF buffer
(supplied with enzyme), 1.7 μL of 10 mM dNTPs, 4 μL of
10 μM oCJC161, 4 μL of 10 μM indexing oligonucleotide,
52 μL of water, and 0.8 μL of HF Phusion polymerase.

2. Add 79.2 μL of PCR master mix to 5 μL of rRNA-subtracted
circularized DNA and vortex.

3. Aliquot 16 μL into five separate PCR tubes.

4. Perform PCR reaction. Set initial denaturation at 98 �C for
30 s. Cycle 14 times using following conditions: 98 �C for 10 s,
60 �C for 10 s, 72 �C for 5 s.

5. Remove a tube after cycle 6, 8, 10, 12 and 14.

6. Add 3.5 μL of 6� DNA gel loading dye.

7. Set up an 8% TBE-polyacrylamide gel in 1� TBE.

8. Load samples and run at 180 volts for 40 min.

9. Stain gel with a 1:10,000 dilution of SYBR gold reagent in 1�
TBE for 2 min.

10. Excise desired bands (Fig. 5).

11. To precipitate library, pierce an 18 gauge needle through a
0.5 mL tube. Insert gel slice in pierced tube and nest inside a
1.5 mL tube.

12. Spin down at 20,000 � g or top speed in a microcentrifuge for
2 min to crush gel.

13. Add 0.5 mL of 10 mM Tris, pH 8. Incubate at �20 �C for
30 min.

14. Incubate at 70 �C for 10 min with shaking. Transfer gel slurry
to a Spin-X cellulose acetate column using a wide-bore pipette.
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15. Spin at 20,000 � g or top speed for 1 min. Transfer flow
through to a fresh tube.

16. Add 32 μL of 5 M NaCl, 1 μL of 0.5 M EDTA, 2 μL of
GlycoBlue coprecipitant, and 0.55 mL of 100% isopropanol.
Mix by vortexing and incubate at�80 �C for 30 min or longer.

17. Pellet at 20,000 � g or top speed for 30 min at 4 �C.

18. Wash pellet twice with 0.5 mL of ice-cold 80% ethanol.

19. Dry pellet for 5 min in a chemical fume hood.

20. Resuspend pellet in 10 μL of 10 mM Tris, pH 8.

21. Store library at �20 �C [STOP POINT] or continue to next
section.

3.13 Quantify,

Sequence,

and Alignment

1. Quantify library using a fragment analyzer (Fig. 6). The library
should be between ~140 and 180 bp in length. Concentrations
will vary based on cycling times and gel extraction efficiencies
but should be greater than 2 nM. If more is needed, repeat
PCR with additional cycling times or use more rRNA-
subtracted circularized DNA as input.

6 8 10 12 146 8 10 12 14

Pre Post

oCJC161
oCJC60

empty100 bp

Fig. 5 Gel analysis of PCR amplification reaction. Circularized ssDNA was directly
amplified without rRNA subtraction. PCR reactions were removed after the
indicated cycles and resolved on an 8% TBE-polyacrylamide gel. Left panel
indicates gel before excision of bands (pre), while right panel indicates gel
following excision of bands (post)
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Fig. 6 High sensitivity small DNA fragment analyzer trace of amplified DNA
library
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2. Sequence using an Illumina sequencing platform.

3. Trim reads with cutadapt version 1.16.

cutadapt –m 15 –u 1 –a GATCGGAAGAGCACACGT –o $output_name

$input_fastq_file

4. Remove rRNA sequences and align with bowtie v.1.2.2. Use
aligned reads for quantifying translation rates.

bowtie rRNA_sequences –v 2 –m 1 $input_fastq_file >

$output_aligned2rRNA –un %output_unaligned

bowtie reference_genome –v 2 –m 1 $output_unaligned >

$output_aligned2genome

5. Quantifying translation rates. Translation rates can be
measured using various metrics [29, 30]. Studies on ribosome
pausing (i.e., local translation) require a more refined analysis
[16] when compared with quantifying bulk (or gene level)
translation rates. Briefly, to measure gene level translation
rates, the sum of aligned reads to an open reading frame
(ORF) should be normalized to the length of the ORF and
the total number of reads aligned to all ORFs. This gives the
units reads per kilobase million (RPKM) for each gene. To
account for variability in read length (~15–45 nucleotides),
footprints can be trimmed from each side by a constant length
(e.g., 7 nucleotides), with the remaining nucleotides given a
score of 1/N (where N is the number of positions leftover after
discarding each end).

6. Quality control metrics. To assess the extent of ribosome run-
off, perform a metagene analysis. Generate a ribosome density
profile for each ORF and scale each position by the mean
density for that ORF. Exclude genes with less than 128 aligned
reads. This gives differentially expressed genes equal weighting.
Align each normalized ribosome density profile from the start
codon and average across each position. If the average ribo-
some density is lower near the beginning of the message com-
pared to the middle, then there is ribosome runoff. Nutrient
deprivation and delays in cell harvesting are major causes of
this. To overcome these issues, cells should be harvested during
early-log to log-phase growth, and cell harvesting must be
performed as quickly as possible.
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4 Notes

1. Cell pulverization has been optimized using the Retsch
MM301 mixer mill. If a different system is used, cell pulveriza-
tion should be reoptimized such that cells are fully lysed while
polyribosome complexes remain mostly intact.

2. This protocol uses DNase I, RNase-free (Roche, catalog
no. 04716728001). It is essential to use RNase-free DNase I
to preserve the integrity of polyribosome complexes. While
RNase-free DNase I from other sources may be suitable for
use, this may require further optimization, as each company
uses non-standardized unit definitions for enzymatic activity.

3. For MICROBExpress bacterial mRNA enrichment and
MEGAclear clean-up kits, follow manufacturer’s instructions.
Perform standard isopropanol precipitations to concentrate.

4. This protocol utilizes MNase from Sigma, catalog
no. 10107921001. The source of MNase has been specifically
optimized for this protocol. I have found that MNase from
different sources show drastically differing activities (unpub-
lished results).

5. SuperaselIn is a propriety RNase inhibitor that has been specif-
ically validated to inhibit RNase I, RNase A, but not MNase
(unpublished results).

6. While other gradient makers and fraction collectors can be
employed, this protocol describes sucrose gradients made and
collected using the BIOCOMP Gradient Master and Piston
Gradient Fractionator. It is essential to use the open-top poly-
clear tubes from SETON when using the BIOCOMP Piston
Gradient Fractionator, as the gaskets seal poorly with other
brands.

7. Only the indicated reagents and enzymes have been used.
While other sources might be compatible, these should be
independently tested.

8. Special codes for oligonucleotides: /5rApp/, 50 adenylation;
/3ddC/, 30 dideoxycytidinylation; /5Phos/, 50 phosphoryla-
tion; /iSp18/, an 18-atom hexa-ethyleneglycol spacer;
/5Biosg/, 50 biotinylation, /3phos/, 30 phosphorylation.

9. It is strongly advised to avoid centrifugation as a method of
harvesting, as cells harvested by centrifugation versus rapid
filtration show measurably different ribosome occupancy pro-
files [25]. Updated protocols even recommend directly freez-
ing the liquid culture as a harvesting method, particularly for
evaluating ribosome pause sites [16].
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10. Purifying and sequencing mRNAs are needed for translation
efficiency measurements, particularly when comparing genes
encoded on distinct operons. For mRNA enrichment, save
one-third of the pulverized cell powder, purify total RNA by
acid phenol extraction, and prepare sequencing library.

11. The oligonucleotide oNTI199 AUGUACACGGAGUC
GACCCGCAACGCGA/3phos/ (see Note 8) is often used as
a control to gauge reaction efficiency.

12. 10 bp DNA ladder commonly used in most ribosome profiling
protocols is now discontinued. As a replacement, other DNA
ladders can be readily substituted, or specific oligonucleotides
of defined lengths can be synthesized and used as a sizing
standard.

13. All gel extraction steps can be replaced by an automated size
selection approach (Pippin Prep, Sage Science). However, this
requires a dedicated machine and may not be cost effective for
some laboratories.

Acknowledgments

I thank Emily Powers and Gloria Brar for use of reagents and
equipment.

References

1. Brar GA, Weissman JS (2015) Ribosome
profiling reveals the what, when, where and
how of protein synthesis. Nat Rev Mol Cell
Biol 16(11):651–664. https://doi.org/10.
1038/nrm4069

2. Ingolia NT, Hussmann JA, Weissman JS
(2019) Ribosome profiling: global views of
translation. Cold Spring Harb Perspect Biol
11:5. https://doi.org/10.1101/cshperspect.
a032698

3. Otto GM, Brar GA (2018) Seq-ing answers:
uncovering the unexpected in global gene reg-
ulation. Curr Genet 64(6):1183–1188.
https://doi.org/10.1007/s00294-018-0839-
3

4. Ndah E, Jonckheere V, Giess A, Valen E,
Menschaert G, Van Damme P (2017) REPA-
RATION: ribosome profiling assisted (re-)
annotation of bacterial genomes. Nucleic
Acids Res 45(20):e168. https://doi.org/10.
1093/nar/gkx758

5. Weaver J, Mohammad F, Buskirk AR, Storz G
(2019) Identifying small proteins by ribosome
profiling with stalled initiation complexes.

MBio 10:2. https://doi.org/10.1128/mBio.
02819-18

6. Giess A, Jonckheere V, Ndah E, Chyżyńska K,
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Chapter 2

Identification of Translation Start Sites in Bacterial
Genomes

Sezen Meydan, Dorota Klepacki, Alexander S. Mankin,
and Nora Vázquez-Laslop

Abstract

The knowledge of translation start sites is crucial for annotation of genes in bacterial genomes. However,
systematic mapping of start codons in bacterial genes has mainly relied on predictions based on protein
conservation and mRNA sequence features which, although useful, are not always accurate. We recently
found that the pleuromutilin antibiotic retapamulin (RET) is a specific inhibitor of translation initiation that
traps ribosomes specifically at start codons, and we used it in combination with ribosome profiling to map
start codons in the Escherichia coli genome. This genome-wide strategy, that was named Ribo-RET, not
only verifies the position of start codons in already annotated genes but also enables identification of
previously unannotated open reading frames and reveals the presence of internal start sites within genes.
Here, we provide a detailed Ribo-RET protocol for E. coli. Ribo-RET can be adapted for mapping the start
codons of the protein-coding sequences in a variety of bacterial species.

Key words Ribosome profiling, Ribo-Seq, Translation initiation, Start codons, Bacterial translation,
Retapamulin, Pleuromutilin, Alternative proteome

1 Introduction

Translation initiation in bacteria ensues with the small (30S) ribo-
somal subunit recognizing a start codon of the protein coding region
in mRNA [1]. The recognition of a translation initiation site (TIS)
and recruitment of the initiator formylmethionyl-tRNAfMet (fMet-
tRNAfMet) to the P site of the 30S subunit are assisted by the three
initiation factors IF1, IF2, and IF3. Binding of the fMet-tRNAfMet at
the initiation codon defines the starting point of translation and sets
up the reading frame.Upon dissociation of the IFs and binding of the
large (50S) ribosomal subunit 70S initiation complex is formed at the
start codon. Accommodation of the first elongator tRNA into the
ribosomal A site, catalysis of the first peptide bond, and subsequent
translocation of the ribosome to the second codon denotes the
transition to the elongation step of translation [2, 3].
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AUG and GUG are the most commonly used start codons in
the bacterial genes. However, some other triplets, such as UUG,
CUG, AUU, and AUC, which can be decoded by the initiator
fMet-tRNAfMet can be also employed with varying efficiency for
translation initiation [4]. In most of the bacterial genomes, the start
codons of the ORFs are often preceded by a Shine-Dalgarno
(SD) sequence (with the consensus GGAGG), which is fully or
partially complementary to a stretch of nucleotides at the 30 end
of the 16S rRNA of the 30S subunit [5]. The presence of a SD
sequence, however, is not a prerequisite for the start codon recog-
nition or for efficient translation initiation [6–9], and it may play
only a supportive role [10, 11]. Accessibility of the TIS to the
ribosome, which depends on mRNA folding, is another important
factor that affects initiation [6, 12–14]. Additional, yet still poorly
understood, features help the ribosome to find and distinguish the
start codon from similar ones within or outside of the ORFs
[15, 16].

Accurate identification of TISs is crucial for correct annotation
of the genomes, mapping the boundaries of the ORFs and gaining
comprehensive information about the proteome. Several proteo-
mics approaches based on identifying the N-terminal peptides of
the proteins have been developed for experimental mapping of TISs
in bacteria [17–19]. The best-suited proteomics technique for
identifying the authentic N-terminal peptides relies on treating
bacteria with actinonin, whose ability to inhibit peptide deformy-
lase leads to retention of the formyl-methionine [17, 18]. Alterna-
tive approaches based on bottom-up mass spectrometry also hold
potential for revealing TISs of unannotated ORFs [19]. These
proteomics techniques, however, are limited by the size and abun-
dance of the proteins and may not always report the authentic TIS
of a gene or detect the presence of alternative start sites.

Computational approaches have also been widely employed for
identifying boundaries of bacterial ORFs. Various algorithms that
analyze codon usage, biases in nucleotide periodicity, the presence
of known TIS signatures, or the conservation of the encoded
proteins can relatively accurately predict the start codons of many
genes [20–26]. However, these approaches often fail to distinguish
between closely spaced putative start codons and are poorly appli-
cable for identifying small ORFs [27, 28]. Furthermore, identifica-
tion of alternative TISs that are utilized for expression of more than
one protein product from a single coding sequence or detecting
in-frame or out-of-frame ORFs within ORFs [29, 30] represents a
formidable problem for the available computational techniques.

More sophisticated analysis of TISs has been carried out using
ribosome profiling (Ribo-Seq), a genome-wide technique employ-
ing deep sequencing of ribosome-protected mRNA fragments.
Ribo-Seq shows the distribution of ribosomes along the translated
mRNAs [31]. Ribo-Seq, in combination with computational
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algorithms and proteomics, has been utilized to map TISs,
re-annotate prokaryotic genomes, and detect N-terminal protein
extensions in various bacterial species [32–34]. Nevertheless, the
direct use of Ribo-Seq for mapping ORF boundaries faces specific
challenges. The mRNA coverage and resolution of the Ribo-Seq
data near start codons vary between different genes. Furthermore,
direct Ribo-Seq is poorly applicable for mapping internal TISs
(iTISs) located within the coding regions because the footprints
originated from elongating ribosome may obscure the footprints
that come from the ribosomes engaged at an iTIS (Fig. 1). One
solution to circumvent these limitations is to specifically capture
ribosomes at start codons by arresting them at the translation

Fig. 1 The Ribo-RET experimental pipeline. Bacterial cells are first treated with RET at a concentration and
incubation time that are pre-determined by metabolic labeling experiments. Upon cell collection and lysis,
conventional Ribo-Seq experimental steps are performed. To assess the general translation status of the cells,
a culture where the drug treatment is omitted (indicated as no drug) is prepared and processed in parallel
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initiation step while clearing the mRNAs from the elongating ribo-
somes. Several such approaches have been carried out for eukary-
otic systems [35–38]. When Ribo-Seq was performed with bacteria
treated with the translation inhibitor tetracycline, it was noted that
high peaks of ribosome density accumulated specifically at the start
codons of the genes [39]. However, interpretation of the
tetracycline-based Ribo-Seq data is not straightforward because
this antibiotic can bind to elongating ribosomes. To be able to
more reliably map translation start sites in bacteria, we used the
bacterial translation initiation inhibitor retapamulin (RЕТ) to
develop RET-assisted Ribo-Seq or Ribo-RET [30]. RET binds to
the ribosomal peptidyl transferase center, where it overlaps with
both the A and P sites [40–42]. RET can readily bind to the
initiating ribosome that carries fMet-tRNAfMet in its P site, but its
association with the elongating ribosome is barred due to the steric
clash with the growing protein chain. Bound to the initiating
ribosome, RET precludes placing of the aminoacyl-tRNA in the A
site. As a result, it blocks the first peptide bond formation and
arrests the ribosome at the start codon [30]. The use of Ribo-
RET allowed for comprehensive mapping of TISs throughout the
E. coli genome, revealing numerous unannotated genes outside of
the coding regions [27] and identifying many unknown iTISs [30].

Ribo-RET consists of three main steps: (1) optimizing the RET
treatment of bacterial cells in order to ensure high enrichment of
translating ribosomes arrested at the start codons of the mRNAs
(Fig. 1), (2) applying the Ribo-Seq protocol to prepare next-
generation sequencing (NGS)-compatible cDNA libraries of the
ribosomal footprints from untreated and RET-treated cells
(Fig. 2), (3) and mapping the ribosomal footprints to the genome
and identifying start sites.

Because Ribo-RET relies on a brief treatment of bacterial cells
with RET, the minimum inhibitory concentration of RET
(MICRET) should be first estimated, as it can greatly vary between
different bacterial strains [43]. RET is highly active against many
Gram-positive bacteria but shows relatively low activity against
Gram-negative bacterial species. Genetic manipulation of the target
strain, for example, inactivation of the drug efflux pumps (e.g.,
TolC in E. coli) or increasing permeability of the outer membrane,
may be required to achieve sufficient level of translation inhibition
by RET. The procedures described here were optimized for the
RET-hypersusceptible E. coli strain BL21 ΔtolC for which MICRET

is 0.06–0.12 μg/mL [30]. Newer antibiotics of the same class, e.g.,
lefamulin [44], are reported to have higher activity and potentially
could be used directly against some bacteria that are naturally
resistant to retapamulin. The subsequent Ribo-Seq steps have
been largely adapted from published procedures [45, 46] and
minimally modified using our own experience.
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2 Materials

2.1 Metabolic

Labeling with RET

1. Growth medium M9AA-minus-Met: M9 minimal medium
containing 19 amino acids (all natural amino acids except
methionine), at a final concentration of 40 μg/mL each, sup-
plemented with 3 μM thiamine (added right before use from
the thiamine stock solution).

2. Thiamine stock solution: Dissolve thiamine in ddH2O to the
concentration of 3 mM and store at �20 �C.

3. Retapamulin: Dissolve in 100% ethanol to the concentration of
10 mg/mL and store at �20 �C.

4. [35S]-L-Methionine with specific activity of ~1000 Ci/mmol at
~10 mCi/mL (see Note 1).

5. Trichloroacetic acid (TCA): Prepare 100% (weight/volume)
TCA solution by adding 22.7 mL of ddH2O to 50 g TCA,
then dilute to a final concentration of 5% with ddH2O, and
store it at 4 �C.

Fig. 2 The steps of the Ribo-Seq protocol for preparing samples amenable for next-generation sequencing.
The general structure of the final product for Illumina sequencing is shown (see Subheading 3.12). Illumina
unique dual indexes (UDI) (in this case derived from AM-i51 and AM-i71 PCR primers) (see Subheadings 2.12
and 3.12) are indicated. “N” indicates a random nucleotide; “iiiii” indicates a unique barcode sequence that
resides within NI-810 through NI-817 linkers (see Subheadings 2.9 and 3.9)
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6. Filter discs: Whatman Grade 3MM Chr Cellulose 0.34 mm
thick, ; 2.5 cm circle discs.

7. Acetone: 99.9% ACS reagent grade.

8. Scintillation vials, scintillation cocktail, and scintillation
counter.

2.2 Preparation

of Cell Lysates for

Ribo-RET

1. MOPS growth medium: prepare fromMOPS EZ Rich Defined
Medium Kit (see Note 2).

2. Retapamulin: prepare stock solution (see item 3 of Subheading
2.1).

3. Glass filtration system capable of accommodating ; 90 mm
filters, connected to a vacuum pump.

4. Filter discs: Millipore Express PLUS membrane hydrophilic
polyethersulfone filters, ; 90 mm, 0.22 μm pore size.

5. Liquid nitrogen.

6. Stainless-steel Scoopula spatulas (scoopulas) ~15 cm long; con-
tainer tubes compatible with holding liquid nitrogen and deep
enough to encase 90% of the length of the scoopula; 50 mL
conical tubes whose lids have been pierced 5–8 times with a
20 gauge needle.

7. Lysis buffer: 20 mM Tris–HCl, pH 8.0, 10 mM MgCl2,
100 mM NH4Cl, 5 mM CaCl2, 0.4% Triton X-100, 0.1%
NP-40. Store at �20 �C.

8. DNase I (RNase-free), 10 U/μL.
9. GMPPNP: dissolve in ddH2O to the concentration of 100 mM

and store at �20 �C.

10. SUPERase-In RNase inhibitor, 20 U/μL.

2.3 Pulverization

of Cells

1. Mixer mill, 10 mL jar, 12-mm-diameter grinding ball.

2. Spatulas, 50 mL conical tubes with pierced lid (see item 6 of
Subheading 2.2).

3. Liquid nitrogen.

2.4 Preparation of

Cell Lysate an of

Ribosome-Protected

mRNA Fragments

1. Tris solution: 10 mM Tris–HCl, pH 7.0.

2. SUPERase-In, 20 U/μL.
3. Micrococcal nuclease (MNase) solution: take MNase from the

original vial and dilute it with 10 mM Tris pH 8.0 to 75 U/μL
(see Note 3). Store at �80 �C.

4. EGTA solution: 0.5 mM EGTA at pH 8.0.

5. Nanodrop spectrophotometer.
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2.5 Monosome

Isolation by Sucrose

Gradient

Centrifugation

1. Gradient buffer: 20 mM Tris–HCl, pH 8.0, 10 mM MgCl2,
100 mM NH4Cl, prepared with DEPC-treated ddH2O.

2. Sucrose solutions: 10% and 40% (weight/volume) solutions
prepared in 20 mM Tris–HCl, pH 8.0, 10 mM MgCl2,
100 mM NH4Cl, prepared with DEPC-treated ddH2O. Store
at 4 �C.

3. Beckman SW41 rotor and open-top polyclear ultracentrifuge
tubes.

4. Sucrose gradient maker.

5. Gradient fractionation system.

2.6

Phenol-Chloroform

Extraction

of Ribosome-Protected

mRNA Fragments

1. SDS solution: 20% (weight/volume) SDS dissolved in RNase-
free ddH2O.

2. Acidic phenol solution: phenol/chloroform/isoamyl alcohol
125:24:1 at pH 4.5, molecular biology grade.

3. Chloroform, molecular biology grade.

4. 3 M NaOAc, pH 5.5 prepared in RNase-free ddH2O.

5. Isopropanol, molecular biology grade.

6. 80% ethanol, ice-cold.

7. Tris solution: 10 mM Tris–HCl pH 7.0.

2.7 Size Selection

of Ribosome-Protected

mRNA Fragments

1. Tris solution: 10 mM Tris–HCl pH 7.0.

2. Novex 2� TBE-Urea Sample Buffer.

3. Control RNA oligonucleotides solutions: from 100 μM stock
solutions, dilute each RNA oligonucleotide to 20 μM in
DEPC-treated ddH2O and store at �20 �C. The names and
sequences of the control RNA oligos are as follows:

o15, 50_AUGUACACGGAGUCG_30,

o28, 50_AUGUACACGGAGUCGACCCGCAACGCGA_30,

o45, 50_AUGUACACGGAGUCGACCCGCAACGCGAU
GUACACGGAGUCGAC_30.

4. 15% TBE-Urea gel: 15% denaturing polyacrylamide TBE-Urea
gel, 8 �8 cm, 1 mm thick.

5. 10� TBE running buffer.

6. SYBR Gold nucleic acid gel stain.

7. RNA elution buffer: 300 mM NaOAc pH 5.5, 1 mM EDTA
pH 8.0. Store at room temperature.

8. SUPERase-In, 20 U/μL.
9. Spin-X columns: Spin-X centrifuge tube filters with cellulose

acetate membrane, pore size 0.22 μm.

10. Glycoblue.

Identifying Translation Start Sites in Bacteria 33



2.8 Dephosphory-

lation

1. T4 polynucleotide kinase (PNK), 10 U/μL.
2. SUPERase-In, 20 U/μL.
3. Tris solution: 10 mM Tris–HCl pH 7.0.

4. 3 M NaOAc, pH 5.5.

5. Glycoblue.

2.9 Enzymatic

Pre-adenylation

of Linkers and Linker

Ligation

1. 50 DNA Adenylation Kit: Mth RNA Ligase.

2. Linker oligonucleotides [46] (linker-specific barcode is
underlined):

NI-810, 50Phos/NNNNNATCGTAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

NI-811, 50Phos/NNNNNAGCTAAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

NI-812, 50Phos/NNNNNCGTAAAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

NI-813, 50Phos/NNNNNCTAGAAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

NI-814, 50Phos/NNNNNGATCAAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

NI-815, 50Phos/NNNNNGCATAAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

NI-816, 50Phos/NNNNNTAGACAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

NI-817, 50Phos/NNNNNTCTAGAGATCGGAAGAGCA
CACGTCTGAA/30ddC.

3. Oligo Clean & Concentrator kit.

4. T4 RNA ligase kit: T4 RNA ligase 2, truncated K227Q.

5. 50 deadenylase, 50 U/μL.
6. RecJf DNA exonuclease, 30 U/μL.

2.10 Reverse

Transcription

1. dNTP mix: a mix of dATP, dCTP, dGTP, and dTTP each at
10 mM.

2. NI-802 DNA oligo: dilute with ddH2O to 25 μM from a
100 μM stock solution of NI-802 DNA oligo [46] and store
at �20 �C.
NI-802, 50Phos/NNAGATCGGAAGAGCGTCGTGTAGG

GAAAGAG/iSp18/GTGACTGGAGTTCAGACGTGT
GCTC.

3. Reverse transcriptase (RT) kit: SuperScript III Reverse Tran-
scriptase, 200 U/μL.

4. SUPERase-In, 20 U/μL.
5. NaOH solution: 1 M NaOH.
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6. Oligo Clean & Concentrator kit.

7. Tris solution: 10 mM Tris–HCl, pH 8.0.

8. 10% TBE-Urea gel: 10% denaturing polyacrylamide TBE-Urea
gel, 8 � 8 cm, 1 mm thick.

9. 10� TBE running buffer.

10. SYBR Gold.

11. 20 gauge needles.

12. DNA elution buffer. To prepare 50 mL, mix the following:

5 M NaCl 3 mL

0.5 M EDTA pH 8.0 100 μL

1 M Tris–HCl pH 8.0 500 μL

DEPC-treated ddH2O 46.4 mL

Store at room temperature.

13. Spin-X columns: Spin-X centrifuge tube filters with cellulose
acetate membrane, pore size 0.22 μm.

14. Glycoblue.

2.11 Circularization 1. CircLigase ssDNA Ligase, 100 U/μL.

2.12 PCR

Amplification

1. Phusion High-Fidelity DNA polymerase, 2000 U/mL.

2. 10 mM dNTP mix.

3. PCR primers. Prepare 100 μM stock solutions and store at
�20 �C. The DNA primer pairs are as follows (Illumina unique
dual indexes (UDI) are underlined):

AM-i51, 50_AATGATACGGCGACCACCGAGATCTACACAGCGCTAG
ACACTCTTTCCCTACACGACGCTC_30.

AM-i71, 50_CAAGCAGAAGACGGCATACGAGATAACCGCGGGTGA
CTGGATTCAGACGTGTG_30.

AM-i52, 50_AATGATACGGCGACCACCGAGATCTACACGATATCGA
ACACTCTTTCCCTACACGACGCTC_30.

AM-i72, 50_CAAGCAGAAGACGGCATACGAGATGGTTATAAGTGA
CTGGAGTTCAGACGTGTG_30.

AM-i53, 50_AATGATACGGCGACCACCGAGATCTACACCGCAGACG
ACACTCTTTCCCTACACGACGCTC_30.

AM-i73, 50_CAAGCAGAAGACGGCATACGAGATCCAAGTCCGTGA
CTGGAGTTCAGACGTGTG_30.

AM-i54, 50_AATGATACGGCGACCACCGAGATCTACACTATGAGTA
ACACTCTTTCCCTACACGACGCTC_30.

AM-i74, 50_CAAGCAGAAGACGGCATACGAGATTTGGACTTGTGA
CTGGAGTTCAGACGTGTG_30.
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AM-i55, 50_AATGATACGGCGACCACCGAGATCTACACAGGTGCGT
ACACTCTTTCCCTACACGACGCTC_30.

AM-i75, 50_CAAGCAGAAGACGGCATACGAGATCAGTGGATGTGA
CTGGAGTTCAGACGTGTG_30.

AM-i56,50_AATGATACGGCGACCACCGAGATCTACACGAACATAC
ACACTCTTTCCCTACACGACGCTC_30.

AM-i76, 50_CAAGCAGAAGACGGCATACGAGATTGACAAGCGTGA
CTGGAGTTCAGACGTGTG_30.

4. 6� DNA loading dye.

5. 10 bp DNA ladder, ready-to-use 10–150 bp.

6. 8% TBE gel, 8 � 8 cm, 1 mm thick.

7. 1� TBE buffer.

8. SYBR Gold.

9. Tris solution: 10 mM Tris–HCl, pH 8.0.

10. DNA elution buffer, described in item 12 of Subheading 2.10.

3 Methods

3.1 Optimization

of RET Treatment

The goal of this experiment is to optimize the treatment of the
bacterial cells with RET to achieve complete inhibition of protein
synthesis (as estimated by incorporation of [35S]-Met into polypep-
tides) in a short period of time (2–5 min) (Fig. 3) (see Notes 4–5).

Fig. 3 Metabolic labeling experiment determining the residual protein synthesis
in E. coli BL21 ΔtolC cells treated for the indicated times with RET. The arrow
indicates the shortest incubation time where maximum protein synthesis
inhibition was achieved

36 Sezen Meydan et al.



1. Grow an overnight cell culture at 37 �C in an incubator shaker
in M9AA-minus-Met medium freshly supplemented with
thiamine.

Steps 2–9 are optimally carried out in a 37 �C room (warm
room):

2. Dilute the overnight culture 1:200 into 5 mL of M9AA-minus-
Met medium freshly supplemented with thiamine, and grow it
with constant shaking until it reaches an A600 ~0.2. While the
culture is growing, prepare the materials described in steps 3–6
(see Note 1).

3. Dilute 1 μL (~10 μCi) of [35S]-Met into 65 μL of M9AA-
minus-Met freshly supplemented with thiamine. Prepare a set
of 1.5 mL Eppendorf tubes labeled with the pre-chosen time
points for the RET treatment of the cell culture (e.g., 0, 1, 2.5,
5, and 10 min). Pipette 2 μL of the diluted [35S]-Met into each
of the tubes.

4. Prepare a glass beaker with 500 mL of the 5% TCA (cover the
beaker with aluminum foil to minimize exposure to the TCA
fumes).

5. Label a set of filter discs with pencil (as the discs are going to be
submerged in the TCA solution and solvent-based labels would
be washed out), and place them in a shallow container, e.g., a
Petri dish. Pre-soak each disc with ~25 μL of TCA solution and
let them air-dry for 1–2 min.

6. Prepare a control sample for non-specific binding of [35S]-Met
to the filter: Add 28 μL of 5% TCA and to one of the tubes with
2 μL of the diluted [35S]-Met (step 4). Pipette 25 μL of this
mixture on one of the filter discs from step 5. Immediately
place the disc in the beaker with 5% TCA.

7. Prepare the sample for 0-time RET treatment: Place a 28 μL
aliquot of the culture at A600 ~0.2 (step 2) into one of the
tubes with 2 μL of the diluted [35S]-Met (step 3). Incubate for
1 min and then pipette 25 μL of this mixture onto one of the
filter discs. Immediately place the disc in the beaker with
5% TCA.

8. Prepare the samples for the time course of RET treatment:
Pipette 350 μL aliquot of the culture at A600 ~0.2 (step 2)
into an Eppendorf tube. Add RET stock solution to reach a
concentration 50–100� the MICRET (5 μg/mL for E. coli
BL21 ΔtolC), vortex, and immediately start the timer.

9. At the required times, transfer 28 μL to the tubes with 2 μL of
the diluted [35S]-Met (step 3). Incubate for 1 min and then
pipette 25 μL of this mixture on one of the filter discs (step 4).
Immediately place the disc in the beaker with 5% TCA.

10. Once all the sample-containing filter discs are in the beaker,
bring its content to boil under a fume hood, and keep boiling
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for 5 min. Decant and discard the TCA, being careful to keep
the filter discs inside the beaker. Add a fresh batch of 500mL of
5% TCA. Boil for additional 5 min under a fume hood and
discard the TCA solution. Add ~100 mL of acetone to the
beaker; swirl it for ~3 min. Dry the filter discs for ~5 min under
a fume hood.

11. Place the discs into scintillation vials; add scintillation liquid.
Measure radioactivity in a scintillation counter.

12. Plot [35S]-Met incorporation in the RET-treated samples rela-
tive to the 100% incorporation control sample (step 7) (Fig. 2).
For the Ribo-RET procedure, choose the shortest RET treat-
ment time where maximum protein synthesis inhibition was
achieved (Fig. 3).

3.2 Collection

of Cells Treated

with RET

The aim of this procedure is to collect bacterial cells enriched with
ribosomes stalled at initiation codons by the action of RET. Cells
are exposed to RET under conditions optimized in Subheading
3.1. A control culture devoid of RET treatment is recommended
to be processed in parallel.

1. Grow an overnight culture in MOPS medium (see Note 6) at
37 �C in an incubator shaker.

Steps 2–4 are optimally carried out in a 37 �C temperature
room. The scoopulas for scraping cells and the filtration appa-
ratus connected to a vacuum line should be placed in the 37 �C
room at least 30 min before cell harvesting takes place.

2. Dilute the overnight culture from step 1 to A600 ~0.05 in
MOPS media pre-warmed to 37 �C. Grow the diluted culture,
shaking, until it reaches an A600 ~0.3 (see Notes 6–8).

3. Add RET to the cell culture according to the antibiotic con-
centration and time of exposure determined by the metabolic
labeling experiments described in Subheading 3.1 (seeNote 4),
and continue shaking.

4. Filter the cells as rapidly as possible and immediately scrape
them off the filter using a scoopula (see Notes 6–8). Quickly
submerge the scoopula with the cell pellet in the container tube
filled with liquid nitrogen.

5. Using another scoopula pre-chilled in liquid nitrogen, dislodge
the frozen cells in a 50 mL conical tube (with pierced lid)
containing ~10 mL of liquid nitrogen. Cell pellets can be
stored at �80 �C (liquid nitrogen will evaporate through the
lid holes). Otherwise, continue to Subheading 3.3.

3.3 Preparation

of Cell Lysates

1. Freshly supplement 750 μL of lysis buffer with 7.5 μL DNase I
(RNase-free), 22.5 μL GMPPNP, and 12 μL SUPERase-In.
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2. Take the 50 mL tubes with the frozen cell pellets (see Subhead-
ing 3.2), and add ~10 mL of liquid nitrogen, re-filling to this
volume with liquid nitrogen as needed. Slowly drip 650 μL of
lysis buffer (step 1) in order to form small, discrete droplets.

3. Pre-chill the jar and grinding ball of the mixer mill in liquid
nitrogen.

4. Take the frozen cell pellets and drops of frozen lysis buffer (care
should be taken to keep them frozen at all times), and immedi-
ately transfer them into the pre-chilled jar with the grinding
ball in it.

5. Lyse the frozen cells in the mixer mill by carrying five cycles of
3 min each at 15 Hz, re-chilling the jar in liquid nitrogen
following each cycle.

6. Use a pre-chilled spatula to transfer the pulverized frozen cells
into a 50 mL conical tube containing 10 mL of liquid nitrogen.
Close with a pierced lid and either store at �80 �C or proceed
to Subheading 3.4.

3.4 Preparation

of Ribosome-Protected

mRNA Fragments

Treatment of cell lysate with MNase results in degradation of the
mRNA fragments not protected by stalled ribosomes and conver-
sion of polysomes to monosomes (see Note 9).

1. Collect the lysates (see Subheading 3.3) to the bottom of the
tubes by briefly spinning in a 4 �C centrifuge.

2. Thaw the lysates by placing the tubes for 2 min in a 30 �Cwater
bath for 20 min, and transfer them to pre-chilled Eppendorf
tubes.

3. Pellet insoluble debris at 20,000 � g for 10 min in a 4 �C
microfuge.

4. Carefully transfer supernatants to pre-chilled Eppendorf tubes.

5. Blank the Nanodrop spectrophotometer with an aliquot of lysis
buffer (from step 1 of Subheading 3.3) diluted 1:100 with
10 mM Tris. Mix 2 μL of clarified lysate from step 5 with
198 μL of 10 mM Tris and measure A260.

6. Determine the concentration (A260 units/μL) of the lysates.
7. Dilute 22 A260 units of lysate into a final volume of 220 μL of

lysis buffer (step 1 of Subheading 3.3) (see Note 10).

8. Add 6 μL of SUPERase-In and 4.4 μL of the MNase solution
(see Note 3). Incubate at 25 �C for 1 h with shaking at
1400 rpm in a thermomixer.

9. Quench the reactions by addition of 2 μL of EGTA solution
and immediately place the tubes on ice.

1. Pre-chill the SW41 rotor and buckets to 4 �C.
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3.5 Isolation

of Monosomes by

Sucrose Gradient

Fractionation

2. Prepare a 10–40% (weight/vol) sucrose gradients in centrifuge
tubes for the SW41 rotor using a gradient maker.

3. Weigh the tubes to ensure proper balance. If further balancing
is required, remove or add small volumes of the 10% sucrose
solution.

4. Carefully pipette the MNase-treated lysates (~230 μL) and, if
desired, MNase-free control samples (Fig. 4) (see Note 9) (see
Subheading 3.4) on top of the gradients.

5. Centrifugate at 190,000 � g (39,000 rpm) in SW41 rotor for
2 h at 4 �C.

6. Fractionate the gradients using an automated fractionation
system with continuous monitoring of A254 optical density.

7. Collect the fractions corresponding to the 70S monosome
peak, whose final volume typically ranges between 1.8 and
2 mL.

8. Flash-freeze the monosome fractions in liquid nitrogen. Frac-
tions can be stored at �80 �C or can be immediately processed
as described in Subheading 3.6.

1. To be able to perform the extraction in 1.5 mL Eppendorf
tubes, divide the ~2 mL monosome fractions (see Subheading
3.5) in aliquots of ~700 μL. In the following steps, we describe

Fig. 4 (a) Sucrose gradient fractionation of the lysates prior to MNase digestion. Note that polysomes are
collapsed into 70S ribosomes in the RET sample. (b) Sucrose gradient fractionation of the samples following
digestion with MNase. The treatment with MNase should be optimized to collapse polysomes (in the control
sample) but preserve the integrity of the 70S peak
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3.6 Phenol-

Chloroform Extraction

of Ribosome-Protected

mRNA Fragments

the extraction for one of the aliquots, but all ~700 μL aliquots
from the collected ~2 mL samples should be processed in
parallel.

2. Add 40 μL of 20% SDS to the ~700 μL aliquot of monosome
fraction.

3. Add 700 μL of acidic phenol pre-warmed to 65 �C. Mix by
brief vortexing and incubate at 65 �C for 5 min with shaking at
1400 rpm in a thermomixer. Chill on ice for 5 min.

4. Spin at 20,000 � g for 2 min at room temperature in a micro-
fuge, and transfer the top aqueous phase to a fresh tube. Add
700 μL of room-temperature acidic phenol. Mix by brief vor-
texing and incubate with shaking at room temperature for
5 min.

5. Spin at 20,000� g for 2 min at room temperature, and transfer
the top aqueous phase to a fresh tube. Add 600 μL chloroform
and mix by vortexing.

6. Spin at 20,000� g for 1 min at room temperature, and transfer
the top aqueous phase to a fresh tube. Add 75 μL of 3 M
NaOAc, pH 5.5, and mix. Add 800 μL of 100% isopropanol
and briefly vortex. Chill at �80 �C for 30 min.

7. Pellet the extracted RNA at 20,000 � g for 1 h at 4 �C in a
microfuge. Wash pellet with 800 μL of ice-cold 80% ethanol.
Air-dry pellet for 5 min.

8. Use a total of 20 μL of Tris solution to resuspend all RNA
pellets originated from the same monosome fraction. Snap-
freeze and store at �80 �C or proceed to Subheading 3.7.

3.7 Size Selection

of Ribosome-Protected

mRNA Fragments

1. To quantify the concentration of RNA fragments, dilute 1 μL
of RNA (see Subheading 3.6) with 9 μL of Tris solution, and
estimate the concentration in a Nanodrop spectrophotometer.
Optical density of 1 A260 equals ~40 μg/mL of RNA.

2. Prepare RNA for the sizing electrophoresis by placing 28 μg
RNA into a final volume of 10 μL of Tris solution. Add 10 μL
of 2� TBE-Urea Sample Buffer.

3. Prepare three individual samples of control RNA oligos for
electrophoresis by combining 2 μL of the 20 μM oligo solu-
tions (see Subheading 2.7) with 3 μL of Tris solution and 5 μL
of 2� TBE-Urea Sample Buffer (see Note 11).

4. Pre-run the 15% TBE-Urea gel for 1 h at 200 V.

5. Denature samples from steps 2 and 3 by incubating them at
80 �C for 2 min, and immediately place them on ice.
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6. Wash the wells of the gel and load the RNA oligo controls (step
3) into individual lanes. To avoid overloading the lane, we
recommend splitting the 20 μL RNA samples (step 2) into
two 10 μL aliquots and loading them into two adjacent lanes.
Run the gel at 200 V for 65 min. Stain the gel with 5 μL of
SYBR Gold in 50 mL of 1� TBE for 5 min.

7. Excise desired bands whose sizes range between ~17–42 nt
(Fig. 5). In parallel, excise the three control RNA oligos.
Note that all the subsequent steps up to step 13 of Subheading
3.12, described here for the ribosome-protected mRNA frag-
ments, are carried out also with the control RNA oligos (see
Note 11).

8. Recover the size-selected RNA fragments as follows: Place the
gel slices in a 0.5 mL PCR tube whose bottom has been pierced
with a 20 gauge needle. Nest the tube into a 2 mL collection
tube. Spin at 20,000 � g for 2 min or until most of the gel has
extruded into the collection tube.

Fig. 5 Selection of mRNA fragments of the desired size ranges. The excised gel
areas (right panel) are indicated by dashed rectangles
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9. Add to the crushed gel pieces 500 μL of RNA elution buffer
supplemented with 2.5 μL SUPERase-In. Shake overnight in a
thermomixer at 1400 rpm at 4 �C.

10. Spin samples for 10 sec in a microfuge, and transfer the gel
suspension to a Spin-X column using a wide bore pipette
tip. Spin at 20,000 � g for 3 min. Transfer eluate to a
fresh tube.

11. Perform a second elution step by adding 200 μL of RNA
elution buffer preheated to 70 �C to the Spin-X column.
Shake in a thermomixer for 5 min at 1400 rpm at 70 �C.
Spin the column for 3 min at 20,000 � g and combine the
eluate with that obtained in step 10.

12. Add to the extracted RNA 2 μL of Glycoblue and briefly
vortex. Add 750 μL of 100% isopropanol and vortex. Chill at
�80 �C for 30 min.

13. Pellet RNA at 20,000 � g for 1 h at 4 �C in a microfuge.
Aspirate supernatant. Wash the pellet by adding 800 μL of
ice-cold 80% ethanol, spinning the tubes for 30 s at
20,000 � g in a microfuge, and aspirating the supernatants.
Air-dry pellets for 5 min.

14. Resuspend the pellet in 15 μL of Tris solution.

3.8 Dephos-

phorylation

of Ribosome-Protected

mRNA Fragments

1. Prepare buffer master mix. For a single reaction:

10� T4 PNK buffer 2 μL

SUPERase-In 1 μL

2. Add 3 μL of buffer master mix to 15 μL of the RNA isolated in
Subheading 3.7. Add 2 μL of T4 PNK to each tube. Incubate
reaction at 37 �C for 1 h.

3. Heat inactive T4 PNK at 75 �C for 10 min.

4. Prepare precipitation buffer master mix. For a single reaction:

Tris solution 448 μL

3 M NaOAc, pH 5.5 50 μL

Glycoblue 2 μL
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5. Add 500 μL of precipitation buffer master mix to each tube.
Precipitate dephosphorylated RNA by adding 600 μL of 100%
isopropanol and mix by vortexing. Chill at �80 �C for 30 min.

6. Pellet RNA at 20,000 � g for 1 h at 4 �C in a microfuge.
Aspirate supernatant and wash pellet with 800 μL of ice-cold
80% ethanol as described in steps 12 and 13 of Subheading
3.7. Air-dry pellet for 5 min.

7. Resuspend the RNA pellet in 5 μL of Tris solution.
3.9 Enzymatic

Adenylation

of the Linkers

and Linker Ligation

Adenylation of the linkers (see Note 12):

1. For each linker (see Subheading 2.9), combine the following in
a 0.2 mL PCR tube:

Linker (100 μM) 1.2 μL

50 DNA adenylation 10� buffer 2 μL

ATP (1 mM) 2 μL

ddH2O 12.8 μL

Mth RNA Ligase 2 μL

2. Incubate at 65 �C for 1 h.

3. Heat inactivate the Mth RNA Ligase at 85 �C for 5 min.

4. Add 30 μL of ddH2O to the sample, and clean the sample using
the Oligo Clean & Concentrator kit according to the manu-
facturer’s instructions, except that the elution step is carried
out with only 6 μL of ddH2O. Store 50-adenylated linkers at
�20 �C or proceed immediately with the ligation steps.

Linker ligation:

5. Prepare the ligation reaction. For a single reaction:

50% PEG 8000 3.5 μL

T4 RNA ligase 10� buffer 1 μL

Pre-adenylated linker (20 μM) (steps 1–4) 0.5 μL

T4 RNA ligase 0.5 μL

6. Add 5 μL of dephosphorylated RNA (see Subheading 3.8) to
the ligation reaction.

7. Incubate at 22 �C for 3 h.

8. Add 0.5 μL of 5’deadenylase and 0.5 μL of RecJf. Incubate at
30 �C for 45 min.

9. Clean the ligation reaction using Oligo Clean & Concentrator
kit. Elute with 10 μL ddH2O. Store at �80 �C or proceed to
Subheading 3.10.
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3.10 Reverse

Transcription

1. Prepare the RT oligo master mix. For a single reaction:

10 mM dNTP 1 μL

25 μM NI-802 1 μL

ddH2O 1.5 μL

2. Add 3.5 μL of RToligomaster mix to 10 μL of the ligated RNA
(see Subheading 3.9). Denature at 65 �C for 5 min and chill it
on ice for 5 min.

3. Prepare the RT buffer master mix. For a single reaction:

5� FSB buffer 4 μL

0.1 M DTT 1 μL

SUPERase-In 1 μL

4. Add 6 μL of the buffer master mix to the RNA from step 2.
Add 1 μL of RT.

5. Incubate at 55 �C for 30 min.

6. Quench the reaction by hydrolyzing RNA templates: Add
2.3 μL of NaOH solution and incubate at 95 �C for 15 min.
Note that this solution will turn pink in color.

7. Add 27.2 μL of ddH2O to bring the reaction volume to 50 μL.
Recover cDNA using Oligo & Clean Concentrator kit. Elute
the purified cDNA in 8 μL of ddH2O. Store at �80 �C or
proceed with gel electrophoresis.

8. Pre-run the 10% TBE-Urea gel in 1� TBE buffer for 1 h at
200 V.

9. Prepare for electrophoresis the RT primer control:

NI-802 primer diluted to 1.25 μM 2 μL

Tris solution 6 μL

2� TBE-Urea Sample Buffer 8 μL

10. Prepare the cDNA samples from step 7 for electrophoresis
(as well as the cDNA samples generated using the processed
control RNA oligos o15, o28, and o45; seeNote 11) by adding
8 μL of 2� TBE-Urea Sample Buffer.

11. Denature the samples at 80 �C for 2 min and chill them on ice.
Load samples onto the wells of the pre-run gel, and run elec-
trophoresis at 200 V for 70 min (during this time the bromo-
phenol blue dye may run out from the gel).

12. Stain the gel with 5 μL of SYBR Gold in 50 mL of 1� TBE for
5 min, and excise the desired bands (Fig. 6). In parallel, from
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the control RNA oligos, we recommend excising only the
cDNA band corresponding to o15 (see Note 11).

13. Recover the size-selected cDNA products as follows: Place the
gel slices in a 0.5 mL tube whose bottom has been pierced with
a 20 gauge needle. Nest the tube into a 2 mL tube. Spin at
20,000� g for 2 min or until most of the gel has extruded into
the collection tube.

14. Add 500 μL DNA elution buffer. Shake overnight in a thermo-
mixer at 1000 rpm at 25 �C.

15. Briefly spin samples and transfer the gel suspension to a Spin-X
column using a wide bore pipette tip. Spin at 20,000 � g for
3 min. Transfer the eluate to a fresh tube and keep on ice.

16. Perform a second elution step by adding to the Spin-X column
200 μL of DNA elution buffer preheated to 70 �C. Shake Spin-
X column in a thermomixer for 5 min at 1400 rpm at 70 �C.
Spin at 20,000 � g for 3 min and combine the eluate with that
obtained in step 15.

Fig. 6 Selection of cDNA products after reverse transcription. The cDNA products
originated from control RNA oligos o15, o28, and o45 were used as size
markers. The excised gel areas are indicated by dashed rectangles
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17. Add to the extracted cDNA 2 μL of Glycoblue and 750 μL of
100% isopropanol and vortex. Chill at �80 �C for 30 min.

18. Pellet cDNA at 20,000 � g for 1 h at 4 �C in microfuge.
Aspirate supernatant and wash the pellet with 800 μL of
ice-cold 80% ethanol as described in step 13 of Subheading
3.7. Air-dry cDNA pellet for 5 min.

19. Resuspend the pellet in 15 μL of Tris solution.
3.11 Circularization

of cDNA

1. Prepare circularization master mix. For one reaction:

10� CircLigase buffer 2 μL

1 mM ATP 1 μL

50 mM MnCl2 1 μL

2. Add 4 μL of circularization master mix to 15 μL of cDNA
samples (see Subheading 3.10). Add 1 μL of CircLigase.

3. Incubate at 60 �C for 1 h.

4. Heat inactivate CircLigase by incubating the reaction at 80 �C
for 10 min. Chill on ice.

5. Clean the circularized cDNA (see Note 13) by adding 500 μL
DNA elution buffer, 2 μL of Glycoblue, and 600 μL of iso-
propanol. Incubate at 80 �C for 30 min. Spin at 20,000� g for
1 h at 4 �C in a microfuge. Aspirate supernatant and wash the
pellet with ice-cold 80% ethanol as described in step 14 of
Subheading 3.7. Air-dry the pellets for 5 min.

6. Resuspend the pellet in 10 μL of Tris solution.

3.12 PCR

Amplification

Pilot PCR:

1. Prepare the PCR amplification mix. For the following single
reaction, we have used the primer pair AM-i51/AM-i71 (also
see Fig. 2) as an example (see Notes 14–15):

5� HF buffer 16.7 μL

10 mM dNTP 1.7 μL

100 μM AM-i51 primer 0.4 μL

100 μM AM-i71 primer 0.4 μL

ddH2O 58.8 μL

HF Phusion 0.8 μL

2. Add 4.5 μL of Tris solution to 0.5 μL of circularized cDNA (see
Subheading 3.11). Add 79.2 μL of PCR amplification mix and
mix by vortexing.

3. Aliquot 17 μL of the PCR mix into four separate PCR tubes.

4. Set up 12 cycles of the following PCR program:
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Initial denaturation 30 s at 98 �C

Denaturation 10 s at 98 �C

Annealing 10 s at 65 �C

Extension 5 s at 72 �C

5. Sequentially remove individual PCR tubes after 6, 8, 10, or
12 cycles and place on ice.

6. Add 3.5 μL of 6� DNA loading dye to each tube.

7. Prepare 10 bp DNA ladder:

10 bp ladder 1 μL

Tris solution 9 μL

6� DNA loading dye 2 μL

8. Set up an 8% TBE gel in 1� TBE.

9. Load samples and run for 55 min at 180 V.

10. Stain the gel with 5 μL of SYBR Gold in 50 mL of 1� TBE for
5 min and visualize.

Fig. 7 (a) Pilot PCR analysis for determining the optimal number of cycles required for generation of the PCR
library. In this example, the eight-cycle amplification (indicated in red) produced the desired result because it
yielded a sufficient amount of the target products but lacked the undesirable higher molecular weight
fragments appearing with increased number (10 and 12) of cycles. (b) Preparative gel for isolation of the
PCR fragments obtained after eight amplification cycles. The excised gel area is indicated with a dashed
rectangle
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11. Identify the number of PCR cycles that results in high yield of
the DNA fragments with the target size range of 150–170 bp
but the lack of high molecular weight products (Fig. 7).

12. Preparative PCR: Set up reactions for preparative PCR exactly
as described in steps 1–3. Run the PCR reaction for the
optimal number of cycles determined in step 11.

13. Run the samples in an 8% TBE gel as described in steps 6,
9 and 10, along with the 10 bp DNA ladder (step 7).

14. Excise the desired bands (Fig. 7), and recover the double-
stranded DNA products as described in steps 13–18 of Sub-
heading 3.10.

15. Resuspend the pellet in 10 μL of Tris solution.

3.13 Preparing

Samples for Next

Generation

Sequencing

1. Quantify samples using 1 μL of the prepared DNA (see Sub-
heading 3.12) mixed with 2 μL of ddH2O using Agilent TapeS-
tation system or an equivalent platform.

2. Depending on the number of samples and sequencing platform
to be used, samples can be sequenced individually or combined
into a single sample. The latter is possible if different pairs of
PCR primers listed in Subheading 2.12 were used for each
sample in Subheading 3.12. We routinely combine 4–8 samples
in the same tube so that the final amount of DNA is 10 nmol.
This is enough for a single lane on Illumina HiSeq 4000 or
NextSeq platforms (see Note 15). We usually request an SR75
or SR100 runs (single-end reading of 75 or 100 bases, respec-
tively). In some instances, we have obtained sufficiently good
results with SR50 runs (single-end 50 bases sequencing). We
usually target to obtain 40–60 million raw reads per sample.

3.14 Computational

Processing

of Ribosome Profiling

Reads

The data processing and analysis is performed using custom scripts
and publicly available software packages available in the Galaxy
platform [47]. Main steps of the recommended data processing
flow are as follows:

1. Remove the adapter sequence from the raw sequencing reads
using Cutadapt algorithm [48].

2. Align the processed reads to ribosomal and other non-coding
RNA sequences using Bowtie algorithm [49] (parameters: -n
1 -l 20 -m 1), and discard them. Align remaining reads to
genome using the same parameters.

3. Assign the 15th nucleotides upstream of the 30 end of each read
as the first nucleotide of the P-site codon. Divide the number of
reads assigned to each genomic position by the total number of
mapped reads divided by 1,000,000. This normalization results
in reads per million (RPM) value for every nucleotide and can
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be assembled in a wiggle track format (WIG file). Wig files are
used to visualize the Ribo-RET peaks in a genome browser
(e.g., MochiView [50]) and to analyze genome-wide start sites
using custom scripts (see Note 16).

4. Identify potential start sites by searching for a start codon
(AUG, GUG, CUG, UUG, AUU, AUC) within three nucleo-
tides upstream or downstream of the Ribo-RET peaks. For
annotated start sites, we define “Ribo-RET peak” as any read
in the Ribo-RET data that has a density of >1 RPM. However,
for different analysis, such as alternative TIS searching, we
suggest using more stringent cut-off for Ribo-RET peak defi-
nition (see step 5).

5. If the start codon is within the annotated coding regions, we
classify the corresponding site as in-frame or out-of-frame iTIS.
If TIS identifies a start codon upstream of the genes, we classify
it as “N-terminal extension” or “upstream TIS” if no stop
codon is present between such TIS and the TIS of the anno-
tated ORF. For the Ribo-RET peaks that are outside of the
annotated ORFs and are out of frame relative to the first
downstream ORF or that are in frame with the downstream
ORF but a stop codon is present prior to the annotated start
site, we consider them as potential TISs of the unannotated
novel ORFs (Fig. 8). For pTIS classification, we only con-
sider the peaks with minimum of 1 RPM. For alternative
start sites, however, we use more stringent cut-off (RPM > 5)
(see Note 17).

Search for a start codon (AUG, GUG, CUG, UUG, AUU, AUC)

Ribo-RET peak

-3 nt +3 nt0

Start codon is within coding-region

Annotated (pTIS)

Internal (iTIS)

In-frame iTIS Out-of-frame iTIS

Determine the frame 
relative to pTIS

Start codon is outside the coding-region

Determine the frame 
relative to pTIS

In-frame

N-terminal extension

Out-of-frame

Un-annotated TIS

Fig. 8 Schematics of the computational algorithm to find genome-wide start sites using Ribo-RET peaks
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4 Notes

1. Proper practices for handling of radioactive material and waste
should be followed for the procedures described in Subheading
3.1, steps 3–11.

2. We recommend to not autoclave or filter sterilize the complete
MOPS medium as these procedures may deplete it from spe-
cific components [51].

3. Because of the heterogeneity in activity of different lots of
MNase, we recommend to carry out the following steps prior
to performing the Ribo-RET experiments: (i) pool together
several different lots of the enzyme; (ii) prepare a mock lysate
from cells not treated with RET by following the procedure
outlined in Subheadings 3.2–3.4; carry out the MNase treat-
ment (steps 9 and 10 of Subheading 3.4) with different num-
ber of units of the enzyme (include an aliquot of lysate not
treated with MNase); (iii) assess the MNase-mediated disrup-
tion of polysomes by the fractionation procedure described in
Subheading 3.5. Choose the amount of MNase that converts
polysomes into monosomes without affecting the 70S mono-
some peak. Prepare, aliquot, and store the MNase stock solu-
tion (step 3 of Subheading 2.4) according to this optimization
procedure.

4. As an alternative to radioactive metabolic labeling, cell-
permeable methionine analogs such as 4-azido-L-homoalanine
(L-AHA) or L-homopropargylglycine (HPG) can be used
[52, 53].

5. It is recommended to first optimize the concentration of RET
by exposing cells for the same amount of time (e.g., 2 min) to
different concentrations of the drug and then carry out the
time-course experiment described in Subheading 3.1 at the
chosen concentration of RET. If optimization of RET treat-
ment by metabolic labeling cannot be performed, exposure of
cells to 100�MICRET for 5 min will likely afford a nearly 100%
inhibition of protein synthesis [30]. Longer exposure times of
bacterial cells to RET are not recommended as they can lead to
undesirable secondary effects [54, 55].

6. For the procedure described here, we found that 150 mL of an
early exponential E. coli BL21 culture is the optimal volume to
be filtered (see Note 7). The optimal conditions for the collec-
tion/filtering steps may vary between strains or growth char-
acteristics of the cultures.

7. It is important to keep the filtering time of the cells as brief as
possible in order to preserve the position of ribosomes on
mRNA [51]. For shortening the filtering time, (i) pay attention
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that the shiny side of the filter is facing up; (ii) swirl the filtering
flask while the culture is going through the filter disc; (iii) after
completion of filtration, the filter can be transferred quickly
onto a chilled glass plate to more rapidly and evenly scrape off
the cell pellet (see also Note 8).

8. We highly recommend pre-optimizing the filtering step using a
mock culture. Strains of some bacterial species may not be
filterable, and thus other collection methods (such as centrifu-
gation) may be considered. Alternatively, with the availability of
the appropriate mixer mill equipment, the cell collection con-
ditions could be adjusted for the filtering step to be skipped
altogether [51].

9. Comparing MNase-untreated samples from the control and
RET-treated cultures shows whether the optimized RET treat-
ment (see Subheading 3.1) resulted in the expected enrichment
of monosomes and concomitant depletion of polysomes
(Fig. 4). Furthermore, including MNase-untreated samples of
the control cell culture helps to evaluate the completeness of
conversion of polysomes to monosomes following MNase
treatment.

10. The remaining lysates can be stored at �80 �C. If desired, an
aliquot of the lysates can be saved separately for RNA-seq.

11. We found it beneficial to separately process each of the RNA
control oligos o15, o28, and o45 (see Subheading 2.7) in
parallel to the experimental samples throughout the proce-
dures described in Subheadings 3.7 to 3.10 (step 12). Proces-
sing the oligos separately allows for loading them in different
lanes in the size-selection gels (Fig. 5 and Fig. 6) which facil-
itates a more accurate selection of the desired size range of the
bands in the experimental samples. Starting from step 13 of
Subheading 3.10, through all the steps in Subheading 3.11,
and up to step 13 of Subheading 3.12, we process only the
control oligo o15, as it is the most helpful marker to evaluate
the size of PCR amplification products (see Subheading 3.11).

12. If the number of samples is less than six, the same linker can be
ligated to RNA from all the samples because multiplexing can
be achieved by using different pairs of PCR primers for each
sample (see Subheading 3.12). If the number of samples
exceeds six, it is beneficial to use different ligation linkers,
each contributing its own individual barcode (see Subheading
2.9).

13. Cleaning circularized cDNA is optional, but we routinely carry
out this step in order to improve reproducibility of the
subsequent steps.

14. Using different PCR primer pairs (item 3 of Subheading 2.12)
for each sample allows for combining them together for

52 Sezen Meydan et al.



sequencing the pooled samples a single lane of the Illumina
sequencing platforms (also see Note 15).

15. Inform the sequencing facility that your library is double-
barcoded, and indicate the Illumina barcodes that were present
in the primers used in Subheading 3.12.

16. We recommend confirming global RET-induced ribosome
arrest at start codons by generating a metagene plot of aver-
aged Ribo-RET occupancy in the vicinity of all start codons.

17. We observed that the absolute height (RPM value) of the RET
peaks at the TISs of the annotated genes does not correlate
with the expression of a gene in no-drug conditions and may
vary between experiments. Therefore, when comparing RET
peaks in different conditions, data from replicates should be
diligently analyzed to ensure reproducibility. For example, for
our alternative TIS assignment in the E. coli genome [30], we
only considered the sites that were common in two different
strains of E. coli. Depending on the research question and the
bacterial strain of interest, different thresholds and adjustments
to this computational analysis should be considered.
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Chapter 3

Genome-Wide Ribosome Profiling of the Plasmodium
falciparum Intraerythrocytic Developmental Cycle

Florence Caro and Joseph L. DeRisi

Abstract

Monitoring whole-genome translation and mRNA ribosome occupancy in vivo using ribosome profiling
has proven to be a powerful tool for discovery of gene expression regulation, mechanisms of translation, and
new open reading frames, in a wide range of different cell types in different organisms. Here we describe its
application to the malaria parasite, Plasmodium falciparum. We present methods for intact polysome
purification from parasite cultures, polysome digestion, monosome purification, ribosome footprint nucleic
acid extraction, and Illumina library preparation.

Key words Ribosome profiling, Translation, Genome-wide, Malaria, Plasmodium falciparum, Deep
sequencing

1 Introduction

Upon invasion of human red blood cells (RBCs), the malaria
parasite Plasmodium falciparum, grows, divides, and ultimately
ruptures the cell to propagate into other uninfected cells. It is
during this intraerythrocytic developmental cycle (IDC) that all
clinical manifestations of the disease occur, making it an important
target for therapeutic intervention. Measuring the IDC transcrip-
tome revealed that any given gene is expressed only once per cycle
and “just in time” to exert its encoded function [1]. While the
transcriptional machinery is conserved, only a single family of
27 specific transcription factors has been described to date
[2]. This dearth of transcription factors suggests that regulation
of expression of the roughly 5500 P. falciparum genes likely occurs
at the epigenetic or posttranscriptional levels, for example, at the
level of translation. Translation is the process by which a ribosome,
guided by an mRNA template, synthesizes a protein. Timely and
plastic regulation of translation allows cells to maintain or adjust
their states under dynamically changing environments. Thus, deter-
mining which P. falciparum genes are translated and when adds an
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important resource for understanding the molecular physiology of
this parasite during its life cycle transitions [3]. Ribosome profiling,
the deep sequencing of ribosome-protected mRNA fragments
(ribosome footprints), provides a powerful tool for the in vivo
and genome-wide monitoring of translation. This method begins
with the collection of a cell lysate containing polysomes, two or
more ribosomes in complex with an mRNA, that are then subjected
to nuclease treatment to digest the regions of mRNA that are not
protected by the ribosome and converting them to monosomes
(one ribosome protecting a ~30 nt of mRNA). Mock or nuclease-
treated cell lysates are loaded onto sucrose gradients to separate
monosomes and/or polysomes by ultracentrifugation according to
their sedimentation coefficient. The quality of the sample can be
assessed by flowing gradients past a detector of a continuous UV
spectrophotometer to obtain a polysome profile. Polysomes readily
detected in the untreated samples collapse into a single monosome
peak in the nuclease-treated samples (Fig. 1). Finally, the ~30 nt
ribosome footprints isolated from the sucrose gradient fractions
containing the monosome peak are converted to a library for
next-generation sequencing and mapped to the corresponding
genome. The density of ribosome footprints on any given mRNA
is a direct proxy for the rate of protein synthesis. Furthermore, the
distribution of ribosome footprints reveals the identity of the trans-
lated product and thus can be used to annotate coding regions. In
order to determine translational efficiency (the ratio of ribosome
footprint density to mRNA abundance), total RNA is isolated in
parallel to construct libraries for measuring mRNA abundance by
mRNA-seq. This chapter describes the application of this technique
to the P. falciparum IDC stages, including detailed procedures and
notes.

2 Materials

2.1 Preparation

of Parasite Lysates

1. Growth medium: Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with 0.25% Albumax II, 2 g/L
sodium bicarbonate, 0.1 mM hypoxanthine, 25 mM HEPES
(pH 7.4), and 50 μg/L gentamicin.

2. Phosphate-buffered saline (PBS).

3. Hyperflasks hold large culture volumes (~500 mL) using a
multilayer gas permeable growing surface for efficient gas
exchange.

4. Microscope slides.

5. Giemsa stain.

6. 500 mL polypropylene centrifuge tubes.

7. 50 mL round bottom polypropylene tubes.
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8. Cycloheximide (CHX): Dissolve in dimethyl sulfoxide
(DMSO) to 100 mg/mL and store at �80 �C.

9. Liquid nitrogen.

10. Lysis buffer: 0.2% saponin, 100 μg/mL CHX, in 1� PBS.

11. Resuspension buffer: 100 μg/mL CHX in 1� PBS.

12. 3� parasite lysis buffer (PLB): 45 mM KOAc, 30 mM Tris–
HCl pH 7.4, 1.5 mM dithiothreitol (DTT), 1.5% Triton
X-100, and CHX 100 μg/mL, in RNAse-free H2O.

13. Liquid nitrogen.

14. 18-gauge needle.

~1010

synchronized
parasites

A
26

0

Total RNA

~30 nt mRNA
Fragments

Illumina Library Preparation
Deep sequencing

+ MNase
No Treatment

Sedimentation

40S
60S

80S

polysomes

~30 nt Ribosome
Footprints

Polysomes

+ CHX

Fig. 1 Schematic of ribosome profiling of P. falciparum. Synchronized parasite
cultures maintained in hyperflasks that hold a large volume of culture are treated
with CHX before being processed for either total RNA or polysome extraction.
Micrococcal nuclease (MNase)-treated or untreated parasite lysates are
sedimented by sucrose gradient ultracentrifugation. A260 spectrophotometric
monitoring of gradient fractions reveals polysomes in the untreated (gray)
samples that have collapsed to a single monosome peak (80S, green) in the
nuclease-treated sample. 40S and 60S denote the small and large ribosomal
subunit peaks, respectively. Ribosome footprints (�30 nt) derived from the
monosome peak or chemically fragmented polyA-purified mRNA (�30 nt) are
used to build libraries for Illumina deep sequencing
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15. Retsch MM400 Mixer mill with screw top grinding jars and
stainless steel grinding balls.

16. Nonstick RNase-free microfuge tubes 2 mL.

17. Spatula.

18. Styrofoam box.

2.2 Micrococcal

Nuclease Digestion

1. Nanodrop.

2. Micrococcal nuclease, 2,000,000 Units/mL.

3. 1� micrococcal nuclease buffer: 50 mM Tris–HCl, 5 mM
CaCl2.

4. Superase-In, 20 Units/μL.
5. Bovine serum albumin (BSA) 10 mg/mL (100�) stock.

6. Rotating platform.

2.3 Sucrose

Gradients

1. Open top polyclear ultracentrifuge tubes 9/16 � 3 ½ inches.

2. Nonstick RNase-free microfuge tubes 2 mL.

3. Nonstick RNase-free microfuge tubes 1.5 mL.

4. BioComp Gradient Master Model EM-1 Econo that includes a
gradient making station, a gradient fractionator, and a UV
Monitor.

5. Gradient fraction collector.

6. Sucrose gradient buffer (SGB): 140 mM KOAc, 15 mM
MgOAc, 20 mM Tris–HCl pH 7.4, 0.5 mM DTT, 20 Units/
mL Superase-In, and 100 μg/mL CHX, in RNAse-free H2O.

7. 10% sucrose: Add 40 mL of SGB to 5 g sucrose, mix well, and
bring up to 50 mL.

8. 50% sucrose: Add 35 mL of SGB to 25 g sucrose, mix well, and
bring up to 50 mL.

9. Ultracentrifuge.

2.4 RNA Isolation

from Monosome

Sucrose Gradient

Fractions

1. Thermomixer.

2. Tabletop centrifuge.

3. Nonstick RNase-free microfuge tubes 1.5 mL.

4. RNAse-free H2O.

5. 20% Sodium dodecyl sulfate (SDS).

6. Acid phenol: Chloroform 5:1 pH 4.5.

7. Chloroform.

8. 3 M NaOAc pH 5.5.

9. Isopropanol.

10. GlycoBlue coprecipitant.

11. Dry ice.
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12. 70% Ethanol (EtOH).

13. 10 mM Tris–HCl pH 8.0.

2.5 Total RNA

Isolation from iRBCs

1. Thermomixer.

2. Tabletop centrifuge.

3. Phase lock heavy gel 15 mL tubes.

4. Nonstick RNase-free microfuge tubes 1.5 mL.

5. TRIzol.

6. Acid phenol:chloroform 5:1 pH 4.5.

7. Chloroform.

8. 3 M NaOAc pH 5.5.

9. Isopropanol.

10. GlycoBlue coprecipitant.

11. Dry ice.

12. 70% EtOH.

13. 10 mM Tris–HCl pH 7.0.

14. 2� TBE-Urea sample loading buffer.

15. 15% TBE-Urea gel.

16. SYBR Gold.

2.6 polyA+ mRNA

Purification

1. Thermomixer.

2. DynaMag magnet.

3. Nonstick RNase-free microfuge tubes 1.5 mL.

4. Dynabeads Oligo(dT)25.

5. Superase-In, 20 U/uL.

6. RNase-free H2O.

7. 2� binding buffer: 20 mM Tris–HCl pH 7.5, 1.0 M LiCl,
6.7 mM EDTA.

8. 1� binding buffer: dilute 2� binding buffer with RNAse-free
H2O.

9. Wash buffer B: 10 mM Tris–HCl pH 7.5, 0.15 M LiCl,
1 mM EDTA.

10. 10 mM Tris–HCl pH 8.0.

2.7 polyA+ mRNA

Zn-mediated

Fragmentation

1. Tabletop centrifuge.

2. Non-stick RNase-free microfuge tubes 1.5 mL.

3. 10� Zn-fragmentation buffer: 100 mM ZnCl2 in 100 mM
Tris–HCl pH 7.0.

4. RNAse-free H2O.

5. 0.5 M EDTA.
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6. Isopropanol.

7. GlycoBlue.

8. 3 M NaOAc pH 5.5.

9. 70% EtOH.

10. 10 mM Tris–HCl pH 8.0.

11. Dry ice.

2.8 Fragmented

mRNA and Ribosome

Footprint Size

Selection

1. Novex 15% TBE-Urea Gels.

2. 1� Novex TBE Running Buffer.

3. 2� Novex TBE-Urea Sample Buffer.

4. Costar Centrifuge-X column.

5. RNAse-free H2O.

6. SYBR Gold.

7. Razor blade.

2.9 Rapid Gel

Extraction

1. Nonstick RNAse-free microfuge tube 0.5 mL.

2. Nonstick RNAse-free microfuge tube 1.5 mL.

3. 21-gauge needle.

4. Thermomixer.

5. Tabletop centrifuge.

6. RNAse-free H2O.

7. Razor blade.

8. Costar Centrifuge-X column.

9. GlycoBlue.

10. 3 M NaOAc pH 5.5

11. Isopropanol.

12. 70% EtOH.

13. Dry ice.

14. 10 mM Tris–HCl pH 8.0.

2.10 30 End
Dephosphorylation

1. Thermomixer.

2. Tabletop centrifuge.

3. T4 polynucleotide kinase (PNK).

4. 1� T4 PNK Buffer: 70 mM Tris–HCl, 10 mM MgCl2, and
5 mM DTT

5. RNAse-free H2O.

6. Superase-In.

7. PNK reaction mix: 33 μL RNAse-free H2O, 5 μL 10� PNK
buffer, 1 μL Superase-In, and 1 μL PNK.

62 Florence Caro and Joseph L. DeRisi



8. GlycoBlue.

9. 3 M NaOAc pH 5.5

10. Isopropanol.

11. 70% EtOH.

12. Dry ice.

13. 10 mM Tris–HCl pH 8.0.

2.11 Linker Ligation 1. Thermomixer.

2. 50% w/v polyethylene glycol (PEG) MW 8000: Mix 7 g
RNAse-free PEG (MW 8000) with RNAse-free H2O to a
final 14 mL volume. Mix in a rotator at room temperature
overnight. Following resuspension, purify and de-gas by forc-
ing the solution through a sterile 0.2 μm cellulose nitrate filter
(this is a slow process). Store solution in tightly capped 1 mL
aliquots. PEG stock must be remade every month for maxi-
mum reaction efficiency.

3. T4 RNA ligase 2, truncated (NEB).

4. 10� T4 RNA ligase 2, truncated ligase buffer (NEB).

5. DMSO.

6. Superase-In, 20 U/uL.

7. Linker ligation reaction mix: 8 μL 50% PEG, 2 μL 10� RNA
ligase buffer, 2 μL DMSO, 1 μL 20 U/μL Superase-In, and
1 μL T4 RNA ligase 2 truncated.

8. GlycoBlue.

9. 3 M NaOAc pH 5.5

10. Isopropanol.

11. 70% EtOH.

12. Dry ice.

13. 10 mM Tris–HCl pH 8.0.

2.12 Size Selection

of the Linker-ligated

Product

1. Thermomixer.

2. Razor blade.

3. Novex 10% TBE-Urea Gels.

4. 1� Novex TBE Running Buffer.

5. 2� Novex TBE-Urea Sample Buffer.

6. RNAse-free H2O.

7. SYBR Gold.

8. 10 mM Tris–HCl pH 8.0.

2.13 Ribosomal RNA

Subtraction

1. Thermomixer.

2. Tabletop centrifuge.
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3. DynaMag magnet.

4. Nonstick RNAse-free microfuge tube 1.5 mL.

5. Resuspend the HPLC-purified 50 biotinylated DNA oligos
listed in Table 1 in RNAse-free H2O at 20 pmol/μL and
store at �80 �C. These oligos include the standard IDT C6
linker between the biotin moiety and the DNA sequence.

6. Ultrapure 20� saline-sodium citrate (SSC).

7. Superase-In, 20 U/uL.

8. Dynabeads MyOne Streptavidin C1.

9. 2� Dynabeads MyOne C1 B&W buffer: 10 mM Tris–HCl
pH 7.5, 1 mM EDTA, 2 M NaCl, and 0.01% Tween 20.

10. Dynabeads MyOne C1 Solution A: 0.1 M NaOH and
0.05 M NaCl.

11. Dynabeads MyOne C1 Solution B: 0.1 M NaCl.

12. RNAse-free H2O.

13. GlycoBlue.

14. 3 M NaOAc pH 5.5.

15. Isopropanol.

16. 70% EtOH.

17. Dry ice.

18. 10 mM Tris–HCl pH 8.0.

2.14 Reverse

Transcription

1. RNAse-free H2O.

2. 1 M NaOH.

3. 1 M HCl.

Table 1
Ribosomal RNA subtraction oligo sequences

Oligo IDT oligo sequence
Target
locus Target sequence

asDNA1b /5Biosg/TGTTACTTCTTTGTTA
TAATTCCTT

MAL7_18S AAGGAATTATAACAAAGAAG
TAACA

asDNA2b /5Biosg/CATATATAATTTCTCTTTTA
CATTAG

MAL7_28Sa CTAATGTAAAAGAGAAATTA
TATATG

asDNA3b /5Biosg/TGGTATCGGTAATCCGCTT
TAGCG

PF08_tmp CGCTAAAGCGGATTACCGA
TACCA

asDNA4b /5Biosg/CCGGTATTGTATG
CAAAGTGG

MAL5_28S CCACTTTGCATACAA
TACCGG
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4. To prepare 500 μL 80% AT dNTPs, mix 20 μL dATP 100 mM,
20 μL dTTP 100 mM, 5 μL dCTP 100 mM, 5 μL dGTP
100 mM, and 450 μL RNAse-free H2O.

5. RT reaction mix: 4 μL 5� First Strand Buffer, 1 μL 80% AT
dNTPs, 1 μL Superase-In, 1 μL 0.1 M DTT, and 1 μL Super-
script III Reverse Transcriptase.

6. Razor blade.

7. Novex 10% TBE-Urea Gels.

8. 1� Novex TBE Running Buffer.

9. 2� Novex TBE-Urea Sample Buffer.

10. SYBR Gold.

11. 10 mM Tris–HCl pH 8.0.

2.15 Circularization 1. Thermomixer.

2. Circularization mix: 2 μL 10� CircLigase buffer, 1 μL 1 mM
ATP, 1 μL 50 mMMnCl2, and 1 μL CircLigase ssDNA Ligase.

2.16 PCR

Amplification

1. PCR machine.

2. PCR tubes.

3. PCR master mix: 20 μL 5� Phusion HF buffer, 2 μL dNTPs
10 mM (50% AT), 5 μL 10 uM oNTI231, 5 μL 10 μM indexed
primer (choose a different index primer to barcode each sam-
ple), 62 μL RNAse-free H2O, and 1 μL Phusion polymerase.

4. Index primer sequences for oCJ196, oCJ197, oCJ198,
oCJ199, index-1, index-23, index-2, and index-9 are listed in
Table 2.

5. 6� DNA loading dye.

6. RNAse-free H2O.

7. Novex 8% TBE Gels.

8. 1� Novex TBE Running Buffer.

9. SYBR Gold.

10. 10 mM Tris–HCl pH 8.0.

11. Razor blade.

12. Nonstick RNAse-free microfuge tube 0.5 mL.

13. Nonstick RNAse-free microfuge tube 1.5 mL.

14. 21-gauge needle.

15. Thermomixer.

16. Tabletop centrifuge.

17. DNA elution buffer: 0.3MNaCl, 1 mMTris–HCl pH 8.0, and
1 mM EDTA.

18. GlycoBlue.
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19. 3 M NaOAc pH 5.5.

20. Isopropanol.

21. 70% EtOH.

22. Dry ice.

23. 10 mM Tris–HCl pH 8.0.

3 Methods

Because P. falciparum grows asynchronously under laboratory con-
ditions, a culture of infected red blood cells (iRBCs) will contain a
mixed population of parasites at every developmental stage. To
capture the translation dynamics of a representative snapshot of
the 48-h IDC, parasites have to first be synchronized, which is
typically achieved using sorbitol treatment to differentially lyse
late-stage parasites and enrich for early ring stage parasites [4]. In
order to achieve the large number of synchronized parasites
required for this protocol, large culture volumes must be subjected
to multiple rounds of synchronization which takes weeks of round-
the-clock care. The starting material used in this protocol are
synchronous parasite cultures representing either early (rings), mid-
dle (early and late trophozoites), or late (schizonts) stages of para-
site development. The first step involves releasing intact parasites
from RBCs using saponin, an amphipathic glycoside that disrupts
the RBC but not the parasite membrane. To freeze ribosomes in
place during this and all subsequent steps, the translation elonga-
tion inhibitor cycloheximide (CHX) is added from the moment of
culture harvest onward. Parasites frozen in liquid nitrogen are then
lysed, and their contents loaded onto sucrose gradients for poly-
some fractionation and collection of ribosome footprints. The
protocol requires roughly 12 h of continuous work before a stop-
ping point is reached, from the moment of culture harvest to the
collection of ribosome footprints. The RNA isolation, library prep-
aration, sequencing, and data analysis steps require an additional
5–7 days.

3.1 Preparation

of Parasite Lysates

1. Grow synchronized cultures in 500 mL of growth medium in
hyperflasks at 37 �C, 5% O2, and 5% CO2, to a maximum
10–15% parasitemia at 5% hematocrit (HC). Harvest a mini-
mum of ~1010 parasites on the day of the experiment (see
Note 1).

2. Transfer the culture to 500 mL conicals. Use pre-warmed
medium to rinse and transfer the remaining culture in the
flask to as many conical tubes as necessary.

3. Centrifuge to collect iRBCs at 319 � g for 5 min at room
temperature with no brake.
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4. Prepare a Giemsa-stained thin blood smear of the harvested
culture to count parasitemia (see Note 2).

5. Resuspend the culture in 500 mL of warm growth medium
containing 100 μg/mL CHX. Gently mix the resuspended
culture and incubate for 5 min at room temperature.

6. Centrifuge to collect iRBCs at 319 � g for 5 min at room
temperature with no brake.

7. Aspirate the supernatant and pool packed culture volumes.
Transfer 2 mL of packed culture volume to a 50 mL tube,
flash freeze in liquid nitrogen, and store at �80 �C for
subsequent total RNA extraction (see Total RNA extraction
protocol) (see Note 3).

8. Prepare 50 mL of resuspension buffer ahead of time, leave
40 mL at room temperature, and place 10 mL on ice.

9. Transfer up to 20 mL packed culture volume to 50 mL poly-
propylene tubes. Use as many tubes as you need to transfer the
whole packed culture volume.

10. Add 1 volume (20 mL) ice cold lysis buffer to each tube to
bring the volume up to 40 mL (final 0.1% saponin). Mix gently
by inversion five times and immediately place on ice. Work fast
to allow saponin lysis to occur simultaneously in all tubes.
Proceed immediately to the centrifugation step.

11. Centrifuge at 10,000 � g for 2 min at 4 �C and set brake at
minimum level.

12. Carefully aspirate supernatant without disturbing the parasite
pellet. Use ice cold resuspension buffer to resuspend and pool
the parasite pellets. Do not dilute the parasite pellet past 2 mL.
Work fast and keep samples always on ice. Do not freeze and
proceed immediately to the next step (see Note 4).

13. Add 1 mL ice cold 3� PLB to 2 mL parasite suspension (see
Note 5).

14. Fill a 50 mL tube with liquid nitrogen. Use a P1000 micropi-
pette to slowly drip parasite suspension into the liquid nitrogen
creating frozen droplets of cells. Keeping the frozen droplets
small is important for fitting them inside the mixer mill’s
grinding jars (see Note 6).

15. Using an 18-gauge needle poke holes into the cap of the 50mL
tube. Cap the tube containing the frozen parasites and tilt to
pour the liquid nitrogen out. Proceed immediately to the
mixer mill step (see Note 7).

16. Place mixer mill grinding jars and balls into liquid nitrogen (let
cool until boiling stops).

17. Take cooled items out of the liquid nitrogen and place a ball
into bottom half of the jar.
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18. Transfer the frozen parasite droplets into the bottom half of
the jar and screw top on tightly. Cool jar in liquid nitrogen
until boiling stops.

19. Loosen the grinding jar about one quarter turn, place it in the
mixer mill, and grind parasites for 3 min at 15 Hz (seeNote 8).

20. Tighten jar and chill immediately in liquid nitrogen along with
a clean spatula. Cool until boiling stops.

21. Open the grinding chamber and recover the powder using the
chilled metal spatulas, re-chilling them as needed. Transfer the
powder to a conical tube placed inside a styrofoam box con-
taining liquid nitrogen. Proceed immediately to the next step
(see Note 9).

22. Thaw parasite powder on ice (see Note 10).

23. Transfer thawed lysate to as many 2 mL nonstick RNAse-free
microfuge tubes as needed.

24. Centrifuge parasite lysate for 10 min at 16,000 � g at 4 �C.

25. Transfer the supernatant (~2 mL) to a 2 mL nonstick RNAse-
free microfuge tube. Proceed immediately to the next step.

3.2 Micrococcal

Nuclease Digestion

A nonspecific nuclease is used to digest the regions of mRNA not
protected by the ribosome. Micrococcal nuclease is the RNAse of
choice for P. falciparum since RNAse I was observed to over digest
the sample, as manifested by degraded polysomes. From this step
on, use RNAse-free reagents to protect the sample from degrada-
tion by contaminating nucleases.

1. Mix 1 μL of polysome extract with 9 μL PLB and determine
RNA concentration of this tenfold dilution using a nanodrop.

2. Split the polysome extract into nuclease-treated (~1350 μL)
and undigested control (~650 μL). Digest the polysome extract
with 2.88 Units/μg (or 115 Units/OD) micrococcal nuclease
in 1�micrococcal nuclease buffer and 1� BSA. Add 0.1 Unit/
μg Superase-In to the untreated control.

3. Mix well and incubate on a rotating platform for 30 min at
room temperature. Prepare sucrose gradients during this incu-
bation step (see Note 11).

3.3 Sucrose

Gradients

1. Prepare 12 mL sucrose density gradients in each of 6 ultracen-
trifuge tubes. For this fill each tube with ~6 mL of 50% sucrose
solution and then gently add ~6 mL of 10% sucrose solution on
top. Next use the Gradient Master preset program to mix the
two sucrose layers and generate a 10–50% (wt/vol) sucrose
gradient (see Note 12).

2. Gently load up to 350 μL of nuclease-treated or untreated
polysome extract onto the top surface of the sucrose gradients
(see Note 13).
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3. Centrifuge at 35,000 rpm (151,263 � g) at 4 �C for 3 h.

4. Using an automated fractionation system, flow the gradient
volume past a detector of a continuous UV spectrophotometer
to monitor A254 (to obtain a polysome profile).

5. Collect gradient fractions of the nuclease treated samples in
1.5 mL nonstick RNase-free microfuge tubes. Note which
tubes contain the monosome peak.

3.4 RNA Isolation

from Monosome

Sucrose Gradient

Fractions

1. Prefill a 1.5 mL nonstick RNase-free microfuge tube with
1 volume acid phenol:chloroform 5:1 pH 4.5 (Phe:Chl) and
pre-warm it to 65 �C using a Thermomixer.

2. To each sucrose gradient fraction containing the monosome
peak, add RNAse-free H2O to a final 600 μL volume.

3. To each sample, add 30 μL 20% SDS. Mix well and heat to
65 �C until SDS is dissolved.

4. Transfer the sample to the hot acid phenol and incubate 5 min
at 65 �C mixing at 450 rpm.

5. Chill samples for 5 min on ice.

6. Centrifuge samples for 2 min at 16,000 � g at room tempera-
ture and immediately transfer the top, aqueous phase to a new
1.5 mL nonstick RNase-free microfuge tube.

7. Add 1 volume Phe:Chl and incubate 5 min at room temp
mixing at 450 rpm.

8. Centrifuge samples for 2 min at 16,000 � g at room tempera-
ture and immediately transfer the top, aqueous phase to a
new tube.

9. Add 1 volume chloroform and vortex 30 s at room
temperature.

10. Centrifuge for 1 min at 16,000 � g and transfer the top,
aqueous phase to a 1.5 mL non-stick RNAse-free microfuge
tubes.

11. Add 0.1 vol 3 M NaOAc pH 5.5. Mix by flicking the tube.

12. Add 1.5 μL GlycoBlue and 1 volume isopropanol. Mix by
flicking the tube.

13. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C).

14. Centrifuge for 30 min at 16,000 � g at 4 �C to pellet nucleic
acids.

15. Visualize the pellet, carefully remove the supernatant, and add
800 μL 70% EtOH.

16. Centrifuge for 10 min at 16,000 � g at 4 �C.
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17. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min.

18. Resuspend in 20 μL 10 mM Tris–HCl pH 8.0 and store at
�80 �C.

3.5 Total RNA

Isolation from iRBCs

1. Preheat TRIzol to 65 �C and centrifuge 15 mL phase lock
tubes (heavy gel) to pellet phase lock gel at 1500� g for 2 min.

2. Take the iRBC pellet out of the �80 �C freezer (note that
freeze-thawing causes iRBCs to lyse) and add 10 mL 65 �C
Trizol on top and vortex for 5 s (see Note 14). Use a pipet-aid
and a 10 mL pipette to resuspend the pellet until the solution is
smooth (this can take up 10–20 min).

3. Add 2 mL chloroform and leave on ice for 5 min.

4. Centrifuge at 1500 � g for 10 min at 4 �C.

5. Transfer 4 mL aqueous phase to a 15 mL heavy gel phase lock
tubes and add 4 mL acid phenol:chloroform 5:1 pH 4.3. Mix
by inverting the tube and place immediately back on ice.

6. Centrifuge at 1500 � g for 10 min at 4 �C and decant up to
4 mL aqueous layer into a 15 mL heavy gel phase lock tube
(pool samples if volumes allow).

7. Add 1 volume acid phenol:chloroform 5:1 pH 4.3, mix by
inversion, and place tube immediately back on ice.

8. Centrifuge at 1500 � g for 10 min at 4 �C and decant aqueous
layer into a 15 mL tube.

9. Add 1 volume chloroform.

10. Centrifuge at 1500� g for 10 min at 4 �C and transfer aqueous
layer to as many 2 mL nonstick RNase-free microfuge tubes as
needed.

11. Add 1/10 volumes of 3 M NaOAc pH 5.5. Mix by flicking
the tube.

12. Add 1 volume isopropanol and 2 μLGlycoBlue. Mix by flicking
the tube.

13. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C).

14. Centrifuge at 16,000 � g for 30 min at 4 �C.

15. Visualize the pellet, carefully remove the supernatant, and add
1 mL 70% EtOH.

16. Centrifuge at 16,000 � g for 30 min at 4 �C.

17. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min.

18. Resuspend in 20 μL 10 mM Tris–HCl pH 7.0 and store at
�80 �C.
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19. Run a gel to confirm that total RNA is not degraded (Fig. 2).
For this mix, 0.5 μg of total RNA with 2� TBE-Urea sample
loading buffer in a final volume of 20 μL.

20. Mix 0.5 μL 10 bp ladder with 9.5 μL RNAse-free H2O and
10 μL 2� TBE-Urea denaturing loading buffer.

21. Denature all samples and controls at 75 �C for 2 min and place
immediately on ice.

22. Pre-run a 10 well, 15% TBE-Urea, gel at 200 V for 10 min in
1� TBE running buffer and rinse urea from wells before
loading samples.

23. Load gel with 20 μL sample making sure that every footprint
sample is flanked by a 28-mer and 31-mer oligo sizing control.

24. Run gel at 200 V for 65 min.

25. Stain the gel in 60 mL 1� TBE running buffer plus 6 μL SYBR
Gold for 5 min.

Fig. 2 P. falciparum total RNA quality assessment. Total RNA (0.5 μg) harvested
from each parasite stage (Rings, TP1; early trophozoites, TP2; tate Trophozoites,
TP3; schizonts, TP4), 10 bp DNA ladder (L), and the 28-mer sizing control, run on
a 15% TBE-Urea gel for 65 min at 200 V. Discrete ribosomal RNA bands and no
lower molecular weight smear are indicative of intact RNA
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3.6 PolyA+ mRNA

Purification

1. Resuspend Dynabeads Oligo(dT)25 by vortexing and transfer
150 μL beads to a 1.5 mL nonstick RNase-free microfuge tube.

2. Collect beads by leaving tube on magnet for 30 s and then
carefully remove the buffer in which they are suspended using a
pipette. Immediately resuspend beads in 100 μL 1� binding
buffer.

3. Repeat the wash in 100 μL 1� binding buffer and leave the
beads on the magnet in this second binding buffer wash.

4. Take 150 μg total RNA and dilute to 50 μL with RNAse-free
H2O (see Note 15). Add 50 μL 2� binding buffer.

5. Denature RNA sample 2 min at 75 �C and then return to ice.

6. Add 1 μL Superase-In to each sample.

7. Remove binding buffer from beads and resuspend beads in
RNA sample.

8. Incubate 5 min at room temp to bind RNA to beads.

9. Wash beads twice in 100 μL wash buffer B.

10. Ensure that all wash buffer is removed after the last wash and
resuspend beads in 40 μL 10 mM Tris–HCl pH 8.0.

11. Elute RNA from beads by heating 2 min at 75 �C and then
immediately placing tube on magnet for 30 s.

12. Immediately remove eluate to a new 1.5 mL nonstick RNase-
free microfuge tubes and place tubes on ice.

3.7 PolyA+ mRNA

Zn-mediated

Fragmentation

Chemical fragmentation of RNA is highly sensitive to sample con-
centration, sample volume, and fragmentation incubation temper-
ature. Therefore, it is advised to first optimize the Zn-mediated
fragmentation conditions (Fig. 3). Alternatively, other concentra-
tion independent and isothermal methods, such as physical shear-
ing, may be applied.

1. Mix 1 μg mRNA with 3 μL 10� Zn-fragmentation buffer and
H2O to final 30 μL volume.

2. Incubate 30 min at 75 �C (see Note 16 and Fig. 3). Place
immediately on ice and add 3 μL 0.5 M EDTA to stop the
reaction.

3. Add 570 μL H2O, 2 μL GlycoBlue. Mix by flicking the tube.

4. Add 60 μL 3 M NaOAc pH 5.5 and 660 μL isopropanol. Mix
by flicking the tube.

5. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C) (see Note 17).

6. Centrifuge for 30 min at 13,000 � g at 4 �C.

7. Visualize the pellet, carefully remove the supernatant, and add
800 μL 70% EtOH.
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8. Centrifuge for 15 min at 13,000 � g at 4 �C.

9. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min (see Note 18).

10. Add 10 μL 10 mM Tris–HCl pH 8.0 and store at �80 �C.

3.8 Fragmented

mRNA and Ribosome

Footprint Size

Selection

This protocol is adapted from Ingolia et al. Science 2009 [5], to be
applied specifically to P. falciparum. However, since its inception,
improvements to the ribosome profiling method have been devel-
oped that may be applied to the steps described below [6]. To
reduce the introduction of technical errors, prepare mRNA and
ribosome footprint libraries in parallel for each of the parasite
time points.

1. Add 10 μL 2� TBE-UREA sample loading buffer to 10 μL
Zn-fragmented mRNA and to 50 μg ribosome footprint sam-
ple in 10 μL 10 mM Tris–HCl pH 8.0 (see Note 19).

Fig. 3 P. falciparum total RNA optimization of Zn-mediated fragmentation. mRNA
(1 μg) following Zn-mediated fragmentation for 30 min at 70, 75, 80, or 85 �C.
Untreated mRNA control (0.4 μg polyA+) or total RNA (0.4 μg Total) were run in
parallel for comparison. Samples were mixed with 10 ul 2� TBE-UREA sample
loading buffer to a final volume of 20 ul with H2O and loaded on 15% TBE-Urea
gel run 65 min at 200 V along with different amounts of the 28-mer sizing control
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2. Mix 0.5 μL 10 bp ladder with 9.5 μL RNAse-free H2O and
10 μL 2� TBE-UREA denaturing loading buffer.

3. Add 10 μL 2� Urea sample loading buffer to 1 μL 1 uM
28-mer and 31-mer in 9 μL RNAse-free H2O.

4. Denature all samples and controls at 75 �C for 2 min in a PCR
machine and place immediately on ice.

5. Pre-run a 10 well, 15% TBE-Urea, gel at 200 V for 10 min in
1� TBE running buffer and rinse urea from wells before load-
ing samples.

6. Load gel with 20 μL sample making sure that every footprint
sample is flanked by a 28-mer and 31-mer oligo sizing control.

7. Run gel at 200 V for 65 min.

8. Stain the gel in 60 mL 1� TBE running buffer plus 6 μL SYBR
Gold for 5 min.

9. Use a new single-use individually sealed razor blade to cut each
footprint and mRNA slices from gel and extract using the rapid
gel extraction protocol (see Note 20 and Fig. 4).

Fig. 4 Fragmented mRNA and ribosome footprint size selection. Fragmented
mRNA and ribosome footprints (FP) from ring and schizont parasite stages were
run alongside 28- and 31-mer sizing controls and a 10 bp ladder
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3.9 Rapid Gel

Extraction

1. Pierce a 0.5 mL nonstick RNAse-free microfuge tube with a
21-gauge needle and nest it inside a 1.5 mL nonstick RNAse-
free microfuge tube. Cut both lids off.

2. Place gel slice inside the nested 0.5 mL tube and centrifuge the
nested tubes for 3 min at 20,000 � g to force the gel through
the needle holes. Shake any residual gel from the small tube
into the larger tube.

3. Add 500 μL RNAse-free H2O to the gel slices and incubate
10 min at 70 �C in a Thermomixer shaking at 400 rpm.

4. Use a clean razor blade to cut the tip of a P1000 tip and use it
to pipet the gel mixture to a Costar Centrifuge-X column.

5. Centrifuge for 3 min at 20,000 � g to recover the elution
mixture free of gel debris.

6. Transfer eluate to a new 1.5 mL nonstick RNAse-free
microfuge tube.

7. Add 1.5 μL GlycoBlue and 55 μL NaOAc pH 5.5 and mix well.

8. Add 0.55 mL isopropanol and mix well.

9. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C).

10. Centrifuge for 30 min at 20,000 � g at 4 �C.

11. Visualize the pellet, carefully remove the supernatant, and add
800 μL 70% EtOH.

12. Centrifuge for 15 min at 13,000 � g at 4 �C.

13. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min.

14. Resuspend the pellet in 10 μL 10 mM Tris–HCl pH 8.0.

3.10 30 End
Dephosphorylation

1. Setup two reactions using 1 μL 10uM oGAB11 (10 pmol) in
9 μL RNAse-free H2O. Include oligo oGAB11 as a control
from now on and in all subsequent steps.

2. Denature mRNA samples, ribosome footprint samples, and
oGAB11 control for 2 min at 75 �C in a Thermomixer and
place on ice.

3. Add 40 μL PNK reaction mix to each sample and mix well.
Incubate at 37 �C for 1 h.

4. Incubate at 75 �C for 10 min to heat inactivate the enzyme.

5. Add 450 μL RNAse-free H2O, 1.5 μL GlycoBlue, and 50 μL
3 M NaOAc pH 5.5 to reaction tube and mix well.

6. Add 600 μL isopropanol and mix well.

7. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C).
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8. Centrifuge 30 min at 13,000 � g at 4 �C.

9. Visualize the pellet, carefully remove the supernatant, and add
800 μL 70% EtOH.

10. Centrifuge 15 min at 13,000 � g at 4 �C.

11. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min.

12. Resuspend the pellet in 4.5 μL 10 mM Tris–HCl pH 8.0.

3.11 Linker Ligation 1. Add 1.5 μL Linker-1 at 0.5 μg/μL to 4.5 μL dephosphorylated
sample or the oGAB11 control. Include a no ligase oGAB11
control.

2. Denature samples for 2 min at 75 �C in a Thermomixer and
place immediately on ice.

3. Add 14 μL linker ligation reaction mix to each sample. Mix by
flicking the tube but avoid creating bubbles.

4. Incubate at 37 �C for 2.5 h.

5. Add 338 μL RNAse-free H2O and mix well.

6. Add 1.5 μL GlycoBlue and 40 μL 3 M NaOAc pH 5.5 and
mix well.

7. Add 500 μL isopropanol and mix well.

8. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C).

9. Centrifuge for 30 min at 13,000 � g at 4 �C.

10. Visualize the pellet, carefully remove the supernatant, and add
800 μL 70% EtOH.

11. Centrifuge for 15 min at 13,000 � g at 4 �C.

12. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min.

13. Resuspend samples in 10 μL 10 mM Tris–HCl pH 8.0.

3.12 Size Selection

of the Linker-ligated

Product

1. Pre-run a 10 well, 10% TBE-Urea, gel at 200 V for 10 min in
1� TBE running buffer.

2. Add 10 μL 2� TBE-Urea sample loading buffer to the samples
from the previous step.

3. Mix 0.5 μL 10 bp ladder with 9.5 μL RNAse-free H2O and
10 μL 2� TBE-Urea denaturing loading buffer.

4. Denature samples and controls for 2 min at 75 �C. Place
immediately on ice.

5. Rinse urea from wells before loading 20 μL of sample per lane.
Run at 200 V for 50 min.
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6. Stain the gel in 60 mL 1� TBE running buffer plus 6 μL SYBR
Gold for 5 min.

7. Using a clean razor, cut the linker-ligated product and
oGAB11 control (Fig. 5).

8. Gel extract using the rapid gel extraction protocol.

9. Resuspend in 10 μL 10 mM Tris–HCl pH 8.0.

3.13 Ribosomal RNA

Subtraction

This step removes four rRNA molecules found in great abundance
in the P. falciparum ribosomal footprint samples and can be applied
to the mRNA sample as well. The oligos were designed to uniquely
map the most highly abundant sequences. Including additional
oligos targeting other rRNA sequences may further decrease the
60% rRNA still detected after this depletion step.

1. Mix 3 μL of the biotinylated oligos asDNA1b, 2b, 3b, and 4b
(at 20 pmol/μL) with 3 μL 20� SSC and 4 μL RNAse-free
H2O (see Note 21).

2. Add 19 μL biotinylated oligo mix to 10 μL sample from the
previous step.

Fig. 5 Size selection of linker-ligated product. Use oGAB11 ligated control band (bright and just below the
40 bp ladder marker) as size reference to cut out the correct bands of your samples (indicated in blue). The
ligated product is around 46 nt in size (17 nt Linker-1 + ~29mer). Note that the 10 bp DNA ladder gives only an
approximate estimation of size since this is dsDNA and samples are ssRNA
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3. Incubate 2 min at 70 �C in a Thermomixer. Place immediately
on ice.

4. Add 1 μL Superase-In and incubate 15 min at 37 �C in a
Thermomixer shaking at 400 rpm.

5. Incubate for 5 min on ice.

6. Vortex to resuspend Dynabeads MyOne C1 and transfer
150 μL beads to a 1.5 mL nonstick RNase-free microfuge
tube. Prepare one tube for each of your samples.

7. Wash Dynabeads three times in 150 μL B&W buffer
1� + 0.01% Tween.

8. Wash Dynabeads two times in 150 μL Solution A.

9. Wash Dynabeads two times in 150 μL Solution B.

10. Resuspend Dynabeads in 30 μL B&W buffer 2� + 0.01%
Tween.

11. Add sample to washed Dynabeads and incubate in a Thermo-
mixer at 400 rpm for 15 min at room temperature.

12. Place tubes on magnet and remove supernatant (~60 μL) to a
new 1.5 mL nonstick RNAse-free microfuge tube.

13. Add 440 μL RNAse-free H2O, 1.5 μL GlycoBlue, and 60 μL
3 M NaOAc pH 5.5 and mix well.

14. Add 500 μL isopropanol and mix well.

15. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C).

16. Centrifuge for 30 min at 13,000 � g at 4 �C.

17. Visualize the pellet, carefully remove the supernatant, and add
800 μL 70% EtOH.

18. Centrifuge for 15 min at 13,000 � g at 4 �C.

19. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min.

20. Resuspend in 10 μL 10 mM Tris–HCl pH 8.0.

3.14 Reverse

Transcription

1. Add 2 μL 2.5 μMoCJ200 RT primer to 10 μL sample from the
previous step.

2. Split linker-ligated oGAB11 into 2 tubes each with 5 μL linker-
ligated oGAB11 and 5 μL RNAse-free H2O, to use as plus and
minus RT controls.

3. Add 8 μL RT reaction mix to each sample tube and mix well.

4. Incubate at 48 �C for 30 min.

5. Add 1.8 μL 1 M NaOH, mix well, and incubate at 98 �C for
20 min.
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6. Add 1.8 μL 1 M HCl, mix well, and place tube on ice.

7. Add 20 μL 2� TBE-Urea sample loading buffer.

8. Mix 0.5 μL 10 bp ladder with 9.5 μL RNAse-free H2O and
10 μL 2� TBE-Urea denaturing loading buffer.

9. Denature samples at 95 �C for 3 min prior to loading and place
on ice.

10. Pre-run a 10 well 10% TBE-Urea gel at 200 V for 10 min in 1�
TBE running buffer.

11. Load samples and run samples at 200 V for 65 min.

12. Stain the gel in 60 mL 1� TBE running buffer plus 6 μL SYBR
Gold for 5 min.

13. Using a clean razor, cut out the band corresponding to ligated
product (Fig. 6).

14. Gel extract using the rapid gel extraction protocol. Remember
to gel extract the oGAB11 plus RT control as well.

15. Resuspend in 15 μL 10 mM Tris–HCl pH 8.0.

Fig. 6 RT product selection. Use oGAB11 + RT control band as size reference to cut out the correct bands of
your samples (indicated in blue). The ligated product is around 118 nt in size (17 nt Linker-1 + ~29mer + ~72 nt
oCJ200 RT primer). Note that the 10 bp DNA ladder gives only an approximate estimation of size since this is
dsDNA and samples are ssDNA
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3.15 Circularization 1. Add 5 μL circularization mix to each sample from the
previous step.

2. Incubate at 60 �C for 60 min in a Thermomixer.

3. Incubate at 80 �C for 10 min to heat inactivate enzyme. Keep
tube on ice if proceeding directly to product amplification or
store at �20 �C indefinitely.

3.16 PCR

Amplification

1. Add 95 μL PCR master mix to 5 μL circles from the previous
step (see Note 22).

2. Set up 5 PCR tube strips and transfer a 16.7 μL aliquot of the
PCR mixture into one tube in each strip.

3. Perform PCR amplification with varying numbers of cycles
(6, 8, 10, 12, and 14) by placing all strip tubes in the PCR
machine and starting a program with the conditions given
below.

Initial denaturation 98o C, 30 s

Denaturation 98o C, 10 s

Annealing 60o C, 10 s

Extension 72o C, 5 s (return to 10 s denaturation step)

4. Remove strips successively at the very end of the extension step
after 6, 8, 10, and 12 extension cycles, leaving the last strip in
the PCR machine until the end of cycle 14.

5. Add 3.4 μL 6� DNA loading dye to each PCR tube. Do NOT
denature samples before loading gel since now you have a
dsDNA library.

6. Mix 1 μL 10 bp ladder with 15.7 μL RNAse-free H2O and
3.4 μL 6� DNA loading dye.

7. Load samples on a 10 well 8% TBE non-denaturing gel
(no urea) and run for 55 min at 200 V.

8. Stain the gel in 60 mL 1� TBE running buffer plus 6 μL SYBR
Gold for 5 min.

9. Visualize and excise PCR product band from the gel (Fig. 7).

10. Pierce a 0.5 mL nonstick RNAse-free microfuge tube with a
21-gauge needle and nest it inside a 1.5 mL nonstick RNAse-
free microfuge tube. Cut both lids off.

11. Place gel slice inside the nested 0.5 mL tube and centrifuge the
nested tubes for 3 min at 20,000 � g to force the gel through
the needle holes. Shake any residual gel from the small tube
into the larger tube.

12. Soak the gel in 0.7 mL DNA elution buffer at room tempera-
ture overnight in a Thermomixer at 1400 rpm.
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13. Use a clean razor blade to cut the tip of a P1000 tip and use it
to pipet the gel mixture to a Costar centrifuge-X column.

14. Centrifuge for 3 min at 20,000 � g to recover the elution
mixture free of gel debris.

15. Transfer eluate to a 1.5 mL nonstick RNAse-free microfuge
tube, add 1.5 μL GlycoBlue, and mix well.

16. Add 0.7 mL isopropanol and mix well.

17. Precipitate for at least 30 min on dry ice (or overnight at
�80 �C).

18. Centrifuge for 30 min at 13,000 � g at 4 �C.

19. Visualize the pellet, carefully remove the supernatant, and add
800 μL 70% EtOH.

20. Centrifuge for 15 min at 13,000 � g at 4 �C.

21. Visualize the pellet and carefully remove the supernatant using
a pipette. Air dry the pellet by leaving the tube open at room
temperature for 5 min.

22. Resuspend the pellet in 10 μL 10 mM Tris–HCl pH 8.0.

23. Determine library quality by measuring concentration and size
distribution.

3.17 Sequencing

and Data Analysis

Sequence libraries using a single-end 50 bp run on an Illumina
platform. Split the FASTQ sequence data files into each of the
indexes used for each library. Quality filter ribosome footprints
and mRNA sequencing reads and trim to remove the library

Fig. 7 PCR product selection. The indicated correct PCR ~ 175 bp product increases in intensity with cycle
number. Note that the 10-cycle tube strip was taken out of the PCR machine too late as it was already at
denaturing temperatures. This sample can therefore not be used
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adapter sequence (which begins with CTGTAGGCACCA) (see [6]
for more details). Next, remove the first two nucleotides from the
50 end of each read, as they frequently represent untemplated addi-
tions during reverse transcription (this causes loss of codon resolu-
tion). Align trimmed sequencing reads to P. falciparum rRNA,
tRNA, and human red blood cell transcripts and collect the
unaligned reads. Align the collected unaligned reads uniquely, and
allowing no mismatches, to the P. falciparum reference genome
using Bowtie [7] (see Note 23). Both mRNA and ribosome foot-
print rpkM [8] are calculated excluding the first 50 bases of each
gene to eliminate bias introduced by the observed ribosome accu-
mulation peak near the start codon. Translational efficiencies for
each gene are calculated as the ratio of ribosome footprint rpkM to
mRNA rpkM. Genome browser data tracks can be visualized in
MochiView [9] or other visualization software.

4 Notes

1. Sample yields (detailed in Table 3) obtained from each stage
increase as the parasite progresses through its life cycle, with
ring, and schizont stage yields being the lowest and highest,
respectively. Because hyperflask cultures have a volume, hemat-
ocrit, and parsitemia limit, multiple hyperflasks of ring stage
parasites need to be collected in order to reach 1010. To achieve
a highly synchronous population, parasites are synchronized by
two consecutive sorbitol treatments for three generations for a
total of six treatments. Additionally, hyperflask cultures require
media changes every 6–8 h minimum. The maximum invasion,
point at which half of the culture is either rings or schizonts, is
defined as hour zero, and independent time points are har-
vested 11, 21, 31, and 45 h later, for rings, early and late
trophozoites, and schizonts, respectively. Executing every one
of these steps as well as catching hour zero to harvest the
desired timepoint require round the clock care for multiple
weeks at a time.

2. If needed, use a hemocytometer to obtain an accurate count of
the total cells harvested.

3. Yield of total RNA depends on the stage and number of para-
sites harvested; see Table 3. If more culture is needed, transfer
additional 2 mL aliquots to as many 50 mL falcon tubes as
needed. It is important that the packed culture volume is
exactly 2 mL to be able to later estimate parasite number.

4. Freezing the parasite pellet at this step causes the collapse of
polysomes.

5. Keeping track of the volume of the parasite suspension in this
step is useful to estimate yields.
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Table 3
Example of yields per parasite stage

Parameter Rings Schizonts Notes

Total # of RBCs (infected and
uninfected)

5.6 � 1011 1.6 � 1011 Hemocytometer count

% Parasitemia 8.2 6.6 Blood smear count
# Uninfected cells 9417 10,108
# Rings 843 57
# Trophozoites 0 2
# Schizonts 0 656
Total # parasites harvested 4.6 � 1010 1.0 � 1010

Packed culture volume (mL) 72 20 Volume of pelleted RBCs harvested for
lysis

# Parasites/mL of packed
culture volume

6.4 � 108 5.2 � 108

Packed culture volume allocated
for total RNA extraction (mL)

16 4

Packed culture volume allocated
for ribosome profiling (mL)

56 16

# Parasites harvested for total
RNA extraction

1.0 � 1010 2.1 � 109

# Parasites harvested for
ribosome profiling

3.6 � 1010 8.3 � 109

Average total RNA yield per
2 mL packed culture (μg)

118.60 840

Total RNA per parasite (μg) 9.3 � 10�8 8.1 � 10�7 Note ~ 7-fold more RNA in schizonts than
rings

Lysate volume loaded onto
1 gradient (ul)

350 360 6 gradients total – 4 loaded with nuclease-
treated and 2 with the untreated control

# Parasites loaded onto
1 gradient

6.3 � 109 1.5 � 109

Average footprint RNA yield per
gradient (μg)

3.7 72.0

Footprint RNA yield per
parasite (μg)

5.8 � 10�10 4.8 � 10�8 83-fold more footprint RNA per schizont

Footprint RNA used for library
prep (μg)

14.6 50.0

# Parasites used for footprint
library prep

2.5 � 1010 1.0 � 109

Total RNA used for library prep
(μg)

150 150

# Parasites used for mRNA
library prep

1.6 � 109 1.8 � 108
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6. The milling step of this protocol was optimized using the
Retsch MM400 Mixer mill. While other mills may work, a
key point is to keep the parasite suspension frozen in liquid
nitrogen during lysis, since polysome integrity was affected
when parasites were lysed using a dounce on ice. The working
volume in the 10 mL mixer mill grinding jar is 3 mL, but 2 and
4 mLmay also work. If using different final volumes, make sure
to adjust the PLB concentration accordingly.

7. Leaving frozen parasites in liquid nitrogen overnight affects
polysome integrity.

8. The mixer mill jar size and milling frequency affects outcome,
and excess milling can disintegrate polysomes. Jars have a ten-
dency to lock up, making it difficult to unscrew them at the end
of breaking cycles. To avoid this, loosen jar about a quarter of a
turn when taking them out of liquid nitrogen and tighten them
before returning them to lN2.

9. Storing parasite powder at �80 �C or in liquid nitrogen at this
step affects polysome integrity.

10. This step takes ~1–2 h and is amenable to optimization. Quick
thawing at higher temperatures may cut down time.

11. Sucrose gradients should be made not more than 1 h before
needed.

12. While the gradient making step of this protocol was optimized
using the BioComp Gradient, any standard method to create a
linear sucrose gradient can likely be used.

13. Remove up to 50 μL from the top of the gradient to hold more
sample if necessary.

14. Do not vortex for more than 5 seconds to avoid shearing
the mRNA.

15. A typical mammalian cell contains ~10–30 pg RNA of which
1–5% is mRNA. This proportion holds true for P. falciparum
where ~150 μg Total RNA typically yield ~2.5 μg or 1.7%
polyA+ mRNA.

16. The 75 �C treatment was chosen due to its enrichment of
~30 nt fragments, but treatment at 80 �C could also work.
The optimal amount of 28-mer sizing control loading is
1 pmol.

17. Purifying RNA on filter columns in this step is not advised since
these might introduce bias in fragment sizes.

18. Avoid over-drying the pellet because it becomes hard to
resuspend.

19. As low as 14 μg ribosome footprints can be successfully
processed.
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20. Discrete bands present in the ribosome footprint samples likely
correspond to rRNA fragments. Cut ribosome footprint bands
out between just below the bottom of the 28-mer and just
above the top of the 31-mer bands. Sizing is less critical here
for the mRNA fragment sizes. Cut two slices between 35–50 nt
and 50–70 nt. Keep working with the 35–50 nt slice and keep
larger slice at �80 �C as a backup.

21. The antisense, biotinylated, DNA oligo sequences are listed in
Table 1. They have a 50 biotin modification with the standard
linker included from IDT (C6) and should be HPLC purified
and stored in 20 pmol/μL stocks in RNAse-free H2O at
�80 �C.

22. In this case, equal amounts of dNTPs are used instead of 80%
dNTPs because the addition of Illumina sequences renders the
library construct minimum 46% GC.

23. We found that during the reverse transcription reaction, the RT
adds one or two untemplated bases to the read which is why we
chose to trim two additional bases off of each read, thus loosing
codon resolution.
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Chapter 4

Performing Ribosome Profiling to Assess Translation
in Vegetative and Meiotic Yeast Cells

Emily Nicole Powers and Gloria Ann Brar

Abstract

Ribosome profiling, first developed in 2009, is the gold standard for quantifying and qualifying changes to
translation genome-wide (Ingolia et al., Science, 2009). Though first designed and optimized in vegetative
budding yeast, it has since been modified and specialized for use in diverse cellular states in yeast, as well as
in bacteria, plants, human cells, and many other organisms (Ingolia et al. Science, 2009, reviewed in
(Ingolia et al., Cold Spring Harb Perspect Biol, 2019; Brar and Weissman, Nat Rev Mol Cell Biol,
2015)). Here we report the current ribosome profiling protocol used in our lab to study genome-wide
changes to translation in budding yeast undergoing the developmental process of meiosis (Brar et al.,
Science, 2012; Cheng et al., Cell, 2018). We describe this protocol in detail, including the following steps:
collection and flash freezing samples, cell lysis and extract preparation, sucrose gradient centrifugation and
monosome collection, RNA extraction, library preparation, and library quality control. Almost every step
presented here should be directly applicable to performing ribosome profiling in other eukaryotic cell types
or cell states.

Key words Translation, Meiosis, Yeast, Ribosome profiling, Gene expression, Cellular development

1 Introduction

Ribosome profiling is a quantitative assay used to report
transcriptome-wide measurements of translation in a given cellular
context ([1], reviewed in [2, 3]). This method, when performed in
conjunction with mRNA sequencing, allows global identification of
the transcriptional and translational regulatory changes between
multiple cellular states ([1], reviewed in [2, 3]). The developmental
process of meiosis is a context that depends on extensive gene
regulation ([4, 5], reviewed in [6, 7]). This specialized cell division
remodels diploid cells into specialized haploid gametes, called
spores in yeast (reviewed in [6, 7]). The elaborate gene expression
program that drives meiosis includes many cases of translation-level
control, most of which were identified by ribosome profiling [4, 5,
8–11]. Interestingly, during meiosis, translation control
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coordinates the expression levels of sets of mRNAs, as well as
changes the identities of some translated products (i.e., extended
proteins, short proteins, and proteins initiated from non-AUG
codons) [4, 12]. Our lab has used ribosome profiling to elucidate
both of these types of changes to translation in meiosis and con-
tinues to use the ribosome profiling protocol for these purposes
[4, 5]. Here we describe, in detail, our current protocol for using
ribosome profiling to study changes to translation, in both vegeta-
tively growing and meiotic yeast cells.

Successful ribosome profiling relies upon a rapid sample collec-
tion strategy to avoid perturbing the cellular state that you wish to
measure, as well as a strategy (e.g., pharmacological agents) to halt
ribosomes at the precise location on the mRNA that was being
translated at the time of cell collection ([1], reviewed in [2, 3]). For
traditional ribosome profiling, cycloheximide (CHX) is used to
non-specifically stall elongating ribosomes [1]. This allows for col-
lection of ribosome-protected fragments along the entire coding
regions of translated genes, although it can also introduce posi-
tional artifacts [13–22]. Our standard protocol uses a brief CHX
pre-treatment followed by rapid filtration and flash freezing of cells
to maintain and measure the most accurate in vivo ribosomal posi-
tions [1, 4]. We note, however, that it is possible, and sometimes
beneficial, to exclude a translation inhibitor pre-treatment of cells
to avoid positional artifacts, depending on the downstream analysis
desired. The disadvantage of excluding a translation inhibitor
pre-treatment of cells is that ribosomes will continue to elongate
between filtration and flash freezing which may result in the runoff
of ribosomes from the 50 end of open reading frames (ORFs) and a
loss of the corresponding data for these regions ([1, 21–23],
reviewed in [2]). However, it is well-known that translation inhibi-
tor pre-treatments of cells can elicit technical artifacts in the precise
ribosomal positions within coding regions. Furthermore,
pre-treatment of cells with translation inhibitors can also cause
biological changes to gene expression by inducing expression of
ribosome biogenesis genes as a reaction to decreased translation
[1, 4, 15, 17, 21, 23, 24]. Thus, one must weigh all the benefits and
disadvantages of using a translation inhibitor pre-treatment when
deciding to use one or not, depending on the specific desired
downstream analyses to be performed.

Following rapid collection by filtration, cells are lysed cryogen-
ically and the resulting extract is treated with RNAse I. The
digested cell extract is then run on a sucrose gradient to isolate
single ribosomes that protect ~30 nt mRNA fragments (also
referred to as ribosome footprints (FPs)). Next, total RNA is
extracted from the monosome fraction, and gel-based size selection
is used to enrich for ribosome-protected mRNA fragments from
the pool of mostly ribosomal RNA (rRNA). It is these fragments
that are taken through a series of enzymatic steps to make a
sequencing library [1, 4, 25].
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Our standard protocol uses linker ligation in order to generate
libraries out of the pool of mRNA FPs [13]. Though this method is
often used for studies focused on gene expression quantification, it
should be noted that ligation can produce bias in the FPs
sequenced based on the nucleotide identity of the 30 end of the
FP. Thus, for studies focused on codon-level resolution of transla-
tion characteristics, care should be taken to use the most unbiased
approaches possible in library preparation [22, 23, 25]. One alter-
ation that can be used to alleviate linker ligation bias is to use a
library of linker oligos, with random nucleotides on their 50 end
[22, 23]. Similarly, using a library of reverse transcription primers
with varied nucleotides on their ends can help minimize any bias
introduced during the following circularization step [22]. Follow-
ing reverse transcription, linear sequencing libraries are created
from the circular libraries using the minimal number of PCR cycles
required to generate the desired amount of material.

After sequencing, the fragments are aligned to the yeast tran-
scriptome to find the corresponding position of each ribosome.
Footprints are then quantified per transcript to measure the
amount of translation occurring on each transcript, or viewed on
a genome browser or subjected to metagene analysis to look for
changes to the regions being translated [1, 13, 24]. Comparison to
a matched RNAseq sample prepared in parallel is used to determine
whether gene expression changes are exerted at the transcriptional
or translational level ([1, 4, 5], reviewed in [14]). The protocol
described here can be applied to yeast cells in a variety of cellular
states with only minor differences, based primarily on the total
levels of translation and thus the amount of FPs collected in each
state.

2 Materials

2.1 Media Media should be made with water from a Milli-Q filtration system
and sterilized prior to storing. Described percent compositions
represent weight/volume calculations.

1. YPD: 1% yeast extract, 2% bacto peptone, 2% dextrose.

2. BYTA: 1% yeast extract, 2% bacto tryptone, 1% potassium
acetate, 1.02% potassium phthalate.

3. SPO: 2% potassium acetate, 40 mg/L adenine, 40 mg/L ura-
cil, 20 mg/L histidine, 20 mg/L leucine, 20 mg/L trypto-
phan, pH to 7.0 using acetic acid; bring to final volume.

4. YPG plates: 1% yeast extract, 2% bacto peptone, 3% glycerol,
2% agar.

5. YPD 4% plates: 1% yeast extract, 2% bacto peptone, 4% dex-
trose, 2% agar.
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2.2 Base Reagents

and Materials

All reagents and solutions should be prepared to be nuclease-free.
Hazardous materials should be disposed of and used with proper
safety precautions as specified by regulations. Reagents should be
stored at room temperature unless otherwise indicated. Solutions
are made in water unless otherwise noted.

1. 3 L sterile flasks for yeast culture.

2. Cycloheximide: 50 mg/mL in ethanol (500�); store at
�20 �C, dispose of cycloheximide hazardous waste by follow-
ing the appropriate regulations, and handle all materials con-
taining cycloheximide with gloves (see Note 1).

3. Nuclease-free water.

4. 1 M Tris–HCl (pH 7.0).

5. 1 M Tris–HCl (pH 8.0).

6. 10 mM Tris–HCl (pH 7.0).

7. 10 mM Tris–HCl (pH 8.0).

8. 2 M KCl.

9. 1 M MgCl2.

10. 20% Triton X-100.

11. 20- and 22-gauge needles.

12. 50 mL plastic, screw cap, nuclease-free tubes.

13. 2 mL screw cap, nuclease-free tubes.

14. 1.5 mL non-stick, nuclease-free tubes.

15. 0.5 mL non-stick, nuclease-free tubes.

16. Metal spatulas.

17. Liquid nitrogen (LN2): Note that LN2 can cause cryogenic
burns and frostbite and can displace oxygen. It should be
stored and used according to established safety regulations
and handled using cryo-gloves in a well-ventilated area.

18. Styrofoam box: Ideally at least 6 inches each in height, width,
and depth.

19. Plastic rack for 50 mL tubes (fits within styrofoam box).

20. Tube rack to hold ultracentrifuge tubes (small 15 mL tube
racks work).

21. Filter membranes, 0.45 μm pore size, cellulose nitrate, to be
used with the glass filtration apparatus for yeast cell harvesting
(see Note 2).

22. Metal tweezers.

23. Metal tongs to hold mixer mill chambers.

24. Cryo-gloves.
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25. 12 mL open-top, polyclear ultracentrifuge tubes and short
rubber caps (see Note 3).

26. 1 M DTT: store at �20 �C, and handle on ice.

27. Ultra-pure sucrose.

28. 10 mL syringes with long metal tip attachments and SW 41 Ti
marker block.

29. RNAse I: 100 U/μL; store at �20 �C, and handle on ice.

30. Acid phenol/chloroform/isoamyl alcohol (125:24:1), pH 4.5;
store at 4 �C. Note that acid phenol is hazardous; use and
dispose it of according to established safety regulations.

31. Chloroform: Note that chloroform is hazardous; use and dis-
pose of it according to established safety regulations.

32. 20% sodium dodecyl sulfate (SDS).

33. 3 M NaOAc, pH 5.5.

34. Isopropanol.

35. 80% ethanol, ice-cold; store at �20 �C.

36. GlycoBlue; store at �20 �C (see Note 4).

37. 15% TBE-Urea polyacrylamide gels; store at 4 �C (seeNote 5).

38. 10% TBE-Urea polyacrylamide gels; store at 4 �C (seeNote 5).

39. 8% TBE polyacrylamide gels; store at 4 �C (see Note 5).

40. TBE-Urea sample buffer 2�; store at 4 �C.

41. SYBR Gold; store at �20 �C. Note that SYBR Gold is hazard-
ous, use and dispose of it according to established safety reg-
ulations (see Note 6).

42. 1� TBE: 89 mM Tris, 89 mM Borate, 2 mM EDTA.

43. 10 bp ladder (optional).

44. Single-use razors or scalpels.

45. Centrifuge tube filters, cellulose acetate, 0.45 μm pore size.

46. SUPERase·In (20 U/μL); store at �20 �C, and handle on ice.

47. T4 polynucleotide kinase (New England Biolabs (NEB)); store
at �20 �C, and handle on ice (see Note 7).

48. Truncated T4 RNA ligase 2 (NEB); store at �20 �C, and
handle on ice (see Note 7).

49. Oligo Clean & Concentrator kit (Zymo Research) (see
Note 8).

50. 3 M NaCl.

51. 0.5 M EDTA.

52. 10% Tween 20.

53. MyOne Streptavidin C1 Dynabeads (Thermo Fisher); store at
4 �C (see Note 9).
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54. 20� SSC: 3 M sodium chloride, 300 mM sodium citrate.

55. 1 M NaOH.

56. 1 M HCl.

57. dNTPs: 10 mM dATP, 10 mM dCTP, 10 mM dGTP, 10 mM
dTTP; store at �20 �C, and handle on ice.

58. Superscript III reverse transcriptase (Invitrogen); store at
�20 �C, and handle on ice (see Note 7).

59. CircLigase II ssDNA ligase (Epicentre); store at �20 �C, and
handle on ice (see Note 7).

60. 1 mM ATP; store at �20 �C, and handle on ice.

61. Phusion DNA polymerase (2000 U/mL NEB); store at
�20 �C, and handle on ice (see Note 7).

62. 6� gel loading dye for non-denaturing polyacrylamide gels.

63. High Sensitivity D1000 ScreenTape (Agilent Technologies)
(see Note 10).

64. High Sensitivity D1000 Reagents (Agilent Technologies) (see
Note 10).

2.3 Non-standard

Equipment or Facilities

Required

1. 30 �C shaker for yeast cultures.

2. Glass filtration apparatus for yeast cell harvesting (see Note 2).

3. Mixer mill that can be cryogenically operated with 50 mL
stainless steel cannisters (see Note 11).

4. Refrigerated centrifuge (fits 50 mL tubes).

5. Refrigerated microcentrifuge.

6. Ultracentrifuge with Beckman SW 41 Ti rotor and buckets.

7. Gradient station (see Note 3).

8. UV monitor for gradient station (see Note 3).

9. Light box for gel cutting.

10. Magnet rack for 1.5 mL tubes to use for steps involving
Dynabeads.

11. Agilent Bioanalyzer, TapeStation, or equivalent (see Note 10).

12. Illumina HiSeq 4000.

2.4 Buffers

and Solutions

All buffers listed are to be prepared in water unless otherwise noted.

1. Polysome lysis buffer: 20 mM Tris–HCl pH 8.0, 140 mMKCl,
1.5 mM MgCl2, 100 μg/mL cycloheximide, 1% (v/v) Triton
X-100; do not thaw and re-freeze buffer.

2. Polysome gradient buffer: 20 mM Tris–HCl pH 8.0, 140 mM
KCl, 5 mMMgCl2, 100 μg/mL cycloheximide, 500 μMDTT,
20 U/mL SUPERase·In; make fresh on ice.
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3. 10% sucrose: 10% sucrose (w/v) in polysome gradient buffer;
make fresh.

4. 50% sucrose: 50% sucrose (w/v) in polysome gradient buffer;
make fresh.

5. Dynabead B&W buffer (2�): 10 mM Tris–HCl pH 7.5, 1 mM
EDTA, 2 M NaCl, 0.01% Tween 20 (see Note 9).

6. Dynabead B&W buffer (1�): 5 mMTris–HCl pH 7.5, 500 μM
EDTA, 1 M NaCl, 0.01% Tween 20 (see Note 9).

7. Dynabead Solution A: 100 mM NaOH, 50 mM NaCl (see
Note 9).

8. Dynabead Solution B: 100 mM NaCl (see Note 9).

2.5 Oligonucleotides Example sequences for sizing oligos are given; however, the specific
sequence of these oligos is not critical. The 28-mer RNA oligo and
31-mer RNA oligos described here are unpublished and were
designed by Gloria Brar and Nick Ingolia. If sequences are changed
for the ligated oligo, note that the reverse transcription primer
must be designed to amplify the sequence used. Oligos for rRNA
subtraction were designed by Nick Ingolia and Gloria Brar
[13]. The linker and amplification primers described here were
designed and validated by Calvin Jan and their sequences gener-
ously shared with our lab. Alternative linker and primer sequences
can be used for library preparation, but they must be validated prior
to use to ensure high efficiency of ligation and amplification,
respectively. For all oligonucleotides listed that include specialized
modifications, we described themodifications present and listed the
modification codes used by IDT. Equivalent modifications by other
oligonucleotide providers may likely be substituted; however, in all
cases, any oligonucleotides used must be confirmed to be highly
efficient and unbiased for sequencing library preparation. We dilute
all oligos in water to the stated concentrations and store stocks at
�20 �C.

1. 28-mer RNA control oligo: 50AGUCACUUAGCGAUGUA
CACUGACUGUG /3Phos/30, oligo has a 30 phosphate
(3Phos) and can be used for FP sizing and as a positive control
and sizing guide throughout library preparation, 10 μM, oligo
is PAGE purified.

2. 31-mer RNA control oligo: 50 AUGUACACGGAGUCGAG
CACCCGCAACGCGA/3Phos/30, oligo has a 30 phosphate
(3Phos) and is used for FP sizing, 10 μM, oligo is PAGE
purified.

3. Linker: 50/5rApp/GATCGGAAGAGCACACGT/3ddC/30,
oligo is 50 adenylated (5rApp), terminated using a 30 dideox-
ycytidine (3ddC), DNA, and is ligated onto FPs for library
prep, 20 μM, oligo is HPLC purified.
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4. asDNA1b: 50/biosg/ GATCGGTCGATTGTGCACC 30,
DNA, 50 biotin (biosg) with the standard linker from IDT
(C6), and HPLC purified, used for rRNA subtraction from
S. cerevisiae FPs, 20 pmol/μL.

5. asDNA2b: 50/biosg/ CCGCTTCATTGAATAAGTAAA
GAAAC30, DNA, 50 biotin (biosg) with the standard linker
from IDT (C6), and HPLC purified, used for rRNA subtrac-
tion of S. cerevisiae FPs, 20 pmol/μL.

6. asDNA3b: 50/biosg/GACGCCTTATTCGTATCCATCTATA
30, DNA, 50 biotin (biosg) with the standard linker from IDT
(C6), and HPLC purified, used for rRNA subtraction of
S. cerevisiae FPs, 20 pmol/μL.

7. RT primer: 50/5Phos/AGATCGGAAGAGCGTCGTGTAGG
GAAAGAGTGT /iSp18/ GTGACTGGAGTTCA
GACGTGTGCTCTTCCGATC 30, DNA, internal spacer
18 from IDT (iSp18), this primer is used to reverse transcribe
linker-ligated RNA FPs, 20 μM, oligo is PAGE purified.

8. PCR F primer: 50AATGATACGGCGACCACCGAGATCTA
CACTCTTTCCCTACACGACGCTCTTCCGATCT 30,
DNA, used to amplify all FP samples, 10 μM, oligo is PAGE
purified.

9. Barcoding primers: 50CAAGCAGAAGACGGCATACGAGAT
XXXXXXXXGTGACTGGAGTTCAGACG30, oligo is PAGE
purified, reverse primer used to amplify and barcode samples
with Illumina barcodes in place of “XXXXXXXX”, we use the
following barcodes: D701 index ATTACTCG, D702 index
TCCGGAGA, D703 index CGCTCATT, D704 index
GAGATTCC, D705 index ATTCAGAA, D706 index
GAATTCGT, D707 index CTGAAGCT, D708 index
TAATGCGC, D709 index CGGCTATG, D710 index
TCCGCGAA, D711 index TCTCGCGC, and D712 index
AGCGATAG. Example sequence of full primer sequence with
the D701 index, 50 CAAGCAGAAGACGGCATACGAGAT
CGAGTAATGTGACTGGAGTTCAGACG30.

3 Methods

Carry out all methods at room temperature unless otherwise noted.
3.1 Yeast Growth

and Sporulation

Conditions (See

Note 18)

Meiotic Samples

1. Day 1: Thaw a fresh patch of diploid yeast from the desired
glycerol stock onto a YPG plate at ~5 pm. Grow patch at 30 �C
for ~16 h.

2. Day 2: Patch yeast from the YPG plate to a YPD 4% plate at
~9 am; grow for ~8 h at 30 �C. At ~5 pm transfer a scoop of
yeast into 10 mL of YPD liquid media. Grow cells, with shak-
ing, for either ~24 h at room temperature or ~16 h at 30 �C.
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3. Day 3: At ~5 pm measure the OD600 of the YPD culture.
Dilute the culture such that it is in the accurate range of the
spectrophotometer (1:20 usually works well), before measur-
ing. Start a 100 mL culture of BYTA at 0.25 OD600; grow
overnight (12–16 h) at 30 �C, with shaking.

4. Day 4: At ~9 am measure the OD600 of the BYTA culture;
calculate the amount of culture volume needed to start an SPO
culture of 200mL at a density of 1.9 OD600 (note that this is an
excess quantity for one ribosome profiling sample). Pellet cells
in BYTA (1100–2000 rcf for 2–2.5 min). Discard the superna-
tant, and resuspend cells with sterile Milli-Q water (wash
should be greater than the volume of culture pelleted). Pellet
cells in water (1100–2000 rcf for 2–2.5 min), and discard the
supernatant. Resuspend pellet in 200mL of SPO andmove to a
3 L flask, shake culture at 30 �C, and record the time.

5. Take samples for staging (to assess DNA content, spindle mor-
phology, etc.) as necessary (seeNote 13). Ten minutes prior to
the desired time of sample collection, measure 150 mL of SPO
culture and transfer the excess volume to a new flask to monitor
meiotic progression in parallel. Continue to shake both at
30 �C. Proceed to Subheading 3.2.

Vegetative Exponential Phase Samples

1. Day 1: Thaw yeast and start an overnight culture exactly as
described for the meiotic sample protocol (steps 1 and 2).

2. Day 2: Measure the OD600 of the culture, and calculate the
amount of culture volume needed to start a 450mL culture at a
cell density of 0.05 OD600. Pipette the calculated volume of
yeast into a 3 L flask with 450 mL of YPD. Place culture on a
shaker and incubate at 30 �C until grown to ~0.6 OD600.
Measure growth periodically by taking and recording the
OD600. As cell density nears 0.6 OD600 (mid-exponential
phase), move on to Subheading 3.2.

3.2 Cell Harvesting

and Preparing

Polysome Lysis Buffer

(See Notes 19 and 20)

1. Label and prepare one 50 mL tube per sample by piercing 3–4
holes in the cap with a needle, and label one 2 mL tube/sample
for the matched RNAseq sample (see Note 12).

2. Set up the filtration apparatus. Connect a filter flask to a vac-
uum pump, place a filter piece into the flask, and lay the
nitrocellulose membrane on top. Place the collection beaker
over the filter, and attach it to the filter piece with a clasp.

3. Fill a styrofoam box with LN2, and place a 50 mL tube rack
inside. Cool one large and one small metal spatula in liquid
nitrogen with the handles sticking out. Fill the first labeled
50 mL tube with about 20–30 mL LN2, and leave uncapped,
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within the box of LN2. Uncap the 2 mL tube for the same
sample. See Fig. 1 for an example filtration apparatus and rep-
resentative images of cell collection from the filter.

Fig. 1 The setup for ribosome profiling/mRNAseq sample collection. (a) A typical
benchtop setup in preparation for filtration. A filter flask is connected to a
vacuum pump as shown. The filter piece is placed into the filter flask with a
cellulose nitrate membrane (labeled) laid on top. Next, the collection beaker
(labeled) is placed on top of the filter piece and over the membrane and held in
place using a clasp (labeled). A styrofoam box is close by and contains LN2, two
cooled metal spatulas (one large, one small), and a labeled uncapped 50 mL
tube with LN2 inside (with a labeled and pierced cap nearby). A labeled 2 mL
tube is nearby for RNAseq sample collection. A cryo-glove is used to protect your
hands from the cooled metal spatulas and LN2. (b) An image of a LN2-cooled
metal spatula horizontally scraping yeast into a large pile for ribosome profiling
collection. (c) A small patch of un-scraped yeast is circled as it is left for RNAseq
sample collection; the larger heap of yeast will be scraped directly into LN2 in the
50 mL tube for ribosome profiling
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4. Take CHX stock (50mg/mL) out of the freezer on ice. If CHX
has precipitated out of solution, vortex until fully dissolved and
then return to ice (see Note 15). Turn the vacuum pump on.

5. Add CHX to 100 μg/mL in the first culture (300 μL of
50 mg/mL stock for the 150 mL meiotic culture, 900 μL of
50 mg/mL stock for 450 mL of YPD culture); return shaking
for 30 s (see Note 15). Carry flask quickly to filter apparatus,
and pour culture into collection container. Place flask down,
and as media is almost completely filtered, remove the clasp and
collection top and begin scraping cells horizontally off the filter
with the large cooled spatula. Scrape ~90% of the cells into a
mound on the metal spatula. Plunge the cells, and if needed,
the entire spatula directly into the LN2-filled conical. Quickly
recover the small patch of cells leftover into the 2 mL tube with
the smaller cooled spatula, cap the tube, and drop into LN2.

6. Place the 50 mL sample tube with LN2 upright to allow vent-
ing from the cap in a �80 �C freezer, and store the 2 mL tube
there as well. Allow LN2 to completely evaporate off before
moving on to sample lysis.

7. Dispose of the used membrane, and rinse or switch the collec-
tion container. Repeat steps 2–7 for each remaining sample.

8. When sample collection is complete, rinse all the glassware and
spatulas with Milli-Q water and allow to dry.

9. Next, make 5 mL of polysome lysis buffer (enough for two
samples at 2–2.5 mL/sample). Mix 4.28 mL of water, 100 μL
1 M Tris–HCl (pH 8.0), 350 μL 2 M KCl, 7.5 μL 1 MMgCl2,
10 μL 50 mg/mL CHX, and 250 μL 20% Triton-X 100 in a
50 mL tube on ice.

10. Label and prepare one 50 mL tube per sample exactly as done
previously for sample tubes in steps 1 and 3. Uncap tubes,
ensure buffer is mixed, and slowly dispense 2 mL of polysome
lysis buffer directly into the LN2 within each 50mL tube. Small
5 mL serological pipettes work well to dispense buffer at a
controlled rate into the LN2 such that it freezes in droplets
before contacting the sides of the tube. It is important that the
frozen buffer is not stuck to the tubes for later use. Cap tubes
with pierced caps, and allow LN2 to freely evaporate while
tubes are sitting upright in the �80 �C freezer.

11. When LN2 has completely evaporated off both samples and
buffer aliquots, move on to Subheading 3.3. Alternatively,
samples can be stored at �80 �C indefinitely.

3.3 Yeast Cell Lysis

(See Notes 11 and 21)

1. Record which sample will go in each mill chamber prior to
starting, place chambers and balls into a LN2-filled styrofoam
box using tongs, and place a small 50 mL tube rack into the box
as well. Let chambers cool until boiling stops (wait until large
bubbles have ceased and only small ones persist).
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2. Collect each sample/buffer tube from the freezer, and place
into the LN2 to prevent thawing. Loosen pellets by softly
hitting each tube with metal tongs, and pour one aliquot of
the polysome lysis buffer pellets prepared in Subheading 3.2,
step 9 into each tube with a frozen sample pellet.

3. Use metal tongs to remove both halves of chamber one from
LN2, and place onto a paper towel on the bench top. Pour out
any liquid LN2 from both chambers, and place the ball into the
large chamber. Pour sample one into the large half of chamber
one; lightly hit the bottom of the overturned tube to dislodge
any stuck buffer or cell pellet. Close the chamber, and place
back into LN2 to recool. Repeat this process with chamber two
and sample two. Keep labeled sample tubes and caps nearby.

4. Turn on the mixer mill. Set the frequency to 15 Hz and
breaking rounds to 3 min. Pull up knobs on mixer mill holders
and twist to keep them open. Make sure that holders are fully
loosened with the side wheels.

5. Remove chambers from LN2 with tongs, and loosen one quar-
ter of a turn. Place chambers into the holders, and use the side
wheels to tighten them into place. Once mostly tightened,
close the knobs on the holders, and tighten for 1–2more clicks.
Be sure that the chamber is properly sealed within the holder,
and do not overtighten the wheels.

6. Press start, and record which side of the mill each chamber was
in as well as the orientation of the chambers. When the round is
complete, lift knobs on the chamber holder and twist to hold
open, loosen wheels, remove chambers, tighten chambers, and
return them to LN2 to recool.

7. Repeat steps 5 and 6 two more times such that each sample has
had three total rounds of breaking, alternating the side and
orientation that each chamber is on each round. During the last
round of breakage, precool two spatulas (one per sample).

8. While chambers are recooling, place the empty sample tube
from sample one uncapped into LN2 to recool. Dump out any
LN2 within the tube prior to collecting sample.

9. Remove chamber one from LN2, and tap the chamber firmly
on the top and the sides with metal tongs; this should dislodge
most of the cell powder to the bottom of the large chamber.
Place the chamber onto a paper towel on the bench top, and
unscrew the small half of chamber and remove vertically.

10. Use a cooled spatula to scoop cell powder from the top cham-
ber into the open conical. When most of the powder is gone
from the top chamber, transfer the ball into this half, and
proceed to scoop the rest of the powder from the larger half
of the chamber. When complete, cap sample, and store indefi-
nitely at �80 �C, move the used chambers aside, and repeat
steps 8–10 with sample two.
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11. When you are done with both chambers, rinse them with hot
water and then distilled water. Make sure to remove the silicone
rings and wash the entire chamber thoroughly. Spray chambers
with methanol and allow to air dry. If multiple rounds of
milling are to be done using the same chambers, be sure to
let them dry completely in between use. Move forward to
Subheading 3.4.

3.4 Extract

Preparation (See

Note 22)

1. Label two non-stick 1.5 mL tubes and six screw cap nuclease-
free 2 mL tubes per sample, and place tubes on ice. Preheat a
water bath to 30 �C, and cool both a large centrifuge with
50 mL adaptors and a microfuge for 1.5 mL tubes to 4 �C.

2. Hold tubes of cell powder in a 30 �C water bath, and swirl until
thawed. Quickly move the tubes to ice, and proceed immedi-
ately to step 3.

3. Spin samples for 5 min at 3000 rcf at 4 �C.

4. Move supernatant to 1.5 mL tubes on ice (~2 mL total for each
sample), and spin for 10 min at 20,000 rcf at 4 �C.

5. Take the supernatant into a screw cap 2 mL tube (combine
duplicate tubes), avoiding unwanted material (see Note 22).
Briefly vortex each sample, and dispense into 200 μL aliquots in
the screw cap tubes on ice. Mix 5 μL of each leftover sample
with 495 μL of 10 mM Tris pH 7, to make a 1:100 dilution.
Freeze sample aliquots in LN2 and store at�80 �C, or keep two
aliquots per sample on ice if proceeding directly to Subheading
3.5.

6. Measure the 260 nm absorbance of the diluted samples with a
nanodrop. Record the A260 units, and calculate the total A260

units present in each undiluted aliquot. If a diluted sample has a
A260 of greater than 5 such that there are more than 100 A260

units in the total aliquot of 200 μL, do not use the whole
aliquot for digestion. Split the aliquot to keep the A260 units
within the range of 20 and 100 A260 units per digestion (see
Note 22 for sample calculations).

7. Store extract aliquots at �80 �C indefinitely, or move forward
to Subheading 3.5.

3.5 Footprint

Isolation by Sucrose

Gradient (See Note 23)

Note that the directions below apply to the BioComp Gradient
Master and BioRad Economonitor and may differ for other gradi-
ent collection setups.

1. Cool the SW 41 Ti rotor, paired buckets, and ultracentrifuge to
4 �C. Thaw two extract aliquots per sample, and keep on ice
(one for digestion and footprint isolation and one for “mock”
digestion to ensure the quality of the extract).
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2. Make 50 mL of polysome gradient buffer by mixing 1 mL 1 M
Tris pH 8.0, 3.5 mL 2 M KCL, 250 μL 1 M MgCl2, 100 μL
50 mg/mL CHX, 25 μL 1 M DTT, 50 μL SUPERase·In, and
45.08 mL of water (enough for four gradients).

3. Make 30 mL of 10% sucrose. Mix 3 g of ultra-pure sucrose with
27.8 mL of polysome gradient buffer in a 50 mL tube. Make
30 mL of 50% sucrose by mixing 14.9 g of ultra-pure sucrose
with 20.8 mL of polysome gradient buffer in a 50 mL tube.
Shake vigorously until fully dissolved (usually ~15–30 min,
using a lab shaker).

4. Calculate the amount of RNAse I (100 U/μL) to add to each
sample for digestion. Add 10 U RNAse I per A260 unit of
extract. For example, if a sample contains 30 A260 units total
in the 200 μL aliquot, add 3 μL of RNAse I.

5. Add RNAse I to “cut” sample tubes and mix by gently flicking
tubes. Set up “mock” digested samples by adding an equal
volume of SUPERase·In, in place of RNAse I. Incubate for
1 h at room temperature with slight mixing. When the hour is
complete, place tubes onto ice.

6. Take out a 12 mL ultracentrifuge tube for each “cut” or
“mock” digested sample, and clean tubes with compressed air
to remove any debris.

7. Place a tube in the marker block, and mark a line along the
upper edge of the block; repeat for all tubes. Collect sucrose
solutions from shaker, and allow all bubbles to rise to the
surface before use.

8. Fill a 10 mL serological pipette with ~6 mL of 10% sucrose, and
slowly dispense sucrose into the bottom of an ultracentrifuge
tube until it reaches the marked line. Pull ~6.3 mL of 50%
sucrose into a 10 mL syringe, wipe the outside of the metal
syringe tip, and place the tip of the syringe at the bottom of the
tube. Slowly inject 50% sucrose until it reaches the marked line.
As the interface between the layers rises, move the tip of the
syringe such that it is always just below the interface, and
remove carefully to avoid disruption of the interface. Repeat
for all tubes.

9. Place a rubber cap onto each tube, and lower the cap at an
angle with the side of the cap with the hole being the last to
lower. Take note of where each cap hole is by marking the side
of the tube.

10. Turn on the gradient station, and make 7–47% sucrose gradi-
ents for SW 41 Ti rotor buckets for tubes with short caps
(81.5� tilt, rotating at 16 rpm, for 2 min). Ensure the platform
is leveled, and place tubes in holder. Run the program.
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11. Retrieve the cooled SW 41 Ti buckets, and uncap them while
the program is running.

12. Carefully remove tubes from the gradient station. Remove caps
by raising the side of the cap with the hole (near the marking)
first at an angle. Wipe the outside of each tube carefully to
remove any sucrose. It is very important that sucrose does not
get into the rotor buckets or threading along the bucket lids.
Place each tube into a bucket, loosely cap the buckets, and
recool for 15 min at 4 �C. Soak rubber caps in water until you
are ready to wash them.

13. Pulse spin down “cut” and “mock” digested samples, and
return to ice. Retrieve the cooled gradients, and remove the
caps to the rotor buckets. Make a list of which samples will go
into each bucket. Load each sample onto the top of the respec-
tive gradient by slowly pipetting the sample against the wall of
the tube, just over the gradient, until the entire sample is
floating across the top. Repeat with all samples.

14. Balance opposing buckets (1 and 4, 2 and 5, 3 and 6) to within
10 mg of each other. Use 10% sucrose to carefully add weight
to the top of the gradient of the lighter of the paired buckets,
and include the caps when balancing each bucket.

15. Screw lids onto buckets tightly, and avoid contacting sucrose
with lids. Hang buckets on their respective positions of the
rotor, and carefully place the rotor into the ultracentrifuge.
Always hang empty buckets (without ultracentrifuge tubes
within them) on the rotor when spinning less than six gradi-
ents, and always make sure to balance the rotor properly.

16. Set up a run that is cooled to 4 �C, lasts for 3 h, and spins at
35,000 rpm (151,000 rcf).

17. Start ultracentrifugation, and ensure the centrifuge reaches
proper speed and temperature. It will take 5–10 min for the
vacuum to fully engage and for the temperature and speed to
adjust. While the spin is running, rinse all equipment used to
set up the gradients including the gradient caps and syringe
tips, and wipe the gradient station with a wet paper towel. Also
label two 2 mL screw cap tubes for each “cut” sample to use for
monosome collection.

18. After the spin is completed, remove the rotor and place buckets
into holders, enter the spin into the ultracentrifuge log, and
turn off the ultracentrifuge.

19. Turn on the gradient station, UV lamp, and computer. Place a
collection tip onto the gradient piston, and position output
tubing into a waste container. Set the voltage rate on the UV
lamp to between�2.0 and +2.0 to achieve maximum detection
range.
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20. Carefully remove the first “mock” digested gradient from the
bucket using tweezers, snap tube into the top piece of the
gradient holder, and ensure it is properly inserted and can
spin freely before removing support from the bottom of the
tube. Place the tube and top into the cylindrical gradient
holder, and spin to lock into place. Place the holder onto the
platform, and spin to lock into place with the window
facing you.

21. On the gradient panel, select “fractionate,” and lower the
piston slowly until it comes just into contact with the top of
the fraction. Choose “Rset” to mark the position of the top of
the gradient, and select “Singl.” Set the following parameters
on the gradient station panel, 0.2 mm/s “Speed,” between
75 and 80 mm “Dist,” and 1 fraction for “Numb.”

22. Press “start” on the gradient station, and start recording on the
UV monitor. You can either collect all polysome fractions for
downstream analysis or discard them into a waste container if
not needed.

23. Watch profile on the computer screen. You should first see a
large spike of material at the top of the tube representing free
mRNA and other cellular material that absorbs at 260 nm.
Once that material has been cleared, you should see much
smaller peaks representing the small (40S) ribosome subunit
and the large (60S) ribosome subunit. If your resolution is
good, you may see a peak in between the two, which might
represent small ribosome scanning species. Following the 60S
peak, you will see a very large peak corresponding to the
monosome, followed by periodic peaks representing sequen-
tially more ribosomes occupying a single mRNA transcript
(disome, trisome, etc.). At the end of the gradient, you will
see a large accumulation of material that is not periodically
separated into peaks and may represent cellular material other
than polysomes. See Fig. 2a for an example uncut polysome
trace from high-quality extract.

24. Once data for the uncut sample is recorded, save the trace.
Return the piston to the top position. Remove the finished
tube, and replace with a new ultracentrifuge tube full of Milli-
Q water. Rinse the tubing by collecting water through the
piston, raise the piston again, and drive the piston through
the empty tube to move air through the tubing.

25. Repeat steps 20–24 with your cut samples. You should still
expect to see peaks representing the 40S and 60S ribosome
subunits, although they may be less distinct than in your
“mock” sample. The monosome peak should be much larger
than in the “mock” sample, and it often smears into the 60S
subunit peak in the “cut” sample. Be careful to collect only
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material from the monosome and not the 60S peak. See Fig. 2b
for a “cut” polysome example trace. Collect the monosome
fraction into the labeled screw cap 2 mL tubes, and place on
ice. Repeat collection for remaining “cut” samples.

26. Flash freeze collected monosome fractions in screw cap tubes,
and be sure to not overfill the tubes as the sucrose will expand
while frozen and may break the tubes.

27. Be sure to properly clean the gradient station after use. This
includes rinsing the tubing with water, drying it by running air
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Fig. 2 The A260 traces of non-digested and digested cell extract sucrose
gradients. (a) The A260 polysome profile of non-digested meiotic cell extract
with high quality. The top (and leftmost) spike of free mRNAs and other cell
material is cropped out for clarity. Major ribosome species peaks are labeled. It
is possible to see a small peak in between the 40S and 60S peak that we believe
may represent scanning 40S subunits with additional initiation factors. (b) The
A260 profile of digested cell extract; major ribosome species peaks are labeled.
The polysome peaks in a digested sample should ideally be non-existent. Here
there is a small disome peak suggesting a low level of incomplete polysome
digestion, which is typical. The monosome peak is very large and runs close to
the 60S peak in the digested samples as shown. When collecting the monosome
fraction for FP isolation, exclude any 60S or disome peak
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through, and wiping down the entire gradient station surface
with a wet paper towel. Any rack, bucket, lid, or ultracentrifuge
tube holder used should be thoroughly rinsed with water and
air-dried. Turn off all equipment. Move forward to Subhead-
ing 3.6 or store monosome fractions indefinitely at �80 �C.

3.6 RNA Extraction

from Monosome

Fraction (See Note 24)

All steps described are to be carried out at room temperature unless
otherwise noted.

1. Heat one thermomixer to 65 �C, and keep one thermomixer at
room temperature.

2. Prepare the following sets of labeled tubes using non-stick
1.5 mL tubes: two tubes/sample with 750 μL of acid phenol
pre-warmed to 65 �C, two tubes/sample with 40 μL of 20%
SDS on ice, two tubes/sample with 700 μL of acid phenol at
room temperature, two tubes/sample with 600 μL of chloro-
form at room temperature, and two tubes/sample with 40 μL
of 3 M NaOAc.

3. Thaw monosome fractions on ice, and vortex well before use.
Dispense 1.4 mL of each sample into two tubes (700 μL to
each), each containing 40 μL of 20% SDS on ice. Heat tubes at
65 �C until the SDS dissolves. Next, add the SDS/sample
mixtures to 750 μL of preheated (65 �C) acid phenol. Incubate
for 5 min at 65 �C with vigorous mixing. To prevent caps from
popping open during incubation, place a flat plastic object
(e.g., the lid of a box of micropipette tips) over the sample
lids and tape on firmly.

4. Chill samples for 5 min on ice, and then spin for 2 min at
20,000 rcf.

5. Recover the aqueous layer (~600 μL), and add to new tubes
containing 700 μL of acid phenol at room temperature. Mix
well and incubate for 5 min with vigorous mixing at room
temperature. Spin the tubes for 2 min at 20,000 rcf.

6. Recover the aqueous layer (~475 μL), and add to the tube with
600 μL of chloroform; mix well. Incubate for 30 s at room
temperature with vigorous mixing. Spin for 2 min at
20,000 rcf.

7. Move the aqueous layer (~360 μL) to a new tube containing
40 μL of 3 MNaOAc, add 1 volume of isopropanol and 2.5 μL
of GlycoBlue, and vortex.

8. Chill at �20 �C for at least 30 min, or longer/overnight if
desired.

9. Cool a microfuge to 4 �C. Spin samples for 30 min at 20,000
rcf, at 4 �C. After spin, remove the supernatant, and wash the
RNA pellet in 750 μL of 80% ice-cold ethanol.
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10. Pulse spin samples at 20,000 rcf at 4 �C, and discard the
supernatant. Pulse spin to collect any residual ethanol and
remove all liquid.

11. Air dry the pellet, and resuspend in 5 μL of 10 mM Tris pH 7.
Pipette up and down to fully resuspend the RNA, pulse spin,
and combine samples from duplicate tubes. Move forward to
Subheading 3.7.

3.7 FP Size Selection 1. Prepare a 15% TBE-Urea gel in 1� TBE, and pre-run gel at
200 V for 15 min (see Notes 5 and 16). Rinse wells with 1�
TBE to remove urea.

2. Add 10 μL of 2� urea sample buffer to each RNA sample, and
mix well.

3. Prepare 2 lanes worth of both the 28-mer and 31-mer RNA
oligos in 1� urea sample buffer by mixing 2 μL of each 10 μM
stock with 20 μL of 2� urea sample buffer and 18 μL of water.
Mix 1 μL of the 10 bp ladder with 9 μL of water and 10 μL of
2� urea sample buffer to make 1 lane of ladder (optional).

4. Denature all samples, control oligos, and ladder in 1� urea
sample buffer by incubating at 80 �C for 2 min and then
placing directly on ice.

5. Pulse spin the samples and load the gel. Always flank each FP
RNA sample with a 28-mer and a 31-mer oligo control lane on
either side. Do not run actual samples in adjacent lanes as cross-
contamination may occur.

6. Run the gel for 65 min at 200 V (see Note 5). While the gel is
running, prepare a 0.5 mL tube for each sample by piercing a
hole in the bottom with a 20-gauge needle and nesting this
tube into a non-stick 1.5 mL tube. Preheat a thermomixer to
70 �C. Image the gel as described in Subheading 3.8. After
imaging, cut out the size-selected footprint samples as
described below in step 7 (see Note 25).

7. For each lane of ribosome footprint sample, cut out all the
material that falls within the size range of ~28–31 nt. Make
cuts just below the 28-mer oligo and just over the 31-mer oligo
to ensure the full range of FP sizes are collected. Place the
excised gel pieces into the labeled 0.5 mL tubes with holes,
nested within the 1.5 mL tubes. Excise and extract one of the
28-mer RNA oligo lanes; this can be used as a sizing control
later in the protocol. See Fig. 3 for an example FP size selection
gel. Move forward to Subheading 3.9 and use RNA-specific
instructions. Resuspend samples in 10 μL of water and the
28-mer control oligo in 14.5 μL of 10 mM Tris–HCl. After
extraction, proceed to Subheading 3.10.
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3.8 Gel Staining

and Imaging (See

Notes 16 and 25)

1. Mix 6 μL of SYBR Gold with 60 mL of 1� TBE (you can reuse
the TBE directly from the gel box).

2. Carefully remove the gel from its plastic casing and place into
the SYBR Gold and 1� TBE mixture, and incubate with low
shaking for 5 min.

3. Place the gel onto clean Saran wrap and image. Carry the gel on
the Saran wrap to the light box, and proceed to gel cutting
protocol for each specific procedure.

3.9 Gel Extraction

(See Note 26)

1. Place excised gel pieces into the 0.5 mL tubes, and spin the
nested tubes for 3 min at 20,000 rcf to force the gel through
the hole. Repeat spin if gel did not break through on the first
attempt. When most of the gel has been broken through the
hole, collect any unbroken material in the 0.5 mL tube, and
move it to the 1.5 mL tube.

Fig. 3 An example image of a size selection gel for collecting FPs. (a) The gel
prior to the excision of FP samples is shown. The size range to be collected is
marked and encompasses the range between and including the 28-mer and
31-mer RNA oligo controls. Diffuse banding seen along the sample lane
represents digested rRNA fragments extracted from the monosome sample. A
10 bp DNA ladder is shown for clarity here, but is unnecessary for FP sizing. (b)
The size selection gel post-excision of FP sample is shown to highlight the
selected sizes
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2. Add 700 μL of water to the gel pieces, and incubate for 10 min
at 70 �C with vigorous shaking.

3. Use a cut p1000 tip to transfer gel mixture to a centrifuge tube
filter column.

4. Centrifuge for 3 min at 20,000 rcf to recover the elution (free
of gel debris). Transfer this eluate to a new non-stick tube.

5. Add 2 μL of GlycoBlue, 78 μL of 3 M NaOAc for RNA, or
78 μL of 3 M NaCl for DNA, for precipitation.

6. Add 780 μL of isopropanol. Vortex and precipitate for at least
30 min (overnight works well) at �20 �C.

7. Cool a microfuge to 4 �C, and spin samples at 20,000 rcf for
30 min at 4 �C to pellet the DNA or RNA.

8. Remove the supernatant, and add 1 mL of ice-cold 80% etha-
nol. Invert several times to wash pellet, and pulse spin at 4 �C
and 20,000 rcf.

9. Carefully remove the supernatant, and pulse spin to collect the
residual ethanol and remove the remaining liquid. Air dry pellet
for about 10 min or for as long as it takes for ethanol to
evaporate off.

10. Resuspend in either 10 mM Tris–HCl pH 8 for DNA, or pH 7
for RNA, or water if proceeding to Subheading 3.10, making
sure to use the correct volume for the next procedure.

3.10 rRNA

Subtraction (See Notes

9, 14, and 28)

Perform rRNA subtraction on all FP samples. It is not necessary to
perform rRNA subtraction on the 28-mer oligo control sample,
and to minimize reagent costs, we typically do not. Instead, you
may place this aside to use as a control in the dephosphorylation
and linker ligation steps.

1. Prepare a 1:10 dilution of asDNA2b and asDNA3b by mixing
1.5 μL of each 20 μM stock oligo with 13.5 μL of water (makes
15 μL enough for 2 subtractions). Make all of the MyOne C1
Dynabead solutions described in Subheading 2.4.

2. Add the following to the tubes with 10 μL of RNA samples:
5 μL of asDNA1b (20 pmoles/μL), 6 μL of 1:10 asDNA2b
(2 pmoles/μL), 5 μL of 1:10 asDNA3b (2 pmoles/μL), and
3 μL of 20� SSC.

3. Mix well, and incubate samples at 80 �C for 2 min; then place
directly back on ice.

4. Add 1 μL of SUPERase·In to each tube and mix.

5. Incubate for 15 min at 37 �C with low shaking, and place back
on ice for at least 5 min.

6. While samples are shaking, prepare MyOne Streptavidin C1
Dynabeads by doing the following: vortex the MyOne C1
Streptavidin Dynabeads to resuspend and take 150 μL of
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beads/sample into a non-stick tube; wash beads three times in
150 μL of 1� Dynabead B&W buffer using inversion to mix
and magnetic rack placement to pellet; wash beads two times in
150 μL of Dynabead Solution A; and wash beads two times in
150 μL of Dynabead Solution B. Finally resuspend beads in
30 μL of 2�Dynabead B&W buffer/sample, and dispense into
aliquots of 30 μL in each tube (1 per sample).

7. Pulse spin samples to collect at bottom of tubes, and add all
(30 μL) to the Dynabeads. Incubate at room temperature for
15 min with low shaking.

8. Place tubes on the magnet rack, and collect the supernatant
(60 μL) to a new 1.5 mL non-stick tube on ice. Add 468 μL of
water, 70 μL of 3 M NaOAc, and 2 μL of GlycoBlue. Vortex to
mix and add 600 μL of isopropanol; vortex again.

9. Incubate samples at �20 �C for at least 30 min.

10. Pellet RNA by spinning for 20,000 rcf for 30 min at 4 �C,
remove supernatant, and wash pellets by adding 1 mL of
ice-cold 80% ethanol and by inverting the tubes several times.
Pulse spin samples at 4 �C and 20,000 rcf.

11. Remove supernatant carefully, pulse spin samples to remove
any remaining ethanol, and air dry pellet until ethanol has
evaporated ~10 min. Resuspend pellet in 14.5 μL of 10 mM
Tris–HCl pH 7, and proceed to Subheading 3.11.

3.11 Dephosphory-

lation and Linker

Ligation (See Note 27)

1. Resuspend rRNA subtracted RNA FPs and the gel-extracted
28-mer RNA oligo control in 14.5 μL of Tris–HCl pH 7.Move
14 μL of sample to a new non-stick tube for dephosphorylation
reactions.

2. Set up a dephosphorylation reaction for each sample and con-
trol by adding the following, 2 μL of 10� T4 PNK buffer, 2 μL
of (10 U/μL) T4 PNK, and 2 μL of SUPERase·In. Pipette up
and down to mix well, and incubate for 1 h at 37 �C, with
mixing.

3. Prepare the linker ligation reactions in the same tubes by add-
ing 14 μL of 50% w/v PEG-8000, 2 μL of 10� T4 RNA ligase
buffer, 1 μL of 20 μM pre-adenylated linker oligo, 2 μL of T4
Rnl2(tr) K227Q (200 U/μL), and 1 μL of water. Mix well by
pipetting up and down, and incubate for 3 h at 22 �C, with
mixing.

4. Purify ligations on an Oligo Clean & Concentrator column as
described (see Note 8). Add 10 μL of water to bring sample
volume up to 50 μL. Add 100 μL of Oligo Binding Buffer, and
mix well. Add 400 μL of 100% ethanol, mix well, and load onto
a Zymo-Spin Column in a collection tube.
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5. Spin the column at 12,000 rcf for 30 s, and discard the flow-
through.

6. Add 750 μL of DNAwash buffer to the column, spin at 12,000
rcf for 30 s, and discard the flow-through.

7. Spin the column for 1 min at 20,000 rcf.

8. Place the column in a new 1.5 mL non-stick tube, and add
10.5 μL of water directly to the column matrix. Spin at 12,000
rcf for 30 s to elute the RNA.

9. Add 10 μL of 2� urea sample buffer to each sample and
control, and mix well.

10. Denature all samples and control lanes by incubating at 80 �C
for 2 min, and then place back on ice.

11. Prepare a 10% TBE-Urea gel by placing in 1� TBE and
pre-running the gel for 15 min at 200 V (see Notes 5 and 16).

12. Rinse urea out of the wells with 1� TBE, and load the gel,
20 μL/lane. Do not place different samples in adjacent lanes;
use a control sizing oligo or an empty lane between them. Run
the gel at 200 V for 50 min (see Note 5). While the gel is
running, prepare a 0.5 mL tube for each sample by piercing a
hole in the bottom with a 20-gauge needle and placing this
tube into a non-stick 1.5 mL tube. Preheat a thermomixer to
70 �C. Image the gel as described in Subheading 3.8. After
imaging, cut out the linker-ligated footprint samples as
described in step 13.

13. Excise the larger band representing samples that now have a
linker. There will be a large lower band with un-ligated linker
that should be avoided. Use the linker-ligated 28-mer RNA
oligo as a sizing guide if the samples are of low concentration
and hard to visualize on the gel. Cut out and gel-extract the
linker-ligated 28-mer control oligo, and use as a positive con-
trol and sizing guide for Subheading 3.12.

14. Proceed to Subheading 3.9 and follow directions for RNA
samples. Resuspend the pellets in 10.5 μL of 10 mM Tris–
HCl pH 7, and proceed to Subheading 3.12.

3.12 Reverse

Transcription (See

Note 14)

Use the linker-ligated 28-mer control as a positive control and
sizing guide for the reverse transcription steps.

1. Take 10 μL of precipitated RNA samples and controls in
10 mM Tris–HCl pH 7, and move to a new 1.5 mL
non-stick tube.

2. Add the following to each tube, 3.28 μL of 5� FS buffer,
0.82 μL of 10mMdNTPs, and 0.5 μL of the 20 μMRTprimer,
and mix well.

3. Denature samples for 2 min at 80 �C, and place directly on ice.
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4. Add 0.5 μL of SUPERase·In and 0.82 μL of 0.1 M DTT to
each sample, and mix well.

5. Add 0.82 μL of Superscript III to each tube. Incubate at 48 �C
for 30 min with low mixing.

6. Add 1.8 μL of 1 M NaOH to each tube, and mix well to
hydrolyze any remaining RNA template.

7. Incubate at 98 �C for 20 min with low mixing. Use a thermo-
mixer with a thermo top to prevent samples from evaporating
out of the tube. GlycoBlue will turn pink.

8. Add 1.8 μL of 1 M HCl, and mix well to neutralize samples.

9. Place tubes on ice, and add 20 μL of 2� urea sample buffer.

10. Denature samples at 95 �C for 3 min prior to loading, and then
place on ice. Note that each sample will be split between two
gel lanes (20 μL each lane).

11. Pre-run a 10% TBE-Urea gel at 200 V for 15 min (seeNote 5).
Rinse the wells with 1� TBE before loading to remove urea.

12. Load the gel with 20 μL/lane. Do not place different samples
in adjacent wells, leave an empty well, or run a sizing oligo
between them.

13. Run samples for 65 min at 200 V, and proceed to stain and
visualize gel as described in Subheading 3.8 (seeNote 5). While
the gel is running, prepare a 0.5 mL tube for each sample by
piercing a hole in the bottom with a 20-gauge needle and
placing this tube into a non-stick 1.5 mL tube. Preheat a
thermomixer to 70 �C.

14. Use the 28-mer RNA oligo that has been linker-ligated and
carried through the RT reaction as a sizing guide. Cut out and
gel-extract the band corresponding to RT elongated product,
and avoid any lower bands corresponding to leftover RT
primer or non-ligated linker. The footprint bands from each
sample can run slightly higher than the control, as footprints
include a mixture of sizes, with 28 nt as the lowest size selected.
See Fig. 4 for an example of a gel showing samples after reverse
transcription and indicating which material to collect from
the gel.

15. Proceed to Subheading 3.9 and use directions for precipitating
DNA. Following extraction, resuspend pellets in 15.5 μL of
10 mM Tris–HCl pH 8, and proceed to Subheading 3.13.

3.13 Circularization

(See Note 14)

1. After resuspending pellets from RT gel extraction in Tris–HCl
pH 8, move 15 μL of each sample to PCR tubes.

2. Prepare circularization reactions by adding 2 μL of CircLigase
II 10� reaction buffer, 1 μL of 1 mMATP, and 1 μL of 50 mM
MnCl2 to each sample, and mix well.
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3. Add 1 μL of CircLigase II to each sample, and mix well.

4. Incubate at 60 �C for 1 h and then 80 �C for 10 min to heat
inactivate the enzyme. Put tube on ice if proceeding directly to
Subheading 3.14 or store at �20 �C indefinitely.

3.14 PCR

Amplification (See

Notes 14, 29 and 30)

1. Prepare PCR reactions for each sample by mixing the following
in a PCR tube: 3.34 μL of 5� HF Phusion buffer, 0.34 μL of
10 mM dNTPs, 0.8 μL of 10 μM PCR F primer, 0.8 μL of
10 μM barcoding primer (Specific to each sample), 10.4 μL of
water, and 0.16 μL of Phusion polymerase.

2. Pipette 1 μL of each circularized sample into the corresponding
PCR tube, and mix well.

3. Perform PCR with the following steps: (a) 98 �C for 30s,
(b) 98 �C for 10s, (c) 60 �C for 10s, (d) 72 �C for 10s, and
repeat steps b–d for the desired number of cycles for each
sample, and (e) hold at 4 �C indefinitely.

Fig. 4 An example image of a size selection gel to collect linker-ligated and
reverse transcribed FP samples. The 28-mer oligo lanes represent 28-mer oligo
that was dephosphorylated, ligated to the linker, and reverse transcribed as a
positive control and a sizing guide. FP samples can run slightly larger than the
28-mer control and occasionally show banding. The size range that should be
excised from the gel is marked and includes the larger sets of bands in each lane
and roughly matches the size of the 28-mer control

Yeast Ribosome Profiling 113



4. Add 3.4 μL of 6� DNA loading dye to each PCR tube, and
mix well.

5. Prepare a 8% TBE gel in 1� TBE buffer, and pre-run the gel for
15 min at 180 V (see Note 5).

6. Load samples onto the gel (20 μL/sample), and run the gel for
55 min at 180 V (seeNote 5). While the gel is running, prepare
a 0.5 mL tube for each sample by piercing a hole in the bottom
with a 22-gauge needle and placing this tube into a non-stick
1.5 mL tube. Preheat a thermomixer to 70 �C.

7. Proceed to Subheading 3.8. Then excise the amplified sequenc-
ing libraries as described below in step 8.

8. Excise the PCR amplified sequencing library bands as
described. See Fig. 5 and reference notes for directions on
how to select the proper number of PCR cycles to amplify
each sample library. Excise the discrete bands that correspond
to the size of the major product in the 28-mer control lane.
Leave behind any large smeary bands and bands corresponding
to excess primers or empty vector that has been carried through
the library preparation and shows up in smaller bands (see
Fig. 5).

9. Proceed to Subheading 3.9 and follow directions for a DNA
sample; resuspend pellets in 10 μL of 10 mM Tris–HCl pH 8.
Proceed to Subheading 3.15.

3.15 TapeStation

Analysis for Quality

Control Assessment

(See Note 10)

1. Use an Agilent Bioanalyzer or TapeStation to assess the quality
of the sequencing libraries prior to submission. We use the
Agilent High Sensitivity D1000 ScreenTape and TapeStation
to quantify and observe the sizes of our sequencing libraries as
described below.

2. Allow all reagents to equilibrate at room temperature for
30 min, and vortex buffer and ladder before use.

3. Make a 1:2 dilution of each sample by mixing 1.5 μL of sample
with 1.5 μL of 10 mM Tris–HCl pH 8.

4. Mix 2 μL of the High Sensitivity D1000 Sample Buffer with
2 μL of the High Sensitivity D1000 Ladder. Prepare samples by
mixing 2 μL of the 1:2 dilution with 2 μL of the High Sensitiv-
ity D1000 Sample Buffer.

5. Spin down samples and ladder, and then vortex at 2000 rpm for
1 min.

6. Pulse spin to collect sample at the bottom of the tube.

7. Load samples into the Agilent 4200 TapeStation instrument,
and place the ladder in position A1.

8. Select the required sample positions on the 4200 TapeStation
Controller Software.
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9. Specify the position of the ladder, click Start, and specify a
filename with which to save the results.

10. If samples look as expected, submit to your sequencing core
following their submission guidelines. Sequence samples using
a 50 nt single read run on an HiSeq4000. Use data for your
preferred downstream analysis (see Note 17).

4 Notes

1. Only use cycloheximide that is certified for treatment of live
cells. We use the Biotechnology Performance Certified cyclo-
heximide from Sigma.

2. Choose a glass filtration apparatus that will yield rapid filtration
of the entire sample collected and the proper size of
corresponding filter membranes. We use a 90 mm glass filtra-
tion unit from Fisher Scientific and 90 mm cellulose nitrate
filter membranes from Whatman.

Fig. 5 An example image of a size selection gel to isolate PCR amplified and
multiplexed samples. Two lanes are shown with the same sample amplified for
different numbers of cycles. The desired product is the brightest band and is
marked with an arrow. For this sample, six cycles of amplification provided
robust linear amplification with low levels of undesirable background products,
as shown by the higher amounts of smear (marked with a red line) in the lane
with eight cycles of amplification. Take care to also exclude any material
representing amplified empty vector (shown with a red circle) or excess primer
from the amplification step (shown with a red + sign)
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3. Our protocol uses the SW 41 Ti ultracentrifuge rotor and the
Gradient Master gradient station from BioComp. We find the
Seton polyclear ultracentrifuge tubes the most reliable in this
system; however, other tubes may be used as long as they are
compatible with the SW 41 Ti rotor and the gradient station
used. We use the BioRad EM-1 Economonitor as the UV
monitor at our gradient station; other monitors may be suitable
if they are compatible with the gradient station used.

4. Use of a coprecipitant is optional, but can be necessary if
sample quantity is low. We prefer to use GlycoBlue as a copre-
cipitant, as it not only improves precipitation efficiency but also
allows for easy visualization of small nucleic acid RNA pellets.

5. We use 8 �8 cm pre-cast gels that fit in the Life Technologies
mini gel tank. The recommended voltage and length of run
listed in our directions reflects conditions that yield good sepa-
ration in this context. If an alternate size of gel is used, the
voltage or length of run needed to achieve good separation
may vary.

6. Other high sensitivity nucleic acid stains could work; we prefer
SYBR Gold because it is highly sensitive and can be used to
rapidly stain gels after electrophoresis.

7. For most enzymes needed in this protocol, we specified the
exact enzyme and provider we typically use. Other suppliers of
the same or similar enzymes may work in some cases, but
enzyme preparations vary substantially between companies,
and we have not verified any alternatives to those listed here.

8. We use the Oligo Clean & Concentrator kit from Zymo
Research to purify and concentrate linker-ligated mRNA foot-
prints prior to gel electrophoresis size selection. Other kits or
methods that will reliably purify and elute small RNA frag-
ments may be suitable for this purpose. If an alternate kit is
used, follow the corresponding manufacturer’s protocol.

9. Magnetic streptavidin beads are used in this protocol to remove
rRNA fragments by pulling down biotinylated antisense rRNA
oligos. We use the MyOne Streptavidin C1 Dynabeads (and
corresponding recommended buffers) as they are optimized for
use with nucleic acids and have a high binding capacity. Other
types of magnetic streptavidin beads may be suitable for this
purpose; however, we have not confirmed the efficiency of
rRNA pull-downs using alternate beads and buffers.

10. We use an Agilent TapeStation for library quality control. If
another means of quality control is used, substitute the listed
tape station reagents with reagents suitable for your preferred
quality control analysis and follow the manufacturer recom-
mended instructions.
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11. We use the Retsch MM400 to cryogenically mill ribosome
profiling samples. Similar cryogenic mills should also work as
long as they can fit similar volumes of sample. Directions here
are for the Retsch MM400 and may not be applicable to other
instruments.

12. Much of the power of ribosome profiling relies on its ability to
distinguish whether changes to gene expression are occurring
as a result of transcriptional or translational control. In order to
determine this, one must perform an mRNA sequencing
(RNAseq) experiment in parallel. We describe how to collect
a matched sample for RNAseq in the cell harvesting step of this
protocol. In our experience, extracting RNA directly from a
frozen cell pellet (rather than from the extract used for RNAse
treatment and ribosome profiling) minimizes the 30 end bias
that can occur when mRNA is PolyA-selected directly from cell
extract. Our RNAseq protocol uses hot acid phenol extraction
of RNA, followed by PolyA selection to enrich the sequencing
sample for mRNAs, rather than rRNAs and tRNAs which are
highly abundant. We next use alkaline-based mRNA fragmen-
tation and select mRNA fragments that have a similar size
distribution to FPs, by cutting a slice from a 15% TBE-Urea
gel. These mRNA fragments are then carried through the same
library preparation protocol as described in detail here for FP
samples (dephosphorylation, linker ligation, reverse transcrip-
tion, circularization, and PCR amplification/multiplexing).
The only modification of these steps of the protocol to process
mRNA rather than FP samples is the approach for enrichment
of the fragments of choice (rRNA subtraction vs PolyA selec-
tion), and thus library prep can be done in parallel for RNAseq
and FP samples. We note that PolyA selection is known to
produce bias towards mRNAs with longer PolyA tails and
also produces an enrichment for 30 mRNA ends for samples,
due to baseline degradation. It is possible (and often valuable)
to perform total RNA sequencing in the absence of PolyA
selection to avoid bias; however, this will result in a vast major-
ity of sequencing reads (>90%) being dedicated to ribosomal
and transfer RNAs, rather than mRNA. rRNA depletion kits
are an alternative option, although these will also produce
some biases in sequencing data yielded.

13. Ribosome profiling relies on taking bulk measurements of the
translation occurring within a large population of cells at a
given time. During a meiotic experiment, it is important to
validate that the population at the time of sample collection
largely represents the cellular state you wish to measure. Part of
this consideration includes confirming that the population is
well synchronized during the experiment. Lack of synchrony
during a meiotic experiment can lead to measurements of gene
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expression that are inaccurate or misleading, as the total expres-
sion levels will represent an average of each gene’s expression
over the spread of cellular states present in the population,
rather than the measurement of each gene’s expression during
one particular state. There are many ways to confirm the cellu-
lar state and assess synchrony during a meiotic experiment, and
staging methods can vary from those that give only broad
information about meiotic completion (e.g., by assessing the
dynamics of tetrad formation by light microscopy) to
specialized approaches for detailed assessments of the mor-
phology of a specific cellular compartment. One very reliable
method used to determine the synchrony and staging of a
meiotic culture at discreet time points uses DAPI staining to
visualize chromosomal DNA. This allows one to assess when
cells undergo the two chromosomal divisions. To use this
method, take samples at defined intervals during the meiotic
experiment. Fix the samples (most fixation methods will work;
we use formaldehyde fixation), and then permeabilize the
membranes (most permeabilization methods will work; we
use an alcohol- or detergent-based method). Add DAPI stain
and visualize on a fluorescent microscope. As the cells progress
through meiosis, they will undergo two nuclear divisions. You
can determine what percentage of the population is within each
stage of meiosis as determined by how many nuclear masses are
visualized and the shape of those masses. To gain information
on the stages of meiosis prior to the nuclear divisions, or more
detailed analysis of the stages during the nuclear divisions, fix
samples in accordance with your favorite immunofluorescence
microscopy protocol and stain for beta-tubulin and DAPI. The
meiotic spindle goes through discreet morphological changes
prior to the nuclear first division occurring, and this approach
provides also more detailed assessment of nuclear division
stages (e.g., anaphase I, metaphase II, etc.).

14. Many of the steps described include adding small volumes of
multiple components to the same tube at the same time. It can
be helpful to make a master mix in some of these cases, but if
you do, you will want to make master mix for an extra sample
so that you do not run out due to loss of material on pipette
tips during transfer.

15. As discussed in the introduction to this method, pre-treatment
of cells with cycloheximide is optional. Collect cells with no
cycloheximide pre-treatment if, for example, quantitative
codon-specific positional information within gene bodies is
critical to downstream analyses.

16. Preventing RNAse degradation of samples (post RNAse I
digestion) is of extreme importance. Before running or imag-
ing any gels with RNA samples, we suggest rinsing the gel
chamber with an RNAse decontaminant (e.g., RNAse AWAY).
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17. For more instructions on how to process and analyze the
resulting sequencing data from your experiment, see Ingolia
et al. (2012) [13].

18. Synchronous sporulation requires a shift to post-diauxic
growth prior to sporulation induction; it is best that overnight
cultures grow to saturation (>10 OD600 in YPD, and >5
OD600 in BYTA). Sporulation requires respiration, and sporu-
lation media includes a non-fermentable carbon source while
lacking nitrogen and fermentable carbon sources. It is impor-
tant that there is no carryover of nutrients from the BYTA
culture, so the yeast must be washed well with sterile water
prior to resuspension in SPO. Thaw yeast from frozen stocks
on glycerol plates to select for and confirm cells are competent
for respiration prior to use. It is also important to ensure the
yeast are properly aerated prior to and during sporulation. To
do this, grow all cultures in flasks that can hold at least 10� the
volume of the actual culture, and confirm shaking is at least
280 rpm for small orbital and 260 rpm for large orbital shakers.
For meiosis experiments, it is useful to confirm the culture
sporulated homogeneously using light microscopy. To check
the staging at time of sample collection, fixed samples can be
analyzed for DAPI staining or immunofluorescence. For vege-
tative exponential phase growth cultures, it is important that
the yeast have time to recover from their saturated state after
overnight growth. Allow cultures to double at least three times
on day of collection to ensure cells have fully transitioned back
to exponential growth.

19. Note that exponentially growing cells in rich media contain the
most ribosomes and overall translation levels of any conditions
known in yeast. This results in polysome profiles that contain
more disomes, trisomes, etc. in “mock” (non-RNAse-
digested) samples than seen in other conditions. Meiotic cells
have a translation rate of ~50% that of exponentially growing
cells (Brar lab, unpublished data), and thus polysome levels are
low compared to monosome levels. It is important to have an
idea of the “normal” polysome traces expected for “mock”
samples under a given condition to assess quality of samples
to be used for ribosome profiling. Also note that samples with
lower translation levels will result in fewer ribosome footprints
than exponentially growing cells, and thus bands on gels for
these samples may be faint and amounts of oligos and enzymes
added to reactions may need to be adjusted if FP quantities
differ dramatically from the types of samples described here. It
is also possible to collect more cells in conditions with lower
translation to address the issue of low FP quantity.

20. It is important to work efficiently and quickly after CHX
addition such that each sample has the same length of CHX
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treatment. Minimizing the time spent collecting cells will also
help to avoid any gene expression changes that are secondary
effects from CHX treatment, or from cells being removed from
the culture media. Be careful not to rip the membrane as you
are collecting cells following filtration as this will substantially
slow your ability to scrape the yeast off. We recommend rapidly
scraping most of the yeast (90%) into a single pile, rapidly
scraping that pile into the LN2 with the large spatula, and
then collecting the remaining patch (10%) into the 2 mL
tube with another spatula, followed by immediate flash freez-
ing. Note that polysome lysis buffer must be transferred in
drops to samples ahead of time, such that all LN2 has evapo-
rated off before mixer milling but that samples containing
polysome lysis buffer pellets can be stored indefinitely at
�80 �C. We recommend using 2 mL of polysome lysis buffer
for cell collections of the quantities described here. However,
you may adjust the volume of lysis buffer and the number of
cells collected to make the concentration of the resulting
extract higher or lower, based on analysis of extract from a
pilot experiment.

21. Cryomilling requires a lot of LN2, so it is best to start with a full
styrofoam box as well as a backup dewar in case you need to
refill the box during breaking. It is important that samples do
not thaw during breaking. To prevent this, everything that will
touch the samples is precooled in LN2. Wear two sets of latex
or nitrile gloves underneath a pair of cryo-gloves to protect
your hands from the caustic temperature of LN2 and exposed
materials. Closed chambers should not be outside of LN2 for
more than 5 min at a time, and open chambers should not be
out of LN2 for more than 3 min. When collecting powder, it is
important to collect as much as you can as fast as you can. Do
not continue to collect small amounts of extract if the chamber
has been outside of LN2 for more than 3 min – directions here
include material in excess, such that gathering most of the cell
powder will provide a sufficient amount of extract for multiple
aliquots. If it is difficult to get enough cell powder out of the
chambers using only 2 mL of polysome lysis buffer, increase the
lysis buffer and/or cell number as necessary to increase mate-
rial or use smaller (10 mL stainless steel cannisters). Small
spatulas with curved ends work well for collecting cell powder.
Chambers can become very tight from rotation during break-
ing cycles; to prevent chambers from locking shut, loosen and
re-tighten the chamber each time it is removed or placed into
LN2. It is also important to keep the chamber halves in their
matched pairs. If only one sample is to be lysed, place an empty
chamber (no ball) on the opposing side to balance the mill.
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22. Keep thawed extract on ice as much as possible, and minimize
the overall time the extract is thawed until it is flash frozen.
After the final spin, there will be a pellet, a hazy layer just above
the pellet, and a top layer of unwanted material floating on the
top of the supernatant. Be careful to collect only the middle
layer of supernatant representing cleared cell extract, and mini-
mize collection of other materials. Pipetting slowly and using
multiple rounds of smaller volume collections works best. We
collect ~75% of the volume of our input, and leave behind
material to avoid collecting non-desired material. To calculate
the number of A260 units present in each sample aliquot, first
multiply the diluted measurement by 100. This represents the
A260 units that would be present for 1 mL of undiluted sample.
Each aliquot is 200 μL, so multiply the A260 units present in
1 mL of sample by 0.2. An example calculation is shown below.
Sample 1 (1:100) ¼ 1.3 A260 units/mL.

Sample 1 ¼ 1.3 A260 * 100 ¼ 130 A260 units/mL.

Sample 1 (aliquot) ¼ (130 A260 units/mL) * 0.200 mL ¼ 26
A260 units.

23. While preparing the ultracentrifuge tubes, check each tube for
and discard any tubes with cracks. Once the sucrose gradients
are made, take great care to minimize the amount of movement
they are subjected to, and keep them in a stable rack. While
fractionating, it is important that the collection tip of the
gradient station holds a full seal and is not mixing the gradient
as it descends. It is helpful to remove the collection tip, rinse it,
and press it firmly against a smooth flat surface to extend the
sides prior to collecting each sample. The total volume of the
digestedmonosome peak will be larger than needed for making
a ribosome profiling library and may be more than 2 mL; it is
useful however to collect the entire fraction and keep it frozen
as backup material.

24. The volume of the digested monosome peak is too large to
extract in a single 1.5 mL tube; the samples should be very well
mixed and can be aliquoted into smaller-scale RNA extractions
(two extractions of 700 μL monosome fraction are usually
more than enough material). Leftover monosome fraction
can be re-frozen and kept as backup material in case something
fails downstream. Hot acid phenol extractions release gas and
pressure will build in the tubes during mixing. Opening tubes
periodically to release pressure can prevent tubes from popping
open during the extraction. Work in the hood, with goggles,
and change gloves frequently to protect yourself from hot acid
phenol. Wear all recommended personal protective equipment,
and follow all regulations for use of hot phenol and disposal of
phenol-chloroform mixtures. The aqueous layer containing
RNA should always be on top, using this extraction protocol.
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25. The same gel staining and imaging process is used throughout
this protocol four times. For all gels, limit the amount of time
that passes after running the gel, until cutting out the desired
bands, as diffusion can occur. Place gels on clean Saran wrap for
ease of imaging. For any gels prior to PCR amplification (foot-
print size selection, post-linker ligation, and post-RT), do not
run different samples adjacent to each other. Always run an
empty lane or a control oligo in between. This in combination
with using new single-use scalpels to cut out each sample will
help to prevent cross-contamination. Post-PCR amplification,
when unique barcodes are included for each sample, samples
can be run adjacent to each other and cut with the same scalpel.
It is useful to excise and gel-extract one lane of the 28-mer
control RNA oligo from the FP size selection gel. This oligo
can be carried through the subsequent enzymatic library prep-
aration steps as a control sample and can additionally serve as a
sizing guide during each subsequent gel extraction. Always
record a new image of the gel post-excision, or make a marking
on the original image to show the material that was taken
through to the next steps of the protocol.

26. This procedure is used four times in the protocol with only
minor modifications. The first variation is the size of the hole
used to break the gel: use a 20-gauge needle for the 15% and
10% TBE-Urea gels and a 22-gauge needle for the 8% gels. The
second is the salt used to precipitate the extracted materials.
For any step prior to reverse transcription, follow directions for
RNA. For any step after reverse transcription, follow directions
for DNA. The third is the solution used to resuspend the final
pellet: for DNA pellets (post-RT), use 10 mM Tris–HCl pH 8;
for RNA pellets (prior to RT), use 10 mM Tris–HCl pH 7.

27. It is possible to use either gel-extracted or fresh 28-mer RNA
oligo as a control for dephosphorylation and linker ligation. To
use fresh oligo, mix 1 μL of 10 μM oligo with 13 μL of water.
To use gel-extracted oligo, treat as the rest of the samples. Do
not add ATP to the reaction. T4 PNK will dephosphorylate
ATP and phosphorylate itself instead of dephosphorylating the
FPs if ATP is added.

28. This protocol is optimized to remove three rRNA fragments
found in great abundance in ribosomal footprint samples in the
original ribosome profiling paper [1]:
RDN25 734-760 (Here referred to as “rRNA#1”, 50AAGAG

GTGCACAATCGACCGATCCTG30).

RDN25 2502-2528 (Here referred to as “rRNA#2”, 50TAG
TTTCTTTACTTATTCAATGAAGCGG30).

RDN25 3167-3193 (Here referred to as “rRNA#3”, 50AATA
TAGATGGATACGAATAAGGCGTC30).
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rRNA subtraction will greatly lower the amount of rRNA
present in the final footprint samples for sequencing; however,
it is common to still have between 30 and 50% of the total “FP”
sequencing reads align to rRNA. This pull-down protocol was
optimized on untailed, radiolabeled RNA to maximize rRNA
pull-down and minimize non-specific loss of material. Modifi-
cations such as increasing the concentration of biotinylated
antisense oligos, variation in hybridization buffer conditions,
variations in hybridization temperature, increased ratio of
Dynabeads to biotinylated antisense oligos, decreased volume
of hybridization/Dynabead incubations, and the absence of
Tween in the Dynabead buffers did not yield any increases to
rRNA subtraction in our hands.

29. Mix circularized samples thoroughly prior to use. Choose a
unique indexing primer for each sample; this will allow you to
sequence all the samples on the same sequencing lane. Keep
detailed notes of which sample gets which index. Estimate the
number of amplification cycles you will use for each sample
based on the amount of material seen in the RT gel. If samples
were bright on the reverse transcription gel, they are likely
concentrated and will not need many cycles of PCR (try six
or eight cycles). If the samples are dim on the gel, try 10 or
12 cycles. It is important to try at least two amplification cycle
choices per sample to ensure that product is amplifying linearly.
After imaging the gel, re-amplify any samples that have large
non-desired products with fewer cycles. Re-amplify any sam-
ples in which the main product band is not bright using more
cycles. See Fig. 5 for example images.

30. If samples are outside the range of quantification with a 1:2
dilution, try a higher dilution and reanalyze. Footprint samples
should have a single major peak corresponding to the size of
the full length of any FPs plus the extensions of the linker, RT
primer, and PCR primers. If the size is not correct, re-amplify
and extract again. Do not submit samples for sequencing if
they do not pass the quality control analysis at this step.
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Chapter 5

Quantitative Comparisons of Translation Activity by
Ribosome Profiling with Internal Standards

Yinuo J. Wang and Wendy V. Gilbert

Abstract

Ribosome profiling is a genome-wide approach to map the positions of ribosomes onmessenger RNAs. The
abundance of ribosome-protected fragments can be used within condition to compare relative translation
activities between different transcripts and between distinct conditions for the same transcript. A unified
and routine method is currently lacking, however, to normalize between conditions for differences in global
translation levels. Here we describe experimental and computational methods to use an orthogonal species
spike-in, or internal standard, to enable absolute comparisons of translation activity between conditions.
This simple modification of standard ribosome profiling provides a robust approach for accurately inter-
preting the effects of diverse genetic, chemical, and environmental perturbations of translation.

Key words Ribosome profiling, Translation, Spike-in normalization, Next-generation sequencing

1 Introduction

Translation is an essential node in the regulation of protein levels.
Rapid remodeling of translation in response to environmental cues
is a well-known phenomenon in microbes, both in terms of bulk
activity and gene-specific adaptation [1–3]. In metazoans, growth
and nutrient signals converge on translation by modulating the
activity of key translation initiation factors. For example, the target
of rapamycin complex, which phosphorylates 4E-binding protein
to control the availability of the cap-binding initiation factor eIF4E,
globally increases cap-dependent translation in the presence of
abundant nutrients [4, 5]. Nutrient availability also affects func-
tional levels of initiator tRNA in the ternary complex through the
general control pathway [6, 7]. Moreover, hyperactive translation is
a hallmark of most cancer cells as is overexpression of the majority
of translation initiation factors [8]. Thus, a full understanding of
the translation program between different biological conditions
must account for differences in global translation activity.
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There are a number of tools to quantify bulk translation. Classic
examples include sucrose gradient sedimentation of translationally
active polyribosomes followed by quantitation of polysome versus
monosome areas under the curve [9], metabolic labeling with
radioisotope-containing amino acids [10], and puromycin labeling
followed by western blotting with an anti-puromycin antibody
[11]. Recent techniques are also based on detection of amino acid
analogs incorporated during elongation but offer insight beyond
traditional ensemble measurements (reviewed in [12]). Such bulk
measurements reveal varying degrees of translational inhibition in
response to distinct cellular stresses including heat shock, nutrient
deprivation, viral infection, and disruption of protein folding in the
endoplasmic reticulum. Likewise, differences in the magnitude of
bulk translational repression following genetic depletion or phar-
macological inactivation stratify translation factors, with general
functions attributed to factors whose loss leads to large reductions.
Nevertheless, it is well established that specific mRNAs respond
differently to depletion of “general” translation factors [5, 6, 13,
14]. Furthermore, adaptive cellular responses to stress require
mRNA-specific translational activation under conditions of bulk
translational repression [1–3].

Ribosome profiling is a powerful technique to illuminate
changes in mRNA-specific translation activity by providing a
genome-wide snapshot of the locations of ribosomes on mRNAs
with single-nucleotide resolution [15]. By combining ribosome
profiling with total mRNA abundance measurements by RNA-seq
it is possible to measure the contribution of translational control to
gene expression changes and to estimate protein output per mRNA
[16, 17]. However, most ribosome profiling studies are limited to
comparing relative footprint abundances between conditions, with-
out an inherent feature that captures global translation levels. This
limitation leads to nonintuitive results such as apparent transla-
tional activation of hundreds of mRNAs following inhibition of
general translation initiation factors. For example, depletion of
eIF4G1 [18] or eIF4A1 [19] in yeast would be expected to reduce
translation of most ORFs yet leads to an apparent increase in
ribosome density on gene bodies downstream of short transcript
leaders. Similarly, inhibition of the mTOR1-eIF4E-eIF4G axis by
Torin also causes an apparent increase in ribosome density on a
broad set of mRNAs, despite a strong expectation of a net inhibi-
tory effect on ribosome loading [5].

Several reports have used normalization techniques to address
this issue (reviewed in [20]). Han et al. [21] published the first use
of an internal standard in a study of co-translational folding, in
which they combined ribosome profiling with epitope capture of
the emerging nascent chain. Following RNase digestion, total
monosomes or samples enriched for nascent epitopes were
RNA-extracted and mixed with a single 28-nucleotide spike-in
RNA. This approach in principle allows absolute comparisons of
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footprint mRNA levels between samples, although relying on a
single sequence precludes analysis of how reproducibly the standard
itself was captured across libraries. Popa et al. [22] addressed this
issue by fragmenting a 4.5 kilobase T7 transcription product to
30 nucleotides. They added this standard in a fixed ratio to the mass
of total RNA isolated from pelleted monosomes. In this case, the
standards benchmark the total ribosome content of each partially
processed sample but do not account for technical variability from
sedimentation and RNA extraction. To quantify absolute transla-
tion changes induced by rocaglamide A and other initiation inhibi-
tors, Iwasaki et al. [23] normalized cytosolic ribosome footprints to
total mitochondrial ribosome footprints that co-purified within
each sample. The key advantage of this method is that primary
and spike-in RNAs are co-processed from the earliest possible
stage, i.e., cell lysis. However, it is unclear what component of
standard ribosome profiling buffers biochemically stabilizes the
association between mRNAs and mitochondrial ribosomes, which
are insensitive to cycloheximide [24]. Moreover, the method is not
generalizable to comparisons between growth conditions or treat-
ment regimens that perturb mitochondrial translation. In sum-
mary, each of these normalization strategies deviates significantly
from the ideal procedure, which should be robust to variability in
library capture, independent from the biological perturbation, and
maximizes the number of steps during which the primary sample is
co-processed with standards.

Here we present a technique for using a complex lysate of
human footprints as an internal standard for yeast ribosome
profiling libraries (Fig. 1) [25]. The spike-in is added at a fixed
percentage relative to the total number of ribosomes per sample,
thereby enabling direct comparisons of the overall fraction of
ribosome-engaged footprints between samples. We show how to
accurately quantify ribosome content by gel electrophoresis of
ribosomal RNA (rRNA) extracted from a defined volume of lysate.
The standard is pooled with primary sample immediately prior to
80S isolation on a gradient, which maximizes co-processing while
keeping the standards separate from the biological perturbation in
question. The method is readily adapted to any pair of eukaryotic
species with sufficient genome divergence to uniquely assign reads
of 15–34 nucleotides.

2 Materials

2.1 Preparation

of HeLa Lysate

1. HeLa cells, ATCC CCL-2.

2. Eagle’s Minimum Essential Medium (EMEM) + 10% fetal
bovine serum (FBS).

3. Cell culture incubator with 5% CO2 set to 37 �C.

4. 15 cm dishes, tissue-cultured treated.
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5. Phosphate-buffered saline (PBS).

6. Cell scrapers.

7. Sterile 1 mL syringes and 26 gauge needles.

8. HeLa lysis buffer: 20 mM Tris–HCl pH 7.5, 10 mM MgCl2,
0.2 M KCl, 1% Triton X-100, 0.2 mg/mL cycloheximide (add
fresh), 4 mM DTT (add fresh), 2� EDTA-free protease inhi-
bitors (add fresh).

9. HeLa gradient buffer: 20 mM HEPES-KOH pH 7.4, 5 mM
MgCl2, 0.1 M KCl, 2 mM DTT (add fresh), 0.1 mg/mL
cycloheximide (add fresh).

10. Automated gradient mixer.

11. SW41 tubes.

12. Beckman SW41 rotor and ultracentrifuge.

13. Automated gradient fractionator.

Fig. 1 Use of orthogonal species footprints as internal standards allows
quantitative comparisons of translation activity by ribosome profiling. The
internal standard is added at a fixed ratio to the total number of ribosomes in
each primary sample. Following normalization to the orthogonal reads, the
primary reads then reflect the total fraction of translating ribosomes
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2.2 Preparation

of Saccharomyces

cerevisiae Lysate

1. Whatman cellulose nitrate 0.45 μm membrane filter.

2. Footprint lysis buffer: 20 mM Tris–HCl pH 8.0, 140 mMKCl,
5 mM MgCl2, 1% Triton X-100, 0.1 mg/mL cycloheximide
(add fresh).

3. Yeast gradient buffer: 20 mM Tris–HCl pH 8.0, 150 mM KCl,
5 mM MgCl2, 0.5 mM DTT (add fresh), 0.1 mg/mL cyclo-
heximide (add fresh).

4. Isopropanol.

5. Liquid nitrogen and dewar.

6. Cryogenic grinder with liquid nitrogen connection.

7. Vacuum pump with glassware to collect filtrate and a reservoir.

8. NanoDrop or microvolume UV-Vis spectrophotometer.

9. Automated gradient mixer.

10. SW41 tubes.

11. Beckman SW41 rotor and ultracentrifuge.

12. Automated gradient fractionator.

2.3 Quantification

of Ribosomal RNA

1. AES buffer: 50 mM sodium acetate pH 5.2, 10 mMEDTA, 1%
SDS.

2. Acid phenol (pH 6.0).

3. Phenol/chloroform/isoamyl alcohol (25:24:1, pH 6.7).

4. Chloroform.

5. 2 mL gel phase lock tubes.

6. 3 M sodium acetate pH 5.2.

7. Isopropanol.

8. Glycoblue.

9. TE buffer: 10 mM Tris–HCl pH 8.0, 1 mM EDTA.

10. Synergel.

11. Molecular biology grade agarose.

12. 0.5� TBE buffer: 50 mM Tris–HCl, 50 mM boric acid, 1 mM
EDTA.

13. Ethidium bromide.

14. Formamide.

15. 10� RNA loading buffer without dye: 50% glycerol, 5 mM
EDTA (pH 8.0).

16. NanoDrop or microvolume UV-Vis spectrophotometer.

17. Quantitative gel imager, such as the Typhoon FLA 9500.

18. Densitometry analysis software, such as ImageJ.
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2.4 RNase Digestion,

Addition of Internal

Standard,

and Footprint Isolation

from Sucrose

Gradients

1. RNase I (100 U/μL) (see Note 1).

2. Yeast gradient buffer: 20 mM Tris–HCl pH 8.0, 150 mM KCl,
5 mM MgCl2, 0.5 mM DTT (add fresh), 0.1 mg/mL cyclo-
heximide (add fresh).

3. 20% SDS.

4. Acid phenol (pH 6.0).

5. Phenol/chloroform/isoamyl alcohol (25:24:1, pH 6.7).

6. Chloroform.

7. 3 M sodium acetate (pH 5.2).

8. Isopropanol.

9. Glycoblue.

10. Automated gradient mixer.

11. SW41 tubes.

12. Beckman SW41 rotor and ultracentrifuge.

13. Automated gradient fractionator.

2.5 Small RNA

Enrichment,

Dephosphorylation,

and Footprint Size

Selection

1. Zymo-Spin V column.

2. Guanidine hydrochloride (Gu HCl) buffer: 8 M guanidine
hydrochloride, 20 mM MES hydrate, 20 mM EDTA.

3. T4 polynucleotide kinase (PNK) (10 U/μL).
4. RNasin Plus.

5. 15mer RNA size marker: 50-AUGUACACGGAGUCG-30.

6. 28mer RNA size marker: 50- AUGUACACGGAGUC
GACCCGCAACGCGA-30.

7. 34mer RNA size marker: 50- AUGUACACGGAGUCGAG
CACCCGCAACGCGAAUG-30.

8. 2� formamide-bromophenol blue (FB) loading buffer: 95%
formamide, 20 mM EDTA (pH 8.0), 0.05% (w/v) bromophe-
nol blue, 0.05% (w/v) xylene cyanol.

9. Commercial or freshly prepared 15% polyacrylamide/8.0 M
urea/0.5� TBE gel.

10. SYBR Gold stain.

11. RNA elution buffer: 0.3 M sodium acetate pH 5.5, 1 mM
EDTA, 100 U/mL RNasin Plus (add fresh).

12. Isopropanol.

13. Glycoblue.

14. Spin-X centrifuge filter.
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2.6 30 Adapter
Ligation

and Ribosomal RNA

Depletion

1. 100 μM pre-adenylated DNA adapter, 50-rAppTGGAATTCT
CGGGTGCCAAGG/3ddC/�30.

2. T4 RNA ligase I (10 U/μL).
3. 10� T4 RNA Ligase I buffer.

4. PEG-8000.

5. Small RNA ladder.

6. 2� FB loading buffer: 95% formamide, 20 mM EDTA
(pH 8.0), 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene
cyanol.

7. Commercial or freshly prepared 10% polyacrylamide/8.0 M
urea/0.5� TBE gel.

8. SYBR Gold stain.

9. Ribo-Zero Gold rRNA removal kit (yeast) (see Note 2).

10. 3 M sodium acetate (pH 5.2).

11. Isopropanol.

12. Glycoblue.

13. Optional: Qubit RNA High Sensitivity assay kit.

14. NanoDrop or microvolume UV-Vis spectrophotometer.

2.7 cDNA Synthesis

and Circularization

1. 10� RT buffer: 0.5 M Tris–HCl pH 8.0, 0.6 M NaCl, 0.1 M
DTT. Store at �20 �C.

2. 5 μM RT primer with Unique Molecular Identifier (UMI):
50-/5Phos/N10 GATCGTCGGACTGTAGAACTCTGAACCT
GTCGGTGGTCGCCGTATCATT /iSp18/CACTCA/iSp18/
GCCTTGGCACCCGAGAATTCCA.

3. 0.24 M MgCl2.

4. 25 mM dNTPs.

5. RNasin Plus.

6. AMV reverse transcriptase (10 U/μL).
7. 1.0 M NaOH.

8. 1.0 M HCl.

9. 2� FB loading buffer: 95% formamide, 20 mM EDTA
(pH 8.0), 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene
cyanol.

10. Commercial or freshly prepared 10% polyacrylamide/8.0 M
urea/0.5� TBE gel.

11. SYBR Gold stain.

12. DNA elution buffer: 0.3 M NaCl, 1 mM EDTA, 10 mM Tris–
HCl pH 8.0.

13. Low molecular weight DNA ladder.

14. CircLigase ssDNA ligase.
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2.8 PCR

and Preparation

for Sequencing

1. 10 μM forward PCR primer: 50-AATGATACGGCGACCAC
CGA.

2. Q5 High-Fidelity 2� Master Mix.

3. 10 μM TruSeq Small RNA PCR Index Primer: 50-CAAGCA
GAAGACGGCATACGAGAT [6 bases] GTGACTG
GAGTTCCTTGGCACCCGAGAATTCCA, where [6 bases]
are Illumina RPI1-48 [26].

4. 50 bp DNA ladder.

5. Freshly prepared 8% polyacrylamide/0.5� TBE gel (no urea).

6. SYBR Gold stain.

7. DNA elution buffer: 0.3 M NaCl, 1 mM EDTA, 10 mM Tris–
HCl pH 8.0.

3 Methods

3.1 Preparation

of HeLa Lysate

1. Grow early passage HeLa cells in a cell culture incubator with
5% CO2 at 37

�C. Use EMEM +10% FBS as growth medium.

2. The day before harvest, plate cells in 15 cm dishes such that
they attain 50-70% confluency the following day. Set up at least
one 15 cm dish per 5 primary libraries, plus one additional
15 cm plate for an analytical polysome profile.

3. Aspirate media and wash cells with 37 �C PBS.

4. Add 1.0 mL ice-cold HeLa lysis buffer to the plate. Rapidly and
vigorously scrape cells into the buffer. Pipet lysate over the
plate to wash and then tilt the plate to collect lysate. Transfer
to a 1.5 mL tube and keep on ice (see Note 3).

5. Pass lysate ten times through a 26-gauge needle to shear
genomic DNA.

6. Spin lysate at 20,000 � g for 10 min at 4 �C. Pool all superna-
tant into a single tube and mix gently.

7. Set aside an aliquot of ~5 A260 units for an analytical polysome
profile and ~1 A260 unit for extraction and NanoDrop of total
RNA (see Subheading 3.3 steps 1–6). Aliquot remaining lysate
into aliquots of ~3 A260 units, flash freeze in liquid nitrogen,
and store at�80 �C. Excess lysates prepared in a large batch can
be stored in this way for use in multiple experiments.

8. Verify polysome capture by fractionating ~5 A260 units of
lysate through a sucrose gradient (steps 9 and 10 below).
Poor polysome capture can result in an unreliable representa-
tion of human footprint reads in the final libraries.
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9. Prepare linear 10–50% sucrose gradients with HeLa gradient
buffer in SW41 tubes. Load lysate and spin in a Beckman SW41
rotor at 35,000 rpm (151,263 � g) for 3 h at 4 �C.

10. Fractionate gradients and visualize the ribosomal species,
including polysomes, by continual monitoring of absorbance
at 260 nm.

3.2 Preparation

of Saccharomyces

cerevisiae Lysate

1. Grow S. cerevisiae cultures to desired state for profiling.

2. Collect cells by rapid filtration as follows to minimize perturba-
tions to physiological translation (see Note 4). Pierce holes in
the cap of a 50 mL tube, and submerge the open tube into
liquid nitrogen. Also pre-chill metal spatulas in liquid nitrogen.
Add 10mL isopropanol to the vacuum pump reservoir to avoid
foaming. Start the vacuum line, and pour <500 mL of cell
culture onto the Whatman filter. It will take ~50 s for the
media to elute. When the cells retained on the filter have a
creamy consistency, rapidly scrape using the pre-chilled spatulas
into the prepared 50 mL tube with liquid nitrogen.

3. Into the same tube, drip 1.0 mL footprint lysis buffer for every
350 OD600 units of cells. Store samples at �80 �C until
cryogrinding.

4. Prepare extract by cryogrinding frozen cells with a ball mill
under continuous liquid nitrogen flow. Run ten cycles of the
following program: 60 s of grinding at 10 Hz, 60 s of cooling.

5. Thaw extracts on ice.

6. Centrifuge lysate at 3000 � g for 5 min at 4 �C to remove
debris.

7. Take supernatant to a new tube. Centrifuge at 21,000 � g for
10 min at 4 �C.

8. Take supernatant to a new tube. Check the yield by NanoDrop
of a 1:10 dilution.

9. Divide supernatant into new tubes: approximately 10 A260
units for an analytical polysome profile, 50 A260 units for
library preparation, 10 A260 units for quantification of total
rRNA (see Subheading 3.3). Any lysates not processed immedi-
ately can be flash frozen in liquid nitrogen and stored at
�80 �C.

10. Verify polysome capture by fractionating ~10 A260 units of
lysate through a sucrose gradient (steps 11 and 12 below). If
polysome to monosome ratios are variable between replicates
or different than expected, growth and harvest (steps 1–8)
may need to be repeated.
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11. Prepare linear 10–50% sucrose gradients with yeast gradient
buffer in SW41 tubes. Load lysate, and spin in a Beckman
SW41 rotor at 35,000 rpm (151,263 � g) for 3 h at 4 �C.

12. Fractionate gradients, and visualize the ribosomal species,
including polysomes, by continual monitoring of absorbance
at 260 nm.

3.3 Quantification

of Ribosomal RNA

1. Thaw primary and spike-in lysate reserved for RNA quantifica-
tion (from Subheading 3.2, step 9 and Subheading 3.1, step 7,
respectively). Divide into three samples of equal volume for
three technical replicates of total RNA extraction.

2. Add AES to a final volume of 500 μL for each sample. Add
500 μL of acid phenol and vortex thoroughly (see Note 5).

3. Heat samples at 65 �C with vortexing or vigorous shaking for
20 min. Place samples on ice for 5 min.

4. Transfer contents to a gel phase lock tube, and perform the
following extractions: 1� chloroform, 2� phenol/chloro-
form/isoamyl alcohol, and 1� chloroform. Be sure to transfer
the aqueous phase completely at each step.

5. Transfer the aqueous phase to a new tube, and precipitate the
RNA (see Note 6). Resuspend RNA pellets in TE.

6. NanoDrop the purified RNA to determine yield. Use this value
to calculate the amount of total RNA per unit volume of lysate.

7. The following steps apply only to the primary samples. Prepare
standards by mixing purified RNA from all samples and then
creating a dilution series of at least five points. Alternatively, a
dilution series of total RNA from exponential yeast can also
serve as standards (see Note 7).

8. Using the NanoDrop readings as guides, prepare for gel load-
ing a quantity of total RNA that falls within the range of the
standard curve: add an equal volume of formamide, and then
add 10� RNA loading buffer to a final concentration of 1�.
No heat denaturation is required before loading.

9. Run standards and samples on a 0.7% agarose/0.9% Synergel/
0.5� TBE/1� ethidium bromide gel until the 25S and 18S
rRNAs are clearly resolved (see Note 8) (Fig. 2a). Image the
gel, and quantify the 25S and 18S intensities of each standard
and sample by densitometry. Ensure that the raw sample inten-
sities fall within the linear range of the standard curve (Fig. 2b).
Use the sum of 25S and 18S intensities to calculate the amount
of rRNA (in arbitrary units) per unit volume of lysate (Fig. 2c).
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3.4 RNase Digestion,

Addition of Internal

Standard,

and Footprint Isolation

from Sucrose

Gradients

1. Calculate how much HeLa lysate is required for each sample by
starting with the primary sample that is most translationally
active. Using the total RNA measurements from Subheading
3.3, step 6, the HeLa lysate should be spiked in at �2% of the
total RNA in this sample. The amount of HeLa lysate required
for every other primary sample is then adjusted according to
the respective rRNA content, such that the ratio of HeLa
lysate/primary rRNA is identical across all samples.

2. Set up yeast RNase I digestions with 15 U per each A260 unit
of lysate (see Note 9). Mix in thermomixer at 400 rpm, 25 �C
for 60 min. Place on ice.

3. Transfer the necessary amount of HeLa lysate plus at least 10%
surplus to a new tube (seeNote 10). Add 0.5 U of RNase I per
microliter of lysate. Mix in thermomixer at 400 rpm, 25 �C for
30 min. Place on ice.
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Fig. 2 Quantification of total rRNA content in primary samples. (a) Total RNA was extracted from defined
volumes of lysate and separated on a 0.7% agarose/0.9% Synergel/0.5� TBE/1� ethidium bromide gel.
Biological replicates refer to yeast cultures that were grown and harvested independently. Technical replicates
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4. Add digested HeLa lysate to each primary sample as calculated
in step 1. Mix well by pipetting.

5. Prepare linear 10–50% sucrose gradients with yeast gradient
buffer in SW41 tubes. Load samples, and spin in a Beckman
SW41 rotor at 35,000 rpm (151,263 � g) for 3 h at 4 �C.

6. Fractionate gradients with continual monitoring of A260. Pool
the 80S fractions.

7. Add SDS to a final concentration of 1.1%. Mix with an equal
volume of acid phenol, and incubate at 65 �C with vigorous
vortexing for 20 min. Place samples on ice for 5 min.

8. Perform the following extractions: 1� chloroform, 2� phe-
nol/chloroform/isoamyl alcohol, and 1� chloroform.

9. Transfer the aqueous phase to a new tube, and precipitate the
RNA (see Note 6). Half the sample can be stored in precipita-
tion solution at �20 �C as backup. Precipitate the other half,
and resuspend RNA pellets in 10 μL 10 mM Tris–HCl pH 7.0
to prepare for footprint size selection.

3.5 Small RNA

Enrichment,

Dephosphorylation,

and Footprint Size

Selection

1. Steps 1–7 enrich for small RNAs by taking the eluate of a first
column and capturing it on a second column. Add 250 μL of
Gu HCl buffer to the resuspended RNA. Add 125 μL of 100%
ethanol and mix (see Note 11).

2. Add sample to a Zymo-Spin V column with 100 μg capacity.
Spin for 1 min at room temperature at 12,000 � g.

3. Discard the column. Add 460 μL of 100% ethanol to the flow-
through and mix.

4. Add sample to a new Zymo-Spin V column. Spin for 1 min at
room temperature at 12,000 � g.

5. Add 800 μL of room temperature 80% ethanol to the column.
Spin for 1 min. Discard the flow-through. Repeat this
wash step.

6. Spin for 2 min to remove residual ethanol.

7. Transfer the column to a new 1.5 mL tube. Add 400 μL of
H2O to the column, and let stand for 5 min. Spin for 1 min to
elute the RNA.

8. Precipitate the RNA (see Note 6), and resuspend in 10 μL
10 mM Tris–HCl pH 7.0 for dephosphorylation.

9. Transfer 9.5 μL RNA to a PCR tube. Add 0.5 μL of RNasin
Plus, 1.25 μL of 10� PNK buffer, and 1.25 μL of PNK.

10. Incubate for 1 h at 37 �C.

11. Prepare a 15% polyacrylamide/8.0 M urea/0.5� TBE gel.
Pre-run at 200 V for 20 min.
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12. Prepare size selection markers: For each well, combine the
15, 28, and 34mer RNA oligos at 0.5 μM each in 10 μL total
volume (see Note 12). Add 10 μL of 2� FB loading buffer.

13. Add 12.5 μL of 2� FB loading buffer to each dephosphoryla-
tion reaction.

14. Denature all samples at 75 �C for 2 min. Place on ice.

15. Load libraries flanked by size selection markers on each side.
Run the gel for 65 min at 200 V, or until the bromophenol
blue reaches the bottom.

16. Submerge gels in 0.5� TBE/1� SYBR Gold. Stain for 5 min
with gentle orbital shaking.

17. Visualize gels using Epi Blue illumination (seeNote 13). Excise
libraries from the bottom of the 15mer marker to the top of the
34mer marker (Fig. 3).

18. Pierce the bottom of a 0.5 mL tube using an 18 gauge needle,
and nest within a 1.5 mL tube. Transfer the gel slice to the
0.5 mL tube. Centrifuge at max speed for 3 min to force the gel
through the needle hole, and crush the gel slice (see Note 14).

19. Remove the 0.5 mL tube. Add 0.4 mL of RNA elution buffer
to the 1.5 mL tube.

20. Place in thermomixer set to 70 �C, and incubate with shaking
at 1500 rpm for 20 min.

21. Cut the end of a P1000 pipet tip to a wide slant, and transfer
the gel solution to a Spin-X column. Spin at 16,000 � g for
3 min.

22. Transfer flow-through to a new 1.5 mL tube and precipitate
(see Note 6). Resuspend in 7 μL H2O for 30 adapter ligation.

3128
26

34
28

15

Fig. 3 Size selection of footprint RNA from 15–34 nt on a 15% polyacrylamide/
8 M urea gel. Various RNA size markers are indicated. The region boxed in blue
was excised for library construction
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3.6 30 Adapter
Ligation

and Ribosomal RNA

Depletion

1. Take 1.0 μL of RNA to a new tube. Dilute and measure the
concentration by NanoDrop or Qubit.

2. Transfer 5–20 picomoles of RNA to a PCR tube. Add water to
a final volume of 6.5 μL.

3. Add the following components to each reaction: 1.0 μL RNa-
sin Plus, 0.5 μL of 100 μM pre-adenylated adapter, 1.0 μL T4
RNA ligase buffer without ATP, 3.0 μL PEG-8000, and 1.0 μL
T4 RNA ligase I (see Notes 15 and 16).

4. Incubate at 22 �C for 5 h.

5. Steps 5–7will purify ligated from unligated footprints. Mix the
reaction with 2� FB loading buffer and load on a pre-run 10%
polyacrylamide/8.0 M urea/0.5� TBE gel. Also load 1.0 μL
of unligated RNA for comparison and the Abnova small RNA
ladder. Run at 200 V until bromophenol blue is at the bottom.

6. Submerge gels in 0.5� TBE/1� SYBR Gold. Stain for 5 min
with gentle orbital shaking. Excise the ligated RNA, and purify
according to Subheading 3.5, steps 18–21 (see Note 17).

7. Transfer filtered eluate to a new 1.5 mL tube and precipitate
(see Note 6). Resuspend in 14 μL of H2O for ribosomal RNA
depletion.

8. Wash rRNA depletion magnetic beads in bulk by transferring
112.5 μL of beads per library to a 1.5 mL nonstick tube. Let
beads stand on magnetic rack for at least 1 min.

9. Remove the supernatant. Remove tube from rack, and wash
with nuclease-free water in a volume equal to the volume of
slurry in step 8. Pipet beads up and down to resuspend.

10. Take off the water and repeat the wash. Remove the water from
the second wash.

11. Add 30 μL of the Magnetic Bead Resuspension Solution for
every 112.5 μL of the original slurry in step 8. Mix by pipetting
up and down until the clumps are dispersed.

12. Aliquot 32.5 μL of resuspended slurry to a new 1.5 mL non-
stick tube for each library.

13. Add 0.5 μL of RiboGuard RNase Inhibitor to each tube and
vortex briefly. Keep at room temperature.

14. Add the following components individually to a new tube in
the following order: 2 μL Reaction Buffer, 13 μL RNA, 2 μL
rRNA Removal Solution. Pipet to mix and incubate at 68 �C
for 10 min.

15. Incubate at room temperature for 5 min.

16. Add mixture to the washed beads from step 13. Pipet up and
down ten times immediately. Vortex for 10 s onmedium speed,
taking care to avoid splashing beads onto the lid.
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17. Incubate at room temperature for 5 min.

18. Vortex for 10 s on medium speed, and then incubate at 50 �C
for 5 min with a heated lid.

19. Immediately place the tubes on a magnetic rack. Let stand for
at least 1 min.

20. Transfer the supernatant to a new tube. Precipitate the RNA
(see Note 6), and resuspend in 7.0 μL of 10 mM Tris–HCl
pH 8.0 for cDNA synthesis.

3.7 cDNA Synthesis

and Circularization

1. Take 6.2 μL of RNA to a PCR tube. Add 1.0 μL of 5.0 μM RT
primer and 0.8 μL of 10� RT buffer. In addition, set up a
no-template control reaction. Anneal the primer using the
following program: 65 �C 2 min, 55 �C 2 min, 45 �C 2 min,
42 �C 2 min. Place on ice.

2. Add extension reagents to each tube: 0.6 μL 10� RT buffer,
2.24 μL 25 mM dNTPs, 1.16 μL 0.24 M MgCl2, 1.0 μL
RNasin Plus. Add 1.0 μL AMV RT individually to each tube.

3. Incubate at 42 �C for 60 min.

4. Place tubes on ice. Add 1.5 μL of 1.0 M NaOH to
hydrolyze RNA.

5. Incubate at 98 �C for 15 min.

6. Place on ice and add 1.5 μL of 1.0 M HCl to neutralize. Add
16 μL of 2� FB loading buffer to each reaction to prepare for
gel size selection of RT extension products.

7. Mix 0.5 μL DNA ladder with 9.5 μL H2O and 10 μL 2� FB
loading buffer for each lane. Load a pre-run 10% polyacryl-
amide/8 M urea/0.5� TBE gel with each library sample
divided between two lanes and the DNA ladder flanking each
pair of library lanes. Run at 200 V until xylene cyanol is at the
bottom.

8. Submerge gels in 0.5� TBE/1� SYBR Gold. Stain for 5 min
with gentle orbital shaking. The no-template control reactions
should show the RT primer running around 90–100 base pairs.
Excise from just above the primer band to the bottom of the
150 base pair marker. Purify according to Subheading 3.5,
steps 18–21, but using DNA elution buffer.

9. Transfer the eluate to a new 1.5 mL tube and precipitate (see
Note 6). Resuspend in 16 μL 10 mM Tris–HCl pH 8.0 for
circularization.

10. Transfer 15 μL cDNA to a PCR tube. Add 2 μL 10� CircLi-
gase buffer, 1 μL 1 mM ATP, 1 μL 50 mM MnCl2, and 1 μL
0.5� CircLigase (0.5 μL CircLigase diluted in 0.5 μL 1�
CircLigase buffer) (see Note 18). Incubate at 60 �C for 6 h
followed by 80 �C for 10 min. Store at �20 �C until ready
for PCR.
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3.8 PCR

and Preparation

for Sequencing

1. Prepare small-scale PCR reactions to identify the optimal cycle
number. These typically range from 5 to 14 cycles. For two test
reactions, add 8.35 μL 2� Q5 master mix, 0.84 μL PCR
forward primer, 0.84 μL indexing reverse primer, 5.67 μL
H2O, and 1.0 μL cDNA template to a new tube. Mix and
dispense 8.0 μL into each destination tube.

2. Run the following program: 98 �C 30 s, [98 �C 10 s, 60 �C
20 s, 72 �C 20 s]. Repeat steps in brackets for desired cycle
number.

3. Add DNA loading dye to each sample. Load samples and
500 ng of 50 bp ladder on an 8% polyacrylamide/0.5� TBE
gel (no urea). Run at 200 V for 55 min or until the xylene
cyanol is 2–3 cm from the bottom.

4. Submerge gels in 0.5� TBE/1� SYBR Gold. Stain for 5 min
with gentle orbital shaking. The 100 bp marker should be at
the bottom of the gel. No-insert cassettes are 122 bp, while the
desired library products should be ~137–156 bp. Identify the
earliest cycle number at which PCR products are visible.

5. Prepare large-scale PCR reactions: 25 μL 2� Q5 master mix,
2.52 μL 10 μM forward PCR primer, 2.52 μL 10 μM reverse
indexing primer, 16.96 μL H2O, 3 μL cDNA. Run thermo-
cycler program as in step 2. Repeat gel running as in steps 3
and 4. Each PCR reaction will need to be divided between two
lanes. Maintain an empty well between pairs of sample lanes to
prevent cross-contamination.

6. Excise above the 122 bp no-insert cassette up to ~160 bp
(Fig. 4). Elute gel slice overnight at room temperature in
450 uL of DNA elution buffer or 750 uL if the gel slice is large.

7. Precipitate the elution buffer (seeNote 6), and resuspend DNA
pellet in 15 μL nuclease-free H2O.

150

100

no-insert 
cassette

200

Fig. 4 Size selection of PCR library amplicons on an 8% polyacrylamide native
gel. The region boxed in blue was excised and purified for sequencing
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8. Quantify library concentrations by Fragment Analyzer or
qPCR. Pool at the appropriate concentration and sequence
on an Illumina Sequencer (see Note 19).

3.9 Data Analysis Libraries were analyzed using custom Bash and Python 2.7 scripts,
all of which are available upon request.

1. Following library-level demultiplexing into individual fastq
files, collapse PCR duplicates using the FASTX-Toolkit com-
mand fastx_collapser-Q33-o. Remove the 30 adapter and
50 decamer UMI sequences using cutadapt --adapter TGG
AATTCTCGGGTGCCAAGG --cut 10 --overlap 3 --minimum-
length 15.

2. Use STAR --runMode genomeGenerate to create a joint ref-
erence of the S. cerevisiae and human genomes. Note
that chromosome names cannot be shared between the
two species. Map processed reads from step 1 using STAR
--runMode alignReads --alignEndsType EndToEnd
--outFilterMismatchNoverLmax 0.05 --outSAMunmapped
Within --outFilterMultimapNmax 1 --outFilterMulti
mapScoreRange 1 --outSAMattributes All --outStd
BAM_Unsorted --outSAMtype BAM Unsorted --outFilter
Type BySJout --outFilterScoreMin 15 --outReadsUn
mapped Fastx --outSAMattrRGline ID:foo. Only uniquely
mapped reads will be retained.

3. Sort and index the output BAM file (see Note 20), and then
split into yeast- and human-only BAM files using samtools
view -b -L chromosomes.bed, where chromosomes.bed is a
BED file with the chromosome names belonging to each
species.

4. Convert the yeast BAM alignments into genome coverage
vectors. We used Python 2.7 HTSeq functions to write a cus-
tom script for the following functions. Iterate through the
BAM file, and record the genome positions of read 50 and 30

ends, as well as each read length. Use read 50 ends that span
�12 of the start codon to �15 of the termination codon to
tally the raw counts per gene. Only genes with �64 reads
should be retained for further analysis. Convert read counts
to reads per kilobase per million reads, excluding reads from
the first eight codons of each gene.

5. Perform basic quality control of the yeast libraries. The vast
majority of reads should map to CDS regions when binned by
transcriptome feature (i.e., 50 transcript leader, CDS, 30 UTR).
A histogram of the read length distribution should show an
enrichment of ~28mers for S. cerevisiae (different read lengths
predominate in other organisms). Severe elongation defects
that generate an empty A site [27] may also show a second
enrichment of ~22mers. A meta-read plot centered at the
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annotated translation start site should show a peak of read 50

ends at �12 nucleotides from the A of AUG, as previously
described [28, 29]. Similarly, centering the meta-read plot at
the termination codon should show a peak of read 50 ends at
�15 nucleotides from the first U. Three-nucleotide periodicity
should also be evident from these same plots.

6. Determine counts per gene from the human spike-in sample.
Run the htseq-count package with command line options
htseq-count human.bam annotations.gff3 --format
¼ bam --stranded ¼ no --type¼CDS --idattr ¼ gene_id
--mode¼union--samout¼out.sam>counts.out, where
human.bam is the BAM file of human-only alignments from
step 3, annotations.gff3 is an annotations file of the
human genome, and out.sam > counts.out generates a
text file of the read counts mapping to each gene. This com-
mand will only track reads mapping to CDS regions.

7. Steps 7 and 8 describe two different approaches to generate
global scaling factors based on the representation of spike-in
counts. Normalize the translation activity between libraries by
dividing the total number of yeast CDS footprints (calculated
in step 4) by the total number of human CDS footprints
(generated in step 6). Qualitatively, samples with the highest
yeast polysome to monosome ratio should also have the highest
ratio of yeast to human CDS counts, because a higher fraction
of the total yeast ribosomes were mRNA-engaged.

8. To more accurately compare the translation activity on each
gene between libraries, a scaling factor can be derived by linear
regression of human RPKM expression values between two
libraries (Fig. 5a). The library with the highest human read
coverage is fixed as the calibrator library against which all other
libraries are rescaled. This analysis is more accurate when fil-
tered for the top percentile of human gene expression. For
example, in Wang et al. [25], only the top 5 percentile of
human genes were included. Human RPKMs from the calibra-
tor library are then plotted against human RPKMs from each
library to be rescaled. The slope of the linear regression is a
scaling factor for all yeast RPKM values from the rescaled
library (Fig. 5b).

9. To determine statistically significant changes in relative gene
expression, unscaled counts can be used with DESeq2 for
ribosome profiling alone [30] or Xtail for coupled RNA-seq
and ribosome profiling libraries [31]. To test for significant
changes based on globally scaled counts, Reference [32] pro-
vides a statistical framework that explicitly encompasses abso-
lute changes in gene-specific mRNA levels between conditions,
which was validated on biological samples collected at different
growth rates and libraries with artificially varied levels of spike-
in standards.
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4 Notes

1. This protocol uses RNase I (Ambion catalog no. AM2294).
The source of RNase I is critical for this step and has been
optimized for this protocol. We found that RNase I enzymes
from different sources may affect the quality and reproducibil-
ity of the method.

2. This product has been discontinued. An alternative for yeast
rRNA depletion is the RiboMinus Transcriptome Isolation Kit
(ThermoFisher K155003). A comprehensive evaluation of
alternatives for human rRNA removal is provided in [33].

3. The lysate preparations described here omit in vivo cyclohexi-
mide incubation, which is essential within the primary sample
to avoid artifactual distortions of ribosome position
[17, 34]. In practice, the spike-in sample can be harvested
with in vivo cycloheximide to improve yield and simplify down-
stream processing. However, the spike-in reads should subse-
quently be interpreted only on the level of counts per gene
rather than for precise ribosome positioning.

4. To avoid stressing the cells, the entire harvest procedure until
submersion in liquid nitrogen should take <1 min. The cells
should not run completely dry on the Whatman filter. If
desired, a small pellet of cells can be scraped from the filter
into a separate 1.5 mL tube and frozen in liquid nitrogen for
preparing matched RNA-seq libraries.

5. In our experience the contribution of rRNA to the overall
A260 signal depends on cell state, particularly following
extreme nutrient depletion that causes ribosome turnover. In
such cases the rRNA/A260 can be variable between biological
replicates. Therefore we have devised an accurate quantitation
technique that depends on near-complete recovery of extracted
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factor of overall translation activity between the libraries. Data are from [25]. (b) The scaling factor calculated
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RNA. We have found that hot phenol extraction combined
with gel phase lock tubes is more reproducible than column
purification from commercial kits. If phase lock tubes are
unavailable, a constant sub-volume of the aqueous layer (for
example, 400 out of 500 μL) can be transferred at each
extraction step.

6. We use the following standard precipitation protocol through-
out: if the initial volume of aqueous solution is low, additional
water or buffer can be added as an optional first step. Add
1/9th volume of sodium acetate pH 5.2 and 2.0 μL of Glyco-
blue. For gel elution in RNA or DNA buffer, the sodium
acetate should be omitted. Mix by pipetting, and then add an
equal volume of 100% isopropanol. Mix by inversion. Chill at
�20 �C for at least 30 min. Spin at 21,000 � g for 30 min at
4 �C. Wash the pellet with 80% ethanol for footprint
(15–60 mer) RNA and 70% ethanol for longer RNA or DNA.
Spin at 21,000� g for 10 min at 4 �C. Remove the supernatant
completely and air-dry the pellet for 5 min before
resuspending.

7. With our gel system and imager, a 1.5-fold dilution series from
5.0 to 0.5 μg total RNA gave a linear signal with R2 > 0.99.
The exact quantity of standards and samples loaded on the gel
may need to be optimized.

8. The Synergel maintains crisp banding while clearly resolving
tRNAs and all 4 rRNAs. Ethidium bromide must be mixed into
the gel during casting. Post-run staining does not yield suffi-
cient intensity to accurately quantify standards. Wide-toothed
combs give more reliable quantification. Because ethidium
bromide will migrate toward the anode, all samples should
preferably be loaded on the same row of wells. If this is not
possible, prepare a master batch of total RNA standards to
include on each row of each gel.

9. The amount of RNase I is determined by overall A260 because
variable amounts of tRNA in the lysates affect the amount
of RNase needed to digest the ribosome-mRNA complexes.
The total RNA concentrations determined in Subheading 3.3,
step 6 could also be used to normalize RNase I addition to
each sample.

10. The yeast and human extracts are digested separately because
they have different sensitivities to RNase I.

11. The 33% ethanol for the first column application retains large
RNAs on the column, while small RNAs are eluted. The small
RNAs are then captured on and eluted from a second column
per standard methods. This step replaces the original Ingolia
et al. [15] method of eluting small RNAs through a Microcon
YM-100 microconcentrator, which has been discontinued.
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12. Fifteen to 34 mer footprints have been shown to capture
quality control intermediates and all intermediates of normal
elongation [27, 35, 36]. Disomes can be size selected from
40–60 nucleotides to enrich for ribosome queuing events [35].

13. UV transillumination damages nucleic acids and compromises
library construction.

14. The gel slice can alternatively be left intact, placed in a 1.5 mL
tube with 0.4 mL elution buffer, and eluted overnight with
rotation at 4 �C. For DNA extractions, elute overnight with
rotation at room temperature.

15. The pre-adenylated adapter was synthesized by reacting aden-
osine 50-phosphorimidazolide with a 50-phosphorylated DNA
oligo by the method of [37]. The Universal miRNA Cloning
Linker (NEB S1315S) is a commercially available alternative, in
which case the region of the RT primer that anneals to the
adapter must be modified for this sequence.

16. The first three reaction components can be assembled and
dispensed as a master mix. PEG-8000 and T4 RNA ligase I
should be added individually in the listed order.

17. Depleting the unligated adapter is essential because libraries
with inserts of ~15 nt are minimally resolved from no-insert
libraries on the final PCR gels.

18. We have found these conditions, which reduce enzyme cost, to
circularize cDNA as efficiently as the manufacturer’s protocol
requiring 1.0 μL CircLigase.

19. The libraries described here were sequenced on an Illumina
HiSeq 2500 with 75 base pair single-end reads using High
Output Mode V4. Ensure that all adapter sequences are com-
patible with the Illumina platforms and sequencing chemistries
available to the end user. If not, it may be necessary to modify
the reverse transcription and PCR primer sequences
provided here.

20. These BAM files will not contain quality strings because
fastx_collapser cannot assign a quality string to a col-
lapsed sequence. To run htseq-count downstream, insert a
placeholder quality string (with length equivalent to the read
length) to each line of the BAM file.
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Chapter 6

Genome-Wide Analysis of Translation in Replicatively Aged
Yeast

Hanna Barlit, Manish K. Rai, Sara I. Shoushtari, Carine Beaupere,
and Vyacheslav M. Labunskyy

Abstract

Protein synthesis is an essential process that affects major cellular functions including growth, energy
production, cell signaling, and enzymatic reactions. However, how it is impacted by aging and how the
translation of specific proteins is changed during the aging process remain understudied. Although yeast is a
widely used model for studying eukaryotic aging, analysis of age-related translational changes using
ribosome profiling in this organism has been challenging due to the need for isolating large quantities of
old cells. Here, we provide a detailed protocol for genome-wide analysis of protein synthesis using ribosome
profiling in replicatively aged yeast. By combining genetic enrichment of old cells with the biotin affinity
purification step, this method allows large-scale isolation of aged cells sufficient for generating ribosome
profiling libraries. We also describe a strategy for normalization of samples using a spike-in with worm
lysates that permits quantitative comparison of absolute translation levels between young and old cells.

Key words Ribo-Seq, Mother enrichment program, Protein translation, Aging, Saccharomyces cere-
visiae, Spike-in, Yeast

1 Introduction

Many age-related human diseases are associated with the loss of
protein homeostasis including type 2 diabetes, cancer, neurodegen-
eration, and cardiovascular disease [1–3]. Despite the fundamental
importance of protein translation in the aging process, relatively
few studies have investigated translational changes in protein syn-
thesis accompanying aging. Yeast Saccharomyces cerevisiae is one of
the most established model systems to study eukaryotic aging given
its short lifespan and amenability to genetic manipulations
[4, 5]. However, quantitative analysis of protein synthesis in repli-
catively aged yeast has been difficult due to the challenges of
purifying large quantities of old cells [6].
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Ribosome profiling (Ribo-Seq) has recently emerged as a pow-
erful tool to monitor protein translation at the genome-wide level
[7]. This method is based on deep sequencing of ribosome pro-
tected ~28 nt mRNA fragments, which allows genome-wide quan-
tification of translation at nucleotide resolution [8, 9]. In addition
to global analysis of the actively translated regions of the transcrip-
tome, combining ribosome profiling with total mRNA abundance
measurements by RNA-Seq can also be used to estimate the trans-
lation efficiency of each transcript and contribution of both tran-
scriptional and translational regulation to changes in gene
expression between experimental conditions [10, 11]. Although
Ribo-Seq has been used to study translational changes andmechan-
isms of translational regulation in different physiological states as
well as in response to physiological stress conditions (including
nutrient limitation, heat shock, oxidative stress, endoplasmic retic-
ulum stress), the standardized protocol for analyzing translational
changes with aging is currently lacking. Here we describe a detailed
ribosome profiling protocol used in our lab for analyzing changes in
protein translation in replicatively aged yeast cells (Fig. 1). To
isolate large quantities of aged cells sufficient for generating ribo-
some profiling libraries, we utilize the mother enrichment program
(MEP) [12]. This method permits efficient isolation of the old
mother cells by using an estradiol-inducible system that leads to
cell cycle arrest specifically in the daughter cells. By combining the
MEP with affinity purification of biotin-labeled mother cells [13],
we are able to routinely isolate more than 1 � 108 cells, which
provides sufficient material to perform Ribo-Seq. Importantly, we
compare changes in protein synthesis in replicatively aged cells with
genetically identical young cells that were labeled with biotin and
cultured under the same conditions, allowing direct comparison
between young and old cells.

Previous studies have also shown that the bulk protein synthesis
is significantly reduced during aging in a range of organisms and
different cell types [14] as well as in replicatively aged yeast cells
[15]. In conditions when the global translation is decreased, nor-
malization of raw sequencing reads to account for differences in
overall rates of protein synthesis is required for absolute quantifica-
tion of translation changes between samples. To overcome this
limitation, we use a spike-in with the lysate prepared from Caenor-
habditis elegans. For this, the yeast cellular extracts used for mRNA
and ribosome footprint isolation are spiked with equal amounts of
the worm lysate proportional to the quantity of total RNA in each
sample. Adding this important spike-in control from the evolution-
arily distant species allows us to quantify differences in overall
changes of protein translation in replicatively aged yeast cells. This
strategy can be directly applied for normalization of ribosome
profiling experiments in other eukaryotic species or different cellu-
lar states to enable accurate quantification of in vivo translation.
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2 Materials

2.1 Preparation of

Worm Lysate

1. C. elegans N2 strain.

2. E. coli OP50 strain.

3. 60 mm Petri plates.

4. Nematode Growth Medium (NGM): 1.7% (w/v) agar, 50 mM
NaCl, 0.25% (w/v) peptone, 1 mM CaCl2, 5 μg/mL choles-
terol, 25 mM KPO4, 1 mM MgSO4.

5. M9 buffer: 22 mM KH2PO4, 42 mM Na2HPO4, 86 mM
NaCl, 1 mM MgSO4.

6. Lysis buffer: 20 mM Tris–HCl pH 8.0, 140 mM KCl, 5 mM
MgCl2, 100 μg/mL cycloheximide, 0.5 mM DTT, 1% Triton
X-100.

7. Liquid nitrogen.

8. 50 mL conical tubes.

9. Screw-cap 2 mL tubes.

10. Nonstick 1.5 mL RNase-free tubes.

11. BioSpec cryomill.

12. Chrome-steel beads, 3.2 mm.

13. Stainless steel microvials, 1.8 mL.

14. Spectrophotometer.

Fig. 1 Overview of the Ribo-Seq protocol for analysis of translation in replicatively aged yeast cells. (a) Yeast
cells are biotinylated and are grown in the presence of estradiol for 2 h (YNG) or 30 h (OLD), which induces the
mother enrichment program (MEP) preventing division of daughter cells. (b) Biotinylated mother cells are then
separated using magnetic cell sorting enabling isolation of large quantities of old cells sufficient for generating
ribosome profiling libraries. The age of yeast cells that have been isolated using the MEP and magnetic sorting
is determined by counting the number of “bud scars” stained with calcofluor dye. The population of OLD cells
obtained after sorting on average contains ~11–13 more bud scars per cell compared to YNG cells. (c) An
equal amount of the worm lysate spike-in control (1%) is added into each sample proportional to the number
of A260 units in yeast lysates allowing normalization of translation changes in aged and young cells
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2.2 Isolation of

Replicatively Aged

Yeast Cells

1. Yeast MEP strain (UCC8773, MATa his3Δ1 leu2Δ0 ura3Δ0
lys2Δ0 hoΔ::Pscw11-cre-EDB78-NatMX loxP-CDC20-
intron-loxP-HphMX loxP-UBC9-loxP-LEU2) [16].

2. YPD medium: 1% yeast extract, 2% peptone, 2% glucose.

3. 100 mg/mL nourseothricin (Nat): prepare 100 mg/mL stock
in sterile water, and store at �20 �C.

4. 50 mg/mL hygromycin B.

5. Refrigerated centrifuge (with a rotor for 50 mL conical tubes).

6. Refrigerated microcentrifuge.

7. Phosphate-buffered saline (PBS).

8. EZ-Link Sulfo-NHS-LC-Biotin.

9. 0.1M glycine-PBS: prepare 0.1M glycine solution in PBS from
2.5 M glycine stock just before use.

10. PBS + BE: 1 mg/mL BSA, 2 mM EDTA in PBS.

11. 1 mM 17β-estradiol: prepare a 1 mM stock in ethanol, and
store at �20 �C.

12. Dynabeads Biotin Binder.

13. DynaMag magnet.

14. Resuspension buffer: 20 mM Tris–HCl pH 8.0, 140 mM KCl,
5 mM MgCl2.

15. Liquid nitrogen.

16. 50 mL conical tubes.

17. 15 mL conical tubes.

18. Screw-cap 2 mL tubes.

19. Nonstick 1.5 mL RNase-free tubes.

20. Automated cell counter.

2.3 Counting

Bud Scars

1. 4% formaldehyde in PBS.

2. Calcofluor (fluorescent brightener 28).

3. Fluorescent mounting medium.

4. Glass slides with coverslips.

5. Fluorescence microscope with DAPI emission filter.

2.4 Preparation of

Yeast Lysate

1. Lysis buffer: 20 mM Tris–HCl pH 8.0, 140 mM KCl, 5 mM
MgCl2, 100 μg/mL cycloheximide, 0.5 mM DTT, 1% Triton
X-100.

2. Liquid nitrogen.

3. 50 mL conical tubes.

4. Screw-cap 2 mL tubes.

5. Nonstick 1.5 mL RNase-free tubes.
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6. BioSpec cryomill.

7. Chrome-steel beads, 3.2 mm.

8. Stainless steel microvials, 1.8 mL.

9. Spectrophotometer.

2.5 Footprint

Extraction

1. Ultracentrifuge with SW-41 Ti rotor.

2. Thin-wall polyallomer tubes, 13.2 mL.

3. Gradient buffer: 20 mM Tris–HCl pH 8.0, 140 mM KCl,
5 mM MgCl2, 100 μg/mL cycloheximide, 0.5 mM DTT.

4. 10% sucrose: prepare 10% sucrose solution in gradient buffer
just before use.

5. 50% sucrose: prepare 50% sucrose solution in gradient buffer
just before use.

6. Chase solution: 20mMTris–HCl pH 8.0, 140mMKCl, 5 mM
MgCl2, 60% sucrose.

7. BioComp Gradient Master.

8. RNase I, 100 U/μL.
9. Head-over-heels rotator.

10. Gradient fractionation system including tube piercer stand.

11. UV monitor.

12. Syringe pump.

13. 0.5 mL centrifugal filters (100 kDa MWCO).

14. Release buffer: 20 mMTris–HCl pH 7.0, 2 mMEDTA, 40 U/
mL Superase-In.

2.6 Footprint

Fragment Purification

1. 20% SDS.

2. Acid-phenol/chloroform, pH 4.5 (with IAA, 125:24:1).

3. Nonstick 1.5 mL RNase-free tubes.

4. 3 M NaOAc, pH 5.5.

5. 10 mg/mL glycogen.

6. Ethanol.

2.7 Poly(A) mRNA

Extraction

1. 20% SDS.

2. Acid-phenol/chloroform, pH 4.5 (with IAA, 125:24:1).

3. Nonstick 1.5 mL RNase-free tubes.

4. 3 M NaOAc, pH 5.5.

5. 10 mg/mL glycogen.

6. Ethanol.

7. Dynabeads Oligo (dT)25.

8. DynaMag magnet.
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9. Binding buffer: 100 mM Tris–HCl pH 7.5, 500 mM LiCl,
10 mM EDTA, 1% LiDS, 5 mM DTT.

10. Washing buffer A: 10 mM Tris–HCl pH 7.5, 150 mM LiCl,
1 mM EDTA, 0.1% LiDS.

11. Washing buffer B: 10 mM Tris–HCl pH 7.5, 150 mM LiCl,
1 mM EDTA.

12. 10 mM Tris–HCl pH 8.0.

13. 10� RNA fragmentation buffer: 100 mM ZnCl2, 100 mM
Tris–HCl pH 7.0.

14. RNase-free water.

2.8 Dephosp-

horylation

1. T4 polynucleotide kinase (PNK), 10,000 U/mL.

2. Superase-In RNase inhibitor, 20 U/μL.
3. 10� TBE buffer: 1 M Tris–HCl pH 8.3, 0.9 M boric acid, and

0.01 M EDTA.

4. 2� TBE-urea sample buffer.

5. 15% polyacrylamide TBE-urea gels.

6. SYBR Gold nucleic acid gel stain.

7. Blue light transilluminator.

8. RNase-free disposable pellet pestles.

9. Nonstick 1.5 mL RNase-free tubes.

10. RNA elution buffer: 20 mM Tris–HCl, pH 7.0,
2.0 mM EDTA.

11. 3 M NaOAc, pH 5.5.

12. 10 mg/mL glycogen.

13. Ethanol.

2.9 30-Adapter
Ligation

1. T4 RNA ligase 2 truncated KQ, 200,000 U/mL.

2. 100 ng/μL preadenylated 30-adapter /5rApp/AGATCGGAA
GAGCACACGTCT/3ddC/.

3. 50 deadenylase, 10 U/μL.
4. Rec J exonuclease, 10 U/μL.

2.10 Reverse

Transcription

1. Superscript III reverse transcriptase, 200 U/μL.
2. 10 mM deoxynucleotide solution mix (dNTPs).

3. 8 μM reverse transcription (RT) primer
5'-pGATCGTCGGACTGTAGAACTCTGAACGTGTAGAT

CTCGGTGGTCGCCGTATCATT/iSP18/GTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT-30.

4. 2 M NaOH.

5. 2 M HCl.
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6. RNase-free water.

7. 3 M NaOAc, pH 5.5.

8. 10 mg/mL glycogen.

9. Ethanol.

10. 10� TBE buffer: 1 M Tris–HCl pH 8.3, 0.9 M boric acid, and
0.01 M EDTA.

11. 2� TBE-urea sample buffer.

12. 10% polyacrylamide TBE-urea gels.

13. SYBR Gold nucleic acid gel stain.

14. Blue light transilluminator.

15. RNase-free disposable pellet pestles.

16. Nonstick 1.5 mL RNase-free tubes.

17. 20 mM Tris–HCl pH 7.0.

2.11 Circularization

and PCR Library

Amplification

1. RNase-free water.

2. CircLigase II single-stranded DNA (ssDNA) ligase, 100 U/μL.
3. 20 μM forward PCR primer

5'-AATGATACGGCGACCACCGAGATCTACACGTTCAG
AGTTCTACAGTCCGACG-30.

4. 20 μM indexed reverse PCR primers (the index specific for each
primer is underlined)
Index primer 1

CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 2

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 3

CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 4

CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 5

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 6

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 7
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CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 8

CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 9

CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 10

CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 11

CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

Index primer 12

CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCT.

5. Phusion high-fidelity DNA polymerase, 2,000 units/mL.

6. 10 mM dNTPs.

7. 5� DNA loading dye.

8. 10� TBE buffer: 1 M Tris–HCl pH 8.3, 0.9 M boric acid, and
0.01 M EDTA.

9. Non-denaturing 8% polyacrylamide TBE gels.

10. SYBR Gold nucleic acid gel stain.

11. Blue light transilluminator.

12. RNase-free disposable pellet pestles.

13. Nonstick 1.5 mL RNase-free tubes.

14. 10 bp DNA ladder, 1 μg/μL.

3 Methods

3.1 Preparation of

Worm Lysate

1. Culture 2,000–4,000 synchronized worms on lawns of E. coli
OP50 on each NGM agar plate (3–5 plates) at 20 �C to young
adulthood (24 h after L4).

2. Harvest worms by washing the plates with 2 mL M9 buffer.

3. Transfer the mixture into 1.5 mL tubes. Wait for 10 min to
allow young adult worms to settle down at the bottom of the
tube. Remove the supernatant containing eggs and bacteria.

4. Resuspend the worms by adding 1 mLM9 buffer to each tube.
Wait for 10 min to allow young adult worms to settle down at
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the bottom of the tube, and remove the supernatant. Repeat
the wash two more times.

5. Transfer washed worms into new 1.5 mL tubes (~500 μLworm
pellet/tube). Remove the supernatant and resuspend in 1 mL
lysis buffer. Slowly dispense the mixture into the 50 mL tube
with liquid nitrogen. Transfer the flash-frozen droplets into
2 mL screw-cap tubes and store them at �80 �C.

6. Pre-chill a 1.8 mL stainless steel tube with three chrome-steel
beads in liquid nitrogen. Add 0.35–0.4 g frozen worm pellets,
and cover with a silicone rubber cap.

7. Homogenize frozen worm pellets by cryogrinding for 10 s at
4,200 rpm, and immediately chill the tube in liquid nitrogen.
Repeat ten times.

8. Add 1 mL of lysis buffer, and mix well by pipetting. Transfer
into a new 1.5 mL tube.

9. Remove debris by centrifugation at 20,000 � g for 5 min at
4 �C, and transfer the supernatant into a new 1.5 mL tube.

10. Determine OD260 and dilute the worm lysate to 50 OD260

units/mL with lysis buffer. Transfer 50 μL aliquots of the
worm lysate into new tubes (2.5 OD260 units/tube). Flash
freeze in liquid nitrogen, and store at �80 �C. Prepare a large
batch that can be used for multiple experiments.

3.2 Isolation of

Replicatively Aged

Yeast Cells

1. Starting from a single colony, grow the MEP strain in 5 mL of
YPD supplemented with 100 μg/mL Nat and 300 μg/mL
hygromycin B (to maintain selection) at 30 �C overnight.

2. Measure the OD600 and dilute the overnight culture to
OD600 ~ 0.2 in 40 mL YPD supplemented with 100 μg/mL
Nat and 300 μg/mL hygromycin B. Divide the diluted culture
equally into two 50 mL conical tubes.

3. Culture cells at 30 �C with shaking until OD600 reaches 0.6
(log phase).

4. Harvest cells in 50 mL tubes in a refrigerated centrifuge at
3,000 � g, 4 �C for 3 min.

5. Wash cells two times in 10 mL of sterile PBS.

6. Resuspend cells in 1 mL PBS.

7. Dilute 1 μL of the cell suspension to 50 μL by adding 49 μL of
H2O (50-fold dilution). Determine the cell density using an
automated cell counter or a hemocytometer.

8. Transfer 3 � 108 cells to a new 1.5 mL tube for labeling with
biotin, centrifuge at 2,000� g, 4 �C for 3 min, and remove the
supernatant.

9. Warm-up EZ-Link Biotin to room temperature before open-
ing. Prepare 10 mg/mL EZ-Link Biotin stock solution in PBS
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and add 300 μL to cells from the previous step (100 μL per
1 � 108 cells).

10. Rotate the tube for 30 min at room temperature.

11. Wash biotin-labeled cells two times in 1 mL 0.1 M glycine-PBS
to quench and remove free biotin.

12. Centrifuge the sample at 2,000 rpm (400� g) at 4 �C for 2min
(see Note 1).

13. Resuspend the cells in 1 mL PBS and divide them into two
1.5 mL tubes (1.5 � 108 cells/tube). Keep on ice until
inoculation.

14. Inoculate 1.5 � 108 labeled cells into 20 mL of cold YPD
media containing 1 μM 17β-estradiol and grow at 30 �C for
2 h. These cells will be used to isolate the young cells’ sample
(YNG) (Fig. 1; see Note 2).

15. For isolation of old cells, inoculate 1.5� 108 labeled cells from
step 13 to 700 mL of cold YPD media and add 17β-estradiol
to 1 μM final concentration to induce the MEP. Grow cells at
30 �C for 20 h, then add 300 mL of fresh YPD media contain-
ing 1 μM 17β-estradiol, and continue growing at 30 �C for an
additional 10 h (30-h total incubation time). These cells will be
used to isolate the old cells’ sample (OLD) (Fig. 1; seeNote 3).

16. After the incubation is completed, harvest cells by centrifuga-
tion in 50 mL tubes in a refrigerated centrifuge at 3,000 � g,
4 �C for 3 min. Remove the supernatant.

17. Wash cells twice in 30 mL of cold PBS. Resuspend washed cells
in 1 mL (YNG) or 10mL (OLD) of PBS + BE, and transfer to a
1.5 mL tube (YNG) or a 15 mL conical tube (OLD), respec-
tively (see Note 4).

18. Resuspend Dynabeads Biotin Binder before use. Transfer
300 μL of Dynabeads Biotin Binder (1.2 � 108 beads) into a
1.5 mL tube for YNG cells and 1 mL (4� 108 beads) for OLD
cells. Remove the buffer by placing on the magnet for 30 s and
discard the supernatant.

19. Wash Dynabeads Biotin Binder in each tube two times in 1 mL
PBS + BE buffer.

20. Add an aliquot of Dynabeads Biotin Binder to YNG and OLD
cells from step 16 and incubate at 4 �C for 1 h with rotation.

21. Place the tube with YNG cells on the magnet for 30 s, and
carefully remove the supernatant without disturbing the
beads/labeled cells attached to the magnet. Proceed to wash-
ing the beads (step 22). For OLD cells, transfer a 1.5 mL
aliquot of cell suspension into a 1.5 mL tube. Place the tube
on the magnet for 2 min and slowly remove unlabeled cells
without disturbing the beads/old cells attached to the magnet.
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Add another aliquot of cells to the tube. Repeat this process
several times until all OLD cell suspension is processed.

22. Wash the beads in each tube three times with 1 mL of cold
PBS. Transfer the beads/labeled cells into an RNase-free
1.5 mL tube.

23. Repeat step 22 two more times.

24. Resuspend the cells in 1 mL YPD. Incubate the cells with
shacking at 30 �C for 30 min to recover.

25. Dilute 1 μL of cells to 10 μL by adding 9 μL of H2O (tenfold
dilution). Determine the cell density using an automated cell
counter or a hemocytometer. Calculate the yield obtained after
cell sorting. For both YNG and OLD samples, save 10 μL of
cells for counting bud scars (see Note 5).

26. Centrifuge cells 3,000 rpm (800 � g) for 3 min. Remove the
supernatant. Resuspend cells in 150 μL of resuspension buffer,
and slowly dispense the mixture into the 50 mL tube with
liquid nitrogen. Transfer the flash-frozen droplets into 2 mL
screw-cap tubes and store at �80 �C.

3.3 Counting

Bud Scars

1. For counting bud scars, mix 10 μL of cells with 1 mL of 4%
formaldehyde (in PBS), and rotate for 10 min at room
temperature.

2. Centrifuge at 3,000 rpm (800 � g) for 3 min and remove the
supernatant.

3. Wash cells twice with 1 mL PBS. Resuspend cells in 400 μL
PBS containing 1 mg/mL calcofluor. Prepare 1 mg/mL calco-
fluor solution in PBS from 10 mg/mL stock just prior to use.
Incubate cells for 15 min in the dark at room temperature.

4. Wash cells once with 1 mL PBS. Centrifuge at 3,000 rpm
(800 � g) for 3 min and resuspend in 20 μL H2O.

5. Mix 5 μL of cells with 5 μL of fluorescent mounting media,
place on a glass slide, and cover with a coverslip. Image the
stained bud scars on a fluorescence microscope using a DAPI
emission filter. If cell sorting is successful, OLD cells should
contain on average ~ 11–13 more bud scars per cell compared
to YNG cells (Fig. 1).

3.4 Preparation of

Yeast Lysate

1. Prepare several tubes containing flash-frozen droplets of lysis
buffer (250 μL per tube) by slowly dispensing the buffer into
the 50 mL tube with liquid nitrogen. Transfer the flash-frozen
droplets into 2 mL screw-cap tubes and store them at �80 �C
until cryogrinding.

2. Pre-chill a 1.8 mL stainless steel tube with three chrome-steel
beads in liquid nitrogen. Add frozen yeast pellets (see Subhead-
ing 3.2, step 26) (see Note 6).
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3. To the same tube, add 250 μL of flash-frozen lysis buffer
droplets, and cover with a silicone rubber cap.

4. Homogenize yeast cells by cryogrinding for 10 s at 4,200 rpm,
and immediately chill the tube in liquid nitrogen. Repeat ten
times.

5. Add 500 μL of lysis buffer, and mix well by pipetting. Transfer
into an RNase-free 1.5 mL tube.

6. Remove debris by centrifugation at 20,000 � g for 5 min at
4 �C, and transfer the supernatant into a new 1.5 mL tube.

7. Determine OD260 of the yeast lysate. Calculate the amount of
the worm lysate spike-in control (see Subheading 3.1, step 10)
required for each sample. Add 1 A260 unit of the worm lysate
per 100 A260 units of each yeast lysate (to a final concentration
1%) for normalization (see Note 7).

8. Divide the lysate equally into two aliquots that will be used for
the preparation of “footprint” and “mRNA” libraries. Flash
freeze in liquid nitrogen, and store at �80 �C. The lysates can
be stored at �80 �C indefinitely.

3.5 Footprint

Extraction

1. Pre-chill the SW-41 Ti rotor with buckets to 4 �C.

2. Prepare linear sucrose gradients (10–50% sucrose) in gradient
buffer in 13.2 mL thin-wall polyallomer tubes using BioComp
Gradient Master following the manufacturer’s instructions (see
Note 8). Keep the gradients at 4 �C until use.

3. Thaw an aliquot of yeast lysate (“footprint” sample) on ice.
Calculate the amount of RNase I (100 U/μL) needed for
digestion for each sample. Add 20 U of RNase I per each
A260 unit of yeast lysate and incubate for 1 h at room tempera-
ture with gentle rotation on a head-over-heels rotator.

4. Centrifuge lysate at 20,000 � g for 5 min at 4 �C to remove
debris. Transfer the supernatant into an RNase-free 1.5 mL
tube and put on ice.

5. Load lysate on top of a 10–50% sucrose gradient.

6. Centrifuge the gradients at 35,000 rpm (151,000 � g) at 4 �C
for 3 h using the ultracentrifuge with the SW-41 Ti rotor (see
Note 9).

7. Turn on the gradient fractionation system andUVmonitor. Set
the range on UV monitor to 2.0 for maximum detection limit.

8. Carefully transfer the tube with the sucrose gradient into the
piercer stand. Fill the syringe with Chase Solution and connect
it to the piercer stand tubing.

9. Pierce the tube and start pumping the Chase Solution at 1 mL/
min using the syringe pump. By monitoring UV absorbance at
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254 nm, collect fractions corresponding to the monosome
peak (Fig. 2), and put on ice.

10. Repeat fractionation for the rest of the samples (see Note 10).

11. Concentrate the monosome fractions using 0.5 mL centrifugal
filters (100 kDa MWCO). For this, load the monosome frac-
tions into the centrifugal filters, and centrifuge at 12,000 � g
for 10 min at 4 �C. Discard the flow-through, and repeat until
the volume reaches 100 μL.

12. Add 400 μL of release buffer. Pipette up and down to mix and
incubate 10 min on ice. Transfer the filter unit into an RNase-
free 1.5 mL collection tube.

13. Centrifuge at 12,000 � g for 10 min at 4 �C. Do not discard
the flow-through.

3.6 Footprint

Fragment Purification

1. Collect the flow-through (400 μL) containing footprint RNA
fragments and transfer to an RNase-free 1.5 mL tube. Add
20 μL of 20% SDS (1% final concentration), and pipette up
and down to mix.

2. Add 400 μL of acid-phenol/chloroform and vortex for 10 s (see
Note 11).

3. Heat tubes at 65 �C for 5 min, and put on ice for 1 min.
Centrifuge at 12,000 � g for 5 min at 4 �C, and transfer the
aqueous layer (~350 μL) to an RNase-free 1.5 mL tube.

Fig. 2 Sucrose gradient fractionation of the yeast lysates prepared from varying quantities of cells. Cell lysates
containing the indicated number of A260 units (a) or varying numbers of cells (b) were digested with RNase I
and fractionated using 10–50% sucrose gradients. In our experience, we were able to collect the monosome
peak and successfully prepare Ribo-Seq libraries from as low as 50 � 106 cells
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4. Add 35 μL of 3 M NaOAc, 3.5 μL of glycogen, and 2.5
volumes of 100% ethanol. Incubate at �20 �C for at least 1 h
to precipitate RNA.

3.7 Poly(A) mRNA

Extraction and mRNA

Fragmentation

1. Thaw an aliquot of cell lysate (“mRNA” sample) on ice, and
add 20 mM Tris–HCl pH 7.0 to bring the volume to 500 μL.
Add 25 μL of 20% SDS (1% final concentration), and pipette up
and down to mix.

2. Heat tubes at 65 �C briefly to dissolve SDS. Add 1 volume of
acid-phenol/chloroform, and vortex for 10 s (see Note 11).

3. Heat tubes at 65 �C for 5 min, and put on ice for 1 min.
Centrifuge at 12,000 � g for 5 min at 4 �C, and transfer the
aqueous layer (~400 μL) to an RNase-free 1.5 mL tube.

4. Repeat phenol extraction. Add 1 volume of acid-phenol/
chloroform, and vortex for 10 s. Heat tubes at 65 �C for
5 min, and put on ice for 1 min. Centrifuge at 12,000 � g for
5 min at 4 �C, and transfer the aqueous layer (~350 μL) to an
RNase-free 1.5 mL tube.

5. Add 35 μL of 3 M NaOAc, 3.5 μL of glycogen, and 2.5
volumes of 100% ethanol. Incubate at �20 �C for at least 1 h
to precipitate RNA.

6. Centrifuge the samples at 20,000 � g for 30 min at 4 �C to
pellet the RNA, and remove the supernatant. Centrifuge at
20,000 � g for 30 s, remove the rest of the supernatant with
a gel-loading tip, and air-dry the pellet for 5 min.

7. Dissolve the pellet in 300 μL of binding buffer, and pipette up
and down to mix.

8. Resuspend Dynabeads Oligo(dT)25 before use. Transfer
250 μL of beads to an RNase-free 1.5 mL tube and place the
tube on a magnet. Wait for 30 s and remove the supernatant.

9. Take the tube out of the magnet and wash beads with 250 μL of
fresh binding buffer. Remove the binding buffer by placing the
tube on the magnet, wait for 30 s, and remove the supernatant.

10. Add 300 μL of the RNA sample (step 7), and mix by pipetting.
Incubate for 5 min at room temperature with continuous mix-
ing on a head-over-heels rotator.

11. Place the tube on the magnet, wait for 2 min, and remove the
supernatant.

12. Wash beads twice with 600 μL of washing buffer A at room
temperature. Place the tube on the magnet to separate beads
from the supernatant between each wash.

13. Wash beads twice with 300 μL of washing buffer B at room
temperature. Place the tube on the magnet to separate beads
from the supernatant between each wash.
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14. Remove the washing buffer. Add 20 μL of 10 mM Tris–HCl
pH 8.0 and incubate at 65 �C for 2 min. Place the tube on the
magnet, transfer the supernatant containing mRNA to a new
1.5 mL tube, and put on ice. Do not discard the beads.

15. Wash beads twice with 300 μL of washing buffer B.

16. Dilute the mRNA with four volumes of the binding buffer
(e.g., if mRNA is eluted in 20 μL, add 80 μL of the binding
buffer).

17. Place the tube on the magnet, wait for 2 min, and remove the
supernatant.

18. Add the diluted mRNA and incubate with continuous mixing
on a head-over-heels rotator for 5 min.

19. Repeat steps 11–13.

20. Remove the washing buffer. Add 20 μL of 10 mM Tris–HCl
pH 8.0 and incubate at 65 �C for 2 minutes. Immediately place
the tube on the magnet, and transfer the supernatant contain-
ing the mRNA to a new RNase-free tube.

21. Add 20 μL of RNase-free water, 4 μL of 3 M NaOAc, 1 μL of
glycogen, and 2.5 volumes of 100% ethanol. Incubate at
�20 �C for at least 1 h to precipitate RNA.

22. Centrifuge the samples at 20,000 � g for 30 min at 4 �C to
pellet the RNA, and remove the supernatant. Centrifuge at
20,000 � g for 30 s, remove the rest of the supernatant with
a gel-loading tip, and air-dry the pellet for 5 min.

23. Resuspend mRNA in 18 μL of RNase-free water. Add 2 μL of
10� RNA fragmentation buffer, incubate at 94 �C for 5 min,
and put on ice.

24. Add 20 μL of RNase-free water, 4 μL of 3 M NaOAc, 1 μL of
glycogen, and 2.5 volumes of 100% ethanol. Incubate at
�20 �C for at least 1 h to precipitate RNA.

3.8 Dephosphory-

lation

1. Centrifuge “footprint” and fragmented “mRNA” samples at
20,000 � g for 30 min at 4 �C, and remove the supernatant.
Centrifuge at 20,000 � g for 30 s, remove the rest of the
supernatant with a gel-loading tip, and air-dry the pellet for
5 min.

2. Resuspend the pellet in 7.75 μL of RNase-free water. Add 1 μL
of 10� T4 PNK buffer, 1 μL of T4 PNK, and 0.25 μL of
Superase-In. Pipette up and down to mix and incubate at
37 �C for 1 h.

3. Rinse wells of the 15% TBE-urea gel from urea and pre-run the
gel at 180 V for 15 min in 1� TBE buffer.

4. Add 10 μL of 2� TBE-urea sample buffer to 10 μL of each
“footprint” and “mRNA” sample.
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5. Prepare an oligo sizing control containing 1 μL of 10 μM32 nt
RNA oligonucleotide, 1 μL of 10 μM 28 nt RNA oligonucleo-
tide, 8 μL water, and 10 μL of 2� TBE-urea sample buffer for
“footprint” samples. Prepare an oligo sizing control containing
1 μL of 10 μM 63 nt RNA oligonucleotide, 9 μL water, and
10 μL of 2� TBE-urea sample buffer for “mRNA” samples.

6. Heat the samples at 75 �C for 3 min, spin down at max speed
for 10 s, and put on ice for 1 min. Load each sample into 2 wells
of the 15% TBE-urea gel, and run the gel at 180 V for 1 h.

7. Dissolve 5 μL of SYBR Gold in 50 mL of RNase-free water.
Stain the gel with SYBRGold for 5 min, and protect from light.

8. Using a blue light transilluminator, cut the gel slices between
28 and 32 nt markers for “footprint” samples and ~50–70 nt
for “mRNA” samples with a razor blade (Fig. 3). Freeze the
polyacrylamide gel slices at �80 �C for 10 min.

9. Heat the gel slices at 70 �C for 2 min, and grind the gel using
RNase-free disposable pellet pestles. Add 300 μL of RNA
elution buffer, 1 μL Superase-In, and incubate at 37 �C for
3 h to extract RNA.

10. Centrifuge the samples at 12,000 � g for 5 min at 4 �C and
transfer the supernatant to a new 1.5 mL tube. Add 30 μL of
3 M NaOAc, 3 μL of glycogen, and 2.5 volumes of 100%
ethanol. Incubate at�20 �C for at least 1 h to precipitate RNA.

3.9 30-Adapter
Ligation

1. Centrifuge “footprint” and “mRNA” samples at 20,000 � g
for 30 min at 4 �C, and remove the supernatant. Centrifuge at
20,000 � g for 30 s, remove the rest of the supernatant with a
gel-loading tip, and air-dry the pellet for 10 min.

2. Resuspend the pellet in 4.75 μL of RNase-free water. Add 2 μL
of 50% PEG-8000, 1 μL of 10� T4 RNA ligase buffer, 1 μL of

Fig. 3 Representative footprint and fragmented mRNA size selection gels after T4 polynucleotide kinase
treatment. (a) Footprint fragments prepared from YNG and OLD yeast samples according to our protocol were
separated on 15% polyacrylamide TBU-urea gel. 28 nt and 32 nt RNA oligonucleotides are used to guide the
size of the gel slice that should be excised. (b) For fragmented mRNA samples, cut the gel slice around
50–70 nt. 63-mer RNA oligo is used as a control
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30-adapter, 0.25 μL of Superase-In, 1 μL of T4 RNA ligase, and
pipette up and down to mix. Incubate overnight at 16 �C.

3. Remove the excess of the adapter by adding 0.5 μL of
50-deadenylase and 0.5 μL of Rec J exonuclease to the ligation
reaction. Incubate at 30 �C for 30 min.

4. Add 30 μL of RNase-free water, 4 μL of 3 M NaOAc, 1 μL of
glycogen, and 2.5 volumes of 100% ethanol. Incubate at
�20 �C for at least 1 h to precipitate RNA.

3.10 Reverse

Transcription

1. Centrifuge “footprint” and “mRNA” samples at 20,000 � g
for 30 min at 4 �C, and remove the supernatant. Centrifuge at
20,000 � g for 30 s, remove the rest of the supernatant with a
gel-loading tip, and air-dry the pellet for 10 min.

2. Resuspend the pellet in 11.5 μL of RNase-free water. Add
0.5 μL of 8 μM RT primer and 1 μL of 10 mM dNTPs.
Incubate at 65 �C for 5 min, and put on ice.

3. Add 4 μL of 5� FS buffer (supplied with Superscript III reverse
transcriptase), 2 μL of 0.1 M DTT, 0.5 μL of Superase-In,
0.5 μL of Superscript III reverse transcriptase. Incubate for
30 min at 48 �C, 1 min at 65 �C, 5 min at 80 �C.

4. Hydrolyze RNA, by adding 0.8 μL of 2 M NaOH, and incu-
bate at 98 �C for 30 min. Add 0.8 μL 2MHCl to neutralize the
reaction.

5. Add 20 μL of RNase-free water, 4 μL of 3 M NaOAc, 1 μL of
glycogen, and 2.5 volumes of 100% ethanol. Incubate at
�20 �C for at least 1 h to precipitate DNA.

6. Centrifuge the samples at 20,000 � g for 30 min at 4 �C to
pellet the DNA, and remove the supernatant. Centrifuge at
20,000 � g for 30 s, remove the rest of the supernatant with a
gel-loading tip, and air-dry the pellet for 10 min.

7. Resuspend the pellet in 5 μL of RNase-free water. Add 5 μL of
2� TBE-urea sample buffer.

8. Prepare oligo sizing control containing 1 μL of 2.5 μM RT
primer, 1 μL of 2.5 μM 128 nt marker oligonucleotide, 3 μL
water, and 5 μL of 2� TBE-urea sample buffer.

9. Heat the samples at 75 �C for 3 min, spin down at max speed
for 10 s, and put on ice for 1 min.

10. Rinse wells of the 10% TBE-urea gel from urea and pre-run the
gel at 180 V for 15 min in 1� TBE buffer.

11. Load each sample into 1 well of the 10% TBE-urea gel, and run
the gel at 180 V for 50 min.

12. Dissolve 5 μL of SYBR Gold in 50 mL of RNase-free water.
Stain the gel with SYBRGold for 5 min, and protect from light.
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13. Using a blue light transilluminator, cut the gel slices around
128 nt and higher with a razor blade (Fig. 4). Freeze the
polyacrylamide gel slices at �80 �C for 10 min.

14. Heat the gel slices at 70 �C for 2 min, and grind the gel using
RNase-free disposable pellet pestles. Add 300 μL of 20 mM
Tris–HCl pH 7.0, and incubate at 37 �C for 3 h to
extract DNA.

15. Centrifuge the samples at 12,000 � g for 5 min at 4 �C and
transfer the supernatant to a new 1.5 mL tube. Add 30 μL of
3 M NaOAc, 3 μL of glycogen, and 2.5 volumes of 100%
ethanol. Incubate at �20 �C for at least 1 h to
precipitate DNA.

3.11 Circularization 1. Centrifuge the samples at 20,000 � g for 30 min at 4 �C, and
remove the supernatant. Centrifuge at 20,000 � g for 30 s,
remove the rest of the supernatant with a gel-loading tip, and
air-dry the pellet for 10 min.

2. Resuspend the pellet in 16.75 μL of RNase-free water. Add
2 μL of 10� ssDNA ligase buffer (supplied with enzyme), 1 μL
of 50 mMMnCl2, 0.25 μL of ssDNA ligase. Incubate at 60 �C
for 1 h, and immediately heat at 80 �C for 10 min to inactivate
the enzyme. Store the ssDNA ligation reaction product at
�20 �C.

3.12 PCR Library

Amplification

1. Set up PCR reactions on ice by mixing the following in a PCR
tube: 146 μL of RNase-free water, 2 μL of 20 μM forward
primer, 2 μL of 20 μM indexed reverse PCR primer, 40 μL of
5� Phusion high-fidelity DNA polymerase buffer, 4 μL of
10 mM dNTPs, 4 μL of ssDNA ligation reaction product,
and 2 μL of Phusion high-fidelity DNA polymerase. Choose
indexed reverse PCR primer specific for each sample. Pipette
50 μL of the PCR mixture into four different PCR tubes.

Fig. 4 Representative size selection gels used to isolate footprint and mRNA samples after reverse transcrip-
tion. (a) Footprint samples obtained after reverse transcription were separated on 10% polyacrylamide
TBU-urea gel. A mixture of RT primer and 128 nt marker oligonucleotide is used as a control. Cut the gel
slice around 128 nt (upper band), which corresponds to the reverse transcription product. (b) For mRNA
samples, cut just above the 128 nt marker. The size of the excised product should be around 150–170 nt
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2. Perform the PCR amplification with varying number of cycles
(6, 8, 10, 12) using the following settings:
Initial denaturation: 1 min at 98 �C.

Denaturation: 15 s at 94 �C.

Annealing: 5 s at 55 �C.

Elongation: 10 s at 65 �C.

Final extension: 2 min at 65 �C

3. To each PCR product, add 5 μL of 3 M NaOAc, 1 μL of
glycogen, and 2.5 volumes of 100% ethanol. Incubate at
�20 �C for at least 1 h to precipitate DNA.

4. Centrifuge the samples at 20,000 � g for 30 min at 4 �C to
pellet the DNA, and remove the supernatant. Centrifuge at
20,000 � g for 30 s, remove the rest of the supernatant with a
gel-loading tip, and air-dry the pellet for 10 min.

5. Resuspend the pellet in 8 μL of RNase-free water, and add 2 μL
of non-denaturing 5� DNA loading dye.

6. As a control, prepare a sample containing 0.5 μL of 10 bp DNA
ladder, 7.5 μL water, and 2 μL of non-denaturing 5� DNA
loading dye.

7. Pre-run the non-denaturing 8% TBE gel at 180 V for 15 min in
1� TBE buffer.

8. Load each sample into 1 well of the non-denaturing 8% TBE
gel, and run the gel at 180 V for 35 min.

9. Dissolve 5 μL of SYBR Gold in 50 mL of RNase-free water.
Stain the gel with SYBRGold for 5 min, and protect from light.

10. Using a blue light transilluminator, cut the gel slices around
150 bp for “footprint” samples and around 180 bp for
“mRNA” samples (Fig. 5) with a razor blade. Freeze the
polyacrylamide gel slices at �80 �C for 10 min.

11. Heat the gel slices at 70 �C for 2 min, and grind the gel using
RNase-free disposable pellet pestles. Add 300 μL of 20 mM
Tris–HCl pH 7.0, and incubate at 37 �C for 3 h to
extract DNA.

12. Centrifuge the samples at 12,000 � g for 5 min at 4 �C and
transfer the supernatant to a new 1.5 mL tube. Add 30 μL of
3 M NaOAc, 3 μL of glycogen, and 2.5 volumes of 100%
ethanol. Incubate at �20 �C for at least 1 h to
precipitate DNA.

13. Centrifuge the samples at 20,000 � g for 30 min at 4 �C, and
remove the supernatant. Centrifuge at 20,000 � g for 30 s,
remove the rest of the supernatant with a gel-loading tip, and
air-dry the pellet for 10 min.
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14. Resuspend the amplified sequencing library in 20 μL of RNase-
free water. Proceed to library quantification and high-
throughput sequencing.

3.13 Library

Quantification and

High-Throughput

Sequencing

1. The quantity and the size distribution of the amplified sequenc-
ing library can be determined using the Bioanalyzer High
Sensitivity DNA assay. The expected size is 148–152 bp for
“footprint” library and 170–190 bp for “mRNA” library [9].

2. We usually multiplex 12 samples labeled with individual bar-
codes in a single sequencing run. For multiplexing, perform
accurate quantification of the libraries using a qPCR-based
sequencing library quantification assay. Mix the libraries in
equimolar ratios to achieve 10 nM final concentration of the
pool. Store at �20 �C.

3. Sequence the pooled libraries using a single-end 50 bp run on
an Illumina platform. Detailed instructions for downstream
analysis of the Ribo-Seq data have been described previously
[17]. For normalization of the Ribo-Seq sequencing data in
young and old cells using an internal spike-in, see Note 12.

4 Notes

1. Handle biotin-labeled cells gently, and do not vortex.

2. From this step, adding antibiotics is not necessary. Extra care
and aseptic techniques should be used to avoid contamination.

Fig. 5 Representative size selection gels used to isolate PCR amplified
sequencing libraries. Following PCR amplification with varying number of
cycles, the samples were separated on non-denaturing 8% polyacrylamide
TBE gels. Select the desired number of cycles, in which the PCR products
form a single, but bright enough band. Avoid lanes with high background. Cut
the band ~150 bp for footprint libraries and 170–190 bp for mRNA libraries
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3. It is important that the OD600 of the cell culture does not
exceed 1.0. We noticed that the efficiency of the mother enrich-
ment program is decreased with time. Fresh estradiol needs to
be added after 20-h incubation.

4. Sorting of cells should be performed on ice or in a cold room.
Warming up the samples could cause the Dynabeads to lose
biotin-binding capacity.

5. We typically recover ~50% of the starting number of cells. The
population of old cells obtained after 30-h incubation on aver-
age contains ~11–13 more bud scars per cell compared to the
young population.

6. It is important to always keep the sample frozen. Chill the tube
in liquid nitrogen at least 10 s between each grinding cycle. If
necessary, combine several replicates to achieve 1 � 108 cells
per sample that will be divided equally between ribosomal
footprint and mRNA libraries. We also found that adding
flash-frozen droplets of lysis buffer to the sample makes grind-
ing more efficient.

7. The amount of spike-in required for each sample is calculated
based on OD260 values of the yeast lysates so that an equal
amount of the worm lysate spike-in control (1%) is added into
each sample proportional to the total RNA concentration.
Alternatively, the same amount of the worm lysate spike-in
could be added proportional to the cell number measurements
(see Subheading 3.2, step 25) to allow normalization on a
per-cell basis.

8. Other gradient makers or alternative methods for preparation
of sucrose gradients can be used.

9. If fewer than six samples are being analyzed, attach all buckets,
and arrange the filled tubes symmetrically in the rotor. Oppos-
ing tubes must be filled to the same level with the 10–50%
sucrose gradient.

10. Once finished, clean the gradient fractionation system with
RNase-free water. Thoroughly wash tubing and all removable
components with warm water.

11. Caution: acid-phenol/chloroform is toxic; thus, avoid contact
with skin and inhalation.

12. For normalization of the Ribo-Seq data in young and old cells
based on overall changes in protein translation, we utilize
internal controls using spike-in with worm lysates. Following
demultiplexing and trimming of the 30-adapter sequence AG
ATCGGAAGAGCACACGTCTusing Cutadapt software [18],
sequencing reads are aligned to S. cerevisiae rRNA, tRNA, and
sequences corresponding toC. elegans transcripts using Bowtie
[19]. Reads that do not align are then mapped to the
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S. cerevisiae genome, and the number of read counts per gene is
determined by HTseq-count software [20]. To normalize the
translation between the libraries, yeast RPKM (reads per kilo-
base per million mapped reads) values are adjusted using a
global linear scaling factor calculated by linear regression of
worm spike-in RPKM values between the libraries [21, 22].
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Chapter 7

Tissue-Specific Ribosome Profiling in Drosophila

Xun Chen and Dion Dickman

Abstract

Robust mechanisms exist that serve to dynamically regulate the translation of mRNA into proteins across
heterogeneous tissues. These processes ensure timely generation of proteins in quantities that scale with the
demands of specific cell types. Importantly, this translational regulation occurs with spatiotemporal preci-
sion and is capable of recalibration as conditions change. Aberrant regulation of translation contributes to
and exacerbates a wide range of diseases. Although dynamic control of translation is an essential and
fundamental process shared by organisms, specific tissues and cell types can be differentially impacted by
circumstances that challenge and impair basal translation, highlighting the heterogeneous nature of
translational regulation. To understand how translation is differentially regulated during changing envir-
onments and across specific cells and tissues, methods capable of profiling translation in specific tissues and
cells are crucial. Here, we describe a method for profiling genome-wide translation in specific tissues or cell
types in Drosophila melanogaster, in which we combine ribosome affinity purification with ribosome
profiling to enable a simplified protocol for robust analysis of translation in specific tissues.

Key words Translational regulation, Ribosome profiling, Genome-wide, Next-generation sequenc-
ing, Drosophila, Tissue-specific, Muscle

1 Introduction

Translational regulation is a fundamental process necessary for all
cellular physiology. This regulation not only orchestrates essential
functions during such core programs as embryonic development
but is necessary throughout growth, maturation, and aging to
modulate even subtle aspects of cellular physiology including, for
example, synaptic function in mature neurons. Multiple mechan-
isms contribute to the regulation of mRNA translation, with mod-
ulation targeting the rates of translation initiation and elongation
[1, 2], the interactions between mRNA and mRNA-binding pro-
teins [3], and post-transcriptional modifications of mRNA [1, 4,
5]. Levels of expression of translational machinery varies across
tissues [6], suggesting differential demands on translational output
between tissues. Furthermore, abnormal translation has been
linked to a variety of diseases affecting specific tissues such as fragile
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X syndrome [7], Diamond-Blackfan anemia [8], cancer [9], and
other ribosomopathies [10–14]. These observations underscore
the high degree of heterogeneity in cellular demands and variation
in translational control among tissues.

Understanding the full complexity of translational regulation
within an organism therefore requires tools and methods that are
capable of profiling translation with tissue specificity. Here, we
describe a method for profiling translation in specific tissues in the
model organism Drosophila melanogaster. This approach leverages
the recently developed technique called ribosome profiling, which
utilizes a quantitative measurement of ribosome protected mRNA
fragments (ribosome footprints) measured with next-generation
sequencing to report translational activities [15]. The powerful
method described here incorporates ribosome affinity purification
into the workflow to enable selective isolation of ribosomes from
tissue of interest in Drosophila followed by generation of sequenc-
ing library from the ribosome footprints [16]. In this method,
ribosome affinity purification is achieved by expressing a 3xFlag
tagged ribosomal protein, RpL3-3xFlag, in specific tissues followed
by tissue lysis and pull down by anti-Flag antibody-coated magnetic
beads in the presence of RNase (Fig. 1). The ribosome footprints
are then isolated and converted into sequencing libraries for next-
generation sequencing (Fig. 1) [16]. This method does not require
ultracentrifugation or filtration-based systems to purify ribosomes,
thus alleviating the technical complexities associated with those
approaches. This method can also be adapted to perform
RNA-seq on full length mRNAs associated with ribosomes (see
Subheadings 3 and 4). Therefore, the method described here offers
new opportunities to delineate translational mechanisms in defined
tissues.

2 Materials

1. Drosophila line carrying the UAS-RpL3-3XFlag transgene,
available as stock 77,132 at Bloomington Drosophila Stock
Center.

2. Cycloheximide (100 mg/mL).

3. Protease inhibitor (EDTA-free).

4. Pellet pestles.

5. Triton X-100.

6. Protein G magnetic beads.

7. Anti-Flag antibody.

8. RNase T1 (1000 U/μL).
9. SUPERaseIn RNase Inhibitor (20 U/μL).
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10. TRIzol reagent.

11. Chloroform.

12. Linear acrylamide (5 μg/μL).
13. Nonstick, RNase-free Microfuge Tubes, 1.5 mL.

14. 2� Novex TBE-urea sample buffer.

15. 15% TBE-urea polyacrylamide gel.

16. SYBR Green II RNA gel stain.

17. Blue light transilluminator.

18. Razor blade.

19. RNAsecure reagent.

20. 20% SDS solution.

21. Spin-X centrifuge tube filters (pore size 0.22 μm).

22. rSAP (Shrimp Alkaline Phosphatase, 1 U/μL).
23. NEBNext Multiplex Small RNA Library Prep Set for Illumina.

24. 10 mM ATP solution.

25. 50 mM DTT solution.

26. T4 PNK (T4 Polynucleotide Kinase, 10 U/μL).
27. 6% polyacrylamide gel.

28. SYBR Gold nucleic acid gel stain.

Fig. 1 Workflow for tissue-specific ribosome profiling. (a) The ribosome subunit RpL3 is tagged by a 3xFlag
epitope and expressed in specific tissues using the Gal4/UAS system to enable affinity purification of
ribosomes. (b) Tissue lysates are digested by RNase T1, and ribosomes are affinity purified by antibody-
coated magnetic beads. Ribosome footprints are then isolated and converted into sequencing libraries
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29. HL-3 saline: 5 mMHEPES, pH 7.2, 70mMNaCl, 5 mMKCl,
10 mM MgCl2, 10 mM NaHCO3, 115 mM sucrose, 5 mM
trehalose.

30. Lysis buffer: 10 mM HEPES, PH 7.4, 150 mM KCl, 5 mM
MgCl2, 100 μg/mL cycloheximide, 1� protease inhibitor
(EDTA-free).

31. Wash buffer: 10 mM HEPES, PH 7.4, 150 mM KCl, 5 mM
MgCl2, 100 μg/mL cycloheximide, 0.1% Triton-X100,
0.1 U/μL SUPERaseIn RNase inhibitor.

32. Gel elution buffer: 10 mM Tris–HCl, pH 7.5, 250 mM NaCl,
1 mM EDTA.

33. 5� rSAP buffer: 20 mM Tris–HCl, pH 8.0, 250 mM NaCl,
1 mM MgCl2.

3 Methods

3.1 Sample

Collection

This method is based on expression of the 3xFlag-tagged ribosomal
protein, RpL3, under the control of Gal4-dependent upstream
activation sequence (UAS) (Fig. 1a). A Gal4 driver line expressed
in specific cells or tissues is crossed to the UAS-RpL3-3xFlag line to
enable expression of epitope-tagged ribosomes that can be purified
and processed to analyze translation in specific tissues (Fig. 1b).
Relevant tissues are collected and lysed before digestion by RNase.
The following is a protocol based on ribosome profiling of muscle
tissue from third instar Drosophila larvae [16] but can be easily
adapted to other tissues and life stages of the fly.

1. Using a Gal4 line that expresses in the tissue of interest, cross
this to the UAS-RpL3-3xFlag line, for example, the muscle
driver BG57-Gal4 (also known as C57) (see Note 1) [16].

2. Pick wandering third instar larvae, and dissect in HL-3 saline to
collect body walls that contain the muscle tissue with all inter-
nal organs removed. After dissection, immediately place tissue
in a 1.7 mL centrifuge tube and freeze on dry ice; tissue
samples can be stored at �80 �C for a month. Collect a total
of eight body walls in one tube for each sample (see Note 2).

3. Add 240 μL of lysis buffer and thoroughly grind tissues using
pellet pestles. Add 12 μL of 10% Triton X-100. Mix well then
rotate the tube at 4 �C for 30 min (see Note 3).

4. Centrifuge the lysate for 10 min at 15,000 � g at 4 �C to clear
the lysate, and then transfer supernatant to a new tube. Imme-
diately proceed to Subheading 3.2, step 1.
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3.2 Generation

of Ribosome Protected

mRNA Fragments

(Ribosome Footprints)

The tissue lysates are incubated with magnetic beads coated with
anti-Flag antibodies along with RNase T1 to simultaneously per-
form ribosome affinity purification and mRNA digestion.

1. Coat 100 μL protein G magnetic beads (see Note 4) with 4 μg
of anti-Flag antibody according to manufacturer’s instructions.
Mix cleared lysate with the beads and add 10 μL of RNase T1.
Rotate the mixture at 4 �C for 6 h (see Note 5 and Fig. 2).

2. Place the tube on a magnet (such as the DynaMag™-2 Mag-
net) for 1 min, and remove all liquid. Wash beads with 200 μL
of wash buffer by pipetting up and down 10 times, performing
a total of three washes, and then discard all liquid.

3. Extract RNA from washed beads by adding 500 μL of TRIzol
reagent, thoroughly re-suspend beads in TRIzol, and then
incubate at room temperature for 5 min. Place the tube on
the magnet, and transfer TRIzol solution to a 1.7 mL
centrifuge tube.

4. Add 0.1 mL of chloroform, and vigorously shake the tube for
30 s to thoroughly mix, and then incubate at room temperature
for 2 min.

5. Centrifuge the sample for 15 min at 12,000 � g at 4 �C.
Carefully transfer the liquid phase above to a 1.5 mL Nonstick,
RNase-free Microfuge Tube (see Note 6).

6. Add 5 μL of linear acrylamide to the liquid phase (see Note 7),
then add 250 μL of isopropanol, mix well, and incubate for
10 min at room temperature.

7. Centrifuge for 10 min at 12,000 � g at 4 �C. RNA precipitate
forms a semi-transparent pellet at the bottom of the tube.
Remove all liquid, and wash the RNA pellet with 1 mL of

Fig. 2 Optimization of RNA digestion in tissue lysates. Polyacrylamide gel
electrophoresis of RNA extracted from tissue lysates and digested by RNase
T1 at the indicated temperature and duration above. 6 h digestion at 4 �C gives
the best yield without excessive degradation of ribosomal RNA
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75% ethanol by gently inverting the tube without breaking the
precipitate; the pellet should turn white upon adding 75%
ethanol.

8. Remove all liquid (see Note 8), and air dry the pellet for 5 min
by leaving the tube open. Dissolve pellet in 7 μL nuclease-free
water (see Note 9 if conducting ribosome associated RNA
sequencing).

9. Mix RNA sample above with 7 μL 2�Novex TBE-urea sample
buffer. Heat the mixture at 70 �C for 2 min, and then immedi-
ately place on ice.

10. Run the sample from above on a 15% TBE-urea polyacrylamide
gel along with DNA oligo markers for 90 min at 200 V. Stain
the gel with SYBR Green II RNA gel stain (diluted to 1�
concentration in TBE buffer) for 15 min.

11. Place the gel on a blue light transilluminator, cut the gel region
corresponding to the 30–50 nt range as indicated by oligo
markers (Fig. 2 and Note 10) with a razor blade, and place
the gel piece in a 1.7 mL centrifuge tube.

12. Add 200 μL of gel elution buffer. Grind the gel with pellet
pestle thoroughly. Add another 300 μL of gel elution buffer,
22 μL of RNAsecure reagent, and 5 μL of 20% SDS. Mix well
and then heat at 60 �C for 10 min.

13. Rotate the tube at 4 �C overnight. Transfer eluate with gel
pieces to a Spin-X centrifuge tube filter, and centrifuge for
5 min at 16,000 � g at 25 �C. Transfer the cleared eluate to a
new 1.7 mL centrifuge tube.

14. Perform RNA precipitation by adding 500 μL of isopropanol,
7 μL of linear acrylamide to the tube and mix well. Incubate at
room temperature for 30 min, and then centrifuge for 15 min
at 15,000� g at 25 �C. Wash the pellet with 75% ethanol once,
discard all liquid, and air dry the pellet for 5 min. Dissolve the
pellet in 16 μL of nuclease-free water; this is the gel purified
ribosome footprints (RFs) sample (see Note 11).

3.3 Phosphatase

Treatment and 30

Ligation for Library

Generation

The process of generating the library for RNA-seq from ribosome
footprints loosely follows a standard small RNA library generation
protocol with additional phosphatase and kinase treatments. Pur-
ified ribosome footprints contain 30 phosphate groups and 50

hydroxyl groups. They are first treated by phosphatase to remove
the 30 phosphate group and are then ligated with 30 adaptor oligos.

1. Perform phosphatase treatment of purified ribosome footprints
by combining the following in a PCR tube:
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15 μL Gel purified RFs

10 μL 5� rSAP buffer

2.5 μL rSAP

2.5 μL SUPERaseIn

20 μL Nuclease-free water

Mix and then incubate at 37 �C for 30 min.

2. Add 2 μL of RNAsecure, 0.5 μL of 500 mM EDTA to the
phosphatase treatment reaction. Mix and then heat at 65 �C for
10 min to inactivate rSAP.

3. Add 50 μL of isopropanol. Mix and incubate at room tempera-
ture for 10 min, and then centrifuge for 10 min at 15,000 � g
at 4 �C. Wash pellet with 75% ethanol, discard all liquid, and air
dry pellet for 5 min. Dissolve the pellet in 7 μL Nuclease-free
water.

4. Perform 30 adaptor ligation using the corresponding compo-
nent of NEBNext Multiplex Small RNA Library Prep Set for
Illumina and follow manufacturer’s instructions. Briefly, mix
6 μL of phosphatase treated RNA with 1 μL of 30 SR Adaptor
for Illumina. Heat the tube at 70 �C for 2 min, and then
immediately transfer to ice. Add 10 μL of 30 ligation reaction
buffer, 3 μL of 30 ligation enzyme mix to the tube. Mix and
then Incubate at 25 �C for 1 h.

3.4 Kinase

Treatment, 50 Ligation
and Reverse

Transcription

for Library Generation

After 30 adaptor ligation, the footprint RNAs are treated by T4
Polynucleotide Kinase (T4 PNK) to add a phosphate group to their
50 end followed by 50 ligation and reverse transcription.

1. Perform the kinase treatment by adding the following to the 30

ligation reaction:

2.5 μL ATP (10 mM)

1.5 μL DTT (50 mM)

0.5 μL T4 PNK

Mix and incubate at 37 �C for 30 min.

2. Perform reverse transcription primer hybridization by adding
1 μL of SR RT Primer for Illumina to the kinase treatment
reaction, and mix well. Heat the sample for 5 min at 75 �C, and
then allow the sample to slowly cool down in the thermocycler
until the temperature drops to below 35 �C.
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3. Perform 50 SR adaptor ligation using the corresponding com-
ponent of the NEBNextMultiplex Small RNA Library Prep Set
for Illumina, and follow manufacturer’s instructions. Briefly,
denature enough 50 SR Adaptor for all samples, and add the
following to the reverse transcription primer hybridization
reaction:

1 μL Denatured 50 SR adaptor for Illumina

1 μL 50 Ligation reaction buffer

2.5 μL Ligation enzyme

Mix well and then incubate at 25 �C for 1 h.

4. Perform reverse transcription using NEBNext Multiplex Small
RNA Library Prep Set for Illumina, and follow manufacturer’s
instructions. Briefly, add the following to the 50 SR adaptor
ligation reaction:

8 μL First strand synthesis reaction buffer

1 μL Murine RNase inhibitor

1 μL ProtoScript II reverse transcriptase

Mix well and then incubate at 50 �C for 1 h.
3.5 Library PCR

Amplification

and Purification

The library DNA is amplified, and index sequences are
incorporated to each sample during the PCR amplification step.
The library DNA is then purified using 6% polyacrylamide gel
electrophoresis.

1. Perform PCR amplification (15–20 cycles, see Note 12) using
NEBNext Multiplex Small RNA Library Prep Set for Illumina
and follow manufacturer’s instructions. Briefly, add the follow-
ing to the reverse transcription reaction:

50 μL LongAmp Taq 2� Master Mix

2.5 μL SR Primer for Illumina

2.5 μL Index Primer

5 μL Nuclease-free water

Mix well and then perform PCR cycling using condition:
94 �C 30 s, 15 cycles of [94 �C 15 s, 62 �C 30 s, 70 �C 15 s],
70 �C 5 min, hold at 4 �C.
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2. Perform DNA precipitation by adding the following to the
100 μL of PCR product:

3 μL linear acrylamide

10 μL NaCl (2.5 M)

100 μL Isopropanol

Mix well and then incubate at room temperature for
30 min. Centrifuge for 10 min at 15,000 � g at 4 �C. Wash
the pellet with 75% ethanol once, discard all liquid, and air dry
the pellet for 5 min. Dissolve the pellet in 10 μL nuclease-free
water.

3. Perform size selection of purified library PCR product using
the corresponding component of the NEBNext Multiplex
Small RNA Library Prep Set for Illumina and follow manufac-
turer’s instructions. Briefly, mix 10 μL PCR product with 2 μL
Gel Loading Dye, Blue. Run the sample on a 6% polyacryl-
amide gel along with 5 μL of Quick-Load pBR322 for 1 h at
120 V. Stain the gel with SYBR Gold nucleic acid gel stain
(diluted to 1� in TBE buffer) for 15 min.

4. View the gel under a transilluminator, cut the gel region
corresponding to 140–170 bp as indicated by the Quick-
Load pBR322 markers (Fig. 3), and place the gel piece in a
1.7 mL centrifuge tube.

Fig. 3 Library size selection. The sequencing library is run on a 6%
polyacrylamide gel to isolate the correct library DNA, a size targeted between
~130 and 170 base pairs (bp) is desired. The region to be excised is indicated in
the gel
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5. Add 200 μL of gel elution buffer to the tube. Grind the gel
with pellet pestle. Add another 300 μL of gel elution buffer and
5 μL of 20% SDS. Mix well and rotate the tube at 4 �C
overnight.

6. Transfer eluate with gel pieces to a centrifuge tube filter, and
centrifuge for 5 min at 16,000 � g at 25 �C. Transfer the
cleared eluate to a new 1.7 mL centrifuge tube.

7. Perform DNA precipitation by adding 500 μL of isopropanol,
5 μL of linear acrylamide to the tube and mix well. Incubate at
room temperature for 30 min, and then centrifuge for 15 min
at 15,000� g at 25 �C. Wash the pellet with 75% ethanol once,
discard all liquid, and air dry the pellet for 5 min. Dissolve the
pellet in 15 μL of nuclease-free water; this is the library sample
(see Note 13).

8. Submit the library sample for next-generation sequencing on
an Illumina platform or store at �20 �C (see Note 14).

3.6 Recommen-

dations

for Next-Generation

Sequencing and Data

Analysis

1. Single read 50–75 cycles sequencing format is recommended.
This read length is sufficient to cover the ribosome footprint
RNA, which averages 35 nt (Fig. 4).

2. Reads generated by the sequencer should first be adaptor
trimmed to remove adaptor sequences and then trimmed
based on quality score with a minimal Q score cutoff of
20, and only retain reads that are at least 20 nt.

Fig. 4 Distribution of sequence lengths of ribosome footprints. Ribosome foot-
prints verified by mapping have lengths distributed between 30 and 50 nucleo-
tides, with a peak at 33
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3. The trimmed reads should then be mapped to the Drosophila
genome to calculate the number of mapped reads per mRNA
transcript. The commercially available software CLCGenomics
Workbench (QIAGEN) can be used for reads trimming and
mapping.

4. To evaluate how well the sequencing reads represent real ribo-
some footprint versus free mRNA fragments, check the reads
coverage around the predicted stop codon of representative
genes, or use a meta-analysis of all translated genes. The reads
coverage should drop sharply from high coverage within the
coding sequence to very low coverage in the 30 untranslated
regions (UTRs) after the stop codon (Fig. 5).

5. Normalized ribosome profiling reads, typically in RPKM
(Reads Per Kilobase of transcript, per Million mapped reads),
can be used as a proxy for relative translation level.

6. If RNA-seq of total RNA was carried out in parallel, translation
efficiency can be calculated as RPKM from ribosome profiling
reads divided by RPKM from total RNA RNA-seq reads.

4 Notes

1. For a given tissue of interest, Gal4 lines that are strongly
expressed should be prioritized. Weak and/or leaky drivers
will compromise specificity as there is a low level of
non-specific binding of untagged ribosomes to magnetic
beads during purification.

2. To increase tissue specificity, remove as much of the surround-
ing tissues that are irrelevant to the analysis as possible.

3. Triton X-100 should be added after tissue grinding to avoid
excessive foam formation during this process.

Fig. 5 Ribosome profiling reads predominantly map to genomic coding regions.
Coverage of ribosome profiling reads is high in coding regions in the Drosophila
genome and drops sharply after stop codons. The 30 untranslated regions (UTRs)
have comparatively little coverage by ribosome profiling reads. In contrast,
transcriptional profiling using RNA-seq of total RNA exhibit similar levels of
coverage across 50 UTR, coding, and 30 UTR genomic regions
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4. Scale the amount of beads to the volume of tissue, with care to
avoid the use of excessive beads. This will help to reduce
non-specific ribosome binding, as the level of background
ribosome binding will be proportional to the volume of beads.

5. RNase T1 was used to minimize degradation of ribosomal
RNA. RNase T1 cleaves single-stranded RNA at G residues,
and therefore are less prone to cleave ribosomal RNA com-
pared to RNase I. In addition, digestion at 4 �C instead of
37 �C further reduces ribosomal RNA cleavage (Fig. 2). Due to
the base preference of RNase T1, ribosome footprints pro-
duced by RNase T1 digestion are slightly longer than what
was reported for footprints generated by RNase I, with an
average length of 35 nt (Fig. 4).

6. Using nonstick tubes helps the formation of more compact
pellets and reduces the likelihood of accidental sample loss.

7. Linear acrylamide acts as a co-precipitate, the inclusion of linear
acrylamide during isopropanol precipitation increases recovery
of nucleic acids.

8. It is important to remove as much liquid as possible after the
75% ethanol wash. First discard most of the wash volume using
a 1 mL pipet tip, and then briefly centrifuge the tube to
concentrate any droplet on the side of the tube to the bottom.
Then use a 10–20 μL pipet tip to discard all liquid collected at
the bottom of the tube. Use this procedure for all 75% ethanol
wash steps described in this method.

9. If performing full-length sequencing of ribosome associated
RNA, perform all previous steps with two modifications to
Subheading 3.2, step 1: first, do not add RNase T1; second,
the duration of the 4 �C incubation can be reduced to 2 h. Full-
length ribosome-associated RNA can be processed by standard
RNA-seq library generation protocols for next-generation
sequencing.

10. RNase T1 digestion produces a stereotypical pattern of bands,
with the two bands indicated by black arrow heads shown in
Fig. 2 used as internal gel excision boundary markers. Do not
include the two strong bands in the excised gel, as they are
ribosomal RNA fragments and will cause a high percentage of
ribosomal RNA reads in the sequencing result.

11. This method does not require ribosomal RNA removal due to a
reduced abundance of ribosomal RNA in the ribosome foot-
prints sample. However, if necessary, ribosomal RNA depletion
by oligos complementary to the ribosomal RNA may be
included after this step to reduce ribosomal RNA reads. With-
out the removal of ribosomal RNA, 10–20% of reads are
mRNA reads.
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12. The number of PCR cycles used should be minimized, typically
falling between 15 and 20. Using amount of input sample
detailed by this protocol, 15 PCR cycles should provide a
robust yield of library DNA.

13. An alternative protocol to generate the library starting from
purified ribosome footprints (Subheading 3.2, step 14) can
also be used [15].

14. The following is the estimated time required to complete Sub-
headings 3.1–3.5. Subheading 3.1: 3 h. Subheading 3.2:
2.5 days. Subheading 3.3: 3 h. Subheading 3.4: 4 h. Subhead-
ing 3.5: 1.5 days.
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Chapter 8

Measuring Organ-Specific Translation Elongation Rate
in Mice

Maxim V. Gerashchenko and Vadim N. Gladyshev

Abstract

Modern methods of genome editing enable the rapid generation of mouse models to study the regulation
of protein synthesis. At the same time, few options are available to study translation in rodents as the
animal’s complexity severely limits the repertoire of experimental tools. Here we describe a method to
monitor translation in mice and other small animals. The technique is based on a ribosome profiling and
specifically tailored toward measuring translation elongation. However, it can be easily applied for short
upstream reading frames discovery. The advantage of this method is the ability to study translation in fully
developed animals without extracting and subculturing cells, therefore, maintaining unperturbed physio-
logical conditions.

Key words Ribosome profiling, Translation, Elongation, Mouse, Organ, Injection, Harringtonine

1 Introduction

Due to unprecedented breakthroughs in genome editing methods
in the past decade, it is now easier than ever to study fine details of
protein synthesis in mammalian animal models. Most of our under-
standing of translation comes from unicellular organisms (bacteria
and budding yeast) and cultured mammalian cells. Modern in vitro
methods are capable of tracking real-time translation dynamics of a
single molecule and making transcriptome-wide snapshots of trans-
lation with a single nucleotide resolution by ribosome profiling [1–
3]. While it greatly advanced our understanding of molecular
mechanisms of protein synthesis, there is an ever-growing demand
for methods applicable to whole vertebrate organisms. Some con-
genital human disorders are associated with dysfunctional transla-
tion machinery, mutations introducing premature stop codons, and
hard-to-translate repetitive codons on the mRNA. Examples
include Blackfan-Diamond anemia [4] and cystic fibrosis [5]. Sev-
eral approaches to treating these diseases suggest intentionally
decreasing accuracy or the rate of protein synthesis. Slowing
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ribosome velocity partially restored folding of the mutant cystic
fibrosis transmembrane conductance regulator protein in the
mouse model [5].

To examine the effects of these therapies on translation in vivo,
we developed a technique based on the high-throughput sequenc-
ing (ribosome profiling). It relies on the consequent intravenous
delivery of two translation inhibitors – harringtonine and cyclohex-
imide. Harringtonine inhibits translation at the initiation stage of
translation whereas cycloheximide at elongation [6]. It has to be
noted that there are two initiation-specific translation inhibitors
commercially available: harringtonine and lactimidomycin
[7]. However, harringtonine is the only one available at a scale
required for injecting many mice. According to the in vitro com-
parison of these inhibitors, lactimidomycin is more specific, while
harringtonine allows some ribosomes to slip past the start codon
resulting in less sharp ribosomal footprint peaks at the start codons
[7]. The difference is not prominent enough to affect the elonga-
tion rate estimates on the time scale of experiments discussed here.

The pair of translation inhibitors was first used by Weissman lab
to measure translation rates in a culture of mouse embryonic cells
[2]. We adapted it to work in animals by injecting into the blood-
stream [8]. First, we inject harringtonine and stall newly initiating
ribosomes at the translation start sites and few amino acids down-
stream of it. Second, after a specified time interval (under 1 min),
we inject cycloheximide to freeze elongating ribosomes in place.
These interventions are done to alive sedated mice. According to
our observations, both drugs rapidly spread across all major organs
unprotected by blood-tissue barriers. After that, organs can be
collected, and translation snapshots acquired by standard ribosome
profiling. The time-dependent gap in ribosome occupancy over
mRNA is representative of the elongation rate. Depending on the
number of time points, average or gene-specific elongation rates
can be inferred.

Little is known about drug diffusion rates in different mouse
organs. Typically, the rapid rate of diffusion is not a major concern
for pharmacological studies, and it depends on the chemical struc-
ture, charge, and the ability to pass through cellular membranes. It
is reasonable to expect different drug uptake rates across organs and
even cell types based on their adjacency to capillaries and many
other factors. To avoid these issues, the elongation rates’ calcula-
tions do not include the no-drugs time point. Upon closer inspec-
tion of aggregate ribosome coverage profiles from various organs
and cell types (Fig. 1), we certainly see the difference in the width of
the gap between the no-drug profile and the earliest injection time
point. This gap reflects the time required for translation inhibitors
to permeate cells and interact with ribosomes. This organ-specific
delay applies to all time points obtained for that organ; therefore
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the ribosomal run-off distance between time points is not affected
by this delay. Consequently, the minimal number of injection time
points is 3, and the no-injection control is not strictly required.

This method is not specifically designed to search for alternative
translation initiation sites. The use of harringtonine and subsequent
ribosomal run-off leads to saturation of the proper translation start
sites, while there is a surplus of the available ribosomes that would
initiate at anything that even remotely resembles a start site.

In this chapter, we present a detailed experimental protocol for
measuring organ-specific translation elongation rates along with a
discussion of possible advantages and disadvantages.

2 Materials

2.1 Animal Injections 1. Phosphate-buffered saline (PBS).

2. Dimethyl sulfoxide (DMSO).

3. Harringtonine: 100 mg/mL solution in DMSO.

4. Cycloheximide: 20 mg/mL solution in PBS.

5. Optional: physiological saline as a replacement for PBS.

6. Low flow vaporizer for isoflurane (see Note 1).

Fig. 1 Representative time-dependent ribosome occupancy plots for the kidney and the liver. 3 time points
were tested: 15, 30, and 45 s between harringtonine and cycloheximide injections
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7. Oxygen tank.

8. Isoflurane.

9. Catheters suitable for the tail vein.

10. 0.3 mL insulin syringes.

11. Rodent anesthesia system (i.e., mouse gas dispensing mask,
tubing, heating pad, heating lamp).

12. ECG monitor to track heart beat rate.

2.2 Tissue Lysis 1. Potter-Elvehjem PTFE pestle and glass tube (3 mL).

2. Ceramic mortar and motorized pestle.

3. Liquid nitrogen.

4. Lysis buffer: 20 mM Tris–HCl pH 7.5, 50 mM KCl, 50 mM
NaCl, 5 mM MgCl2, 5 mM CaCl2, 1 mM DTT, 1% Triton,
0.1 mg/mL cycloheximide.

5. Detergents: Triton, deoxycholate, Tween-20.

2.3 Sucrose

Gradients

Fractionation

1. Polypropylene centrifuge tubes (14 � 89 mm).

2. Beckman ultracentrifuge compatible with SW41 rotor.

3. Fraction collection system (optional).

4. Tube piercing stand.

5. UV detector with 254 nm filter (separate or as a part of an
automated gradient fractionator).

6. Syringe pump.

7. BioComp Gradient Master.

8. Gradient sucrose solutions: 10% and 50% sucrose in polysome
buffer without detergents, no CaCl2, and increased MgCl2 to
10 mM.

9. Sucrose chase solution: 60% sucrose, 10 mMMgCl2, 100 mg/
mL cycloheximide.

10. 100 kDa filter units.

2.4 Footprint

Extraction and Library

Preparation

1. RNase I 100 U/μL.
2. RNase S7 10 mg/mL. RNase S7 is shipped as lyophilized

powder, prepare a 10 mg/mL stock solution in 10 mM Tris–
HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 50% glycerol.

3. RNase T1 1000 U/μL.
4. T4 RNA ligase 2 truncated 200 U/μL.
5. 50 Deadenylase 50 U/μL.
6. Lambda nuclease 5 U/μL.
7. SuperScript III 200 U/μL.
8. 0.5 M Ethylene glycol-bis(β-aminoethyl ether)-N,N,N0,

N0-tetraacetic acid (EGTA) solution.
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9. EDTA-free protease inhibitors cocktail.

10. Superase-In RNase inhibitor.

11. Trizol LS reagent.

12. Direct-zol RNA purification kit.

13. 0.22 μm cellulose acetate centrifuge filter.

14. Phusion DNA polymerase.

15. Blue pestles that fit 1.5 mL microtube.

16. 10% and 15% denaturing polyacrylamide TBE-urea gels.

17. 10� TBE running buffer.

18. TBE-urea sample buffer.

19. SYBR Gold.

20. Glycogen (5 mg/mL).

21. 100% ethanol.

22. RNA gel elution buffer: 10 mM Tris–HCl pH 7.0, 1/10
volume of 3 M sodium acetate pH 5.5, 2 mM EDTA, 1 μL of
Superase-In per 1 mL.

23. Blue light transillumination box.

2.5 Adapter and PCR

Primer Sequences

1. Preadenylated ligation adapter.
50-/5rApp/AGATCGGAAGAGCACACGTCT-30.

2. Reverse transcription oligonucleotide.
50-pGATCGTCGGACTGTAGAACTCTGAACGTGTAG

ATCTCGGTGGTCGCCGTATCATT/iSP18/GTGACTGG
AGTTCAGACGTGTGCTCTTCCGATCT-30.

3. Forward PCR primer.
50-AATGATACGGCGACCACCGAGATCTACACGTTC

AGAGTTCTACAGTCCGACG-30.

4. Barcoded reverse PCR primer.
50-CAAGCAGAAGACGGCATACGAGAT/barcode/GT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT-30.

3 Methods

3.1 Animal Injections Here, we use 3-month-old C57BL mice as an example. We have
successfully tried this procedure on 20-month-old mice and even
different species such as the naked mole-rat. To measure the aver-
age elongation rate, at least 3 time points are required. A single
mouse provides one time point; however, many organs can be
collected. All animal experiments followed the guidelines of the
Institutional Animal Care and Use Committee (IACUC) at Brig-
ham and Women’s Hospital, Harvard Medical School.
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1. Sedate a mouse by placing it in a tightly closed container
connected to the isoflurane vaporizer. Use 1% isoflurane
mixed with oxygen as a sedative.

2. When the animal falls asleep, transfer it to a heated pad and put
an isoflurane dispensing mask over the head to keep it sedated.

3. Connect ECG electrodes to monitor heartbeat rate. This is
only required during the first few trials to make sure the mice
used in the experiment tolerate injections with no loss in the
beat rate (Fig. 2).

4. Prepare 0.3 mL insulin syringe with translation inhibitors. We
recommend using 200 μL of harringtonine (5 mg/mL) and
100 μL of cycloheximide (20 mg/mL) in PBS (see Note 2).

5. Warm up the tail with a heating lamp for a minute to dilate tail
veins.

6. If only a single translation inhibitor has to be delivered, use a
0.3 mL insulin syringe to deliver it via tail vein injection in
100–200 μL volume. For time series, two inhibitors must be
used within a short time interval. We recommend either using a
single tail vein catheter with a fork split that allows connecting
two syringes or two separate catheters each connected to its
own syringe since a mouse has two lateral tail veins. Make sure
there are no left-over air bubbles in syringes (Fig. 2).

Fig. 2 Schematic of mouse injection setup
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7. After catheters are inserted into tail veins and syringes are
attached, make sure you have an open container with liquid
nitrogen, timer, and surgical instruments easily accessible. This
step is better done by two people. One performs injections in a
timely manner and later transfers organ pieces to microtubes,
and another removes organs.

8. First, inject harringtonine in 3–4 s. Start the timer simulta-
neously with the injection. Wait a specified time and proceed
with injecting cycloheximide. We recommend selecting time
points ranging from 10 to 60 s. According to our experience
with over 100 mice, time points obtained within this time
interval nicely follow a linear dependence between time and
the ribosome run-off distance (see Note 3).

9. Wait 2 min after injecting cycloheximide. Make sure the heart is
still beating normally. Sacrifice the mouse by cervical disloca-
tion. Cut open the abdomen and a rib cage with sharp surgical
scissors and harvest organs. At this point, cells are infused with
cycloheximide so as much time can be taken as needed with no
negative effects on a ribosome occupancy pattern. Cut col-
lected organs in ~20 mg pieces and put them in microtubes
and freeze in liquid nitrogen. Store at �80 �C.

3.2 Tissue Lysis Preparing high-quality ribosomes from animal tissues is more chal-
lenging than from cultured cells. Tissues contain high amounts of
the extracellular matrix, collagen, and lipids. Therefore, different
organs require individual lysis conditions. In the protocol below,
we focus on three organs, liver, kidney, and skeletal muscle, and
describe several organ-specific lysis techniques.

1. Prepare fresh lysis buffers. Common components of every
buffer include 20 mM Tris–HCl pH 7.5, 50 mM KCl,
50 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, 1 mM DTT,
0.1 mg/mL cycloheximide, and protease inhibitors. The dif-
ference is in detergents used to lyse cells and solubilize lipids.
We use 1% Triton X-100 for the liver and the kidney, 1%
Tween-20 together with 0.25% deoxycholate for skeletal mus-
cle, heart, brain, and testes (see Note 4).

2. Take frozen tissues from the�80 �C storage. Keep them on dry
ice or liquid nitrogen. Soft tissues (liver and kidney) can be
directly homogenized and lysed in a Potter-Elvehjem homoge-
nizer filled with 1.3 mL of lysis buffer. We recommend using no
more than 20 mg of the liver and no more than 40 mg of
kidney for ribosome purification. Skeletal muscle requires
mechanical grinding under liquid nitrogen. We had a lot of
success with CryoGrinder kit which comes as a set of tall
narrow ceramic mortars and pestles attachable to a handheld
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motor. After 100–200 mg of skeletal muscle are grounded to
fine powder, transfer it to a Potter-Elvehjem homogenizer and
proceed with lysis.

3. Transfer the lysate to a new microtube and spin down in a
table-top centrifuge for 2 min. Transfer cleared supernatant in
a new microtube. Dilute with lysis buffer if needed to reach
1 mL volume. It is not necessary to normalize ribosome
amounts for preparative purposes. However, normalization
can be done to simplify the comparison between sucrose gradi-
ent profiles. The easiest and the least accurate is normalizing
based on 254 or 280 nm absorption units. The accuracy is
unacceptable if the ribosome content is low due to the fact
that Triton X-100 also absorbs in the UV spectrum. Better
approaches include specialized chemistry such as Qubit stain-
ing kits for nucleic acids and proteins.

3.3 Sucrose Gradient

Fractionation

Ribosome quality is critical for downstream sequencing. In this
protocol, we use a combination of RNase T1 and RNse S7 to
achieve the complete digestion of polysomes while avoiding over
digestion of monosomes. Other ribonucleases, such as RNase I, can
also be used but require more fine-tuning for different organs and
tissues.

1. Add 4 μL of RNase T1 and 1 μL RNase S7. Incubate 1 h at
room temperature with gentle rotation.

2. Meanwhile, prepare sucrose gradients in Gradient Master fol-
lowing manufacturer’s instructions.

3. Optional: add EGTA (5 mM final concentration) to inactivate
RNase S7.

4. Spin down lysates in a table-top centrifuge for 1 min at max
speed and transfer the supernatant in a new microtube.

5. Carefully overlay 1 mL from each sample lysate on top of the
sucrose gradients. Perform ultracentrifugation in SW41 rotor
for 3 h at 35,000 rpm (average RCF 151,263 � g).

6. Plug the sample tube in a tube piercing device connected to UV
detector. Pump 60% sucrose solution through the tube at
1 mL/min rate. Heavy sucrose solution will displace the
sucrose gradient upward making it flow through UV detector.
Collect the peak with monosomes to a clean microtube
(1.5–2 mL).

7. Concentrate the monosome fraction with 100 kDa centrifugal
filters until the final volume reaches 100 μL.

8. Add 3 volumes of Trizol LS and proceed by following the
manual of the Direct-zol RNA purification kit. Store eluted
RNA at �80 �C.

9. See Note 5 for quality control instructions.
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3.4 Footprint

Extraction and Library

Preparation

Ribosome profiling has a variety of ways to make a sequencing
library. Here we use the adapter ligation followed by
circularization.

1. Load up to 15 μg of RNA in a single well of 15% polyacryl-
amide TBE-Urea gel. Leave one empty well between samples
to minimize cross-contamination. Use RNA oligonucleotides
(25–32 nt) as markers. Run electrophoresis for 65 min at
180 V. Cut the band in the 25–32 nucleotides range. Elute
RNA in 300 μL elution buffer and precipitate RNA footprints
(see Note 6).

2. Set up dephosphorylation: dilute RNA in 16.75 μL with water,
add 2 μL of T4 kinase A buffer, 1 μL T4 kinase, and 0.25 μL
SuperaseIn. Incubate 30 min at 37 �C, precipitate.

3. Set up adapter ligation: 4 μL PEG8000, 1 μL ligation buffer,
1 μL adenylated adapter (100 ng/μL), 0.25 μL Superase-In,
1 μm T4 RNA ligase 2 truncated, bring the total volume to
10 μL with water. Incubate 3 h at 25 �C.

4. Remove excess of the adapter: add 1 μL of lambda nuclease and
0.5 μL deadenylase directly to the ligation mix. Incubate 1 h at
37 �C and inactivate for 10 min at 75 �C. No precipitation
required.

5. Set up reverse transcription. Add the following components
directly to the reaction mix from the previous step: 1 μL
Reverse Transcription Oligo (10 pmol/ μL), 1 μL dNTP mix
(10 mM). Incubate 5 min at 65 �C then place on ice. Add 4 μL
of reverse transcription buffer, 2 μL DTT, 0.5 μL Superase-In,
and 0.5 μL SuperScript III (all components are from the
SuperScript III reverse transcription kit). Incubate 30 min at
48 �C, 1 min at 65 �C, and 5 min at 80 �C. To hydrolyze RNA,
add 0.8 μL of 2 M NaOH and incubate 30 min at 98 �C, then
add 0.8 μL 2 M HCL to neutralize the reaction. Precipitate.

6. Dissolve the pellet in 5 μL of water with 5 μL of TBE sample
buffer. Incubate 2 min at 75 �C, cool on ice. Load in a single
well of a 15% polyacrylamide TBE-Urea gel. Leave one empty
well between samples to minimize cross-contamination. Run
electrophoresis for 50 min at 180 V. Cut the band above the
leftover reverse transcription primer. Elute DNA in 300 μL
elution buffer and precipitate (see Note 7).

7. Set up circularization. Resuspend the pellet in 16.5 μL of water,
add 2 μL of Circligase reaction buffer, 1 μL of 50 mM MnCl2,
0.5 μL of Circligase II. Incubate 2 h at 60 �C, inactivate 10 min
at 80 �C. Store the product at �20 �C for 1–2 weeks. Avoid
long storage because the reaction mix will turn yellow and
DNA will get degraded (most likely due to the presence of
Mn). Precipitate to get rid of Mn for long-term storage.
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8. Amplify the sequencing library. PCR reaction with Phusion
polymerase: 1 μL PCR forward primer (10 pmol/μL), 1 μL
PCR barcoded reverse primer (10 pmol/μL), 10 μLHF Buffer,
1 μL dNTP (10 mM), 1 μL DNA template from the Circligase
reaction, nuclease-free water to 50 μL final volume. PCR set-
tings: initial melting, 1 min at 98 �C, and cycling 20 s at 94 �C,
10 s at 55 �C, 15 s at 72 �C. Set up several reactions with
8–14 cycles.

9. Analyze PCR products on 8% TBE non-denaturing gel and
select the one with an optimal number of cycles (strong ampli-
con band with no unspecific bands). Elute and precipitate DNA
(see Note 7). The library is ready for sequencing.

3.5 Data Analysis Sequencing read mapping is performed using Bowtie or STAR
aligners and subsequent data analysis is performed with custom R
and Perl scripts. To get started, refer to our publication for software
parameters and analytical pipelines [8].

To plot time-dependent ribosome occupancy (Fig. 1), we
employed the following strategy. First, we extracted RefSeq and
BestRefSeq records for every protein-coding gene in the mouse
genome annotation from NCBI. Among them, we identified the
longest isoform for every gene, prioritized as CDS >
50UTR > 30UTR. Longer 50-UTRs were trimmed to be
100 nucleotides in length. If either or UTRs were shorter than
100 nucleotides, we filled it with up to 100 based on genomic
coordinates. To prepare a list of non-redundant genes, we run
blast of all vs. all (blastall -p blastn -m 8 -b 500 -v 500 -e 0.001).
Gene pairs that are too similar at the level of nucleotide sequence
were excluded. In addition to the e-score, we enforced a require-
ment of the high-homology stretch being at least 50 nt long, and if
it was longer, the similarity had to be at least 90% to treat these
genes as homologous and redundant. This reference set ensured
the unambiguous alignment of ribosome footprints. The average
translation elongation rate can be calculated from the time-
dependent ribosome occupancy plot by fitting a sigmoid curve
and finding the inflection point. We recommend 3 replicated per
time point in order to use linear regression and obtain proper
p values for the elongation rate.

To estimate the elongation rate for individual genes, increase
the number of time points (Fig. 3). Simple solutions such as sig-
moid curve fitting are not applicable at the single gene level and
require more sophisticated modeling which is out of the scope of
this protocol.
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4 Notes

1. We strongly recommend using vaporizers equipped with flow
rate control knob and not self-made contraptions with cotton
balls soaked in isoflurane. The vaporizer maintains a constant
flow rate and properly mixes isoflurane with oxygen which does
not interfere with heart beat rate and breathing reflexes
too much.

2. Unlike cycloheximide, harringtonine is not soluble in water.
Dissolve it in pure DMSO to prepare 100 mg/mL stock solu-
tion, then dilute with PBS right before injecting. Harringto-
nine stays in-solution for about 10 min at room temperature
without precipitation.

3. We are not sure why measured elongation rate declines after
about 60 s. Based on our experience with over 100 mice, first
60 s display linear dependence between the elongation rate
and time.

4. Deoxycholate precipitates in the presence of bivalent metal ions
such as magnesium, calcium, and zinc. Tween-20 is required to
stabilize it from precipitating. The protective effect does not
last long; therefore deoxycholate must be added to the Tween
containing lysis buffer right before use. Make sure buffers are
ice-cold.

5. Prior to engaging in footprint extraction and high-throughput
sequencing, make sure that the harringtonine injections work
as expected. This can be verified by comparing undigested
polysome profiles of injected animals (Fig. 4).

6. DNA and RNA elution from the polyacrylamide gel. Crush the
gel slice with a microtube pestle and add 300 μL of the elution
buffer. Incubate for at least 3 h at room temperature with active
agitation.

Fig. 3 Ribosome occupancy over a representative gene (Acadm). The more time points collected—the more
accurate the translation elongation rate estimation
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7. DNA and RNA precipitation. Bring the sample volume to
50 μL with water if needed. Add 1/10 volume of 3 M sodium
acetate, 1/100 or 2 μL (whichever is greater) of glycogen, 2.5
volumes of 100% ethanol. Keep at �20 �C for 1 h.
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Chapter 9

Active Ribosome Profiling with RiboLace: From Bench
to Data Analysis

Massimiliano Clamer, Fabio Lauria, Toma Tebaldi, and Gabriella Viero

Abstract

Ribosome profiling is based on the deep sequencing of RNA fragments protected by ribosomes from
nuclease digestion. This technique has been extensively used to study translation, with the unique ability to
provide information about ribosomes positioning along transcripts at single-nucleotide resolution. Classical
ribosome profiling approaches do not distinguish between fragments protected by either actively translating
or inactive ribosomes. Here we describe an original method, called active ribosome profiling or RiboLace,
which is based on a unique puromycin-containing molecule capable of isolating active ribosomes by means
of an antibody-free and tag-free pull-down approach. This method allows reliable estimates of the transla-
tional state of any biological system, in high concordance with protein levels. RiboLace can be applied both
in vitro and in vivo and generates snapshots of active ribosome footprints at single-nucleotide resolution
and genome-wide level. RiboLace data are suitable for the analysis of translated genes, codon-specific
translation rates, and local changes in ribosome occupancy profiles.

Key words Ribosome profiling, Translational control, Translation, Ribosome, Start codon, Codon
usage, Deep sequencing, Computational analysis, RNA, Polysome

1 Introduction

The last decade has witnessed the explosion of novel methods to
study translation, reviewed in [1]. The vast majority of these
approaches are based on ribosome profiling (Ribo-Seq) [2],
which has contributed to considerable new insights into better
understanding of translation. Ribo-Seq has undoubtful discrimina-
tion power and wide applicability, but in its classical form, it cannot
distinguish translationally inactive mRNAs sequestered into ribo-
nucleoprotein particles (mRNP) and monosomes (80S), from bona
fide actively translated mRNAs. In fact, mRNAs can be trapped
within stalled or transiently paused ribosomes, especially in highly
polarized cells as neurons [3–8]. In this scenario, Ribo-Seq does
not necessarily portray the position of “authentic” mRNA foot-
prints protected by actively translating ribosomes. This pitfall leads
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to possible misinterpretations of both translation occupancy pro-
files and translational states of the biological system under analysis.
To generate insight into truly actively translated processes, Ribo-
Seq can be adapted to selectively capture the occupancy signal from
functionally active ribosomes.

To purify mRNA fragments protected by ribosomes which
undergo active translation, we developed RiboLace, or Active-
ribo-seq [9], which utilizes a puromycin analog molecule as a bait
(Fig. 1). Puromycin is an aminonucleoside antibiotic which binds
the ribosome [10–13] and can be incorporated into the nascent
peptide chain [14, 15]. By covalently coupling puromycin to a
biotin moiety via two 2,20-ethylenedioxy-bis-ethylamine units, it
is possible to isolate RNA fragments protected by puromycin-
trapped translating ribosomes by simply using magnetic beads
[9]. The combination of the puromycin analog and cycloheximide,
which clamps ribosomes on mRNA fragments, allows to easily trap

Fig. 1 Schematic of the Active-ribo-seq (or RiboLace) protocol. Cells are pre-
treated with cycloheximide (CHX) to immobilize ribosomes. After cell lysis, the
lysate is incubated with avidin-based magnetic beads functionalized with the
puromycin analog. RiboLace beads are then washed and ribosomes isolated.
Finally, ribosome-protected fragments are recovered for further library prepara-
tion, sequencing, and data analysis
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and purify actively translating ribosomes and their RNA protected
fragments. Finally, by applying dedicated computational tools
[16, 17], it is possible to selectively portray the position of bona
fide active ribosomes at single-nucleotide resolution (Fig. 2). This
protocol, which takes about 5 h for the isolation of active ribosomes
and about 4 days for library preparation, facilitates the acquisition
of reliable descriptions of active translational events in vitro and
in vivo.

2 Materials

2.1 Preparation

of Cell Lysates

1. Growth medium: Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
1% glutamine, 1% penicillin/streptomycin.

2. Phosphate-buffered saline (PBS).

3. 10 cm dishes or 6-well plates.

4. Cycloheximide: dissolve the powder in nuclease-free water to a
final concentration of 10 mg/mL; keep aliquots at �20 �C.

5. Freshly prepared lysis buffer: 20 mM HEPES, 100 mM KCl,
5 mMMgCl2, 20 μg/mL cycloheximide, 1% Triton X-100, 1%
Na-deoxycholate, pH 7.4. All solutions must be prepared in
RNase-free water. Supplement the lysis buffer with 5 U/mL
DNase I and 200 U/mL of RiboLock RNase Inhibitor.

6. Nanodrop ND-1000 UV–VIS spectrophotometer.

Fig. 2 Flow chart representing the basic computational steps for the analysis of active ribosome profiling data,
highlighting the input requirements and the provided outputs
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2.2 Bead

Functionalization

1. A-buffer: 50 mM NaCl, 100 mM NaOH in RNase-free water.

2. B-buffer: 2 M NaCl, 10 mM Tris–HCl, pH 7.5 in RNase-free
water.

3. W-buffer: 10 mMNaCl, 10 mMMgCl2, 20 mg/mL cyclohex-
imide, 10 mM HEPES, pH 7 in RNase free-water.

4. Avidin-based magnetic beads.

5. Puromycin analog 3P (Immagina BioTechnology S.r.l., Note
1): dissolve in B-buffer to a concentration 10 mM. Aliquot the
solution and store the aliquots at�80 �C. Avoid more than two
freeze-thaw cycles.

6. Biotin-methoxypolyethylene glycol conjugate (mPEG).

7. Nanodrop ND-1000 UV–VIS spectrophotometer.

8. RNase-free water.

2.3 Endonuclease

Digestion

1. 40,000 units/mL murine RNase inhibitor.

2. 100 U/μL RNase I or a convenient nuclease chosen according
to [18].

3. SUPERase-In inhibitor.

2.4 Isolation

of Active Ribosomes

and Purification

of Ribosome-Protected

Fragments (RPFs)

1. W-buffer.

2. 20 mg/mL Proteinase K.

3. Sodium dodecyl sulfate (SDS): 10% solution in DNase-/
RNase-free water molecular biology grade.

4. RNAse-free water.

5. Acid phenol:chloroform:isoamyl alcohol, pH 4.5.

6. 5 mg/mL glycogen coprecipitant.

7. Isopropanol for molecular biology.

8. Microcentrifuge and non-stick RNase-free microfuge tubes
(0.2 mL and 1.5 mL).

9. Automatic wheel rotator.

10. Magnetic stand for 1.5 mL tubes.

11. 2 M NaCl in Rnase-free water.

2.5 RPF PAGE

Purification

1. RNA control (5 μMof 25 nt and 35 nt 30 phosphorylated RNA
oligos).

2. 15% TBE-urea polyacrylamide gel.

3. 10� TBE RNase-free buffer.

4. Denaturing gel loading buffer: 2� solution of 95% formamide,
18 mM EDTA, 0.025% SDS, 0.025% xylene cyanol, and
0.025% bromophenol blue.

5. 0.5 mL RNase-free microcentrifuge tube filters, 0.22 μm.

204 Massimiliano Clamer et al.



6. Non-stick RNase-free microfuge tubes (0.2 mL and 1.5 mL).

7. SYBR Gold 10,000 � .

8. Isopropanol for molecular biology.

9. DNA marker ranging from 20 to 100 nt.

10. C-Buffer: 1 mM EDTA, 0.25% v/v SDS, 300 mM NaOAc
pH 5.5.

11. 5 mg/mL glycogen coprecipitant.

12. 10 mM TRIS, pH 8.

13. Microcentrifuge and non-stick RNase-free microfuge tubes
(0.2 mL and 1.5 mL).

14. Sterile 1 mL cut-tips.

2.6 T4

Polynucleotide Kinase

(PNK)

Dephosphorylation

1. 10 U/μL T4 PNK.

2. 10� T4 PNK buffer.

3. RNase-free water.

4. SUPERase-In inhibitor.

5. Isopropanol for molecular biology.

6. 3 M sodium acetate, pH 5.2.

7. 5 mg/mL glycogen coprecipitant.

8. Microcentrifuge and non-stick RNase-free microfuge tubes
(0.2 mL and 1.5 mL).

9. 10 mM TRIS, pH 8.

2.7 Adaptor Ligation

and PAGE Purification

1. 200 U/μL T4 RNA ligase 2 truncated K227Q (T4 Rnl2(tr)).

2. 10� T4 RNA ligase buffer.

3. Pre-adenylated oligonucleotide (PR primer): 5rApp/CTGTA
GGCACCATCAAT/3dd.C. The initial p- indicates 50 phos-
phorylation, r-ribonucleotides, and d-dexyribonucleotides at
the 30.

4. 50% PEG-8000.

5. Isopropanol for molecular biology.

6. 3 M sodium acetate, pH 5.2.

7. 5 mg/mL glycogen coprecipitant.

8. DNA marker ranging from 20 to 100 nt.

9. 15% TBE-urea polyacrylamide gel.

10. 10� TBE RNase-free buffer.

11. Denaturing gel loading buffer: 2� solution of 95% formamide,
18 mM EDTA, and 0.025% SDS, 0.025% xylene cyanol, and
0.025% bromophenol blue.

12. 0.5 mL RNase-free microcentrifuge tube filters, 0.22 μm.
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13. Non-stick RNase-free microfuge tubes.

14. SYBR Gold 10,000 � .

15. C-buffer.

16. 10 mM TRIS pH 8.

2.8 Reverse

Transcription

and cDNA PAGE

Purification

1. SuperScript III Reverse Transcriptase.

2. 5� SuperScript III buffer.

3. dNTP.

4. Reverse transcriptase oligonucleotide (RT primer): 50-(Phos)-
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTA
GATCTCGGTGGTCGC-(SpC18)-CACTCA-(SpC18)-TTC
AGACGTGTGCTCTTCCGATCTATTGATGGTGCCTA
CAG-30. The designation (Phos) indicates 50 phosphorylation
and -(SpC18)- indicates a hexa-ethyleneglycol spacer.

5. C-buffer.

6. 1 N NaOH.

7. Isopropanol for molecular biology.

8. 3 M sodium acetate, pH 5.2

9. 5 mg/mL glycogen coprecipitant.

10. DNA marker ranging from 20 nt to 100 nt.

11. 15% TBE-urea polyacrylamide gel.

12. 10� TBE RNase-free buffer.

13. Denaturing gel loading buffer: 2� solution of 95% formamide,
18 mM EDTA, and 0.025% SDS, 0.025% xylene cyanol, and
0.025% bromophenol blue.

14. 0.5 mL RNase-free microcentrifuge tube filters, 0.22 μm.

15. SYBR Gold 10,000 � .

16. Microcentrifuge and non-stick RNase-free microfuge tubes
(0.2 mL and 1.5 mL).

17. 10 mM Tris, pH 8.

2.9 cDNA

Circularization

1. CircLigase II ssDNA ligase.

2. 10� CircLigase buffer.

3. 50 mM MgCl2.

4. 5 M betaine.

5. Microcentrifuge and nonstick RNase-free microfuge tubes
(0.2 mL and 1.5 mL).

2.10 PCR

Amplification

and PAGE Purification

of the Library

1. Forward library PCR primer: 50-AATGATACGGCGACCACC
GAGATCTACAC-30.

2. Phusion High-Fidelity PCR Master Mix.

3. Illumina Index reverse primers.
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4. DNA marker (10 nt–300 nt).

5. RNase-/DNase-free water.

6. 5 mg/mL glycogen coprecipitant.

7. 6–8% TBE non-denaturing gel.

8. 10� TBE buffer.

9. DNA loading dye.

10. Microcentrifuge and nonstick RNase-free microfuge tubes
(0.2 mL and 1.5 mL).

11. Agilent 2100 Bioanalyzer.

12. High-sensitivity DNA chip.

3 Methods

3.1 Preparation

of Cell Lysates

for Active-ribo-seq

(Estimated Time,

25 min)

In this section the cell lysate is prepared (Fig. 1). It is important to
block ribosomes on mRNAs by cycloheximide treatment. This step
reduces the dissociation of ribosomes when the puromycin analog
is added to the lysate.

1. Grow cells in growth medium, and keep in culture at 5% CO2,
95% humidity, and 37 �C. Split the cells 3 days before the
experiment, and seed them into a 6-well plate or 10 cm dish
(seeNote 2 for details about cells number). In the case of tissue
analysis, please do refer to Note 3.

2. When cells reach 80% confluence, treat them with cyclohexi-
mide (10 μg/mL final concentration), and keep in incubation
at 37 �C for 5 min.

3. Place the plate on ice, and wash three times with cold PBS
containing cycloheximide (10 μg/mL).

4. Remove completely the residual PBS with a pipette.

5. Add the freshly prepared lysis buffer as follows: 300 μL/10 cm
dish or 30 μL/well of the 6-well plate and scrape vigorously.

6. Collect the cell lysate in a 1.5 mL microcentrifuge tube, vortex
for 10 s, and keep on ice for 10 min.

7. Centrifuge the lysate at 20,000 � g, 4 �C for 5 min to remove
nuclei and mitochondria.

8. Transfer the supernatant to a new tube and keep it on ice for
20 min.

9. Using a convenient UV–Vis spectrophotometer, determine the
absorbance of the cell lysate at 260 nm using the lysis buffer as
blank.
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3.2 Bead

Functionalization

(Estimated Time,

90 min)

In this section the magnetic beads are functionalized with the
puromycin analog to purify actively translating ribosomes, which
will be prepared in Subheading 3.3.

1. Vortex the tube containing the avidin-based magnetic beads for
30 s.

2. Transfer 90 μL of bead suspension in a 1.5 mL tube, and keep
them at room temperature (RT) for 10 min.

3. Place the tube on the magnet to separate the beads, and remove
the beads’ medium.

4. Remove the tube from the magnet, and wash the beads for
5 min with an equal volume of A-buffer; then remove the
supernatant.

5. Wash the beads with 900 μL of nuclease-free water, place the
tube on the magnet, and remove the supernatant. If the beads
remain attached to the tube walls, add Triton X-100 (dissolved
in RNase-free water) at a final concentration of 0.1%.

6. Wash the beads twice with 90 μL of B-buffer for 3 min.

7. Place the tube on the magnet for at least 1 min and remove the
supernatant.

8. Dissolve the beads in 30 μL of 1 mM puromycin analog 3P.
Collect 1 μL of 3P probe for “security point” (see Note 4).

9. Incubate for 1 h at RT in a constant agitation. Do not allow the
beads to sediment.

10. After the incubation, place the tube on a magnet, and collect
3 μL of the supernatant (unbound probe) for “security point”
(see Note 4).

11. Passivate the beads using 3 μLmPEG; mix in a shaker at RT for
15 min. Do not allow the beads to precipitate.

12. Place the tube on a magnet for 2–3 min, discard the superna-
tant, and wash with 500 μL of nuclease-free water.

13. Wash the beads two times with 500 μL of W-buffer; dissolve
them in 200 μL of W buffer. Do not let the beads dry. Remove
the buffer only before you are ready to add the cell lysate.

3.3 Endonuclease

Digestion (Estimated

Time, 90 min)

The cell lysate is treated with an endonuclease to digest the mRNA
regions which are not protected by ribosomes. Substantial changes
in the RNase activity during nuclease digestion can jeopardize the
experiment.

1. Start with a total volume of lysate corresponding to 0.03–0.3
au (260 nm) diluted in W-buffer in a final volume of 150 μL.
For example, if A260 ¼ 10 au/mL ¼ 0.01 au/μL ¼ 30 μL
needed.

2. Add 0.3 μL of murine RNase inhibitor.
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3. In a 0.2 mL vial, pipet 1.5 μL of RNase I, and add 98.5 μL W-
buffer to 1 U/mL.

4. Digest the sample in a 1.5 mL tube for 45min at 25 �Cwith the
diluted nuclease prepared in (B) using a volume according to
the formula: volume of RNase I μL ¼ A.U. (0.3 � 0.03) � 5.
Trash the remaining diluted RNase I.

5. Stop digestion with 0.5 μL SUPERase-In inhibitor for 10 min
on ice.

3.4 Isolation

of Active Ribosomes

and Purification

of RPFs (Estimated

Time, 3 h. Overnight

Optional)

Active ribosomes are separated from the cell lysate by affinity puri-
fication with the beads prepared as described in Subheading 3.2 as
follows:

1. Remove the wash buffer from the beads using a magnet.

2. Remove the tube from the magnet, and add the digested cell
lysate to the beads.

3. Incubate the sample on a wheel in slow motion (3 rpm) at 4 �C
for 70 min.

4. Remove the tube from the wheel. Pull down the beads by
gentle hand shaking.

5. Place the tube on a magnet pre-chilled on ice and keep working
at 4 �C.

6. Separate the beads with the magnet. Do not remove the tube
from the magnet, and remove the remaining lysate.

7. Keeping the tube on the magnet, carefully wash the beads twice
with 500 μL of W-buffer. Do not touch the beads with the
pipet tip.

8. Remove the beads from the magnet, and resuspend them in
W-buffer to a final volume of 200 μL. Transfer the suspension
to a new nuclease-free 1.5 mL tube.

9. Add 20 μL of 10% SDS (final 1%) and 5 μL of proteinase K, and
incubate the sample at 37 �C in a water bath for 75 min.

10. Add an equal volume of acid phenol:chloroform:isoamyl
alcohol.

11. Vortex and centrifuge at 14,000 � g for 5 min at 4 �C.

12. In the case of no phase separation, add 20 μL of 2 M NaCl,
mix, and repeat the centrifugation.

13. Keep the aqueous phase and transfer it into a new 1.5 mL tube.

14. Add 500 μL isopropanol and 2 μL of coprecipitant.

15. Mix and incubate at RT for 3 min, and then store at�80 �C for
at least 2 h (fast procedure) or overnight (safer procedure,
recommended with lysate input <0.1 au).
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16. Pellet the RNA by centrifugation at 20,000 � g for 30 min at
4 �C.

17. Resuspend the pellet in 5 μL of RNase-free water.

3.5 RPF PAGE

Purification

The RPFs are separated from rRNA and other RNA fragments
using a denaturing gel and are collected via size selection. As in
classical ribosome profiling, the typical RPF size to be isolated in
mammalian cells is around 30 nt.

1. Pre-run the 15% TBE-urea polyacrylamide urea gel at 200 V
for 30 min in 1�TBE buffer prepared with nuclease-free water.
Carefully clean the wells with a syringe to remove UREA
residuals.

2. Add 5 μL of denaturing gel loading buffer to 5 μL of RPFs.

3. In parallel, prepare the RNA control sample by mixing 2 μL
RNA control with 3 μL of nuclease-free water and 5 μL of
denaturing gel loading buffer.

4. In parallel, prepare the marker by mixing 1 μL of marker
solution with 4 μL nuclease-free water and 5 μL of denaturing
gel loading buffer.

5. Denature all samples for 90 s at 80 �C. Immediately place the
tubes on ice.

6. Carefully clean the wells with a syringe to remove urea
residuals.

7. Load the samples, RNA control, and marker on denaturing
15% TBE-urea polyacrylamide gel, and run the gel at 200 V
until the bromophenol blue band reaches the bottom of
the gel.

8. Stain the gel for 3 min with 1� SYBRGold in 1� TBE running
buffer on a gentle shaker.

9. Visualize the RNA using a trans-illuminator.

10. Using a scalpel, size select the RPF between 25-nt and 35-nt
according to the RNA control and the marker positions. As
control, excise the “RNA control” oligo bands. You can use the
“RNA control” as a reference sample for the next steps of
library preparation.

11. Place each gel slice in a clean non-stick RNase-free
microfuge tube.

12. Add 400 μL of C-buffer and smash the gel (see Note 5); close
the vial and incubate the tubes for 1 h at �80 �C.

13. Thaw the sample at RT, and then place the sample on a wheel
in slow motion (3 rpm), at RT overnight.
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14. Using a 1 mL cut-tip, add the gel slurry to the filter, and spin at
650� g for 3 min at 4 �C to remove the gel debris. Transfer the
eluted solution to a new tube.

15. Add 700 μL of isopropanol and 1.5 μL coprecipitant to the
eluted sample.

16. Store at �80 �C for 2 h (fast procedure) or overnight (safe
procedure).

17. Thaw the samples on ice, and pellet the RNA by centrifugation
at 20,000 � g for 30 min at 4 �C.

18. Resuspend the pellet in 10 μL of 10 mM Tris pH 8.

3.6 T4

Polynucleotide Kinase

Dephosphorylation

In this section, the RPFs are treated with T4 polynucleotide kinase
(T4 PNK) in order to heal the 20–30 cyclic phosphate that results
from RNase I cleavage, and the fragments are prepared for the
ligation to the DNA linker.

1. Transfer the reaction in a 0.2 mL RNase-free PCR tube suitable
for your thermocycler.

2. Set up a 50 μL reaction mixture by adding to the sample
5 μL T4 PNK buffer, 1 μL SUPERase-In (20 U/μL),
1 μL T4 PNK (10 U/μL), and 33 μL nuclease-free water.

3. Incubate the reactions in a thermocycler for 60 min at 37 �C
and then for 10 min at 70 �C, and then cool the samples at RT.

4. Add 39 μL of RNase-free water, 10 μL of 3 M sodium acetate,
150 μL of isopropanol, and 1 μL coprecipitant.

5. Transfer the solution to a 1.5 mL tube.

6. Store at �80 �C for 2 h (fast procedure) or overnight (safe
procedure, recommended for low-input samples).

3.7 Adaptor Ligation

and PAGE Purification

In this section, the dephosphorylated fragments are ligated to a
DNA linker with T4 Rnl2(tr), and the ligated product is purified by
size selection using PAGE.

1. Thaw the samples on ice, and pellet the RNA by centrifugation
at 20,000 � g for 30 min at 4 �C.

2. Resuspend the pellet in 7 μL 10 mM Tris pH 8, and transfer it
to a 0.2 mL RNase-free PCR tube.

3. Add 1 μL PR-primer, denature the sample for 90 s at 80 �C in a
thermocycler, and then cool the reactions at RT.

4. Set up a 20 μL reaction mixture by adding 2 μL T4 RNA ligase
buffer 10�, 8 μL PEG-8000, 1 μL SUPERase-In, and 1 μL T4
Rnl2(tr) (200 U/μL).

5. Incubate for 3 h at 22 �C in a thermocycler.

6. Transfer the reaction to a new 1.5 mL tube.
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7. Add 338 μL of nuclease-free water, 40 μL sodium acetate,
500 μL of isopropanol, and 1.5 μL coprecipitant.

8. Store at �80 �C for 2 h (fast procedure) or overnight (safe
procedure, recommended for low-input samples).

9. Pre-run the gel at 200 V for 30 min in 1� TBE prepared with
RNase-free water. Clean very carefully the gel wells with a
syringe to remove urea residuals, and repeat before loading
the samples.

10. Pellet the RNA by centrifugation 20,000 � g for 30 min at
4 �C.

11. Resuspend the pellet in 5 μL 10mMTris pH 8, and add 5 μL of
denaturing gel loading buffer.

12. Denature all samples for 90 s at 80 �C. Immediately place the
tubes on ice.

13. Load the samples on 15% TBE-urea polyacrylamide gel.

14. Load 1 μL of PR and marker (20–100 nt) as a reference.

15. Run the gel at 200 V until the bromophenol blue band reaches
the bottom of the gel.

16. Size select the fragments at ~55 nt according to the marker and
PR-primer positions. Proceed only if you see the ligation prod-
uct. The efficiency depends on (i) the starting material, (ii) on
the efficiency of previous purification steps, and on (iii) the
translational state of cells.

17. Place each gel slice in a clean 1.5 mL non-stick RNase-free
microfuge tube.

18. Add 400 μL of C-buffer and smash the gel (see Note 5); close
the vial and incubate the tubes for 1 h at �80 �C.

19. Thaw the sample at RT, and then place the samples on a wheel
in slow motion (3 rpm), at RT overnight.

20. With a 1 mL cut-tip, add the gel slurry to the filter, and spin at
650� g for 3 min at 4 �C to remove the gel debris. Transfer the
eluted solution to a new tube.

21. Add 700 μL of isopropanol and 1.5 μL coprecipitant to the
eluted sample.

22. Store at �80 �C for 2 h (fast procedure) or overnight (safe
procedure).

23. Thaw the samples on ice, and pellet the RNA by centrifugation
at 20,000 � g for 30 min at 4 �C.

24. Resuspend the pellet in 10 μL 10 mMTris pH 8, and transfer it
to a new 0.2 mL RNase-free PCR tube.
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3.8 Reverse

Transcription

and cDNA PAGE

Purification

In this section, the fragments are retro-transcribed using a dedi-
cated oligonucleotide which is complementary to the previously
ligated PR primer. The cDNA is then purified by size selection after
PAGE.

1. Thaw the sample on ice.

2. Add 2 μL of RT primer, denature the sample for 2 min at 80 �C
in the thermocycler, and then cool the reaction on ice.

3. Set up a 20 μL reaction mixture by adding 4 μL 5� SuperScript
III buffer, 1 μL 10 mM dNTPs, 1 μL 0.1 M DTT, 1 μL
SUPERase-In (20 U/μL), and 1 μL SuperScript III (200 U/
μL).

4. Incubate for 30 min at 55 �C in a thermocycler.

5. Add 2.2 μL of 1 NNaOH, heat the sample at 70 �C for 20 min,
and then cool it at 4 �C.

6. Transfer the reaction to a new 1.5 mL tube.

7. Add 156 μL of RNase-free water, 20 μL sodium acetate,
300 μL of isopropanol, and 2 μL coprecipitant.

8. Store at �80 �C for 2 h (fast procedure) or overnight (safe
procedure, recommended for low-input samples).

9. Pre-run the gel at 200 V for 30 min in 1� TBE prepared with
nuclease-free water. Carefully clean the gel wells with a syringe
to remove urea residuals, and repeat before loading the
samples.

10. Thaw the sample on ice, then pellet the cDNA by centrifuga-
tion at 20,000� g for 30 min at 4 �C, and air-dry the pellet for
10 min.

11. Solubilize the pellet in 5 μL 10 mM Tris pH 8; add 5 μL of
denaturing gel loading buffer.

12. Denature all samples for 90 s at 80 �C. Immediately place the
tubes on ice.

13. Load the samples on 15% TBE-urea polyacrylamide gel.

14. Load 1 μL of RT primer and of the marker prepared as in
Subheading 3.5, steps 3 and 4.

15. Run the gel at 200 V until the bromophenol blue band reaches
the bottom of the gel.

16. Size select the fragments at ~130 nt according to the RT
primer and marker’s band positions.

17. Place each gel slice in a clean 1.5 mL non-stick RNase-free
microfuge tube.

18. Add 400 μL of C-buffer and smash the gel (see Note 5); close
the vial and incubate the tubes for 1 h at �80 �C.
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19. Thaw them at RT, and then place the samples on a wheel in
slow motion (3 rpm) for 8–10 h at 37 �C.

20. With a 1 mL cut-tip, add the gel slurry to microcentrifuge
filter, and spin at 650 � g for 3 min, at 4 �C to remove the
gel debris. Transfer the eluted solution to a new tube.

21. Add 700 μL of isopropanol and 1.5 μL coprecipitant to the
eluted sample.

22. Store at �80 �C for 2 h (fast procedure) or overnight (safe
procedure).

23. Thaw the samples on ice, and pellet the cDNA by centrifuga-
tion (20,000 � g) for 30 min at 4 �C.

24. Solubilize the pellet in 12 μL 10 mM Tris pH 8, and transfer it
to a new 0.2 mL RNase-free PCR tube.

3.9 cDNA

Circularization

In this section the cDNA is circularized as follows:

1. Thaw the sample on ice.

2. Set up a 20 μL reaction mixture by adding to the cDNA 2 μL
10� CircLigase buffer, 4 μL 5M betaine, 1 μL 50 mMMnCl2,
and 1 μL CircLigase II (100 U/μL).

3. Incubate for 2 h at 60 �C, followed by 10 min at 80 �C in a
thermocycler, and then cool the samples at 4 �C.

4. Store the samples at �20 �C, or proceed directly with the PCR
amplification.

3.10 PCR Library

Amplification

and Library PAGE

Purification

In this section, each RPF inserted in the circular cDNA is amplified
by PCR. For most samples, use 8 μl of the circularized cDNA and
10 PCR cycles that are typically enough to produce sufficient
amount of library. For low-input samples, use 10 μl of the circular-
ized cDNA from step 7, and increase the number of PCR cycles to
12–14 cycles. Avoid the use of too much cDNA or too many PCR
cycles that can produce an “overamplification” of the library and
adapter dimer-derived products.

1. Amplify the RPF in the circular cDNA template by setting up a
50 μL PCR reaction mixture containing 25 μL 2� Phusion
Master Mix (2 U/μL), 8–10 μL circularized cDNA template,
2 μL Forward library PCR primer (10 mM), 2 μL Illumina
Index reverse primers (10 mM), 0.5 μL MnCl2 (50 mM), and
nuclease-free water to bring the volume to 50 μL. The list of
primers is in Note 6.

2. Set up the PCR reaction conditions as follows: 98 �C, 30 s;
98 �C, 10 s; 65 �C, 10 s; 72 �C, 5 s (10–14 cycles); 4 �C hold.

3. The remaining cDNA (10–12 μL) can be stored at �20 �C and
can be used for other reactions.
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4. Mix 10 μL PCR product and 3 μL DNA loading dye, and load
the sample on a non-denaturing 6–8% TBE
non-denaturing gel.

5. Run the gel at 200 V until the blue dye reaches the bottom of
the gel.

6. Using a scalpel, size select the library at ~176 nt, according to
the DNA marker.

7. Place each gel slice in a clean 1.5 mL non-stick RNase-free
microfuge tube.

8. Add 400 μL of C-buffer and smash the gel; close the vial and
incubate the tubes for 1 h at �80 �C.

9. Thaw them at RT, and then place the samples on a wheel at RT
in slow motion (3 rpm) overnight.

10. With a 1 mL cut-tip, add the gel slurry to the microcentrifuge
filter, and spin at 650 � g for 3 min at 4 �C to remove the gel
debris. Transfer the eluted solution to a new tube.

11. Add 700 μL of isopropanol and 1.5 μL coprecipitant to the
eluted sample.

12. Store at �80 �C overnight.

13. Thaw the samples on ice, and pellet the library by centrifuga-
tion at 20,000 � g for 30 min at 4 �C.

14. Resuspend the pellet in 11 μL 10 mMTris pH 8, and transfer it
to a new 0.2 mL RNase-free PCR tube.

15. Use 1 μL of the library of each sample for quality check using
Bioanalyzer high-sensitivity DNA chip.

16. The libraries are ready for sequencing and can be stored indefi-
nitely at �20 �C.

3.11 RPF Sequencing

and Data Processing

Multiple computational tools have been developed for the analysis
of RNA-Seq and ribosome profiling data, recently reviewed in
[17]. In the following sections, we briefly describe the main steps
for data analysis, and we provide, as example, the pipeline for
processing the data using the riboWaltz R package [16] (Fig. 2).

Active ribosome profiling libraries are usually single-end;
50 nucleotide reads are sufficient for covering the whole
ribosome-protected fragment (RPF), due to its short length (<35
nucleotides). For robust downstream analyses, at least 60–70
millions of raw reads are usually required. However, this range
varies accordingly to the expected proportion of reads to be
removed. In fact, frequent contaminations are caused by adapter
dimers (>10%) or rRNAs (often highly dominant in the samples,
from 30 to 70% of the initial number) and tRNAs (5–10%). PCR
duplicates should also be considered and collapsed to obtain bona
fide ribosome-protected fragments.
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Raw FASTQ files should be initially processed as follows:

1. Remove adapter and linker sequences (e.g., with Cutadapt
https://github.com/marcelm/cutadapt). Discard reads
shorter than 20 nucleotides after adapter removal. This step
also discards reads associated to adapter dimers.

2. Optionally, remove low-quality nucleotides by trimming the
first base from the 50 end of the remaining reads.

3. Remove the reads mapping on rRNAs and tRNAs, i.e., the
reads that are not associated to ribosome-protected fragments.
To do that, the reads can be aligned against the rRNA and
tRNA sequences of the organism of interest. Keep only
unmapped reads.

4. Map the remaining reads to a reference genome or transcrip-
tome with a splice aware alignment tool (Tophat2, HISAT2,
STAR). For example, use STAR (https://github.com/ale
xdobin/STAR) with the --quantMode TranscriptomeSAM
option to map reads on chromosome sequences, and get out-
put BAM files in transcript coordinates.

5. To avoid potential PCR duplicates, collapse the reads aligning
to the very same region (e.g., with Picard tools MarkDuplicates
on BAM files, https://broadinstitute.github.io/picard/).

3.12 Positional

Analysis

with riboWaltz

This section describes the pipeline and the main functions included
in riboWaltz [16], an R package that integrates quality controls of
the ribosome profiling data, P-site identification for improved
interpretation of positional information, and a variety of graphical
representations. If not otherwise specified, italic words in the fol-
lowing section identify functions included in riboWaltz (https://
github.com/LabTranslationalArchitectomics/riboWaltz).

1. Acquire one or multiple BAM files by running bamtolist (see
Note 7). This function handles and combines BAM files into a
data structure that reports basic information about the reads
such as length, leftmost and rightmost position with respect to
the first nucleotide of the annotated transcript sequence.

2. Perform preliminary analyses and quality controls on the data:
(a) rlength_distr plots the distribution of read lengths for a

specified sample. It can be exploited to identify multiple
populations of read length, associated to different ribo-
some conformations, and explore the contribution of each
length to the determination of the P-site. Use length_filter
to select the length of the reads of interest according to
the resulting distribution and the aim of the experiment.

(b) rends_heat displays the abundance of the 50 and 30 extrem-
ity of reads mapping on and around the start and the stop

216 Massimiliano Clamer et al.

https://github.com/marcelm/cutadapt
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://broadinstitute.github.io/picard/
https://github.com/LabTranslationalArchitectomics/riboWaltz
https://github.com/LabTranslationalArchitectomics/riboWaltz


codon of annotated CDSs, stratified by their length. This
plot is particularly useful to identify the best read extrem-
ity to compute optimal P-site offsets (see step 3).

3. Compute the P-site offsets for all samples separately applying
the function psite (see Note 8). After the identification of the
P-site offsets, run psite_info to update the data structure
obtained in step 1.

4. Verify the expected enrichment of ribosome signal in the CDS
(run region_psite) and the trinucleotide periodicity of ribo-
somes along the coding regions (run frame_psite or
frame_psite_length).

5. Display the trinucleotide periodicity along coding sequences
using metaprofile_psite. This function generates metaprofiles
(the merge of single, transcript-specific profiles at single-
nucleotide resolution) based on P-site mapping around the
start and the stop codon of annotated CDSs.

6. Run codon_usage_psite to investigate the empirical codon usage
(i.e., which of the 64 codons display higher or lower ribosome
density) and examine alterations of ribosome translocation at
specific codons by comparing multiple samples.

7. Compute the number of in-frame P-site mapping on annotated
coding sequences by cds_coverage. Such data can be used as
starting point for downstream quantitative analyses (e.g., dif-
ferential analyses) based on ribosome-protected fragments.

P-site count tables can be used as input to perform
transcriptome-wide differential translation analysis with general
RNA-Seq tools such as the Bioconductor packages edgeR [19] or
DESeq2 [20]. Alternatively, if control RNA-Seq experiments were
performed in parallel, ribosome profiling-specific tools such as Xtail
[21] or anota2seq (https://bioconductor.org/packages/release/
bioc/html/anota2seq.html) can be used to detect differentially
translated genes.

4 Notes

1. The puromycin analog 3P is from Immagina BioTechnology
S.r.l. The source is unique.

2. The minimum number of cells for optimal results depends on
the cell type, cell confluency, and “translational state” of the
biological model under consideration. We recommend not to
overgrow the cells to avoid translational inhibition due to over-
confluency. Optimal results are obtained with 70–80% cell
confluence (6–ten million in a 10 cm dish, 0.8 million cells in
a 35 mm dish). Approximately 100,000–250,000 MCF7 cells,
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HEK-293 T or HeLa cells, and 10,000 mouse embryonic stem
cells are required. The final amount of cells and total RNA
needed is usually 20–40� less than standard ribosome profiling
protocols.

3. For the lysis of fresh frozen tissues, use this protocol:

(a) Pulverize the tissue under liquid nitrogen with mortar and
pestle.

(b) Recover the powder in a 1.5 mL tube.

(c) Resuspend with 800 μL of tissue powder in lysis buffer:
20 mM HEPES, pH 7.4, 100 mM KCl, 5 mM MgCl2,
100 μg/mL cycloheximide, 2% Triton X-100 (stock 10%
in nuclease-free water), 1% Na deoxycholate, 200 U/mL
RNase inhibitor, and 5 U/mL DNase.

(d) Centrifuge at speed 10,000 � g for 2 min at 4 �C to
remove tissue and membrane debris, and collect the
supernatant.

(e) Centrifuge again the supernatant twice for 10 min at
20,000 � g, 4 �C.

(f) Collect the supernatant. Keep on ice for 20 min.

4. Security point: check the efficiency of the bead functionaliza-
tion. Compare the absorbance of the unbound probe to the
1mMRiboLace smart probe at Abs¼ 270 nm usingNanodrop
ND-1000. The typical binding efficiency is ~60–80%.

5. To smash the gel, there are two options:

(a) Use a disposable polypropylene RNase-, DNase-,
pyrogen-free pellet pestle. Smash the gel slice for 1 min
on ice without losing material on the pestle.

(b) Pierce the bottom of an 0.5 mL RNase-free microfuge
tube with a sterile 21-G needle, and cut off the cap. Nest
the pierced small tube inside a 1.5 mL RNase-free micro-
fuge tube, and place the gel slice into the inner tube. Spin
the tube for 1 min at full speed in a tabletop microcen-
trifuge. Smash and force the gel slice through the needle
hole. Transfer any remaining gel debris and discard the
pierced tube.

6. List of Illumina primers for library generation.
Index 1 PCR Primer
50 AAGCAGAAGACGGCATACGAGATCGTGATGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 2 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATACATCGGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 3 PCR Primer
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50 AAGCAGAAGACGGCATACGAGATGCCTAAGT
GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.

Index4 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATTGGTCAGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 5 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATCACTGTGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT30.
Index 6 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATATTGGCGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 7 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATGATCTGGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 8 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATTCAAGTGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 9 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATCTGATCGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 10 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATAAGCTAGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 11 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATGTAGCCGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30.
Index 12 PCR Primer
50 CAAGCAGAAGACGGCATACGAGATTACAAGGT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 30

7. If the BAM files are obtained after alignment against the tran-
scriptome and if the sequencing library is stranded, the read
mapping on the negative strand should not be present, and, if
any, they are automatically removed.

8. riboWaltz identifies the optimal localization of ribosomes by
computing with high precision the ribosome P-site offset for
each read length, defined as the distance between the extremi-
ties of a read and the first nucleotide of the P-site itself. riboW-
altz automatically recognizes the best read extremity to
compute the optimal P-site offsets. By default, it is computed
by starting from read mapping on the start codon of any
annotated coding sequences. However, it is recommended to
examine the results and, if needed, manually set the best
extremity and the reference codon by using the extremity and
start parameter, respectively.
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Chapter 10

Poly-A Tailing and Adaptor Ligation Methods for Ribo-Seq
Library Construction

Jingfan Qiu and Shu-Bing Qian

Abstract

Ribosome profiling is a powerful technique that enables researchers to monitor translational events across
the transcriptome. It provides a snapshot of ribosome positions and density across the transcriptome at a
sub-codon resolution. Here we describe the whole procedure of profiling ribosome footprints in mamma-
lian cells. Two methods for Ribo-seq library construction are introduced, and their advantages and
disadvantages are compared. There is a room for further improvement of Ribo-seq in terms of the amount
of starting material, the duration of library construction, and the resolution of sequencing results.

Key words Ribo-seq, Translation, mRNA, Codon, Deep sequencing

1 Introduction

Ribosome profiling (Ribo-seq) is a valuable approach to measure
translational activities at particular moments in a genome-wide and
quantitative manner [1, 2]. Ribosome profiling reveals individual
mRNA molecules engaged with translating ribosomes during initi-
ation, elongation, and termination. Relying on high-throughput
sequencing, Ribo-seq captures the entire set of ribosome-protected
mRNA fragments (RPFs) generated by nuclease digestion [3]. This
technique has been used to predict thousands of open reading
frames (ORFs) in eukaryotic cells, including cryptic overlapping
ORFs and noncanonical (non-AUG) translation initiation [4–6].

However, the broad application of Ribo-seq has been slowed
by the complexity, expense, and the lengthiness of the protocol.
Additionally, concerns have swirled around the interpretation of
Ribo-seq results as details of sample preparation may introduce bias
and artifacts [7]. During library preparation, for instance, the effi-
ciency of circularization or linker ligation could be influenced by
the 50 end nucleotide identity of RPFs. As a result, technically
inflated or depleted RPFs could alter the overall pattern of ribo-
some footprints. Additionally, pre-treatment with the translation

Vyacheslav M. Labunskyy (ed.), Ribosome Profiling: Methods and Protocols, Methods in Molecular Biology, vol. 2252,
https://doi.org/10.1007/978-1-0716-1150-0_10, © Springer Science+Business Media, LLC, part of Springer Nature 2021

221

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1150-0_10&domain=pdf
https://doi.org/10.1007/978-1-0716-1150-0_10#DOI


inhibitor cycloheximide (CHX) has been shown to skew codon
densities and induce unwanted cellular responses [8]. Although
omitting CHX pretreatment has become a common practice, elim-
inating artifacts introduced by varied protocols remains challeng-
ing. A ligation-free Ribo-seq approach was recently introduced
[9]. However, the method relies on template-switching technology
that is severely biased with a higher efficiency for RNA molecules
having a G nucleotide in their 50 end [10]. As a result, this ligation-
free approach is not suitable for Ribo-seq due to the unacceptable
50 end bias that will distort the subsequent data analysis. Despite
the difficulties mentioned, the ribosome profiling methods have
undergone continuous development. Several ribosome profiling
protocols have been reported [9, 11–13]. Here we introduce two
methods for Ribo-seq library construction as routinely performed
in our laboratory, the poly-A tailing method and adaptor ligation
method.

A hallmark of Ribo-seq is the 3-nt periodicity of RPFs thanks to
the relatively precise 50 end protection by elongating ribosomes. As
a result, the percentage of reads mapped to the reading frame 0, or
in-frame ratio (IFR), has been commonly used to reflect the reso-
lution of Ribo-seq. Poly-A tailing method (method 1) sacrifices the
yield to guarantee 50 end accuracy of the library which is critical for
good triplet periodicity. The IFR based on this method is approxi-
mately 50–60%. In marked contrast to method 1, adaptor ligation
method (method 2) obtains a high yield; however, the 50 end
accuracy of the library is low. There are ~30% reads whose first
nucleotides cannot be aligned to genome, probably due to the
untemplated addition during reverse transcription (Fig. 1)
[11]. Thus, removal of the first mismatch nucleotide from the 50

end is needed to obtain accurate P-site. After that, optimization of
library construction has improved the IFR of RPFs from ~50% to
~75% (Fig. 2) [11]. In general, successful application of Ribo-seq
typically requires cell lysis, nuclease digestion, purification of ribo-
somes, extraction of RPFs, ribosomal RNA (rRNA) depletion,
cDNA library construction, and deep sequencing.

Fig. 1 The mismatch frequency of the first nucleotide from the 50 end of the
trimmed reads based on adaptor ligation method. For comparison, the frequency
of matched nucleotides is shown as light green; the mismatches with highest
frequency (N>T) are labeled as light red
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2 Materials

Prepare all solutions using RNase-free, ultrapure water and analyti-
cal grade reagents. Prepare and store all buffers and reagents at 4 �C
(unless indicated otherwise). For ribosome profiling, pre-sterilized
and RNase-free tubes and filter pipette tips should be used.

2.1 Buffers 1. Phosphate-buffered saline (PBS): dilute the 10� Dulbecco’s
PBS (no calcium, no magnesium) to 1� using RNase-free
water, and adjust the pH to 7.1 � 0.1.

2. Polysome buffer: 10 mM N-2-hydroxyethylpiperazine-N0-2-
ethanesulfonic acid (HEPES), pH 7.4, 5 mM MgCl2,
100 mM KCl.

3. Lysis buffer: polysome buffer with 1% Triton X-100, 5 mM
dithiothreitol (DTT), 100 μg/mL CHX.

4. Sucrose solutions: 15%, 45%, and 60% sucrose solutions are
prepared in polysome buffer and filtered.

Fig. 2 Schematic representation of ribosome profiling methods using poly-A
tailing and adaptor ligation. A direct comparison of the results in terms of IFR
resolution is listed below. IFR, in-frame ratio of ribosome footprints
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5. RNA gel elution buffer: 300 mM sodium acetate (prepared
using 3 M sodium acetate, pH 5.2), 1 mM ethylene diamine
tetraacetic acid (EDTA; prepared using 0.5 M EDTA, pH 8.0),
0.1 U/mL SUPERase_In.

6. DNA gel elution buffer: 300 mM NaCl, 1 mM EDTA
(prepared using 0.5 M EDTA, pH 8.0).

7. Linearization reaction buffer (10�): 20 mM Tris-acetate,
50 mM potassium acetate, 10 mM magnesium acetate, 1 mM
DTT, pH 7.9.

2.2 Reagents All the reagents listed here are commercially available.

1. E. coli RNase I (100 U/μL).
2. Trizol LS reagent.

3. Chloroform.

4. 100% ethanol.

5. 3 M sodium acetate (pH 5.2).

6. Glycogen (5 mg/mL).

7. 70% ethanol (in nuclease-free water).

8. Denaturing 15% polyacrylamide TBE (Tris base-boric acid-
EDTA)-urea gel.

9. Denaturing 10% polyacrylamide TBE-urea gel.

10. Non-denaturing 8% polyacrylamide TBE gel (no urea).

11. 2� TBE sample buffer.

12. 5� non-denaturing TBE sample buffer.

13. Ultra-low range DNA ladder.

14. SYBR Gold (nucleic acid gel stain, 10,000�).

15. TBE running buffer.

16. T4 polynucleotide kinase (10 U/μL).
17. RNase inhibitor SUPERase_In (20 U/μL).
18. E. coli poly-A polymerase (5 U/μL).
19. SuperScript III (100 U/μL).
20. 10 mM deoxy-ribonucleoside triphosphate (dNTP) mix.

21. RNaseOUT (40 U/μL).
22. CircLigase ssDNA ligase (100 U/μL).
23. Apurinic/apyrimidinic endonuclease 1 (APE 1, 10 U/μL).
24. T4 RNA Ligase 2 (200 U/μL).
25. Phusion DNA polymerase (2 U/μL).
26. BioAnalyzer DNA 1000.
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27. A 28 nt random RNA (50-AUGUACACGGAGUCGACCCG
CAACGCGA-30) which could be used as a size marker in Ribo-
seq library construction is prepared by in vitro transcription
using T7 RNA polymerase and synthesized DNA template.

2.3 Primers

and Linkers

for Ribo-seq Library

Construction

Barcodes are indicated in italics. rApp represents adenylation; Phos
represents phosphorylation; SpC18 represents hexa-ethyleneglycol
spacer; N represents random sequence.

1. cDNA synthesis (poly-A tailing method)
MCA: 50-pCAG ATC GTC GGA CTG TAG AAC TCT

CAA GCA GAA GAC GGC ATA CGA TTT TTT TTT TTT
TTT TTT TTV N-30;

LGT: 50-pGTG ATC GTC GGA CTG TAG AAC TCT
CAA GCA GAA GAC GGC ATA CGA TTT TTT TTT TTT
TTT TTT TTV N-30;

HTC: 50-pAGG ATC GTC GGA CTG TAG AAC TCT
CAA GCA GAA GAC GGC ATA CGA TTT TTT TTT TTT
TTT TTT TTV N-30

YAG: 50-pTCG ATC GTC GGA CTG TAG AAC TCT
CAA GCA GAA GAC GGC ATA CGA TTT TTT TTT TTT
TTT TTT TTV N-30;

2. PCR amplification (poly-A tailing method)
qNTI200 primer: 50-CAA GCA GAA GAC GGC ATA-30.
qNTI201 primer: 50-AAT GAT ACG GCG ACC ACC

GAC AGG TTC AGA GTT CTA CAG TCC GAC G-30.

3. Linker ligation (adaptor ligation method)
LC-Linker: rApp/ NNNNCTGTAGGCACCATCAAT /

3ddC

4. cDNA synthesis (adaptor ligation method)
LC-RT-1: 50-(Phos)CTA NNN AGA TCG GAA GAG

CGT CGT GTA GGG AAA GAG TGT AGA TCT CGG
TGG TCG C(SpC18)C ACT CA(SpC18) TTC AGA CGT
GTG CTC TTC CGA TCTATT GAT GGT GCC TAC AG-30

LC-RT-2: 50-(Phos)AGC NNN AGA TCG GAA GAG
CGT CGT GTA GGG AAA GAG TGT AGA TCT CGG
TGG TCG C(SpC18)C ACT CA(SpC18) TTC AGA CGT
GTG CTC TTC CGA TCTATT GAT GGT GCC TAC AG-30

LC-RT-3: 50-(Phos)ATT NNN AGA TCG GAA GAG
CGT CGT GTA GGG AAA GAG TGT AGA TCT CGG
TGG TCG C(SpC18)C ACT CA(SpC18) TTC AGA CGT
GTG CTC TTC CGA TCTATT GAT GGT GCC TAC AG-30

LC-RT-4: 50-(Phos)CCG NNN AGA TCG GAA GAG
CGT CGT GTA GGG AAA GAG TGT AGA TCT CGG
TGG TCG C(SpC18)C ACT CA(SpC18) TTC AGA CGT
GTG CTC TTC CGA TCTATT GAT GGT GCC TAC AG-30

Methods for Ribo-Seq Library Construction 225



5. PCR amplification (adaptor ligation method)
LC-Seq-F: 50-AAT GATACG GCG ACC ACC GAG ATC

TAC AC-30

LC-Seq-R: 50-CAA GCAGAAGACGGC ATA CGAGAT
GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG-30

2.4 Equipment 1. Ultracentrifuge.

2. Gradient Master.

3. Polysome fractionation system.

4. Refrigerated microcentrifuge.

5. Dry block heater.

6. Polyacrylamide gel box.

7. Electrophoresis power supply.

8. Gel imaging system.

9. Thermal cycler.

10. Spin-X columns.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Cell Lysis

for Ribosome Profiling

The estimated time for cell lysis is approximately 1–2 h according to
the number of samples.

1. Grow HEK293 cells in growth medium in a 5% CO2 cell
culture incubator with 95% humidity. Split HEK293 cells the
day before the treatment into at least four 10 cm petri dishes.
Adjust the splitting ratio so that the cells are at approximately
80% confluence on the day of cell lysis.

2. Aspirate medium from one dish and immediately cool the
dishes on ice. Gently wash the cells with 5 mL of ice-cold
PBS. Aspirate the PBS thoroughly from the dish.

3. Add 400 μL of ice-cold lysis buffer to the dish. Detach the cells
by scraping the entire petri dish, and pipet up and down several
times to lyse the cells.

4. Repeat steps 2–3 until all the petri dishes are done (using the
same lysis buffer).

5. Transfer the cell lysates from the last petri dish to a 1.5 mL
tube, and place the tube on ice.

6. Remove the debris from the cell lysates by centrifugation for
10 min at 13,000 � g at 4 �C.

7. Transfer the soluble supernatant to a new 1.5 mL tube and put
on ice.
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3.2 Polysome

Gradient

The estimated time for polysome gradient is approximately 5–6 h
according to the number of samples.

1. Prepare sucrose density gradients (15–45% (wt/vol)) in ultra-
centrifuge tubes using a Gradient Master according to the
manufacturer’s instructions.

2. Load cell lysate onto sucrose gradients, followed by centrifuga-
tion for 100 min at 250,000 � g (in an SW41 rotor), 4 �C.

3. Fractionate separated samples at 0.375 mL/min by using a
fractionation system that continually monitors OD254 values.
Collect fractions into 1.5 mL tubes at 1 min intervals.

3.3 RNase

I Digestion

of Ribosome Fractions

The estimated time for RNase I digestion and RNA extraction is
approximately 3 h.

1. Take 30 μL from each fraction from the monosome to the end
of polysome. Mix thoroughly to get 300 μL total samples for
library construction.

2. For RNase I digestion of ribosome fractions, add E. coli RNase
I (100 U/μL) into samples (750 U per 100 A260 units, which
is approximately 5 μL/300 μL). Then incubate at 4 �C for 1 h.

3. Extract total RNA using Trizol LS reagent (3 volume of the
sample) and 200 μL of chloroform. Vigorously mix the tube
and let the mixture stand for 2–3 min.

4. Centrifuge at 15,000 � g for 15 min at 4 �C.

5. Transfer the upper aqueous phase containing the RNA to a new
tube, and then add 2.5 volume of ethanol, 0.1 volume of 3M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).

6. Incubate at �20 �C for 30 min, followed by centrifuging at
15,000 � g for 15 min at 4 �C. Carefully take out all the liquid
using a 1 mL filtered tip; do not disturb the RNA pellet.

7. Wash RNA pellet with 1 mL 70% ethanol; spin at 15,000 � g
for 5 min at 4 �C.

8. Carefully take out all the liquid from the tube. Air-dry the RNA
pellet for at least 5 min.

3.4 cDNA Library

Construction (Poly-A

Tailing Method)

The estimated time for cDNA library construction using poly-A
tailing method is approximately 4 days (not including the time for
rRNA depletion; see Note 1). In general, Subheadings 3.4.1 and
3.4.2 take 1 day; Subheadings 3.4.3–3.4.6 take 1 day; Subheadings
3.4.7–3.4.9 take 1 day; and Subheading 3.4.10 takes 1 day.

3.4.1 RNA

Dephosphorylation

From this step, a 28 nt random RNA (0.5 μL) (50-AUGUACACG
GAGUCGACCCGCAACGCGA -30) should be treated together
with RNA samples in the following experiments, and it can be
used as a size marker.
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1. Total RNA samples (RNA dissolved in 11 μL nuclease-free
water) are dephosphorylated in a 15 μL reaction containing
10� T4 polynucleotide kinase buffer (1.5 μL), 10 U RNase
inhibitor SUPERase_In (20 U/μL, 0.5 μL), and 20 U T4
polynucleotide kinase (10 U/μL, 2 μL).

2. Carry out dephosphorylation in a 1.5 mL tube for 2 h at 37 �C.

3. Heat-inactivate the enzyme for 25 min at 65 �C.

3.4.2 RNA Size Selection

and Extraction

1. Mix the dephosphorylated samples with 2� TBE sample
buffer, heat at 70 �C for 3 min, and load on a denaturing 15%
polyacrylamide TBE-urea gel. 1 μL of ultra-low range DNA
ladder and 28 nt random RNA are used as size markers.

2. Run the gel at 160 V for 1.5 h. Stain the gel with 1� SYBR
Gold (diluted in TBE running buffer) in the dark for
15–20 min to visualize the RNA fragments.

3. Excise gel bands containing RNA species corresponding to
28 nt region, and physically disrupt the gels using centrifuga-
tion through the holes of the tube (see Note 2).

4. Dissolve RNA fragments by soaking overnight (more than 8 h)
in 400 μL RNA gel elution buffer at 4 �C.

5. Remove the gel debris using a Spin-X column by centrifuging
at 13,000 � g for 2 min. Transfer the liquid to a new 1.5
mL tube.

3.4.3 Ethanol

Precipitation

1. Mix 400 μL RNA-containing liquid, 890 μL ice-cold ethanol,
40 μL 3 M sodium acetate (pH 5.2), and 4 μL glycogen
(5 mg/mL).

2. Leave the tubes at �20 �C for 30 min.

3. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C.

4. Carefully take out all the liquid using a 1 mL filtered tip; do not
disturb the RNA pellet.

5. Wash RNA pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C.

6. Carefully take out all the liquid from the tube. Air-dry the RNA
pellet for at least 5 min at room temperature.

3.4.4 Poly-A Tailing 1. Resuspend purified RNA fragments in 5.2 μL of nuclease-free
water.

2. Perform poly-A tailing reaction in an 8 μL system with 10�
poly-A polymerase buffer (0.8 μL), 10 mM ATP (1 μL),
20 U/μL SUPERase_In (0.4 μL), and 5 U/μL E. coli poly-A
polymerase (0.6 μL).

3. Carry out tailing in a 1.5 mL tube for 45 min at 37 �C.
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3.4.5 cDNA Synthesis 1. Mix tailed RNA product (8 μL) with 10 mM dNTP mix (1 μL)
and 2.5 mM synthesized primer (1 μL), and incubate at 70 �C
for 5 min, followed by incubation on ice for 5 min.

2. Then add 10� SuperScript III buffer (2 μL), 5 mM MgCl2
(4 μL), 100 mM DTT (2 μL), 40 U/μL RNaseOUT (1 μL),
and 100 U/μL SuperScript III (1 μL) into the reaction mix.

3. Incubate at 50 �C for 50 min, and then heat at 85 �C for 5 min.

3.4.6 Size Selection

and DNA Extraction

1. Mix the reverse transcription samples with 20 μL 2� TBE
sample buffer; heat at 70 �C for 3 min.

2. Run the samples and ultra-low range DNA ladder on a 10%
polyacrylamide TBE-urea gel for 1.5 h at 160 V.

3. Stain the gel with 1� SYBR Gold in the dark for 15–20 min.

4. The extended first-strand product band is expected to be about
93 nt, and the corresponding region is excised, referred to the
ultra-low range DNA ladder. Physically disrupt the gels using
centrifugation (see Note 2).

5. The cDNA in gel is recovered overnight in 400 μL DNA gel
elution buffer.

6. Then remove the debris using Spin-X column (13,000 � g for
2 min).

7. Ethanol precipitate the cDNA with 890 μL ice-cold ethanol,
40 μL 3 M sodium acetate (pH 5.2), and 4 μL glycogen
(5 mg/mL). Leave the tubes at �20 �C for 30 min. Centrifuge
the tubes at 15,000 � g for 15 min at 4 �C. Carefully take out
all the liquid using a 1 mL filtered tip; do not disturb the pellet.
Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

8. Air-dry the pellet for at least 5 min at room temperature, and
resuspend the cDNA in 11.5 μL of nuclease-free water.

3.4.7 Circularization 1. First-strand cDNA is circularized in 20 μL of reaction contain-
ing 10� CircLigase buffer (2 μL), 50 mM MnCl2 (1 μL), 5 M
betaine (4 μL), and 100 U/μL CircLigase ssDNA ligase
(1.5 μL).

2. Perform circularization in a 1.5 mL tube at 60 �C for 1.5 h, and
then heat-inactivate the reaction at 80 �C for 10 min.

3. Add 380 μL nuclease-free water to the circularized DNA.

4. Precipitate the DNA with 890 μL ice-cold ethanol, 40 μL 3 M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).
Leave the tubes at �20 �C for 30 min.
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5. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the pellet.

6. Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

7. Air-dry the pellet for at least 5 min at room temperature, and
resuspend in 8.25 μL of nuclease-free water.

3.4.8 Linearization 1. Circular single-strand DNA (8.25 μL) is relinearized with 10�
linearization reaction buffer (1 μL) and 10 U/μL APE
1 (0.75 μL).

2. Carry out the reaction in a 1.5 mL tube at 37 �C for 1 h.

3.4.9 Size Selection

and DNA Extraction

1. Mix the linearized single-strand DNA samples with 10 μL
2� TBE sample buffer; heat at 70 �C for 3 min. Separate the
linearized single-strand DNA and ultra low range DNA ladder
on a denaturing 10% polyacrylamide TBE-urea gel for 1.5 h at
160 V.

2. Stain the gel with 1� SYBR Gold in the dark for 15–20 min.

3. Then excise the expected 93 nt product bands according to the
ultra-low range DNA ladder, and physically disrupt the gels
using centrifugation (see Note 2). Recover them overnight in
DNA gel elution buffer.

4. Remove the debris using Spin-X column (13,000 � g for
2 min).

5. Precipitate the DNA with 890 μL ice-cold ethanol, 40 μL 3 M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).
Leave the tubes at �20 �C for 30 min.

6. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the pellet.

7. Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

8. Air-dry the pellet for at least 5 min at room temperature, and
resuspend in 10 μL nuclease-free water.

3.4.10 PCR Amplification

and Size Selection

1. Set up the PCR reaction including 11.75 μL nuclease-free
water, 5 μL 5� Phusion buffer, 0.5 μL 10 mM dNTP mix,
1.25 μL 10 mM qNTI200 primer, 1.25 μL 10 mM qNTI201
primer, 5 μL template DNA, and 0.25 μL of 2 U/μL Phusion
DNA polymerase.
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2. Perform PCR amplification as follows: 98 �C 30 s, 98 �C 10 s,
60 �C 20 s, 72 �C 10 s for 10–12 cycles; 72 �C 10 min; 4 �C
hold (see Note 3).

3. Add 5� non-denaturing TBE sample buffer to the PCR pro-
ducts, no heat.

4. Separate PCR products on a non-denaturing 8% polyacryl-
amide TBE gel (no urea) for 1 h at 160 V using ultra-low
range DNA ladder as size marker.

5. Stain the gel with 1� SYBR Gold in the dark for 15–20 min.

6. Then excise the expected DNA at 120 bp, and physically dis-
rupt the gels using centrifugation (see Note 2). Recover over-
night using DNA gel elution buffer.

7. Remove the debris using Spin-X column (13,000 � g for
2 min).

8. Precipitate the DNA with 890 μL ice-cold ethanol, 40 μL 3 M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).
Leave the tubes at �20 �C for 30 min.

9. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the pellet.

10. Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

11. Air-dry the pellet for at least 5 min at room temperature, and
resuspend DNA pellet with 10 μL nuclease-free water.

3.5 cDNA Library

Construction (Adaptor

Ligation Method)

The estimated time for cDNA library construction using adaptor
ligation method is approximately 4 days (not including the time for
rRNA depletion; see Note 1). In general, Subheading 3.5.1 takes
1 day; Subheadings 3.5.2–3.5.4 take 1 day; Subheadings 3.5.5 and
3.5.6 take 1 day; Subheadings 3.5.7 and 3.5.8 take 1 day.

3.5.1 RNA Size Selection

and Extraction

1. Resuspend RNA pellet in 10 μL nuclease-free water.

2. Add 10 μL 2� TBE sample buffer; heat at 70 �C for 3 min.

3. Run the RNA samples, a 28 nt randomRNA control, and ultra-
low range DNA ladder on a denaturing 15% polyacrylamide
TBE-urea gel for 90 min at 160 V.

4. Stain the gel with 1� SYBR Gold for 15 min on the rotator in
dark. Visualize the gel and cut the band between 26 and 34 nt.

5. Physically disrupt the gel using centrifugation through the
holes of the tube (see Note 2).

6. Add 400 μL RNA gel elution buffer to the sample tube. Let it
agitate at 4 �C overnight.
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7. Remove the gel debris with Spin-X column centrifuging at
13,000 � g for 2 min.

8. Purify RNA using 890 μL ice-cold ethanol, 40 μL 3 M sodium
acetate (pH 5.2), and 4 μL glycogen (5 mg/mL). Leave the
tubes at �20 �C for 30 min.

9. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the RNA pellet.

10. Wash the RNA pellet with 500 μL 70% ethanol (in nuclease-
free water); spin at 15,000� g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

11. Air-dry the RNA pellet for at least 5 min at room temperature,
and resuspend the RNA pellet in 11 μL of nuclease-free water.

3.5.2 RNA

Dephosphorylation

1. Set up a 15 μL dephosphorylation reaction in a 1.5 mL tube
including the RNA sample (11 μL), 10� T4 polynucleotide
kinase buffer (1.5 μL), 10 U RNase inhibitor SUPERase_In
(20 U/μL, 0.5 μL), and 20 U T4 polynucleotide kinase
(10 U/μL, 2 μL).

2. Incubate the sample at 37 �C for 1 h to perform the dephos-
phorylation, followed by heat inactivation at 65 �C for 10 min.

3. Purify the dephosphorylated RNA using 890 μL ice-cold etha-
nol, 40 μL 3 M sodium acetate (pH 5.2), and 4 μL glycogen
(5 mg/mL). Leave the tubes at �20 �C for 30 min.

4. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the RNA pellet.

5. Wash the RNA pellet with 500 μL 70% ethanol (in nuclease-
free water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

6. Air-dry the RNA pellet for at least 5 min at room temperature,
and resuspend RNA in 9 μL of nuclease-free water.

3.5.3 Linker Ligation 1. Add 1 μL of LC linker (0.15 μg/μL) to the sample (9 μL) in a
1.5 mL tube.

2. Incubate at 80 �C for 90 s, and let it cool to room temperature.

3. Set up a 20 μL linker ligation reaction: 50% PEG8000 6 μL,
10� T4 RNA Ligase 2 buffer 2 μL, sample + linker 10 μL,
RNase inhibitor SUPERase_In (20 U/μL) 1 μL, and T4 RNA
Ligase 2 (200 U/μL) 1 μL.

4. Incubate at 22 �C for 2.5 h.

5. Purify the dephosphorylated RNA with 890 μL ice-cold etha-
nol, 40 μL 3 M sodium acetate (pH 5.2), and 4 μL glycogen
(5 mg/mL). Leave the tubes at -20 �C for 30 min.
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6. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the RNA pellet.

7. Wash the RNA pellet with 500 μL 70% ethanol (in nuclease-
free water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube (see Note 4).

3.5.4 RNA Size Selection

and Extraction

1. Air-dry the pellet for at least 5 min at room temperature, and
resuspend RNA pellet in 10 μL nuclease-free water.

2. Add 10 μL 2� TBE sample buffer; heat at 70 �C for 3 min.

3. Run the samples and ultra-low range DNA ladder on a dena-
turing 10% polyacrylamide TBE-urea gel for 90 min at 160 V.

4. Stain the gel with 1� SYBR Gold in the dark for 15–20 min.

5. Visualize the gel and cut the band between 40 and 60 nt.
Physically disrupt the gels using centrifugation through the
holes of the tube (see Note 2).

6. Add 400 μL RNA gel elution buffer to the gel piece, and let it
agitate overnight at 4 �C.

7. Remove the gel debris with Spin-X column centrifuging at
13,000 � g for 2 min.

8. Purify the RNA with 890 μL ice-cold ethanol, 40 μL 3 M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).
Leave the tubes at �20 �C for 30 min.

9. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the RNA pellet.

10. Wash the RNA pellet with 500 μL 70% ethanol (in nuclease-
free water); spin at 15,000� g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

11. Air-dry the pellet for at least 5 min at room temperature, and
resuspend the RNA pellet in 11 μL of nuclease-free water.

3.5.5 cDNA Synthesis 1. Add 1 μL of 2.5 μM of LC-RT primer to the RNA sample
(11 μL).

2. Denature at 80 �C for 2 min and on ice for 5 min.

3. Set up a 20 μL reverse transcription reaction: 5� SuperScript
III buffer 4 μL, sample + primer 12 μL, 100 mM DTT 1 μL,
10 mM dNTP mix 1 μL, 40 U/μL RNaseOUT 1 μL, and
100 U/μL SuperScript III 1 μL.

4. Carry out reverse transcription at 48 �C for 30 min, followed
by 10 min at 75 �C.
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5. Purify the cDNA with 890 μL ice-cold ethanol, 40 μL 3 M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).
Leave the tubes at �20 �C for 30 min.

6. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the pellet.

7. Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

3.5.6 Size Selection

and DNA Extraction

1. Air-dry the pellet for at least 5 min at room temperature, and
resuspend cDNA in 10 μL nuclease-free water.

2. Add 10 μL of 2� TBE sample buffer; heat at 70 �C for 3 min.

3. Run the samples, LC-RT primer, and ultra-low range DNA
ladder on a denaturing 10% polyacrylamide TBE-urea gel for
90 min at 160 V.

4. Stain the gel with 1� SYBR Gold in the dark for 15–20 min.

5. Visualize the gel and cut the band ~200 nt, above the 125 nt
primer. Physically disrupt the gel (see Note 2).

6. Add 400 μL DNA gel elution buffer to the sample tube. Let it
agitate at 4 �C overnight.

7. Remove the gel debris with Spin-X column centrifuging at
13,000 � g for 2 min.

8. Ethanol precipitate the DNA with 890 μL ice-cold ethanol,
40 μL 3 M sodium acetate (pH 5.2), and 4 μL glycogen
(5 mg/mL). Leave the tubes at �20 �C for 30 min.

9. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the pellet.

10. Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

11. Air-dry the pellet for at least 5 min at room temperature, and
resuspend the DNA pellet in 15 μL of nuclease-free water.

3.5.7 Circularization 1. Set up a 20 μL circularization reaction in a 1.5 mL tube: single-
stranded cDNA 15 μL, 10� CircLigase buffer 2 μL, 1 M ATP
1 μL, 50 mM MnCl2 1 μL, and CircLigase ssDNA ligase
(100 U/μL) 1 μL.

2. Incubate at 60 �C for 1 h followed by 80 �C for 10 min.

3. Purify the cDNA with 890 μL ice-cold ethanol, 40 μL 3 M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).
Leave the tubes at �20 �C for 30 min.
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4. Centrifuge the tubes at 15,000� g for 15min at 4�C. Carefully
take out all the liquid using a 1 mL filtered tip; do not disturb
the pellet.

5. Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

6. Air-dry the pellet for at least 5 min at room temperature, and
resuspend cDNA pellet in 12.75 μL nuclease-free water.

3.5.8 PCR Amplification

and Size Selection

1. Set up a 20 μL reaction: 5� Phusion buffer 4 μL, 10mMdNTP
mix 1 μL, cDNA 12.75 μL, 10 μM LC-Seq-F primer 1 μL,
10 μM LC-Seq-R primer 1 μL, and 2 U/μL Phusion DNA
polymerase 0.25 μL.

2. Perform PCR reaction: 98 �C for 30 s; 98 �C for 10 s, 65 �C for
20 s, 72 �C for 10 s, 10–12 cycles; 72 �C for 5 min; 4 �C hold
(see Note 3).

3. Add 5� non-denaturing TBE sample buffer to the sample,
no heat.

4. Load the samples and ultra-low range DNA ladder on 8%
non-denaturing polyacrylamide TBE gel (no urea), 160 V for
60 min.

5. Stain the gel with 1� SYBR Gold for 15 min on the rotator in
the dark.

6. Visualize the gel and cut the band ~180 bp. Physically disrupt
the gel (see Note 2).

7. Add 400 μLDNA gel elution buffer to the sample tube, and let
it agitate at 4 �C overnight.

8. Remove the debris using Spin-X column centrifuging at
13,000 � g for 2 min.

9. Precipitate the DNA with 890 μL ice-cold ethanol, 40 μL 3 M
sodium acetate (pH 5.2), and 4 μL glycogen (5 mg/mL).
Leave the tubes at �20 �C for 30 min.

10. Centrifuge the tubes at 15,000 � g for 15 min at 4 �C. Care-
fully take out all the liquid using a 1 mL filtered tip; do not
disturb the pellet.

11. Wash the pellet with 500 μL 70% ethanol (in nuclease-free
water); spin at 15,000 � g for 5 min at 4 �C. Carefully take
out all the liquid from the tube.

12. Air-dry the pellet for at least 5 min at room temperature, and
resuspend DNA pellet with 15 μL nuclease-free water.

3.6 Deep Sequencing Measure DNA concentration and length by Bioanalyzer DNA
1000, and then pool equal amount of each barcoded sample into
one tube. Send mixed DNA samples for sequencing using Illumina
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sequencing primer with a read length of 51 nt. The loading con-
centration of mixed DNA samples is approximately 1.5–1.8 pM in
1.3 mL.

3.7 Sequencing Data

Analysis

Raw sequencing reads are first processed by trimming 30 adapters
and low-quality bases. The trimmed reads with length <15 nucleo-
tides are excluded, and the remaining reads are then mapped to the
transcriptome. For read alignment, the reads mapped to multiple
positions or with more than two mismatches are excluded. The
13th position (12-nt offset from the 50 end) of the uniquely
mapped read is defined as the ribosome P-site (see Note 5). For
each individual transcript, reads per kilobase per million mapped
reads (RPKM) is used to compute the ribosome density. To exclude
the effect of RNA level, ribosome density is normalized by
corresponding RNA level.

4 Notes

1. rRNA contamination is a common phenomenon in Ribo-seq
library construction. It derives largely from RNase I cleavage of
surface-exposed regions of ribosomes, which generates rRNA
fragments similar in size to RPFs [5]. To reduce rRNA con-
tamination, commercial rRNA depletion kits can be used for
the depletion of rRNA from Ribo-seq libraries [6].

2. To physically disrupt the gels, punch five to six holes using a
needle in the 0.5 mL tube. Put the excised gel in the tube.
Then put the tube above a 1.5 mL tube, and centrifuge at
13,000 � g for 10 min or more.

3. During PCR amplification, sometimes it takes 12 cycles to see a
clear band. Sometimes 10 cycles are enough, and 12 cycles can
make the band becoming smear-like. Thus, it is recommended
to try both to find the best condition.

4. Purification can be omitted if the starting material is scarce.

5. Here we describe two methods of Ribo-seq library construc-
tion. As each methodology has its advantages and disadvan-
tages, method for Ribo-seq library construction should be
chosen according to experimental purpose and specific condi-
tion. Poly-A tailing method (method 1) sacrifices the yield to
guarantee 50 end accuracy of the library which is critical for
good triplet periodicity. In marked contrast to method 1, adap-
tor ligation method (method 2) obtains a high yield; however,
the 50 end accuracy of the library is low, which should be
adjusted during subsequent bioinformatic analysis by removal
of the first mismatch nucleotide from the 50 end.
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Chapter 11

Choice of Ribonucleases for Ribosome Profiling
Experiments

Maxim V. Gerashchenko

Abstract

In the past 10 years, standard transcriptome sequencing protocols were optimized so well that no prior
experience is required to prepare the sequencing library. Often, all enzymatic steps are designed to work in
the same reaction tube minimizing handling time and reducing human errors. Ribosome profiling stands
out from these methods. It is a very demanding technique that requires isolation of intact ribosomes, and
thus there are multiple additional considerations that must be accounted for (McGlincy and Ingolia,
Methods 126:112–129, 2017). In this chapter, we discuss how to select a ribonuclease to produce
ribosomal footprints that will be later converted to the sequencing library. Several ribonucleases with
different cutting patterns are commercially available. Selecting the right one for the experimental applica-
tion can save a lot of time and frustration.

Key words Ribosome profiling, Translation, Ribonuclease, rRNA

1 Introduction

Ribosome-mRNA complexes have to be treated with a ribonuclease
(RNase) to eliminate mRNA parts located outside of the ribosome
and to generate so-called ribosomal footprints. However, the ribo-
some itself contains ribosomal RNA which is also exposed to the
ribonuclease. During the RNase treatment, the ribosome can suffer
damage and lose structural integrity in which case the quality and
the composition of ribosomal footprints will be compromised. First
ribosome profiling studies were conducted on yeast ribosomes, and
they happened to tolerate any kind of nuclease-inflicted damage
[2, 3]. Ribosomes from other organisms differ in their stability
(Fig. 1). Moreover, even ribosomes isolated from different organs
of the same species might display different tolerance to the same
ribonuclease [2]. The exact nature of such discrepancies remains
unclear. It is particularly intriguing considering the fact that rRNA
and protein sequence and composition of the eukaryotic ribosome
are highly similar across species and nearly identical within a species.
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https://doi.org/10.1007/978-1-0716-1150-0_11, © Springer Science+Business Media, LLC, part of Springer Nature 2021

239

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1150-0_11&domain=pdf
https://doi.org/10.1007/978-1-0716-1150-0_11#DOI


Nevertheless, it has direct implications for any experimental scien-
tist who is interested in assessing translation by ribosome profiling.
Most of the published ribosome profiling studies use RNase I in
eukaryotes and RNase S7 in prokaryotes. However, there are sev-
eral other ribonucleases commercially available and using themmay
save a lot of time depending on the application.

Ribonuclease must maintain activity at the physiological con-
ditions required to support ribosome structural integrity. Several
commercially available nucleases qualify these criteria: A, T1, S7,
and I. They possess different cutting preferences and can be used
individually or in a mix.

1.1 Ribonucleases

and Their Properties

1. RNase I preferentially hydrolyzes single-stranded RNA to
nucleoside 30-monophosphates. It does not require metal ions
for activity and has no cutting preference [4].

2. RNase A specifically degrades single-stranded RNA at C and U
residues by cleaving a phosphodiester bond between the 5-
0-ribose of a nucleotide and the phosphate group attached to
the 30-ribose of an adjacent pyrimidine nucleotide [5]. Every
ribosomal footprint generated by this enzyme has pyrimidine
(C or U) at the 30 end.

Fig. 1 Sucrose gradients of polysomes digested with RNase I or RNase T1.
RNase I is inactive in E. coli lysates. RNase I aggressively over digests polysomes
from the mouse liver
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3. RNase T1 specifically degrades single-stranded RNA at G resi-
dues. It cleaves the phosphodiester bond between the 3-
0-guanylic residue and the 50-OH residue of adjacent
nucleotides. The enzyme does not require metal ions for activ-
ity [6]. Every ribosomal footprint generated by this enzyme has
G at the 30 end (see Note 1).

4. RNase S7 (Micrococcal nuclease) hydrolyzes single and
double-stranded RNA to yield 30-mononucleotides and oligo-
nucleotides. More likely to cleave AT-rich regions than
GC-rich. The enzyme requires Ca2+ ions for activity [7].

2 Materials

2.1 Ribonucleases 1. RNase I, 100 U/μL.
2. RNase T1, 1000 U/μL.
3. RNase S7, 10 mg lyophilized powder. To prepare a stock

solution, dissolve in 100 μL of the storage buffer: 10 mM
Tris–HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 50% glycerol.

4. RNase A, 1 mg/mL.

2.2 Other Reagents 1. 0.5 M ethylene glycol-bis(β-aminoethyl ether)-N,N,N0,N0-tet-
raacetic acid, sodium salt (EGTA).

2. Superase-In RNase inhibitor.

3. EDTA-free protease inhibitor cocktail.

4. Cycloheximide.

5. Triton X-100.

2.3 Sucrose

Gradients

1. Polypropylene centrifuge tubes (14 � 89 mm).

2. Beckman ultracentrifuge compatible with SW41 rotor.

3. Fraction collection system (optional).

4. Brandel tube piercing stand.

5. BioComp Gradient Master.

6. UV detector with 254 nm filter (separate or as a part of an
automated gradient fractionator).

7. Syringe pump.

8. Gradient sucrose solutions: 10% and 50% sucrose in polysome
buffer without detergents, no CaCl2, and increased MgCl2 to
10 mM.

9. Sucrose chase solution: 60% sucrose, 10 mMMgCl2, 100 mg/
mL cycloheximide.
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2.4 Subtractive

Hybridization

1. Streptavidin magnetic beads.

2. Magnetic stand.

3. 20� saline sodium citrate (SSC) buffer: 3 M NaCl in 0.3 M
sodium citrate (pH 7.0).

4. Magnetic beads wash buffer: 10 mM Tris–HCl pH 7.5,
0.5 mM EDTA, 1 M NaCl.

3 Methods

There are many ribosome profiling studies performed in various
model organisms, tissues, and cell lines which provides a rich refer-
ence resource for selecting RNase treatment compatible with the
specimen origin. However, since ribosome isolation requires expe-
rience, the experimental conditions that worked well in one labora-
tory may not reproduce in another one. Therefore, it is important
to outline experimental goals before doing ribosome profiling for
the first time. Generally, ribosome profiling can be used to address
the translation efficiency of certain genes as well as the fine struc-
tural details of translation such as the presence of upstream regu-
latory reading frames, ribosome pausing, and stalling sites. The first
part is straightforward and similar to the standard transcriptome
analysis of gene expression. It only requires a basic understanding
of computational biology; results are easily interpretable, and many
studies are exclusively interested in this aspect alone. The second
part is quite challenging, it requires extensive experience in bioin-
formatics, and many studies do not invest in this sort of analysis.

RNase I is the best choice when the fine details of translation
are studied. It has no cutting preference; therefore, ribosomal
footprints have the same offset of codons located in the A/P/E
(aminoacyl, peptidyl, exit) sites regardless of the transcript
sequence. It is very convenient for computational analysis as it
allows to generate ribosome occupancy plots and to identify the
proper reading frame. RNase I cannot be used in E. coli and many
other prokaryotes because they express it natively along with the
inhibitor which renders exogenous RNase I inactive even if added
in large quantities (Fig. 1). Despite its benefits, RNase I has a
serious drawback – it easily compromises the structural integrity
of the ribosome causing over digestion. It requires a series of
sucrose gradient profiles done prior to attempting footprint isola-
tion and sequencing. In some species, for example, Drosophila
melanogaster, obtaining high-quality monosomes is hardly possible
even after rigorous fine-tuning of ribonuclease digestion conditions
[8, 9].

Spending time on testing various digestion conditions is often
unnecessary if the researcher is only interested in translation effi-
ciency and gene expression estimates. In which case RNase I can be
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substituted with another nuclease. Although other ribonucleases
have a cutting preference, it does not change the footprint per gene
count compared to RNase I (Fig. 2). The reason is rather simple—
an average protein-coding gene is much longer than a footprint and
lacks low-complexity regions [2].

3.1 Test Ribosome

Stability

in the Presence

of Ribonucleases

Ribosome quality is critical for sequencing. Ideally, the complete
conversion of polysomes to monosomes without the loss of mono-
somes is desired (Fig. 1).

1. Prepare a lysate in the 2 mL of the buffer of your choosing.
Different species favors slightly different lysis buffers; here is
the standard one to get started: 20 mM Tris–HCl pH 7.5,
50 mM KCl, 50 mM NaCl, 5 mM MgCl2, 1 mM DTT, 1%
Triton, 0.1 mg/mL cycloheximide, protease inhibitors.

2. Meanwhile, prepare sucrose gradients in the Gradient Master
from BioComp following manufacturer’s instructions.

3. Spin down lysates in a table-top centrifuge for 1 min, and
transfer the supernatant in a new microtube.

4. Split the lysate into 6 equal parts and bring the volumes to
1 mL with the fresh lysis buffer.

5. Set-up the ribonuclease digestion test (see Note 2):
l Untreated control.

l RNase I.

l RNase A.

l RNase S7.

l RNase T1.

l RNase S7 + RNase T1.

Fig. 2 Footprints per gene count in the sample treated with different ribonucleases
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Keep the reaction at room temperature for 30 min with
gentle rotation. The exact quantities of ribonucleases do not
matter much at this stage. We suggest adding 1 μL of each
enzyme per 10 units of the lysate (OD260).

6. Inactivate ribonucleases. Add 5 mM CaCl2 to inactivate RNase
S7. Add 2 μL Superase-In to inactivate RNase I, RNase T1, and
RNase A.

7. Carefully overlay 1 mL from each sample lysate on top of the
sucrose gradients. Perform ultracentrifugation in SW41 rotor
for 3 h at 35,000 rpm (151,000 � g).

8. Plug the sample tube in a tube piercing device connected to UV
detector. Pump 60% sucrose solution through the tube at
1 mL/min rate. Heavy sucrose solution will displace the
sucrose gradient upward making it flow through UV detector.

3.2 Quantify

the Number

of Monosomes

and Polysomes

A nuclease digests the mRNA regions unprotected by ribosomes.
As a result, polysomes disappear and the monosome peak grows
proportionally. Several techniques can be used to calculate areas
under the peaks on a sucrose gradient track. We recommend using
the custom R script (seeNote 3). Make sure the starting amount of
ribosomes was the same in every sample. It greatly helps with peak
calculations because sucrose profiles have the same absorbance
baseline. In our experience, RNase T1 was the only nuclease that
consistently preserved ribosome integrity while thoroughly con-
verting polysomes to monosomes in a variety of species, tissues
and cell lines [2]. RNase S7 holds the second-best place.

3.3 Fine-Tuning

Nuclease Digestion

Conditions

Based on the ribonuclease testing, there is a good chance RNase T1
or RNase S7 deliver acceptable performance. However, there are
several parameters that can be further changed to increase or
decrease digestion efficacy.

l Temperature. It often helps to reduce over digestion by incubat-
ing reaction mix on ice or in a cold room instead of the room
temperature.

l Incubation time can be reduced to 20 min or extended to 1 h.

l Enzyme quantity has the least impact.

l Order of the treatments. In the instance where the cutting bias
of individual RNases has to be avoided and RNase I cannot be
used, a mixture of RNase S7 and T1 produces acceptable results.
These nucleases can be added as a mixture at the same time or
sequentially. In the latter case, the treatment can be done with
RNase S7 first, inactivated with CaCl2, then RNase T1 can be
added to the same lysate.
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3.4 Improve

Footprints Yield by

Subtractive

Hybridization

Ribonucleases have distinct cutting preference, and it affects the
repertoire of ribosomal RNA (rRNA) fragments that will contami-
nate the resulting ribosomal profiling libraries. There exact percent-
age of this contamination greatly varies depending on the species,
tissue and cell type, and proportion of ribosomes engaged in trans-
lation. A common strategy to remove unwanted rRNA fragments is
to do subtractive hybridization. It is usually done right after ribo-
somal footprints were reverse transcribed into single stranded DNA
counterparts. Custom DNA oligonucleotide designed to be
reverse-complement to the rRNA serve as a bait to fish them out.
There are several commercially available kits to do this kind of
rRNA depletion; however they are typically designed for enriching
full-length mRNA and eliminating full-length or at least partially
degraded rRNA. As a result, they perform poorly when rRNA is
highly fragmented and fragments are short as in the case of ribo-
some profiling. These kits also target only commonly used model
organisms and may not be suitable for other species.

Custom oligonucleotide baits are a viable alternative to com-
mercial kits. We recommend sequencing one ribosome profiling
library with low coverage just to characterize the content of rRNA
contaminants. Figure 3 demonstrates rRNA coverage produced by
different ribonucleases in S. cerevisiae [2]. Although the original
sample was identical, ribonucleases generated fragments from dif-
ferent rRNA regions, and it has to be accounted for while designing
the baits. We usually select 5–7 regions that yield the highest
number of contaminants and design biotinylated oligonucleotides
50–60 nt in length to target them. The location of the biotin is not
important; it can be at the 30 as well as 50 terminus.

Interestingly, the same ribonuclease can have different rRNA
digestion patterns in different tissues and cell types. For instance,
Fig. 4 shows examples from several mouse organs treated with the
same mixture of RNase T1/S7 [10]. Therefore, hybridization baits
must be selected carefully to maximize the yield of useful foot-
prints. Of course, it only makes sense for medium to large-scale
projects, while smaller projects can be sequenced to sufficient depth
even if the rRNA content is high.

1. Prepare a mix of biotinylated oligonucleotide baits in the 1�
SSC buffer. If the rRNA digestion pattern is known, maintain
the same proportion of individual baits as the composition of
the rRNA fragments. Refer to the magnetic beads manufac-
turer to learn the binding capacity.

2. Prepare streptavidin magnetic beads by washing 3–4 times with
a high salt buffer: 10 mM Tris–HCl pH 7.5, 0.5 mM EDTA,
1 M NaCl. If the beads are not certified as RNAse/DNAse-
free, wash 3 times in 0.1 M NaOH, 0.05 M NaCl solution,
repeat 3 times with just 0.05 M NaCl. Add biotinylated baits
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and incubate 30 min at room temperature with gentle agita-
tion. Wash off the excess of unbound baits by rinsing beads
3 times with the high salt buffer. Repeat washing three times
with 1� SSC buffer (a commonly used buffer for nucleic acid
hybridization).

3. Set up hybridization by combining ssDNA from ribosome
profiling with ssDNA baits. Make sure you have at least four-
fold excess of baits over the ribosome profiling ssDNA. Adjust
the total volume to 50 μL and maintain 1� SSC.Mix well, then

Fig. 3 rRNA contamination generated by ribonucleases. RNAse digestion patterns of 18S and 28S rRNA in
S. cerevisiae. High peaks represent major contaminants and should be targeted by subtractive hybridization
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place at 80 �C for 5 min in a PCR machine. Slowly decrease the
temperature to 50 �C and transfer to streptavidin magnetic
beads. Incubate at 37 �C for 15 min with gentle rotation. For
increased annealing specificity incubate at 50 �C if possible.

4. Place the tube on a magnetic stand for 1 min and transfer the
supernatant containing ribosome depleted ssDNA library in a
new microtube. Proceed with ethanol precipitation and ribo-
some profiling library preparation of your choice.

Fig. 4 rRNA contamination generated by ribonucleases. RNAse digestion patterns of 18S and 28S rRNA in
various mouse organs. The mixture of RNAse T1/S7 is used in each case
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4 Notes

1. Enzymes are never 100% accurate, so strictly speaking, some
fraction of footprints will have nucleotides other than specified
at 30 end. Moreover, different ribosome sources may have a
high content of endogenous ribonucleases, skewing the repre-
sentation of terminal nucleotides. In the case of the ribonucle-
ase T1, we observed anywhere from 95% to 85% of all
footprints ending with guanine.

2. This layout is optimized for an SW41 ultracentrifuge rotor
which holds six samples. The experimenter is free to use any
combination of ribonucleases as he deems fit.

3. The R code required for plotting and quantifying sucrose
gradient profiles is available from https://github.com/
germaximus/SucroseProfiler.
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Chapter 12

Codon Resolution Analysis of Ribosome Profiling Data

Alexander Bartholom€aus and Zoya Ignatova

Abstract

Translation is a central biological process in living cells. Ribosome profiling approach enables assessing
translation on a global, cell-wide level. Extracting versatile information from the ribosome profiling data
usually requires specialized expertise for handling the sequencing data that is not available to the broad
community of experimentalists. Here, we provide an easy-to-use and modifiable workflow that uses a small
set of commands and enables full data analysis in a standardized way, including precise positioning of the
ribosome-protected fragments, for determining codon-specific translation features. The workflow is com-
plemented with simple step-by-step explanations and is accessible to scientists with no computational
background.

Key words Ribo-Seq, Ribosome profiling, Deep sequencing, Translation and regulation, Analysis
pipeline, Calibration, Nucleotide resolution, Codon

1 Introduction

Translation of the genetic information from a nucleotide sequence
into a functional protein is a central biological process in all living
cells. A large proportion of the cellular resources is dedicated to
translation: it consumes up to the half of the energy production of
the cell, and approximately 35–45% of the genomes are assigned to
proteins of the translation apparatus [1, 2]. Systematic studies
quantifying transcripts and proteins at genomic scales frequently
reveal poor correlation, which is partly due to translational regula-
tion [3–5]. Translation is a multilayered process, orchestrated by
the ribosome. A new emerging concept suggests that the dynamics
of the ribosome coordinates the multivalent functions from decod-
ing of the genetic information to producing a functional protein.
Examples with various proteins have demonstrated that the ribo-
somes translate mRNAs with non-uniform speed [6] which kineti-
cally synchronizes processes downstream of translation, including
co-translational folding, translocation, assembly, and processing of
the nascent protein [6–13]. Thus, direct analyses of translation
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provide a more accurate and complete measure of gene expression
and protein biogenesis compared to analyzing mRNA expression
levels alone [3].

Ribosomes cover a stretch of 25–30 nucleotides with slightly
larger fragments in eukaryotes than in prokaryotes. Currently, the
state-of-the-art technology for transcriptome-scale quantification
of translating ribosomes is ribosome profiling (Ribo-Seq) [14]. It is
based on a deep sequencing of ribosome-protected fragments
(RPFs), following treatment with ribonucleases that digest unpro-
tected, ribosome-free mRNA segments [15] allowing the ribosome
position to be monitored with a single-nucleotide or sub-codon
precision on a transcriptome-wide scale [14]. Assignment of the
RPFs to the transcriptome, known also as mapping, at its most basic
level provides information of the regions of RNA being translated,
and from the RPF density, the level of translation on open-reading
frames can be inferred [16]. In permissive or nutrient-balanced
growth conditions, variations in the RPF density within an open-
reading frame reflect differences in translation speed or efficiency.
Adverse growth conditions (e.g., environmental stress) or aberrant
mRNAs are sensitively sensed by the translation apparatus, activate
ribosome-associated quality control mechanisms, and cause ribo-
somal stalling and/or queuing [17–19]; hence non-uniform distri-
bution of the RPFs within open-reading frames would report on
aberrant translation events. Ribosome profiling sets, generated in
conditions to report on genuine translation, further precise posi-
tioning of the RPFs (also known as calibration) at the ribosomal A,
P, and E sites (the three sites the ribosome binds tRNAs, i.e.,
aminoacyl-tRNA, peptidyl-tRNA, and tRNA-exit site, respectively)
[20], can provide insights into codon-specific features of translation
[21, 22] and mechanisms of specific reading frames being
translated [23].

Currently, several resources and tools are available to analyze
ribosome profiling data; each of them, however, bears a specialized
focus. These include repository databases, enabling comparison
and integration of ribosome profiling data sets [24], or tools to
detect open-reading frames [25, 26], extract translation regulation
regimes [27], and calibrate RPFs [28–30]. Attempts for interactive
analysis and processing have also been made [31]. Yet, most of
these tools require different level of programming knowledge and
are thus inaccessible to the large community of experimentalists.

The precise positioning of RPFs within the open-reading
frame, or calibration of RPFs, is the key step to obtain codon
resolution and extract codon-dependent translation features. In
this analysis, the RPFs are anchored using their 50 or 30 ends to
common translation positions to determine the position of the start
codon in the ribosomal P site and the stop codon in the A site,
respectively. Few exiting tools implement automatic procedures to
determine offset of the RPF read ends to the ribosomal A or P site

252 Alexander Bartholom€aus and Zoya Ignatova



[28–30]. However, the offset strongly depends on different factors,
e.g., used nucleases, RPFs length distributions, and variations in
the sequencing protocols among laboratories [32, 33]. Thus, man-
ual inspection is still necessary to validate and correct automatically
determined offsets.

In this chapter, we demonstrate how the ribosome profiling
data can be used to assess the position of actively translating ribo-
somes in cells growing under permissive conditions, thereby infer-
ring the codon position of the ribosomal A, P, or E sites. Our
descriptions cover the full range of data processing with special
focus on precise positioning of the RPFs in the ribosomal A, P, or
E sites. Our manual approach implements detection at translation
start and stop for each read length separately. We show a computa-
tional pipeline with step-by-step instructions to process and analyze
ribosome profiling data to obtain codon-specific information from
the RPFs. We also provide brief descriptions of how tools can be
used and combined at each step. Our detailed explanations and
schematic visualizations along with example data and commands
provide a workflow that is easy to use, in particular by experimen-
talists without programming background, and simple to modify to
achieve high precision in ribosome profiling data analysis. Using
only a dozen of simple commands, we cover the entire pipeline
from reads mapping and exact RPF positioning to generation of
standard plots and data export. This enables non-expert users to
perform the analysis in a standardized fashion.

2 Materials

2.1 Software

Dependencies

The pipeline requires software that runs on Linux operating system
(OS). macOS should work too but was not tested. For compatibil-
ity reasons we recommend using the most recent versions. We
provide the versions we used to verify the pipeline. The explicit
installation commands are given on the GitHub page (see link
below).

The software for sequencing reads mapping is optional. Other
mapping procedures can be applied too.

1. Linux operation system (Ubuntu 18.04. LTS).

2. R (version 3.5.0) (https://www.R-project.org) using the fol-
lowing packages:

l foreach (version 1.4.7).

l doParallel (version 1.0.15).

3. bedtools (version 2.26.0) (https://bedtools.readthedocs.io)
[34]

4. samtools (version 1.7) (http://www.htslib.org/) [35]
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5. [Optional] For the sequencing reads processing and mapping/
alignment to reference:
l cutadapt (version 2.5) (https://cutadapt.readthedocs.io)

[36].

l bowtie (version 2.26.0) [37].

2.2 Download

and Prepare

the Pipeline

1. Download. The pipeline is written as a set of R commands and
functions that often wrap up system commands. All scripts and
configuration files used in this chapter can be downloaded from

https://github.com/AlexanderBartholomaeus/
MiMB_ribosome_profiling,

or the git clone can be used:

git clone git://github.com/AlexanderBartholomaeus/

MiMB_ ribosome_profiling.git

2. Verify that the necessary tools are installed. Open a terminal
window, and navigate to the downloaded or cloned directory,
and verify that all tools listed in Subheading 2.1 are installed by
executing the following: Rscript verify_dependencies.R

If the script finishes without errors, the system is ready. If
errors occur, check whether the tools are installed correctly, or
change the default path to a tool in the config/tools_location.
csv. This file can be opened and modified with a text editor
(e.g., gedit) or office program (e.g., OpenOffice). Some tools
might be installed locally instead of globally; the latter requires
system’s administrator rights. For example, if cutadapt is
updated with a local user rights, it might be located in
/home/user/.local/bin/cutadapt. The line #3 in the
tools_location.csv file would look like this: cutadapt,
/home/user/.local/bin/cutadapt. If you change the
location of any tool, run the verify_dependencies.R script
again. If you damaged config or other files, the original files
should be downloaded again.

3. Install R dependencies packages. To install the necessary R
packages, the installation script can be run from the command
line: Rscript install_R_packages.R

After installing all tools, continue with the analyses.

2.3 Genome and

Sequencing Data

The following data and information are needed to apply the
pipeline:

1. Genome/transcriptome sequence(s): Those are usually in a
form of a FASTA file containing chromosomes or transcripts,
respectively. This information is needed to map the sequencing
reads (RPFs).
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2. Gene/transcript annotation of the coding sequence: This
information is usually provided in GFF/GFF3 (GFF version 3),
GBK (genebank), or BED (bedtools) format. We recommend
using BED format which is the simplest. BED format is used
with six columns that cover all necessary information, including
the DNA strand (see Note 1).

3. Ribosome profiling sequencing reads: Raw reads are provided
in FASTQ format, while mapped reads are generally stored as
BAM files. If mapped data are generated by in-house procedures,
verify that the FASTA and BED files are matching, e.g., contain
the exact same transcript/gene names. Files of each format are
included in the example data folder.

2.4 Example

Sequencing Data

and Code

To provide a set of explicit examples, we assembled data files and
working code examples. The example data files and the example
code can be found in example_data/ folder and at the end of
each subsection in the Methods, respectively. These code and data
were used to generate the plots for Figs. 2 and 3.

Sequencing data: We use publicly available data [38] to illus-
trate the workflow. For the example data file rpf.fastq.gz, we
use the first one million reads of SRR1734437 (https://trace.ncbi.
nlm.nih.gov/Traces/sra/?run¼SRR1734437) which contains the
RPFs of E. coli MG1655. The data can be found in the example_
data/sequencing_data folder.

Code: For the code examples, it is recommended to execute the
scripts from the location of the downloaded Git folder. The output
folder will be one directory higher (as indicated by ../). However,
the paths can be freely adapted to the needs of the analysis.

2.5 Hardware

Requirements

We use the fast and memory-efficient tools bowtie, cutadapt, sam-
tools, bedtools, and Linux commands for most of our operations.
Few steps of the processing and plotting are implemented in R
directly. Depending on the executed steps and the input data, the
hardware requirements may vary, e.g., mapping of hundreds of
millions of reads to large eukaryotic genomes requires more mem-
ory and CPU time as compared to mapping of few million reads to
a prokaryotic genome. The majority of the intermediate BAM files
are kept during the pipeline run, as they can serve as inputs at
different steps.

We suggest working on a workstation with 16 GB of RAM and
8-core CPU and 10x larger disk space than that of FASTQ or BAM
input file size. Our default configuration uses 4 cores. This is
adjustable by changing the number in the config/cores_max.
csv file. If no mapping is performed, 8 GB RAM and 2-core CPU
are sufficient; however, the disk space for the intermediate files is
still needed. After storing the results, we suggest deleting the
output folders. Note that the coverage_start_stop.R (Sub-
headings 3.3, step 2 and 3.4, step 7) and calibration_
count_plot.R (Subheading 3.4, step 2) read large matrices of

Ribosome-Profiling Reads Calibration 255

https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR1734437
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR1734437
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR1734437


position-based counts that can be very large if a large number of
expressed genes is used. Therefore, to reduce the RAM usage,
consider using smaller gene set or a higher threshold (Subheading
3.3, step 1), if permitted by the research question.

3 Methods

The following instructions provide a step-by-step manual. We
offer detailed explanations and highlight key steps and discuss
various alternative options. In addition, we provide a Git repository
with all necessary files and commands to execute each step of
the pipeline, which can be found in: https://github.com/
AlexanderBartholomaeus/MiMB_ribosome_profiling. We use R
programming language. Most commands are wrapped up into
system commands using basic Linux tools or samtools and bed-
tools, thus enabling very fast processing. The plots are generated
using base R. To benefit of the multi-core processing, we use R
packages foreach and doParallel. Many processes, however, are I/O
intensive, e.g., the procedures of selecting and modifying reads are
computationally simple but will generate a new file of large size. We
restrict these intensive processes to 8-cores.

3.1 [Optional]

Sequencing Read

Pre-processing

and Mapping

To cover the whole workflow, from raw sequencing reads to final
results including plots, we provide also a basic mapping procedure.
This basic mapping strategy works well because the RPFs are short;
the procedure is complex, when pursuing a multi-step mapping
with rRNA removal first. Several different tools for mapping exist
which are reviewed in [39] and can also be used. If the sequencing
data have been already mapped, proceed with Subheading 3.2.
Here, we provide a basic procedure based on bowtie [37] which
is more sensitive for short reads than bowtie2. The full suite of
mapping parameters and their impact on ribosome profiling data
analysis is summarized in [39].

To prepare the sequencing reads for mapping, the sequencing
adapters and low-quality bases must be removed. Subsequently,
reads are mapped to a reference genome or transcriptome. The
pipeline is designed to work with Illumina sequencing reads but
can be modified to any other sequencing platform and read types.

1. Set adapter removal and quality trimming parameters. Open
the config/mapping_config.csv. The lines starting with
cutadapt_ indicate cutadapt parameters. Please set the
parameters according to your preferences. Most importantly,
set the 30 adapter.

2. Set sequencing read mapping/alignment parameters. In the
same config/mapping_config.csv files, lines starting
with bowtie_ indicate bowtie parameters. Note that the
recommended settings can be changed.
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3. Pre-process and map/align reads. Start the pre-processing and
mapping by calling the script, followed by the input folder
containing the raw sequencing reads (FASTQ or FASTQ.GZ
files), the output folder (which will be created, if not existing),
and the path to the FASTA of the reference:

Rscript mapping.R input_folder output_folder reference_file

With our example data, the call would look like this:

Rscript mapping.R example_data/sequencing_data/ my_out_folder

example_data/genome_data/E_coli_genome.fa

In the output folder the following three different sub-
folders will be created:

– adapterRemoval – It contains the adapter and quality-
trimmed sequencing reads (FASTQ.GZ format).

– bowtie_index – It contains the index of the reference that
is necessary for the mapping process.

– mapping – It contains the mapped reads in BAM format.
This folder serves as an input for several other scripts (see
Fig. 1).

4. Example code:
Rscript mapping.R example_data/sequencing_data/
../out example_data/genome_data/E_coli_genome.fa

Fig. 1 Workflow overview. Scripts are shown in yellow boxes; files, tools, and plots in blue, green, and red,
respectively. Yellow arrows indicate the flow of the different scripts. Blue arrows show the interaction of files
and tools within scripts
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3.2 Statistics

and Filtering

Ribosomal Reads by

Length

Usually RPFs have different lengths. However, actively translating
ribosomes should produce RPFs with a certain narrow length
[40]. For example, some RPF lengths indicate ribosomal decay,
i.e., truncated RPFs resulting from an upstream mRNA cleavage
and ribosome stalling at 30 ends [41]. The following scripts allow
for obtaining the general distribution of the read length in the data
set, and filter and select the range of RPF lengths of interest.

1. Create read length distribution. Read length distribution is also
a suitable indicator for assessment of the quality of ribosomal
profiling sets. Discrete ribosomal states are characterized by
different RPF fragments [40, 41]. The input for the script is a
folder with the mapped sequencing reads (as generated in
Subheading 3.1 or with your own procedure).

Rscript read_length_distribution.R in_folder out_folder

The output folder contains the read length distributions
for each single input (with file name according to the input
files), a summarized table (all_read_length.csv) for the
read lengths of 20–50 nucleotides, and a PDFwith bar charts of
the read length distribution (Fig. 2a) for each input file (see
Note 2).

2. Select and filter the read length(s) of interest. For some analysis
only a specific range or even a single read length is suitable, e.g.,
only the read length characteristic for genuinely translating
ribosomes. To select read length(s) of interest, use the follow-
ing script:

Rscript read_length_selection.R in_folder out_folder

length_range_start- length_range_end

To select a single read length, enter the same number for
start and end, e.g.:

Rscript read_length_selection.R in_folder out_folder 26-26

The resulting BAM file is named according to the input with
addition of the read length range. The files can be used as input
for other steps of the pipeline, for example, in Subheading 3.3.

3. Example code:

Rscript read_length_distribution.R ../out/mapping/ ../out
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3.3 RPF Coverage

Within Start and Stop

Codon Regions

Coverage plots flanking the start and stop codons have led to
different findings related to translation regulation of gene expres-
sion. In this section we create the coverage plot using all RPFs,
regardless of their length. The same plots can be created using RPFs
of a specific length, i.e., the results from Subheading 3.2 step 2.

1. Restrict the analysis to sufficiently expressed genes only. To
remove lowly expressed genes, which will increase the signal-
to-noise ratio, it is necessary to identify genes with a good or at
least moderate expression. Choose a sample (e.g., control con-
dition) and the corresponding annotation BED file. The thresh-
old for highly expressed genes is set to 0.1 reads per kilobase
length of the gene/transcript/feature as a default. However,
this value can be changed to higher or lower values.

Rscript highest_expressed_genes.R in_bam in_bed

out_folder threshold[optional]

Fig. 2 Example of plots generated by the scripts of the workflow. (a) Read length distribution of RPFs. (b)
Coverage plot of aggregated full-length RPFs around the start and stop codons. (c) Summed RPFs in the
coding sequence for each frame. (d) RPFs of a specific length around the start and stop codons using the 50

nucleotide of the reads (50 calibration). The counts of the three different frames color coded as in (c) are shown
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In the output folder, the highest_expressed_genes.
bed is provided that will be used in the following steps. In
addition, you can find the file containing the counts.

2. Prepare annotation that focuses at start and stop codons. To
assess the nucleotides upstream of the start codon and down-
stream of the stop codon, it is necessary to modify the gene
annotation information so that the base counting includes
these positions. If you prepare a file using in-house programs,
we recommend to use (�)50 bases upstream of the start codon
and (+)50 bases downstream of the stop codon. Our script
assumes that the BED annotation file represents the coding
sequence, because 50 bases upstream and downstream will be
added to the gene start and end, respectively. The script can
handle eukaryotic annotation information with many exons per
gene, but it requires the same names of all exons (see Note 1).

Rscript prepare_coverage_start_stop.R in_file

The resulting file name includes the base name of the input
file and _plus_50nt and is written into the folder of the input
file (see Note 3).

3. Count reads for each base and generate plot. We recommend
using genes expressed over the threshold (see Subheading 3.3,
step 1). The script uses bedtools to count per base using the
input folder with the mapped reads and the input BED file with
the region around that start and stop codons from Subheading
3.3, step 2.

Rscript coverage_start_stop.R in_folder in_file out_folder

The output folder contains one PDF with a plot (Fig. 2b)
for each input BAM file showing the counts around the
corresponding start and stop codon region. In addition, there
is a folder named counts/ that contains three different count
files that have a specific first part of the filename extended by
the name of the input BAM file as follows:
l bedtools_... .txt: This file is a result of the counting

using bedtoolscoverage command and contains the raw
read counts for each gene/transcript. The file can be rela-
tively large and does not allow easy access of single genes or
regions. However, this file should be kept, because it con-
tains the raw read counts that can be easily inspected, if
necessary.

l all_genes_... .csv: This file contains the normalized
counts for start and stop codon regions, whereby each col-
umn is a position and each row a gene. The normalization is
performed by dividing the raw counts by the (arithmetic)
mean of counts in the coding sequence region.
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l plot_... .csv: This file contains the final summarized
counts that are used to generate the plots. The aggregation
is done by the mean. These file can be used to create an
own plot.

As mentioned above, there are two steps of averaging
needed to weight the genes equally. The first averaging or
normalization is within each gene, i.e., division by the mean.
This is necessary to equalize the weight of the counts within
each gene, whereby each gene is normalized to one. In the
second normalization step, the genes are normalized by aver-
aging each position separately for the gene set considered in
each analysis. The values in the resulting aggregated plot dwell
around a value of 1 which arises from the normalization (divi-
sion) by the mean of the reads in the coding sequence of each
gene. You can follow the counts in the all_genes_....csv.

4. Example code:

Rscript highest_expressed_genes.R

../out/mapping/rpf.sort.bam

example_data/genome_data/E_coli_genes.bed ../out/ 0.1

Rscript prepare_coverage.R

../out/highest_expressed_genes/highest_expressed_genes.bed

Rscript coverage_start_stop.R ../out/mapping/

../out/highest_expressed_genes/highest_expressed_genes_

plus_50nt.bed ../out/

3.4 Calibration

of RPFs

A fascinating advantage of ribosome profiling data is the possibility
to detect ribosome positions with codon or nucleotide precision.
However, usually not all fragments show this precision; thus fuzzy
fragments should be filtered out. Depending on organisms and
protocols, i.e., used nucleases, the RPFs can vary at both ends.
For bacteria the 30 ends of the RPFs show a sharp signal (also called
30 assignment or 30 calibration), whereas for eukaryotes the 50 RPF
ends provide such sharp signal (called 50 assignment or 50 calibra-
tion) [42]. The differences are attributed to variations in the speci-
ficity of the RNases used to generate the RPFs in the prokaryotic
and eukaryotic ribosome profiling data sets, respectively, and are
discussed in [32]. To determine the read length that carries codon
precision, each single read length should be analyzed separately.
Subsequently, the offset to ribosomal A and P site can be deter-
mined by the overhang at the stop and start codon, respectively.
The manual approach presented here is suitable for both 50 and 30

ends calibration and thus applicable for prokaryotic and eukaryotic
ribosome profiling data sets. Thereby, we recommend 30 end cali-
bration for procaryotic and 50 end calibration for eukaryotic data
sets.
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1. Splitting reads by length and keeping first or last base of each
read. To split mapped read into different read lengths and
modify the BAM files in such way that each read is represented
by its first or last nucleotide only, the following script has to be
called. By keeping the first nucleotide, the 50 calibration is
performed, whereas keeping the last nucleotide will result in
30 calibration. The input folder must contain the mapped BAM
files. As input for the read_base parameter, one of the fol-
lowing strings should be entered: first, last, 5prime, or 3prime.
First and 5prime will take the first nucleotide and, thus, per-
form calibration using the 50 read ends. Last and 3prime enable
taking the last nucleotide of each read, and hence, calibration
using the 30 ends of the RPFs will be done. You may also specify
a read length range of interest. If this is not given, it is set to
24–30, which covers the most common RPF lengths.

Rscript split_by_length.R in_folder

out_folder read_base length_range_start-

length_range_stop[optional]

The output folder contains a folder split_by_length/
with BAM files for each length according to each input file,
with additional name tag for firstBase or lastBase. In addition,
two files for later calibration configuration are created,
calibration_5prime_config.csv and calibration_3
prime_config.csv, each containing an empty table with
input BAM file names and the selected read length range. This
file will be used in Subheading 3.4, steps 3 and 4 to exactly
determine the ribosomal P site and correct the offset that can
be performed individually for each read length.

2. Counting reads for each base and generating plots. This step
assumes that Subheading 3.3, steps 1 and 2 are accomplished.
You need a modified BED file that covers the 50 bases upstream
and downstream of the start and stop of the coding sequence to
determine the offsets later. The input folder should contain the
split and modified BAM files from Subheading 3.4, step 1. The
input file is the modified BED from Subheading 3.3, step 2.

Rscript calibration_count_plot.R in_folder in_file out_folder

For each input BAM file, a PDF with two plots is generated.
In the next step we will explain and use these plots to manually
identify the offset of the ribosomal P site.

3. Determining reliable read length and ribosomal P site codon
for each read length. To manually determine reliable read
length, the two plots from Subheading 3.4, step 2 are used.
The first plot shows the summed counts for each reading frame
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(Fig. 2c). We recommend selecting read length showing a
non-uniform distribution, i.e., with one frame exhibiting sig-
nificantly higher counts compared to the other two (in some
cases two frames are significantly higher than the third one). If
the frame criteria are fulfilled, the offset can be determined
from the second plot in which the counts of first/last base of
each read are plotted (Fig. 2d) (seeNote 4). Bases at the offsets
are color coded (CDS �15 bases upstream for 50 calibration or
CDS +15 bases downstream for 30 calibration; Fig. 3). The
offset should be determined for each input BAM file and each
read length; usually this offset is the same for same read length
among different libraries generated with the same experimental
setup (i.e., using the same RNase). Enter the manually deter-
mined offset into the calibration_5prime_config.csv
or the calibration_3prime_config.csv table created in
Subheading 3.4, step 1 (depending on whether 50 or 30 cali-
bration is performed, respectively). If you do not want to
calibrate a specific read length, e.g., because it exhibits not
well-defined frame pattern or unclear offset, leave the field in
table NA (or 0 or empty). Figure 3 shows an example of
calibration using the 5’ ends of the reads with a length of
24 nucleotides (see Note 4). The example of calibration_
5prime_config.csv file is in the example data and will be
used in the example code.

4. Calibrating selected read length. This step will correct the
offset that we determined in Subheading 3.4, step 3. The
final BAM files (in the created output folder) contain calibrated
reads that show codon resolution. The folder with the mapped
and unmodified reads (e.g., from Subheading 3.1) should
be used as input folder. Use the calibration_5prime_
config.csv or calibration_3prime_config.csv as
input file. Based on the input file name, the script automatically
performs 50 or 30 calibration.

Rscript calibrate_reads.R in_folder in_file out_folder

In the next steps, the calibrated files for different read
lengths can be merged and used for further analysis. The files
can be used to plot the exact position around the start and stop
codons as shown in Subheading 3.3, steps 3 and 4.

5. Merging calibrated read lengths. To merge different read
lengths into one file for later analysis, you can use the following
script. All files and thus all read lengths with the same base
name in the input folder will be merged. If no out_folder is
provided, the merged files are written to the input directory.

Rscript merge_reads.R in_folder out_folder[optional]
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6. [Optional] Generating counts for sufficiently expressed genes
using the calibrated reads. You are now ready to generate
counts for single genes using the calibrated reads. The exact
position of the read allows performing further analysis, e.g.,
open-reading frames or frameshift detection or codon usage
analysis. Here, bedtools can be used directly or the script of
Subheading 3.3, step 3 using folder with calibrated reads as
input and the known annotation file (see Note 5).

Fig. 3 Determining the offset of RPFs following calibration. To determine the
offset, i.e., the distance of the first base of the reads to the first base of the
ribosomal P site, we first identify the trinucleotide periodicity that is
characteristic for actively translating ribosomes. Here, the yellow frame
exhibits the highest signal. This frame should be placed in the middle position
of the codons; thus the green frame is the nucleotide representing each first
nucleotide of the codon. The offset of the first nucleotide of the trinucleotide
periodic frame (*) is nine nucleotides. At the end, the offset of the first nucleotide
of last codon of the trinucleotide periodic frame (#) has an offset to the first
nucleotide of the STOP codon of 12. Hence, the difference between both offsets
determined through the start and stop is exactly three nucleotides. If we would
shift only nine bases, the P site would be placed exactly at the last translated
codon. The red-framed area indicates nucleotide without trinucleotide
periodicity. These are six to seven bases upstream of the first nucleotide
delineating the trinucleotide periodic frame and are likely ribosomes
assembling at the Shine-Dalgarno sequence

264 Alexander Bartholom€aus and Zoya Ignatova



7. Example code:

Rscript split_by_length.R ../out/mapping/ ../out/ 24-30

Rscript calibration_count_plot.R

../out/calibration/split_by_length/

../out/highest_expressed_genes/highest_expressed_genes_

plus_50nt.bed ../out/

Rscript calibrate_reads.R ../out/mapping/

example_data/calibration_5prime_config.csv ../out

Rscript merge_reads.R ../out/calibration/calibrated/

Rscript coverage_start_stop.R

../out/calibration/calibrated/

../out/highest_expressed_genes/highest_expressed_genes_

plus_50nt.bed ../out/calibrated_coverage

4 Notes

1. Only the coding sequence position without UTRs should be
used. If sequencing data from eukaryotic species are analyzed,
the same gene name for all exons should be used in column #4.
Tools like BioMart or the UCSC table browser allow for
extracting the required information. If starting with a GFF
file, we recommend to store only meaningful information in
column #9 of the GFF (e.g., gene/transcript name). To create
a BED file from a GFF input, the following R script and
command can be used:

Rscript gff2bed.R input_file out_folder

2. If in parallel processing RNA-Seq data matching the ribosome
profiling data, the RNA-Seq libraries should have a distribution
similar to a normal distribution.

3. The script expects coding sequence position information with-
out UTRs. For eukaryotic species with different exons per
gene/transcript, the gene name should be the same for all
exons. This is necessary for the script to correctly add
50 bases to the start and end of the transcript.

4. The base in the plot that is marked START is the first nucleo-
tide of the start codon, whereas STOP marks the last nucleo-
tide of the stop codon. The offset is visible at the start and at
the stop, but the signal can be noisy or covered by other signals.
As shown in Fig. 3, some counts can be found in the region of
the Shine-Dalgarno sequence that mediates in translation initi-
ation in prokaryotes [43]; however, these counts do not show a
trinucleotide periodicity as the coding sequence regions. We
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expect certain behavior of the ribosomal P site: It should be
positioned precisely at the start codon. The P site should not
cover the stop codon; stop codons align with the A site. This
results in a different offset at the start and stop codons, which
should be offset by exactly three nucleotides. We also expect a
trinucleotide periodicity within the entire coding sequence.

5. If you use the script of Subheading 3.3, step 3 and an annota-
tion file without 50 bases added upstream of the start and
downstream of the stop codon, respectively, or with only very
few genes, the generated plot may not be meaningful. The
counts of interest will be found in the counts/ output folder.
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Chapter 13

Assessing Ribosome Distribution Along Transcripts
with Polarity Scores and Regression Slope Estimates

Ilya E. Vorontsov, Artyom A. Egorov, Aleksandra S. Anisimova,
Irina A. Eliseeva, Vsevolod J. Makeev, Vadim N. Gladyshev,
Sergey E. Dmitriev, and Ivan V. Kulakovskiy

Abstract

During translation, the rate of ribosome movement along mRNA varies. This leads to a non-uniform
ribosome distribution along the transcript, depending on local mRNA sequence, structure, tRNA availabil-
ity, and translation factor abundance, as well as the relationship between the overall rates of initiation,
elongation, and termination. Stress, antibiotics, and genetic perturbations affecting composition and
properties of translation machinery can alter the ribosome positional distribution dramatically. Here, we
offer a computational protocol for analyzing positional distribution profiles using ribosome profiling (Ribo-
Seq) data. The protocol uses papolarity, a new Python toolkit for the analysis of transcript-level short read
coverage profiles. For a single sample, for each transcript papolarity allows for computing the classic polarity
metric which, in the case of Ribo-Seq, reflects ribosome positional preferences. For comparison versus a
control sample, papolarity estimates an improved metric, the relative linear regression slope of coverage
along transcript length. This involves de-noising by profile segmentation with a Poisson model and
aggregation of Ribo-Seq coverage within segments, thus achieving reliable estimates of the regression
slope. The papolarity software and the associated protocol can be conveniently used for Ribo-Seq data
analysis in the command-line Linux environment. Papolarity package is available through Python pip
package manager. The source code is available at https://github.com/autosome-ru/papolarity.

Key words Ribo-Seq, Ribosome footprint density, Ribosome footprint coverage, Ribosome distribu-
tion, Polarity, Segmentation, Linear regression
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1 Introduction

Ribosome profiling (Ribo-Seq) radically expanded an arsenal of
high-throughput sequencing techniques in the field of protein
synthesis research [1]. Ribo-Seq not only allows quantitative and
qualitative characterization of the whole-cell translatome in specific
conditions and at particular time points but also reveals novel
molecular mechanisms of protein synthesis and translational con-
trol [2, 3]. In particular, it allows tracking changes in ribosome
distribution along mRNA coding regions.

Ribosome motion along a transcript can sometimes slow down
or even cease, leading to ribosome queuing. This can occur at some
specific internal sites within the coding region (e.g., clusters of rare
codons, damaged nucleotides, extremely stable secondary struc-
tures, or regions encoding stretches of proline or positively charged
amino acids) [4]. Ribosome pausing also occurs at the beginning
and end of the coding region, due to switching the mode of
ribosome activity from initiation to elongation and from elongation
to termination and recycling, respectively. Thus, ribosome foot-
prints are usually enriched at start and stop codons of many
genes, which may vary in intensity depending on mRNA, genetic
background, and experimental conditions, such as the use of anti-
biotics [5–12]. Moreover, it has been shown that the first ~30–50
codons are translated at a low speed in many organisms due to a
higher density of codons with low tRNA adaptation index [13]. It
was suggested that this region serves as a “ramp” for the starting
ribosome to reduce ribosomal traffic jams. As a result, ribosome
occupancy in different regions of a transcript is not uniform, form-
ing a gradient of footprint density along the coding region.

Importantly, this uneven ribosome distribution is condition-
specific. For example, heat shock or drug-induced proteotoxic
stresses trigger elongation pausing after translation of ~50–65
codons in mammalian cells, leading to an increased ribosome cov-
erage of the corresponding mRNA region [8, 14]. In yeast, deple-
tion of certain translation elongation factors shifts overall ribosome
density toward 50 ends of the coding regions [15, 16], while
depletion of ribosomal proteins RPLP1/2 similarly redistributes
the ribosomes in human cells [17]. In mice, knockout of the Fmr1
gene removes the translational pausing across a large number of
genes [18]. In mycobacteria, specialized ribosomes with RpsR2 are
assembled upon Zn depletion and exhibit altered codon usage
causing a clear polarity shift toward 50 ends of transcripts [19].

For a quantitative analysis of footprint distribution along the
transcript length, several metrics and specialized approaches have
been proposed. In some cases, relatively simple metrics were used,
such as the 50 loading ratio [14], the ribosome pausing index, and
the asymmetry score [20], which are calculated as the normalized

270 Ilya E. Vorontsov et al.



footprint density within certain segments of the transcript coding
regions, e.g., near the start or stop codons or globally in the 50 and
30 halves of transcript. Changes in such metrics reflect the extent to
which the ribosomes are preferentially accumulated or depleted at
the ends of coding segments (CDS).

Later, the so-called polarity score was introduced as a whole-
transcript metric to reveal ribosome positional distribution on the
mRNA [16]. Ribosome polarity is analogous to a center of mass of
the coverage profile [21] and assigns a value between �1 and 1 to
each transcript, with positive and negative scores reflecting relative
footprint enrichment at the 50 or 30 end of CDS, respectively. To
compare transcriptome-level changes between two samples, stan-
dard statistical methods such as Wilcoxon signed-rank test can be
used to assess the differences in polarity score distributions across
transcriptome [15].

Simplicity of the polarity score makes it useful as a starting
point for estimating changes in ribosome positional preferences
from Ribo-Seq data. However, there are no mature command-
line tools to compute positional metrics such as polarity from the
read alignments. At the same time, in general, R framework of the
Ribo-Seq analysis tools is very rich [22], whereas the Python reper-
toire of production-ready tools is much weaker [22], with only a
few notable exceptions such as plastid [23].

Here we describe a protocol and a Python toolkit papolarity
designed to estimate ribosome positional profiles from transcrip-
tomic read alignments. Papolarity is not limited to computing only
the standard polarity score. It also provides a more complex and
reliable estimate of a relative positional footprint density in two
samples (e.g., to compare a sample against its control), utilizing
optimal segmentation of coverage profiles with a Poisson model.
This approach is advantageous over basic polarity estimation, since
it allows correcting for non-uniform footprint coverage arising
from read mapping peculiarities and transcript-specific ribosome
stalling, by using information from multiple available samples.

A conceptual overview of the protocol is given in Fig. 1. The
first step is the preprocessing of raw sequencing data including read
trimming and alignment to a reference transcriptome. The second
step involves the papolarity toolkit, which uses read alignments and
genome annotation. In the simplest scenario, it estimates polarity
scores for each transcript in each Ribo-Seq sample independently. A
comparative scenario for two or more samples requires several
substeps.

(1) Footprint coverage profiles are pooled, and the resulting
pooled profile is used for segmentation with a Poisson model with
the pasio Python package. For each transcript, it allows obtaining an
optimal partition of segments, or sequence windows, in which the
footprint coverage can be considered as a result of a series of
Poisson trials with a fixed Poisson parameter lambda. (2) The
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resulting segmentation is used to flatten profiles of each Ribo-Seq
sample, i.e., to simplify profiles by averaging single-nucleotide
resolution values within non-overlapping windows defined by opti-
mal segments. (3) The flattened profile for each transcript is nor-
malized to the transcript read coverage. Next, to account for
ribosome pausing and technical artifacts, each profile is normalized
to that of a control sample (obtaining either ratios or log2 ratios).
(4) The normalized profiles are used to estimate the linear regres-
sion slope, reflecting changes in positional preference of ribosomes
relative to the control samples.

For both polarity and relative linear regression slope, papolarity
allows for an additional step of estimating transcript-level Z-scores
by using mean and variance estimated for transcripts of comparable
lengths. By doing so, it is possible to identify particular transcripts
demonstrating extreme polarity scores or, in case of two-sample
comparison, regression slopes.

The described procedure facilitates analysis of positional
changes in ribosomal coverage, providing a convenient and useful
facet to the assessment of ribosome profiling data. We demonstrate
the described protocol in action using data from the classical study

Fig. 1 A conceptual overview of the protocol
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by Ingolia et al. [5]. The authors monitored kinetics of in vivo
translation in mouse embryonic stem cells (mESCs) by tracing
run-off elongation. For this purpose, they first arrested de novo
initiating ribosomes by harringtonine (HR) and then, at different
time points, halted all elongating ribosomes by cycloheximide
(CH). The result was a series of data sets characterized by the
progressive 50–30 depletion of ribosomes causing systematic
changes in footprint distributions and thus allowing evaluation
and demonstration of transcript-level changes in positional
densities.

2 Materials

This section describes the computing hardware and software
requirements, the necessary steps to set up the software tools, and
the test data preprocessing. As the input data, the papolarity proto-
col requires transcriptome alignments in BAM format and the
corresponding GTF file (preferably the same as used to obtain the
transcriptome alignments).

2.1 Overview

of Test Data

The test data of Ingolia et al. [5] was extracted from the Gene
Expression Omnibus (accession number GSE30839). The follow-
ing samples (Table 1) were used in the analysis; the respective raw
sequencing data were downloaded from the NCBI Short Read
Archive.

2.2 Software

Requirements

The protocol should be executable under any modern 64-bit Linux
with BASH shell; see Note 1 for details on hardware requirements.
The following convention is used throughout the text. Software
and toolkit names are given in italic. Commands, file or folder
names, and parts of shell commands are given in the text in
monospace font. Executable BASH shell commands are given in
separate paragraphs written in monospace font. The commands
presented in the protocol often do not fit a single line of code and
visually formatted with automatic line breaks (see Note 2).

Basic knowledge of BASH would be helpful for a reader to
understand the commands in detail. Throughout the protocol,
BASH scripting is used to automate the analysis for multiple sam-
ples. All commands are presented in a way they should be run under
the selected working folder containing the fastq folder with the
raw sequencing reads in compressed (gzipped) FASTQ format
(fastq.gz).

2.2.1 Setting Up

Necessary Tools

and Packages

A modern Linux distribution, especially running on a
bioinformatics-oriented machine, may already have most of the
necessary tools preinstalled. However, here the conda environment
management system is used to ensure the required tools are
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successfully installed on a machine without root privileges and do
not conflict with the system-level tools and packages. Note that
gzip is necessary at the preparatory stage of the protocol and
should be available in the host system (not installed with conda).
To download the minimal miniconda installer, wget and gzip
should be preinstalled in the host operating system. The protocol
was tested with the following versions of the tools (Table 2); see also
Note 3.

2.2.2 Setting Up Conda

Environment

First, setup the conda package and environment management
system:

wget https://repo.anaconda.com/miniconda/Miniconda3-latest-

Linux-x86_64.sh;

chmod +x Miniconda3-latest-Linux-x86_64.sh;

./Miniconda3-latest-Linux-x86_64.sh;

./miniconda3/bin/conda init bash;

Upon completion, restart your BASH session (e.g., re-login to
the machine). Next, create and activate the papolarityenv envi-
ronment. While creating the papolarityenv, Python 3.7 is spe-
cified to be available in the environment. The activation step is
necessary not only to install the necessary tools but also later to
run any part of the protocol after re-login:

conda create --yes --name papolarityenv python=3.7;

conda activate papolarityenv;

Table 2
List of software tools and packages used in the protocol

Software Version

conda 4.7.12

sra-toolsa 2.8.0

bedtools 2.29.2

samtools 1.9

cutadapt 2.7

STAR 2.7.3a

GNU parallel 20191122

csvtk 0.19.1

Python package Version

pasio 1.1.2

papolarity 1.0.0

asra-tools is necessary only to download and prepare the test data
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Note that changing the environment name would not affect
the following protocol, except for the environment activation step.

Finally, install the basic software (GNU parallel), the bioinfor-
matics software from the bioconda channel, and necessary Python
packages (with pip):

conda install --yes -c conda-forge parallel;

conda install --yes -c bioconda star bedtools samtools csvtk

sra-tools;

pip install cutadapt pasio papolarity;

2.3 Preparing

Test Data

The protocol is applicable for the analysis of arbitrary Ribo-Seq data
set by adapting file names in the commands, where necessary. It is
also possible to exactly reproduce the protocol execution on the
test data. To this end, the raw data from SRA should be down-
loaded from GEO with prefetch and converted to FASTQ for-
mat with fastq-dump (both programs from sra-tools [24]). The
resulting FASTQ files can be merged with the basic Linux cat
resulting in a single gzipped FASTQ file per sample. The initial six
compressed *.fastq.gz files (named accordingly to the respec-
tive sample names; see Sample ID in Table 1) should be placed to
the fastq subfolder of the selected working folder (which should
be constant for the whole protocol execution). Note that for the
described type of analysis, the complementary RNA-Seq data is not
necessary. For exact commands to reproduce the test data prepara-
tion, see Note 4.

2.4 Ribo-Seq Read

Processing

Analysis of ribosome positional densities requires information
regarding locations of ribosome footprints along transcripts. In
turn, this entails standard preprocessing, consisting of read
trimming and mapping. Note that during this stage, program
parameters were set to utilize 32 computational threads to speed
up the process (the respective value can be as low as 1 in case a
particular machine does not allow multi-core processing, resulting
in linearly decreased performance); see Note 5. Since the details of
Ribo-Seq data preprocessing do not fit the scope of this protocol,
we do not elaborate on the strategy, tool selection, and parameter
settings used at the preprocessing stage; see Note 6 for discussion.

2.4.1 Preparatory Step To begin preprocessing, mouse genome sequence and transcript
annotation should be downloaded, unpacked, and indexed for
short-read mapping. First, create a new genome folder, download,
and unpack the genome and genome annotation (this example uses
the latest mouse GENCODE build of 2019):

mkdir ./genome; cd ./genome;

wget ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/
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release_M23/gencode.vM23.basic.annotation.gtf.gz;

wget ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/

release_M23/GRCm38.primary_assembly.genome.fa.gz;

find . -type f -name ’*.gz’ -exec bash -c ’gzip -d {}’ \;

Next, index the genome and annotation with STAR aligner,
which will be then used for read mapping, and exit the genome
folder:

STAR --runMode genomeGenerate --genomeDir . --genomeFastaFiles

./GRCm38.primary_assembly.genome.fa --sjdbGTFfile ./gencode.

vM23.basic.annotation.gtf --runThreadN 32;

cd ..;

As a result, the genome folder will contain the genome assem-
bly GRCm38.primary_assembly.genome.fa, transcript annota-
tion gencode.vM23.basic.annotation.gtf, and genome
index of STAR (multiple files).

2.4.2 Trimming

and Alignment

First, perform 30 adapter trimming with cutadapt using the adapter
sequences as specified in [5]:

mkdir ./trim;

find ./fastq/*.fastq.gz -maxdepth 1 -type f -exec bash -c ’bn=

$(basename {}); cutadapt -a CTGTAGGCACCATCAAT -j 32 --minimum-

length 20 -q 20 --trimmed-only {} -o trim/$bn’ \; > cutadapt.

log;

As a result, the trim folder will contain FASTQ files with
quality- and adapter-trimmed reads in compressed fastq.gz files
with the ribosome footprints, one file per sample. The cutadapt.
log can be checked for trimming statistics and possible execution
errors.

Next, create separate folders for STAR alignments of reads of
individual samples, and perform read mapping:

mkdir align;

find ./fastq/*.fastq.gz -maxdepth 1 -type f -exec bash -c ’s=

$(basename {});bn=${s%.fastq.gz}; mkdir align/$bn’ \; ;

find ./trim/*.fastq.gz -maxdepth 1 -type f -exec bash -c ’s=

$(basename {});bn=${s%.fastq.gz}; STAR --genomeDir ./genome/

--readFilesCommand zcat --quantMode TranscriptomeSAM

--readFilesIn {} --outFileNamePrefix ./align/$bn/

--alignSJDBoverhangMin 1 --runThreadN 32 --outSAMtype BAM

Unsorted’ \; ;

With the specified settings, STAR provides both genomic
(Aligned.out.bam) and transcriptomic (Aligned.
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toTranscriptome.out.bam) alignments for each sample. The
transcriptomic alignments will enter the consequent analysis.

Finally, filter uniquely mapped reads, and perform sorting and
indexing of alignment BAM files:

find ./trim/*.fastq.gz -maxdepth 1 -type f -exec bash -c ’s=

$(basename {});bn=${s%.fastq.gz}; samtools view -b -q 255 ./

align/$bn/Aligned.toTranscriptome.out.bam | samtools sort - >

./align/$bn.bam ’ \; ;

find ./align/*.bam -maxdepth 1 -type f -exec samtools index {}

\; ;

As a result, the align folder will contain six alignments (*.
bam) and six corresponding BAM index (*.bai) files, a pair per
sample, named according to sample identifiers. When processing
your own data, please note that papolarity requires the alignment
files to be sorted and indexed (e.g., with samtools as shown above).

3 Methods

Here the protocol is described step by step, first computing the
basic polarity score and then moving to a more complex assessment
involving segmentation of profiles and estimation of the relative
linear regression slope. Many commands in this following protocol
are wrapped in a loop to perform the analysis of multiple samples;
see Note 5 for details regarding parallel and sequential execution.

3.1 Basic

Preprocessing

This section describes the common starting steps of the analysis,
necessary for both the polarity score and the relative regression
slope estimation.

3.1.1 Preparing

Transcript Annotation

Some of the further steps require particular details from the tran-
script annotation (see Note 7 for requirements related to GTF
structure), such as CDS locations. First, extract the transcript
CDS annotations (to be saved in the tab-separated plain text file
genome/cds_features.tsv):

papolarity cds_annotation ./genome/gencode.vM23.basic.

annotation.gtf --attr-filter transcript_type=protein_coding

--attr-filter gene_type=protein_coding --output-file

./genome/cds_features.tsv;

Of note, at this stage, the list is filtered to include only protein-
coding transcripts. Second, it is used to derive additional informa-
tion, which will be then utilized on the following steps.

Estimate the transcript and CDS lengths (to be saved in
genome/transcript_lengths.tsv):
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csvtk --tabs cut genome/cds_features.tsv --fields ’transcript_id,

transcript_length,cds_length’ --out-file genome/transcript_

lengths.tsv

Generate the mapping of transcript and gene identifiers (to be
saved in genome/transcript2gene.tsv):

csvtk --tabs cut genome/cds_features.tsv --fields ’transcript_id,

gene_id’ --out-file genome/transcript2gene.tsv

3.1.2 Preparing

Coverage Profiles

The *.bam alignments of all samples should be converted to bed-
Graph coverage profiles with the following script:

mkdir coverage;

SAMPLES=’ES_noHR_noCH_ribo ES_noHR_60sCH_ribo ES_90sHR_60sCH_

ribo ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo ES_180sHR_

60sCH_ribo’;

( for SAMPLE in $SAMPLES; do echo papolarity get_coverage

"./align/${SAMPLE}.bam" --sort --dtype int --output-file

"./coverage/${SAMPLE}.bedgraph.gz"; done ) | parallel;

As a result, the coverage folder will contain *.bedgraph.gz
files, one file per sample. Note that the files are gzipped on-the-fly
to save disk space. The resulting profiles will not be normalized for
their coverage, i.e., they will provide raw footprint coverage values
per transcript position obtained from each input alignment file (see
Note 8).

Pooling coverage profiles:Generate the pooled coverage pro-
file across all samples that will be used to filter transcripts by
coverage and, later, to obtain the robust segmentation of the
coverage profiles (./coverage/pooled.bedgraph.gz). Note
the --dtypeint parameter that instructs the tool to retain integer
read counts (required for profile segmentation; see Subheading
3.3).

papolarity pool_coverage ./coverage/*.bedgraph.gz --dtype int

--output-file ./coverage/pooled.bedgraph.gz;

Of note, the same tool optionally can be also helpful for pool-
ing coverage profiles of related samples, e.g., technical replicates.
This is not part of the described protocol, but can be useful in other
scenarios, e.g.:

papolarity pool_coverage sample_r1.bedgraph.gz sample_r2.

bedgraph.gz sample_r3.bedgraph.gz --dtype int --output-file

sample_pooled.bedgraph.gz;

Distribution of Ribosomes Along Transcripts 279



Note that the command above is not directly executable on the
test data and is provided only as an illustrative template.

Clipping profiles to coding segments: To assess ribosome
density within coding segments only, generate clipped variants of
the coverage profiles. The command below allows for excluding
untranslated regions and, additionally, 30 nucleotides neighboring
start and stop codons (--drop-5-flank30--drop-3-flank30)
of each transcript with the annotated CDS. Additional clipping of
30nts from each side allows excluding bias from the start and stop
codons and neighboring regions (as footprint coverage on start
and stop codons may be specifically dependent on experimental
conditions and change in a different fashion in comparison to
the CDS).

mkdir cds_coverage;

SAMPLES=’ES_noHR_noCH_ribo ES_noHR_60sCH_ribo ES_90sHR_

60sCH_ribo ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo

ES_180sHR_60sCH_ribo’;

( for SAMPLE in $SAMPLES ’pooled’; do echo papolarity clip_cds

./genome/cds_features.tsv "./coverage/${SAMPLE}.bedgraph.gz"

--drop-5-flank 30 --drop-3-flank 30 --contig-naming original

--output-file "./cds_coverage/${SAMPLE}.bedgraph.gz"; done ) |

parallel;

The results will be saved to ./cds_coverage/*.bedgraph.
gz files with the file names as the initial sample names, with an
additional profile for pooled data.

The transcripts without annotated CDSs are ignored and
excluded at this step. Note that the resulting clipped bedGraph-
files will have a shifted coordinate system where zero is the start of
the retained region.

3.2 Polarity Score

3.2.1 Estimating

the Scores

At this stage, it is possible to specify unique prefix when generating
the resulting files so the column names will be distinguishable
between different samples:

SAMPLES=’ES_noHR_noCH_ribo ES_noHR_60sCH_ribo ES_90sHR_60sCH_

ribo ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo ES_180sHR_

60sCH_ribo’;

mkdir -p ./coverage_features/raw;

( for SAMPLE in $SAMPLES ’pooled’; do echo papolarity coverage_

features "./cds_coverage/${SAMPLE}.bedgraph.gz" --prefix

"${SAMPLE}_" --output-file "./coverage_features/raw/

${SAMPLE}.tsv"; done ) | parallel;

The results will be saved to ./coverage_features/raw/*.
tsv files with the file names as the initial sample names.

Note that the polarity score of complete transcripts (instead of
clippedCDS) can be estimated by using files from the ./coverage/
folder (instead of the ./cds_coverage/ folder used above).
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3.2.2 Transcript List

Filtering

The estimates of polarity scores for lowly expressed genes might be
non-accurate and noisy. This step allows obtaining the list of reli-
ably expressed transcripts and, additionally, selecting a single major
transcript isoform per gene.

First, select transcripts with mean pooled coverage no less than
1 and having the third quartile (75th percentile) of the coverage
values distribution greater than 0; see Note 9. This is performed
with csvtk (result saved to coverage_features/pooled/
pooled.filtered_1.tsv):

mkdir -p ./coverage_features/pooled;

csvtk --tabs filter2 "coverage_features/raw/pooled.tsv"

--filter ’($pooled_mean_coverage >= 1) && ($pooled_coverage_q75 >

0)’ --out-file "coverage_features/pooled/pooled.filtered_1.

tsv";

Second, add gene identifiers and transcript lengths (result saved
to coverage_features/pooled/pooled.filtered_1.with_
gene_id.tsv):

csvtk --tabs join --fields transcript_id "coverage_features/

pooled/pooled.filtered_1.tsv" "genome/transcript2gene.tsv"

"genome/transcript_lengths.tsv" --out-file "coverage_

features/pooled/pooled.filtered_1.with_gene_id.tsv";

Third, as a non-mandatory step, select a single major (with the
highest coverage) transcript per gene (result saved to coverage_
features/pooled/pooled.filtered_2.tsv):

papolarity choose_best "coverage_features/pooled/pooled.

filtered_1.with_gene_id.tsv" pooled_mean_coverage max

--group-by gene_id --header --output-file "coverage_features/

pooled/pooled.filtered_2.tsv";

Finally, select the column with the transcript IDs and supple-
mentary transcript lengths, and save it as the final filtered transcript
list (transcripts_list.tsv):

csvtk --tabs cut "coverage_features/pooled/pooled.filtered_2.

tsv" --fields transcript_id,transcript_length,cds_length

--out-file ./transcripts_list.tsv;

3.2.3 Finalizing Polarity

Score Lists

By using the transcript list from the previous step, filter the polarity
score lists, and concatenate the transcript length information,
which will be used on the next step to estimate polarity Z-scores
(results saved to ./coverage_features/filtered/*.tsv):
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SAMPLES=’ES_noHR_noCH_ribo ES_noHR_60sCH_ribo ES_90sHR_

60sCH_ribo ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo

ES_180sHR_60sCH_ribo’;

mkdir -p ./coverage_features/filtered;

for SAMPLE in $SAMPLES; do csvtk --tabs join ./transcripts_

list.tsv "./coverage_features/raw/${SAMPLE}.tsv" --out-file

"./coverage_features/filtered/${SAMPLE}.tsv"; done;

The resulting distributions of polarity scores are visualized in
Fig. 2, where the change of distribution shape becomes more
exhibited upon longer HR treatment, except for 180 sec. timepoint
with a lower HR concentration (see Table 1).

Fig. 2 Distribution of polarity scores estimated for different samples of the test
data. X axis: polarity score value. Y axis: distribution density; smoothed density
estimate is shown for clarity. Different colors correspond to different samples
(as shown in the figure legend)
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3.2.4 Polarity Z-Score

Estimation

The mean and variance in polarity score values depend on the
transcript lengths. This does not strongly affect the comparison of
polarity score distributions between different samples (which can
be done with a Wilcoxon signed-rank test) but hinders the identifi-
cation of particular genes with unusual or extreme polarity scores.
To resolve this issue, compute the polarity Z-score of each tran-
script by estimating the expected mean and variance from polarity
scores of transcripts of similar lengths. To this end, sort transcripts
by CDS length (or total length, depending on clipping strategy).
Then, apply papolarity to traverse the list and estimate mean and
variance from 500 transcripts in a sliding window centered on each
transcript under consideration (results saved in ./coverage_
features/adjusted/*.tsv):

SAMPLES=’ES_noHR_noCH_ribo ES_noHR_60sCH_ribo ES_90sHR_

60sCH_ribo ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo

ES_180sHR_60sCH_ribo’;

mkdir -p ./coverage_features/adjusted;

for SAMPLE in $SAMPLES; do papolarity adjust_features

"./coverage_features/filtered/${SAMPLE}.tsv" --sort-field

’cds_length’ --fields "${SAMPLE}_polarity" --mode z-score

--window 500 --prefix ’zscore_’ --output-file "./coverage_

features/adjusted/${SAMPLE}.tsv"; done;

3.2.5 Visualizing

Per-Sample Score

Distribution

For convenience, papolarity allows generating draft plots for polar-
ity score distribution separately for samples (results saved as
coverage_features/plot/*.png):

SAMPLES=’ES_noHR_noCH_ribo ES_noHR_60sCH_ribo ES_90sHR_60s

CH_ribo ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo

ES_180sHR_60sCH_ribo’;

mkdir -p ./coverage_features/plot/;

for SAMPLE in $SAMPLES; do papolarity plot_distribution

"coverage_features/filtered/${SAMPLE}.tsv" --fields "${SAMPLE}_

polarity" --no-legend --title "${SAMPLE} polarity distribution"

--zero-line green --xlim -1.0 1.0 --output-file "coverage_

features/plot/${SAMPLE}.png"; done;

3.3 Segmentation

and Relative Slope

Estimation

Estimation of relative slopes requires transcript coverage data and
the filtered transcript list obtained upon successful completion of
the first two steps of the polarity estimation protocol.

3.3.1 Simplifying

Coverage Profiles

To reliably estimate the relative regression slope when comparing a
pair of samples, start from de-noising and simplifying the coverage
profiles by optimal segmentation with a Poisson model (results
saved as segmentation.bed.gz):
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pasio ./coverage/pooled.bedgraph.gz --alpha 1 --beta 1

--output-file ./segmentation.bed.gz --output-mode bed;

Here the pasio Python package is used with default parameters;
see Note 10.

3.3.2 Clipping

Segmentation to Coding

Segments

In case the CDS clipping was applied for coverage estimates at the
previous steps (see the starting steps of the polarity score estima-
tion), the same procedure should be applied to segmentation
(result saved to cds_segmentation.bed.gz):

papolarity clip_cds ./genome/cds_features.tsv ./segmentation.

bed.gz --drop-5-flank 30 --drop-3-flank 30 --contig-naming

original --output-file ./cds_segmentation.bed.gz;

3.3.3 Generation

of Flattened Coverage

Profiles

Of note, this is a non-mandatory step. During the next steps, the
segmentation is used by papolarity internally, without creating
additional intermediate files. However, it might be useful to flatten
the coverage profiles according to the segmentation for visualiza-
tion purposes or for external usage. This can be done with the
following command (result saved to ./cds_coverage_
flattened/*.bedgraph.gz):

SAMPLES=’ES_noHR_noCH_ribo ES_noHR_60sCH_ribo ES_90sHR_60s

CH_ribo ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo

ES_180sHR_60sCH_ribo’;

mkdir cds_coverage_flattened;

( for SAMPLE in $SAMPLES ’pooled’; do echo papolarity

flatten_coverage ./cds_segmentation.bed.gz "./cds_coverage/

${SAMPLE}.bedgraph.gz" --only-matching --output-file "./

cds_coverage_flattened/${SAMPLE}.bedgraph.gz"; done ) |

parallel;

This command flattens CDS-clipped coverage profiles, but the
same procedure can be applied to initial whole-transcript profiles as
well. To illustrate the segmentation results, svist4get [25] was used
to visualize original and flattened CDS-clipped profiles (Fig. 3).

3.3.4 Estimating

Segmentation-Based

Comparative Metrics

The proposed procedure compares positional profiles against a
control sample by estimating a linear regression slope along tran-
script from a relative normalized profile.

In some experimental setups, the direct control data might be
non-available or have low coverage, for various reasons. In this case,
it is possible to use the complete profile pooled across samples or an
average profile instead. In this protocol demonstration,
ES_noHR_noCH_ribo sample is used as the control.
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For each transcript the relative normalized profile is obtained in
the following way: (1) flattening the profile of interest (POI) and
the control profile on a basis of a given set of segments; (2) normal-
izing the POI and the control profile to the sum of the respective
profile; and (3) computing per-segment ratios or log2 ratios
between the normalized POI and the control profile. The transcript
length is then scaled to [0,1] interval, the per-segment relative
normalized values are assigned to segment centers, and the respec-
tive points are used for linear regression. In addition to slope (for
ratios) and slopelog (for log ratio) estimates, papolarity provides

Fig. 3 Original and flattened profiles of ribosome footprint coverage of the major
Eef2 transcript in the test data. Different samples (names shown in track labels)
are plotted with different colors (as shown in the figure legend). The plot was
generated by svist4get [25]
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segment-level L1 distance (l1_distance) estimated between nor-
malized profiles obtained at the step (2) above.

To properly handle lowly covered transcripts, a “pseudocount”
of 1 is added to the total coverage of each segment before profile
normalization. However, in the case sample and control coverage
values of a particular segment are both zero, the segment is
completely excluded from the slope estimation to account for
possible coverage gaps induced by read mapping limitations arising
in regions of low complexity or in the case of paralogs. Additionally,
transcripts for which the first quartile (25th quantile) of segment
coverage values is <1 are also excluded.

This algorithm is implemented in papolarity compare_
coverage which is applied to compare all samples versus the
control sample (the results are saved to comparison/raw/*.
tsv):

CONTROL=’ES_noHR_noCH_ribo’;

EXPERIMENTS =’ES_noHR_60sCH_ribo ES_90sHR_60sCH_ribo

ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo ES_180sHR_60sCH_

ribo’;

mkdir -p ./comparison/raw;

( for EXPERIMENT in $ EXPERIMENTS ; do echo papolarity

compare_coverage ./cds_segmentation.bed.gz "./cds_coverage/

${CONTROL}.bedgraph.gz" "./cds_coverage/${ EXPERIMENT }.

bedgraph.gz" --segment-coverage-quantile 0.25 1 --prefix

"${EXPERIMENT}_" --output-file "comparison/raw/${EXPERIMENT}.

tsv"; done ) | parallel;

An illustration of the slope estimation is shown in Fig. 4.

3.3.5 Filtering Results The list of transcripts passing coverage filters, and, additionally,
selecting only one major transcript per gene, was prepared during
the polarity score estimation. This list of transcripts can be used for
filtering in the same way as previously (results saved to
comparison/filtered/*.tsv):

EXPERIMENTS =’ES_noHR_60sCH_ribo ES_90sHR_60sCH_ribo

ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo ES_180sHR_60sCH_

ribo’;

mkdir -p ./comparison/filtered;

for EXPERIMENT in $ EXPERIMENTS ; do csvtk --tabs join ./

transcripts_list.tsv "comparison/raw/${ EXPERIMENT }.tsv"

--out-file "./comparison/filtered/${EXPERIMENT}.tsv"; done;

The resulting distributions of slopelog scores are visualized
in Fig. 5, where the change of distribution shape becomes more
exhibited upon longer HR treatment, as previously observed for
polarity scores.
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3.3.6 Estimating

Z-Scores

As for polarity estimates, it is possible to obtain transcript-level
Z-scores (results saved to comparison/adjusted/*.tsv):

EXPERIMENTS =’ES_noHR_60sCH_ribo ES_90sHR_60sCH_ribo

ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo ES_180sHR_60sCH_

ribo’;

mkdir -p ./comparison/adjusted;

for EXPERIMENT in $EXPERIMENTS; do papolarity adjust_features

"comparison/filtered/${ EXPERIMENT }.tsv" --sort-field

’cds_length’ --fields "${ EXPERIMENT }_slope" "${ EXPERIMENT }

_slopelog" "${EXPERIMENT}_l1_distance" --mode z-score --window

500 --prefix ’zscore_’ --output-file "./comparison/adjusted/${

EXPERIMENT}.tsv"; done;

3.3.7 Visualizing

Per-Sample Distributions

As for polarity estimates, papolarity allows generating draft plots for
resulting slope distributions separately for samples (results saved as
comparison/plot/*.png):

Fig. 4 An illustrative example of relative normalized profile computed for Eef2
transcript. A. Flattened profile of the selected sample (ES_150sHR_60s
CH_ribo) and the control profile (ES_noHR_noCH_ribo). B. Per-segment
log2 ratios between the normalized POI (ES_150sHR_60sCH_ribo) and
the control (ES_noHR_noCH_ribo) and the linear regression line
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EXPERIMENTS =’ES_noHR_60sCH_ribo ES_90sHR_60sCH_ribo

ES_120sHR_60sCH_ribo ES_150sHR_60sCH_ribo ES_180sHR_60sCH_

ribo’;

mkdir -p ./comparison/plot;

for EXPERIMENT in $ EXPERIMENTS ; do papolarity plot_

distribution "comparison/adjusted/${EXPERIMENT}.tsv" --fields

"${EXPERIMENT}_slopelog" --no-legend --title $’Distribution of

linear regression slope\nfor normalized coverage log-ratios’

--zero-line green --xlim -10 10 --output-file "./comparison/

plot/${EXPERIMENT}_slopelog.png"; done;

Fig. 5 Distribution of linear regression slope from profile log2 ratios estimated
versus the control sample (ES_noHR_noCH_ribo). X axis: slope value. Y
axis: distribution density; smoothed density estimate is shown for clarity.
Different samples are shown in different colors (as shown in the figure legend)
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4 Notes

The most recent development version of papolarity is available at
https://github.com/autosome-ru/papolarity. For convenient
copying-and-pasting, there is also a downloadable complete list of
bash commands presented in this protocol. A stable version of
papolarity can be installed as described in Materials.

4.1 Notes

on Software Usage

1. Computing hardware requirements and runtime estimates:
The data preprocessing steps (e.g., adapter trimming and read
mapping; see Subheadings 2.2–2.4) are computationally inten-
sive. The raw test data contained approximately 350 million
short reads. The total amount of disk space used to preprocess
the test data was approximately 40Gb (including SRR files and
unpacked, merged, and trimmed FASTQ files). Everything
except the trimmed FASTQ files (10Gb) is not necessary for
testing the papolarity protocol. Themaximum amount of RAM
required was also 35–40Gb at the preprocessing stage (read
mapping with STAR ). The preprocessing runtime heavily
depends on hardware performance (from an hour to several
hours) and scales well with faster storage and more computa-
tional threads. Depending on the data volume, the slowest part
can be genome indexing for read mapping. In the case of read
alignments precalculated on a high-performance machine, the
analysis of ribosome positional density can be performed on
any modern personal computer in a few hours. For the test
data, the total amount of disk space (excluding the input data
and GTF annotation) was less than 400Mb; the maximum
RAM usage peaked at 2Gb.

2. Troubleshooting execution of commands: For clarity, indi-
vidual BASH commands in the protocol (from Subheading 2.2
and later) were separated by a semicolon ; which is not neces-
sary under normal usage (when each command is followed by a
newline symbol, e.g., using the Enter key in the command
prompt). A user should not mistake an optional semicolon
separating bash commands ; for mandatory escape sequence
of semicolon \; which ends find command specification that
is used for serial processing of multiple files at some steps.
Importantly, the commands presented in the protocol are
often longer than a single line of the code and thus are auto-
matically formatted with line breaks. If the commands are
retyped manually, visible line breaks should be ignored. For
convenience, the complete code presented in this protocol is
available at the papolarity GitHub page: https://github.com/
autosome-ru/papolarity. There should be no major issues dur-
ing the protocol execution, given the software and hardware
requirements are met. However, minor mistypes will break the
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chain of commands. Typically, the problems arise from incor-
rect file paths, non-activated conda environment, or special
symbols (such as but not limited to dashes, commas, and
spaces) in file and folder names. Thus alphanumeric naming
of samples is strongly recommended (underscore _ and point .
symbols are also acceptable). There might be some complex
errors related to particular features of transcriptomic align-
ments from some rarely used alignment tools or incorrectly
handled peculiarities of a particular GTF transcript annotation
leading to problematic extraction of key transcript information.

3. Optimal software versions: Newer versions of the tools
should be generally usable, except for possible major changes
in the command line syntax, requiring the user to consult the
respective software manuals. Despite this inconvenience, we
strongly recommend using Table 2 only as a baseline reference
and install the latest software packages when possible (includ-
ing the presented papolarity and its required dependency
pasio), since the updated versions often introduce critical bug-
fixes and major improvements: see also Subheading 2.2.

4. Reproducing test data: It might be useful to explore the
presented protocol using exactly the same test data (see Sub-
heading 2.3). The code below is not the most efficient or
elegant way to download and unpack GEO data, but should
be fully functional. The code will download, unpack, and pre-
pare the test data allowing to reproduce the papolarity protocol
execution step by step:

SRR=’SRR315616 SRR315617 SRR315618 SRR315619 SRR315601

SRR315602 SRR315612 SRR315613 SRR315614 SRR315615 SRR315604

SRR315605 SRR315606 SRR315607 SRR315608 SRR315609 SRR315610

SRR315611’;

prefetch $SRR;

mkdir raw;

for SRR_FILE in $SRR; do fastq-dump -O ./raw --gzip $SRR_FILE

--split-files; done;

cat ./raw/SRR315616_1.fastq.gz ./raw/SRR315617_1.fastq.gz ./

raw/SRR315618_1.fastq.gz ./raw/SRR315619_1.fastq.gz > ./

fastq/ES_noHR_noCH_ribo.fastq.gz;

cat ./raw/SRR315601_1.fastq.gz ./raw/SRR315602_1.fastq.gz >

./fastq/ES_noHR_60sCH_ribo.fastq.gz;

cat ./raw/SRR315612_1.fastq.gz ./raw/SRR315613_1.fastq.gz ./

raw/SRR315614_1.fastq.gz ./raw/SRR315615_1.fastq.gz > ./

fastq/ES_90sHR_60sCH_ribo.fastq.gz;

cat ./raw/SRR315604_1.fastq.gz ./raw/SRR315605_1.fastq.gz ./

raw/SRR315606_1.fastq.gz > ./fastq/ES_120sHR_60sCH_ribo.
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fastq.gz;

cat ./raw/SRR315607_1.fastq.gz ./raw/SRR315608_1.fastq.gz ./

raw/SRR315609_1.fastq.gz > ./fastq/ES_150sHR_60sCH_ribo.

fastq.gz;

cat ./raw/SRR315610_1.fastq.gz ./raw/SRR315611_1.fastq.gz >

./fastq/ES_180sHR_60sCH_ribo.fastq.gz;

5. Parallel and sequential execution of commands: At the pre-
processing stage (see Subheading 2.4), we used 32 computa-
tional threads by setting the respective command-line
parameters (--runThreadN 32 of STAR and --j 32 of cuta-
dapt). These parameters might require tweaking in accordance
with the available computational resources. Many commands
in the actual papolarity protocol were wrapped in a for loop
with parallel. By default, GNU parallel utilizes all available
CPU cores, but this behavior can be customized (see man
parallel). Alternatively, the |parallel ending of the com-
mands can be replaced by | bash, and the respective
commands will run sequentially. In case neither | parallel
nor | bash is present, the commands will be printed in the
terminal but not executed, which might be useful for debug-
ging purposes.

4.2 Notes

on Ribo-Seq Data

Analysis

6. Tweaking data preprocessing strategy: The data preproces-
sing strategy (see Subheading 2) was not specifically optimized
and, with minor modifications, should be generally applicable
to a wide range of Ribo-Seq data obtained with Illumina
sequencing. Of note, our workflow requires transcriptomic
alignments (i.e., those in the coordinates of the spliced tran-
scripts). Here we use STAR and transcripts annotation to
obtain such alignments, but other strategies, such as direct
mapping to transcript sequences, should be also usable and
might be less computationally demanding. However, the
genome-level transcript annotation (GTF) will still be neces-
sary for the following workflow to extract transcript structures.
In our protocol, for simplicity, we filter uniquely mapped reads
before starting the actual analysis. In some cases, especially
when studying the expression of repetitive elements or highly
homologous genes, this step might be non-necessary or even
misleading.

7. Using arbitrary GTF annotation: The protocol requires the
GTF file (see Subheading 3.1) to follow common conventions
and will fail if gene_id and transcript_id attributes are
not present. The transcript CDS annotation can be used for
clipping, but it is an optional step. The gene and transcript
types filtering in the protocol was performed using GEN-
CODE gene_type and transcript_type attributes but
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should be easily adaptable to Ensembl GTF files by changing
the respective filters to use gene_biotype and
transcript_biotype attributes. Currently, papolarity tool-
box supports only basic filters for GTF annotation, so external
tools are required for more complex queries, e.g., to consider
particular subsets of transcripts.

8. Strategy for aggregation of footprint coverage profiles: In
Ribo-Seq data analysis, there is a commonly accepted approach
to improve the resolution of the read coverage profiles, the
so-called sub-codon phasing. Triplet periodicity of ribosome
movement allows identifying ribosome P-site position in foot-
prints of different lengths and thus produces quantitative
per-codon estimates of ribosome coverage. However, we do
not recommend to perform the reads phasing for the polarity
score estimation and, especially, for the relative slope analysis.
First, the accented triplet periodicity of the phased profiles will
introduce a regular bias the profile segmentation step. Second,
a notable fraction of non-phased reads is lost in phased profiles.
Third, in many cases, the reliability of P-site identification
within footprints is not possible due to weak triplet periodicity
when Ribo-Seq experiments are performed with non-optimal
nucleases (e.g., with micrococcal nuclease). Thus, we believe
that, in general, the aggregation of complete footprint cover-
age serves as a more universal and robust approach.

9. Filtering transcripts by coverage: As a primary measure of
expression, here we use mean pooled coverage, i.e., the total
transcript coverage normalized by the transcript or CDS length
(depending on whether clipping to CDS was applied or not).
Transcripts with low mean coverage are excluded at the filter-
ing stage (see Subheading 3.2). However, analysis of positional
profiles also is not meaningful for transcripts with mean cover-
age obtained only from huge “spikes” in the mostly zero
profile. Such spikes might represent various technical artifacts
(e.g., PCR overamplification or read mapping issues) and affect
polarity and, more significantly, relative slope estimation. Thus,
in the protocol, we selected transcripts having the mean pooled
coverage of no less than 1 and the third quartile (75th percen-
tile) of the coverage distribution greater than 0. These are
empirically selected numbers that can be optimized for partic-
ular data sets under analysis depending on the sequencing
coverage and number of samples. Ideally, the coverage thresh-
old should retain several thousands of transcripts. In the test
data, 5984 transcripts passed the filter (5918 if only the major
isoforms are considered). Low coverage will force including
noisy profiles with multiple coverage gaps (e.g., in extreme
cases only a few covered positions). Furthermore, additional
filtering might be necessary in some cases, e.g., if there are
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major differences in sequencing library size between samples or
dramatically different footprint coverage of many transcripts.
In such a scenario, a more reliable filter would require certain
coverage of a transcript to be reached in all samples under
consideration or in a given pair of an experiment and control
samples (for the relative slope estimation). Since the papolarity
protocol mainly relies on tab-separated text files, such a filter
can be applied on any stage and should be convenient to
implement with external tools.

10. Segmentation parameter selection: The pasio segmentation
algorithm (used in Subheading 3.3) has multiple parameters,
particularly, those related to the properties of the prior distri-
bution of the Poisson lambda, which are estimated and con-
sidered constant in each segment. In particular, as the prior
distribution of Poisson lambda, the pasio software uses
gamma distribution Γ(α,β), and (β/α)α can be considered as
a penalty for creating an additional segment. Thus the lengths
of the segments and their total count can be adaptively con-
trolled by adjusting the α and β parameters. The default
settings (α ¼ 1 and β ¼ 1) work pretty well, but extremely
low or high Ribo-Seq coverage might require adjusting the
parameters to obtain a reasonable number of segments.
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Chapter 14

Unsupervised Bayesian Prediction of RNA Translation from
Ribosome Profiling Data

Etienne Boileau and Christoph Dieterich

Abstract

Ribosome profiling has been instrumental in leading to important discoveries in several fields of life
sciences. Here we describe a computational approach that enables identification of translation events on a
genome-wide scale from ribosome profiling data. Periodic fragment sizes indicative of active translation are
selected without supervision for each library. Our workflow allows to map the whole translational landscape
of a given cell, tissue, or organism, under varying conditions, and can be used to expand the search for
novel, uncharacterized open reading frames, such as regulatory upstream translation events. Through a
detailed workflow example, we show how to perform qualitative and quantitative analysis of translatomes.

Key words Ribosome profiling, Translation, Open reading frame, Bayesian

1 Introduction

Ribosome profiling, or Ribo-seq, has been used to discover novel
open reading frames (ORFs) [1], to characterize the dynamics of
translation under various conditions, or to assess translational effi-
ciency [2–4]. The technique is based on next-generation sequenc-
ing of libraries obtained from ribosome-protected RNA fragments,
known as ribosome footprints, which are generated by enzymatic
digestion [5]. Conceptually, actively translated regions are pre-
dicted based on ribosome density. In general, however, ribosome
occupancy itself is not sufficient to determine translation, and
sources of noise can arise due to non-ribosome-mediated RNA
protection, ribosome scanning, aborted translation events, or tech-
nical artifacts from the experimental procedure or the library prep-
aration. Specially designed methodologies are required to recover
the active translation events from the ribosome profiling data [6–
10]. Here, we use Rp-Bp to predict translation events from ribo-
some profiling data [7]. Rp-Bp is an unsupervised Bayesian
approach based on probabilistic graphical models that is used to
(i) recover the precise location of the peptidyl-site (P-site) of the
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ribosome within each fragment and automatically select fragment
lengths that exhibit a 3-nucleotide periodicity along the ORF and
(ii) predict translated ORFs across the whole transcriptome, includ-
ing de novo translation events. Through this chapter, we show how
to install and use Rp-Bp and describe an example workflow to
estimate footprint periodicity and predict translation (Fig. 1).

2 Materials

2.1 Hardware For most practical applications (big data, large genome), a machine
with a x86-64 architecture, either a Linux or macOS (previously
Mac OS X) operating system, and at least 30GB of RAM is
required. Our workflow was developed and tested on Debian
GNU/Linux, including the Ubuntu distribution, and is integrated
to run with the Slurm workload manager [11].

2.2 Software The following software is required:

1. Python 3, including the third-party Python packages setup-
tools and pip. For Linux users, the procedure to install a specific
version of Python depends on the distribution. Python can also

run-all-rpbp-
instances

RP-BP

prepare-
rpbp-genome

Ribo-seq
qualitycontrol

Translation
prediction

create-rpbp-
preprocessing-

report,
visualisation

Sequencing
rawdata,

Ribo-seq(fastq)

Annotations,
genomes(gtf,
gff,fasta,bed)

Public,pre-
processeddata

Dataintegra-
tion(user)

Experimental
protocols
anddata

Fig. 1 Schematic overview of the Rp-Bp workflow: index creation (prepare-rpbp-genome), periodicity
estimation and translation prediction (run-all-rpbp-instances), including quality control and
visualization (create-rpbp-preprocessing-report). Results from Rp-Bp (in FASTA and BED
format) can be used in combination with other software or external databases. All steps of the pipeline are
described in this chapter
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be obtained from the Python Software Foundation website at
python.org. The best way to install Python 3 on macOS is
through the Homebrew package manager.

2. Rp-Bp (ribosome profiling with Bayesian predictions), avail-
able from https://github.com/dieterich-lab/rp-bp. We rec-
ommend to install the package in a virtual environment. We
suggest to use the installation script available online. To down-
load it

wget https://data.dieterichlab.org/s/rp-bp-mmb/download \

-O rp-bp-mmb.zip

Extract the compressed zipped folder, and then install the
package

cd rp-bp-mmb

chmod +x setup; ./setup

Additional files to run the example workflow are also
included. The script will create a pre-defined directory struc-
ture and prepare the configuration file necessary to run the
workflow (macOS systems do not come with wget; install
using brew install wget).

3. Flexbar (Flexible Barcode Adapter and Removal), available at
https://github.com/seqan/flexbar. The package is available as
pre-compiled executables for Linux and macOS and via pack-
age managers on Debian systems, in Homebrew, and in
Bioconda.

4. Bowtie2, available from https://github.com/BenLangmead/
bowtie2 or http://bowtie-bio.sourceforge.net/bowtie2. The
package is available as pre-compiled executables for Linux and
macOS and via package managers, notably Bioconda.

5. STAR (Spliced Transcripts Alignment to a Reference), available
from https://github.com/alexdobin/STAR. The package is
available as pre-compiled executables for Linux and macOS.

6. Samtools, available from http://www.htslib.org or https://
github.com/samtools/samtools. The package is also available
via package managers, notably Bioconda.

7. (Optional) FastQC, available from https://www.bioinformat
ics.babraham.ac.uk/projects/download.html#fastqc

Supported versions of the different software and packages are
specified in each Rp-Bp release. The current workflow is based on
Rp-Bp version 2.0.0 and is compatible with Python version>¼3.6,
<3.7.0a0, Flexbar version 3.5.0, Bowtie2 version 2.3.0, STAR
version 2.6.1d, and Samtools version 1.7 (see Notes 1 and 2).
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2.3 Data Sources To run the example workflow, we use a subset of the samples from
Chothani et al. [12]. The data consists of genome-wide measure-
ments of translation during human cardiac fibroblast activation
monitored with ribosome profiling.

1. Ribosome profiling raw FASTQ files used in this example
workflow, via the NCBI SRA https://www.ncbi.nlm.nih.gov/
sra, accession PRJNA542670 (BioProject). We use the follow-
ing SRA accessions: SRR9049055, SRR9049060, and
SRR9049071. A summary run table of the SRA is given in
the supplementary material, along with additional files to run
the workflow (https://data.dieterichlab.org/s/rp-bp-mmb/
download). To use the SRA toolkit, see https://www.ncbi.
nlm.nih.gov/sra/docs/toolkitsoft. After downloading the
files, put them in the destination specified in the configuration
file (rp-bp-mmb/riboseq-analysis/raw-data).

2. Genome sequences in FASTA format and annotations in GTF
format. The annotations must match the version of the refer-
ence genome, and both exon and CDS features must be present
(see Note 3). To download the human genome and annota-
tions (Ensembl release 96):

wget ftp://ftp.ensembl.org/pub/release-96/fasta/homo_

sapiens/dna/Homo_sapiens.GRCh38.dna.primary_assembly.fa.gz

wget ftp://ftp.ensembl.org/pub/release-96/gtf/homo_

sapiens/Homo_sapiens.GRCh38.96.gtf.gz

Decompress the gzipped files prior to running the work-
flow, and put them in the destination specified in the configu-
ration file (rp-bp-mmb/riboseq-analysis/genome). The
ribosomal DNA sequences in FASTA format are included in
the supplementary material and will be located under rp-bp-
mmb/riboseq-analysis/genome/rRNA after running the
installation script.

3 Methods

If Rp-Bp has been installed in a Python 3 virtual environment
(using the installation script provided in the supplementary mate-
rial), this environment needs to be activated to run this example
workflow. In the following, paths are relative to the current work-
ing directory (rp-bp-mmb).

source envs/rpbpenv/bin/activate

# go to the config directory

cd riboseq-analysis/config
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All subsequent commands have to be run from within the
config directory (see Note 4).

3.1 Quality Control Pre-processing analysis and ribosome profiling-specific QC are
described in the Section Quality control and periodicity estima-
tion. FastQC reports can be generated automatically on all datasets
(raw, trimmed/filtered, rRNA-depleted, and mapped reads).

3.2 Creating

Reference Genome

Indices

This section describes how to prepare genome indices and annota-
tion files used by Rp-Bp. This step must be run once for each
reference genome and annotations, before estimating periodicity
and/or predicting RNA translation events. To run the
pre-processing phase

prepare-rpbp-genome rpbp-pipeline.yaml [logging options] \

[processing options]

In the following, we are not specifying what are the logging and
parallel processing options. For more information, the reader is
referred to the online documentation at https://rp-bp.
readthedocs.io/en/latest/usage-instructions.html. The two most
useful processing options are --num-cpus (number of processes to
spawn; for STAR, number of threads passed via --runThreadN)
and --mem (the amount of RAM to request for STAR genome
indexing via --limitGenomeGenerateRAM).

3.2.1 Output Files The following output files will be created under the parent direc-
tory specified by genome_base_path (in the configuration file,
i.e., rp-bp-mmb/riboseq-analysis/genome):

l The Bowtie2 and STAR index files, under the directories rRNA
and star, respectively (or otherwise depending on the
configuration file)

l A file in BED format containing transcript information used by
Rp-Bp, with a name specified by genome_name (in the
configuration file)

l transcript-index: a directory where annotated transcript
sequences, ORF coordinates, and labels are written to files in
FASTA and BED format, respectively

3.2.2 A Note on ORF

Labels

Rp-Bp identifies all ORFs (annotated and unannotated) based on
their transcript exon structure, using the spliced transcript
sequences extracted from the reference genome. We understand
an ORF as a potentially translatable sequence that consists of a
series of codons beginning with a start codon and ending with a
stop codon. Translatable ORFs can be found anywhere: in the 50

untranslated region (50UTR), in the 30 untranslated region
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(30UTR), within or overlapping with annotated coding sequences
(CDSs), in transcripts that were previously thought to be noncod-
ing (lincRNAs, antisense, pseudogene, or other processed tran-
scripts), or in novel transcripts (intra-/intergenic; see Note 5).
Unless specified, Rp-Bp only identifies ORFs starting with an
AUG codon. It is possible to use non-AUG start codons; however,
this option has not been thoroughly validated.

Coordinates and unique identifiers are assigned to the ORFs
using the following convention, trx_chrom:start-stop:strand, where
trx is an associated transcript identifier, chrom is the chromosome or
contig, start, end are genomic start and end coordinates in BED
style (first nucleotide of start codon included, but first nucleotide of
stop codon excluded), and strand is the frame orientation. The
ORFs are also labeled according to their position relative to the
annotated coding sequences. A schematic of the ORF labels is
shown in Fig. 2. It is important to note that label assignment is
independent of RNA translation prediction, i.e., Rp-Bp uses the
ORF coordinates and the ribosome profiling data to predict trans-
lation, regardless of the labels (see Note 6).

3.3 Running

the Rp-Bp Pipeline

The workflow is split in two major steps: First, Rp-Bp selects
periodic ribosome profiling read lengths and their P-site offsets,

Fig. 2 Schematic of the label assignment. Canonical ORFs correspond to the
annotated coding sequences, and their start and stop positions coincide with the
annotated translation initiation and termination sites, respectively. Canonical
variants include “N-terminus”-extended and “N-terminus”-truncated sequences
and ORFs that are found inside canonical ORFs (typically out-of-frame).
Upstream (uORF) and downstream (dORF) ORFs are found in the untranslated
regions but can also overlap the primary coding sequence. Noncoding ORFs
(ncORF) are found in transcripts annotated as noncoding, including biotypes such
as processed transcripts, small noncoding RNAs, or pseudogenes. 50UTR 50

untranslated region, 30UTR 30 untranslated region, TIS annotated translation
initiation site, TTS annotated translation termination site
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and the ORF profiles are created using the P-site-shifted 50 end of
each read; second, Rp-Bp predicts translation from the profiles, for
all the ORFs identified above, for each sample or replicate. All steps
are unsupervised and do not require parameter tuning or model
training. A Bayesian model selection approach is used to incorpo-
rate and propagate uncertainty in the inference process. To run the
full pipeline

run-all-rpbp-instances rpbp-pipeline.yaml \

--merge-replicates --run-replicates \

--keep-intermediate-files \

[logging options] [processing options]

The flag --merge-replicates is used to indicate that
biological replicates from the same condition, specified in the con-
figuration file, must be considered together for predicting transla-
tion events. Rp-Bp handles replicates by adding their ORF profiles,
allowing selection of different read lengths from different replicates
and/or different P-site offsets for reads of the same length across
replicates. If the --merge-replicates flag is given, then predic-
tions will not be made for the individual datasets, unless the
--run-replicates flag is also given, in which case predictions
will be made for both the merged replicates and the individual
samples. By default, if none of these flags are provided, predictions
are made for the individual samples only. We use the --keep-
intermediate-files flag to keep track of all the intermediate
steps, which will allow us to quantify the proportion of reads
filtered out for the creation of the ORF profiles.

If we are not interested in ORF discovery, we can run the first
part of the pipeline only using the --profiles-only flag. This
option overrides the --merge-replicates. This can be useful
for quality control, before further processing, or if a different work-
flow is intended, e.g., differential expression using periodic-only
ribosome footprint lengths.

3.4 Creating the ORF

Profiles

To estimate periodicity, Rp-Bp first constructs a base genome pro-
file, as follows:
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1. Remove sequencing adapters and low-quality reads using Flex-
bar. We use a generic list of adapters, included in the configu-
ration file using the key adapter_file:, followed by the path
to the FASTA file. Ideally, this list contains only adapters that
were used for the library preparation. If a single adapter
sequence has been used, it can be included directly in the
configuration file following the key adapter_sequence:.
We use these options:

--max-uncalled 1 \

--pre-trim-left 0 \

--qtrim-format sanger \

--qtrim TAIL \

--qtrim-threshold 10

To override default settings, or to pass additional para-
meters to Flexbar, we can use --flexbar-options. The
Flexbar options and their values are read in by Rp-Bp as a
space-delimited list, with each option quoted separately, such
as --flexbar-options "--qtrim-threshold 25", and
passed to Flexbar. The long parameter name must be used,
i.e., --qtrim-threshold, instead of -qt. By default, output
files are compressed (gz). Parallel processing options (number
of threads to employ) are passed to Flexbar via the usual option
--num-cpus.

2. Remove reads mapping to ribosomal sequences. Although the
input material is generally treated to remove as much ribosomal
RNA (rRNA) as possible, experience has shown that contami-
nation can still represent a large proportion of any given library
after sequencing. This contamination can be an issue, so a
subtracting strategy is usually necessary. We employ Bowtie2
to map adapter-free reads to a reference made up of ribosomal
RNA sequences, using the option --very-fast. The refer-
ence FASTA file was used to generate the Bowtie2 index when
we created the reference genome indices. At this stage, we use
the created index to filter out rRNA reads. We use for our
analysis those reads that are not mapping onto this reference.
By default, output files are compressed (gz). Parallel processing
options (number of threads to employ) are passed to Bowtie2
via the usual option --num-cpus. Currently, it is not possible
to override Bowtie2 settings.
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3. Align reads to the genome using a splice-aware aligner. We use
the STAR index created above to map all our trimmed, rRNA-
free reads on the genome. Since we did not use the annotations
at the index creation step, they are used on the fly for mapping
and passed via --sjdbGTFfile. We use these options:

--outFilterMismatchNmax 1 \

--outFilterType BySJout \

--outFilterIntronMotifs RemoveNoncanonicalUnannotated \

--outSAMattributes AS NH HI nM MD \

--outSAMtype BAM SortedByCoordinate \

--sjdbOverhang 33 \

--seedSearchStartLmaxOverLread 0.5 \

--winAnchorMultimapNmax 100

To override default settings, or to pass additional para-
meters to STAR, we can use --star-options. The STAR
options and their values are read by Rp-Bp as a space-delimited
list, with each option quoted separately, such as --star-
options "alignIntronMax 10000", and passed to STAR.
Results are written as sorted, compressed BAM files using --
outSAMtype BAM SortedByCoordinate. The additional
SAM attribute MD tag is added, but it is not used in Rp-Bp.
We adjust a number of parameters for short read mapping: --
sjdbOverhang 33, or set it to the 90-percentile of all frag-
ment lengths; to seed from the middle of the read, we use --
seedSearchStartLmaxOverLread 0.5; and --winAn-
chorMultimapNmax 100 to increase the number of loci
anchors are allowed to map to. Unspecified options are default
STAR options. The maximum available RAM for sorting needs
to be set via the usual --mem option. Parallel processing
options (number of threads to employ) are passed to STAR
using --num-cpus.

4. Remove reads with multiple alignments. This is done after
mapping, using the NH SAM tag (a value of 1 corresponds to
unique mappers). Rp-Bp removes all multi-mappers by default
and uses uniquely mapped reads to estimate periodicity and
construct the ORF profiles (see Note 7).

Using uniquely mapped reads, a metagene profile is con-
structed for each read length by counting the 50 ends of all
reads aligned at each position. Using probabilistic graphical
models, Rp-Bp then estimates the periodicity of the metagene
profiles of each read length starting at the observed peak. We
only keep read lengths that are periodic, according to the
models, and the location of the peak gives the P-site offset for
reads of that length. This technique is referred to as Bayesian
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Periodic fragment length and P-site offset Selection (BPPS). It is
also possible to skip the BPPS and use fixed values (see Notes
8 and 9). Default Rp-Bp settings for the periodicity estimation
and Markov chain Monte Carlo (MCMC) simulations can be
specified via the configuration file. The reader is referred to the
online documentation at https://rp-bp.readthedocs.io/en/lat
est/usage-instructions.html#running-the-rp-bp-pipeline, in
particularmetagene periodicity, periodicity and offset, smoothing,
and shared MCMC options.

3.4.1 Output Files After running the first part, the following output directories will be
created under the parent directory specified by riboseq_data:
(in the configuration file):

l without-adapters: contains trimmed and filtered reads in com-
pressed FASTQ format (output from Flexbar)

l with-rrna: contains discarded reads aligning to the ribosomal
index in compressed FASTQ format (output from Bowtie2)

l without-rrna: contains rRNA-free reads in compressed FASTQ
format (output from Bowtie2)

l without-rrna-mapping: contains sorted reads aligned to the
genome, including unique mappers, in BAM format (output
from STAR)

l metagene-profiles: contains

– The metagene profiles (metagene-profile) for all read lengths
in gzipped CSV format.

– The periodicity estimates (metagene-periodicity-bayes-factors)
for all P-site offsets in gzipped CSV format.

– The selected P-site offsets (periodic-offsets) for each read
length in gzipped CSV format. This file includes all read
lengths; filtering is done on the fly by Rp-Bp.

l orf-profiles: contains the unsmoothed ORF profiles (profiles) in
compressed sparse matrix market format (see Note 10)

The file names follow the convention <sample-name>[.<
note>], where sample-name is a key from the riboseq_samples:
entry in the configuration file and where note is optionally given by
note:note. Unless keep_riboseq_multimappers: is used, all
files after mapping will additionally contain the string -unique. For
further details on the naming conventions, the reader is referred to
the online documentation.

3.5 Predicting

Translated ORFs

This part of the workflow is performed automatically, unless the --
profiles-only flag has been passed (see Note 11). Before pro-
ceeding to the Bayesian model selection and inference, unlikely
ORFs are filtered out, based on a minimum number of reads,
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which can be specified in the configuration file using orf_min_-
profile_count_pre: (default is 5). Internally, we ensure that
the number of reads mapped to the first reading frame always
exceed the number of reads mapped in either of the other two
reading frames, individually. The final prediction set is further
filtered such that the longest ORF predicted is selected for each
stop codon, and among each group of overlapping ORFs, the one
with the highest expected Bayes factor is chosen. The minimum
ORF length can be specified in the configuration file using orf_-
min_length: (default is >8 nucleotides or 3 codons). The reader
is referred to the online documentation, in particular Bayes factor
estimation, selecting predicted ORFs, and shared MCMC options.

3.5.1 Output Files After running the second part, the following output directories will
be created under the parent directory specified by riboseq_-
data: (in the configuration file):

l orf-predictions: contains
– The Bayes factor estimates for all ORFs in gzipped BED

format (bayes-factors)

– The ORFs predicted as translated in gzipped BED format
( filtered.predicted-orfs)

– The DNA sequence for the ORFs predicted as translated in
FASTA format ( filtered.predicted-orfs.dna), the fasta header
matching the id column in the BED file

– The protein sequence for the ORFs predicted as translated in
FASTA format ( filtered.predicted-orfs.protein), the fasta
header matching the id column in the BED file

If replicates are merged, then these files will be created for
each condition. Otherwise, they will be created for each sample
(or both if the appropriate options are given; see Note 12).

3.6 Analysis Rp-Bp offers an extended quality control workflow, with post-
processing scripts to facilitate the analysis (see Note 13). This
section describes the final output from Rp-Bp and how these results
can be used for downstream analysis.

3.6.1 Quality Control

and Periodicity Estimation

To generate plots that summarize the pre-processing and ORF
profile construction

create-rpbp-preprocessing-report rpbp-pipeline.yaml \

../analysis [logging options] [processing options]

It is required to specify the output directory ../analysis. If
this directory does not exist, it will be created. We use a relative path
from the config directory. It is possible to specify the absolute path
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using path/to/rp-bp-mmb/riboseq-analysis/analysis, where
the first part path/to depends on where this workflow example
has been downloaded and installed. To generate FastQC reports for
all datasets (raw, trimmed/filtered, rRNA-depleted, and mapped
reads), we can use the flag --create-fastqc-reports. The
program FastQC needs to be installed and callable. Additional
options (--show-orf-periodicity --show-read-length-
bfs) can be passed to this script to generate metagene periodicity
plots and Bayes factor for each possible P-site offset for each read
length. We do not recommend to use these options, as these plots
are time-consuming to create and not immediately informative
and/or easy to interpret.

Fig. 3 Selected figures from the post-processing script. (a) The reads filtered at each step of the pipeline
(excluding rRNA and poor-quality reads), (b) the distribution of uniquely mapped reads, and (c) the metagene
profile for one fragment length, for one given replicate
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The most useful output files from this script are the counts and
figures to visualize the reads filtered at each step of the pipeline, the
figures to visualize the read-length distributions, and the metagene
profiles (Fig. 3). A PDF report is also generated, which integrates
all figures into a single document.

3.6.2 Output Files If using --create-fastqc-reports, a subdirectory fastqc is
generated under each of the following directories: without-adap-
ters, with-rrna, without-rrna, and without-rrna-mapping (see
the Subheading 3.4).

l riboseq-results: contains the data (read-filtering-counts.csv.gz)
and the figures showing the reads filtered at each step of the
pipeline

l without-rrna-mapping: contains the data files (length-distribu-
tion.csv.gz) and, under plots, figures for the read-length distri-
butions (see Notes 14–16)

l metagene-profiles: contains the metagene profile figures for
each fragment length

Additionally, the PDF report is found under the output direc-
tory specified when calling create-rpbp-preprocessing-
report.

3.6.3 ORF Predictions There is a command that can be used to generate a report (similar
to the pre-processing analysis), called create-rpbp-predic-
tions-report. We are currently working on a “next-generation”
solution to the PDF reports and figures. Using the ORF predic-
tions under orf-predictions, it is possible to get an overview of the
translational landscape (Table 1; see Note 17). Beyond this intro-
duction, the ORF predictions can be used as a starting point for an
in-depth analysis, e.g., by performing conservation, or sequence/
motif analyses, using the DNA or protein sequences. In particular,

Table 1
Number of ORFs predicted on positive and negative strand, for the merged replicates (DCM)

ORF category + �
Canonical 5837 5789

Canonical (variant) 225 236

Canonical (within) 27 35

Five prime (uORF) 789 767

Five prime overlap (uORF) 27 25

Three prime (dORF) 88 77

Three prime overlap (dORF) 19 19

Noncoding (ncORF) 398 297
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the non-canonical ORFs can be characterized using InterPro [13],
SignalP [14], or TMHMM [15], providing further functional
insights.

4 Notes

1. To run the example workflow, we recommend to download
pre-compiled executables, whenever possible, and avoid instal-
ling these via a Bioconda environment, since they will be invisi-
ble to the Rp-Bp installation. Flexbar, Bowtie2, STAR, and
Samtools executables must be available on your $PATH, other-
wise they will not be callable from Rp-Bp. The executables can
be downloaded to a directory such as $HOME/.local/bin,
which is usually available on the $PATH. If you are using Bash,
you can set the $PATH variable in the ~/.bashrc file by adding
the following line

export PATH=$PATH:$HOME/.local/bin

and sourcing the file source~/.bashrc. To confirm that
the directory was successfully added, print the value of your
$PATH by typing echo $PATH.

2. Rp-Bp is designed to handle all steps of the prediction pipeline
starting from the raw FASTQ files. Residual adapter removal
with Flexbar and subsequent steps of the read mapping work-
flow up to and including read alignment using STAR are
incorporated in Rp-Bp. It is however possible to predict RNA
translation from existing alignments in the BAM file format,
e.g., if FASTQ files were mapped using a different strategy. In
the latter case, it is not required to install Flexbar, Bowtie2, and
STAR. To use Rp-Bp on these BAM files, however, they must
be placed at the appropriate location and follow the naming
convention used in Rp-Bp. The reader is referred to the online
documentation at https://rp-bp.readthedocs.io/en/latest/
custom-alignment-files.html#using-custom-alignment-files.

3. While we advise to use the most recent version available of the
reference genome, we do not recommend to use the “top
level” assembly, which includes haplotype information. This
could significantly increase the running time allocated for
mapping and may result in many reads being discarded as
multi-mappers, where sequence overlap is non-negligible.
Here, we use the “primary” assembly from Ensembl.

4. If changing the directory structure of the example, or when
running your own workflow, the configuration file needs to be
adjusted so that all paths point to the correct destinations.
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5. If matching RNA-seq is available, it is possible to use a de novo
assembly with Rp-Bp to identify novel ORFs (i.e., ORFs in
novel transcripts, and not only unannotated ORFs in known
exonic sequences, which can be identified using a standard
annotation). The information from a de novo assembly must
follow the same format specifications as the main GTF file. It is
specified in the configuration file using the key de_novo_gtf.

6. For complex genomes and annotations, the transcript identifier
of the ORF may not “match” the assigned label, in cases where
multiple isoforms contain the same ORF, despite the label
being correctly assigned. In such cases, it is advised to look at
the gene structure, e.g., using the Integrative Genomics
Viewer (IGV), and rely uniquely on genomic coordinates.

7. If we want to keep multi-mapping ribosome footprints, we can
add the key:value keep_riboseq_multimappers: TRUE in
the configuration file. If the key is present in the configuration
file with any value, including FALSE, multi-mapping reads will
be kept for analysis. Unless there are good reasons to do so, we
do not recommend to keep multi-mappers.

8. Rp-Bp uses the length of the alignment query sequence from
the BAM file, i.e., it excludes soft-clipped bases, which does not
correspond to the actual fragment length in the FASTQ file.

9. To skip the BPPS, the key use_fixed_lengths: with any
value must be given in the configuration file, together with
lengths: and offsets:, each consisting of a list of fragment
lengths and P-site offsets, respectively, that will be used for
creating the profiles. Unless there are reasons to do so, we do
not advise to use fixed lengths, as Rp-Bp is designed to discover
without supervision which fragment lengths should be used.

10. The matrix market format (mtx) uses base-1 indices, while
Rp-Bp numbers the ORFs using base-0 indices.

11. To run the prediction pipeline, in the case where only the first
part is available (e.g., after using the --profiles-only flag),
it suffices to call again the main script run-all-rpbp-
instances, as described above, and to omit the --pro-
files-only flag. It is important not to use the --over-
write flag, such that steps for which the output files already
exist will be skipped and files will not be overwritten.

12. There are unfiltered and filtered versions of the files. The filtered
version results from performing the filtering described in the
text (taking the longest predicted ORF for each stop codon
and then selecting the ORF with the highest expected Bayes
factor among each group of overlapping ORFs). We always
recommend to use the filtered predictions.
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13. Several recent analysis methods have been described, including
RiboTaper [6], Ribo-TISH [8], RiboCode [9], and PRICE
[10]. The RiboTaper method is well established, but not yet
available on software development version control platforms.
Its documentation is limited, and it requires matched RNA-seq
data. Methods such as RiboCode, Ribo-TISH, and PRICE are
all available on GitHub and provide minimal documentation.
Not all methods offer extended analysis scripts or quality con-
trol assessment. Ribo-TISH is specifically designed to handle
TI-seq/QTI-seq data. PRICE is the most recent method and is
able to handle overlapping ORFs and non-canonical transla-
tion initiation. While Rp-Bp is unable to distinguish overlap-
ping ORFs and is based on unnormalized parameter estimates,
it propagates uncertainty by maintaining distributions over
quantities of interest through the entire prediction process.
Rp-Bp is also available on GitHub, maintained, and well-
documented. It is modular, so that only parts of the pipeline
can be used, and it can be run in parallel on computing clusters
integrated with the Slurm workload manager.

14. A characteristic feature of a high-quality Ribo-seq library is its
read-length distribution, which typically peaks around
29 nucleotides in eukaryotic organisms; however, broader dis-
tributions can be observed under different protocols, depend-
ing on the nuclease treatment, the drugs/inhibitors used, etc.
It is also known that different ribosomal conformations corre-
spond to distinct read-length distributions and that these can
also be affected by ribosomes belonging to different pools
(mitochondrial ribosomes were shown previously to display a
bimodal distribution, compared to cytosolic-derived frag-
ments). All these considerations must be taken into account
when analyzing the distribution of read lengths.

15. To determine globally the proportion of reads mapped to each
frame, for each replicate, we can use the ORF profiles (in sparse
mtx format, under orf-profiles) and sum all entries across each
frame. The profiles for a given replicate can be loaded in
Python using numpy.loadtxt(’path/to/mtx’,
skiprows¼3).

16. The selected fragment lengths and their P-site offsets can be
collected from selected P-site offsets file (periodic-offsets).
However, instead of using this file and relying on the internal
filtering criteria to find the periodic fragment lengths, we can
collect them “manually” from the file names, for each replicate,
under orf-profiles. The naming convention is as follows:
<sample-name>[.<note>]-unique.length-<lengths>.offset-<
offsets>.profiles.mtx.gz. This can be useful if performing trans-
lation efficiency analysis or other downstream analysis using

310 Etienne Boileau and Christoph Dieterich



periodic Ribo-seq reads only. To extract periodic fragments
from a BAM file

import pysam

bam = pysam.AlignmentFile(’path/to/original.bam’)

alignments = bam.fetch()

out_bam = pysam.AlignmentFile(’path/to/periodic.bam’, "wb",

template=bam)

lengths = [26, 28, 29, 30]

for a in alignments:

if a.qlen in lengths:

out_bam.write(a)

else:

pass

out_bam.close()

17. In a high-quality Ribo-seq library, reads mostly map to coding
sequences (CDS or Canonical) (typically >85%) and to the
5’UTR (up to 10%). A smaller proportion map to the
3’UTR. The amount of reads mapping to noncoding regions
can vary, but in general the signal is not very strong. These
numbers are generally reflected in the ORF predictions. It is
possible to use other tools such as bedtools coverage, to
explore the distribution of the reads, in combination with the
ORF predictions.
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Chapter 15

uORF-seqr: A Machine Learning-Based Approach
to the Identification of Upstream Open Reading Frames
in Yeast

Pieter Spealman, Armaghan Naik, and Joel McManus

Abstract

The identification of upstream open reading frames (uORFs) using ribosome profiling data is complicated
by several factors such as the noise inherent to the procedure, the substantial increase in potential translation
initiation sites (and false positives) when one includes non-canonical start codons, and the paucity of
molecularly validated uORFs. Here we present uORF-seqr, a novel machine learning algorithm that uses
ribosome profiling data, in conjunction with RNA-seq data, as well as transcript aware genome annotation
files to identify statistically significant AUG and near-cognate codon uORFs.

Key words uORF, Upstream open reading frame, Translational regulation, Near-cognate codon,
Non-canonical start codon, Alternative translation initiation site

1 Introduction

Upstream open reading frames (uORFs) are cis-regulatory ele-
ments located within the transcript leader (previously referred to
as the 50 untranslated region or 50 UTR) that modulate translation
of downstream ORFs. uORFs are composed of three compo-
nents—a translation initiation site (TIS), the uORF body, and an
in-frame stop codon [1]. Traditionally, uORFs have been charac-
terized as translational repressors, wherein the ribosome initiates at
the uORF start codon, the body is translated, and finally translation
terminates at the stop codon and the ribosome dissociates from the
transcript. Not only does this prevent the translation of the down-
stream protein coding region, it can also induce other regulatory
pathways such as nonsense-mediated decay (NMD) [1, 2]. How-
ever, uORFs can also perform more complex regulation, as seen in
the yeast GCN4 gene. Here multiple aspects of translation such as
the phosphorylation of eIF2α, the rate of ribosome initiation, and
the distance to the downstream protein coding region all
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contribute to GCN4 translation under stress [3, 4]. While substan-
tial work has established uORF position, relative to the downstream
ORF, as contributing to the regulatory effect [4], more recently,
research has begun to identify the roles of uORF coding regions in
translation regulation [5–7].

It has long been known that ribosomes can initiate on codons
other than the canonical start triplet AUG, albeit with lower effi-
ciency [8–10]. The most well studied of these non-AUG codons
are the near-cognate codons (NCCs) which differ from AUG by
one nucleotide. Generally, NCCs rely on the same initiator tRNA
(Met-tRNAi) used by AUG and therefore produce peptide
sequences with methionine substitutions instead of the endoge-
nous encoded amino acid [10, 11] although this is not always the
case [10–12]. Importantly, NCC usage increases dramatically
under stress, concomitant with increased translation of upstream
open reading frames (uORFs) [13, 14] and N-terminal extensions
(NTEs) [15]. This increase in NCC utilization may derive from
stress-induced post-translational modifications (PTMs) of initia-
tion factors, such as eIF1, eIF2α, eIF4F, and eIF4G [16–20]. Addi-
tionally, some environmental conditions may alter NCC utilization
by direct physicochemical effect [21].

Using ribosome profiling data to identify potential uORFs
dates back to the very introduction of ribosome profiling [13]
where observations of ribosomes within transcript leaders (TLs)
and downstream of start codons were interpreted as evidence of
translation. These identifications were largely based on a case-by-
case manual analysis of the data and often required the presence of
an AUG start codon. The inclusion of NCC as start codons greatly
expands the number of potential start codons; however it also
greatly increases the likelihood of false identification, which is
already a significant challenge, particularly for sparsely ribosome-
occupied transcripts. Indeed, analyses of ribosome profiling data
have resulted in thousands of NCC uORF predictions [13, 14, 22–
24]. However, without statistical control, the functional signifi-
cance of these predicted uORFs is difficult to assess.

It is worth noting that library preparation performed with
cycloheximide (CHX) can increase the number of ribosomes recov-
ered from transcript leaders, depending on species [25]. While this
can create artifacts [26], because CHX prevents elongation but not
initiation, it also amplifies the signal of ribosomes present at trans-
lation initiation sites [23]. We have previously shown increased
accuracy in uORF identification in CHX-treated data [27], as
exemplified by the detection of only 2 of 5 of GCN4s molecularly
validated uORFs without CHX treatment, while all 5 uORFs were
identified when CHX-treated samples were used.

Numerous programs exist that make use of ribosome profiling
data to identify actively translated ORFs, such as ORF-RATER
[28], RiboTaper [29], and RiboCode [30]. These programs often
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rely on features derived from protein coding ORFs, which may have
unintended consequences in the identification of shorter ORFs
such as uORFs. Indeed, a comparison of RiboCode to uORF-
seqr using our published 2018 data found that RiboCode, which
relies on 3nt periodicity, was unable to resolve uORFs shorter than
50nt in length (Fig. 1). This is especially relevant given that the
median length of molecularly validated uORFs in yeast is 21nt,
while the median length of RiboCode-identified uORFs was 90nt.

uORF-seqr is distinct from these general ORF identification
methods as it does not assume that the distribution of ribosomes
across a uORF will be similar to that observed on a long protein
coding ORF. Indeed, we feel that this assumption is unfounded,
given what is known about the difference between ribosome-
associated proteins during early elongation phase (mostly initiation
factors) and late elongation phase (elongation factors) and the
time-dependent manner by which initiation factors dissociate and
elongation factors associate [31, 32]. Notably, the rate of initiation
factor dissociation is not equal for all factors involved [33]. There-
fore, early phase ribosomes have a heterogeneous assembly of fac-
tors associated that could alter rates of elongation and distributions
of ribosomes. Because of this, uORF-seqr only uses features derived
from uORFs.

Here, we present uORF-seqr, a novel machine learning algo-
rithm that uses ribosome profiling data, in conjunction with
RNA-seq data, as well as transcript aware genome annotation
files, to identify statistically significant AUG and
NCC-uORFs [27].

Fig. 1 Distribution of uORF sizes identified using a general ORF identifier
(RiboCode) versus uORF-seqr. Here, we show three distributions of uORF sizes
from Saccharomyces cerevisiae. These include 22 molecularly validated uORFs
(blue dots) [27], with a median length of 21nt. Similarly, predicted uORFs from
RiboCode (black squares, median length 98nt) and uORF-seqr (orange squares,
median length 30nt) are also plotted
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uORF-seqr was originally designed for the identification of
uORFs in the budding yeast clade Saccharomyces and has been
used to identify hundreds of high-confidence uORFs across
S. cerevisiae, S. paradoxus, and S. eubayanus [27]. This included
the molecular validation of six out seven novel predicted uORFs,
including four NCC-uORFs.

1.1 Overview

of Workflow

As shown in Fig. 2, uORF-seqr requires a FASTA reference
sequence to build a map of the chromosomes in a cached file
using the “preprocess” command. GFF reference annotations,
paired RPF and RNA bam files (from triplicate experiments), and
a set of known good uORFs are required to quantify occupancy and
derive feature weights using the “quantify” command. Known false
positives or confounding elements, such as those produced by
N-terminal extensions [34], can also be filtered at this step. The
quantify command produces numerous quantized profiles that are
then used to identify high-confidence candidate uORFs using the
“predict” command.

1.2 P-site

Fractionation

for Reading Frame

Determination

Because the reading frame of a ribosome dictates what is being
translated, the determination of the reading frame is of utmost
importance [13, 23, 35]. To determine the reading frame, one
intuitive choice is to estimate the P-site of the translating ribosome,
as it holds the tRNA being base-paired with a given anti-codon.
While methods of P-site estimation vary, most rely on a given offset
relative to the most upstream (50) mapped nucleotide of a read

Fig. 2 Overview of uORF-seqr workflow. This schematic represents the standard
uORF-seqr workflow, starting with preprocessing the genome, followed by
quantification of expression data into a quantized profile used in the prediction
step to generate a scored set of uORF candidates
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[13]. Given that perfectly sized fragments (i.e., 28nt) may make a
minority of total fragment lengths (possibly in a protocol- and
expression-dependent manner), additional adjustments are often
made based on the fragment sizes in a given dataset [36–38].

Here, we use P-site fractionation for reading frame determina-
tion, such that the fraction of a P-site is allotted to nucleotides
given the size of the aligned length (i.e., “soft match” nucleotides
are not counted towards the fragment length). For example, for a
read with a 28nt aligned length (a “28mer”), the entirety of the
P-site fraction is placed 12nt downstream from the 50-end. A 29nt
read could include anomalous bases on either 50 or 30 ends; these
are not easily distinguished, and so we mark both possible P-sites
with a half probability of a read. With similar reasoning, longer
reads are fractionally assigned to more than one p-site.

1.3 Regression

Feature Definition

All candidate uORFs (cuORFs) require an AUG or NCC start
codon located within a transcript leader and are evaluated and
scored using 18 features (Table 1). These features are used in the
identification of candidate uORFs (cuORFs) as described below.
These include 12 “expression” features that are derived from the
ribosome profiling and RNA-seq data and 6 “positional” features
that take into account the local genomic context of the cuORF
(Fig. 3). For each uORF the values of features are calculated. Values
for these features are calculated per replicate within “newattempt.
py” and “newcompute_features.py” files and include mRNA and
RPF read counts, as well as P-site fractions.

Because translating ribosomes have several features similar to
waves (e.g., amplitude, frequency, periodicity), several of our fea-
tures make use of a discrete Fourier transform (DFT) of the ribo-
some footprint profile taken over the cuORF. This is calculated
using the real fast Fourier transform in NumPy’s fast Fourier trans-
form package (numpy.fft.rfft). These include amplitude (in units of
P-site fractional ribosome occupancy): (a) the maximum amplitude
of any nontrivial frequency (i.e., the maximum proportion of P-site
ribosome occupancies associated to a particular nucleotide step
size), (b) the corresponding phase (in radians; capturing the relative
offset from the start codon of the cuORF), (c) the maximum
amplitude and (d) phase of the within-frame frequency (as for (a,
b), but for a given frame), and (e) the nucleotide spacing of the
frequency of (a,b). To normalize for abundance differences among
replicate libraries, copies of cuORF features (a,c) were divided by
the fraction of total P-site coverage of the corresponding TL out of
the total read depth deriving the unitless features (f) and (g),
respectively. Using (f) as an example of this, we first calculate
(a) or “within_power_of_max_power_freq,” as the power spectra
of the maximum power spectra of the p-site frequency. We then
normalize this respective to the sample by calculating the fraction of
p-sites within the TL relative to the total p-sites within the sample,
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such that ( f ) ¼ (a)/(number_of_p-sites_in_TLS/number_of_p-
sites_in_sample). The median amplitude across nontrivial frequen-
cies was also normalized (as above), generating (h) the normalized
median amplitude. Features (i,j) are the normalized (as above) sum
of P-site occupancy upstream and downstream of the cuORF,
respectively. A similar DFT was performed on the whole of the
TL, allowing for the calculation of (k) the maximum amplitude of
any nontrivial frequency (analogous to feature (f)). For each
cuORF, we also calculated (I) the “relative start magnitude” [14]:
the normalized number of P-sites from the first nucleotide of the
start codon minus the normalized average P-site coverage of all
nucleotides two codons upstream, normalized as above. “Posi-
tional” features were (m) the cuORF length, (n) distance from
the TSS to the cuORF start, (o) distance between the cuORF end
andmain ORF start, whether (p) the cuORF starts within a possible
N-terminal extension region of the main ORF, whether (q) the
possible N-terminal extension region spans the closest in-frame

Table 1
List of expression features (a-k) and positional features (m-r) represented in Fig. 3

Fig. 3 code Name

a Maximum amplitude

b Phase of maximum amplitude frequency

c In-frame to uORF maximum amplitude

d In-frame to uORF phase of frequency

e Nucleotide spacing of frequency with maximum amplitude

f Normalized maximum amplitude (a)

g Normalized in-frame to uORF maximum amplitude (c)

h Normalized median amplitude

i Normalized upstream abundance

j Normalized downstream abundance

k Maximum normalized amplitude anywhere with the transcript leader

l Relative start magnitude

m Length of uORF

n Distance to transcription start site (TSS)

o Distance to main ORF translation initiation site (TIS)

p Starts within an N-terminal extension

q Stops within an N-terminal extension

r Percent overlap with main ORF

318 Pieter Spealman et al.



(relative to the main ORF TIS) upstream stop codon to the main
ORF TIS, and finally, (r) the fraction of the length of the cuORF
that does not overlap the main ORF.

1.4 uORF-seqr

Regression

and Statistical Control

For each experiment, a model was trained to predict the fraction of
(biological) replicates within which each cuORF was detected.
Because ribosome profiling and RNA-seq data can greatly vary
between labs, protocols, and conditions, the particular weights of
the regression features are calculated for each sample. We assumed
that the most valuable features are those that are both predictive
and perform consistently between replicates. As such features are
weighted so to maximize predictive performance across replicates.

To avoid the confounding potential of repeat-counting of the
same ribosomes in different reading frames/cuORFs, we limit our
training set to the subset of non-overlapping cuORFs. An

Fig. 3 Overview of uORF scoring and resolution using uORF-seqr. Representative figure of candidate uORF
scoring using expression and positional features (Table 1)
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L1-penalized sparse binomial regression (generalized linear model
with a log-linkage; R glmpath package) was fit by tenfold stratified
cross-validation over the set of non-overlapping cuORFs to deter-
mine the L1 penalization parameter by minimizing holdout
squared error. Stratification was performed per gene such that all
cuORFs of the same gene were either held-out or held-in for any
fold. The final regression used the minimizing penalization param-
eter and was fit to all of the cuORFs in the non-overlapping set.
Each cuORF, including those with potential overlaps, was assessed
with this regression in turn.

Given the intrinsic noise of ribosome profiling and RNA-seq,
the mere identification of ribosome protected fragments is not
indicative of translation. To account for this, we apply a statistical
control to every cuORF wherein we compare it to regressions
trained with a null model consisting of randomly permuted ribo-
some protection data and to a reference distribution made by
random permutations of the features.

2 Materials

2.1 Data 1. Reference genome: This should include both FASTA format
genome sequence file and matching GFF3 genome annotation
file. Genome annotations should include transcript leaders (aka
50 UTRs) and 30 UTRs (see Notes 1–3).

2. Aligned reads: One should have paired ribosome profiling and
RNA-seq reads for each replicate. These need to be aligned
using STAR [39]. It is strongly advised that a minimum of
three replicates should be used. Using fewer replicates is
known to decrease the accuracy of predictions (see Note 4).

3. uORF training set: uORF-seqr uses features and values derived
from a small set of molecularly validated uORFs to train the
identification model. uORF-seqr comes with training sets for
S. cerevisiae, S. paradoxus, and S. eubayanus. However, work
outside of these species will require a user-supplied 6-column
bed file. This uORF training set would ideally be a list of
molecularly validated uORFs of various lengths and start
codon types which are occupied by ribosomes within your
dataset. Manually selected uORFs should be avoided as they
often fit a preconception of what a uORF looks like and can
directly introduce this bias during training. In our experience a
minimal training set should be at least ten uORFs.

2.2 Computational

Resources

Linux OS (CentOS 7+ or Ubuntu 16+) with:

Python (2.7.x) [40], R (3.2.3+) [41], Samtools (1.6+) [42], Git
(2.7+) [43], Pip (9.0.1+ for python 2.7) [44], TkInter [45],
NumPy [46].

320 Pieter Spealman et al.



Installing on Ubuntu 16+:

sudo apt-get update

sudo apt-get upgrade

sudo apt-get install python

sudo apt-get install r-base

sudo apt-get install samtools

sudo apt-get install git

sudo apt-get install python-tk

sudo apt-get install python-numpy

sudo apt-get install python-pip

2.3 R Requirements Glmpath [47]

2.4 Python Package

Requirements

Rpy2 [48], Pysam [42], Statsmodels [49], Scikit-Learn [50], GffU-
tils [51], Matplotlib [52], SciPy [53]

pip install rpy2¼¼2.8.6

pip install pysam

pip install -U statsmodels

pip install scikit-learn¼¼0.17.1

pip install gffutils

pip install matplotlib

pip install scipy

3 Methods

3.1 Installation

of uORF-seqr

1. Install uORF-seqr using GitHub:

git clone https://github.com/pspealman/uorfseqr.git

2. Verify that the host machine is set up correctly and meets the
necessary requirements using the “test” option.

cd uorfseqr

python uorfseqr.py -test

3. To run a demonstration of the most common commands and
appropriate syntax, use the “demo” option.

cd to uorfseqr.py

python uorfseqr.py -demo
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3.2 Preprocess

a New Reference

Genome

Preprocessing a reference genome creates a directory (as defined by
genome_name) and creates a per-chromosome cache of sequences
in a binary format. This only needs to occur once per reference
genome.

Usage:

python uorfseqr.py -preprocess -genome_name <str> -fa <path to reference fasta file>

Example:

python uorfseqr.py - preprocess -genome_name s_cerervisiae -fa data/reference_gen-

omes/Scer_SacCer3.fa

3.3 Quantify

Features for a New

Experiment

The quantify command scores the features of known uORFs across
three replicates as well as null models. It relies on the cached
processed genome from the preprocess task. It will create the
output directory, several subdirectories, and a command file called
“analysis.json.”

Numerous optional commands are available for the end-user to
alter the performance of the analysis.

Usage:

python uorfseqr.py -quantify -genome_name <str> -samples <sample_name> <path to

sample RPF.bam> <path to sample mRNA.mRNA> -o<output_dir>

Example:

python uorfseqr.py -quantify -genome_name s_cerervisiae -samples Scer_A ../data/bam/

Scer_A_RPF.bam ../data/bam/Scer_A_mRNA.bam Scer_B ../data/bam/Scer_B_RPF.bam ../

data/bam/Scer_B_mRNA.bam Scer_C ../data/bam/Scer_C_RPF.bam ../data/bam/Scer_C_mRNA.

bam -o scer.demo

3.3.1 Short Descriptions

of Arguments

GFF files. General feature format (gff) files are used to identify
coordinates for transcript leaders (aka 50 UTRs), 3’UTRs, and
genes (see Notes 1 and 2). By default we use the GFF from Speal-
man and Naik [27] for Saccharomyces cerevisiae (see Note 3),
located in ’data/reference_genomes/saccharomyces_cerevisiae.
gff’.

Users can set their own gff file by using the -gff option:

-gff data/reference_genomes/saccharomyces_cerevisiae.gff

Filter regions. Genomic regions can be filtered from feature
scoring to prevent counterproductive learning. Users can set their
own genes or regions to be filtered by loading one or more bed files
containing the coordinates of regions to be filtered. If no file is
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defined by the end-user, the scer_baduorf file can be loaded with
numerous false positives identified using S. cerevisiae S288C grown
under rich media conditions; this file is located at “data/labelle-
d_uorfs/scer_baduorf.bed.”

N-terminal extensions (NTEs), given that they are very similar
in regard to uORFs, identical with the exception that they are both
in-frame and lack an intervening stop codon with the main ORF,
are common sources for false positives. To aid in the identification
of uORFs, we also include “nte-seqr” an optional tool for the
identification of potential NTEs, so that they may be filtered (see
Note 5).

-filter data/labelled_uorfs/scer_baduorf.bed

Known uORFs. A list of positively labelled uORFs is required
to train and evaluate feature scoring. This list is provided as a BED
format file containing the uORF from start codon to stop codon
and strand. By default, the file loaded contains 16 molecularly
validated uORFs identified in S. cerevisiae before 2017 (located at
“data/labelled_uorfs/STANDARD-golden.bed”). Alternatively,
we provide a file that also includes the 6 uORFs predicted by
uORF-seqr and subsequently verified [27] (located at “data/label-
led_uorfs/EXPANDED-golden.bed”) as well as a file that contains
all 432 predicted S. cerevisiae uORFs from Spealman and Naik [27]
(located at “data/labelled_uorfs/Spealman_Naik_2017.bed”).
Users can set the known uORFs using the -known command.

-known data/labelled_uorfs/STANDARD-golden.bed

Ribosome footprint sizes. Users can set minimum (default
27) and maximum (default 33) sizes using the -min_rpf and
-max_rpf commands, respectively.

-max_rpf 33

-min_rpf 22

Non-start near-cognate codons (NCCs). Near-cognate
codons can act as translation initiation sites. NCCs differ from the
canonical start codon “AUG” by one nucleotide. All NCCs have
been observed functioning as start codons in vivo and vitro experi-
ments, with the exception of “AGG” and “AAG.” By default all
NCCs are considered as potential start codons except “AGG” and
“AAG.” Users can alter this exception by using the -non_start
option.

-non_start AGG AAG
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Kozak consensus sequence. The sequence around potential
start codons is scored based on similarity to the provided Kozak
consensus sequence. By default this is “AAAAAAATGT” where the
underlined sequence is the start codon [54].

-kozak_seq “AAAAAAATGT”

MainORFmask. The start codons of somemain ORFs exhibit
ribosome pileups as ribosomes “queue” in preparation of initiation
at the main ORF start codon. As these queues can contain many
more ribosomes than are present within the rest of the transcript
leader, they can present problems for scoring and identification.
The main ORFmask filters a given number of nucleotides upstream
of the main ORF start codon. By default this is set to 15 nt.

-morf_mask 15

Minimum 50 UTR length. This allows for the filtering of any
gene with an annotated 50 UTR shorter than the given number of
nucleotides. By default this is set to 15nt.

-min_utr 15

Minimum supporting RPF. This defines the minimum num-
ber of RPFs required to be considered. A potential uORF must still
outperform the expectation at random in order to be predicted as a
uORF. By default, this is set to 3.

-min_rpf_ct 3

3.4 Predict

Candidate uORFs

Based on Calculated

Features

With the -predict command, we load the calculated features from
the –quantify command and begin the construction of the regres-
sion and scoring of the potential uORFs. Those potential uORFs,
as well as their respective qval scores, are reported in a bed file
format in the “results” directory.

Usage:

python uorfseqr.py -predict -i <previous output_dir>

Example:

python uorfseqr.py -predict -i scer.demo

3.5 Interpreting

Results of uORF

Prediction

Numerous bed files are generated in the results directory by the
-predict command. While each file contains information, the *-can-
didate_uORF.bed file is the strictest and highest confidence of the
predictions. For your convenience this is copied into the user
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provided –input_directory. This file is a renamed copy of the *-sig-
nificant-resolved-qvals.bed file in the results’ directory.

The *-candidate_uORF.bed file generated by uORF-seqr is a
standard six-column bed format that contains tab-delimited lines
such as:

chrV 140112 140124 YEL009C.140124 0 -

These columns are chromosome, region start, region stop,
uORF_ID, Qval_score, and strand. Note that the lower the Qval
score, the higher the confidence in the prediction.

4 Notes

1. uORF-seqr requires each gene that will be evaluated to have at
least two entries in the GFF file. One entry is for the main ORF
protein coding region or gene; we denote this by using the
“gene” label for the feature type. The other required entry is
the transcript leader or 50 UTR; this is denoted using the
“five_prime_UTR” label for the feature type. These are asso-
ciated with each other by ID and PARENT Attributes, such
that the “five_prime_UTR” entry must have a PARENT field
whose value matches the ID field of the “gene” entry. Genes
without paired “five_prime_UTR” entries are not evaluated for
uORFs. 30 UTRs can also be defined and will aid in the assign-
ment of intergenic regions to specific genes. These can be
denoted using the “three_prime_UTR” label for the
feature type.

2. uORF-seqr does not currently support splice-aware transcript
annotations. All transcripts are assumed to be contiguous with-
out splicing.

3. The current default genome feature file (.gff) contains annota-
tions not present in the genome annotations available from
either NCBI or ENSEMBL. These annotations include partic-
ular features, such as “transcription_start_site” and “polyA_-
site,” as well as certain genes and non-coding RNA.

4. Fewer replicates severely hinder the accuracy of predictions and
should only be performed for the purpose of data exploration.
Anyone wanting to explore their data can use the “pseudo_-
triplicate” command to generate three pseudo-replicates from
one or two replicates.

Usage:

python uorfseqr.py -pseudo -rep1 <replicate_1.bam> -rep2 <replicate_2.bam> -o

<output_filename_prefix>
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Example:

python uorfseqr.py -pseudo -rep1 ../data/bam/Scer_A_RPF.bam -rep2 ../data/bam/

Scer_B_RPF.bam -o ../data/bam/Scer_RPF

python uorfseqr.py -pseudo -rep1 ../data/bam/Scer_A_mRNA.bam -rep2 ../data/bam/

Scer_B_mRNA.bam -o ../data/bam/Scer_mRNA

5. N-terminal extensions are similar to uORFs in that they are
upstream alternative translation initiation sites only they are
both in-frame to the main ORF and lack an intervening stop
codon [55–58]. The NTE-seqr tool can be used to identify
potential N-terminal extension events before running uORF-
seqr; the generated bed file can be used here in conjunction
with uORF-seqr for additional filtering.

Briefly, NTE-seqr attempts to identify N-terminal exten-
sions by first finding all regions upstream of main ORF start
codons and the nearest in-frame upstream stop codon. These
search regions are then scanned to identify genes with large
numbers of in-frame ribosomes. Search regions are also
scanned for AUG and NCC start codons. We presume that
the start codon most likely to function as the initiation site will
have a confluence of features: higher relative start magnitude
[14], higher relative translational efficiency, and a significant
fraction of total in-frame ribosomes.

Usage:

python uorfseqr.py -nte -samples <sample_name> <path to sample RPF.bam> <path to

sample mRNA.mRNA> -o <output_filename_prefix>

Example:

python uorfseqr.py -nte -samples Scer_A ../data/bam/Scer_A_RPF.bam ../data/bam/

Scer_A_mRNA.bam Scer_B ../data/bam/Scer_A_RPF.bam ../data/bam/Scer_A_mRNA.bam Scer_C

../data/bam/Scer_C_RPF.bam ../data/bam/Scer_C_mRNA.bam -o ../data/bam/Scer_NTE

The resulting output is a BED format file containing
potential NTE events. These can be filtered by including this
file in the -filter_uorfs option during the -quantify step.

Genome reference FASTA and gff files function similarly to
uORF-seqr; they can be defined using the -fa and -gff options,
respectively. The gff assumes “gene” mark protein coding
regions, while transcript leaders are assigned “five_prime_utr.”
These can be changed using the -gene_tag and -transcript_le-
ader_tag, respectively.
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Chapter 16

Genome-Wide Analysis of Actively Translated Open Reading
Frames Using RiboTaper/ORFquant

Dermot Harnett, Eelco Meerdink, Lorenzo Calviello, Dominique Sydow,
and Uwe Ohler

Abstract

Ribosome profiling, or Ribo-seq, provides precise information about the position of actively translating
ribosomes. It can be used to identify open reading frames (ORFs) that are translated in a given sample. The
RiboTaper pipeline, and the ORFquant R package, leverages the periodic distribution of such ribosomes
along the ORF to perform a statistically robust test for translation which is insensitive to aperiodic noise and
provides a statistically robust measure of translation. In addition to accounting for complex loci with
overlapping ORFs, ORFquant is also able to use Ribo-seq as a tool for distinguishing actively translated
transcripts from non-translated ones, within a given gene locus.

Key words Ribo-seq, Translation, Genomics, Open reading frame, Periodicity, Sequencing,
Ribosome

1 Introduction

By measuring the density of translating ribosomes, Ribo-seq data
provides an overview of the translational activity within a biological
sample. As discussed in previous chapters, Ribo-seq provides single
nucleotide resolution information on the position of active ribo-
somes. This results in a periodic distribution of Ribo-seq reads over
translated open reading frames (ORFs), since translation progresses
in discrete 3-nucleotide, codon-by-codon steps. As this periodicity
is uniquely associated with translation, it can be exploited to iden-
tify translated ORFs in the presence of noise [1].

Examining the profiles of ribosomal footprints (RPFs) of dif-
ferent lengths reveals that they are shifted relative to one another—
e.g., pile-ups of reads of 29nt might tend to occur 2nt upstream of
reads of 27nt. To effectively integrate RPF data, an offset must be
chosen for each read length such that their periodicity is brought
into phase—often Ribo-seq data is summarized by a track of the
presumptive first-nucleotide position of the P-site within each RPF
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(with the A-site then occurring 3bp downstream). With this accom-
plished, the simplest approach to analyze periodicity (exploited by,
e.g. [2]) is to simply count reads that are “in frame.” However,
counts of “in-frame reads” are highly variable in the presence of
noise [1]. Identifying periodicity in noisy data is a problem well
studied outside of biology, and a reliable solution exists in the form
of the “multitaper” method.

Defining translated open reading frames using this multitaper
test allows for the identification of translated ORFs without the use
of ad hoc cutoffs and is suited to applications where low-abundance
translation events, such as those in upstream reading frames or
those present in minority of cell in a bulk sample, are important
(Fig. 1). The multitaper test for periodicity (Box 1) is implemented
in the command line tool RiboTaper [1]. A limitation of applying
the multitaper test to genomic RPF data is the inherent difficulty of
attributing short read-derived RPF signal to distinct isoforms –
when one isoform largely overlaps another, RiboTaper will simply
annotate both. Many genes in higher eukaryotes possess multiple
isoforms, although abundances are often unevenly distributed, with
a single isoform accounting for the bulk of transcripts in most genes
[3]. ORFquant [4] addresses this issue by quantifying the relative
contribution of the various ORFs at a locus. This makes it a power-
ful tool to distinguish those transcripts actually producing protein
from those which are degraded, confined to the nucleus, or other-
wise not effectively translated. ORFquant can thus be used to
reduce a complex transcriptome down to a comparatively simple
active translatome, focusing analysis on those isoforms which are
highly likely to generate functional proteins [4].

Box 1:
The periodicity of a discrete, finite signal such as that yielded
by Ribo-seq can be extracted from its power spectrum, found
by FFT (fast Fourier transform). This process, equivalent to
counting in frame reads, has high variance if there is noise in
the input signal. We might choose instead to take the power
spectrum of discrete windows—say every 100 bp of our
sequence. However, such a rectangular window function
(or taper) would distort the Fourier transform due to “spec-
tral leakage.” To deal with this problem, a class of taper
functions, used in fields such as astronomy and electrical
engineering, known as “slepians” (or discrete prolate spheroi-
dal sequences (DPSS)) are available. The multitaper method
multiplies the signal by a set of orthogonal slepian functions
to obtain independent estimates of the power spectrum. Fur-
thermore, the variance of these estimates in the presence of
uniform white noise is well defined, so that an F-test can be
used to derive P-value for the signal’s periodicity.
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Here we will give instructions for the application of both
RiboTaper and ORFquant, as a reimplementation of RiboTaper.
Both RiboTaper and ORFquant perform multitaper tests on Ribo-
seq data over candidate ORF regions. ORFquant’s approach differs
in that it attempts to identify a parsimonious set of ORFs which
account for the Ribo-seq signal over a gene—it’s results will be
similar when a single isoform is present on a gene and more
accurate where complex isoform structures exist. The procedure is
described in detail in [4]; however in brief, ORFquant:

1. Collapses transcriptome variability independent of the transla-
tome—e.g., transcripts differing only by their UTRs and tran-
scripts fully nested within one another.

2. Collapses read counts to counts over features—exons and junc-
tions—which provide information about isoform translation.

3. Eliminates isoforms using a greedy algorithm, for which all
linked features are also explained by another isoform with
more covered features, until a parsimonious set of ORFs is
obtained.

4. Calculates scaling factors for each ORF, using coverage over
features unique to that ORF where they exist and a prior
assumption of uniform translation where they do not.

5. Applies cutoffs on scaling factors to identify (by default) ORFs
accounting for 2% or more of the genes’ translational activity

RiboTaper’s output, detailed below, consists of a set .of files
detailing the results of multitaper tests for ORFs within the
provided CDS as well as within non-coding transcripts and for
regions up- or downstream of annotated ORFs. ORFquant’s out-
put likewise consists of an annotation of the translatome, including
information about canonical and novel ORFs, as well as nonstan-
dard translation events such as upstreamORFs, downstreamORFs,
translated retained introns, and read-through events.

2 Materials

1. A 64-bit computer running a Unix system with at least 8G of
RAM (RAM requirements will depend on the size of the anno-
tation, genome, and Ribo-seq data being processed—a
machine with at least 8GB should be used for large genomes
such as human or mouse. The chunk_size parameter can also
be used to reduce memory footprint at the cost of computation
time). RiboTaper requires at least two cores to run.

2. A working installation of R (version 3.5 or above). ORFquant
is a package written in the R statistical programming language,
and its API is simple enough that passing familiarity with the
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language should be sufficient. A suitable development environ-
ment will also be required—we recommend RStudio, which
can be downloaded, along with R, from www.rstudio.com.

3. To run ORFquant—a working installation of the ORFquant R
package. This can be installed, along with dependencies, by
opening an interactive R session and running using:

install.packages(“devtools”)

devtools::install_git(“https://github.com/ohlerlab/

ORFquant”)

4. To run RiboTaper—a working installation of RiboTaper. Ribo-
Taper can be most easily installed on the Linux command line
using the “conda” package manager (available at https://docs.
conda.io/en/latest/miniconda.html). We recommend creat-
ing a dedicated conda environment for ORFquant and/or
RiboTaper through the command line as follows:

conda create -c bioconda -n RiboTaper RiboTaper

conda activate RiboTaper

Alternatively, RiboTaper may also be downloaded from the
following website: https://ohlerlab.mdc-berlin.de/software/
RiboTaper_126/. Note that the following instructions will
assume installation via conda.

Runtime: 30–60 min

5. A means of determining P-site offsets (i.e., the position of the
P-site within each read) from RPF data. We recommend the
RiboseQC package [5], which can be installed as follows in an
interactive R session:

devtools::install_git(“https://github.com/
ohlerlab/RiboseQC”)

If another program is used to determine P-site offsets, the
output should be processed into a tab-separated table with the
headings “read_length,” “cutoff,” and “compartment,”
denoting the read length, the offset (distance between the 50

footprint end and the inferred P-site), and the compartment
(a string corresponding to a chromosome name fromwhich the
read originates, either “nucl” for a default applying to all reads
or a chromosome such as “chrM” for which different offsets
apply).
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6. A GTF file containing valid gene annotation and an associated
FASTA file containing gene sequences. ORFquant’s use of
GTF and not GFF files reflects the more restricted, and thus
more easily parsed, nature of GTF files compared to GFF files.
If only GFF files are available, the R packages GenomicFeatures
and Rtracklayer can be used to import the GFF into R as a
TxDb object and then export it as a GTF. The chromosome
names in both genome and FASTA files need to be the same
(we recommend removing, e.g., scaffolds with no annotation
on them). The sequence in the FASTA file should be unmasked
and contain only capital letters. Irregularities in gene annota-
tions, particularly for non-model organisms, are by far the most
frequent source of errors in the RiboTaper/ORFquant pipe-
lines. The GTF file should follow the official GENCODE GTF
standard format with metadata columns containing unique ids
“gene_id” and “transcript_id” for genes and transcripts, as well
as gene and transcript biotypes. For initial tests of the pipeline,
particularly of large genomes, we recommend using a subset of
the annotation, e.g., restricting analysis to chromosome 1.

7. Input Ribo-seq data. RiboTaper takes as input a BAM file,
along with a set of offsets for each read length to be used (see
below for instructions on determining P-sites). ORFquant can
likewise either accept P-site data in the form of a table of offsets
and a BAM file or use data in the form of processed P-site
output from the RiboseQC package (which we recommend).
Ribo-seq is tolerant to the presence of non-periodic noise in
the input data. However, care should be taken to ensure that
the alignments reflect the true position of ribosomal foot-
prints—with adapters, etc. removed rather than soft clipped
(see previous chapters).

8. (Optional—for RiboTaper)—Input RNA-seq data. RiboTaper
additionally can make use of a BAM file containing RNA-seq
data, which should be prepared in a similar manner to the
Ribo-seq BAM file. In the absence of RNA-seq data, RiboTa-
per can be run on Ribo-seq data alone by simply passing the
Ribo-seq BAM file again, in place of the RNA-seq file, when
calling RiboTaper.

3 Methods

3.1 Preparing

Annotation Files

for RiboTaper

RiboTaper requires that annotation files be prepared in a dedicated
directory before running the main program, which should be a
subfolder of the directory into which RiboTaper’s results will be
written. This can be done by first opening the Unix command line
(the “terminal” application on most distributions) and entering the
following commands (or copying them into a shell script and
executing this script):
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mkdir my_RiboTaper_folder #create a directory for RiboTaper

cd my_RiboTaper_folder #step into this directory

mkdir RiboTaper_annot_folder #create the annotation subfolder

#create annotation files using the pre-existing files in the

#folder above

create_annotations_files.bash ../my_annotation.gtf \

../my_genome.fa true true RiboTaper_annot_folder

The arguments to the above command represent, respectively,
the call to the script itself (available on your path if you installed
with conda and in your installation directory if you installed from
source), the GTF file (see previous section), and the genome
FASTA file (which should match the GTF file and be indexed
using samtools faidx). The two logical values, which may be
“true” or “false,” are flags instructing RiboTaper to use CCDS
annotation (present in GENCODE annotation for mouse and
human—should be “false” for other annotations) and APPRIS
annotation (which again may or may not be present in your anno-
tation). The final argument represents the folder to which ORF-
quant’s annotation files will be written.

The output of the command will be a set of some 35+ files
containing various subsets of the annotation for use in later steps, as
bed files. The command wc -l RiboTaper_annot_folder/*
can be used to check that these files exist and contain data (note
that the APPRIS and CCDS files may be empty depending on the
parameters used above).

Estimated Time: 30 min

Estimated Disk Usage: 10–20Mb (in addition to that for input
files)

Estimated Memory Requirements: 4GB

3.2 Preparing

Annotation Files

for ORFquant

The first step in running ORFquant is to open an interactive R
session and prepare a dedicated directory for ORFquant’s output,
load our libraries, and create variables for the locations of our input
files. We will assume the existence of (1) a pre-prepared Ribo-seq
BAM file, (2) a valid annotation GTF, and (3) a genome sequence
FASTA file. These files (or valid links to them) are stored in a
directory called my_ORFquant_dir.

#load the RiboseQC (optional if another P-site determination

#algorithm is used) and ORFquant packages

library(RiboseQC)

library(ORFquant)
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setwd(“my_ORFquant_dir”)#step into our directory

my_riboseq_bam <- ‘my_sample.bam’

my_gtf_file <- ‘my_annotation.gtf’

my_fasta_file <- ‘my_genome.fa’

stopifnot(#verify these files exist in those locations

file.exists(my_riboseq_bam)&

file.exists(my_gtf_file)&

file.exists(my_fasta_file)

)

To use a GTF file with ORFquant, it must first be converted
into a serialized R object using the function prepare_annotation_-
file. This function requires a path describing the directory into
which annotation files should be written, a GTF file (see above)
with valid gene annotation, and a FASTA file to be used for
sequence retrieval. Note that nonstandard circular chromosomes
should also be passed as arguments, where present, if a FASTA file is
used, to allow for sequence retrieval across the beginning of the
coordinate system.

Irregularities in gene annotations, particularly for non-model
organisms, are by far the most frequent source of errors in the
ORFquant pipeline. The GTF file should follow the official GEN-
CODE GTF standard format with metadata columns containing
unique ids for genes, transcripts, and CDS, as well as gene and
transcript biotypes.

The output of this step is an R object containing the necessary
annotation for ORFquant. An example command is shown below:

orfquant_anno_file <-prepare_annotation_files(

annotation_directory =“annotation_directory/” ,

genome_seq = my_fasta_file,

gtf_file = my_gtf_file,

scientific_name = "Human.test",

annotation_name = "my_annotation",

export_bed_tables_TxDb = F,

create_TxDb = T

)

stopifnot(file.exists(orfquant_anno_file))

The resulting “orfquant_anno” object contains annotation data,
as well as the file path for the genome FASTA file. Running the
command help(prepare_annotation_file) will show documentation
explaining the different elements of the object, which include
GRanges objects describing exons and their locations in genomic
and transcriptomic space and tables linking transcripts and gene loci.

Estimated Time: 30 min

Estimated Disk Usage: 10–20M (in addition to that for input files)

Estimated Memory Requirements: 4GB
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3.3 Preparing P-Site

Signal Data

The second step in running both RiboTaper and ORFquant is to
load the input P-site data. Typically, P-site tracks are created by
shifting each RPF start position by a read length-dependent
amount, which corresponds to the most frequent location of the
P-site in reads of that length (so that, e.g., the peak of 50 RPF
coordinates ~10bp before the start codon becomes a peak located
directly over the start codon). P-site data will typically be more
periodic than a simple track of 50 RPF coordinates, but will also
have less coverage, because some read lengths will be excluded due
to the P-site will not be located at a single consistent distance from
the 50 end.

A large number of strategies for P-site inference have been
described (see [6] for review), and the appropriate one will depend
on factors including the species of origin, the desired downstream
analysis, and the nature of the Ribo-Seq protocol, in particular the
presence of sequence bias due to the digestion enzyme used, and
whether or not cycloheximide has been used in the protocol. The
quality of P-site inference influences the periodicity of the final
ribosomal footprint track, and care should be taken with this step,
since faulty P-site inference will reduce the sensitivity of both
RiboTaper and ORFquant.

We recommend the package RiboseQC, which contains func-
tions to assess the quality of P-site inference and which should
reliably allow P-site inference for all libraries in which a distinct
peak over the start codon is detectable—something easily verified in
the metagene plots provided by RiboseQC. RiboseQC’s output
can be directly passed into ORFquant as a serialized R object.
RiboseQC also allows for compartments, e.g., nuclear and mito-
chondrial genes, to be treated separately. This is a necessary step
where genes of interest are translated by a different ribosome
species—as is the case for both chloroplast and mitochondrial
genes—since these organelle-specific ribosomes yield distinct foot-
prints and necessitate distinct P-site offsets. An example of P-site
data being loaded from the RiboseQC package is shown below:

#Run the RiboseQC pipeline

ribseqc_file <- RiboseQC_analysis(

annotation_file = orfquant_anno_file,

bam_files = my_riboseq_bam,

fast_mode = T,

create_report = T

)

#check that the file of p-site offsets has been created

my_offset_file <- paste0(

my_riboseq_bam,

”_P_sites_calcs”

)

#verify our psite offset file exists

file.exists(my_offset_file)
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Here, we pass the annotation file created above using
prepare_annotation_file, along with the BAM file, to RiboseQC.
We use the fast_mode to tell RiboseQC to use only the top
500 most expressed genes (for final results, this flag should be set
to false). The create_report parameter controls whether RiboseQC
should create a html report, in addition to saved P-site data. Ribo-
seQC has optional parameters which can be used to specify the
name of the report file, P-site offset file, etc. Here we allow it to use
the default for these values—which will output files prefixed with
the name of the BAM file passed as input. RiboseQC’s output is a
html report showing various quality control metrics, various bed-
graph files containing P-site tracks (see the package documenta-
tion), and a saved file “my_sample.bam_P_sites_calcs” (where
“my_sample” is the sample_names argument) containing an opti-
mal set of P-site offsets.

Good offsets should (a) place most P-sites within the coding
sequence, (b) align the peak of P-sites at the start and/or end of the
transcript for different read lengths, and (c) not differ dramatically
(i.e., more than ~6nt) between adjacent read lengths. Note that
some other package should be used to quality check the inferred
locations of P-sites if RiboseQC is not used.

Estimated Time: 1 h with RiboseQC

Estimated Disk Usage: ~1Gb

Estimated Memory Requirements: 4GB

3.4 Running

RiboTaper

With prepared annotation data, and the set of offsets required to
map the RPF data to a single P-site track, and an RNA-seq BAM
file, RiboTaper can be run on the command line with a command
such as the following:

RiboTaper.sh ../my_sample.bam ../my_sample_rna.bam

RiboTaper_annot_folder/ 26,27,28,29,25,30,31 \

11,11,12,11,10,12,12 2

Note that here we supply the names of our Ribo-seq and
RNA-seq BAMs as arguments, followed by a comma-separated
list of read lengths, and offsets to be applied to them. See Fig. 2
for a schematic explanation of the internal steps carried out by
RiboTaper.

Estimated Time: 3 h

Estimated Disk Usage: ~1Gb

Estimated Memory Requirements: 4GB

3.5 Running

ORFquant

With objects containing P-site data and annotation, ORFquant can
now be run. By default, ORFquant will run on all genes, which will
take some time for large genomes. For instance, a machine with
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8Gb of RAM and two cores might take 12 h to analyze the entire
human transcriptome, using a Ribo-seq dataset with 3 million
reads. We therefore recommend choosing some target genes
(which should have a high expression—“GAPDH” is a suitable
default choice for human data) to test run ORFquant before run-
ning on the entire genome, by setting the “gene_name” parameter.
This feature can also be used to run ORFquant on subsets of the
genome when using a HPC cluster. Care should be taken in this
case to ensure that each node is given sufficient memory to load the
input P-site data, which has a large memory footprint.

An example command for running ORFquant on the entire
genome, using a text file of offsets (see Subheading 2), in this case
generated above by RiboseQC, is shown below:

Fig. 2 The RiboTaper workflow. The RiboTaper.sh master script calls a series of subscripts (which can be
accessed individually; run, e.g., create_protein_db.R for instructions on individual usage) to create P-site
tracks, QC plots, tables of annotated ORFs, a protein FASTA file, and a final table of ORFs
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#prepare psite data from bam file and offset file

my_orfquant_psites_file <-prepare_for_ORFquant(

orfquant_anno_file,my_riboseq_bam,

path_to_rl_cutoff_file = my_offset_file

)

#run orfquant

ORFquant_results <- run_ORFquant(

for_ORFquant_file = my_orfquant_psites_file,

annotation_file = orfquant_anno_file,

n_cores = 1)

orfquant_res_file <- paste0(

my_riboseq_bam,

”_for_ORFquant_final_ORFquant_results”

)

stopifnot(file.exists(orfquant_res_file))

Estimated Time: ~12 h (or 3 on a machine with 8 available cores)

Estimated Disk Usage: ~1.5 Gb

Estimated Memory Requirements: 4GB (or more for effective
multicore processing)

3.6 Plotting,

Interpreting,

and Filtering Results

The master script RiboTaper.sh will call a series of scripts that create
QC plots showing the ORFs identified and the biotype of the
transcript and gene in which they are found.

The output of ORFquant is a number of output files along with
an R object, now available in your main workspace called ORF-
quant_results. This object is a list containing various information
about the feature selection and quantification by ORFquant. For a
detailed account of each, see the help for the function run
ORFquant.

The most important output of ORFquant is the set of identi-
fied ORFs listed under “ORFs_tx”—a GRanges object containing
the coordinates of each identified ORF, in transcript space. The
metadata of this object is accessible with the accessor function
mcols. P-values for the periodicity tested are listed here, as well as
a separate P-value for uniquely mapping reads only and columns
linking each ORF to a particular transcript and “gene_id” value in
the annotation. ORF_category_Tx classifies ORFs into categories
such as ORFs present in the canonical annotation, novel ORFs not
present in the annotation, and upstream or downstream ORFs.

Before interpreting ORFquant (or RiboTaper) results, asses-
sing the coverage of P-sites over CDS (which may be less than that
of RPFs, where not all read lengths have a reliably positioned P-site)
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is a must. This information can be accessed via the ORFquant_re-
sults object:

hist(n=50,log10(1+ORFquant_results$ORFs_Tx$P_sites))

As a rule of thumb, most protein coding genes are well quanti-
fied when median log10 counts are at ~2 (i.e., 100 counts per
gene). Higher coverage may be necessary to detect low expression
ORFs, such as uORFs.

The function plot_ORFquant_results shows summary plots for
the output (Fig. 3), including plots showing numbers of transcripts
and ORFs selected per gene and total number, ORF length, peri-
odicity, and proportion of gene’s P-site attributed for ORFs of
different biotypes (see Note 1). We can create summary plots
(showing number of detected ORFs for different gene biotypes,
statistics on ORF quantifications, etc.) in PDF format using:

plot_ORFquant_results(

for_ORFquant_file = my_orfquant_psites_file,

ORFquant_output_file =orfquant_res_file,

annotation_file = orfquant_anno_file

)

plotfolder <- paste0 (orfquant_res_file,"_plots/")

stopifnot (file.exists(plotfolder))

These summary plots can also be embedded in an html report:

orfquantfile=paste0(
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Fig. 3 Diagnostic plots generated by ORFquant. The function “plot_ORFquant_results” will create a folder
containing 12 diagnostic plots which include (a) a histogram showing the number of transcripts selected for
quantification by ORFquant; (b) a histogram showing the number of ORFs with evidence of periodic Ribo-seq,
per gene; and (c) a histogram showing the relative proportion of P-sites (ORF_pct_P_sites) attributed to the
most highly expressed ORF in each gene. In this small sample of Arabidopsis genes, all but 3 genes had
between 1 and 3 transcripts with quantifiable translation, all but 5 of these had a single translated ORF, and in
all but 5 of these cases, a single transcript could account for 90–100% of the translation
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“my_sample”,

“bam_for_ORFquant_final_ORFquant_results_plots/,

“my_sample.bam_for_ORFquant_ORFquant_plots_RData”

)

create_ORFquant_html_report(

input_files = orfquantfile,

input_sample_names = “my_sample”,

output_file= “my_sample_ORFquant_report.html”

)

In addition, we provide functions for plotting specific loci of
interest:

plot_orfquant_locus(locus= “AT3G15950”,

orfquant = orfquant_results,

bam_files = ribo_bams,

col = “green”

)

We recommend that loci of specific interest (e.g., for those
intended for validation experiments) should be visualized individu-
ally (see Fig. 4).

3.7 Caveats

to Interpretation

ORFquant’s transcript quantification relies on transcripts having
enough isoform-specific reads to differentiate their translation levels.
As heuristic, if less than ten reads are uniquely attributable to a
transcript, its expression relative to other isoforms is difficult to

Fig. 4 Plotting ORFquant results at specific loci. The function “plot_orfquant_locus” plots Ribo-seq signal at a
specific locus, using the Gviz package to visualize the local isoform structure; the Ribo-seq reads used by
ORFquant (top two panels), including those that span junctions; the ORFs included (green) and discarded (blue)
in the final results of ORFquant; and the scaled expression values attributed to each ORF (i.e., the ORFs_pM
values) plotted using a color gradient. These values, analogous to TPMs, are normalized for library size and
ORF length
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quantify precisely. ORFquant’s sensitivity will be influenced by the
coverage achieved in the experiment, and the length of a given ORF,
as well as experimental factors like the use of cycloheximide (seeNote
1) and MNase (see Note 2). By default, ORFquant uses relatively
permissive filtering to allow for downstream filtering and inspection.
We recommend that ORFs used in further analyses, regardless of P-
value, should contain at least ten uniquely mapping reads.

The multitaper tests used by ORFquant and RiboTaper fall
prey to the uncertainty principle on very short sequences—the
frequency of a signal cannot be accurately estimated over a very
short time (or distance) window. Thus, ORFs less than ~50 bp may
not be reliably detectable targets for ORFquant or RiboTaper.

An artifact seen in some Ribo-seq libraries is a depletion of
signal toward the 50 ends of genes (possibly still with a large peak at
the start codon). The presence of this artifact can be easily ascer-
tained by metagene plots of Ribo-seq signal, which should be
performed for each library. In such libraries, spurious variant
ORFs with 50 truncations may appear in ORFquant’s results.

ORFquant’s results include a metadata column, “ORFs_pM”;
ORFs_pM is a TPM-like value expressing the normalized transla-
tional output for the ORF in the sample. ORFs_pM is based on
P_site counts, so normalization methods (next chapter) applied to
most count data will be valid when applied to both expression
values output by ORFquant.

4 Notes

1. The use of cycloheximide will tend to increase the periodicity of
a Ribo-seq sample, by locking ribosomes in place and eliminat-
ing signal from ribosomes in intermediate stages of the transla-
tion cycle. This may however result in a loss of the ability to
interpret the precise location of ribosomes, since a certain
amount of “run-on” may occur before a ribosome locks, result-
ing in a loss of the correlation between the underlying codon
and ribosomal occupancy. This should not however strongly
influence the multitaper test’s sensitivity [7].

2. A factor affecting the sensitivity of ORFquant will be the
sequence bias of any enzyme used to create the ribosomal
footprints. Enzymes such as MNase with strong sequence pre-
ferences will tend to “blur” the Ribo-seq signal and reduce
periodicity—here, sequence-specific adjustments to P-site off-
sets may help to “deblur” the signal [8]. P-sites adjusted in this
manner may be fed directly into ORFquant and RiboTaper. In
RiboTaper’s case, a bed file called should be created with the
adjusted P-sites and placed in the working directory. For ORF-
quant, the psite_file argument should be used to pass a single
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column text file containing the offset for each read, in the order
in which they appear in the BAM file. Note that reads with
non-numeric values such as NA in the offset column will be
excluded.
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