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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.
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1 Introduction

Translation initiation in bacteria ensues with the small (30S) ribosomal 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-tRNAMet (fMet-tRNA)
to the P site of the 30S subunit are assisted by the three initiation factors IF1, IF2, and IF3 .
Binding of the fMet-tRNA 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-tRNA 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 GGAGQG), which is fully or partially
complementary to a stretch of nucleotides at the 3” 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
recognition 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 [12,6,13,14]. 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 proteomics 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 deformylase leads to retention of the
formyl-methionine [17,18]. Alternative 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 abundance 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 applicable for identifying small ORFs [27,28]. Furthermore, identification 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]
represent 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 employing 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 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 initiation
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step while clearing the mRNAs from the elongating ribosomes. Several such approaches
have been carried out for eukaryotic 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 (RET)
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-tRNA 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 the 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) 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 (MICggt) 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 AtolC for which MICRgT is
0.06-0.12 pg/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.

2. Materials

2.1 Metabolic labeling with RET

1. Growth medium M9A A-minus-Met: M9 minimal medium containing 19 amino
acids (all natural amino acids except methionine), at a final concentration of 40
pg/mL each, supplemented with 3 uM thiamine (added right before use from the
thiamine stock solution).

Methods Mol Biol. Author manuscript; available in PMC 2021 December 15.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Meydan et al.

Page 4
Thiamine stock solution: Dissolve thiamine in ddH,O to the concentration of 3
mM and store at —20°C.

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

[35S]-L-Methionine with specific activity of ~1,000 Ci/mmol at ~ 10 mCi/mL
(seeNote 1).

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

Filter discs: Whatman Grade 3 MM Chr Cellulose 0.34 mm thick, @ 2.5 cm
circle discs.

Acetone: 99.9% ACS reagent grade.

Scintillation vials, scintillation cocktail, and scintillation counter.

2.2 Preparation of cell lysates for Ribo-RET

1.

10.

MOPS growth medium: prepare from MOPS EZ Rich Defined Medium kit (see
Note 2).

Retapamulin: prepare stock solution (see #3 of Section 2.1).

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

Filter discs: Millipore Express PLUS Membrane hydrophilic polyethersulfone
filters, @ 90 mm, 0.22 um pore size.

Liquid nitrogen.

Stainless-steel Scoopula spatulas (scoopulas) ~ 15 cm long; container 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.

Lysis buffer: 20 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 100 mM NH4Cl, 5 mM
CaCly,, 0.4% Triton X-100, 0.1% NP-40. Store at —20°C.

DNase I (RNase free), 10 U/uL.

GMPPNP: Dissolve in ddH,O to the concentration of 100 mM and store at
—20°C.

SUPERase In RNase inhibitor, 20 U/uL.

2.3 Pulverization of cells

1.
2.

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

Spatulas, 50 mL conical tubes with pierced lid (see #6 of Section 2.2).
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Liquid nitrogen.

2.4 Preparation of cell lysate and of ribosome protected mRNAs fragments

1.
2.
3.

Tris solution: 10 mM Tris-HCI, pH 7.0.
SUPERase In, 20 U/uL.

Micrococcal nuclease (MNase) solution: take MNase from the original vial and
dilute it with 10 mM Tris pH 8.0 to 75 U/uL (see Note 3). Store at —80°C.

EGTA solution: 0.5 mM EGTA at pH 8.0.

Nanodrop spectrophotometer.

2.5 Monosome isolation by sucrose gradient centrifugation

1.

Gradient buffer: 20 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 100 mM NH4Cl,
prepared with DEPC-treated ddH,O.

Sucrose solutions: 10% and 40% (weight/volume) solutions prepared in 20 mM
Tris-HCI, pH 8.0, 10 mM MgCl,, 100 mM NH4Cl, prepared with DEPC-treated
ddH,O. Store at 4°C.

Beckman SW41 rotor and open-top polyclear ultracentrifuge tubes.
Sucrose gradient maker.

Gradient fractionation system.

2.6 Phenol-chloroform extraction of ribosome protected mRNAs fragments

1.
2.

SDS solution: 20% (weight/volume) SDS dissolved in RNase free ddH,O.

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

Chloroform, molecular biology grade.

3 M NaOAc, pH 5.5 prepared in RNase free ddH,O.
Isopropanol, molecular biology grade.

80% ethanol, ice cold.

Tris solution: 10 mM Tris-HCI pH 7.0.

2.7 Size selection of ribosome protected mRNAs fragments

1.
2.
3.

Tris solution: 10 mM Tris-HCI pH 7.0.
Novex 2X TBE-Urea Sample Buffer.

Control RNA oligonucleotides solutions: from 100 uM stock solutions, dilute
each RNA oligonucleotide to 20 uM in DEPC-treated ddH,O and store at —20°C.
The names and sequences of the control RNA oligos are as follows:

0l5,5 AUGUACACGGAGUCG ¥’
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028, 5 AUGUACACGGAGUCGACCCGCAACGCGA 3

045,

5’ _AUGUACACGGAGUCGACCCGCAACGCGAUGUACACGGAGUCGAC_
3 2

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

10X TBE running buffer.

SYBR Gold.

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

Superase In, 20 U/uL

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

Glycoblue.

2.8 Dephosphorylation

1.

LA

T4 polynucleotide kinase (PNK), 10 U/uL.
SUPERase_In, 20 U/uL.

Tris solution: 10 mM Tris-HCI pH 7.0.

3 M NaOAc, pH 5.5.

Glycoblue.

2.9 Enzymatic pre-adenylation of linkers and linker ligation

1.
2.

5" DNA Adenylation Kit: Mth RNA ligase.

Linker oligonucleotides [46] (linker-specific bar code is underlined)

NI-810, 5’Phos/NNNNNATCGTAGATCGGAAGAGCACACGTCTGAA/3’ddC
NI-811, 5’Phos/NNNNNAGCTAAGATCGGAAGAGCACACGTCTGAA/3°ddC
NI-812, 5’Phos/NNNNNCGTAAAGATCGGAAGAGCACACGTCTGAA/3’ddC
NI-813, 5’Phos/NNNNNCTAGAAGATCGGAAGAGCACACGTCTGAA/3°ddC
NI-814, 5’Phos/NNNNNGATCAAGATCGGAAGAGCACACGTCTGAA/3°ddC
NI-815, 5’Phos/NNNNNGCATAAGATCGGAAGAGCACACGTCTGAA/3’ddC
NI-816, 5’Phos/NNNNNTAGACAGATCGGAAGAGCACACGTCTGAA/3°ddC
NI-817, 5’Phos/NNNNNTCTAGAGATCGGAAGAGCACACGTCTGAA/3’ddC
Oligo Clean & Concentrator kit.

T4 RNA ligase kit: T4 RNA ligase 2, truncated K227Q.
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5. 5” deadenylase, 50 U/uL.
6. RecJs DNA exonuclease, 30 U/uL.

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 ddH,O to 25 uM from a 100 pM stock solution
of NI-802 DNA oligo [46] and store at —20°C.

NI-802, 5’Phos/NNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG/iSp18/
GTGACTGGAGTTCAGACGTGTGCTC

Reverse transcriptase (RT) kit: SuperScript III Reverse Transcriptase, 200 U/pL.
SUPERase _In, 20 U/uL.

NaOH solution: 1 M NaOH.

Oligo Clean & Concentrator kit.

Tris solution: 10 mM Tris-HCI, pH 8.0.

IS T

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

9. 10X TBE running buffer.
10. SYBR Gold.
11.  20-gauge needles.
12. DNA Elution Buffer. To prepare 50 mL, mix the following:
5M NaCl 3 mL
0.5 M EDTA pH 8.0 100 pL
1 M Tris-HCI pH 8.0 500 pL
DEPC-treated ddH,0 46.4 mL
Store at room temperature.

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

14.  Glycoblue.

211 Circularization
1. CircLigase ssDNA Ligase, 100 U/uL.

2.12 PCR amplification
1. Phusion High Fidelity DNA polymerase, 2000 U/mL.

2. 10 mM dNTP mix.
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PCR primers. Prepare 100 uM stock solutions and store at —20°C. The DNA
primer pairs are as follows (Illumina unique dual indexes (UDI) are underlined):

AM-i51,
5 AATGATACGGCGACCACCGAGATCTACACAGCGCTAGACACTCTTTC
CCTACACGACGCTC 3’

AM-i71,
5> CAAGCAGAAGACGGCATACGAGATAACCGCGGGTGACTGGATTCAG
ACGTGTG 3’

AM-i52,
5 AATGATACGGCGACCACCGAGATCTACACGATATCGAACACTCTTTC
CCTACACGACGCTC 3’

AM-i72,
5> CAAGCAGAAGACGGCATACGAGATGGTTATAAGTGACTGGAGTTCA
GACGTGTG 3’

AM-i53,
5 AATGATACGGCGACCACCGAGATCTACACCGCAGACGACACTCTTTC
CCTACACGACGCTC 3’

AM-i73,
5> CAAGCAGAAGACGGCATACGAGATCCAAGTCCGTGACTGGAGTTCA
GACGTGTG 3’

AM-i54,
5 AATGATACGGCGACCACCGAGATCTACACTATGAGTAACACTCTTTC
CCTACACGACGCTC 3’

AM-i74,
5> CAAGCAGAAGACGGCATACGAGATTTGGACTTGTGACTGGAGTTCA
GACGTGTG 3’

AM-i55,
5 AATGATACGGCGACCACCGAGATCTACACAGGTGCGTACACTCTTTC
CCTACACGACGCTC 3’

AM-i75,
5> CAAGCAGAAGACGGCATACGAGATCAGTGGATGTGACTGGAGTTCA
GACGTGTG 3’

AM-i56,
5 AATGATACGGCGACCACCGAGATCTACACGAACATACACACTCTTTC
CCTACACGACGCTC 3’

AM-i76,
5> CAAGCAGAAGACGGCATACGAGATTGACAAGCGTGACTGGAGTTCA
GACGTGTG 3’

6X DNA loading dye.
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10 bp DNA ladder, ready-to-use 10-150 bp
8% TBE gel, 8 x 8 cm, 1 mm thick.

1X TBE buffer.

SYBR gold.

Tris solution: 10 mM Tris-HCI, pH 8.0.

DNA Elution Buffer, described in point #12 of Section 2.10.

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 [33S]-Met

into polypeptides) in a short period of time (2-5 min) (Fig. 3) (see Notes 4-5).

1.

Grow an overnight cell culture at 37°C in an incubator shaker in M9A A-minus-
Met medium freshly supplemented with thiamine.

Steps 2-9 are optimally carried out in a 37°C temperature room:

Dilute the overnight culture 1:200 into 5 mL of M9A A-minus-Met medium
freshly supplemented with thiamine and grow it with constant shaking until
it reaches an Aggg ~0.2. While the culture is growing prepare the materials
described in steps 3-6 (see Note 1).

Dilute 1 pL (~ 10 pCi) of [*>S]-Met into 65 uL of MOA A-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 (for
example, 0, 1, 2.5, 5 and 10 min). Pipette 2 pL of the diluted [358]—Met into each
of the tubes.

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

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 puL of TCA
solution and let them air-dry for 1-2 min.

Prepare a control sample for non-specific binding of [33S]-Met to the filter: Add
28 uL of 5% TCA and to one of the tubes with 2 pL of the diluted [>3S]-Met
(Step 4). Pipette 25 puL of this mixture on one of the filter discs from step 5.
Immediately place the disc in the beaker with 5% TCA.

Prepare the sample for O-time RET treatment: Place a 28 pL aliquot of the
culture at Agog ~0.2 (Step 2) into one of the tubes with 2 pL of the diluted
[33S]-Met (Step 3). Incubate for 1 min and then pipette 25 pL of this mixture

Methods Mol Biol. Author manuscript; available in PMC 2021 December 15.
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onto one of the filter discs. Immediately place the disc in the beaker with 5%
TCA.

Prepare the samples for the time course of RET treatment: pipette 350 pL aliquot
of the culture at Agpg ~0.2 (Step 2) into an Eppendorf tube. Add RET stock
solution to reach a concentration 50-100X the MICrgT (5 pg/mL for E. coli
BL21 AtolC), vortex and immediately start the timer.

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

Once all the sample-containing filter discs are in the beaker, bring its content to
boil under a fume hood and keep boiling for 5 min. Decant and discard the TCA,
being careful to keep the filter discs inside the beaker. Add a fresh batch of 500
mL 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.

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

Plot [33S]-Met incorporation in the RET-treated samples relative to the 100%
incorporation control sample (Step 7) (Fig. 2). For the RiboRet procedure,
choose the shortest RET treatment 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 Section 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 apparatus connected to a vacuum line should
be placed in the 37°C room at least 30 min before cell harvesting takes place.

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

Add RET to the cell culture according to the antibiotic concentration and time of
exposure determined by the metabolic labeling experiments described in Section
3.1 (see Note 4) and continue shaking.

Methods Mol Biol. Author manuscript; available in PMC 2021 December 15.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Meydan et al.

Page 11

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.

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 Section 3.3.

3.3 Preparation of cell lysates

1.

Freshly supplement 750 pL of lysis buffer with: 7.5 uL. DNase I (RNase free),
22.5 uL GMPPNP, 12 pL Superase In.

Take the 50 mL tubes with the frozen cell pellets (Section 3.2) and add ~10
mL of liquid nitrogen, re-filling to this volume with liquid nitrogen as needed.
Slowly drip 650 pL of lysis buffer (step 1) in order to form small, discrete
droplets.

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

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

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

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 Section 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 conversion of polysomes to monosomes (see Note 9).

1.

Collect the lysates (Section 3.3) to the bottom of the tubes by briefly spinning in
a 4°C centrifuge.

Thaw the lysates by placing the tubes for 2 min in a 30°C water bath for 20 min
and transfer them to pre-chilled Eppendorf tubes.

Pellet insoluble debris at 20,000 x g for 10 min in a 4°C microfuge.
Carefully transfer supernatants to pre-chilled Eppendorf tubes.

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

Determine the concentration (Ajgo units/uL) of the lysates.
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Dilute 22 Aygq units of lysate into a final volume of 220 pL of lysis buffer (step 1
of Section 3.3) (see Note 10).

Add 6 pL of SUPERase In and 4.4 pL of the MNase solution (see Note 3).
Incubate at 25°C for 1 hr with shaking at 1400 rpm in a thermomixer.

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

3.5 Isolation of monosomes by sucrose gradient fractionation

1.
2.

Pre-chill the SW41 rotor and buckets to 4°C.

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

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

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

Centrifugate at 190,000 xg (39,000 rpm) in SW41 rotor for 2 hrs at 4°C.

Fractionate the gradients using an automated fractionation system with
continuous monitoring of A,s4 optical density.

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

Flash-freeze the monosome fractions in liquid nitrogen. Fractions can be stored
at —80°C or can be immediately processed as described in Section 3.6.

3.6 Phenol-chloroform extraction of ribosome-protected mRNA fragments

1.

To be able to perform the extraction in 1.5 mL Eppendorf tubes, divide the ~2
mL monosome fractions (Section 3.5) in aliquots of ~700 pL. In the following
steps, we describe the extraction for one of the aliquots but all ~700 pL aliquots
from the collected ~2-mL samples should be processed in parallel.

Add 40 pL of 20% SDS to the ~700 uL aliquot of monosome fraction.

Add 700 pL 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 minutes.

Spin at 20,000 x g for 2 min at room temperature in a microfuge and transfer
the top aqueous phase to a fresh tube. Add 700 pL of room-temperature acidic
phenol. Mix by brief vortexing and incubate with shaking at room temperature
for 5 min.

Spin at 20,000 x g for 2 min at room temperature and transfer the top aqueous
phase to a fresh tube. Add 600 pL chloroform and mix by vortexing.
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Spin at 20,000 x g for 1 min at room temperature and transfer the top aqueous
phase to a fresh tube. Add 75 pL of 3 M NaOAc, pH 5.5 and mix. Add 800 pL of
100% isopropanol and briefly vortex. Chill at —80°C for 30 min.

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

Use a total of 20 pl of Tris solution to resuspend all RNA pellets originated
from the same monosome fraction. Snap-freeze and store at —80°C or proceed to
Section 3.7.

3.7 Size selection of ribosome-protected mRNA fragments

1.

10.

To quantify the concentration of RNA fragments, dilute 1 pL of RNA (Section
3.6) with 9 pL of Tris solution and estimate the concentration in a Nanodrop
spectrophotometer. Optical density of 1 Aygg equals ~ 40 pg/ml of RNA.

Prepare RNA for the sizing electrophoresis by placing 28 ug RNA into a final
volume of 10 uL of Tris solution. Add 10 uL of 2X TBE-Urea sample buffer.

Prepare three individual samples of control RNA oligos for electrophoresis by
combining 2 pL of the 20 uM oligo solutions (Section 2.7) with 3 pL of Tris
solution and 5 pL of 2X TBE-Urea sample buffer (see Note 11).

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

Denature samples from steps 2 and 3 by incubating them at 80°C for 2 min and
immediately place them on ice.

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 uL. RNA samples (step 2) into two 10 pL aliquots and loading them into two
adjacent lanes. Run the gel at 200 V for 65 min. Stain the gel with 5 uL of SYBR
gold in 50 mL of 1X TBE for 5 min.

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 Section 3.12, described here for the ribosome-protected mRNA fragments,
are carried out also with the control RNA oligos (see Note 11).

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 x g for 2 min or until most of the
gel has extruded into the collection tube.

Add to the crushed gel pieces 500 puL of RNA elution buffer supplemented with
2.5 pL SUPERase In. Shake overnight in a thermomixer at 1400 rpm at 4°C.

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 x g for 3 min.
Transfer eluate to a fresh tube.
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Perform a second elution step by adding 200 uL. 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 x g and combine the eluate with that
obtained in step 10.

Add to the extracted RNA 2 pL of Glycoblue and briefly vortex. Add 750 pL of
100% isopropanol and vortex. Chill at —80°C for 30 min.

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

Resuspend the pellet in 15 pL of Tris solution.

3.8 Dephosphorylation of ribosome-protected mRNA fragments

1.

Prepare buffer master mix. For a single reaction:
10x T4 PNK buffer 2uL.
SUPERase In 1 pL

Add 3 pL of buffer master mix to 15 pL of the RNA isolated in Section 3.7. Add
2 uL of T4 PNK to each tube. Incubate reaction at 37°C for 1 hr.

Heat inactive T4 PNK at 75°C for 10 min.

Prepare precipitation buffer master mix. For a single reaction:
Tris solution 448 uL

3M NaOAc, pH 5.5 50 uLL

Glycoblue 2 pL

Add 500 pL of precipitation buffer master mix to each tube. Precipitate
dephosphorylated RNA by adding 600 puL of 100% isopropanol and mix by
vortexing. Chill at —80°C for 30 min.

Pellet RNA at 20,000 x g for 1 hr at 4 °C in a microfuge. Aspirate supernatant
and wash pellet with 800 pL of ice cold 80% ethanol as described in steps 12-13
of Section 3.7. Air-dry pellet for 5 min.

Resuspend the RNA pellet in 5 puL of Tris solution.

3.9 Enzymatic adenylation of the linkers and linker ligation

Adenylation of the linkers (see Note 12):

1.

For each linker (Section 2.9), combine the following in a 0.2 mL PCR tube:
Linker (100 pM) 1.2 pLL

5’ DNA adenylation 10x buffer 2 pL

ATP (1 mM) 2 uL
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ddH,0 12.8 uL

Mth RNA Ligase 2 uL

2. Incubate at 65°C for 1 hr.

3. Heat inactive the Mth RNA Ligase at 85°C for 5 min.

4. Add 30 pL of ddH;0 to the sample and clean the sample using the Oligo Clean
& Concentrator kit according to the manufacturer’s instructions, except that the
elution step is carried out with only 6 uL. of ddH,O. Store 5’-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 uLL
T4 RNA ligase 10x buffer 1 pL.

Pre-adenylated linker (20 pM) (steps 1-4) 0.5 pL
T4 RNA ligase 0.5 pL

6. Add 5 pL of dephosphorylated RNA (Section 3.8) to the ligation reaction.

7. Incubate at 22°C for 3 hrs.

8. Add 0.5 pL of 5-deadenylase and 0.5 pL of 5-Recls. Incubate at 30°C for 45
min.

9. Clean the ligation reaction using Oligo Clean & Concentrator kit. Elute with 10

pL ddH,O. Store at —80°C or proceed to Section 3.10.

3.10 Reverse transcription

1.

Prepare the RT oligo master mix. For a single reaction:
10 mM dNTP 1 pL

25 uM NI-802 1 uL

ddH,0 1.5 uL

Add 3.5 pL of RT oligo master mix to 10 uL of the ligated RNA (Section 3.9).
Denature at 65°C for 5 min and chill it on ice for 5 min.

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

5X FSB Buffer 4 uL

0.1 M DTT 1 pL

SUPERase In 1 pL

Add 6 pL of the buffer master mix to the RNA from step 2. Add 1 puL of RT.

Incubate at 55°C for 30 min.
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Quench the reaction by hydrolyzing RNA templates: Add 2.3 puL of NaOH
solution and incubate at 95°C for 15 min. Note that this solution will turn pink in
color.

Add 27.2 uL of ddH,O to bring the reaction volume to 50 pL. Recover cDNA
using Oligo & Clean Concentrator kit. Elute the purified cDNA in 8 pL of
ddH;O0. Store at —80°C or proceed with gel electrophoresis.

Pre-run the 10%TBE-Urea gel in 1X TBE buffer for 1 hr at 200 V.
Prepare for electrophoresis the RT primer control:

NI-802 primer diluted to 1.25 pM 2 pulL

Tris solution 6 pL.

2x TBE-Urea Sample Buffer 8 uL

Prepare the cDNA samples from step 7 for electrophoresis (as well as the cDNA
samples generated using the processed control RNA oligos 015, 028, and 045;
see Note 11) by adding 8 pL of 2x TBE-Urea sample buffer.

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 electrophoresis at 200 V for 70 min (during
this time the bromophenol blue dye may run out from the gel).

Stain the gel with 5 pL of SYBR gold in 50 mL of 1X TBE for 5 min and
excise the desired bands (Fig. 6). In parallel, from the control RNA oligos, we
recommend excising only the cDNA band corresponding to 015 (see Note 11).

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 x g for 2 min or until most of the gel has
extruded into the collection tube.

Add 500 puL DNA elution buffer. Shake overnight in a thermomixer at 1000 rpm
at 25°C.

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

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

Add to the extracted cDNA 2 pL of Glycoblue and 750 pL of 100% isopropanol
and vortex. Chill at —80°C for 30 min.

Pellet cDNA at 20,000 x g for 1 hr at 4°C in microfuge. Aspirate supernatant and
wash the pellet with 800 pL of ice cold 80% ethanol as described in step 13 of
Section 3.7. Air-dry cDNA pellet for 5 min.
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Resuspend the pellet in 15 pL of Tris solution.

3.11 Circularization of cDNA

1.

Prepare circularization master mix. For one reaction:
10X CircLigase Buffer 2 uL

1 mM ATP 1 puL

50 mM MnCl, 1 pL

Add 4 pL of circularization master mix to 15 pL. of cDNA samples (Section
3.10). Add 1 puL of CircLigase.

Incubate at 60°C for 1 hr.

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

Clean the circularized cDNA (see Note 13) by adding 500 pL. DNA elution
buffer, 2 uL of Glycoblue and 600 pL of isopropanol. Incubate at 80°C for 30
min. Spin at 20,000 x g for 1 hr at 4°C in a microfuge. Aspirate supernatant and
wash the pellet with ice cold 80% ethanol as described in step 14 of Section 3.7.
Air dry the pellets for 5 minutes.

Resuspend the pellet in 10 pL 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-151/AM-i71 (also see Fig. 2) as an example (see Notes
14-15):

5X HF buffer 16.7 uL

10 mM dNTP 1.7 pL

100 uM AM-i51 primer 0.4 pL
100 uM AM-i71 primer 0.4 pL
ddH;0 58.8 pL

HF Phusion 0.8 pL

Add 4.5 pL of Tris solution to 0.5 puL of circularized cDNA (Section 3.11). Add
79.2 uL of PCR amplification mix and mix by vortexing.

Aliquot 17 pL of the PCR mix into four separate PCR tubes.
Set up 12 cycles of the following PCR program:
Initial denaturation 30 sec at 98°C

Denaturation 10 sec at 98°C
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Annealing 10 sec at 65°C
Extension 5 sec at 72°C

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

Add 3.5 pL of 6X DNA loading dye to each tube.
Prepare 10 bp DNA ladder:

10 bp ladder 1 pL

Tris solution 9 pL

6X DNA loading dye 2 pL.

Set up a 8% TBE gel in 1X TBE.

Load samples and run for 55 min at 180 V.

Stain the gel with 5 pL of SYBR gold in 50 mL of 1X TBE for 5 minutes and
visualize.

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).

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.

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

Excise the desired bands (Fig. 7) and recover the double-stranded DNA products
as described in Steps 13-18 of Section 3.10.

Resuspend the pellet in 10 pL of Tris solution.

3.13 Preparing samples for NGS

1.

Quantify samples using 1 pL of the prepared DNA (Section 3.12) mixed with 2
pL of ddH,O using Agilent TapeStation system or an equivalent platform.

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 Section 2.12 were
used for each sample in Section 3.12. We routinely combine 4 to 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,
respectively). In some instances, we have obtained sufficiently good results with
SR50 runs (single-end 50 bases sequencing). We usually target to obtain 40 to 60
million raw reads per sample.
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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.

4 Notes

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

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

Assign the 15 nucleotides upstream of the 3’ 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 and then divide by
1,000,000. This normalization results in reads per million (RPM) value for every
nucleotide and can 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).

Identify potential start sites by searching for a start codon (AUG, GUG, CUG,
UUG, AUU, AUC) within 3 nucleotides 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 density of >1 RPM. However, for different analysis,
such as alternative TIS searching, we suggest using more stringent cut-off for
Ribo-RET peak definition (see step 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
annotated 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 consider the peaks with minimum of 1 RPM.
For alternative start sites, however, we use more stringent cut-off (RPM > 5) (see
Note 17).

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

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

Because of the heterogeneity in activity of different lots of MNase, we
recommend to carry out the following steps prior to performing the RiboRET
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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 Sections 3.2 to 3.4; carry out the MNase treatment (steps 9 and 10

of Section 3.4) with different number of units of the enzyme (include an aliquot
of lysate not treated with MNase); iii) assess the MNase-mediated disruption of
polysomes by the fractionation procedure described in Section 3.5. Choose the
amount of MNase that converts polysomes into monosomes without affecting the
70S monosome peak. Prepare, aliquot, and store the MNase stock solution (step
3 of Section 2.4) according to this optimization procedure.

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].

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 Section 3.1 at the
chosen concentration of RET. If optimization of RET treatment by metabolic
labeling cannot be performed, exposure of cells to 100X MICgrgt 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] .

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 collection/filtering steps may vary between strains or
growth characteristics of the cultures.

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: 1) pay attention 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).

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 centrifugation) may be considered. Alternatively,
with the availability of the appropriate mixer mill equipment, the cell collection
conditions could be adjusted for the filtering step to be skipped altogether [51].

Comparing MNase-untreated samples from the control and RET-treated cultures
shows whether the optimized RET treatment (Section 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.
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The remaining lysates can be stored at —80°C. If desired, an aliquot of the lysates
can be saved separately for RNA-seq.

We found it beneficial to separately process each of the RNA control oligos 015,
028, and 045 (Section 2.7) in parallel to the experimental samples throughout

the procedures described in Sections 3.7 to 3.10 (step 12). Processing the oligos
separately allows for loading them in different lanes in the size-selection gels
(Fig. 5 and Fig. 6) which facilitates a more accurate selection of the desired size
range of the bands in the experimental samples. Starting from step 13 of Section
3.10, through all the steps in Section 3.11, and up to step 13 of Section 3.12, we
process only the control oligo 015, as it is the most helpful marker to evaluate the
size of PCR amplification products (Section 3.11).

If the number of samples is less than 6, 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 (Section 3.12). If the number of samples
exceeds 6 it is beneficial to use different ligation linkers, each contributing its
own individual bar code (see Section 2.9).

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

Using different PCR primer pairs (point 3 of Section 2.12) for each sample
allows for combining them together for sequencing the pooled samples a single
lane of the Illumina sequencing platforms (also see Note 15).

Inform the sequencing facility that your library is double-bar coded and indicate
the Illumina barcodes that were present in the primers used in Section 3.12.

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

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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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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Ribosome-protected mRNA fragments
(ribosome footprints)

| Linker ligation

l Reverse transcription

l Circularization

| Pcr
5’ - - . I - 3‘
. . . footprint \
/ i5 PCR primer (AM-i51) r—pH i7 PCR primer (AM-71)
AATGATACGccGACCACCGAGATCTACAC:chGcTAG'ACA?TCTTTCCCTACACGACGCTCTTCCGATCTle — CTCCAGTCA( : AlnuchTAwuu.nuuuu TG
i5 reverse complement of barcoded linker i7
uDlI RT primer upDl
barcode barcode

Fig. 2.

T}%e steps of the Ribo-seq protocol for preparing samples amenable for next generation
sequencing. The general structure of the final product for [llumina sequencing is shown
(Section 3.12). Illumina unique dual indexes (UDI) (in this case derived from AM-i51
and AM-i71 PCR primers) (Sections 2.12 and 3.12) are indicated. “N” indicates a random

NI-817 linkers (Sections 2.9 and 3.9).
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Fig. 3.
Metabolic labeling experiment determining the residual protein synthesis in E. coli BL21

AtolC cells treated for the indicated times with RET. The arrow indicates the shortest
incubation time where maximum protein synthesis inhibition was achieved.
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(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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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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Fig. 6.

Selection of cDNA products after reverse transcription. The cDNA products originated from

control RNA oligos 015, 028 and 045 were used as size markers. The excised gel areas are

indicated by dashed rectangles.
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Fig. 7.
(a) Pilot PCR analysis for determining the optimal number of cycles required for generation

of the PCR library. In this example, the 8 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 8
amplification cycles. The excised gel area is indicated with a dashed rectangle.
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Fig. 8.

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