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Ribosome profiling reveals sequence-independent
post-initiation pausing as a signature of translation
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The journey of a newly synthesized polypeptide starts in the peptidyltransferase center of the ribosome, from
where it traverses the exit tunnel. The interior of the ribosome exit tunnel is neither straight nor smooth. How the
ribosome dynamics in vivo is influenced by the exit tunnel is poorly understood. Genome-wide ribosome profiling in
mammalian cells reveals elevated ribosome density at the start codon and surprisingly the downstream 5th codon po-
sition as well. We found that the highly focused ribosomal pausing shortly after initiation is attributed to the geome-
try of the exit tunnel, as deletion of the loop region from ribosome protein L4 diminishes translational pausing at the
5th codon position. Unexpectedly, the ribosome variant undergoes translational abandonment shortly after initiation,
suggesting that there exists an obligatory step between initiation and elongation commitment. We propose that the
post-initiation pausing of ribosomes represents an inherent signature of the translation machinery to ensure produc-

tive translation.
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Introduction

Ribosomes decode the genetic information in mRNA
and convert it into the amino acid sequences of proteins.
During mRNA translation, the ribosome does not pro-
ceed at a constant rate but rather in a stop-and-go move-
ment manner [1]. Variations of elongation speed may
result from local stable mRNA structures [2], the pres-
ence of rare codons [3], or the interactions between the
nascent chain and the ribosome and/or exogenous factors
[4]. Frequent translational pausing may have functional
importance for the cellular production line. For instance,
ribosome stalling could trigger frame-shifting or transla-
tional abandonment [5, 6]. A growing body of evidence
suggests that cells purposely employ ribosomal pausing
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as a regulatory mechanism to maintain intracellular pro-
tein homeostasis. For example, translational delays in
specific regions facilitate co-translational folding of na-
scent chains [7]. Ribosomes also adopt early elongation
pausing in response to various stress conditions [8, 9].
Given the wide range of impacts of ribosome pausing on
cellular systems, a fundamental question is to dissect the
mechanistic basis underlying translational pausing and
determine the physiological consequences when ribo-
somes stall on individual mRNAs.

Despite several decades since the first description of
ribosome pausing and stacking during translation [10],
it was not possible until now to measure ribosome dy-
namics in vivo at the genome-wide scale. Ribosome
profiling or Ribo-seq, based on deep sequencing of ribo-
some-protected mRNA fragments (RPFs), has proven to
be powerful in determining ribosome positions and den-
sities across the entire transcriptome [11]. Many research
groups have successfully applied Ribo-seq to a wide
range of organismal species and reported pervasive pause
sites along the coding region (CDS) of mRNAs [12-18].
From bacteria to human cells, the most consistent pause



sites are located at the start and stop codons, which is in
line with the notion that ribosomes tend to pause during
initiation and termination [10]. Ribosome profiling also
captures many sequence-dependent stalling sites [15].
However, much less is known about translational pausing
governed by factors other than cis-elements.

Here, we report and characterize a specific ribosomal
pausing at the 5th codon position of mRNA CDSs in
mammalian cells. Unlike sequence-dependent elongation
pausing, the ribosome stalling shortly after initiation is
attributed to the geometry of the exit tunnel. Importantly,
modifying the exit tunnel not only reduces the ribosomal
pausing at the 5th codon position, but results in an unex-
pected translational abandonment. Our finding suggests
a rich communication between the nascent chain and the
translation machinery in regulating ribosome kinetics
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during translation.
Results

Ribosome profiling reveals post-initiation pausing

We applied a modified Ribo-seq to HEK293 cells and
examined the average pattern of ribosome density across
the entire transcriptome [8, 19]. As expected, the mapped
RPF reads start an abrupt accumulation at the annotated
start codon [11] (Figure 1A). Interestingly, we observed
another prominent peak at the 12 nt downstream posi-
tion, corresponding to the 5th codon position of the CDS
(Figure 1A, red arrow). This is not due to cycloheximide
(CHX)-mediated translational arrest because the same
feature is maintained in cells without any drug treatment
(Figure 1A, left panel). The ribosomal pausing at the
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Figure 1 Characterization of post-initiation pausing. (A) Metagene analysis of RPFs obtained from HEK293 cells treated with
CHX (right) or DMSO control (left). All mapped reads are aligned at the annotated start codon AUG and stratified by frames.
The read density at each nucleotide position is averaged using the P-site of RPFs. The red arrow indicates the 5th codon
position. (B) Read fractions relative to the annotated reading frame are calculated for RPFs mapped to the 1st (AUG) codon,
5th codon, or the entire CDS. Data are shown as means + SD, n = 4. (C) Metagene analysis of RPFs obtained from HEK293
cells treated with LTM (upper) or CHX (bottom). All mapped reads are aligned at the annotated start codon (aTIS, green tri-
angle; left panel), upstream TIS (uTIS, white triangle; middle panel), or downstream TIS (dTIS, blue triangle; right panel). The
read density at each nucleotide position is averaged using the P-site of RPFs. The red arrow indicates the 5th codon position.
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5th codon position is highly reproducible as evidenced
by the similar pattern of RPF distribution in a total of 4
independent biological replicates (Supplementary infor-
mation, Figure S1). To confirm whether the same feature
also exists in different cell types, we conducted Ribo-seq
in HeLa cells and a mouse embryonic fibroblast (MEF)
cell line. Both cells showed consistent pattern of RPFs
with prominent peaks of ribosome density at both the
start codon and the 5th codon position (Supplementary
information, Figure S2). Thus, the excess of ribosome
density at the 5th codon position represents a strong ribo-
somal pausing shortly after initiation.

The post-initiation pausing bears several unique fea-
tures that distinguish it from the typical ribosome paus-
ing at the start codon. First, the RPFs recovered at the
5th codon position demonstrate a near perfect framing
or phasing with > 90% of reads mapped to the same
frame as the annotated ORFs (Figure 1A and 1B). This
is in contrast to the RPF reads derived from other CDS
regions including the AUG start codon, in which about
a quarter of the reads are out of the annotated reading
frame (Figure 1B). Second, RPFs derived from the 5th
codon position have different size distribution in length
(Supplementary information, Figure S3). While the ma-
jority of footprints mapped to the entire CDS were 29-
mer, a substantial proportion of RPFs mapped to the 5th
codon position are 27-mer. These results suggest that the
stalled ribosome at the S5th codon position might adopt a
more compact conformation than the others. Supporting
this notion, recent studies demonstrated that the length of
footprints could be influenced by ribosome dynamics [20,
21].

To rule out the possibility that the prominent ribosom-
al pausing at the 5th codon position is due to reinitiation,
we segregated initiating ribosomes from elongating
ribosomes by applying a translation inhibitor lactimido-
mycin (LTM). Unlike CHX that freezes all the ribosomes
engaged on mRNAs, LTM preferentially acts on the
initiating ribosome but not the elongating one [22]. As
we reported previously, LTM-based ribosome profiling
(GTI-seq) offers global mapping of translation initiation
sites (TIS) at single-nucleotide resolution [19]. GTI-
seq revealed a pronounced single peak highly focused
at the annotated TIS with few reads recovered in the
downstream region (Figure 1C, left panel). The lack of
LTM-associated RPF reads at the 5th codon position
strongly indicates that the ribosomal pausing at this po-
sition is a true elongation event. GTI-seq also permits
identification of alternative start codons, including up-
stream TIS and downstream TIS sites [19]. To examine
whether alternative initiation is also followed by down-
stream ribosomal pausing, we aligned transcripts by the

alternative TIS sites identified by GTI-seq (Figure 1C,
middle and right panels). Remarkably, the CHX-associ-
ated RPFs exhibit dominant peaks not only at the corre-
sponding TIS positions, but also at the downstream Sth
codon position. Thus, post-initiation pausing represents a
universal feature for ribosomes after initiation from both
the annotated and the alternative start codons.

When the ribosomal P-site is mapped at the 5th codon
position, its footprint coincidently starts with AUG at the
5" end. One possibility is that these RPFs are preferen-
tially obtained after RNase I digestion or selectively am-
plified during deep sequencing. However, this is not the
case. The frequency of RPFs with AUG at the 5’ end is
among the average compared to RPFs starting with other
sequences (Supplementary information, Figure S4). Fur-
thermore, many internal AUG codons are not associated
with the downstream pausing. Therefore, the elevated
ribosome density at the 5th codon position after the an-
notated start codon is likely coupled with the initiation
event.

Characterization of post-initiation pausing

To investigate possible mechanisms underlying
post-initiation pausing at the Sth codon position, we first
examined whether ribosome stalling at this specific posi-
tion is sequence dependent. However, we found a similar
codon composition at the 5th codon position to the one
averaged across the entire CDS (Supplementary informa-
tion, Figure S5). To find possible general relationships
between the functions of genes and post-initiation paus-
ing, we searched for common biological themes in tran-
scripts with high and low ribosomal pausing at the 5th
codon position. Gene ontology term analysis revealed no
specific gene functions associated with either strong or
weak post-initiation pausing (Supplementary informa-
tion, Figure S6). These results indicate that the ribosomal
pausing shortly after initiation is sequence independent,
likely representing a translational event inherently asso-
ciated with the translation machinery per se.

We next asked whether ribosomal pausing at the 5th
codon position is a result of ribosomal stacking during
elongation. To this end, we isolated the monosome frac-
tion followed by Ribo-seq (Supplementary information,
Figure S7). Since every transcript in the monosome has
only one ribosome, the ribosome behavior is not influ-
enced by any neighboring ribosomes. Despite much less
RPF density in the CDS region, the monosome fraction
maintained prominent peaks at both the start codon and
the 5th codon position (Supplementary information,
Figure S7). This result further supports the notion that
post-initiation pausing reflects an intrinsic feature of ri-
bosomes shortly after initiation.
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Having characterized the post-initiation pausing in
mammalian cells, we attempted to expand our findings
to other species whose Ribo-seq data are available in the
literature. Reanalyzing the RPF reads using the same
pipeline revealed similar post-initiation pausing in other
eukaryotic cells (Supplementary information, Figure S8),
including budding yeast S. cerevisiae [11], nematode C.
elegans [17], and zebrafish D. rerio [16]. Interestingly,
the most recent report of mitochondrial ribosome profil-
ing also showed similar ribosomal pausing at the 5th co-
don position [23]. Notably, the relative extent of post-ini-
tiation pausing varies among different studies and we
cannot exclude the possibility that technical differences
(e.g., Mg”" concentration in polysome buffer) may cause
variations of ribosome density at the 5th codon position.
Considering its omnipresence in multiple species, it is
likely that the post-initiation pausing is a general feature
for different types of translation machinery.

Post-initiation pausing is attributed to the geometry of
the exit tunnel

Given the sequence-independent but position-specif-
ic feature, the observed post-initiation pausing is likely
governed by the ribosome exit tunnel. The interior of the
ribosome exit tunnel is neither straight nor smooth with
an evident constriction site formed by RPL4 and RPL17
[24] (Figure 2A). To investigate whether the highly
focused ribosomal pausing shortly after initiation is at-
tributed to the geometry of the exit tunnel, we focused
on RPL4 because it is the first ribosomal protein that the
nascent chain potentially interacts within the exit tunnel.
We constructed a RPL4 mutant by deleting the most con-
served HRSG loop region [25] (Supplementary informa-
tion, Figure S9). After overexpression in HEK293 cells,
myc-tagged RPL4(Aloop) mutant showed a similar cellu-
lar localization to the wild type (Figure 2B). In addition
to the nucleolus localization that is typical for ribosome
subunit assembly, both the wild-type and the mutant
RPL4 showed the same cytoplasmic distribution as ribo-
somal PO, a protein associated only with the assembled
ribosome complex. To confirm that RPL4(Aloop) is able
to incorporate into the assembled 80S ribosome complex
in the cytoplasm, we performed immunoprecipitation
(IP) assay using an anti-myc antibody in HEK293 cells
stably expressing wild-type RPL4 or RPL4(Aloop). The
presence of a myc tag at the C terminus of the transgene
prevents precipitation of ribosomes synthesizing the
RPL4 polypeptide itself. In addition, we converted the
polysome into monosome by RNase I digestion prior to
anti-myc IP to exclude indirect ribosome pull-down (Fig-
ure 2C). Both small and large ribosomal proteins were
readily precipitated by anti-myc antibody from cells ex-
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Figure 2 Reduced post-initiation pausing for ribosomes bearing
L4 mutant. (A) Schematic structure of ribosomes highlighting
the exit tunnel. tRNA and the nascent chain are shown in or-
ange, RPL4 in red, and RPL17 in blue. (B) Cellular localization
of L4 wild type and Aloop mutant is examined in HEK293 cells
using immunostaining. Scale bar, 10 pm. (C) Myc-tagged L4
is incorporated into ribosome complexes. Polysome fractions
from transfected HEK293 cells were treated with RNase | prior
to anti-myc IP. Both the input and the immunoprecipitates were
blotted using antibodies as indicated. (D) Metagene analysis
of RPFs obtained from purified ribosomes bearing L4 wild type
(top) and Aloop mutant (bottom). All mapped reads are aligned
at the annotated start codon AUG and stratified by frames. (E)
Read density over CDS relative to the initiation site (1st - 5th) is
shown in box plots.

pressing either wild-type RPL4 or RPL4(Aloop) (Figure
2C, lanes 5 and 6), but not GFP control. Thus, deleting
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the loop region does not prevent RPL4 from integrating
into the assembled 80S ribosome complexes.

We next examined the behavior of ribosomes bearing
myc-tagged RPL4 by Ribo-seq of transfected cells. To
exclude the RPFs derived from ribosomes containing
endogenous RPL4, we conducted selective ribosome
profiling by purifying myc-tagged ribosomes after RNase
I digestion. Thus, all the obtained RPFs are exclusively
derived from ribosomes bearing myc-tagged RPL4. As
expected, ribosomes containing RPL4(WT) showed ele-
vated ribosome density at both the start codon and the 5th
codon positions (Figure 2D). However, RPL4(Aloop)-in-
corporated ribosomes exhibited a substantial reduction
of ribosome density at the 5th codon position relative to
the start codon (Figure 2D, bottom panel). The dimin-
ished post-initiation pausing is also evident on individual
transcripts, including the relatively long P4HB and the
short RPL23 (Supplementary information, Figure S10).
Notably, the ribosome density at the start codon remains
high for ribosomes containing RPL4(Aloop), strongly
indicating that the assembly of 80S ribosomes at the start
codon is not affected by this ribosome variant.

Ribosomes with altered exit tunnel lead to abortive trans-
lation

For ribosomes with modified exit tunnel, the reduced
post-initiation pausing is expected to promote the rate
of translation. Yet the RPL4(Aloop)-associated RPFs
showed an obvious decrease of footprint density over
the downstream CDS region relative to the start codon
(Figure 2E). This surprising finding suggests that the
ribosome variant with a modified exit tunnel does not
support continuous translation elongation. This could
be explained by ribosome drop-off that occurs in the
presence of RPL4(Aloop). To test this possibility, we in-
spected the distribution of myc-tagged RPL4 in ribosome
fractions resolved by sucrose gradient velocity sedimen-
tation (Figure 3A). Myc-tagged RPL4(WT) completely
behaved like the endogenous one as evidenced by their
nearly identical distribution in polysome fractions.
RPL4(Aloop), in contrast, showed an evident decrease in
the polysome fractions relative to the endogenous RPL4
despite its comparable enrichment in the monosome
(Figure 3A and 3B). These results suggest that an altered
ribosomal exit tunnel may cause ribosome dissociation
shortly after initiation.

Notably, the distance between the peptidyltransferase
center (PTC) and the RPL4 loop region is more than five
amino acids [24]. Removing the RPL4 loop region does
not seem to clog or close the exit tunnel as we observed
no additional pausing sites within the 30-codon window
for ribosomes bearing RPL4(Aloop) (Figure 2D). To ex-

amine whether translational abandonment mainly occurs
before the nascent chain emerges out of the ribosome, we
performed nascent chain IP in HEK293 cells expressing
a GFP reporter with an N-terminal Flag-tag [8]. Early
ribosome dissociation would prevent anti-Flag antibody
from precipitating translating ribosomes. For cells ex-
pressing RPL4(WT), anti-Flag IP could pull down con-
siderable amount of myc-tagged RPL4 along with other
ribosome proteins (Figure 3C, lane 5). However, in cells
expressing RPL4(Aloop), very little RPL4(Aloop) was
co-precipitated by anti-Flag antibody when compared to
other ribosome proteins (Figure 3C, lane 6). This result
is consistent with early abandonment of translation for
ribosomes with modified exit tunnel.

For ribosomes with altered exit tunnel, it is unclear
which event happens first: reduced post-initiation paus-
ing or ribosome dissociation. Although the lack of
post-initiation pausing could trigger ribosome drop-off,
it is equally possible that the diminished post-initiation
pausing is a direct consequence of abolished translation
shortly after initiation. In the latter scenario, dissociation
of ribosomes bearing RPL4(Aloop) must occur before
the nascent chain reaches the 5th codon position. Despite
lots of efforts, we were unable to determine the length of
tRNA-linked short peptides associated with ribosomes
bearing RPL4(Aloop). Nevertheless, our results argue
that the very first few amino acids are able to sense the
integrity of the ribosomal exit tunnel in an active manner
and post-initiation pausing of ribosomes may facilitate
elongation commitment.

Ribosomes with altered exit tunnel lead to cellular toxicity

The frequent translational abandonment is expected to
be detrimental to cellular functions. This was indeed the
case. We examined cell viability after knocking down the
endogenous RPL4 using lentiviruses expressing small
hairpin RNA (shRNA) targeting the 3' UTR of RPL4.
Consistent with the essential role of RPL4 in protein
production, we observed progressive cellular toxicity
in control cells expressing GFP after RPL4 knockdown
(Figure 4A). Only cells expressing wild-type RPL4, but
not RPL4(loop), were able to maintain higher cell via-
bility. Thus, the post-initiation pausing governed by the
ribosomal exit tunnel represents an obligatory step be-
tween initiation and elongation.

Discussion
A longstanding question in translational control is to
systemically understand physiological purposes of ribo-

somal pausing. mRNA structure, tRNA abundance, and
amino acid sequence all have the potential to impact the
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Figure 3 Ribosomes bearing L4 mutant lead to abortive translation. (A) Polysome profiles of HEK293 cells expressing L4
wild type or loop mutant. The bottom panel shows the distribution of exogenous and endogenous ribosome proteins in ribo-
some fractions. (B) A simple model of translational abandonment for ribosomes bearing L4(Aloop) mutant. The right panel
shows the quantification of myc-tagged L4 relative to the endogenous L4 in ribosome fractions as shown in A. Data are
shown as means = SD, n = 3. (C) Schematic for nascent chain IP assay using a HEK293 cell line expressing flag-GFP (top
panel). Transfected HEK293 cells were lysed and treated with RNase | prior to anti-flag IP. Both the input and the immuno-
precipitates were blotted for ribosomal proteins as indicated (bottom panel).

ribosome dynamics. Based on multiple empirical data
sets, here we report a sequence-independent but posi-
tion-specific ribosomal pausing governed by the geom-
etry of the exit tunnel. Several lines of evidence support
the notion that the ribosome pausing at the 5th codon
position serves as a functional signature of translation.
First, post-initiation pausing of ribosomes is nearly a uni-
versal feature in a wide range of organisms. With an ever
growing application of ribosome profiling in different
cell types and tissues, we expect to see a more compre-
hensive picture illuminating ribosome dynamics between
initiation and elongation. Second, we provide direct ev-
idence that modifying the exit tunnel influences the ex-
tent of ribosomal pausing shortly after initiation. To our
knowledge, this is the first example of ribosomal pausing
associated with the translation machinery. Third, post-ini-

www.cell-research.com | Cell Research

tiation pausing of ribosomes is of physiological signifi-
cance as elimination of post-initiation pausing is coupled
with translational abandonment. Together, these results
argue that the ribosome behavior is intimately controlled
via the constant interaction between the growing nascent
chain and the translation machinery (Figure 4B).

It has long been believed that, after the assembly of
80S ribosome at the start codon, elongation ensues via
a simple repetitive process comprising ribosomal trans-
location and tRNA recycling. However, a growing body
of evidence suggests that the synthesis of the very first 4
amino acids possesses special features. In prokaryotes,
the presence of macrolides allows synthesis of at least 4
amino acids before peptidyl-tRNA release even though
the macrolide binding sites is far below the PTC [26]. It
has also been reported that overexpression of very short
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minigenes triggers ribosome drop-off. However, when
the ORF length increased from three codons to seven, the
drop-off frequency decreased significantly [27]. These
findings can be explained by the existence of an addi-
tional step between initiation and elongation. It will be
interesting to use single molecule fluorescence approach
to elucidate ribosome dynamics in real time during the
first several cycles of elongation [28].

The mandatory pausing of ribosomes at the 5th codon
position is advantageous to ensure elongation commit-
ment. The exit tunnel is the preferred but perhaps not the
only pathway from the PTC. Some experimental results
suggest that the nascent chain could leave the PTC along
other routes [29]. We surmise that the post-initiation
pausing of ribosomes allows the very first few amino ac-
ids to find the correct exit route. This unique interaction
by the first amino acids could potentially trigger local
conformational change of ribosomes before entering the
exit tunnel. Interestingly, recent cryoelectron microscopy
of eukaryotic ribosomes revealed discontinuous electron
density of nascent chains after ~4 amino acids below
the PTC [24], a strong indication of ribosome plasticity.
In addition to RPL4, nascent chains undergo extensive
interaction with many other ribosomal proteins, such as
RPL17 and RPL39. Biochemical evidence suggested that
the tunnel topology must be flexible to accommodate
the nascent chain [30]. Given the unique feature of stalled
ribosomes at the Sth codon position, post-initiation pausing
of ribosomes represents a physiological signature of the
translation machinery to ensure productive translation.

Materials and Methods

Cells and reagents

HEK?293, HeLa, and MEF cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10% fetal bovine se-
rum (FBS). CHX, puromycin, and erythromycin were purchased
from Sigma. LTM was provided by Ben Shen (Scripps Florida)
as described previously [19]. Anti-RPS6 antibody was purchased
from Cell Signaling Technology; anti-myc from Santa Cruz
Biotechnology; a human polyclonal autoimmune antisera target-
ing ribosomal P is from Immunovision; anti-flag, anti-RPS20,
and anti-RPLS5 antibodies from Sigma. Plasmid transfection was
performed using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instruction.

Plasmids and lentiviral shRNAs

The full-length RPL4 gene was amplified by PCR followed by
direct cloning into pcDNA3.1-myc-His vector (Invitrogen). To
construct the RPL4(Aloop) mutant, RPL4 fragments correspond-
ing to CDS 1-252 nt and 262-1 281 nt were amplified by PCR
followed by ligation using a BamHI restriction site. RPL4 shR-
NA targeting sequences (human: 5'-TGAATAAAGACCTGAT-
TATAC-3") and control sequence (5'-AACAGTCGCGTTTGC-
GACTGG-3") were designed based on RNAi consortium at Broad
Institute (http://www.broad.mit.edu/rnai/trc). All shRNA targeting
sequences were cloned into DECIPHER™ pRSI9-U6-(sh)-UbiC-
TagRFP-2A-Puro (CELLECTA). Lentiviral particles were pack-
aged using Lenti-X 293T cells (Clontech). Virus-containing su-
pernatants were collected at 48 h after transfection and target cells
were infected in the presence of 8 pg/ml polybrene.

Immunofluorescence staining
Cells grown on glass coverslips were fixed in 4% paraformal-
dehyde and permeabilized by 0.2% Triton X-100. After blocking
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in 2% BSA in PBS, fixed cells were incubated with the primary
antibody at 4 °C overnight followed by 1-h incubation at room
temperature with Alexa Fluor-labeled secondary antibodies. Cells
were then washed with PBS and incubated for 5 min in PBS sup-
plemented with Hoechst to counter-stain the nuclei. After a final
wash with PBS, coverslips were mounted onto slides and viewed
using a confocal microscope (Zeiss LSM710).

Immunoprecipitation

Cells were harvested in ice-cold lysis buffer (10 mM Hepes,
pH 7.4, 100 mM KCIl, 5 mM MgCl,, 100 pg/ml CHX) and lysed
with Lysing Matrix D (Fisher). After centrifugation at 4 °C and
10 000x g for 10 min, supernatant was collected, and treated with
RNase I (Ambion) at 4 °C for 1 h. Digestion was neutralized with
SUPERase inhibitor (SUPERase In, Ambion) and the samples
were incubated with anti-myc beads (Sigma) or anti-flag beads
(Sigma) at 4 °C overnight. Immunoprecipitates were washed 3
times with lysis buffer. The washed beads were resuspended in 1x
SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS, 15% glycerol,
5% B-mercaptoethanol, 0.1% bromophenol blue), boiled for 5 min,
and analyzed by immunoblotting.

Immunoblotting

Proteins were resolved on SDS-PAGE and transferred to Immo-
bilon-P membranes (Millipore). Membranes were blocked for 1 h
in TBS containing 5% BSA, followed by incubation with primary
antibodies. After incubation with horseradish peroxidase-coupled
secondary antibodies, immunoblots were developed using en-
hanced chemiluminescence (ECLPlus, GE Healthcare).

Cell viability assay

HEK293 stable cell lines expressing GFP control, L4 wild type,
or Aloop mutant were infected with lentiviruses encoding shRNA
targeting RPL4 or scramble control. 48 h after infection, cells were
trypsinized and plated at equal density to the 96-well plate. Cell
viability was measured on day 3 using CCK-8 kit (Dojindo Molec-
ular Technologies) according to the manufacturer’s instructions.

Ribosome profiling

Sucrose solutions were prepared in polysome gradient buffer
(10 mM Hepes, pH 7.4, 100 mM KCl, 5 mM MgCl,, 100 pg/ml
CHX, 5 mM DTT, and 20 U/ml SUPERase In (Ambion)). Su-
crose density gradients (15% - 45% (wt/vol)) were freshly made
in SW41 ultracentrifuge tubes (Fisher) using a BioComp Gradient
Master (BioComp) according to the manufacturer’s instructions.
Cells were plated to four 10-cm dishes before ribosome profiling.
HEK293 cells were first treated with CHX (100 uM) or LTM (50
uM) for 30 min at 37 °C to freeze the translating ribosomes or ini-
tiating ribosomes, respectively. After ice-cold PBS solution wash,
cells were then harvested by ice-cold polysome lysis buffer (10
mM Hepes, pH 7.4, 100 mM KCI, 5 mM MgCl,, 100 pg/ml CHX,
5 mM DTT, 20 U/ml SUPERase_In, and 2% (vol/vol) Triton
X-100). After centrifugation at 4 °C and 10 000x g for 10 min, ap-
proximately 650 ul supernatant was loaded onto sucrose gradients,
followed by centrifugation for 100 min at 38 000 rpm, 4 °C, in
an SW41 rotor. Separated samples were fractionated at 0.375 ml/
min by using a fractionation system (Isco) that continually moni-
tored OD254 values. Fractions were collected into tubes at 1-min
intervals. To convert the polysome into monosome, E. coli RNase
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I (Ambion) was added into the pooled polysome samples (750 U
per 100 A260 units) and incubated at 4 °C for 1 h. SUPERase_In
(50 U per 100 U RNase I) was then added to stop digestion. Total
RNA extraction was performed using TRIzol reagent.

c¢DNA library construction of RPF

Purified RNA samples were dephosphorylated in a 15 pl reac-
tion containing 1x T4 polynucleotide kinase buffer, 10 U SUPER-
ase In, and 20 U T4 polynucleotide kinase (NEB). Dephosphor-
ylation was carried out for 1 h at 37 °C, and the enzyme was then
heat inactivated for 20 min at 65 °C. Dephosphorylated samples
were then mixed with 2 Novex TBE-Urea sample buffer (Invitro-
gen) and loaded on a Novex denaturing 15% polyacrylamide TBE-
urea gel (Invitrogen). The gel was stained with SYBR Gold (Invit-
rogen) to visualize the RNA fragments. Gel bands containing RNA
species corresponding to 28 nt were excised and physically dis-
rupted by centrifugation through the holes of the tube. RNA frag-
ments were dissolved by soaking overnight in gel elution buffer
(300 mM NaOAc, pH 5.5, 1 mM EDTA, 0.1 U/ml SUPERase_In).
The gel debris was removed using a Spin-X column (Corning) and
RNA was purified by using ethanol precipitation. Purified RNA
fragments were resuspended in 10 mM Tris (pH 8) and denatured
briefly at 65 °C for 30 s. Poly-(A) tailing reaction was performed
in a 8 pl buffer with 1x poly-(A) polymerase, | mM ATP, 0.75 U/
ul SUPERase In, and 3 U E. coli poly-(A) polymerase (NEB).
Tailing was carried out for 45 min at 37 °C. For reverse transcrip-
tion, the following oligos containing barcodes were synthesized:

MCAO02, 5'-pCAGATCGTCGGACTGTAGAACTCT/idSp/CAAG-
CAGAAGACGGCATACGATTTTTTTTTTTTTTTTTTTTVN-3;
LGTO03, 5'-pGTGATCGTCGGACTGTAGAACTCT/idSp/CAAG-
CAGAAGACGGCATACGATTTTTTTTTTTTTTTTTTTTVN-3;
YAGO04, 5-pTCGATCGTCGGACTGTAGAACTCT/idSp/CAAG-
CAGAAGACGGCATACGATTTTTTTTTTTTTTTTTTTTVN-3';
HTCO5, 5'-pAGGATCGTCGGACTGTAGAACTCT/idSp/CAAG-
CAGAAGACGGCATACGATTTTTTTTTTTTTTTTTTTTVN-3".

In brief, the tailed RNA product was mixed with 0.5 mM dNTP
and 2.5 mM synthesized primer and incubated at 65 °C for 5 min,
followed by incubation on ice for 5 min. The reaction mix was
then added with 20 mM Tris (pH 8.4), 50 mM KCI, 5 mM MgCl,,
10 mM DTT, 40 U RNaseOUT, and 200 U SuperScript I1I (Invit-
rogen). Reverse transcription reaction was performed according to
the manufacturer’s instructions. RNA was eliminated from cDNA
by adding 1.8 ul of 1 M NaOH and incubating at 98 °C for 20 min.
The reaction was then neutralized with 1.8 pl of 1 M HCI. Reverse
transcription products were separated on a 10% polyacrylamide
TBE-urea gel as described earlier. The extended first-strand prod-
uct band was expected to be approximately 100 nt, and the corre-
sponding region was excised. The cDNA was recovered by using
DNA gel elution buffer (300 mM NaCl, 1 mM EDTA). First-strand
c¢DNA was circularized in 20 pl of reaction containing 1x CircLi-
gase buffer, 2.5 mM MnCI2, 1M Betaine, and 100 U CircLigase
I (Epicentre). Circularization was performed at 60 °C for 1 h, and
the reaction was heat inactivated at 80 °C for 10 min. Circular sin-
gle-strand DNA was relinearized with 20 mM Tris-acetate, 50 mM
potassium acetate, 10 mM magnesium acetate, 1 mM DTT, and
7.5 U APE 1 (NEB). The reaction was carried out at 37 °C for 1 h.
The linearized single-strand DNA was separated on a Novex 10%
polyacrylamide TBE-urea gel (Invitrogen) as described earlier.
The expected 100-nt product bands were excised and recovered as
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described earlier.
Deep sequencing

Single-stranded template was amplified by PCR using the Phu-
sion High-Fidelity enzyme (NEB) according to the manufacturer’s
instructions. The oligonucleotide primers qNTI200 (5'-CAAG-
CAGAAGACGGCATA-3’) and qNTI201 (5'-AATGATACGGC-
GACCACCGACAGGTTCAGAGTTCTACAGTCCGACG-3")
were used to create DNA suitable for sequencing, i.e., DNA with
Illumina cluster generation sequences on each end and a sequenc-
ing primer binding site. The PCR contains 1x HF buffer, 0.2 mM
dNTP, 0.5 uM oligonucleotide primers, and 0.5 U Phusion poly-
merase. PCR was carried out with an initial 30-s denaturation at
98 °C, followed by 12 cycles of 10-s denaturation at 98 °C, 20-s
annealing at 60 °C, and 10 s extension at 72 °C. PCR products
were separated on a nondenaturing 8% polyacrylamide TBE gel
as described earlier. Expected DNA at 120 bp was excised and
recovered as described earlier. After quantification by Agilent
BioAnalyzer DNA 1000 assay, equal amount of barcoded samples
were pooled into one sample. Approximately 3-5 pM mixed DNA
samples were used for cluster generation followed by sequencing
using sequencing primer 5'-CGACAGGTTCAGAGTTCTA-
CAGTCCGACGATC-3' (Illumina Genome Analyzer 2 or HiSeq).

Data analysis

Barcoded reads were separated into individual data file for each
sample according to the 5’ end 2-nt barcode sequences. Seven
nucleotides were trimmed from the 3’ end of each 50-nt-long Illu-
mina sequence read to remove adaptor sequences, and the poly (A)
tails were removed from the 3’ end, allowing one mismatch. Reads
between 25 and 35 nt in length were mapped using Bowtie [31] to
the sense strand of the longest Refseq transcripts for each human
gene. One mismatch was allowed in all mappings; in cases of
multiple mapping, mismatched positions were not used if a perfect
match existed. Reads mapped more than 100 times were discarded
to remove poly-A-derived reads. Finally, reads were counted at ev-
ery position of individual transcripts by using the 13th nucleotide
of the read for the P-site position.

To generate aggregation plots, the number of RPF reads aligned
to each position of individual transcripts was first normalized by
the read density within 50-150 codon window, which was consid-
ered as the representative translational level of the transcript. Only
transcripts with CDS longer than 150 codons and with minimum
read density of 25 rpkM were used for aggregation plots. The read
counts were then averaged across all transcripts for each position
relative to the annotated start codon based on Refseq.

The framing of reads mapped to the 1st codon, 5th codon, or
entire CDS was calculated relative to the annotated ORF based
on Refseq. The length distribution was also calculated for reads
mapped to the 1st codon, the 5th codon, or the entire CDS. Read
density over the CDS (6-stop codon) relative to the initiation site
(1-5 codon) was computed for each transcript. Only transcripts
with minimum read density of 10 rpkM over the CDS and mini-
mum 5 reads at the initiation site were used to calculate the ratios.

For codon composition analysis, the annotated CDS from hu-
man gene was downloaded from UCSC table browser. The codon
composition of the 1st codon, 5th codon, and whole CDS were
summarized based on the longest transcripts of human genes.

For GO term enrichment analysis, two groups of genes were
collected based on the average read densities in the regions flank-

ing the start codon and the 5th codon by the following criteria:
Group I: Density 1, couon > 1.2 % Densitys, couon
Group I1: Densitys,, puon > 1.2 X Densitysy, coaon
The gene ontology analyses were conducted on the above two
groups of genes using DAVID [32].
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