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SUMMARY

Ribosome profiling is a powerful method for globally
assessing the activity of ribosomes in a cell. Despite
its application in many organisms, ribosome profiling
studies in bacteria have struggled to obtain the reso-
lution necessary to precisely define translational
pauses. Here, we report improvements that yield
much higher resolution in E. coli profiling data,
enabling us to more accurately assess ribosome
pausing and refine earlier studies of the impact of
polyproline motifs on elongation. We comprehen-
sively characterize pausing at proline-rich motifs in
the absence of elongation factor EFP. We find that
only a small fraction of genes with strong pausing
motifs have reduced ribosome density downstream,
and we identify features that explain this phenome-
non. These features allow us to predict which pro-
teins likely have reduced output in the efp-knockout
strain.

INTRODUCTION

Ribosome profiling is a powerful approach for analyzing the
mechanism of protein synthesis in living cells (Ingolia et al.,
2009). In this approach, ribosome footprints are determined
globally by isolating and deep sequencing protected mRNA frag-
ments. Ideally, ribosome profiling reveals the position of the ribo-
some at single-nucleotide resolution, as is routinely observed in
yeast (Ingolia et al., 2009). Sites of high ribosome occupancy
within open reading frames (ORFs) correspond to translational
pauses (Artieri and Fraser, 2014; Ingolia et al., 2011) that can
arise from the interaction of the nascent polypeptide with the
ribosome (Dimitrova et al., 2009; Nakatogawa and lto, 2002) or
from mRNA elements such as high secondary structure or
stretches of rare codons (Doma and Parker, 2006; Roche and
Sauer, 1999). Variations in elongation rates have been broadly
implicated in gene regulation (Ito and Chiba, 2013), codon bias
(Plotkin and Kudla, 2011), mRNA decay (Doma and Parker,
2006), and protein folding (Zhang et al., 2009). Ribosome
profiling may provide a means to further flesh out these prom-
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ising links between changes in elongation rate and important
biological outcomes.

There has been considerable focus recently on pausing at
consecutive proline codons due to proline’s tendency to act
as both a poor peptidyl donor at the end of the nascent chain
and as a poor peptidyl acceptor on the incoming aminoacyl-
tRNA (Pavlov et al., 2009; Wohlgemuth et al., 2008). In all
forms of life, a specific factor facilitates elongation through
consecutive Pro codons. EFP in bacteria and (e/a)lF5A in
eukarya and archaea enter paused ribosomes where they
enhance peptidyl-transfer rates through direct engagement
of the peptidyl-transferase center or the peptidyl-tRNA itself
(Doerfel et al., 2013; Gutierrez et al., 2013; Ude et al., 2013).
In E. coli, the activity of EFP depends on an extension of
the Lys34 side chain with a B-lysine moiety by two EFP-modi-
fying enzymes, EpmA and EpmB (Navarre et al., 2010; Yana-
gisawa et al., 2010). A third enzyme, EpmC, adds a hydroxyl
group to this modified Lys residue, although the biological sig-
nificance of this additional modification is unclear (Peil et al.,
2012).

Since EFP is critical for rapid translation of polyproline
stretches (Doerfel et al., 2013; Ude et al., 2013) and many such
motifs occur in essential genes in E. coli, it is surprising that
loss of EFP causes only a modest reduction in growth rate and
a few relatively minor phenotypes (Zou et al., 2012). Indeed,
mass spectrometry (MS) studies have found that the levels of
most PPP-containing proteins are not substantially altered by
deletion of efp (Hersch et al., 2013; Peil et al., 2013). Given this
discrepancy between the behavior of the knockout strains and
data obtained in biochemical studies, it is clear that we do not
yet fully understand the determinants of polyproline pausing
in vivo and how such pauses in turn affect the level of protein
output.

Here, we report analyses of translational pausing based on
ribosome profiling data from E. coli cells lacking EFP. Despite
its high resolution in yeast, ribosome profiling has suffered
from poor resolution in other systems, including E. coli.
Through a few changes in the profiling method, we obtained
profiling data at much higher resolution, allowing us to charac-
terize pausing in bacteria with unprecedented clarity. Through
our analysis, we define the characteristics of genes with
reduced protein output in the efp mutant and propose a model
for how these determinants are integrated at the molecular
level.
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Figure 1. Three Strategies for Assigning Ribosome Occupancy

SecM C-terminal stalling sequence

(A) Average ribosome occupancy aligned at the start codon. Reads from the Aefp3 dataset were assigned using the center-assignment strategy (gray) or the 5’ or

3’ ends of the reads (black and blue, respectively).
(B) Average ribosome occupancy aligned at the stop codon.
(C) Expanded view at the start codon using the 3’ assignment method.

(D) Average density aligned at start codons using the 5’ assignment strategy. Each plot represents reads of a single length; 11 plots are shown in different colors

for 25- to 35-nt reads.

(E) Comparison of the three assignment strategies at the stalling motif in secM, where the ribosome stalls with the Gly codon in the P site.

RESULTS AND DISCUSSION

Preparation of Bacterial Profiling Samples

We generated 15 ribosome profiling libraries from E. coli K-12
MG1655 and its mutants in which genes encoding EFP or its
modifying enzymes were deleted (Table S1). We obtained bio-
logical replicates of the wild-type and efp mutant libraries in Luria
broth (LB) and a complete MOPS medium. In isolating and clon-
ing ribosome footprints, we followed the published bacterial pro-
tocol (Li et al., 2012; Oh et al., 2011) with a few modifications as
described in Experimental Procedures. Our improved resolution
does not arise from changes in the library preparation procedure
but from changes in the computational methods.

Assigning Density to the 3’ End of Reads Reveals the
Ribosome’s Position Precisely

The poor resolution in bacterial ribosome profiling data contrasts
sharply with the precision obtained in experiments in yeast,
where RNase | is used to generate ribosome footprints. Since
RNase | reliably degrades mRNA to the edge of the ribosome,
assigning ribosome occupancy to the 5 end of the reads con-
veys precise information about the position of the ribosome on
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the mRNA and the reading frame of translation (Ingolia et al.,
2009). This is especially true for mRNA fragments 28 nt in length
that are fully trimmed by the nuclease. In contrast, because
RNase | is inhibited by bacterial ribosomes (Datta and Burma,
1972), the bacterial protocol uses micrococcal nuclease
(MNase), an enzyme known to cleave RNA in a sequence-selec-
tive manner (Dingwall et al., 1981). MNase yields a broad distri-
bution of fragment lengths, none of which are superior at
conveying information about position or reading frame. Given
the apparent variation at both ends of the RNA fragments, in
early bacterial profiling studies, ribosome occupancy was
broadly distributed across the center of the reads and not as-
signed specifically to the 5’ or 3’ end (Li et al., 2012; Oh et al,,
2011). This has the undesirable effect of blurring the signal.
Building on the finding that most of the variation occurs at the
5’ end of the reads (O’Connor et al., 2013), we found that assign-
ing ribosome density to the 3’ end yields precise information
about ribosome position. In plots of average density derived
from genes aligned at their start codons (Figure 1A), the peak
corresponding to initiating ribosomes is ~20 nt wide using the
center-assignment method. 5" assignment also yields a distribu-
tion more than 10 nt wide, now shifted upstream of the start



codon, as anticipated. In contrast, 3’ assignment reveals a
strong peak downstream of the start codon, and its width is
only 1-2 nt. As shown in Figure 1B, the average density at stop
codons follows the same pattern: center and 5 assignment
blur the position of terminating ribosomes that is sharply defined
when reads are assigned to their 3’ ends.

Not only is 3’ assignment more precise, it is also more accu-
rate than the alternative methods. A more detailed view of the
average density aligned at start codons reveals that the initiation
peak is 15 nt downstream of the first nucleotide of the start
codon (Figure 1C); this corresponds to the distance from the P
site codon to the 3’ boundary of the ribosome as established
by structural and biochemical experiments (Hartz et al., 1988;
Yusupova et al., 2001). The fact that these distances match ex-
isting biochemistry and structure so closely suggests that
MNase degrades mRNA fragments right up to the 3’ boundary
protected by the ribosome. As such, the observed variation in
read length must occur primarily at the 5’ end. We verified this
by assigning ribosome density to the 5’ end using reads of a sin-
gle length and found that, indeed, the initiation peak differs by a
single nucleotide as a function of increasing read length (Fig-
ure 1D). This heterogeneity limits the accuracy of 5 and cen-
ter-assignment methods.

As a clear illustration of these assignment methods, ribosome
density on the translational pause site in the secM gene is
shown in Figure 1E. Although it would be difficult to determine
the exact site of stalling using either the center- or 5’ assignment
methods because of the width of the ribosome density, the 3’
assigned reads map to a single nucleotide 15 nt downstream
of the glycine codon in the sequence RAGP. This peak corre-
lates with the site of stalling determined using a variety of
biochemical and structural approaches (Bhushan et al., 2011;
Muto et al.,, 2006). Taken together, these findings establish
that the 3’ end of reads in bacterial ribosome profiling data
contain precise and accurate information about the position of
the ribosome that is discarded by assigning occupancy to the
center of reads. This analysis holds true for other published bac-
terial ribosome profiling data as well. Indeed, we are not alone in
making this observation: a recent study of the function of LepA
in E. coli employed the 3’ assignment method to analyze
pausing at stop codons and Gly codons with high precision (Ba-
lakrishnan et al., 2014).

Variability in Pausing at Pro-Pro Motifs in Bacteria
Lacking EFP

Our ability to assign ribosome footprints at higher resolution
yields dramatic results in the analysis of pauses at polyproline
motifs. Because the signal is no longer blurred, the signal to
noise ratio is higher, substantially raising the pause scores and
making it easier to identify pauses with confidence. For example,
in the absence of EFP, the ribosome density is strongly enriched
at the RPPP sequence in recG, with a pause score of 381 in the
Aefp1 dataset and 475 in the Aefp2 dataset (Figure 2A). The den-
sity is highest at the first nucleotide of the second Pro codon (Fig-
ure 2A, inset), consistent with previous observations that stalling
occurs with the second Pro codon in the P site and the third in the
A site (Doerfel et al., 2013; Peil et al., 2013; Tanner et al., 2009;
Woolstenhulme et al., 2013).

Analyzing pausing at Pro-Pro motifs across the transcriptome
in cells lacking EFP, we observe pause scores with a range of
over 1,000-fold (Figure 2B). The fact that these scores are repro-
ducible in two biological replicates, Aefp1 and Aefp2, suggests
that random error is not a main source of this variation. It seems
likely that biases in library preparation may partially explain the
variation; as observed in other profiling data, we see alarge range
of peak intensities across a given gene, as high as 1,000-fold on
highly translated genes. From RNA-sequencing (RNA-seq) ex-
periments performed in parallel, we know that certain sequences
are enriched while others are suppressed during library cloning.
Given these concerns, in characterizing ribosome pausing, we
are careful to use approaches that minimize noise, calculating
averages rather than focusing on individual pausing sites.

EFP Affects Pause Strength at a Vast Majority

of Proline-Rich Motifs

We find that loss of EFP amplifies pausing at the vast majority of
instances of Pro-Pro in the genome. In a plot comparing the
pause score at a given instance of Pro-Pro in the Aefp2 dataset
with the score in the wt2 dataset, the score is almost always
markedly higher when EFP is lacking (Figure 2C). Taking the ratio
of the pause score at single sites in the mutant versus the wild-
type dataset, we calculate that, on average, pausing is ~10-
fold higher at Pro-Pro motifs in the absence of EFP.

A recent profiling study came to the conclusion that only a
small fraction (2.8%) of Pro-Pro motifs induced significant
pauses in an efp-knockout strain (Elgamal et al., 2014). In this
study, the authors defined significant pauses as greater than
10-fold above the gene average. In our analyses, pausing signals
are generally higher because the 3’ assignment strategy gives us
higher resolution. In our data, a cumulative distribution plot of the
fraction of Pro-Pro sites higher than a given pause score reveals
that ~47% of Pro-Pro instances have a pause score above 10 in
the efp mutant (Figure 2D).

We find a similar enrichment in global Pro-Pro pausing in bac-
teria lacking the EFP-modifying enzymes EpmA and EpmB (also
known as PoxA and YjeK, respectively), but not in bacteria lack-
ing EpmC (YfcM). These data are consistent with earlier studies
showing that modification of EFP with the B-lysyl moiety is
essential for its stall-relieving function, whereas hydroxylation
of the modified Lys34 side chain is not (Doerfel et al., 2013; Nav-
arre et al., 2010; Peil et al., 2013; Ude et al., 2013).

The Sequence Context Determines Pause Strength

at Pro Codons

Our data allow us to discern rules that govern pausing at poly-
proline motifs in vivo. In earlier work, we and others established
that a major determinant of pausing at Pro-Pro motifs is the iden-
tity of the aminoacyl-tRNA reacting at the A site when two Pro
residues have been incorporated into the nascent peptide (Doer-
fel et al., 2013; Peil et al., 2013; Tanner et al., 2009; Woolsten-
hulme et al., 2013). In our analysis of pausing at PP(X), where
the parentheses denote that the X codon is positioned in the A
site, we observe very strong pauses at PPW, PPN, PPD, and
PPP (Figure 3A); for example, the average pause at PPW is 90-
fold above the gene average, suggesting a substantial inhibition
of elongation at this motif. No enrichment of density at these
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Figure 2. Ribosome Pausing at Pro-Pro
Motifs

(A) Ribosome density in the recG gene for two
biological replicates of wild-type (black) and efp-
knockout cells (red). Inset: expanded view of the
strong pause site in the Aefp2 data.

Aefp2 (B) Correlation of pause scores at 1537 individual

T instances of Pro-Pro motifs in two biological repli-
cates of the efp-knockout strain. The red line rep-
resents y = x.

Aefpl (C) Pause scores at individual instances of Pro-Pro
motifs in the wt2 and Aefp2 data.
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just upstream, Z in ZPP(X), has a small ef-
fect on the average pause score (Fig-
ure 3B). In general, motifs associated with
high pausing scores have Lys, Glu, lle,
Val, His, Arg, and Pro at the Z (—3) position
and were observed to reduce lacZ expres-
sion in a reporter system (Starosta et al.,
2014a). We note that the presence of Arg
at the —3 position enhances stalling in the
RXP(P) motif characterized in our previous
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sequences is seen in the corresponding RNA-seq data, confirm-
ing that the high pause scores are not due to cloning bias (Fig-
ure S1). PPW, PPN, PPD, and PPP also induce the strongest
pauses in toeprinting experiments (Woolstenhulme et al., 2013)
and reduce protein expression when placed in front of a lacZ re-
porter gene (Peil et al., 2013). The weakest pauses are observed
where the aminoacyl-tRNA recruited to the A site has a hydro-
phobic or aromatic side chain: PPI, PPL, and PPM are weak
(~6.8, 5.6, and 3.0 respectively), and PPY and PPF have minimal
pause scores of 1.6.

The sequence of the peptide upstream of the stalling motif also
affects the intensity of pausing. As a further refinement of our
analysis of pausing at PP(X) motifs, we found that the residue
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L
1000

consecutive Pro codons in the ribosomal
P and A sites. We calculated the average
pause score for the XP(P) motifs and found
that in addition to PPP, seen above, strong
pauses occur at GPP, DPP, and APP and a
weaker pause at SPP (Figure 3C). GPP,
DPP, and APP have the strongest effect
of any XP(P) sequence on lacZ reporter
expression (Peil et al., 2013). These data
suggest that the penultimate residue in the nascent chain can
inhibit the reactivity of Pro-tRNAP™ bound in the A site. Taken
together, these data help refine our understanding of how protein
context affects pausing at Pro-Pro motifs.

The Consequences of Pausing on Upstream

and Downstream Ribosome Occupancy

Comparison of the ribosome occupancy averaged at one, two,
or three consecutive Pro codons in the Aefp3 and Aefp4 data-
sets reveals that pausing can have broad consequences for pro-
tein synthesis (Figure 3D). Pro has a relatively high pause score in
the P site, even in the wild-type strain, suggesting that EFP is not
fully efficient in relieving pausing (see Table S2). Pausing is
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Figure 3. Effect of Protein Context on Proline Pauses

(A) Pause scores for PP(X), where X is the codon in the ribosomal A site. These
numbers represent the average of the scores computed for each of the four
efp-knockout datasets, with SEM.

10-fold higher (24) with two consecutive Pro codons and higher
still (64) for three. Upstream of these large pauses, two additional
peaks appear in the PP and PPP plots; the spacing of these
peaks, roughly 25 nt apart, is consistent with two ribosomes
stacked behind the Pro-stalled ribosome. We also note that
there is a reduction of density downstream of the PP and PPP
stalling motifs. For a single Pro codon, the average density 20—
60 nt downstream is 0.98, close to the expected value of 1.0.
With two Pro codons, however, the downstream density drops
slightly to 0.90, and with three, it drops to 0.52 (see Figure 3D,
inset). These data are consistent with a model in which pausing
at the Pro motif leads to ribosome queuing; downstream ribo-
somes continue translation, leaving an exposed segment of
mRNA where ribosome occupancy is diminished.

Pausing Reduces Downstream Ribosome Density

in a Fraction of Genes

In certain genes, ribosome density sharply declines downstream
of a polyproline motif in the efp-knockout strain. For example, in
the cysQ gene, a pause is observed at the PPG motif, with 11-
fold higher ribosome density upstream of this motif than down-
stream (Figure 4A, top); we define this ratio as the asymmetry
score (AS). This asymmetry is the result of the loss of EFP, since
in the wild-type strain, strong ribosome density is found distrib-
uted throughout the gene. In contrast to these dramatic changes
in cysQ, however, the large majority of genes do not show a
reduction in ribosome density downstream of polyproline motifs
in the absence of EFP. Ribosome density is the same before and
after the PPD motif in the katE gene, for example, despite the ex-
istence of a strong pause (Figure 4A, bottom).

To better understand why the loss of EFP results in asym-
metric ribosome density on some genes, but not others, we
analyzed the profiles of 300 genes containing the strongest
Pro-containing stalling motifs (PPW, PPN, PPD, PPP, PPG and
GPP, DPP, and APP). We focused on these because we
observed that strong pauses occur commonly in genes where
ribosome density is reduced downstream of the motif (Figure S2)
but are not sufficient in and of themselves to explain this change.
To help identify other contributing factors, we ranked these 300
genes carrying a strong pausing motif by their asymmetry score.
Approximately 10% of these genes have high asymmetry scores
in the efp-knockout strain (AS > 6.5; Figure 4B).

We identify three factors that explain why some genes have
higher asymmetry scores. First, genes with reduced ribosome
density downstream of pausing motifs (i.e., high AS scores)
tend to be highly translated. The defects that we see in elonga-
tion may lower the rate from the normal 20 codons per second
into the range of values modeled for initiation (0.004 to 4 3’1)
(Subramaniam et al., 2014). Genes with high initiation rates
may be particularly vulnerable, as elongation is more likely to

(B) Effect of the —3 residue (Z) in the nascent polypeptide on pausing at ZPP(X).
(C) Effect of the —2 residue in the nascent peptide on pausing at Pro-Pro, with
the second Pro codon in the A site.

(D) Average ribosome density at one, two, or three Pro codons in the combined
Aefp3 and Aefp4 data. Inset: close-up of the density 30-60 nt downstream of
the pause site.

See also Figure S1 and Table S2.
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Figure 4. Reduced Ribosome Density Down-
stream of Pause Sites

(A) Ribosome occupancy on the cysQ and katE
genes in wild-type (black) and efp mutant data (red).
(B) For a subset of 300 genes containing strong
pausing motifs, we calculated an asymmetry score
(AS), the density upstream of the pause divided by
the density downstream. The fraction of genes
above a given AS is plotted for the combined four
wild-type (black) or efp-mutant datasets (red).

(C) For 30 genes with the highest or lowest AS in the
efp knockout, we plotted the fraction of genes with
more than the given translational efficiency.

(D) For 30 genes with the highest AS in the efp
knockout, the fraction of genes with the pausing
motif after a specific position was plotted.

(E) Correlation of the relative protein abundance in
MS data versus the relative ribosome occupancy
downstream of the pause site for genes with strong
pausing motifs.

See also Figure S2 and Table S3.



become rate limiting for the overall translation cycle. For our 300
genes with strong pausing motifs, we calculated the translational
efficiency in the wild-type strain by dividing ribosome density by
RNA-seq density. We found that genes displaying the highest
asymmetry tend to be translated more efficiently than those
with the lowest asymmetry (Figure 4C).

These data are consistent with the recent observation by Nav-
arre and co-workers that increasing the strength of the Shine-
Dalgarno sequence in the atpA gene increases its dependence
on EFP (Hersch et al., 2014). They propose that ribosomes
form a queue that eventually extends as far back as the start
codon, preventing subsequent 30S ribosomes from loading on
the mRNA. These traffic jams are intensified by high rates of initi-
ation. Our data expand on their findings, showing that it is gener-
ally true that genes in which ribosome density is depleted down-
stream of strong pauses tend to have higher translational
efficiency and presumably higher rates of initiation.

Second, genes with high asymmetry scores tend to have
strong pause sites early in the ORF (Figure 4D). In 14 of the top
30 genes, the motif is found less than 200 nt downstream of
the start codon. Because the AS is computed using density up-
stream of the pause site, we cannot reliably calculate scores for
motifs within 100 nt of the start codon. However, by inspection,
we found that 7 of 34 genes with pausing motifs within 100 nt of
the start codon showed very strong pauses and pronounced
depletion of ribosome density compared to the wild-type. These
observations about the polarity of pause site location are consis-
tent with a model in which pausing leads to a queue of ribosomes
that sterically blocks initiation. Given that queues of only two or
three stacked ribosomes are observed in our data and elsewhere
(Subramaniam et al., 2014), the likelihood of initiation being
blocked is higher when the pause site is close to the start codon.

Lastly, five of the ten genes with top asymmetry scores have
compound motifs (made up of two or more consecutive strong
motifs). For example, the ribosome could stall either at PPP or
PPN in the extended PPPN motif in the valS gene, at PPP or
PPW in the PPPW motif in gntX, or at GPP, PPP or PPG in the
GPPPG motif in gpr. In these compound motifs, the ribosome is
expected to pause at consecutive codons. This result under-
scores the importance of the strength of the stalling motif in
reducing downstream ribosome density. If stacking of ribosomes
behind the paused ribosome is animportant mechanism for block-
ing initiation, then increasing the length of the pause at a single site
early in the ORF might have more of an effect on gene expression
than adding strong pausing motifs further downstream.

These three factors may rationalize why pausing reduces
downstream ribosome density so strongly on the cysQ transcript
(Figure 4A). Ribosomes pause at the compound motif DPPG in
this protein, composed of two strong pausing motifs. This motif
is positioned early in the gene, 199 nt downstream of the start
codon, and cysQ is relatively well translated (in the top 10"
percentile, with a translational efficiency of 2.1). The strong
asymmetry score for cysQ likely has consequences for its
expression. Indeed, we observe that there is 7-fold more density
downstream of the pausing motif in the wild-type strain than in
the efp mutant. For genes where there is differential downstream
density, our data predict that protein output will be reduced by
proline-stimulated pausing in the absence of EFP.

m Pause

Strength Nomal
M Relative

protein
output,
Aefp /WT

Figure 5. Three Factors that Determine How Pausing Affects Protein
Output

Translational efficiency is represented by a scale of low to high initiation levels,
pause strength by the size of the pause button, and 5’ polarity by the position
along the gene. Red represents reduced protein levels, and green represents
normal levels in the efp mutant.

Translational
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Proteins Whose Level Is Sensitive to the Loss of EFP

To further define the effects of pausing on protein output, we
compared our profiling results with quantitative MS data ob-
tained by Wilson and co-workers from strains nearly identical
to ours (Peil et al., 2013). We wondered whether relative ribo-
some occupancy (RRO) downstream of a pause site (comparing
the wild-type versus mutant strain) would correlate with effects
on protein output as evaluated by MS. This metric was used
instead of the asymmetry score because it explicitly compares
ribosome footprints between the wild-type and efp mutant cells
and is thus inherently sensitive to differences in mRNA concen-
tration between the two strains. For the 178 proteins with strong
pausing motifs for which MS and profiling data are both suffi-
ciently deep, we observe a good correlation of r = 0.63 (Fig-
ure 4E), suggesting that both methods broadly identify the
same set of genes as sensitive to the loss of EFP.

We next asked whether our data can predict additional pro-
teins whose output is likely to be affected by depletion of EFP.
Indeed, the depth of our datasets allows us to compute RRO
and asymmetry scores for 801 of the 1,424 genes encoding pro-
teins with PP motifs. In contrast, the output ratios for only 482 of
these proteins could be determined in the MS study. As pre-
sented in Table S3, we document an RRO score of two or more
on 126 genes, 42 of which were not detected by MS; we would
predict that many of these would exhibit diminished output in
the efp-knockout strain. For example, we find that the CadC pro-
tein has an RRO score of 11 and the highest asymmetry score
(84), making it a likely candidate for reduced expression in the
efp-knockout strain. Although it was not observed in the MS
study, given the importance of this protein in the discovery of
the function of EFP and its modifying enzymes (Ude et al,,
2013), it certainly makes sense that CadC is one of the most
EFP-dependent proteins in the cell. We also note that valS, en-
coding the valyl-tRNA synthetase, has an RRO score of 5 and
an asymmetry score of 29. The PPP motif in the ValS protein is
essential for its function and is highly conserved (Starosta et al.,
2014b). It seems likely that stalling at the PPP motif in the absence
of EFP lowers the levels of ValS and charged Val-tRNAY?. This is
consistent with our observation of increased ribosome density
with Val codons in the A site; in the LB data, we observe pause
scores of 2.7 in the efp knockout and 1.2 in the wild-type strain.
We anticipate that the increased depth and resolution of our anal-
ysis may help in deciphering phenotypes associated with loss of
EFP in bacteria.
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A Model for How Pausing during Elongation Affects
Protein Output

Our improved computational approaches allow us to use ribo-
some profiling data in E. coli to define molecular features associ-
ated with pausing that contribute to overall reduced protein
output. The strength of the pause, the location (5’ polarity) of the
pause, and the translational efficiency of the gene all correlate
with an impact on protein output (Figure 5). Our findings can be
explained by a model in which strong pauses lead to ribosome
queuing, which when proximal to the start site, in the context of
a rapidly initiating ORF, leads to steric occlusion and thus to an
overall reduction of the rate of initiation. This model expands the
conclusions of an earlier study highlighting the importance of initi-
ation rates in determining the effects of pausing (Hersch et al.,
2014). There is no necessary link between pausing and reduced
protein output, since elongation is not normally rate limiting. We
note that others who have correlated pause strength and protein
output have used strongly expressed reporters with the pausing
motifs near the 5’ end (Peil et al., 2013; Starosta et al., 2014a),
an ideal set-up for favoring diminished protein output. With these
new insights, future profiling studies should be more easily parsed
to identify significant effects on the biology of the cell.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions

The ORFs encoding EFP and its modifying enzymes were deleted from E. coli
K-12 MG1655 by lambda red recombination (Datsenko and Wanner, 2000). Cul-
tures were grown to an optical density 600 of 0.4 at 37°C in LB media orin MOPS
media supplemented with 0.2% glucose, all 20 amino acids, and other nutrients
(Teknova). Pauses with Ser codons in the A site were observed in the LB data, as
were pauses at lle codons in the MOPS data, presumably due to depletion of
these amino acids during growth or other issues with media formulation.

Ribosome Profiling

Libraries were generated as described previously (Oh et al., 2011), except that
ribosome-protected fragments 20-40 nt in length were selected by polyacryl-
amide gel electrophoresis. Pause scores were calculated by taking the ribo-
some density at the first nucleotide of the codon of interest, dividing by the
mean of the ribosome density for the entire gene, then averaging the score
for all instances of the motif. Asymmetry scores were computed by taking
the ratio of upstream/downstream density at strong pausing motifs. Details
of library preparation, calculations, and other aspects of data processing are
described in Supplemental Experimental Procedures.
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