
Pairs of amino acids at the P- and A-sites
of the ribosome predictably and causally
modulate translation-elongation rates

Nabeel Ahmed 1, Ulrike A. Friedrich 2,3, Pietro Sormanni 4, Prajwal Ciryam 4,
Naomi S. Altman 1,5, Bernd Bukau 2,3, Günter Kramer 2,3 and Edward P. O’Brien 1,6,7⇑

1 - Bioinformatics and Genomics Graduate Program, The Huck Institutes of the Life Sciences, Pennsylvania State

University, University Park, PA 16802, USA

2 - Center for Molecular Biology of the Heidelberg University (ZMBH), DKFZ-ZMBH Alliance, Im Neuenheimer Feld 282, 69120

Heidelberg, Germany

3 - German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, 69120 Heidelberg, Germany

4 - Centre for Misfolding Diseases, Department of Chemistry, University of Cambridge, Cambridge CB2 1EW, UK

5 - Department of Statistics, Pennsylvania State University, University Park, PA, 16802, USA

6 - Department of Chemistry, Pennsylvania State University, University Park, PA 16802, USA

7 - Institute for Computational and Data Sciences, Pennsylvania State University, University Park, PA 16802, USA

Correspondence to Edward P. O'Brien: Department of Chemistry, Pennsylvania State University, University Park,

PA 16802, USA. epo2@psu.edu (E.P. O'Brien)

https://doi.org/10.1016/j.jmb.2020.10.030

Edited by Ruben L. Gonzalez

Abstract

Variation in translation-elongation kinetics along a transcript’s coding sequence plays an important role in

the maintenance of cellular protein homeostasis by regulating co-translational protein folding, localization,

and maturation. Translation-elongation speed is influenced by molecular factors within mRNA and protein

sequences. For example, the presence of proline in the ribosome’s P- or A-site slows down translation,

but the effect of other pairs of amino acids, in the context of all 400 possible pairs, has not been charac-

terized. Here, we study Saccharomyces cerevisiae using a combination of bioinformatics, mutational

experiments, and evolutionary analyses, and show that many different pairs of amino acids and their

associated tRNA molecules predictably and causally encode translation rate information when these pairs

are present in the A- and P-sites of the ribosome independent of other factors known to influence trans-

lation speed including mRNA structure, wobble base pairing, tripeptide motifs, positively charged

upstream nascent chain residues, and cognate tRNA concentration. The fast-translating pairs of amino

acids that we identify are enriched four-fold relative to the slow-translating pairs across Saccharomyces

cerevisiae’s proteome, while the slow-translating pairs are enriched downstream of domain boundaries.

Thus, the chemical identity of amino acid pairs contributes to variability in translation rates, elongation

kinetics are causally encoded in the primary structure of proteins, and signatures of evolutionary selection

indicate their potential role in co-translational processes.

� 2020 Elsevier Ltd. All rights reserved.

Introduction

The rates associated with translation determine
the time scales of protein synthesis,1,2 influence
protein expression levels,3 and can affect the

structure and function of the protein produced.4–6

While the rate of translation initiation is a key kinetic
parameter influencing protein expression levels,
the non-uniform rate of translation elongation
across coding sequences can influence the fate
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of nascent proteins and the downstream cellular
processes they take part in. Variation in
translation-elongation kinetics influences protein
homeostasis by modulating co-translational protein
folding, localization, and maturation.6–8 Hence,
characterizing the molecular factors that determine
the rate at which individual codon positions along a
transcript are translated aids our understanding of
how a functional proteome is regulated and pro-
duced in vivo.
The rate of translation elongation was originally

thought to be determined only by the A-site
codon’s cognate tRNA concentration as it
influences the rate of tRNA accommodation into
the A-site.9,10 More frequently used codons across
a transcriptome were presumed to be translated at
faster rates as they typically have a higher abun-
dance of cognate tRNAs. Over the past decade
some ten other molecular factors have been identi-
fied that can influence the rate of translation elon-
gation7,11 including features inherent to the mRNA
sequence, such as mRNA structure,12–14 and fea-
tures inherent to the protein sequence, such as
the presence of particular tripeptide sequence
motifs composed of one or more prolines15–19 and
positively charged nascent-chain residues within
the negatively charged ribosome exit tunnel.20–22

There are still unexplored molecular factors that
have the potential to influence translation elonga-
tion rates. Furthermore, the aforementioned
protein-based factors suggest the intriguing possi-
bility that the primary structures of proteins, beyond
proline containing motifs,15 have the potential to
causally encode translation-elongation rate
information.
Since the ribosome catalyzes peptide bond

formation between 400 unique amino acid pairs
when they reside in the P- and A-sites of the
ribosome, we hypothesized that the chemical
identity of the P-site amino-acid, in the context of
these pairs, could influence translation speed at
the A-site in a predictable and causal way,
beyond known effects arising from proline-
containing pairs and cognate tRNA concentration.
In this study, we utilize ribosome profiling data
generated from Saccharomyces cerevisiae to test
this hypothesis. We bioinformatically isolated the
effect of the P-site amino acid and tRNA identities
on translation at the A-site by keeping the A-site
amino acid fixed, as this controls for cognate
tRNA concentration and accommodation kinetics.
We identified certain amino acids, that when
present in the P-site, appear to either speed up or
slow down the rate of translation when a
particular amino acid is present in the A-site. We
experimentally tested these predictions by
mutating the P-site amino acid and detected the
change in ribosome density, which is a function of
translation speed, via ribosome profiling. While an
amino acid effect has been well established for
proline, this is the first study to identify a large

number of amino acid pairs for which the
chemical identity of the P-site amino acid and
tRNA systematically influences the translation
elongation rate at the A-site. Finally, we
demonstrate that across the Saccharomyces
cerevisiae proteome there are signatures of
evolutionary selection pressure on the fast- and
slow-translating amino acid pairs we have
identified that suggests these pairs might play a
role in regulating the co-translational maturation
of proteins.

Results

Beyond proline, the identity of the P-site amino
acid can influence the translation rate at the A-
site

Ribosome profiling is a high-throughput
technique that measures ribosome densities that
are a function of the location and number of
ribosomes translating different codon positions
across a transcriptome.23 The measured normal-
ized ribosome density q at a codon position is
equal to the number of reads mapped to that posi-
tion divided by the average number of reads per
codon in the coding sequence in which that codon
resides. q at a codon is inversely related to the
speed at which ribosomes translate that codon.24

A q greater than 1.0 indicates that there is slower
than average translation elongation rate while a q

less than 1.0 reflects faster than average transla-
tion. Thus, from one codon position to the next
along a transcript, a ribosome can be said to
speed-up or slow-down its elongation speed
reflected in the variation of q.
We analyzed the translational profiles of 364

high-coverage transcripts (Data S1) measured in
six independent, published data sets from four
different labs25–29 (Table S1). These datasets
where chosen because they have high read cover-
age and do not use cycloheximide (CHX) pre-
treatment, as CHX has been shown to artificially
distort ribosome profiles.30 The 364 transcripts
were chosen after applying a filter of at least 3
reads per codon in the dataset with the highest cov-
erage.26 This high coverage filter allows us to min-
imize any sequencing noise and provides a more
precise reporter of translation speed. This subset
of transcripts is representative of the entire tran-
scriptome as the sequence properties of these
transcripts are similarly distributed (see Figure S8
of Sharma et al.14).
To isolate the effect of the P-site on translation at

the A-site we compare the ribosome density when
a particular amino acid is present in the P-site
versus when it is not. Specifically, for each of the
400 unique pairs of amino acids that can reside in
the P- and A-sites — which for a given pair we
denote as ðX ;Z Þ, where X is the amino acid in
the P-site and Z is the amino acid in the A-site —
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we first determined the normalized ribosome
density distribution, [qðX ;Z Þ], arising from all
instances of the pair ðX ;Z Þ in the data set as well
as the distribution [qð� X ;Z Þ] arising from all
instances of Z being in the A-site but X not being
present in the P-site. For example, for the pair
denoted (N, R), N is in the P-site and R is in the
A-site, while (~N, R) corresponds to the 19 other
naturally occurring amino acids that can be in the
P-site when R is in the A-site (Figure 1(a)). We
then calculated the percent change (Eq. (1)) in

the median of [qðX ;Z Þ] relative to the median of
[qð� X ;Z Þ], as this measures whether the identity
of the P-site amino acid tends to lead to faster or
slower translation relative to when any other
amino acid is present in the P-site.

Percent change ¼
Median½q X ;Zð Þ� �Median½q � X ;Zð Þ�

Median½q � X ;Zð Þ�

� 100%

ð1Þ

Figure 1. Bioinformatic analyses of ribosome profiling data indicate that the identity of amino acids in the P- and A-

sites can predictably alter the translation speed of the A-site codon. (a) A ribosome with the amino acids N and R in the

P- and A-sites, respectively. From ribosome profiling data, we calculated the distribution of ribosome densities in the A-

site from all instances of (N, R) in our dataset and compared the result to the distributions of all other instances of R in

the A-site when N is not present in the P-site, denoted [(~N, R)] (top panel). (b) Each box in the matrix indicates, for a

pair of amino acids in the P- and A-sites, the percent change in median normalized ribosome density q when that

particular amino acid is in P-site compared to any other amino acid in the P-site, keeping the A-site amino acid

unchanged (Eq. (1)). The sign of the percent change must be consistent in all 6 analyzed ribosome profiling datasets

and statistically significant in at least 4 out of the 6 datasets, otherwise the box is colored gray. * corresponds to any of

the stop codons being present in the A-site. (c) Comparison of distributions of amino acid pairs where R is kept

constant at the A-site while the P-site is mutated from N to S. The distributions of normalized ribosome densities for P-

and A-site pairs (N, R) and (S, R), which differ significantly from each other, are shown (Mann-Whitney U test,

p ¼ 4:45� 10�17). The median normalized ribosome densities of the two distributions differ by 53.4%, and the odds of

a change in translation speed when (N, R) is mutated to (S, R) or vice versa is 2.98 (Eq. S3). (d) The estimated percent

difference values for all 7980 mutations of amino acid pairs with a constant A-site are plotted with respect to the

statistical significance of the difference between the distributions (see Methods). We estimate that mutating the P-site

will lead to significant changes in translation speed in 4254 (53%) of these mutations. (e) For the significant

combinations of amino acids pairs, the distribution of the odds of mutating any instance of the pair resulting in a

change in speed is plotted.
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We use the median of these [qðX ;Z Þ]
distributions, as opposed to the average, because
the median is less sensitive to outlier, long-tail
effects in right-skewed distributions typically found
in ribosome profiles (Figure 1(a) (inset) and (c)).
Critically, this analysis approach controls for
confounding cognate tRNA concentration effects
and accommodation kinetics at the A-site
because the A-site amino acid is held fixed. We
do this for all possible 20 amino acids in the P-
site for a fixed amino acid in the A-site (Figure S1
(a)). For an amino acid in the P-site, there are 21
possible pairs when we include the presence of
stop codons in the A-site (Figure S1(b)). Applying
this analysis to each of the six published datasets
we obtained six, 21-by-20 matrices reporting the
percent change (Eq. (1)) in ribosome density
when a particular amino acid pair is present in the
P- and A-sites (Figure S2).
Given the well-known variability in ribosome

profiling results between different experiments31

we focus on highly robust, reproducible results by
(i) only drawing conclusions from the sign of the
percent change, which indicates either a speed
up or slow down between different pairs of amino
acids, and by (ii) taking the intersection of those
pairs that exhibit a consistent sign change and
have a percent change that is statistically different
than zero in at least four of the datasets. We find
86 pairs in which the presence of a particular P-
site amino acid is associated with faster translation
(green-shifted colors in Figure 1(b)) and 81 pairs in
which the identity of the P-site amino acid is asso-
ciated with slower translation (red-shifted colors in
Figure 1(b)). The results for the remaining pairs
are not significant or are not consistent across the
datasets (gray boxes in Figure 1(b)). An important,
naturally occurring internal control in these data is
proline, which is known from biochemical stud-
ies16,32 to tend to slow down translation when pre-
sent in the P-site. Consistent with those findings,
we observe a vertical strip of warm colors in Fig-
ure 1(b) when proline is in the P-site, indicating that
when paired with almost any other amino acid in
the A-site, proline tends to increase ribosome den-
sity, i.e., slow translation down relative to any other
amino acid being in the P-site. These results sug-
gest that the identity of the P-site amino acid in
167 pairs of amino acids can, on average, pre-
dictably speed up or slow down translation relative
to the median speed when any other amino acid is
in the P-site.

Factors known to modulate translation speed
do not explain these results

To test whether the potentially confounding
factors of tripeptide motifs,15 positively charged
upstream residues,20,21 downstream mRNA struc-
ture,13,33 cognate tRNA concentration,28,34 or
inosine-modified-wobble-decoding tRNAs35 explain
the direction of the speed changes in Figure 1(b),

we controlled for each of these factors separately
by leaving them out of our dataset one at a time,
and reapplied Eq. (1) to each new dataset. For
example, Green and colleagues identified triplets
of amino acids, such as PPG, that slow down trans-
lation. To control for these triplets, we removed all
amino acid pairs that were found in these specific
tripeptide sequence contexts (see SI Methods). In
the example of PPG, the reduced data set only
has occurrences of the dipeptide PG without an
N-terminal flanking proline. We find that even in
the absence of these confounding factors, the sign
of the speed change remains the same for all 167
pairs (Figure S3).
To test if wobble base pairing codons versus

Watson Crick base pairing codons affect our
conclusions, we split our dataset into those
instances of amino acid pairs decoded by wobble
base pairing and those decoded by Watson Crick
geometries. For the wobble-base data set, we
find (Figure S4) that 165-out-of-167 pairs exhibit
the same sign change as Figure 1(b). For the
Watson Crick dataset 166-out-of-167 pairs exhibit
the same sign change as Figure 1(b). Thus, the
geometry of the base pairing does not explain our
observations in Figure 1(b).
In summary, while these molecular factors

undoubtedly contribute to codon translation rates
in a variety of contexts, they do not explain the
faster or slower amino acid pairs that we observe
in Figure 1(b).

Other robustness tests

There is the potential that other factors
associated with our analysis may also influence
the results in Figure 1(b). We first tested whether
the read-depth threshold (currently requiring at
least 3 reads at each codon position) influences
our results by constructing data sets with those
genes having at least 1 read at (i) 100%, (ii) 90%,
(iii) 75% and (iv) 50% of the codon positions in
their coding sequence, and analyzed these
datasets using Eq. (1). We find (Figure S5) the
same sign of the percent change for all 167
significant amino acids pairs shown Figure 1(b)
up to and including the 75% threshold. For the
50% threshold, where sparsity can lead to more
noise, the percent change sign is same for 164-
out-of-167 significant amino acid pairs. Amino
acid pairs (K,D), (G,P) and (G,R) switch from
slowing down translation to speeding up
translation when the read threshold is relaxed to
include genes that have reads at 50% of codon
positions position. Thus, the results presented in
Figure 1(b) are robust to changes in read-depth.
Next, we tested if mRNA expression level

influences our results by splitting the 364
transcripts in our dataset into the half with the
highest expression level and the half with the
lowest expression level and analyzed each using
Eq. (1). We find that the sign change (Figure S6
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(d) and (e)) is consistent for all 167 amino acid
pairs indicating that the results in Figure 1(b) are
not influenced by variation in expression level
within our data set.
We then proceeded to test whether broad

regions of the transcripts yield different results. To
do this, we split our dataset into amino acid pairs
located in the first half of each coding sequence,
and seperately those located in the ad and sep a
second half of each coding sequence. Eq. (1)
was then applied to each dataset. We find the
same sign of the percent change for all 167
significant amino acids pairs in Figure 1(b) from
the dataset composed of the first half of the
coding sequence (Figure S6(b)). Similarly, we find
the same sign of the percent change for 166-out-
of-167 amino acid pairs from the dataset
composed of the second half (Figure S6(c)). The
loss of statistical significance for some of the
pairs (lighter orange and lighter blue in Figure S6)
is to be expected due to the reduction of the
sample size by half, on average. However, even
for these pairs, the sign change is still consistent
with Figure 1(b). Thus, our results are not biased
by the broad region of the coding sequence from
which the ribosome density and amino acid pairs
arise from.
Finally, we test whether more localized regions of

the coding sequence are biasing our results –
including disordered segments, signal peptides,
and transmembrane domains. Specifically, we
created a dataset in which instances of amino
acid pairs arising from disordered protein
segments are removed; a dataset in which only
cytosolic proteins are present and hence do not
contain signal sequences; and a dataset in which
regions predicted to be similar to transmembrane
domains are removed. Applying Eq. (1) to these
datasets we find the sign of the percent change is
maintained for all 167 significant amino acid pairs
(Figure S7). Thus, these local regions of coding
sequences are not influencing the results in
Figure 1(b).
In summary, the results in Figure 1(b) are robust

to variation in thresholds used in the analysis, to
variation in expression levels, and variation in
which regions of the transcript the ribosome
profiling reads come from.

Mutating the P-site amino acid is predicted to
alter the translation rate at the A-site

Figure 1(b) predicts that by keeping the A-site
amino acid fixed and mutating the P-site amino
acid it is possible to speed up or slow down
translation elongation (i.e., change the sign of the
percent change in Eq. (1)). For example, when
comparing the amino acid pairs (N,R) to (S,R),
where R is the amino acid in the A-site, we find
(N,R) tends to have 53% more ribosome density
than (S,R) (Figure 1(c)). Hence, we predict that
the codon encoding R in the (S,R) pair will be

translated faster than the codon encoding R in
the (N,R) pair. We predict that for the 7,980
possible P-site mutations in amino acid pairs
where the A-site is fixed there will be a
systematic change in translation rate for a
majority of them (Figure 1(d) and Data S2).
Because we are dealing with overlapping
ribosome density distributions (Figure 1(c)) it is
most appropriate to think probabilistically - in
terms of the likelihood that a mutation will speed
up or slow down translation. We can calculate the
odds (Eq. S3) that a mutation at the P-site will
speed up or slow down translation. For example,
for the mutation (N,R) to (S,R) we calculate
translation will speed up with 3-to-1 odds. Thus,
out of four randomly selected instances of (N,R)
across the proteome, these odds predict that if
you mutate N to S for each, three of the
instances will speed up translation, and one of
the instances will slow down translation on
average. We calculated these odds for each of
the possible 7,980 mutations and found a broad
distribution (Figure 1(e)). With odds of 5.7-to-1,
mutating (W,G) to (P,G) will slow down
translation, while with odds of 1-to-1, mutating (V,
W) to (H,W) is as equally likely to speed up
translation as it is to slow down translation when
Val is mutated to His in the different instances of
(V,W) across the proteome (Data S2). In
summary, this bioinformatics analysis predicts
which P-site amino acid mutations are most likely
to result in higher or lower translation elongation
rates relative to the wild-type protein sequence.

Mutational experiments are consistent with
amino acid identity influencing translation
elongation rates

To experimentally test these predictions, we
introduced 12 non-synonymous mutations into
various positions of five non-essential S.
cerevisiae genes that are not involved in
translation, and no mutations were made at
functional sites of the encoded proteins36

(Table S2). Five of the mutations are predicted to
speed up translation based on Figure 1(b), five
are predicted to slow down translation, and two
are predicted to have minimal effects on translation
speed when the mutated residue is present in the
P-site.
To ensure precise measurements at codon

resolution we performed ribosome profiling
experiments at unconventionally high read
depths, having an average of 86 million mapped
exome reads per sample after removing reads
mapped to rRNA genes, and totaling 1.7 billion
mapped exome reads across the samples
(Table S3). The resulting ribosome profiles exhibit
strong 3-nt periodicity, 87% of mapped reads are
in frame zero at a fragment size of 28 nt, and
there is a very strong correlation between
ribosome profiles for the same gene across
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samples (Pearson r = 0.96, Figures S8 and S9).
These results indicate technical biases are
minimal in these experiments, and any such
biases that exist will likely cancel out when we
carry out the relative comparison between wild
type and mutant results.
Comparing the normalized ribosome densities

between the wild-type and mutant strains
(Figure 2), we find that in all cases the direction

of change in ribosome density at the A-site is
consistent with the predictions from Figure 1(b).
Two of these ten mutations include a proline in
the P-site, for which we observe a speedup when
the pair (P,G) is mutated to (E,G) in the gene
YMR122W-A (Figure 2(a)), while mutating (Q,D)
to (P,D) in YOL109W leads to a slowdown of
translation (Figure 2(b)). These two mutations
serve as positive controls because proline has

Figure 2. Experiments demonstrate that the identity of amino acids in the P- and A-sites can predictably alter the

translation speed of the A-site codon, consistent with the predictions from Figure 1(b). Normalized ribosome density

(Eq. S1) upon mutation at five pairs of residues that are predicted to speed up translation (a), five other pairs that are

predicted to slow down translation (b), and two negative control mutations that are predicted to have little to no effect

on translation speed (c) were measured in S. cerevisiae. The gene name and pair of amino acids before and after

mutation are listed above the panels in (a) through (c). Full details concerning the mutations are provided in Table S2.

In each panel, the normalized ribosome density measured at the A-site residue is reported for the wild-type sequence

transcript (blue data points) and mutated sequence (orange data points). Each data point corresponds to one

biological replicate; the horizontal bar indicates the mean value. The difference between the medians in each panel is

statistically significant (one-sided Mann-Whitney U test, p ¼ 0:036 for all subpanels in (a) and for mutations in YOL*,

YKL* and YLR* in (b). p ¼ 0:002 for two mutations in YHR* in (b). p ¼ 0:002 and p ¼ 0:004 for the two subpanels in

(c), respectively). The distribution of percent differences in ribosome density between the mutant and wild-type

sequences for the data in panels (a) and (b) is shown as a blue box plot in panel (d), and for the negative control

sequences in panel (c), the distribution is shown as an orange box plot in panel (d). The mutations in the negative

controls do show a statistically significant difference in normalized densities compared to wild-type (one-sided Mann-

Whitney U test, p ¼ 0:002 and p ¼ 0:004). However, these mutations exhibit a 2.5-fold reduction in effect size (d),

consistent with the predictions from Figure 1(b).
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previously been shown to slow down
translation.16,19

Two additional mutations were incorporated as
negative controls and are predicted to cause little
change in the rate of translation (i.e., mutations
that switch between gray boxes or between the
same colored boxes in Figure 1(b)). We found
that while the normalized ribosome densities of
these mutants are statistically different from that
of the wild type (Figure 2(c)) the effect size is
much smaller. The median effect size on
translation speed was 2.5-fold lower than what we
observed for the other 10 mutations (Figure 2(d)).
That the negative controls exhibit minor changes
in translation speed is to be expected. As
previously discussed, we are dealing with
overlapping ribosome density and speed
distributions (Figure 1(c) and (e)), and there is an
associated odds of seeing some speed up or
slow down.
In summary, the results from these mutational

experiments are consistent with the hypothesis
that the P-site amino acid can predictably alter
the translation rate at the A-site.

A qualitative bioinformatics assessment of
amino acid versus tRNA contributions

The amino acid mutations we introduced also
change the identity of the tRNA molecule at the
P-site. Therefore, this change in tRNA identity
could be an alternative explanation for the cause
of the altered translation speeds (Figure 2). We
have already shown that the decoding geometry
is not the main source of the translation rate
change, as both Watson-Crick and Wobble base
pairing codons yield similar results (Figure S4).
However, it could still be the case that the
chemical identity of the tRNA pairs, and the
interactions between them, are driving the speed
changes. To qualitatively assess whether it is
amino acid identity or tRNA identity that is driving
the changes we projected the same ribosome
profiling data in Figure 1(b) onto the 64-by-61
matrix of the codons that can reside in the P- and
A-sites. To retain statistical power, we relaxed our
gene filtering criteria to include genes that have at
least one read at 95% of codon positions in each
coding sequence. We then calculated this codon
pair matrix for all the 6 datasets and identified the
robust codon pairs (Figure S10(a), Data S3)
based on the same criteria we used to identify the
robust amino acid pairs shown in Figure 1(b) (i.e.,
the colored boxes). We find that 93% of the
robust codon pairs in Figure S10(a) have the
same sign of the percent change as observed for
the robust amino acid pairs they encode in
Figure 1(b). Specifically, for each amino acid pair
that is significant and robust in Figure 1(b), we
asked ‘for those codon pairs that encode a given
amino acid pair, and exhibit a statistically
significant difference from the average ribosome

density, how many of these exhibit the same sign
of the speed change as the amino acid pair’? For
example, for amino acid pair (D, T), which slows
down translation, 7-out-of-8 codon pairs also slow
down translation, while the 8th codon pair also
slows down translation but is not statistically
significant (Figure S10(b)). We count this example
as being consistent between the amino acid pair
and codon pairs, because the loss of statistical
power is to be expected when we switch from
projecting the data of a 420-element matrix
(Figure 1(b)) to a 3,904-element matrix
(Figure S10(a)). Thus, in the vast majority of
instances, the amino acid pair translation rate
change (Figure 1(b)) and codon pair translation
rate change (Figure S10(a)) are consistent. This
indicates that for these instances, it is the amino
acid identity primarily driving the speed change
because it is consistent across all of the different
synonymous codons that are decoded by different
tRNA molecules.
For 7% of the codon pairs, however, one or more

of the codon pairs exhibit a translation rate change
in the opposite direction from the others. For
example, for amino acid pair (R,G) in Figure S10
(c), the codon pairs with a CGA codon in the P-
site leads to slower-than-average translation
when GGU and GGA codons are in the A-site,
but when CGC and AGG codons are in the P-site
there is faster than average translation when
GGU is in the A-site. Hence, it seems likely that
the interaction of different tRNAs in the P- and A-
site for these 12 amino acid pairs primarily drive
the translation rate change.
Taken together, the results from this analysis

supports the qualitative conclusion that the amino
acid pairs often contribute to the sign of the
speed change in Figure 1(b), but there are
situations where tRNA pairs predominantly drive
the speed change.

A qualitative experimental assessment of
amino acid versus tRNA contributions

To experimentally estimate the contribution of
amino acid identity versus tRNA identity we took
the three mutations that we previously
incorporated into the gene YOL109W (Table S2)
and created a new gene construct with the same
three amino acid mutations but that used
synonymous codons that are decoded by different
tRNA molecules (Table S4). There is a strong
correlation between the mutant strains created for
this comparison and hence we can compare the
normalized ribosome densities at the A-site when
these mutations are in the P-site locations of the
ribosomes (Figure S11). For the mutation (N,R) to
(S,R), for example, we previously used the codon
UCC to mutate N to S. In the new strain, we used
the synonymous codon UCG, which is decoded
by a different tRNA molecule37 (Figure 3(a)). For
the mutants (G,G) to (S,G) and (Q,D) to (P,D),
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there was a change in normalized ribosome density
that was in the same direction and similar in magni-
tude regardless of the tRNA molecule used
(Figure 3(b) and (c)). This indicates that for these
mutations, the change in amino acid identity in
the P-site is the primary cause of the change in
translation rate in the A-site (Figure 3(b) and (c)).
In contrast, for the mutation (N,R) to (S,R), we
observed a change in ribosome density when one
tRNA molecule was used but no change in ribo-
some density when another tRNA molecule was
used (Figure 3(d)), indicating that the tRNA identity
was the primary cause. Thus, these experimental
results support the conclusion that in some cases
it is the amino acid identity that causes the change
in speed and in others it is the tRNA identity.

Signatures of evolutionary selection for fast
and slow translating amino acid pairs

Translation is an energy-intensive process38 and
the efficiency of translation and protein production
are influenced by how quickly ribosomes are
released from transcripts. Several studies have
suggested that evolution has favored codon opti-
mality in highly expressed genes to enable faster
translation and quicker release of ribosomes to
increase translation efficiency.8,39,40 It is possible
that evolution can also select for faster translation
through mechanisms other than codon optimality.
If evolutionary selection pressures have acted to
encode translation rate information in the primary
structures of proteins through pairs of amino acids,

Figure 3. Depending on the amino acid pair, translation speed is influenced by either the identity of the tRNA pair,

the amino acid pair, or both. (a) For the same amino acid mutation, two mutants are created using synonymous

codons decoded by different tRNAs. (b–d) To experimentally measure the contribution of amino acid identity, a given

non-synonymous mutation in the P-site was encoded using two different synonymous codons, each resulting in the

same amino acid mutation but decoded by different tRNA molecules (see (a)). For the mutations YOL109W (G,G)?(S,

G) (b) and YOL109W (Q,D)?(P,D) (c), the change in ribosome density from wild-type was similar for both synonymous

mutants (Mutant 1 versus Mutant 2, one-sided Mann-Whitney U test, p ¼ 0:1715 and p ¼ 0:443, respectively), and

hence, the amino acid is the predominant cause for the change in translation speed. For the mutation YOL109W (N,

R)? (S,R) (d), the speedup was seen for only one mutant while the other mutant exhibits a normalized ribosome

density indistinguishable from that of the wild-type (Wild type versus Mutant 2, one-sided Mann-Whitney U test,

p ¼ 0:243), indicating in this case that the tRNA identity is the predominant cause for the change in speed up mutation.
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then there should be a non-random distribution of
fast and slow-translating pairs of amino acids
across the proteome. To test this hypothesis, we
calculated the enrichment and depletion of all 400
pairs of amino acids across the S. cerevisiae pro-
teome relative to the occurrence expected from a
random pairing. We selected the top 20% of the
amino acid pairs that were enriched across the pro-

teome and the bottom 20% that were depleted and
determined how many of the 86 fast-translating and
81 slow-translating amino acid pairs were present
in either of these quintiles (Table S5). The odds
ratio of fast-translating pairs being enriched across
the proteome and slow-translating pairs being
depleted was 4.3 (Eq. S4, p ¼ 0:0098, Fisher’s
exact test), indicating that selection pressures have
indeed selected for the presence of fast-translating
pairs and selected against slow-translating pairs
(Figure 4(a)) across the proteome. This result is
consistent with the hypothesis8,39 that evolution
selects for molecular factors that increase the glo-
bal rate of translation.
Despite the preference for fast-translating pairs,

we found that the slow-translating amino acid
pairs were locally enriched by 18% (95% CI:
[10%, 27%], p = 7.9 � 10�6, n = 170 domains,
linker size = 30, Fisher’s exact test) in protein
segments that are translated after domains have
emerged from the ribosome exit tunnel (Figure 4
(b) and (c)). For simplicity, we refer to these
segments as linkers. In those linker regions that
start 30 residues downstream of domain
boundaries, one-fifth of the amino acid pairs, on
average, are slow-translating pairs, and in the
extreme cases of genes YDR432W and
YGL203C, there are 18 slow pairs in a 30 residue
stretch. Codon usage does not explain this

Figure 4. Evolution selects for fast-translating pairs

across the proteome but enriches slow-translating pairs

across inter-domain linker regions. (a) The enrichment

and depletion of amino acid pairs across the S.

cerevisiae proteome is plotted against the percent

change in median normalized ribosome densities (q) of

amino acid pairs taken from Figure 1(b). Among the top

20% enriched and top 20% depleted set, the odds ratio

of fast-translating pairs being enriched and slow-trans-

lating pairs being depleted is 4.3 (Eq. S4, Fisher’s exact

test, p ¼ 0:0098). (b) The enrichment of fast- and slow-

translating pairs in linker (L) regions relative to domain

(D) regions. The odds ratio (Eq. S5) gives us a measure

of the likelihood of finding either slow or fast pairs in the

linker region relative to domain regions compared to the

odds of non-slow or non-fast pairs in the linker region

relative to domain regions, respectively. An odds ratio

greater than 1 would indicate an enrichment in the linker

region, while an odds ratio less than 1 would indicate a

depletion. As a test of robustness, the odds ratio was

computed over different window sizes in the linker

region, discarding the first 30 residues after the domain

to account for those residues being in the ribosome exit

tunnel, as illustrated in panel (c). n ¼ 170 for a window

size of 30 residues. For all window sizes, the odds ratio

was significant (Fisher
0
s exact test; p < 0:005 for all

linker sizes) for slow-translating pairs and insignificant

(Fisher
0
s exact test; p > 0:25 for all linker sizes) for fast-

translating pairs.
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enrichment of slow-translating pairs, as we found
no difference in the frequency of non-optimal
codon usage between linker and domain regions
(Figure S12). These results indicate that a
number of slow-translating pairs exist in linker
regions that can cumulatively lead to a slowdown
of translation as domains fully emerge from the
ribosome exit tunnel, which may aid in co-
translational folding by providing more time for
domains to fold outside of the ribosome exit tunnel.
When the Hsp70 chaperone Ssb is bound to

ribosome-nascent chain complexes translation is
faster than when Ssb is not bound, possibly
because chaperone binding prevents nascent
chain folding and hence allows translation to
become uncoupled from folding and to proceed
faster.41 We examined if the fast-translating amino
acid pairs we identified contributed to this speedup.
We found that the fast-translating amino acid pairs
were enriched by at least 4% (95% CI: [2.3%,
6.1%], p = 0.0001, n = 425, random permutation
test) in regions translated while Ssb is bound, sug-
gesting that these pairs do make a contribution
(Figure S13). Taken together, these results indi-
cate that across the primary structures of proteins,
evolutionary pressures have selected for amino
acid pairs that exhibit faster translation, and along
a transcript, fast- and slow-translating pairs are
enriched locally in regions that are associated with
co-translational folding and chaperone binding.

Discussion

We have demonstrated that independent of
known confounding factors the chemical identity
of some pairs of amino acids and tRNA
molecules, when present in the P- and A-sites,
can predictably and causally result in a speedup
or slowdown of translation in the A-site of S.
cerevisiae ribosomes. An essential and unique
feature of our analyses of ribosome profiling data
is Eq. (1), which holds fixed the amino acid
identity in the A-site while varying the amino acid
in the P-site. This approach controls for variation
in tRNA concentration and accommodation rates
in the A-site, and measures the relative difference
in ribosome density when a particular amino acid
pair is present in the A- and P-sites compared to
when any other amino acid is in the P-site while
holding the A-site constant. A recent study42 esti-
mated the effect of codon and amino acid identity
in the P-site but they did not find any effect since
they do not control for the other confounding
factors that can influence translation rate at the
A-site. Hence, our approach (Eq. (1)) allows us to
isolate the effect of the P-site amino acid on the
overall translation rate at the A-site. In total, we
identified 167 amino acid pairs that exhibit above
average or below average translation speeds
(Figure 1(b)) and verified these predictions

experimentally for 10 of these pairs. These speed
changes are not explained by alternative hypothe-
ses concerning the presence of mRNA structure,
wobble base pairing, tripeptide motifs, positively
charged upstream nascent chain residues, varia-
tion in cognate tRNA concentration, differences in
expression level, nor other aspects of the analysis
(Figures S3 and S4). These speed changes are
also robust to changes in thresholds for gene
selection criteria as well as choosing instances of
amino acid pairs from different regions of the gene
transcripts (Figures S5–S7). As an important, natu-
rally occurring internal control, these results are
consistent with the commonly seen translational
slow-down effect of proline16,32 evidenced by the
vertical stripe of red-shifted colors in Figure 1(b).
Changes in elongation rate can influence protein

structure, function, and cellular phenotype without
altering protein expression levels. A variety of
studies4,6,43–50 have demonstrated for different pro-
teins that the total amount of soluble protein pro-
duced in a cell, and the total amount of soluble,
functional protein produced can be very different.
The influence of elongation rate on protein struc-
ture and function arises in part on the impact trans-
lation speed changes have on co-translational
processes including domain folding.8 Thus, the
translation elongation speed differences we
observe between pairs of amino acids are more
likely to influence co-translational processes than
expression level.
Over- or under-representation of particular pairs

of codons, compared to random chance, occurs
across the transcriptome of many organisms in a
phenomenon referred to as “codon pair utilization
bias”.51 Some codon pairs occur less frequently
as they can result in negative functional conse-
quences. For example, codon pairs with the pattern
of nnUAnn52 can cause a frameshift resulting in a
premature stop codon. Hence, evolution has
selected against codon pairs that have this motif.
The biological importance of codon pair bias is also
highlighted in bioengineering applications where
de-optimization of codon pairs across the coding
sequences of viruses has been used to attenuate
their virulence.53 A biochemical study found that
synonymously changing codon pairs results in a
change in protein expression level – indicating
these pairs are influencing elongation
speed.54 This, and other studies,55–57 hypothesized
that synonymous codon pairs translate at different
speeds due to differences in the molecular interac-
tions between neighboring tRNAs when they are
co-located at the A- and P-sites of the ribosome.
The results of this study find that indeed, a change
in translation speed upon a change in codon pair in
some cases is due to a change in the identity of the
tRNA at the P-site, but also that there are many
other cases where the change of translation speed
is due to the change in identity of the amino-acid at
the P-site (Figure 3(b) and (c)). Thus, the results
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from this study indicate that there is a greater rich-
ness of molecular mechanisms that can contribute
to codon pair utilization bias and identify a large
number of amino-acid pairs where systematic
speed differences are observed.
Most studies on the relationship between

translation kinetics and nascent peptide sequence
features at the A- and P-site have involved the
presence of proline, often in the context of ‘XPPZ’
peptide motifs,15,58,59 where X and Z can be any
amino acid. To observe an effect of these motifs
on translation, engineered bacterial cells must be
used that lack elongation-factor P because its pres-
ence eliminates proline-induced stalling.17,18,60 In
vitro enzymology studies involving proline have
focused only on the kinetics of the tRNA accommo-
dation and peptide bond formation sub-steps of the
translation cycle.16,32 In contrast, this study used
wild-type S. cerevisiae cells in which we discovered
predictable changes in speed in 138 pairs of amino
acids that do not involve proline. The ribosome pro-
filing signal we analyze is proportional to the dwell
time of the ribosome at the A-site,23,61 and thus
the effects we observe reflect what happens to
the overall rate of one cycle of translation elonga-
tion rather than just the effect on individual steps
of accommodation, peptide bond formation, or
translocation. Thus, in contrast to an in vitro enzy-
mology study that concluded that although the P-
site amino acid can alter the peptide bond forma-
tion rate it has little effect on elongation due to
the slower tRNA accommodation step,62 we
observe wide spread P-site identity effects on over-
all codon translation rates in vivo. This suggests
the possibility that for some of these pairs accom-
modation is not always rate limiting in vivo and that
the effects of peptide bond formation rates may
constitute a larger proportion of the dwell of a ribo-
some than previously thought. One promising
approach to measure this proportion comes from
the use of three different antibiotics that can trap
S. cerevisiae ribosomes in different states of elon-
gation.63 The depth of coverage in the datasets
from that study, with seven million mapped reads
on average compared to 87 million mapped reads
in this study, are too sparse for us to test this
hypothesis.
We observe consistent and robust influences of

the amino-acid at the P-site. The effect of the P-
site amino acid on translation speed tends to be
consistent in either speeding up/slowing down
translation, or having no effect at all, regardless
of the amino acid in the A-site. Out the twenty
amino acids that can reside in the P-site, eight (A,
E,F,I,M,S,V,Y) speed up translation (green-shifted
colors in Figure 1(b)) or have little effect (gray
colors); six (D,G,H,Q,N,P) slow down translation
(red-shifted colors) or have little effect; and five
(K,L,R,T,W) can either speed up, slow down, or
have no effect relative to the average translation
speed. For example, Ala in the P-site speeds up

translation when A, G, L, P or Q is in the A-site,
His in the P-site slows down translation when A,
E, I, K or N is in the A-site, whereas Leu in the P-
site slows down translation when G or Q is in the
A-site but speeds up translation when D, K, N or
Y is in the A-site. Thus, 14-out-of-20 amino acids,
when present in the P-site, consistently change
translation speed in one direction. Pro, Glu, Ser,
Gly and Asp are the most robust in terms of
changing speed for the largest number of
possible A-site amino acids, as evidenced by their
vertical stripes of colors in Figure 1(b). Consistent
with our findings, an in vitro enzymology study62

that measured peptide bond formation rates of pur-
omycin with eight different types of amino acids in
the P-site found that Asp was the second slowest
amino acid to form a peptide bond with puromycin
after proline, and serine was the second fastest.
We find that when the P-site amino acid is

mutated in many cases it is the amino acid
identity change that drives the translation speed
change, but we also find instances where it is the
tRNA change that is the driver. Pairs whose effect
arise primarily due to tRNA identity could
influence steps in the translation-elongation cycle
other than peptide bond formation, including
hybrid state formation and translocation as these
steps structurally alter the intermolecular
interactions between tRNA molecules, and
between tRNA molecules and the ribosome.
Disentangling the detailed molecular causes of
the speed changes identified in Figure 1(b) is
likely to be a fruitful area of future research.
Furthermore, in our analyses we averaged out the
effect of the tRNAs that reside in the E-site, as
Eq. (1) is only conditioned on what is in the A-
and P-sites. Two kinetic studies64,65 demonstrated
that a small number of tRNA’s in the E-site can
slow mRNA translocation through the ribosome
and contribute to frameshifting and stop codon
read-through. Thus, exploring the influence of the
E-site tRNA on translation at A-site using ribosome
profiling data is an exciting area for future research.
Our evolutionary analyses indicate a proteome-

wide selection for fast-translating amino acid
pairs, potentially to increase the efficiency of
energy-intensive process of translation66 while
locally enriching slow-translation pairs that might
aid in co-translational processes important for a
protein to attain its structural and functional form.
Evolutionary selection pressures select only
against phenotypic traits, not genotype. Therefore,
the enrichment of fast-translating amino acid pairs
across the S. cerevisiae transcriptome and the
clusters of slow- and fast-translating pairs along
transcripts that are correlated with co-translational
processes suggest that the elongation kinetics
encoded by these pairs influence organismal phe-
notype and fitness. More speculatively, these
results open up the possibility that there may exist
disease-causing amino acid mutations that do not
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alter the final folded structures of proteins but
instead alter the co-translational behavior and pro-
cessing of the nascent proteins via altered elonga-
tion kinetics.
In summary, separate from other molecular

factors known to influence translation speed,
elongation kinetics are causally and predictably
encoded in protein primary structures through the
identity of particular pairs of amino acids and the
tRNAs they are attached to, with broad implications
for protein and mRNA sequence evolution, and
translational control of gene expression.
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