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ABSTRACT

Messenger RNA (mRNA) secondary structure de-
creases the elongation rate, as ribosomes must
unwind every structure they encounter during
translation. Therefore, the strength of mRNA sec-
ondary structure is assumed to be reduced in
highly translated mRNAs. However, previous
studies in vitro reported a positive correlation
between mRNA folding strength and protein abun-
dance. The counterintuitive finding suggests that
mRNA secondary structure affects translation effi-
ciency in an undetermined manner. Here, we
analyzed the folding behavior of mRNA during
translation and its effect on translation efficiency.
We simulated translation process based on a novel
computational model, taking into account the inter-
actions among ribosomes, codon usage and mRNA
secondary structures. We showed that mRNA sec-
ondary structure shortens ribosomal distance
through the dynamics of folding strength. Notably,
when adjacent ribosomes are close, mRNA sec-
ondary structures between them disappear, and
codon usage determines the elongation rate.
More importantly, our results showed that the
combined effect of mMRNA secondary structure
and codon usage in highly translated mRNAs
causes a short ribosomal distance in structural
regions, which in turn eliminates the structures
during translation, leading to a high elongation
rate. Together, these findings reveal how the
dynamics of mRNA secondary structure coupling
with codon usage affect translation efficiency.

INTRODUCTION

Current understanding of the ribosome and the mechanism
of translation has been significantly strengthened and
expanded by recent research efforts (1-4). Gene translation
is a highly regulated process with intricate interactions
among messenger RNAs (mRNAs), ribosomes and
mRNA-binding factors, leading to changes in protein
abundance, thus enabling the cell to respond rapidly to a
wide range of environmental conditions (5-10). Although
the underlying factors have been analyzed extensively,
the determinants of translation efficiency are still under
debate (11-17).

The central dogma of molecular biology deals with the
flow of genectic information from DNA via mRNA to
protein. It is well understood how an mRNA is sequen-
tially translated into amino acid chains. However, the cor-
relation between mRNA level and protein abundance
varies across species [R* = ~0.1-0.7, reviewed in (11)
and (12)], suggesting widespread regulations occurring at
translational and post-translational levels. Translation
consists of three stages, namely, initiation, elongation
and termination. The initiation has been regarded as
rate-limiting for translation in general (18,19). Yet this
seems to be uncertain for some genes. For instance,
genes with high initiation rate might be subject to non-
optimal codon usage or bad codon order downstream,
resulting in ribosomal traffic jam, thus significantly
decreasing translation efficiency (15,20-23). Moreover,
numerous studies have shown that mRNA tends to fold
into local secondary structures (so-called mRINA second-
ary structures) (24-30). These structures are unevenly
distributed within mRNA (30) and can act as roadblocks
that might influence the rhythm of protein synthesis.
During translation, ribosomes move along mRNA and
pause at paired sites until the base pairings are broken
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(31,32). Although it is known that mRNA secondary
structure decreases elongation rate (28,31,33,34), a
surprising finding in vitro showed a strong positive
correlation between the strength of mRNA secondary
structure and protein abundance in yeast (17,35). The
counterintuitive finding indicates an intricate interaction
between translating ribosomes and mRNA secondary
structures, affecting translation efficiency in an undeter-
mined manner.

Local secondary structures are distributed densely
within mRNA. The distance between adjacent structures
in vitro (6.8nt on average, Figure 1A) is significantly
shorter than 28nt [the length of the footprint that a
ribosome protects its mRNA from nuclease digestion
(36)]. This suggests that most of the translating ribosomes
are located in structural regions and thereby undergo
mRNA structural dynamics (folded and unfolded)
(Figure 1B). On one hand, mRNA secondary structure
blocks ribosomal migration (31,32,37). On the other
hand, translating ribosomes constrain mRNA folding.
As a ribosome moves along a structural region, mRNA
secondary structures disappear, and they may appear after
the ribosome passes through the region. The re-folded
structures hold until the next ribosome arrives at this
region and re-unwinds it. Previous studies (21,38-41)
proposed a series of stochastic models to explore the de-
terminant of translation efficiency. mRNA secondary
structure was usually integrated into their models
(15,21). However, these models used fixed mRNA second-
ary structures estimated in vitro and did not consider the
dynamics of structure during translation. To date, the
mechanism by which the dynamics of mRNA secondary
structure affect translation efficiency at the genome-wide
scale remains unclear.

With this background, we hypothesized that mRNA
secondary structures exert their regulatory effect on trans-
lation efficiency through the interactions among
translating ribosomes, codon usage and mRNA secondary
structures. To test this hypothesis, in the current study, we
performed a genome-wide analysis of the effect of mRNA
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Figure 1. A schematic illustration of the interaction between mRNA
secondary structure and translating ribosomes. (A) The distance
between adjacent secondary structures within mRNA. mRNA second-
ary structures in yeast were obtained from the work of Kertesz et al.
(27). (B) Structural dynamics when a ribosome moves along mRNA.
pre-mF refers to the folding of mRNA without ribosome binding
(see text).

secondary structure on translation efficiency based on
a novel computational model, taking into account
the dynamics of mRNA secondary structure during elong-
ation. In our model, in contrast to mRNA folding strength
(mF strength) during translation, the folding strength of
mRNA without ribosome binding was termed previous
mF strength (pre-mF strength). Using the model, we first
analyzed the association between ribosomal distance and
structural dynamics. Then, we revealed a general mechan-
ism by which dynamics of mRNA secondary structure,
coupling with other sequence features, likely regulate the
organism’s translation efficiency.

MATERIALS AND METHODS
Data collection

Coding sequence

Coding sequences (CDSs) of Saccharomyces cerevisiae
S288C were downloaded from the National Center for
Biotechnology Information FTP server. Considering that
prediction for secondary structures of long sequences is
very resource-demanding, we excluded the CDSs longer
than 2000 nt. In total, 5369 sequences were obtained.

Experimentally determined mRNA secondary structures
The data were downloaded from the study of Kertesz et al.
(27), which provided parallel analysis of RNA structure
(PARS) scores at all sites and PARS-assisted secondary
structures of 3002 CDSs (2534 CDSs shorter than
2000 nt). PARS score measures the probability of a nu-
cleotide to be in double-stranded conformation, which is
significantly correlated with minimum folding free energy
(Supplementary Figure S1).

Protein abundance

Protein abundance data were obtained from the PaxDb
(42). In total, 2974 data on S. cerevisiae were used when
analyzing the correlation between PARS score and protein
abundance.

Transfer RNA gene copy numbers

Transfer RNA (tRNA) gene copy numbers of S. cerevisiae
were downloaded from the Genomic tRNA Database
(43).

Calculation of pre-mF strength and mF strength

pre-mF strength was defined as the mean predicted base
pairing probability (PP) of CDS. PPs of CDS were pre-
dicted by RNAfold in Vienna RNA package (44) using
default parameters. During translation, mF strength was
defined as the mean PP of CDS with ribosomal constraints
(see following text).

The relationship between ribosomal distance and mF
strength

We investigated the variation pattern of mF strength
against ribosomal distance. First, we randomly assigned
ribosomes on CDS. The number of ribosomes on each
CDS was obtained by dividing sequence length by the
mean ribosomal distance [154 nt on average (45)].
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Second, we used RNAfold with the parameter —C to
predict the PPs of CDS under ribosomal constraints
(46). Note that the bases near a ribosome cannot be
paired with others due to the constraints of spatial struc-
ture of the ribosome. Therefore, in our analysis, the region
constrained by a ribosome consists of three subregions:
the region covered by the ribosome (28nt) and two
flanking regions (14 nt in all). The length of constrained
region was set to 42nt. Third, for each region between
adjacent ribosomes, we calculated the mean PP difference
(PP4y) by Equation (1).

1 n
PPy =3 (PPei~ PPu..) (1)
i=1

where PP,._; refers to the predicted PP at site i of the region
when ribosomal constraints on CDS exist. PP,,,. ; refers to
the predicted PP without constraint. n is the length of the
region.

To exclude the effect of ribosomal positions that we
randomly assigned, the aforementioned processes were
repeated five times, and the mean value of PPy given a
ribosomal distance was obtained by averaging the values
of PPy with same distance. In addition, all mnRNAs were
divided into five groups based on their pre-mF strength
from high to low (G1-G5), which was used to test whether
the pattern we estimated is sequence-specific.

Calculation of tRNA adaptation index

The tRNA adaptation index (tAl) of CDS was calculated
by Equation (2).

n 1/n
1Al = (]‘[ wk> (2)
k=1

where wy, is the relative adaptiveness value of codon k, the
values for all 64 codons were calculated according to the
work of dos Reis et al. (47), and n is the length of CDS.
In addition, we refer to the wy of a single codon as the
codon’s tAI.

Simulation of translation process by taking into account
the interactions among translating ribosomes, codon usage
and mRNA secondary structures

Model

Inspired by previous studies reporting a significant
positive correlation between the mean PARS score of
CDS and protein abundance (Supplementary Figure S2)
(17,35), we decided to investigate how mRNA secondary
structure exerts a positive effect on translation efficiency,
as there are numerous lines of evidence in vitro revealing
that mRNA secondary structure decreases elongation
rate. To this end, we developed a novel computational
model (Figure 2) to simulate the process of translation.
Translation process is divided into three phases: initiation,
elongation and termination. In our model, ribosomes
arrive at the start site with initiation rate «. At the last
codon, ribosomes detach and release proteins with termin-
ation rate 8. During elongation, translation cycle consists
of two steps. The first step is that cognate tRNA arrives at
ribosome A site (codon 1) with rate «,4;, and that ribosome

Nucleic Acids Research, 2014, Vol. 42, No.8 4815

A
—
B Unwinding base ~ Termination
Initiation rate: pairings: Kpp rate: 8

. i -

Ribosomal
distance

a l\ /

Waiting for tRNA: Kiar

Figure 2. The model. In our model, ribosomes arrive at translation
start site with rate «, and release proteins with rate 8. During elong-
ation, translating ribosomes wait for their cognate tRNAs at position i
and simultaneously unwind the base pairings located at position i+L/2
(L = 42nt). (A) shows the structure that the first ribosome encounters
(the first ribosome is blue). (B) shows the structure that the third
ribosome encounters. mRNA secondary structure is weakened due to
the constraints of ribosomes. In our model, we assume that different
ribosomes might encounter the structure with different folding strength
at the same site because the pattern of mRNA folding might be
changed when ribosomes have bound to mRNA (see text for details).

unwinds base pairings located at codon i+ L/2 (L is set to
42 nt) with rate xpp simultaneously. The second step is
translocation. Translocation rate is fast and codon-inde-
pendent, thus a constant rate was used. Therefore, the rate
k that a ribosome moves from the current codon to the
next codon is determined by «,4; and «xpp (see the follow-
ing subsection for details). Moreover, the ribosome cannot
translocate if the next codon is occupied by the former
ribosome. In addition, the ribosomes can capture a
cognate tRNA when they are waiting for the next codon
to become vacant.

Importantly, in contrast to other models using fixed
mRNA secondary structures, our model considers
dynamic structures during translation, which means that
different ribosomes might be subject to different folding
strength at the same codon (Figure 2). This assumption is
based on our finding that the folding strength of the region
between adjacent ribosomes is strongly dependent on ribo-
somal distance (Figure 3). Moreover, we focus on the
folding behavior of mRNA secondary structure during
elongation and its effect on ribosomal distance. Other
factors affecting ribosomal distance were controlled.
Therefore, a relative rate instead of an absolute rate was
used in the model. We set an arbitrary value for «. To
obtain the relative rate of elongation, «,4; and xpp were
multiplied by the weights w,4; and wpp, respectively (see
following text for details). Unless otherwise indicated, we
used the values listed in Table 1 for all simulations.

Parameters required for simulation

We used the multiple threads in Perl 5.12 (Supplementary
files: Simulation.pl) to simulate translation process
(Figure 2 and Supplementary Figure S3). The parameters
required for simulation are:

1) Initiation rate («): Although the initiation rate for
individual mRNA has been estimated by previous
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Figure 3. Variation of mF strength against ribosomal distance. All
mRNAs were divided into five groups (G1-G5) based on their pre-
mF strength from high to low. (A) There is no significant difference
in PP;y (see ‘Materials and Methods’ section for the calculation of
PP;y) among the five groups when ribosomal distance is longer than
Snt. (B) When the distance is shorter than Snt, there is no structure
between adjacent ribosomes, PPy is determined by pre-mF strength.

Table 1. Parameters used in simulation

Parameter  Value Descriptions

o 8

B 0.1

Wpp 0.5

WAl 1.0

Kial 0.12/Various

Initiation rate (s).

Termination rate (s).

The weight for kpp.

The weight for k4.

Dwell time at a codon caused by codon
usage (s). When investigating the
function of mRNA secondary struc-
ture without considering the effect
of codon usage, an equal rate for all
codons is used (0.12). When
investigating the combined effect of
mRNA secondary structure and
codon usage, the value of «,4;
depends on codon’s tAl (various).

Dwell time at a codon caused by
mRNA secondary structure (s).
Various means that the value depends
on the PP of the codon.

The length of the region constrained by
a ribosome (nt).

Translocation time (s). Translocation
time is equal to the running time that
a ribosome moves from the current
codon to the next.

Kpp Various

L 42

T Constant

studies based on ribosomal density or codon usage
(39,48), we set an equal rate for all mRNAs to
exclude the effect of initiation rate on ribosomal
density.

2) Termination rate (8): Termination process is assumed
to be fast compared with other processes (e.g. elong-
ation) (49). Therefore, the effect of termination was
neglected. A constant rate (0.1s) was used for all
mRNAs.

3) Elongation rate (x): Elongation rate is determined
by codon usage and mRNA secondary structure.
The dwell time at a codon caused by codon usage
(k.47) was calculated as follows. First, the relative

adaptiveness values of 64 codons (w, Supplementary
Table S1) were calculated according to the work of
dos Reis et al. (47). Then, k;4; of each codon was
obtained by Equation (3).

_ l/wk
T max(1/wi,...,1/w,)

A3)

Kear

where wy is the adaptiveness value of codon k. In
particular, 1/w of the codon CGA is very large
(Supplementary Table S1) compared with others.
Therefore, this codon was excluded when we calculated
k47 of each codon. k,4; of this codon was set to be
equal to the maximum value of «,4 (1.0, Supple-
mentary Table S1). In addition, when investigating
the functions of mRNA secondary structure without
considering the effect of codon usage, the values of
k.47 for all codons are equal and set to 0.12 (Table 1).

It is not feasible to estimate the dwell time at a codon
caused by mRNA secondary structure (k,,), we thus
introduced a simplification in our analysis. Note that
there are many identical mRNAs expressed at the same
time in the same cell. PP at codon i (averaging PPs of the
three sites of codon i) can be treated as the proportion of
identical mRNAs whose sites at codon i are paired.
Therefore, higher PP at codon i indicates that ribosomes
unwind base pairings of this codon with a lower rate on
average (averaging rates at codon 1 of all identical
mRNAs). With this simplification, we assume that «,, of
a codon is equal to the PP of the codon. Here, we did not
calculate the PP of a codon directly during translation
(because this requires massive computational effort), but
set it to be equal to the mean PP of the codons present in
the region between adjacent ribosomes, which was
estimated based on the fitting of ribosomal distance and
PP,y (Figure 3). Moreover, we showed that the variation
of mF strength against ribosomal distance is not position-
specific (Supplementary Figure S4) and sequence-specific
(Figure 3). Therefore, «,, at different codons in different
mRNAs was estimated based on the same pattern shown
in Figure 3 (also listed in Supplementary Table S2). In
addition, if ribosomal distance is longer than 200 nt, we
assume that the two ribosomes cannot hinder the folding
of the region between them. In this case, «,, at a codon is
equal to the PP of the codon without ribosomal con-
straint. In summary, «,, was calculated by Equation (4).

| PP(d) if ribosomal distance < 200 nt
PP PPy if ribosomal distance > 200 nt

“

where PP(d) indicates that PP was calculated based on
ribosomal distance. PP, refers to the predicted PP
without ribosomal constraint.

Together, the elongation rate (k) at a codon is
determined by Equation (5).

k = max(Waz - Krar, Wpp - Kpp) )

where w,4; and wpp are the weights for «,4; and «,,
respectively. Note that unwinding base pairings and
waiting for tRNA occur at two different codons
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(Figure 2). The distance of the two codons was set to 21 nt
(L/2) in our analysis (32).

4) Translocation rate (7): During simulation, transloca-
tion rate was set to be equal to the running time that
a ribosome moves from the current codon to the next
codon. The time is very short (Supplementary Figure
S5) and thus treated as ‘constant’.

Estimation of parameters

For each mRNA, we simulated translation processes of 60
ribosomes. Generally, translation arrives at the steady
state (the number of ribosomes on mRNA remains un-
changed, Supplementary Figure S6) when the 10th
ribosome detaches. We estimated parameters by averaging
the values of 11 ribosomes (from the 30th to 40th ribo-
somes, Supplementary files: Para.pl and Pause.pl). The
parameters are number of ribosomes per mRNA,
distance between adjacent ribosomes, mean dwell time at
each codon (averaging the values at the same position of
mRNAs), the time that a ribosome completes a translation
cycle (translation time), mean elapsed time after initiation
(elongation time, averaging the values at the same position
of mRNAs), pause sites and percentage of collision sites
per mRNA and flag at each codon (averaging the values at
the same position of mRNAs). Here, we used a flag to
record whether mRNA secondary structure is used
during elongation. If mRNA secondary structure deter-
mines the rate at a codon (w.q - k.4 < wpp - kpp), the
flag at this codon is set to 1, and if the determinant is
codon usage (w,4; - k147 > Wpp - kpp), the flag is set to 2.

Calculation of the correlation

All correlations reported in this study are Spearman’s
rank correlations.

RESULTS

Regulation on ribosomal distance through the variation of
mF strength

There is a significant positive correlation between pre-mF
strength and ribosomal density when controlling for
sequence length [p(PP, ribosomal density | sequence
length) = 0.10, P =4.8x107°, Supplementary Figure
S7], indicating that mRNA secondary structure can
shorten the distance of the ribosomes in structural
regions. During translation, ~30% of coding regions are
covered by ribosomes (45,49). The pattern of mRNA
folding during translation is significantly different from
that without ribosome binding (50-52) (Supplementary
Figure S8). To date, the way in which pre-mF strength
affects ribosomal distance during translation remains
elusive. To address this question, we simulated the trans-
lation processes of CDSs by setting an equal initiation
rate. An equal rate was used to exclude the effect of
initiation rate on ribosomal density (22), which notably
influences ribosomal distance (high ribosomal density is
sufficient but not necessary for short ribosomal
distance). Moreover, to exclude the effect of codon
usage, the rates for all 64 codons were set to be equal.
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Figure 4. mRNA secondary structure shortens ribosomal distance. (A)
Correlation between the number of ribosomes and pre-mF strength. (B)
Correlation between ribosomal distance and pre-mF strength. (C) Mean
dwell time at each codon. R1 and R3 indicate the mean dwell time
(averaging the values of all mRNAs) of the first and third ribosomes at
each codon, respectively. R3 shows translation pattern of the ribosomes
when translation does not reach steady state. R_mean indicates the
mean dwell time at each codon during steady state. (D) Ribosomal
distance decreases over time. (E) The variation of the percentage of
mRNAs with ribosomal collisions against elongation time during
steady state.

The main parameters required for simulation are listed
in Table 1. We calculated the number of ribosomes on
mRNA and the distance between adjacent ribosomes
when translation reaches the steady state. Consistent
with previous studies based on the data of ribosomal
profiling (15), when considering structural dynamics
during translation, we also found a positive correlation
between the number of ribosomes per mRNA and
pre-mF strength (p = 0.41, P<2.2x 107", Figure 4A).
More importantly, there is a strong negative correlation
between pre-mF strength and ribosomal distance
(p=—081, P<22x10"', Figure 4B). We validated
the correlations by setting different weights for «pp.
Similar results were obtained (Supplementary Figure
S9A and B). Moreover, the results were not changed sig-
nificantly when we wused different initiation rates
(Supplementary Figure SIOA and B).

For details, we analyzed the variations of dwell time
and ribosomal distance along mRNA. We found that
the first ribosome (R1 in Figure 4C) on mRNA has
longer dwell time than following ribosomes (Figure 4C),
suggesting that following ribosomes are subject to a lower
mF strength when the first ribosome has bound to
mRNA. A lower mean mF strength (i.e. a lower value
for kpp) between adjacent ribosomes causes a higher
movement rate of the latter ribosome compared with the
rate that the former ribosome passes through this region,
thereby leading to a decrease in ribosomal distance, which
further reduces the mean mF strength of the region
between the two ribosomes (Figure 3). The process con-
tinues until the following ribosome collides with its former
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one. When only considering the effect of mRNA second-
ary structure, we found that ribosomal distance decreases
over time (Figure 4D). Notably, the percentage of
mRNAs with ribosomal collisions increases over time
(Figure 4E). Again, we considered different weights for
kpp and different initiation rates. We found that the
increase in the weight for «pp (corresponding to increase
mean mF strength) or in the initiation rate significantly
decreases ribosomal distance (Supplementary Figures S9C
and S10C) and increases the probability of ribosomal col-
lisions (Supplementary Figures S9D and S10D). Taken
together, our results revealed that mRNA secondary
structure shortens ribosomal distance through the vari-
ation of mF strength during translation.

The effect of the location of mRINA secondary structure

Based on our model, the simulation of translation process
revealed how pre-mF strength affects ribosomal distance.
To investigate the effect of the location of mRNA second-
ary structure, we ran a simulation on an artificial sequence
of 600 nt. Because the effect of codon usage was not con-
sidered, the codons of the sequence were generated
randomly based on their genomic frequencies. A sliding
window with a length of 100 nt and a step of 3 nt was used
to specify the structural region (Figure 5A), where PPs
at all sites were set to 0.5 (other PPs were also tested,
Supplementary Figure S11). We applied our model to
this sequence with wpp = 1.0 (a higher weight for «pp
was used to make the pattern more obvious). The other
parameters are listed in Table 1. In addition, we ran a
simulation with wpp = 0 to obtain the mean ribosomal
distance when no structure exists within the sequence,
which was used as control. We found that mean ribosomal
distance varies significantly when changing the position of
mRNA secondary structure. Longer ribosomal dis-
tance was observed when the structure is in 5 regions.
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Figure 5. Effect of mRNA secondary structure at different positions.
(A) The sliding structural region on an artificial sequence. The paired
sites are indicated by gray lattices (each lattice represents a site). The
PP of paired site was set to 0.5. (B) The variation of ribosomal distance
during steady state when mRNA secondary structure is located in dif-
ferent regions. The distance without considering the effect of secondary
structure is indicated by dashes. (C) Comparison of normalized PARS
scores at the end of CDSs between the two groups with ribosomal
densities at the top and bottom 30%. PARS score at each site was
normalized by the mean score of CDS. RD, ribosomal density.

In particular, the distance is longer than the control if
the structure is located at the head of the sequence,
which supports the hypothesis that mRNA secondary
structure at the beginning of CDS decreases the probabil-
ity of ribosomal traffic jams (21). The mean ribosomal
distance decreases notably when the structure moves
toward the tail of the sequence (Figure 5B). Similar
results were obtained when different PPs in structural
region were used (Supplementary Figure S11). The
results based on the artificial sequence raise the possibility
that increased pre-mF strength tends to emerge at the end
of sequence to meet the requirement for a high level of
ribosomal density. When analyzing the association
between the experimentally determined data of ribosomal
density (36) and mean PARS score, we found a significant
difference in pre-mF strength at the end of CDS (Wilcoxon
test, P =0.02) between the two groups with ribosomal
densities at the top and bottom 30% (Figure 5C).

The effect of codon usage

When only considering the effect of mRNA secondary
structure, as reported earlier, we found that mRNA sec-
ondary structure can cause a high frequency of ribosomal
collisions if translation time is long enough (Figure 4). The
collision should be avoided because ribosomal traffic jam
might lead to premature termination of translation or pro-
longed elongation time, increasing the translational cost.
When simulating translation process using the parameters
in Table 1 (k;4; = 0.12), we found that the mean value
of the flag (see ‘Materials and Methods’ section) increases
obviously with the decrease in ribosomal distance
(Figure 6A), suggesting that codon usage becomes the de-
terminant of elongation rate when ribosomal distance is
short (Figure 6A). This result raises the possibility that the
effect of codon usage can prevent the collisions caused by
mRNA secondary structures.

To test this possibility, we simulated translation process
by considering the effect of codon usage (k.4 = various,
Table 1). Moreover, we classified all mRNAs into five
groups (G1-G5) according to their pre-mF strength
from high to low. In this case, mRNAs in the same
group have similar pre-mF strength. For each group,
mRNAs were also divided into five subgroups (T1-T5)
based on their tAl from low to high (~320 mRNAs in
each subgroup). We found that the percentage of collision
sites per mRNA increases with the increase in tAl (from
T1 to T4 and Figure 6B), suggesting that low tAl codons
can decrease the probability of the ribosomal collisions
caused by mRNA secondary structures. We reasoned
that when two adjacent ribosomes are close enough,
mRNA secondary structures between them disappear,
and codon usage determines the elongation rate (Figure
6A). Unlike mRNA secondary structure, codon usage
does not significantly decrease ribosomal distance
(Supplementary Figure S12). Besides, the lower the tAl,
the higher the probability that codon usage determines the
rate [Equation (5)]. Therefore, the probability of the col-
lisions caused by mRNA secondary structures is lower in
those mRNAs with lower tAI.
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Figure 6. Effect of codon usage. (A) The variation of the mean value
of flag against ribosomal distance. The mean value of flag increases
sharply with the decrease in ribosomal distance when the distance is
<30nt. If the value is <1.5 (below the red dashes), mRNA secondary
structure determines elongation rate. If the value is >1.5, indicating
that most of mRNA secondary structures disappear, codon usage de-
termines elongation rate. (B) All mRNAs were classified into five
groups (G1-G95) based on their pre-mF strength from high to low.
For each group, mRNAs were classified into five subgroups (T1-T5)
based on their tAl from low to high (see text).

Moreover, in all groups, we found that mRNAs in TS
have a lower probability of collisions compared with those
in T4. A possible reason is as follows. If the tAl of an
mRNA is high (T5 in Figure 6B), the dwell time caused by
codon usage is low and ribosomes pass through non-struc-
tural regions rapidly on average (averaging the rates in all
non-structural regions of mRNA). In this case, the effect
of codon usage can partly counteract the negative effect
(decreasing elongation rate) of mRNA secondary struc-
ture, thus mRNAs in TS5 have a higher elongation rate
compared with those in T4, leading to a lower ribosomal
density and hence lower probability of ribosomal colli-
sions (Figure 6B).

The way in which mRNA secondary structure affects
translation efficiency

mRNA is a single-strand molecule with a strong potential
to fold back on itself if no ribosome binds to it. Although
mRNA secondary structure slows down translation elong-
ation, a considerable number of mRNA secondary struc-
tures are kept in highly expressed mRNAs during
evolution (24,27,29,30), suggesting an important role
of mRNA secondary structure during translation. The
results in previous subsections raise a hypothesis (Figure
7A) describing how mRNA secondary structure affects
translation efficiency through structural dynamics. We
propose that high pre-mF strength leads to a short ribo-
somal distance (Figure 4), which in turn significantly de-
creases the mF strength during translation. In particular,
mRNA secondary structures disappear if translating
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Figure 7. Correlation between pre-mF strength and translation time.
(A) A schematic illustration of the effect of mRNA secondary structure
on translation efficiency. We propose that high pre-mF strength leads
to a short ribosomal distance, which in turn eliminates the effect of
mRNA secondary structure during translation (see descriptions in the
‘Results” and ‘Discussion’ sections). (B) Mean ribosomal distance at
different initiation rates. (C) Correlation between pre-mF strength
and the mean value of flag (averaging the value of flag at all sites of
mRNA). A positive correlation is observed when ribosomes are close
(corresponding initiation rate = 2, 3, 4 or 55), suggesting that high pre-
mF strength leads to a less use of mRNA secondary structure during
elongation. (D) Correlation between pre-mF strength and translation
time/sequence length. A negative correlation indicates that high pre-mF
strength leads to high translation efficiency.

ribosomes are close enough. In this case, codon usage
becomes the determinant of elongation rate, and the
negative effect of mRNA secondary structure (decreasing
elongation rate) is negligible. In contrast, ribosomes on
the mRNAs with lower pre-mF strength are more
distant, and hence, a higher fraction of mRNA regions
can fold into secondary structures during translation.
The effect of mRNA secondary structure cannot be neg-
lected. Therefore, higher translation efficiency is observed
in the mRNAs with higher pre-mF strength compared
with that in the mRNAs with lower pre-mF strength.
We tested this hypothesis by running a series of simu-
lations with w,4; = 2.0 (a higher weight for «,4; was used
to decrease the probability of the collisions caused by
mRNA secondary structures) and different initiation
rates. x,4; was set to 0.12. We used a flag to estimate the
usage of structures during elongation (see ‘Materials and
Methods’ section for details). We found that there is a
negative correlation between the value of flag and pre-
mF strength when ribosomal distance is long (correspond-
ing to a low initiation rate: 8, 7 or 6s. p<—0.4, P < 10713,
Figure 7B and C). Surprisingly, the correlation becomes
positive when ribosomes are close (corresponding to a
high initiation rate: 2, 3, 4 or 5s. p>0.1, P<10_15,
Figure 7B and C), suggesting that high pre-mF strength
leads to a less use of mRNA secondary structure during
elongation when ribosomal distance is short. Moreover,
we calculated the correlation between translation time
and pre-mF strength. Consistent with our hypothesis, we
found a positive correlation between translation time and
pre-mF strength when initiation rate is low (Figure 7D),
whereas the correlation becomes negative when initiation
rate = 2 or 3s. Overall, the results support our hypothesis



4820 Nucleic Acids Research, 2014, Vol. 42, No. 8

that mRNAs with high pre-mF strength have high elong-
ation rates because high pre-mF significantly shortens
ribosomal distance, which in turn eliminates mRNA
secondary structures during translation.

DISCUSSION

mRNA accommodates numerous regulatory signals
delineated along the protein coding regions in an intricate
overlapping manner (22,53). These signals, such as codon
usage bias and mRNA secondary structure, are all known
to modulate protein synthesis. Although the functions of
the individual signal have been investigated extensively by
previous studies (7,23,32,38,39,54-57), how these signals
combine to affect translation efficiency remains elusive.

In the current study, we used a computational model to
investigate the effect of mRNA secondary structure during
translation. Our model takes into consideration the inter-
actions among translating ribosomes, codon usage and
mRNA secondary structures. In particular, for the first
time, our model allows us to analyze the structural
dynamics during translation. The simulation of transla-
tion based on our model revealed that mRNA secondary
structure shortens ribosomal distance through the vari-
ation of mF strength. Moreover, we found that low tAl
codons can decrease the probability of the ribosomal
collisions caused by mRNA secondary structures when
ribosomal distance is short. Based on these results, we
explained how structural dynamics affect translation
efficiency.

Why is high pre-mF strength favored? mRNA second-
ary structure blocks the migration of ribosomes, thereby
decreasing elongation rate. For highly expressed mRNAs,
mRNA secondary structures should be eliminated to meet
the requirement for a high level of elongation rate.
However, removing all non-functional structures by
natural selection is difficult. First, because there is a
tendency to increase the frequency of the codons with
high translation efficiency (so-called optimal codons) in
highly translated mRNAs. Increase in optimal codon
usage leads to an increase in pre-mF strength
(Supplementary Figure S13). Second, mRNA is a single-
strand molecule with a strong tendency to fold back on
itself, making it impossible to prevent the mRNA from
folding into secondary structures. Because removing all
non-functional structures is difficult, another strategy,
increasing pre-mF strength, is used to eliminate mRNA
secondary structures during translation. Together, these
findings explain why highly expressed mRNAs have
undergone stronger natural selection for high pre-mF
strength than infrequently expressed mRNAs (35).

There are many factors affecting ribosomal distance.
In particular, increase in the initiation rate or the fre-
quency of non-optimal codons greatly increases ribosomal
density, thus significantly decreasing ribosomal distance.
Why is high pre-mF strength required for a short riboso-
mal distance? The possible reasons are as follows. On one
hand, the availability of free ribosomes is limited, making
it difficult to significantly increase initiation rate (41). On
the other hand, high initiation rate is not sufficient for

short ribosomal distance. A lower elongation rate is
also required [reviewed in ref (22)]. In addition, although
both non-optimal codon and mRNA secondary structure
can decrease ribosomal distance, non-optimal codon will
decrease translation accuracy and efficiency. Importantly,
non-optimal codon affects all translating ribosomes, while
mRNA secondary structure usually decreases the rate of
the first several ribosomes. mRNA secondary structures
disappear when ribosomes are close (Supplementary
Figure S14).

Although our model enables us to investigate the effect
of structural dynamics during elongation, there are many
simplifying assumptions. For instance, to develop the
translation model, we first investigated the relationship
between ribosomal distance and mF strength by predicting
mF strength under the constraints of ribosomes that were
assigned on mRNAs randomly. Note that the predicted
PPs during translation for single mRNA might be differ-
ent from the PPs in vivo. To decrease the estimation error
of PPy given a specific ribosomal distance, we calculated
the mean value of PPy (see ‘Materials and Methods’®
section) by averaging the values with same ribosomal
distance. In addition, the length of the region constrained
by a ribosome during translation is unclear. In reality, the
true length might be longer than 42 nt that we used in our
analysis (58). Therefore, the ribosomal distance, which ef-
ficiently eliminates mRNA secondary structures during
translation, might be reached more easily. Our model
also did not distinguish between functional structures
and other structures. Functional structures refer to
those involved in co-translational regulations, such as
co-translational folding of proteins and ribosomal frame-
shifts. Generally, functional structures are necessary for
translation, thus they will not disappear during transla-
tion. In our model, it is difficult to retain the folded con-
formations for functional structures due to the constraints
of ribosomes, especially for those in highly translated
mRNAs. Therefore, it is worth investigating how these
functional structures are maintained during elongation,
probably involving the interaction between codon usage
bias and mRNA secondary structures (e.g. a cluster of rare
codon is assigned before a functional structure).
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Supplementary Data are available at NAR Online.
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