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Abstract

Synonymous mutations in messenger RNAs (mRNAs) can reduce protein–protein binding substantially
without changing the protein’s amino acid sequence. Here, we use coarse-grain simulations of protein
synthesis, post-translational dynamics, and dimerization to understand how synonymous mutations can
influence the dimerization of two E. coli homodimers, oligoribonuclease and ribonuclease T. We synthe-
size each protein from its wildtype, fastest- and slowest-translating synonymous mRNAs in silico and cal-
culate the ensemble-averaged interaction energy between the resulting dimers. We find synonymous
mutations alter oligoribonuclease’s dimer properties. Relative to wildtype, the dimer interaction energy
becomes 4% and 10% stronger, respectively, when translated from its fastest- and slowest-translating
mRNAs. Ribonuclease T dimerization, however, is insensitive to synonymous mutations. The structural
and kinetic origin of these changes are misfolded states containing non-covalent lasso-entanglements,
many of which structurally perturb the dimer interface, and whose probability of occurrence depends on
translation speed. These entangled states are kinetic traps that persist for long time scales. Entangle-
ments cause altered dimerization energies for oligoribonuclease, as there is a large association (odds
ratio: 52) between the co-occurrence of non-native self-entanglements and weak-binding dimer conforma-
tions. Simulated at all-atom resolution, these entangled structures persist for long timescales, indicating
the conclusions are independent of model resolution. Finally, we show that regions of the protein we pre-
dict to have changes in entanglement are also structurally perturbed during refolding, as detected by
limited-proteolysis mass spectrometry. Thus, non-native changes in entanglement at dimer interfaces is
a mechanism through which oligomer structure and stability can be altered.
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Introduction

Oligomerization, the process of assembling
multiple macromolecules into dimers and higher-
order oligomers, is necessary for most proteins to
function.1 These functional oligomeric assemblies
require the correct type, number, conformational
state, and orientation of each constituent protein
monomer.2,3 For example, the monomers compos-
ing the active tetrameric forms of b-galactosidase4

and hemoglobin5 do not function efficiently on their
own. An analysis of 452 human enzymes found
roughly one-third (141) to be monomeric, one-third
to be homodimers (125), and the remaining third
to be heterodimers or higher order oligomers.6 Just
as the native structures of proteins represent their
minimum free energy structure at equilibrium, ther-
modynamics is also thought to dictate the structural
ensemble of oligomeric complexes. From this ther-
modynamic perspective, the initial conditions and
history associated with a system have no long-
term effect on its behavior, meaning that the influ-
ence of translation-elongation kinetics should be
irrelevant to the structures a dimer adopts.
Contrary to this prediction, experiments have

revealed that changes to the speed of protein
translation can perturb post-translational
oligomerization and protein function over
biologically long timescales, indicating a role of
kinetics and changes in co-translational
processes. For example, when the sub-optimal
codon usage in the frq gene encoding the FRQ
circadian clock protein in N. crassa is “optimized”
by replacing rare codons with common
synonymous codons that tend to be translated
faster, it binds 60% less to the WC-2 protein even
after controlling for soluble expression level
changes. This decrease in affinity effectively
abolishes N. crassa’s circadian rhythm measured
over the course of multiple days.7 Thus, synony-
mous mutations can change the structure and func-
tion of protein complexes and cause phenotypic
changes in organisms.
Recent studies8,9 have suggested a mechanism

by which synonymous mutations can alter mono-
meric protein enzyme structure and function, and
how these changes can persist in the presence of
the proteostasis machinery – such as chaperones
and the proteasome – that evolved to fix or remove
misfolded proteins. These studies indicate that
long-livedmisfolded states are self-entangled, lead-
ing to reduced structure and function. Many of these
entangled structures resemble the native state and
thus can evade chaperones, avoid aggregation,
and fail to be degraded, allowing them to remain sol-
uble but less functional on timescales ranging from
seconds to months or longer. The partitioning of
nascent proteins into such soluble but self-
entangled conformations has the potential to
explain how changes to translation kinetics can dis-
rupt oligomer formation for long time periods.

Here, we use coarse-grain and all-atom
molecular dynamics simulations to understand the
structural origin of altered dimerization when
synonymous mutations are introduced into a
protein’s mRNA template. Because FRQ is an
intrinsically disordered protein10 whose binding
interface and structure are unknown, we instead
study the dimerization of two globular, cytosolic
E. coli homodimers – oligoribonuclease and ribonu-
clease T – after synthesis from their wildtype,
fastest-translating synonymous variant, and
slowest-translating synonymous variant mRNA
sequences. We chose these proteins on the basis
that they are small, related, single-domain homod-
imers with high-resolution X-ray structures available
of the full-length protein. Ribonuclease T folds rela-
tively quickly and the speed of translation has no
discernible influence on its ability to dimerize. On
the other hand, the dimerization of oligoribonuclese
(which shares the same RNase H-like topology as
ribonuclease T) does depend on the mRNA variant
from which it is synthesized. In the following, we
identify a molecular origin for this phenomenon,
show the results are robust to changes in model
resolution, explain why the mechanism we identify
is likely to be widespread across the proteome,
and find Limited Proteolysis Mass Spectrometry
data on global refolding reactions are consistent
with the computationally observed entangled
states.

Methods Summary

Full details of the coarse-grain model, coarse-
grain and all-atom simulations, data analyses, and
experiments are provided in the Supplementary
Information. Briefly, we employed a previously
published G!o-like coarse-grain methodology in
which each amino acid is represented by a single
interaction site. Ribosomal RNA is represented
with one bead each for the ribose, phosphate, and
pyrimidine nucleobases and two beads for purine
nucleobases.9,11–13 Each protein monomer is syn-
thesized one amino acid at a time inside the riboso-
mal exit tunnel. The dwell time at each nascent
chain length during simulated translation is taken
from the Fluitt-Vilijoen model14 for E. coli. Themean
dwell times for each codon within this model were
rescaled to produce an overall average elongation
rate equivalent to 20 aa/s adjusted to account for
the accelerated timescale of dynamic processes in
the coarse-grain model.13 This procedure results
in an overall in silico mean translation time of
12.6 ns. Predicted fastest- and slowest-translating
synonymous variant mRNAs were generated for
oligoribonuclease and ribonuclease T by replacing
each codon in their wildtype sequences with the
codon predicted by the Fluitt-Viljoen model to be
the fastest- or slowest-translating synonymous
codon, respectively (see Supplementary Informa-
tion for more details). After translation is complete,
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the full-length nascent chain is released from the
ribosome and 5 ls of post-translational dynamics
simulated with the ribosome removed. Annealing
simulations were carried out for random pairs of
final structures from post-translational dynamics to
generate dimer structures for interaction energy cal-
culations. Hamiltonian (umbrella sampling) Replica
Exchange15,16 simulations were run for representa-
tive annealed structures and WHAM17,18 was
employed to construct the potential of mean force
of dimerization as a function of the interface
center-of-mass distance.
To identify non-covalent lasso entanglements, we

utilize Gaussian linking numbers.19 Entangled
structures were clustered by a leader algorithm.20

To assess whether entanglements correlate with
the decrease in binding energy, we compute the
conditional probability (odds ratio) of these two
events co-occurring. Fisher’s Exact Test was
applied to evaluate the significance. Metastable
state analyses were performed using the Markov
state model and clustering algorithms implemented
in the PyEmma package.21 The solvent-accessible
surface area of segments of residues was com-
puted using Eq. 16 from ref.9.
For all-atom simulations, the backbone and

sidechain atoms of selected structures were
rebuilt with PD222 and Pulchra.23 The back-
mapped structures were solvated in TIP3P24 water
and neutralized by Na+ and Cl- counter-ions before
adding 0.15-M sodium chloride to mimic the salt
concentration inside the cell.25 Simulations were
performed with GROMACS 201826 using the
AMBER99SB-ildn forcefield.27 These computa-
tional techniques are summarized in Figure 1.
For experiments, E. coli K12 cells were grown in

two different sets of MOPS media then cultured
cell pairs were mixed together before lysis. Native
extracts were prepared by cryo-milling cells into
20 mM Tris-HCl (pH 8.2), 100 mM NaCl, 2 mM
MgCl2, a portion of which was subject to global
unfolding (in 6 M guanidinium chloride) and
refolding (by 100-fold dilution). Limited proteolysis
with proteinase K for 1 min was used to
structurally probe proteins in their native and
refolded forms. The Proteome Discoverer
Software Suite was used to sequence peptides
and perform label free quantification (LFQ).

Results

Synonymous mutations alter
oligoribonuclease’s post-translational
structural ensemble and ability to dimerize. To
test if oligoribonuclease’s ability to dimerize is
perturbed by synonymous mutations we simulated
its synthesis from mRNAs corresponding to its
wildtype coding sequence, a slow-translating
synonymous mRNA sequence composed of non-
optimal codons, and a fast-translating

synonymous mRNA sequence composed of
optimal codons (Figure 2a, b). After synthesis, we
simulated the release of oligoribonuclease from
the ribosome followed by 5 ls of post-translational
dynamics (the equivalent of approximately 20 s in
real time13). We find that oligoribonuclease exhibits
structural differences in its post-translational folding
dynamics dependent on whether it was translated
from the wildtype, fast-translating, or slow-
translating mRNA sequences (Figure 2c). The
slow-translating mRNA produces a monomer struc-
tural ensemble with a higher average fraction of
native contacts (Q ¼ 0:89, 95% CI: [0.87, 0.90],
computed from bootstrapping 106 times, where Q
only considers intra-monomer contacts) relative to
the wild-type mRNA (Q ¼ 0:86; 95% CI: [0.85,
0.88], 106 bootstraps) 5 ms after ribosome release.
The ensemble of minimum energy dimeric
structures from temperature annealing simulations
(Figure 1c), reveals that this increase in native
structure results in a more favorable dimer interface
interaction energy of"64.1 kcal/mol (95%CI [-65.7,
"62.4], 106 bootstraps) for the slow mRNA synthe-
sis products compared to dimers produced from the
wildtype mRNA of "58.3 kcal/mol (95% CI [-60.3,
"55.9], 106 bootstraps). The difference between
these interaction energies is significant
(p ¼ 2x10"5, permutation test 106 iterations). The
average dimer interaction energy of"60.5 kcal/mol
(95%CI: [-62.5,"58.4], 106 bootstraps) for the fast-
translating mRNA is also different in comparison to
the slow-translating mRNA (Figure 2d). These
results demonstrate that oligoribonuclease’s post-
translational dimerization affinity is affected by
changes in translation-elongation speed.
Dimerization of ribonuclease T is not

influenced by synonymous mutations.
Ribonuclease T’s post-translational structural
ensemble (Figure 2e-g) and dimerization
interaction energy are not dependent on the
translation schedule of the mRNA that encodes it
(Figure 2h). No statistically significant differences
are found between the average interface
interaction energies of the dimer ensembles
generated from the wildtype, fast-translating, or
slow-translating mRNAs.
Oligoribonuclease, but not ribonuclease T,

frequently populates self-entangled states that
involve interface residues. Recent
computational studies predict that misfolded
proteins often contain entanglements that form
long-lived, native-like kinetic traps.8,9 In entangled
protein structures, a segment of residues forms a
loop (closed by a native contact) through which
another segment of residues threads (Figure 3a).28

Mathematically, entanglements within a protein
structure can be detected as a change in the Gauss
linking number, g i ; jð Þ, of the native contacts relative
to the folded state (see Methods and Eq. (4)-(6)).
This metric of protein structure is topologically
invariant29 and describes how segments of the

P.D. Lan, D.A. Nissley, I. Sitarik, et al. Journal of Molecular Biology 436 (2024) 168487

3



protein are intertwined together in space (see
Figure S7).
We identified various entanglements in

structures of oligoribonuclease that cause
disruptions relative to the native state (Methods).
Representative structures of two frequently
occurring entanglements, in which residues 96–
102 or residues 125–129 thread through a loop,
are displayed in Figures 3b-e, and schematic
representations are shown in Figures 3g and h.
Entanglement can occur in an isolated monomer
(Figure 3b), in one monomer that forms part of a
dimeric complex (Figure 3c), or in both
monomers within a dimer (Figures 3d,e). Each of
these entangled structures is very similar to the

native structure; for example, the entangled
dimer structure shown in Figures 3d and 3e
has % 3-"A Ca RMSD from the native state
(Figure 3i). The high similarity of these entangled
conformations to the native state suggests that
they may remain soluble and evade proteostasis
quality controls.9 Despite being well-folded overall,
entanglements can structurally perturb the dimer
interface. In the case of the entanglement of resi-
dues 125–129 in Monomer A, misplacement of a
loop segment disrupts the formation of a b-sheet
at the dimer interface (Figure 3j). This suggests
that changes in dimer interaction energy could
be caused by entanglements perturbing the dimer
binding interface.

Figure 1. Simulating protein dimerization and entanglement at multiple resolutions. (a) Side (left) and top
(right) views of the coarse-grained 50S E. coli ribosome cutout (filled spheres) used in our simulations superimposed
over the entire all-atom 50S subunit (transparent) from PDB ID 3R8T. Ribosomal RNA and protein are displayed in
grey and green, respectively. The approximate location of the ribosome exit tunnel is indicated by a blue star in the top
view. (b) Side view of a 181-residue oligoribonuclease ribosome nascent chain complex just prior to its release from
the ribosome. Note that one side of the exit tunnel was cut away for visualization only. (c) Schematic of simulation
protocol. One hundred nascent protein conformations are generated for Monomer A (purple) and Monomer B (grey).
Each monomer is synthesized one amino acid at a time using coarse-grain protein and ribosome models (represented
here by the purple/grey lines and green/grey shapes, respectively). After synthesis, the monomer is released from the
ribosome and its bulk dynamics then simulated for 5 ls. Random combinations of the final structures from bulk
dynamics are then selected from the sets of 100 Monomer A and 100 Monomer B trajectories and their lowest-energy
dimer configurations determined by temperature annealing. (d) Initial coarse grain and resulting all-atom structures of
oligoribonuclease monomer before and after back-mapping. (e) Same as (d) but for a dimeric oligoribonuclease
structure.
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Synonymous mutations alter the population
of entangled oligoribonuclease structures. To
quantify the influence of synonymous mutations
on the likelihood of entanglement in
oligoribuclease and ribonuclease T we computed
the fraction of monomers (out of 200 independent
trajectories) and dimers (out of 200 annealed
structures) that exhibit a non-native change in
entanglement for both oligoribonuclease and
ribonuclease T from their wild-type, fast- and slow-
translating mRNAs (Figure 4). We find that
ribonuclease T exhibits relatively little
entanglement (fraction entangled < 0.15) in both
its monomeric and dimeric forms regardless of the
translation-rate schedule used during its
synthesis. Statistically significant differences are
present depending on the translation schedule
used (see, for example, Figure 4c), however, the
magnitude of these population differences is small
(less than 10.5%). This suggests why

ribonuclease T’s dimer interaction energy is
insensitive to synonymous mutations – any
corresponding population changes in misfolded
states are modest and have little effect on this
protein’s ability to dimerize.
In contrast, for oligoribonuclease, the population

of conformations that display a non-native change
in entanglement is larger in magnitude and more
sensitive to changes in translation speed. For the
wildtype, fast, and slow translation schedules, the
fractions of dimer conformations with an overall
entanglement are, respectively 0.62 (95% CI:
[0.54, 0.68]), 0.51 (95% CI: [0.43, 0.57]), and 0.37
(95% CI: [0.29, 0.43], 106 bootstraps) (Figure 4c).
This trend is anticorrelated with the average dimer
interaction energies (Figure 2d) where values of
"58.3, "60.5, and "64.1 kcal/mol, respectively,
are found for the wildtype, fast, and slow mRNA
templates. These results suggest that changes in
the population of entangled states with perturbed

Figure 2. Altering translation kinetics affects the binding affinity of the oligoribonuclease homodimer. (a) 3D
structure of oligoribonuclease from PDB ID 1YTA with Monomers A and B colored light purple and grey, respectively.
(b) Mean translation time of codon positions, normalized by the average codon translation time across the 64 codons,
within the fast-translating mutant (FAST, red), wildtype (WT, yellow), and slow-translating mutant (SLOW, blue)
mRNA sequences used for oligoribonuclease simulations smoothed with a 15-codon moving average. (c) Moving
average of fraction of intra-monomer native contacts as a function of time since oligoribonuclease’s release from the
ribosome computed over all 200 trajectories (100 Monomer A + 100 Monomer B) for each mRNA. Individual time
series were first smoothed by taking the mode within a sliding 15-ns window and then averaged together across all
200 monomer trajectories. (d) Average interface interaction energy between Monomers A and B computed over 200
different random pairs of monomers after annealing as described in Methods and Figure 1c. Error bars are 95%
confidence intervals computed from bootstrapping 106 times. Brackets and asterisks indicate statistical significance of
comparisons between means determined from permutation tests with 106 samples. (e) 3D structure of ribonuclease T
from PDB ID 2IS3 with monomers A and B colored yellow and orange, respectively. (f) Normalized mean translation
time of codon positions in ribonuclease T mRNAs used in our simulations. (g) Fraction of native contacts versus time
computed from 200 Ribonuclease T trajectories for each mRNA template used. (h) Same as (d) but for interactions
between monomers of ribonuclease T. One, two, three, or four asterisks indicate p % 0.05, p % 0.01, p % 0.001, or
p % 0.0001, respectively. Fraction of native contact time series computed during simulated translation are available in
Figure S8.
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interfaces, arising from changes in translation
speed, cause the binding affinity between
monomers to be altered.
Misfolded entangled states often involve the

dimerization interface of oligoribonuclease.
Next, we asked how frequent it was for misfolded
states to have the entanglement located at the

dimer interface (see Methods and Figure 4). We
find ribonuclease T has relatively low levels of
entanglement at the dimer interface of misfolded
structures, with probabilities of less than 0.15
(Figures 4b and d). In comparison,
oligoribonuclease displays more frequent interface
entanglements in both monomer and dimer

Figure 3. Entanglements in oligoribonuclease perturb its dimer interface. (a) Entanglements occur when a
threading segment (blue) passes through a loop (red) formed by another segment of residues and closed by a native
contact (yellow). (b) Structure of oligoribonuclease Monomer B in which residues 96–102 thread through the loop
closed by the native contact between residues 31 and 41. Portions of the misfolded structure not involved in the
entanglement are displayed in gray, while the location of the threading segment in the native state is shown in dark
grey. This structure corresponds to M3 (see Supplementary Data File 1). (c) Same as (b) except in the context of a
dimeric complex after annealing (structure D4), with Monomer A displayed in cyan. (d) Structure of oligoribonuclease
dimer in which residues 125–129 of Monomer A thread through the loop closed by the contact between residues 9
and 103 (structure D5). (e) Structure of oligoribonuclease Monomer B with the same entanglement as (b) but in the
context of a dimer in which Monomer A is also entangled (structure D5). (f) Secondary structure diagram of the native
state of a monomer of oligoribonuclease. (g) Secondary structure diagram of the entanglement shown in (b), (c), and
(e). (h) Same as (g) but for the entanglement shown in (d). (i) Alignment of the Monomer A and Monomer B structures
shown in (d) and (e) to the native state structure indicates they are overall native-like with %3-"A Ca Root Mean Square
Deviation (RMSD) from the crystal structure after backmapping. (j) Left: native state dimer interface of Monomer A.
Right: interface view of the entangled structure of Monomer A from (d). Residues 125–129 of Monomer A thread
through the loop from residues 9 to 103, disrupting the formation of a b-sheet that forms part of the dimer interface.
Throughout all panels, loops, threads, and the native contact that closes the loop are colored red, blue, and yellow,
respectively. Misfolded conformations of Monomers A and B are show in cyan and silver, respectively, and native
conformations of the threading segment (as in (b)-(e)) or the overall structure (as in (i) and (j)) are shown in dark grey.
Coarse-grain structures were back-mapped to all-atom resolution to generate visualizations.
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misfolded structures (Figures 4b and d).
Specifically, misfolded dimer structures have
probabilities of entanglements located at the
interface of 0.49 (95% CI: [0.41, 0.55]), 0.38 (95%
CI: [0.31, 0.45]), and 0.26 (95% CI: [0.21, 0.32],
106 bootstraps) for the wildtype, fast-translating,
and slow-translating mRNAs, respectively
(Figure 4d). Thus, at least for oligoribonuclease,
non-native entanglements are relatively frequent
at the dimer interface.
Entanglements greatly reduce the likelihood

of strong dimer interactions. To test whether
entanglements are associated with decreased
average binding energy between monomers, we
created a two-by-two contingency table
categorizing annealed dimer structures as strongly
or weakly bound and as having an entanglement
present or not. A contingency table allows us to
compute the conditional probability of these two

events co-occurring, the odds ratio (effect size)
that entanglement and weak binding are
associated, and Fisher’s Exact Test tells us
whether the association is significant. Statistically
significant odds ratios other than 1 would establish
an association between these two phenomena.
To classify structures based on their binding

energy, we define dimer complexes with interface
interaction energy less than or equal to the Xth
percentile value from the wildtype interaction
energy distribution to be strong binding and all
others to be weak binding. Then, as a test of
robustness, we systematically vary this threshold,
X, in increments of + 5% from 5% to 95% and
compute the odds ratio and p-value for each
splitting of the data (Figure S1, Supplementary
Data File 2).
For oligoribonuclease we find the odds ratio,

where it is defined (plotted portions of Figures S1a

Figure 4. Changes in the population of self-entangled structures correlate with differences in dimer
interaction energies. (a) Fraction of monomer structures of oligoribonuclease and ribonuclease T generated by
coarse-grain synthesis, ejection, and post-translational dynamics simulations using the wildtype (WT), fast-translating
mutant (FAST), and slow-translating (SLOW) mutant mRNAs that have a gain in entanglement relative to the native
state somewhere in their structure. (b) Same as (a) but limited to the specific set of entanglements involving residues
at the dimer interface. (c) Same as (a) but computed for the dimer structures generated by annealing random pairs of
monomers. (d) Same as (c) but limited to the specific set of entanglements involving interface residues. All error bars
are 95% confidence intervals computed from bootstrapping 106 times. Brackets and asterisks indicate the statistical
significance of comparisons between means determined from permutation tests with 106 samples. One, two, or three,
asterisks indicate p % 0.05, p % 0.01, p % 0.001, respectively.
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and c), is significantly greater than 1 for a range of
thresholds. For example, at a 50% threshold, the
odds ratio is 51.9 and is statistically significant (p-
value = 1.4 & 10"9, Fisher’s Exact test; see
Supplementary Data File 2) for the slow-
translating mRNA variant. This effect size and the
consistent significance of these odds ratios
demonstrates there is a very strong association
between the presence of entanglements and the
occurrence of dimers with weak dimerization
energies.
Conversely, ribonuclease T’s odds ratio is never

statistically different than 1.0 (Figures S1b and d).
This indicates, as inferred earlier, that the modest
population of entangled structures for
ribonuclease T has no association with strong or
weak dimerization occurring.
Equilibrium potentials of mean force of

dimerization. A concern is these results reflect
only potential energy changes upon dimerization,
not free energy changes. Equilibrium binding-and-
unbinding simulations are computationally
expensive even when employing enhanced
sampling and coarse-grained protein models.
Therefore, we could only compute the potential of
mean force for dimerization for a small number of
conformations. Specifically, we selected a
representative dimer structure whose interaction
energy is closest to the median value within the
set of 200 annealed structures generated for a
given synonymous mRNA. We ran Hamiltonian
replica-exchange sampling to compute the
potentials of mean force (Eq. 3) for the process of
dimerization. For oligoribonuclease we find that
the slow variant has a greater free energy of
dimerization than the wildtype variant, indicating
slow synthesis produces more stable dimers than
the wildtype sequence (Figure S2a). For
ribonuclease T we find no difference in the free
energy of dimerization between the wildtype and
slow variants indicating invariance of the binding
strength to synonymous mutations (Figure S2b).
Thus, these results, taken together with our earlier
results reporting changes in the interaction
potential energy and the statistically significant
enrichment of entanglements at the interface of
oligoribonuclease, are consistently showing an
association between binding strength and near
native changes in self-entanglement.
Entangled states are long-lived kinetic traps.

Entangled states that are long lived can have
long-term impacts on protein structure and
function. Therefore, we quantified the lifetime of
these states in our simulations. While all
monomers of ribonuclease T fold by 0.8 ms after
release from the ribosome, some
oligoribonuclease molecules fail to fold during the
5-ms post-translational simulations regardless of
the mRNA sequence used. When synthesized
from its wildtype, fast-translating, and slow-
translating variants, respectively, 13% (95% CI

[8%, 17%]), 14% (95% CI [9%, 19%]) and 10%
(95% CI [6%, 14%], 106 bootstraps) of its
monomers do not fold correctly (see Figure S3
and Methods). We used a kinetic curve-fitting
procedure to estimate that these misfolded
populations of oligoribonuclease require between
6 and 14 ms to fold (the equivalent of
approximately 30–60 s of real time13). This indi-
cates that these entangled states are kinetically
trapped.
Entanglements persist in all-atom molecular

dynamics for up to one microsecond. To test
whether some of our results generated using a Ca
coarse-grain representation are resolution
dependent we back-mapped representative
entangled conformations of the oligoribonuclease
dimer and monomer to atomistic resolution and
simulated their aqueous dynamics for 500 ns. We
ran three statistically independent trajectories for
five different dimer starting structures and three
different monomer structures selected to
represent the entangled conformations most
frequently populated and lowest in energy (see
Methods and Supplementary Data File 1). In each
case, the entanglement present in the coarse-
grain model persists at all-atom resolution for the
duration of the 500-ns simulation. In addition to
these 500-ns simulations, we also extended the
simulations for one randomly selected dimer and
monomer structures to 1 ls and find the
entangled states persist. This is evidenced by the
time series of hGi for four representative
entanglements, one in a monomer and three in
dimers, displayed in Figure S4. Thus, the
entangled structures we observe in our coarse-
grained simulations can persist in all-atom models.
Entangled states are consistent with

experimental signatures of altered structure
populated during refolding. Previous work of
ours has found that many E. coli proteins cannot
fully refold from denatured states,30 that one reason
for this behavior is that upon attempted refolding,
some proteins populate entangled misfolded
states,9 and that proteins which are more depen-
dent on cotranslational folding tend to be less com-
petent to spontaneously refold correctly.8,31

Moreover, for some “nonrefolding” proteins, an
unfolding-refolding cycle can elicit the population
of misfolded states, including those with self-
entanglements. To test our predicted misfolded
structures we utilized previously published limited
proteolysis-mass spectrometry (LiP-MS)9,30 data
obtained from proteome-wide refolding studies con-
ducted on E. coli extracts. In these experiments, the
proteolysis profiles of native proteins (obtained
directly from cell extracts) are compared to those
from proteins that have been chemically denatured
and then refolded through a dilution jump. We have
previously shown that misfolded states populated
co-translationally can also be populated during
refolding,8,32 making it reasonable to compare our
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misfolded states to these data. Proteolytic frag-
ments that exhibit large changes in their populations
between the refolded and native samples are
indicative of regions of the protein that have altered
protease susceptibility upon refolding. Entangle-
ments can alter protease accessibility. Thus,
LiP-MS data provide a means to test the computa-
tionally predicted changes in entanglement. In the
following, we focus on peptides from oligoribonucle-
ase and ribonuclease T. We consider only peptides
that exhibit at least a 2-fold change in abundance
between the refolded (R) and native (N) samples
(i.e., log2

R
N

! "## ## ' 1) and are statistically different
between the refolded and native sample
("log10p ' 2, i.e. p < 0.01).30,31 Here, we limit our
analysis to long-lived misfolded states by consider-
ing only statistically significant changes detected
120 min after the dilution jump (see Supplementary
Data File 4 of ref. 9). At that time point oligoribonu-
clease has two peptides that show significant
changes, consisting of residues 84–94 and 166–
175, while ribonuclease T exhibits no significant
peptides (out of five peptides detected from that
protein; see Table S2). The same LiP-MS results
for oligoribonuclease were also found in a previous
study performed in a cytosol-like medium,31 and
they are moreover qualitatively consistent with our
prediction that oligoribonuclease is more likely to
populate entangled states than ribonuclease T
(Figure 4).
To make a detailed structural comparison

between our predicted misfolded states and these
LiP-MS data we identify metastable states in the
two-dimensional Log-probability surface defined
by the order parameters Q and G (Figures 5a-d,
see Methods). Both proteins contain several
metastable states with a high fraction of native
contacts involving a change in entanglement,
indicating these states are well folded but with
structural perturbations introduced by
entanglements (Figure 5). Two of the metastable
states identified for oligoribonuclease (0 and 1 in
Figures 5a and b) display increases in the solvent-
accessible surface area of residues 84–94 relative
to the native state reference simulations and
together make up 10–16% of the conformations in
the overall structural ensemble (Table S3,
Figure 5e) produced by translation of the wildtype,
fast, and slow mRNAs. Similarly, for residues
166–175, two metastable states (1 and 5) show a
statistically significant increase in the solvent-
accessible surface area and make up 65–80% of
the structural ensembles across wildtype, fast,
and slow (Figure 5f, Table S3). Additional
metastable state plots for all synonymous mutants
are shown in Figures S5 and S6. Thus,
metastable states within our entangled state
ensemble are consistent with the experimentally
observed increase in protease accessibility of both
proteolytic peptide fragments.

Ribonuclease T, on the other hand, only displays
a single misfolded metastable state across all three
variants with appreciable population (State 7, see
Figures 5c and d, Table S4). Of the five sites
identified for ribonuclease T, LiP-MS found no
significant change in protease susceptibility after
refolding; in agreement, our simulations show
small changes in solvent-accessible surface area
relative to the native state at these sites
(Table S4), with all values close to zero. This
observation is consistent with our prediction that
this protein would refold efficiently, leading to a
similar protease accessibility between the native
and refolded samples.

Discussion

Our results provide a structural explanation for
how changes in translation speed caused by
synonymous mutations can alter the ability of
soluble proteins to dimerize over long time scales.
For the homodimer oligoribonuclease,
synonymous mutations change the proportion of
protein molecules that partition into soluble,
misfolded, self-entangled conformations. These
entangled conformations weaken the ensemble-
averaged binding energy between the monomers
over long time scales. In comparison to
oligoribonuclease, ribonuclease T is largely
insensitive to synonymous mutations that alter
translation speed, with far fewer states with
entangled dimer interfaces (%15%) populated and
those that are entangled exhibiting little population
dependence on translation speed. We find that the
key entangled states identified for
oligoribonuclease persist at all-atom resolution for
long timescales. On the other hand, ribonuclease
T’s dimer binding energy does not change with the
introduction of synonymous mutations. Finally, we
used structure-based Markov State Models to
compare metastable misfolded conformations with
LiP-MS analysis of proteome-wide refolding,
finding consistency with experimental data that
indicate structural perturbation at residues 84–94
and 166–175 of oligoribonuclease. Taken
together, these computational and experimental
results suggest that oligoribunuclease frequently
populates conformations that contain non-native
entanglements, and that these long-lived
kinetically trapped states fail to fold on biologically
relevant timescales.
A commonly held assumption in the nascent

protein folding field is that slower translation will
result in more co-translational protein folding.33–37

Therefore, one would predict that any changes in
dimer interaction energy would follow the trend that
the slow-translating mRNA will result in the stron-
gest binding, followed by the wild-type and fast-
variant mRNAs of oligoribonuclease. This is not
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what we observe – we find, respectively, that slow,
fast, and wild-type mRNA variants result in increas-
ingly weaker dimer affinities. This result is explained
by both kinetic and simulation models showing the

influence of translation kinetics on co-translational
protein folding is, for some proteins, non-
monotonic. Faster translation can result in an
increased yield of correctly folded protein by

Figure 5. Predicted changes in solvent accessible surface area are consistent with LiP-MS refolding experiments.
(a) and (c) are the "LogðPÞ surfaces spanning the fraction of native contacts, Q, and change in entanglement, G, for
oligoribonuclease and ribonuclease T, respectively, across WT, fast-translating, and slow-translating variants (see
Figures S5 and S6 for results separated by variant). (b) and (d) are the resulting metastable states generated by
Markov State models for the data in (a) and (c); the native-like states are 5 and 7, respectively. (e) Structures of
oligoribonuclease in the native state and two entangled states with residues 84–94 highlighted in mauve. Percentages
are the change in solvent-accessible surface area, relative to the average from the native state simulations, of
residues 84 through 94 computed from the ensemble of structures arising from the wildtype translation schedule (see
Table S3 for confidence intervals). For entangled conformations, the loop, thread, and contact closing the loop are
shown in red, blue, and yellow, respectively (as in Figure 3). (f) Same as (e) but for residues 166–175. Note that State
5 does not contain an entanglement.
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translating quickly through protein segments that
are prone to misfolding.38,39 Is it surprising that the
wildtype sequence produces the most entangled
oligoribonuclease in our simulations? The evolu-
tionary principle of parsimony, that evolution does
not further optimize features that are already ‘suffi-
cient’, suggests that the wildtype sequence is “good
enough” under normal physiological conditions.
That is, it produces enough folded, functional pro-
tein that its codon sequence need not be optimized
to generate 100% folded, functional pro-
tein.40,41,42,43 Indeed, it is generally accepted that
faults during primary biosynthesis lead to a substan-
tial fraction of newly synthesized proteins to be
immediately degraded.44 Thus, not all wildtype
mRNA sequences have been maximally optimized
for protein folding efficiency, with many mRNAs
leading to enough functional protein so as not to
be problematic for the cell. An alternative explana-
tion based on our previous work is that although
oligoribonuclease did not fully refold from the dena-
tured state spontaneously,30 it could do so with the
assistance of GroEL/ES.31 Hence, it could be that
entangled monomers of oligoribonuclease that
emerge from the ribosome become substrates for
chaperone-mediated folding just like those that ini-
tially improperly folded after dilution from denatu-
rant. It should be noted that other entangled states
are challenging for chaperones to identify,31,32

which might place a greater onus on establishing
folding correctly during translation in those
situations.
Oligomer assembly can begin early in the life of a

protein, with some nascent chains co-translationally
dimerizing between adjacent ribosomes.1 It is
unknown how many different proteins engage in
such co-translational assembly, though it appears
to be preferred by homodimers in specific folds, par-
ticularly coiled coils.1 Both ribonuclease T and olig-
oribonuclease have a RNase-H-like fold, which was
not found by Bertolini and co-workers to be a high-
confidence co-co assembling candidate. Therefore,
in this study we chose to consider their dimerization
after their release from the ribosome only. Addition-
ally, the motivating experiments on FRQ assessed
only post-translational dimerization. Based on our
results, we speculate that co-translational interface
interaction energies are likely to follow similar
mechanisms as we have identified in this post-
translational study. Investigating how synonymous
mutations influence co-translational dimerization is
an interesting avenue of future research for sys-
tems that are likely to assemble co-translationally.
However, we point out that post-translational
assembly could be the preferred pathway for a pro-
tein like oligoribonuclease which may require chap-
erone assistance between primary biosynthesis
and dimerization due to the higher frequency of
entanglement formation during cotranslational
folding.

In summary, our results indicate that for some
proteins synonymous mutations can modulate the
amount of nascent protein that misfolds into non-
native self-entangled conformations with reduced
dimer interface interaction energies. For
oligoribonuclease, slowing down or speeding up
translation relative to its wildtype translation
schedule leads to a reduction in entanglement,
especially at the interface, leading to more stable
dimers on average. Ribonuclease T, however,
folds quickly and is less prone to misfolding, and
is therefore largely unaffected by synonymous
mutations. Finally, LiP-MS experiments and
Markov state modeling of our post-translational
data demonstrate that oligoribonuclease has
specific patterns of misfolding that may correlate
with entanglements. Taken in combination with a
recent large-scale study of entanglement in the
E. coli proteome9 and an in-depth analysis of the
influence of entanglement on enzymatic activity,8

our results support an emerging view that near-
native, entangled misfolded states are likely to be
a common phenomenon that influences a wide
range of protein functions.
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