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Abstract

Protein folding occurs on a time scale similar to peptide bond formation by the ribosome, which
has long sparked speculation that altering translation rate could alter the folding mechanism or
even the final folded structure of a protein /n vivo. Recent results have provided strong support for
this model: synonymous substitutions to codons with different usage frequency, which are often
translated at different rates, have been shown to significantly alter the co-translational folding
mechanism of some proteins, leading to altered cell function. Here we review recent progress
towards understanding the connections between synonymous codon usage, translation rate and co-
translational protein folding mechanisms.
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Introduction

Most amino acids are encoded by more than one codon. However, these synonymous codons
are not used with equal frequency. In general, common codons are translated by the
ribosome more quickly than their synonymous rare counterparts. For this reason,
synonymous common codons were historically considered “optimal” for gene expression, as
faster translation will facilitate rapid accumulation of a protein in the cell. Consistent with
this hypothesis, many highly expressed genes are enriched in common codons [1]. For genes
encoding less abundant proteins, synonymous codon usage was presumed to be essentially
“silent”, representing an evolutionarily neutral mutation of one synonymous codon for
another. Indeed, the presumption that synonymous mutations represent merely genomic
“background noise” is the basis of the widely used dN/dS calculation (the ratio of non-
synonymous versus synonymous substitutions in a coding sequence; also referred to as
Ka/Ks) for functional selection [2].

However, the longstanding focus of the effects of synonymous codon usage on protein /eve/
disregards another effect, on protein folding. Recent results have now provided irrefutable
evidence that synonymous codon usage is hon-random, and that synonymous substitutions
can significantly perturb the folding efficiency of the encoded protein, in some cases leading
to adverse effects on cell function (Figure 1). Clearly, for codons in these coding sequences,
“common” and “optimal” cannot be used interchangeably [3]. These results are shifting
attention to the specific effects on co-translational protein folding that can be achieved by
modulating local translation rate. Questions include: What codon usage is “optimal” for each
gene? Can codon usage affect the folding mechanism and/or native topology of the encoded
protein? If so, how? More broadly, of the enormous numbers of rare codons found in
naturally occurring coding sequences, which ones are most likely to impact co-translational
folding or another aspect of protein production, versus have no effect (be truly “silent”)?
Below we discuss the effects of synonymous codon substitutions on translation rate, several
recent exciting studies reporting the effects of synonymous codon substitutions on the co-
translational folding of specific proteins, and highlight other mechanisms available to
modulate the local rate of protein synthesis /in vivo.

Ribosome Structure and the Logistics of Co-translational Protein Folding

In the cell, every protein is synthesized from N- to C-terminus by a ribosome. Peptide bond
formation occurs deep within the ribosome, and the nascent polypeptide chain first passes
through the ribosome exit tunnel (Figure 2) [4,5]. The narrowness and length of the exit
tunnel (~20x100 A) significantly constrains the most C-terminal residues of the nascent
polypeptide chain to a small range of mostly extended or a-helical conformations [6,7]. The
formation of bulky tertiary structure does not begin until the nascent chain is long enough to
emerge from the exit tunnel (>35 aa), although there is evidence that the broader ‘vestibule’
near the end of the tunnel is wide enough to enable the nascent chain to fold back on itself to
make some local tertiary structure contacts [8,9]. Synonymous codon substitutions near the
5" end of a coding sequence are therefore unlikely to affect co-translational protein folding,
as very little of the nascent chain has been translated and the portion that has been
synthesized is constrained within the tunnel. Indeed, 5° synonymous codon substitutions
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instead tend to alter protein abundance, due to altered translation initiation efficiency
[10,11]. Synonymous substitutions farther within the coding sequence are more likely to
affect co-translational folding mechanisms and are the focus of this article.

Synonymous Codon Calculations and Effects on Translation Rate

The effect of a single synonymous codon substitution on absolute /n7 vivo translation rate has
proven difficult to measure directly, or predict accurately. In general, there is an inverse
correlation between codon rarity and translation rate [12,13], and codon usage frequencies
have proven useful for predicting total translation time over an entire sequence [1]. However,
there are clearly additional factors (including nutrient levels and codon context [14-17]) that
affect the rate of translation of a single specific codon, although the relative importance and
interplay between these factors is still poorly understood. For these reasons, codon usage
frequency is less predictive of translation rate for an individual codon or short region than
for an entire coding sequence. Nevertheless, the current paucity of absolute translation rate
measurements and incomplete understanding of the specific mechanisms that regulate local
translation rate has lead to the widespread use of codon usage frequency as a very
convenient (albeit limited) proxy for local translation rate.

Codon usage has been quantified in many different ways, with the underlying mathematics
designed to highlight a particular feature of interest. One of the first and most widely used
calculators was codon adaptive index (CAI), which was developed to test connections
between codon usage and expression level [1]. However, because CAl normalizes codon
usage to very common synonymous codons, it is less suited to highlight regions encoded
using less common codons. Likewise, calculators that compare absolute codon usage
(comparing the usage frequency of one codon to all other 60 amino acid-encoding codons)
are ill suited to identify synonymous codon usage differences that could affect folding
mechanisms for identical protein sequences, because rare amino acids like Cys are only
encoded by codons that are rare in an absolute sense, but one Cys codon is used more often
than the other and hence is more common in a relative sense. Other calculators, like
%MinMax [18], compare relative codon usage frequencies — the usage frequency of one
codon that encodes an amino acid versus its synonyms — and were designed specifically to
identify patterns in synonymous codon usage. %MinMax has accurately predicted the effects
of synonymous codon substitutions on co-translational folding [12]. When evaluating codon
usage calculators, it is important to keep in mind that individual codon usage signals are
extremely weak: in £. coli, even the rarest codon encoding an amino acid (AGG; codes for
arginine) still encodes >3% of all arginine residues. For this reason, in order to highlight
regions of more statistically significant clusters of synonymous rare codons the %MinMax
output is averaged over a sliding window of 17 codons.

An additional strength of calculators based only on codon usage is that this information is
readily available for all fully sequenced genomes. Although more complicated calculators
have also been developed to capture specific mechanisms hypothesized to regulate
translation rate (including tRNA concentration and demand [19-21] and the effects of
mismatch at the wobble position [22]), these calculators require additional information such
as tRNA concentrations that is currently available for only a few organisms (e.g.,
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Escherichia coli and Saccharomyces cerevisiag), and still suffer from limited predictive
power. Initially, it was hoped that ribosome profiling [23] would reveal codon-specific
effects on translation. However, the majority of profiling studies have detected only more
dramatic effects on translation rate, for example those due to amino acid starvation or
nascent chain features [24,25].

Effects of Synonymous Codon Substitutions on Protein Folding Mechanism

and Structure

One of the earliest studies of the effects of synonymous codon substitutions on protein
folding and structure was of chloramphenicol acetyltransferase (CAT) [26]. Substituting a
large cluster of rare codons within the CAT coding sequence with synonymous common
codons led to faster translation /n vitro and increased protein production compared to the
wild type coding sequence. Yet the products of this “optimized” CAT coding sequence had
lower specific activity, suggesting that when translated faster CAT adopts an alternative
conformation that is still soluble but less active [26]. More recently, several independent
studies in a range of diverse cell types have expanded upon this finding, demonstrating that
synonymous codon selection can affect the production of functional protein. For example,
“optimizing” the codon usage in the Neurospora Frequency (FRQ) coding sequence was
sufficient to eliminate circadian rhythms /n7 vivo. These rare-to-common synonymous codon
substitutions increased amount of FRQ produced [27], but also altered FRQ phosphorylation
and its trypsin susceptibility. Taken together, these results indicate that when synthesized
more quickly, FRQ folds to a different, less functional structure [28]. Synonymous codon
substitutions that impact human cell function have also been identified: ‘silent’ single
nucleotide polymorphisms (SNPs) in the human multidrug resistance 1 (MDR1) coding
sequence correlate with altered effectiveness of chemotherapeutic drugs. These substitutions
result in a gene product, P-glycoprotein (P-gp1), with altered drug transport properties and
trypsin digestion pattern, possibly due to a different folded structure [29]. These results
suggest that synonymous codon usage may play a role in the production of functional
proteins in a wide array of (possibly all) organisms, and may represent a broader underlying
mechanism for the effects of synonymous codon substitutions associated with human
diseases [30]. Of note, in each of the studies described above, altered codon usage led to an
alternative folded structure — an alternative energy minimum conformation. The ability of
these proteins to adopt distinct, stably folded structures via manipulation of their folding
pathway indicates that these proteins fold under kinetic control, rather than to a single global
energy minimum structure [31] (see Figure 3). Although proteins that fold under kinetic
control are rarely used as models of protein refolding /n vitro, a significant fraction of the
proteome exhibits this behavior [32,33], which may be a designable feature [34].

While the studies above identified rare-to-common codon substitutions that led to an
alternative, less-functional — but still soluble — structure, other synonymous codon changes
have been found that increase aggregation of the encoded protein. For example, common
synonymous codon substitutions at 57 positions in the first nucleotide binding domain
(NBD?1) of cystic fibrosis transmembrane conductance regulator (CFTR) increased the
likelihood of NBD1 aggregation, and also led to increased aggregation of full-length CFTR
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[35]. Similarly, engineering the coding sequence of firefly luciferase to contain codons
predicted to have fast translation rates led to a protein that was indeed translated faster — as
demonstrated by pulse-chase analysis — but was more prone to aggregation and had lower
specific activity [22]. More broadly, increasing the expression of low abundance tRNAs
(which often correlate with rare codons) increased the aggregation of many £. coli
cytoplasmic proteins [36], suggesting that slower translation might lead to higher folding
yields for a variety of proteins. Consistent with this hypothesis, a correlation has been
observed between translational pauses in £. coli coding sequences and protein solubility [37]

Although the genetic code is largely universal, codon usage frequencies are not. This means
that expressing a heterologous coding sequence in £. coli can lead to major changes in local
codon usage patterns and corresponding translation rates. In this scenario, the conventional
wisdom is to “‘optimize’ codon usage by converting codons that are rare in £. colito their
more common counterparts, assuming that there is everything to be gained and nothing to be
lost by translating a protein as quickly as possible. But if the goal is to optimize folding
yield rather than the number of copies synthesized, a more appropriate approach might be to
‘harmonize’ codon usage, to match the codon usage frequency patterns in the host organism
[16,38,39]. Because the translation rate in £. coliis approximately five times faster than in
eukaryotic organisms, ‘harmonizing’ may still lead to the too-rapid appearance of the
nascent chain. Consistent with this, the folding yield of some eukaryotic proteins was
enhanced by globally reducing the rate of translation in £. co/i [40]. However, synthesizing a
protein too slowly can also lead to negative effects on folding, for example by allowing more
time for the N-terminal portion of a nascent chain to form non-native interactions that lead
to misfolding and aggregation [39].

Do we now understand enough about the connections between synonymous codon usage and
co-translational folding to include synonymous codon selection as a feature of protein
design, to regulate protein folding /n vivo? This is a new area with much still to explore, but
a recent study demonstrated that selection between two alternative folded structures can be
steered by synonymous codon selection. In this case, the designed protein (YKB) consisted
of three half-domains where the N- and C-terminal half-domains compete with each other to
interact with the central half-domain [12]. YKB folding leads to one of two mutually
exclusive folded structures with distinct fluorescent properties: yellow fluorescence, if the
N-terminus wins the competition (to make YK-B), or cyan fluorescence, if the C-terminus
wins (Y-KB). Synonymous codon substitutions in the sequence encoding the C-terminal
half-domain altered the ratio of yellow to cyan fluorescence /n vivo: slow translation with
rare codons led to more N-terminal folding and hence more yellow fluorescence, whereas
faster translation with common codons leads to a more even distribution of yellow and cyan
fluorescence, closer to the 50:50 refolding yield observed /n vitro[12].

Co-translational Folding: Domain-by-Domain?

Once emerged from the ribosome exit tunnel, the nascent chain can undergo significant
folding even while its C-terminus is still tethered to the ribosome. Indeed, addition of a C-
terminal extension, to enable the natural C-terminal residues of a domain to emerge from the
ribosome exit tunnel, can enable formation of native structure, spectral properties and

Curr Opin Struct Biol. Author manuscript; available in PMC 2017 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jacobson and Clark

Page 6

enzymatic activity for the ribosome-bound nascent chain [41-43]. These results have
sparked many to wonder whether synonymous rare codons are more likely to appear 30-40
codons after an mRNA segment encoding a protein structural domain. Such a positioning
could facilitate a domain-by-domain, beads-on-a-string folding mechanism: each domain
would be granted additional time to fold just after it emerges from the exit tunnel, before the
appearance of a C-terminal domain that might lead to misfolding and aggregation. The YKB
study described above demonstrates that such positioning of synonymous rare codons can in
principle increase N-terminal folding efficiency [12]. However, for naturally occurring
coding sequences where synonymous codon substitutions have been shown to affect protein
folding (see above), no correlation has been observed between the placement of rare codons
and domain boundaries. Moreover, attempts to correlate codon usage broadly with protein
domain boundaries have not identified a clear pattern [44], perhaps highlighting an
important distinction between a possible function versus one selected through evolution.
Alternatively, these results may reflect that proximity to the ribosome surface can alter
folding of the nascent chain in unexpected ways [45]. Hence, if correlations between codon
usage patterns and protein structure do exist in naturally occurring coding sequences, these
patterns are likely much more subtle than a striking cluster of rare codons just after an
obvious structural domain. If there is not a clear domain-by-domain pattern for rare codon
usage, do we understand enough about co-translational folding mechanisms to predict in
what other positions rare codons would be most likely to affect folding mechanisms? Below
we focus on what is currently known regarding co-translational folding intermediates, and
the extent to which synonymous codon substitutions and other mechanisms could perturb
protein folding pathways.

Co-translational Folding Intermediates: Resemblance to In Vitro Refolding

What are the conformations of nascent chains once they emerge from the exit tunnel, but
before an entire structural domain has appeared? Hypothetically, if translation rate was
infinitely fast, the C-terminus of the nascent chain would be available for folding at the same
time as the N-terminus, and the energy landscape for folding would resemble the landscape
for refolding /n vitro after dilution from a chemical denaturant. In reality, the rate of
translation is much slower: /n vivo, formation of each peptide bond takes 0.05 sec for
bacterial ribosomes and 0.2 sec for eukaryotic ribosomes. This means that translation of a
protein of average length (300-400 aa) takes 18-70 s, a generous time period within which
co-translational folding can occur, particularly given that formation of stable secondary and
tertiary structure often occurs on the millisecond to seconds time scale [33,46]. Indeed,
recent FRET measurements of co-translational folding for a small five-helix bundle domain
in an efficient reconstituted /n vitro translation mixture (Agjongation = 3.6 aa/sec) showed that
formation of both a-helix secondary structure and the native tertiary structure were limited
by the rate of translation [47]. This means that altering the rate of translation can alter the
conformations populated during protein synthesis.

Intriguingly, the conformations adopted during co-translational folding need not resemble
the conformations of intermediates populated during refolding /n vitro [48-51]. Whether a
ribosome-bound nascent polypeptide chain will adopt conformations not populated during /n
vitro refolding will be affected by the topology of the native protein structure and the
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kinetics of translation, which could alter access to the energy landscape for folding. For
example, in some native protein topologies the N- and C-termini are in close proximity
(Figure 3). During in vitro refolding of full length polypeptide chains, docking of the N- and
C-terminal portions of these chains may stabilize an early folding intermediate, but this
intermediate might represent a stable kinetic trap (Figure 3, I1) and/or be prone to self-
association. In contrast, during protein synthesis it is unlikely that folding will begin from
this intermediate, as initially the N-terminus of the chain will be available for folding before
the C-terminus. The minimum energy structure for these partially synthesized chains may
instead be stabilized by non-native interactions with other N-terminal portions of the nascent
polypeptide chain, leading to the population of a folding intermediate distinct from those
populated during refolding /in vitro (Figure 3, I5). Whether a co-translational folding
intermediate will or will not resemble an /n vitro refolding intermediate will depend on the
relative stabilities of a native-like N-terminal sub-structure versus a potential non-native
folding intermediate like I,. Moreover, these partially synthesized nascent chain
conformations might be stabilized by interactions with the ribosome surface and/or
ribosome-bound molecular chaperones. Regardless of native state topology, it is
thermodynamically unlikely that N-terminal portions of a nascent chain remain in a largely
extended conformation until the C-terminus appears [46]. Note that although non-native
folding intermediates are unusual features of protein refolding /n vitro, the proteins with
folding pathways now known to be affected by changes in local translation rate (e.g., CAT;
see above) have folding mechanisms that are much more complex than typical proteins used
to study /n vitro refolding (CAT, for example, is a homotrimer, while MDR1 is a polytopic
transmembrane protein). Going forward, it will be essential to develop experimental
methods and theory to enable detailed investigations of these more complex folding
pathways,

In general, if the intermediates populated during refolding /n vitro define the only path to the
native structure, slowing down the rate of translation would only slow the rate of formation
of these folding intermediates (adopted co-translationally if energetically accessible; post-
translationally if not). If instead there are multiple routes to the native structure, then minor
shifts to the energy landscape for folding — such as increasing the time before the appearance
of the nascent polypeptide C-terminus — could alter the flux of polypeptide chains through
alternative conformations not populated during refolding /n vitro. In this way, a reduction in
local translation rate and its subsequent effects on co-translational folding can provide a
mechanism to avoid populating certain partially folded conformations and instead populate
others. The recent studies described above demonstrate that synonymous codon substitutions
can achieve such fine-tuning of folding mechanisms. As mentioned above, a much more
detailed understanding of the conformations of co-translational folding intermediates and the
interactions that stabilize them is required before we will understand these effects in detail.

Caution Ahead: Other Effects of Synonymous Codon Substitutions

It is important to note that, in addition to altered co-translational folding, synonymous codon
substitutions can affect a wide variety of other aspects of protein production [44], including
altered splicing efficiency [52], translational fidelity [53], secretion efficiency [54-56] and
mRNA half life [57]. Moreover, reducing translation rate simply to reduce expression level
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of some genes has been shown to provide a functional advantage [58,59]. Although these
effects of synonymous codon substitutions are distinct from altered co-translational folding,
many of these mechanisms also alter the amount of natively folded protein. As interest in the
effects of synonymous codon substitutions continues to expand, keeping these alternative
mechanisms in mind will be essential in order to design experiments that are capable of
distinguishing between them. Moreover, it is important to remember that many synonymous
substitutions will yield no discernable effect on the production of the encoded protein [18],
akin to positions in the protein sequence that are widely tolerant to amino acid substitutions
without significantly affecting the folding mechanism or stability of the native protein
structure.

Other Mechanisms to Control Translation Rate

Beyond synonymous codon usage, a variety of other mRNA and nascent chain sequence
features can affect local translation rate [17]. In most cases, however, these mechanisms
constrain the amino acid sequence of the encoded nascent chain and as a result represent less
versatile tools for tuning the co-translational folding of a desired protein sequence.
Currently, it remains to be determined to what extent these sequence features alter co-
translational protein folding. However, given that several of these mechanisms were
discovered only recently, it would not be surprising if additional mechanisms and effects still
remain to be discovered.

Amino acid sequences that affect translation rate

Specific amino acid sequences in the nascent protein can affect elongation rate. Ribosome
arrest peptides (RAPs), such as the SecM stall sequence, interact with specific features of the
ribosome exit tunnel during their biogenesis that transiently arrest elongation [60]. Similarly,
stretches of positively charged amino acids in the nascent chain can slow translation by
interacting with the overall negative electrostatic potential within the ribosome exit tunnel
[61,62]. In addition, proline is translated more slowly than all other standard amino acids,
due to its unusual N-alkyl group that both constrains its geometry and reduces the strength
of the nitrogen nucleophile [63]. Translation of specific proline-rich motifs has been shown
to inhibit elongation [64].

mMRNA secondary structure

Despite the inherent helicase activity of the ribosome [65], stable mMRNA secondary structure
can reduce elongation rate [66,67]. MRNA secondary structure might therefore be used to
regulate the rhythm of co-translational protein folding, for example in viral RNA [68]. It is
important to note that mRNA structure can also trigger more drastic changes in translation,
including reduced protein expression [57,69] and increased frameshifting [70].

Shine-Dalgarno (SD) sequences

Typically located ~8 nucleotide upstream of the AUG start codon in prokaryotic mRNAs,
SD sequences base pair with anti-SD sequences in 16 S rRNA to align the ribosome and
initiate translation. SD sequences can also occur within coding regions. Although their
impact on translation rate in vivo now appears smaller than previously thought [25,71],
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internal SD sequences are disfavored in £. coli coding sequences [24], possibly due to their
negative effect on translation elongation rate. Consistent with this, introducing SD sequences
within coding sequences has been shown to negatively impact protein accumulation [72].

Future Directions

The flurry of new findings described above have led to the inescapable conclusion that
synonymous codon substitutions can alter not only the folding mechanism of an encoded
protein but also its final folded structure. These results highlight a previously unrecognized
importance of synonymous codon usage for production of functional proteins. It is still
unknown what fraction of coding sequences will be affected by synonymous codon usage.
However, it is striking that a significant fraction of both prokaryotic and eukaryotic coding
sequences include statistically significant clusters of synonymous rare codons [18]. While it
is important to keep in mind that these clusters could affect an aspect of protein production
unrelated to co-translational folding, their sheer number suggests we have only just begun to
understand the contributions of synonymous codon usage to efficient protein production.

Currently, we lack molecular-level details on precisely what, specifically, synonymous
codon substitutions will change with regard to local translation rate and co-translational
folding mechanism. As a result, we still lack a predictive understanding of the connections
between synonymous codon choice and protein folding. Developing such an understanding
will require addressing significant knowledge gaps with regard to the fundamental processes
that underlie this connection, including the quantitative effect of synonymous codon
substitutions on local translation rate, the effect(s) of the ribosome on co-translational
folding, and what nascent chain sequences and native structure topologies are ideally suited
for co-translational folding, to either a native-like or non-native conformation.

In light of these results, if the goal for a designed coding sequence is the highest possible
folding efficiency, “optimizing” it by loading it up with very common synonymous codons
should be regarded with skepticism. Techniques such as “harmonizing’ codon usage and/or
adjusting bulk translation rate to more closely match the host organism might be more
effective for producing the highest yield of functional protein. Such a shift in mindset will be
needed in order to develop the new computational and experimental tools necessary to
develop a truly predictive understanding of the effects of synonymous codon usage on co-
translational folding, as well as other aspects of protein biogenesis.
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Highlights
. Synonymous codon substitutions were long thought to be ‘silent’
mutations
. In general, common codons are translated faster than rare synonyms
. Recent results show these substitutions can affect folding of the
encoded protein
. These alterations can lead to an alternative folded structure, or
increased aggregation
. Matching codon usage to the host organism can improve folding during

heterologous expression

Curr Opin Struct Biol. Author manuscript; available in PMC 2017 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jacobson and Clark Page 15

wild type coding sequence,
with rare codons (hatched area)

D NN 27777 O Wm

J on-pathway
contacts

synonymous coding sequence,
with substitutions to more common codons

B S

J aggregation-prone
conformation

Figure 1.
Effects of local translation rate on co-translational folding of the nascent chain. When

translation is slow due to synonymous rare codons (shown here; hatched area within black
mMRNA), the partially synthesized nascent chain can achieve an equilibrium or near-
equilibrium conformation that may not be kinetically accessible when C-terminal portions of
the nascent chain are translated more quickly via synonymous common codons. See Figure
3 for an energy landscape perspective of these processes.
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Figure 2.
Cross-section view of the £. coliribosome (yellow and grey represent space-filling

structures of the 30S and 505 ribosomal subunits, respectively). Shown are the position of
the P-site tRNA (blue) and the path of the bound nascent chain (green, 36 aa polyalanine
sequence) modeled through the exit tunnel to the ribosome surface. Image adapted from
[4,5].
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Figure 3.
A hypothetical folding energy landscape for a protein prone to misfolding to an

enzymatically inactive, kinetically trapped conformation /n vitro (11). In addition to the
energy landscape for the full-length, free protein, also shown are energy landscapes for short
nascent chain lengths (red to blue) when tethered to the ribosome (tan). Two specific
residues in contact in the native structure are shown as magenta filled circles; a third residue,
which forms stabilizing non-native interactions at short nascent chain lengths, is shown as an
open circle. These non-native interactions stabilize a non-native intermediate (I,) that is not
stable enough to be populated during refolding /n vitro yet represents the global energy
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minimum conformation for short nascent chain lengths. This intermediate may be stabilized
solely via interactions within the nascent chain, or by intermolecular interactions with the
ribosome surface or ribosome-bound molecular chaperones. Locally reducing the rate of
translation during the synthesis of any portion of the N-terminus of the chain will provide
additional time to populate productive, non-native folding intermediates such as I, and
avoid self-association. Conversely, accelerating the synthesis of C-terminal portions of the
chain by substituting rare codons with common synonymous codons increases the
probability of populating |1 instead of I.; i.e., the longer nascent chain length (dark blue)
will appear faster, enabling access to the 11 conformation.
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