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SUMMARY

In all genomes, most amino acids are encoded by
more than one codon. Synonymous codons can
modulate protein production and folding, but the
mechanism connecting codon usage to protein homeostasis is not known. Here we show that synonymous codon variants in the gene encoding gamma-B
crystallin, a mammalian eye-lens protein, modulate
the rates of translation and cotranslational folding
of protein domains monitored in real time by Förster
resonance energy transfer and fluorescence-intensity changes. Gamma-B crystallins produced from
mRNAs with changed codon bias have the same
amino acid sequence but attain different conformations, as indicated by altered in vivo stability and
in vitro protease resistance. 2D NMR spectroscopic
data suggest that structural differences are associated with different cysteine oxidation states of the
purified proteins, providing a link between translation, folding, and the structures of isolated proteins.
Thus, synonymous codons provide a secondary
code for protein folding in the cell.

INTRODUCTION
The genetic code is degenerate, with up to six synonymous codons encoding a given amino acid. The occurrence of synonymous codons in protein-coding open reading frames (ORFs) of
genes is not random, thus revealing the existence of evolutionary
pressure on codon choice (Hershberg and Petrov, 2008; Sharp
et al., 2010; Plotkin and Kudla, 2011; Pechmann and Frydman,
2013; Chaney and Clark, 2015). The occurrence of synonymous
codons and the abundance of the corresponding isoacceptor
tRNAs are major causes of nonuniformity in mRNA translation
(Ikemura, 1985; Buchan and Stansfield, 2007; Komar, 2009;
Pop et al., 2014; Dana and Tuller 2014; Gardin et al., 2014),

although several other factors, such as mRNA structure or the
presence of anti-Shine-Dalgarno-like sequences in bacterial
ORFs (Li et al., 2012), may also contribute (Pop et al., 2014; Ingolia, 2014). In a given organism, frequently used codons are translated more rapidly than infrequently used ones (Ikemura, 1985;
Buchan and Stansfield, 2007; Ingolia et al., 2009; Komar, 2009;
Ingolia, 2014; Dana and Tuller 2014; Gardin et al., 2014).
Nonrandom and nonuniform distribution of codons in gene
ORFs provides a unique organism-specific pattern that modulates local translation elongation rates (Clarke and Clark 2008;
Komar, 2009; Pechmann and Frydman, 2013; Chaney and Clark,
2015) and contributes to mRNA stability (Pedersen et al., 2011;
Presnyak et al., 2015).
In vivo, protein folding begins cotranslationally as nascent
peptide chains emerge from the ribosome exit tunnel (Hartl
and Hayer-Hartl, 2009; Komar, 2009; Kramer et al., 2009; Cabrita
et al., 2010; Waudby et al., 2013; Pechmann et al., 2013; Gloge
et al., 2014; Chaney and Clark, 2015). Variations in local translation rates may facilitate protein folding by allowing ordered,
sequential structuring of the nascent polypeptide chains
emerging from the ribosome (Tsai et al., 2008; Kramer et al.,
2009; Komar, 2009; Zhang and Ignatova, 2011; Waudby et al.,
2013; O’Brien et al., 2014; Gloge et al., 2014; Chaney and Clark,
2015). The significance of synonymous codon usage on protein
folding is highlighted by findings showing that synonymous mutations and naturally occurring synonymous single-nucleotide
polymorphisms (sSNPs) can affect proteins’ activity (Komar
et al., 1999; Kimchi-Sarfaty et al., 2007; Yu et al., 2015), interactions with drugs and inhibitors (Kimchi-Sarfaty et al., 2007),
phosphorylation profiles (Zhou et al., 2013), sensitivity to limited
proteolysis (Kimchi-Sarfaty et al., 2007; Zhang et al., 2009; Zhou
et al., 2013), spectroscopic properties (Sander et al., 2014), and
aggregation propensity (Hu et al., 2013; Sander et al., 2014; Kim
et al., 2015), which ultimately can cause diseases (Sauna and
Kimchi-Sarfaty, 2011; Hunt et al., 2014). Synonymous codon
choice has also been suggested to affect efficient interaction
of nascent polypeptides with the signal-recognition particle
(Pechmann et al., 2014). Changes in codon context caused by
synonymous mutations may also induce mistranslation, leading
to protein misfolding (Drummond and Wilke, 2008). An effect of
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synonymous codon usage on cotranslational folding properties
of several proteins has been suggested based on computational
work or experiments that utilized stalled ribosome-nascent chain
complexes (for reviews, see Tsai et al., 2008; Komar, 2009;
Zhang and Ignatova, 2011; O’Brien et al., 2014; Gloge et al.,
2014). However, little attention has been paid to the correct
amino acid composition of the synonymous protein variants under study and the direct link between the synonymous mutations, the kinetics of translation, and real-time cotranslational
folding, and the structure of the released protein has not been
shown to date.
To investigate how differential usage of synonymous codons
affects translation kinetics, co- and posttranslational folding,
and protein stability, we analyzed in vivo expression of the recombinant bovine eye-lens protein gamma-B crystallin in Escherichia coli cells and in vitro in a completely reconstituted
high-performance translation system from E. coli. Gamma-B
crystallin is a globular protein consisting of two homologous
all-beta Greek-key domains connected by a six-residue flexible
linker (Bloemendal et al., 2004). We have chosen gamma-B crystallin because translation of this two-domain protein in a
mammalian-cell-free system is a nonuniform process (Komar
and Jaenicke, 1995). We suggested that the codon usage and
translation rates in gamma-B crystallin are optimized to tune
the synthesis and folding of this protein in the cell (Komar and
Jaenicke, 1995); however, the direct experimental evidence in
support of this hypothesis was lacking. The two domains of
gamma-B crystallin comprise a fold that is very common in globular proteins, and its folding pathway may be representative for
many beta-rich folds in general (Bloemendal et al., 2004). Here,
we monitored the kinetics of synthesis and cotranslational
folding of gamma-B crystallin synonymous variants in real time
by fluorescence and Förster resonance energy transfer (FRET).
The final protein conformation was assessed by 2D NMR (nuclear magnetic resonance). The stability of the protein variants
was also probed in vivo by protein expression analysis and
in vitro by limited proteolysis with Proteinase K (PK). Taken
together, our data show how synonymous codon usage regulates translation elongation, cotranslational folding, and protein
quality in the cell.
RESULTS
Synonymous Codon Replacements Improve the Stability
and Solubility of Gamma-B Crystallin
The codon distribution in the native gamma-B crystallin mRNA
sequence is nonoptimal for translation in E. coli due to the presence of a number of codons that are more commonly used in the
native host, Bos taurus, than in E. coli (Table S1, available online).
To study the role of synonymous mutations, we sought to
compare the expression of this mRNA with a variant that would
have a codon choice more optimal for E. coli. Common approaches to optimize heterologous gene expression include
substitution of the majority of infrequently used codons with synonymous frequently used ones, often combined with the elimination of extreme guanine-cytosine (GC) content that could
contribute to formation of stable mRNA secondary structures,
thereby reducing translation efficiency (Gustafsson et al.,

2004). However, maximizing the global speed of translation
through these strategies often yields biologically inactive products that form insoluble aggregates and have to be refolded in
order to recover their native structure and biological activity
(Gustafsson et al., 2004; Rosano and Ceccarelli, 2009; Komar,
2009). Moreover, even when proteins expressed in heterologous
hosts remain soluble, they are not necessarily natively folded (de
Marco et al., 2005). We chose to use an alternative optimization
strategy and compare expression of the original B. taurus
sequence (denoted U for unoptimized) with that of a so-called
‘‘harmonized’’ (Angov et al., 2008) (H) gene variant. Harmonization aims to optimize translation by introducing synonymous codons that have the most similar usage frequencies in the native
and target host organisms (Angov et al., 2008; Komar, 2009) (Figure 1A; Table S1). Rather than simply replacing rare codons with
frequent ones, this strategy involves alteration of both rare and
frequent codons and is expected to establish mRNA translation
kinetics in a heterologous host that mimic those observed in the
native host organism (Angov et al., 2008; Komar, 2009). Harmonization may lead to increased GC content and a decreased
Codon Adaptation Index (CAI; a measure for synonymous
codon-usage bias) (Sharp and Li, 1987), which is also widely
used as a measure for the likelihood of success of heterologous
gene expression (Sharp and Li, 1987; Gustafsson et al., 2004).
Nevertheless, the translation yields obtained with harmonized
mRNA sequences may be higher than those with mRNA sequences optimized with frequent codons (Angov et al., 2008).
This suggests that harmonization may facilitate proper protein
folding and production of proteins with structures closely similar
to their native analogs (Komar, 2009).
Harmonization of the gamma-B crystallin mRNA (H variant) resulted in a codon-usage profile more similar to that of the native
host organism (B. taurus) than the U variant (Figure 1A). It also led
to an overall increase in the number of codons frequently used in
E. coli, as indicated by an increase in the CAI score for expression in E. coli from 0.64 for the U variant to 0.78 for the H variant,
closer to the 0.85 score for the native (U) mRNA translated in
B. taurus. In E. coli, expression of the H variant yielded about
1.5- to 1.6-fold more full-length protein than expression of the
U variant (Figures 1B and 1C), despite identical mRNA levels
(Figure S1A). Compared to the U variant, expression of the H
variant yielded more soluble protein (Figure 1D, middle and right
panels) and fewer truncated protein products (Figure 1C, upper
panel). Western blotting with anti-His antibodies recognizing
the C-terminal 6xHis-tag of the recombinant gamma-B crystallin
protein and MS analysis indicated that the observed ‘‘truncated’’
products were, at least in part, fragments of the full-length proteins (Figures 1E and S1B; Table S2). Because both the C-terminal His-tag and C-terminal peptides were detected by these
methods, these fragments most likely arise from degradation
rather than premature termination of translation. The different
degradation patterns of the two protein variants suggested
that they adopt different conformations. Importantly, MS analysis and sequencing of the full-length recombinant protein products (Figure S1C; Table S3) confirmed that the amino acid sequences of the U and H variants were identical.
To explore the effects of local synonymous codon substitutions
at certain gene regions, to further reduce intracellular protein
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Figure 1. Effect of Synonymous Codon
Choice on the Expression and Stability of
Gamma-B Crystallin in E. coli

A

B

D

(A) Top: codon-frequency profiles of gamma-B
crystallin variants in B. taurus (green) and E. coli U
(red) and H (blue). Bottom: relative differences in
usage frequencies.
(B) Expression of U and H variants of gamma-B
crystallin (gB) in E. coli. Top panel: SDS-PAGE:
total, soluble (S), and pellet (P) fractions, and
pET15b empty vector control. Proteins were
visualized by Coomassie Brilliant Blue (CBB)
staining. Bottom panel: Quantification of fulllength gamma-B crystallin and its distribution between S and P fractions. The total protein
expression level (set to 100%) is the sum of S and
P fractions.
(C) Western blotting using polyclonal anti-gB antibodies. The parenthesis indicates truncated
products of the U variant expression that are not
present or less abundant with H variant.
(D) Expression of U and H variants of gamma-B
crystallin in E. coli based on quantitation of all
bands detected by western blotting in Figure 1C
(dark gray bars) or by ELISA (light gray bars). The
amounts of protein in soluble and pellet fractions
are represented as a fraction of total protein.
Error bars (B–D) represent SEM; *p < 0.05, **p <
0.01 by Student’s t test.
(E) Detection of expression products of U and H
variants that contain a C-terminal 6xHis-tag in total, soluble (S), and pellet (P) fractions of E. coli
extracts by western blotting using monoclonal
anti-polyhistidine antibody.
See also Figure S1 and Tables S1, S2, and S3.

C

sequence. We thus focused our further
analysis on the U and H variants only,
as the expression of these mRNAs did
not give rise to any miscoding events.
Together, these results indicate that synonymous codon content can lead to differences in the intracellular protein conformation and stability and, in certain cases,
to increased levels of miscoding.

E

degradation, and to increase protein solubility, we created a number of additional synonymous variants of gamma-B crystallin (Figure S2A). While protein solubility was improved up to 70% (Figure S2B), the expression of some of these variants led to
substantial levels of miscoding, in particular resulting in frequent
replacement of Arg92 with Lys (Figures S2C and S2D). Thus, it
could not be excluded that reduced degradation and increased
solubility in some cases resulted from an altered protein

Purified Gamma-B Crystallin
Synonymous Variants Attain
Different Conformations, as
Measured by 2D NMR
To investigate whether differences in protein conformations observed during intracellular U and H protein expression were preserved in the final
structure of the isolated soluble proteins, we conducted NMR analyses of the U and H variants expressed in E. coli. Preparative
ion-exchange chromatography (IEX) revealed one major peak
for the U variant and two peaks for the H variant (H-P1 and
H-P2, respectively; Figure 2A). Because all of the protein
variants were of identical mass, the shift in the elution position between H-P1 and H-P2 suggested a lower isoelectric point (i.e., a
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Figure 2. Physico-Chemical and Structural Properties of Gamma-B Crystallin U and H Variants Expressed in E. coli, as Determined by RPHPLC and 2D-1H-15N-Correlation NMR
(A) Preparative pH-gradient ion-exchange chromatography (U, red; H, blue).
(B) Analytical RP-HPLC of ion-exchange fractions (U, red; H-P1, blue; H-P2, black).
(C) Overlay of 2D-1H-15N-correlated NMR backbone spectra of 15N-cysteine-labeled U, H-P1, and H-P2. Insets show 1D rows to visualize differential cysteinepeak intensities, which are normalized against C109. Full list of peak integrals is presented in Table 1. Lower right quadrant: crystal structure of bovine gamma-B
crystallin (PDB-ID 4GCR); cysteine residues highlighted.
(D) 1D summation of rows extracted from 2D-1H-15N backbone datasets recorded for U, H-P1, and H-P2 expressed in 15N-labeled rich medium. Upper panel:
spectra comparison. Lower panel: spectra after treatment of samples with 10 mM DTT.
(E and F) Overlay of 2D-1H-15N-correlated NMR spectra for U and H-P1 (E) and H-P2 (F). Addition of DTT resulted in full convergence to U-like spectra (Figure S3A). See also Table 1 and Figures S3B and S4.

different surface charge distribution) in H-P2. Further analysis by
reversed-phase high-performance liquid chromatography (RPHPLC) showed predominantly one peak for U, two peaks for
H-P1, and a higher degree of heterogeneity for H-P2 (Figure 2B).
Gamma-B crystallin contains seven cysteine residues, six of
which are localized close to one another in the N-terminal domain
(NTD) (Figure 2C). It cannot be excluded that these cysteines may
become oxidized in the E. coli cytosol. Although disulfide bonds
are rarely formed in E. coli cytoplasmic proteins, exceptions to
this general rule do exist (Aslund et al., 1999; Jakob et al., 1999;
Seras-Franzoso et al., 2012). Our NMR analysis of U, H-P1, and
H-P2 revealed chemical shift differences in particular for the six
cysteine residues at positions 15, 18, 22, 32, 41, and 78 (in
NTD) (Figure 2C, inset; Table 1), both in 1D spectra (Figure 2D)

and in 2D-1H-15N-correlated experiments (Figures 2E and 2F).
Upon dithioerythritol (DTT) treatment, or refolding under reducing
conditions (Figure S3A), all protein species converged to a single
state identical to U, strongly suggesting that U represents the fully
reduced state of the protein (Figures 2D and S3A). This notion is
supported by the Ca/Cb chemical-shift values of U-variant
cysteine residues measured in 3D NMR experiments, which
were characteristic for reduced cysteines. Therefore, purified U
and H variants of gamma-B-crystallin expressed in E. coli differ
structurally with respect to the oxidation state of cysteine residues within the NTD. This conclusion is further supported by
the results of analysis of U, H-P1, and H-P2 protein spectra in
which only cysteine residues were 15N labeled (Figure 2C;
Table 1). Importantly, peak doubling and chemical-shift changes
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of bacteria (Figures S4B and 4D). This suggests that the intracellular folding of H is more robust and less dependent on environmental conditions than the folding of U, possibly due to improved
cotranslational folding kinetics resulting from harmonization of
the codon-usage profile in the H variant. We thus believe that
optimized translation kinetics can help to produce recombinant
proteins more similar to their natural analogs.

Table 1. Differential Cysteine Peak Intensities of 2D-1H-15NCorrelated NMR Backbone Spectra of 15N-Cysteine-Labeled U,
H-P1, and H-P2
Residue

U

H-P1

H-P2

Cys 109 (Reference)

1.0

1.0

1.0

Cys 15 (red)

1.05

0.53

0.30

Cys 15 (ox)

0.01

0.39

0.59

Cys 18 (red)

0.83

0.45

0.21

Cys 18 (ox)

N/A

N/A

N/A

Cys 22 (red)

0.87

0.40

0.22

Cys 22 (ox)

0.01

0.38

0.70

Cys 32 (red)

0.86

0.45

0.33

Cys 32 (ox)

0.03

0.30

0.50

Cys 41 (red)

0.97

0.55

0.41

Cys 41 (ox)

0.02

0.36

0.50

Cys 78 (red)

0.80

0.43

0.28

Cys 78 (ox)

0.01

0.42

0.80

See also Figure 2.

were also observed for other residues in 2D-1H-15N-correlated
experiments (Figures 2E and 2F). This suggests that the oxidation
of at least two cysteine residues within the NTD is a major cause
of overall structural changes, which affect the conformation of the
respective cysteines as well as other residues in the purified protein. These and previous data (Bloemendal et al., 2004), including
a crystal structure of gamma-B crystallin (Najmudin et al., 1993),
suggest the existence of two alternative conformations for Cys18
and Cys22 in the native protein purified from bovine eye lenses
(Najmudin et al., 1993). Therefore, in terms of its oxidation state,
the H variant produced in E. coli appears to be closer than the U
variant produced in E. coli to the natural (N) protein variant purified from bovine eye lenses. Overnight incubation of U with catalytic amounts of Cu(II) under air supply (known to catalyze
cysteine oxidation to cystine; Cavallini et al., 1969) resulted in a
15
N backbone spectrum similar to H-P1, albeit with a different
peak-intensity distribution, suggesting that the respective peaks
in the NMR spectra of the H protein reflect the differences in the
oxidation state (Figure S3B).
Expression of U and H variants in the SHuffle T7 E. coli (NEB)
strain (which constitutively expresses a chromosomal copy of
the disulfide bond isomerase DsbC lacking its signal sequence,
hence retaining the protein in the cytoplasm and thus facilitating
disulfide bond formation in the E. coli cytoplasm; Lobstein et al.,
2012) revealed overall similar differences for the two variants
compared to the expression in BL21 strain (Figure S4). However,
use of this strain when grown in minimal medium resulted in
extensive protein misfolding (especially for the U variant; Figure S4A), possibly due to excessive oxidation and/or early formation of mixed disulfides leading to aggregation and precluding
accurate NMR analysis under these conditions. Expression in
SHuffle T7 E. coli grown in 15N-rich medium resulted in yet
another oxidized variant of U (with chemical shifts partially overlapping with, but still different from, those of the U variant expressed in the BL21 strain; Figure S4C). In contrast, the spectra
of H-P1 were remarkably similar after expression in either strain

Synonymous mRNA Variants Are Translated with
Different Kinetics
The translational kinetics of the U and H variants was compared
in a completely reconstituted high-performance, cell-free in vitro
translation system from E. coli (Mittelstaet et al., 2013). In this
system, proteins were N-terminally labeled during translation
by using BodipyFL-Met-tRNAfMet as the initiator tRNA (BOFMet-tRNAfMet). BOF and BOP (Bodipy 576/589), used in the experiments below, were previously utilized to study cotranslational helix formation within the ribosome (Woolhead et al.,
2004) and have been validated as reporters for translation and
cotranslational folding (Johnson, 2005). The ribosomes were
synchronized at the translation initiation step, and translation
elongation was initiated by the addition of aminoacyl-tRNAs,
EF-Tu, and EF-G. After translating the mRNA to the 30 end, the
ribosomes remained bound to the mRNA, and the nascent peptide was not released from the ribosome due to the lack of a stop
codon in the mRNA and absence of termination factors from the
translation system. In this reconstituted system, the H mRNA
was translated more rapidly than the U mRNA (Figures 3A and
3B). Full-length gamma-B crystallin protein was first detected after 43 s of H mRNA translation compared to 57 s for U mRNA
(Figure 3B). The average protein-synthesis rate, calculated
from the sum of the delay and synthesis times, was 2.2 aa/s
for the H variant, compared to 1.8 aa/s for the U variant.
At any given time during translation, individual ribosomes in
the reaction carry nascent peptides of different lengths (Figure 3A). At the beginning of translation, short peptides are prevalent, but at later time points, the full-size protein becomes predominant. Analysis of the transient accumulation of nascent
peptides indicated that the U and H variants of gamma-B crystallin differ not only in global translation rate but also in local
translation kinetics (Figure 3A). Specifically, more translational
pausing (and hence greater prevalence of shorter nascent
chains <70 aa) was observed during synthesis of the NTD of
the U protein, compared to the H protein (Figures 3A and 3C).
The cumulative lifetime (t) of nascent NTD chains before they
were converted into longer peptides was 48 s for U, compared
to 25 s for H. In addition, a smaller proportion of ribosomes
continued translation past the NTD on the U mRNA than on the
H mRNA (Figure 3C). Slow synthesis of the NTD is consistent
with the abundance of rare codons in the corresponding part
of the U mRNA (Figure 1A; codons 16–24) and explains the
observed delayed synthesis of the full-length U protein. In
contrast, accumulation of nascent chains with lengths of
130–160 aa was detected during translation of the H variant,
but not the U variant, suggesting ribosome pausing during synthesis of the C-terminal domain (CTD) of the H variant.
To improve the time resolution of translation, we performed an
experiment similar to that shown in Figure 3A in which we
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Figure 3. Different Translation Kinetics of U and H Variants in a Fully Reconstituted E. coli Cell-free Translation System
(A) Accumulation and size distribution of U (upper panel) and H (lower panel) in vitro translation products. Peptides were separated by SDS-PAGE and visualized
by the fluorescence of the BOF label attached to the N terminus of the peptides. N and C indicate peptides arising during translation of the NTD and CTD,
respectively; gBN is the fragment corresponding to the NTD.
(B) Kinetic analysis of accumulation of full-length gamma-B crystallin. ‘‘Delay’’ is the time before appearance of the full-length product. ‘‘Rate’’ is the average
translation rate (aa/s). Error bars show SD calculated from n = 3 replicates. We further tested whether the difference in delay times for H and U is statistically
equivalent to a single shared parameter for the delay time in synthesis of gB crystallin from the U and H mRNA (null hypothesis) or, alternatively, if two independent
parameters for the delay for U or H are justified. According to the extra sum-of-squares F test, the null hypothesis of an identical delay time for U/H is rejected with
a significance of ****p < 0.0001.
(C) Lifetime of translation intermediates corresponding to the NTD upon translation of U (red) and H (blue) mRNAs. The total intensity of all bands indicated as N in
Figure 3A (U and H, respectively) after 10 s of translation was set to 1.
(D) Stopped-flow kinetics of synthesis and movement through the ribosome exit tunnel of U (red) and H (blue) nascent chains monitored by a fluorescence
reporter (BOP) at the N terminus of the nascent peptides. The maximum delay in translation of the U sequence relative to H is indicated. Apparent variations in the
height of fluorescence changes between U and H are due to differences in the accumulation of the respective nascent peptides resulting from the altered
translation rates.
(E) Same as (D), except using BOF fluorescence as the reporter.
See also Figure S5.

monitored fluorescence changes of the BOP reporter attached
to the N terminus of the nascent peptide moving through the ribosomal exit tunnel in real time (Figure 3D). This approach also
demonstrated that the U variant was translated more slowly
than the H variant due to an approximately 20 s delay between
the H and U variants (Figure 3D). The difference in kinetics appeared early (detected after 1 s of translation) and became
more pronounced through the duration of NTD synthesis
(compare Figures 3C and 3D), consistent with translational
pausing due to rare codons in the NTD of the U variant.
Finally, when BOF at the N terminus of the growing nascent
peptide was monitored, the fluorescence changes for the U
and H variants were identical initially but started to deviate after
about 1–2 s of translation, again coinciding with the presence of

rare codons at the beginning of the U mRNA (Figure 3E). The 6 s
difference in synthesis between the U and H accounts for a delay
in the production of the initial parts of the NTD; differences in
translation of the C-terminal portions of the protein are not reported by BOF fluorescence. Taken together, these data indicate that the synonymous codon substitutions that distinguish
the U and H mRNA variants affected the global and local kinetics
of gamma-B crystallin translation. It cannot be excluded that the
observed alterations in translation kinetics are not due to differences in decoding rates of tRNA selection, but rather are related
to possible differences in mRNA secondary structure or other
factors unknown so far. However, regardless of the underlying
molecular mechanism(s), it is clear that the choice between synonymous codons can affect translation kinetics.
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Figure 4. Cotranslational Folding of the NTD Monitored in Real Time by FRET
Left panel: positions of the donor (BOF) and acceptor (BOP) dyes in the structure of gamma-B crystallin. Middle and right panels: time-resolved folding of U (red)
and H (blue) peptides monitored by FRET between BOP-Met at position 1 and BOF-Cys at position 88 in the stopped-flow apparatus. DA, both donor and
acceptor dyes were present; A, control in the absence of the donor. Middle panel: direct comparison of FRET due to folding for the U and H variants. Right panel:
FRET signal versus acceptor direct excitation at donor wavelength; for better comparison, the traces with and without the donor for the U or H variants,
respectively, were adjusted to the same starting level; the H traces are arbitrarily shifted from the U traces for visual clarity. Time courses were evaluated using a
two-step model comprising a delay phase, which shows no change in fluorescence, and an exponential phase corresponding to a monomolecular folding
reaction using GraphPad Prism. Delay times are 35 ± 0.3 s for H and 50 ± 0.5 s for U. The folding times determined by exponential fitting after delay are 39 ± 1 s for
H and 59 ± 1 s for U. See also Figure S5.

Synonymous Codon Usage Modulates the Kinetics of
Cotranslational Folding
Next we examined whether the observed differences in translation kinetics led to differences in cotranslational folding of the U
and H nascent polypeptides by performing real-time FRET measurements (Figure 4). The FRET acceptor BOP was attached at
the N terminus of nascent peptides by priming translation with
BOP-Met-tRNAfMet. To incorporate the fluorescence donor,
BOF, we introduced a UAG stop codon at position 88 of the U
and H mRNAs, which was decoded by a modified amber suppressor BOF-Cys-tRNA. Thus, the fluorescence donor was
introduced cotranslationally. Importantly, decoding of the UAG
stop codon by BOF-Cys-tRNA did not affect the translation kinetics of either mRNA (Figure S5). In the unfolded protein, donor
and acceptor fluorophores are too far apart for FRET to occur.
Upon protein compaction during folding, BOP and BOF come
into proximity, resulting in FRET (Figure 4). The onset of folding
was significantly delayed for the U variant, compared to the H
variant (50 s versus 35 s, respectively), consistent with the
observed differences in H and U translation kinetics (Figures
3A–3C). Given that the synthesis of the NTD was completed after 20 s (H) or 30 s (U) (Figures 3A and S5), the delay between
NTD synthesis and folding was 15 s and 20 s for H and U,
respectively. At the respective translation rates of 2.2 aa/s and
1.8 aa/s (Figure 3B), this delay should allow the ribosome to synthesize 33–36 aa past the NTD, which would fill the polypeptide
exit tunnel of the ribosome, such that the NTD itself is extruded
from the tunnel. This suggests that global folding of the NTD
(H or U), as reported by FRET, occurred cotranslationally, shortly
after the corresponding portion of the polypeptide emerged
from the exit tunnel. Formation of locally restricted structural
elements within the exit tunnel cannot be excluded, however.
Thereafter, the average time of NTD folding was 59 s for U
and 39 s for H. Notably, the 20 s difference represents the divergence in the H and U folding rates after the corresponding
portion of the protein has emerged from the ribosome. This reveals the specific effect of synonymous codon replacement on
the kinetics of cotranslational protein folding beyond the differ-

ences in production times for nascent chains of the same length.
The overall effect, taking into account also the additional delay
time for the NTD and linker synthesis, gives a total folding time
of 109 s for U and 74 s for H.
Gamma-B Crystallin Synonymous Variants Display
Differential Protease Sensitivity In Vitro
To further distinguish between folded and unfolded states of
the protein, we probed the conformation of ribosome-bound
nascent chains using pulse proteolysis with PK (Figures 5A–
5C). Isolated recombinant or natural gamma-B crystallin is
completely resistant to PK digestion (Figures S6A–S6C), while
partial denaturation with 3M guanidinium chloride (GuHCl) results in complete gamma-B crystallin degradation by PK (Figures
S6A–S6C). PK treatment of ribosome-bound nascent chains
produced upon in vitro translation of U or H mRNAs resulted in
two major products: (1) full-length protein and (2) a fragment of
about 80–90 residues in length, corresponding in size to the
NTD (Figures 5A and S6D). While NTD folding was too rapid to
evaluate potential differences in the folding rates of U and H
variants by proteolysis, the approach did reveal that formation
of a PK-resistant full-length nascent polypeptide occurred on a
significantly shorter timescale with H than with U (Figure 5B).
Because the synthesis of the nascent chains is essentially complete after 2 min, protection against PK digestion must represent
variations in folding dynamics of the emerging nascent U and H
proteins. Notably, because the ribosome tunnel occludes about
30–40 aa of the protein from the C terminus (Wilson and Beckmann, 2011), folding of the CTD is not completed until the entire
nascent chain is released from the ribosome. Therefore, the
appearance of the full-length protein after PK digestion is an indication of the initial stages of compaction of the emerging CTD.
Overall, these results show that synonymous codon replacements in gamma-B crystallin resulted in altered conformational
dynamics of ribosome-bound nascent chains.
To examine whether the folding states of the U and H variants
are also different after their release from the ribosome, we tested
the PK resistance of gamma-B crystallin chains released from
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Figure 5. Sensitivity of U and H Polypeptide Chains to Pulse Proteolysis
(A) Proteolysis of ribosome-bound gamma-B crystallin chains assessed by SDS-PAGE. At different time points of in vitro translation, chains were digested with
5.4 pmol PK for 2 min at 37 C. gB (full-length protein) and gBN (N-terminal domain) protease-resistant products are indicated by arrows.
(B) Time courses of accumulation of PK-resistant N-terminal (open circles) and full-length (closed circles) products relative to the undigested protein. The last data
point (60 min) was excluded from the exponential fitting, as it represents a decrease in the portion of PK-resistant NTD due to accumulation of the full-length
protein. Error bars show the SEM for n = 7 replicates.
(C) Left panel: PK proteolysis of puromycin-released chains after 3 min of translation. Right panel: quantification of PK resistance of released U (red symbols) and
H (blue symbols) products from the data shown in the left panel. Error bars show the SD for n = 9 replicates. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 by
Student’s two-tailed unpaired t test. See also Figure S6.

the ribosome by puromycin (Figure 5C). Upon release, both U
and H proteins rapidly fold into a PK-resistant conformation
similar to that of the purified recombinant protein (Figure S6).
The yield of folded U protein did not change significantly with
time; however, with H, another 16% of the protein became
more PK resistant within 30 min after release from the ribosome.
This suggests that, after release from the ribosome, the conformational ensemble of H is sufficiently preorganized to allow more
efficient posttranslational folding. The final yield of PK-resistant
protein was greater for the H variant (86%) than for the U variant
(65%). The peptides that did not fold properly were PK sensitive
and likely represent part of the protease-sensitive protein found
in the insoluble fraction in vivo (Figure 1). Thus, differences in
velocities of cotranslational folding resulted in different conformational states of U and H variants on the ribosome and after
release from the ribosome.

DISCUSSION
Our analysis of the effects of synonymous codon choice on the
translation of gamma-B crystallin mRNAs shows that codon
bias alters local and global translation rates and results in the formation of alternative conformations of the nascent protein on the
ribosome and in solution after the release of the completed protein (Figure 6). Rare codons at the beginning of the U mRNA slow
down the synthesis of the NTD and lead to significantly slower
global NTD folding of the U variant compared to the H variant.
It is possible that slow translation allows for partitioning of
elemental folding events to alternative pathways (O’Brien et al.,
2014). The spectrum of conformations attained by the nascent
chains on the ribosome may determine different trajectories
of their folding in the vestibule region (Tu et al., 2014; Lu and
Deutsch, 2014; Holtkamp et al., 2015) of the polypeptide exit
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tunnel (Wilson and Beckmann, 2011) and/or after the chain
emerges from the tunnel and is released from the ribosome.
This, in turn, may change the local environment and orientation
of cysteine residues leading to distinct patterns of disulfide
bridges and affecting the resulting protein’s stability and propensity to form aggregates.
Alternatively, the slower folding of U compared to H may be
due to the decreased rate of CTD synthesis, which is manifested,
e.g., by the different rates of translation past the NTD for U and H
(Figures 3A and 3C). In this case, folding of the NTD may be
affected by interaction(s) with the ribosome (Kaiser et al., 2011;
Holtkamp et al., 2015) and the rate with which the NTD moves
away from the ribosome surface and/or altered interactions
with the emerging CTD and the dynamics of the sampling between NTD and CTD. While such mechanistic details remain to
be clarified, our results clearly demonstrate that different synonymous codon usage influences the kinetics of translation, resulting in different cotranslational folding trajectories and ultimately
different final conformations of the protein. Thus, synonymous
codon usage serves as a secondary code that guides in vivo protein folding and constitutes an additional source of conformational variability of proteins.
EXPERIMENTAL PROCEDURES
Plasmids, E. coli Cells, and Protein Expression
Bovine gamma-B crystallin cDNA (Hay et al., 1987) was a gift of Dr. J. Mark
Petrash (University of Colorado). For expression in E. coli, the unoptimized
(U) gamma-B crystallin cDNA was PCR amplified, fused to a C-terminal
6xHis-tag, and cloned into the pET15b vector (Novagen) via NcoI and XhoI
sites. Variants H of the gamma-B crystallin gene were chemically synthesized
by GeneArt AG (Life Technologies) and cloned into pET15b to obtain a
construct with 50 and 30 untranslated regions identical to those of the U variant.

Analytical-scale protein expression was performed in E. coli cells as described
in Supplemental Experimental Procedures.
Analysis of Protein Expression
For analysis of the relative expression levels of the U and H variants and
comparison of soluble (supernatant) and insoluble (pellet) protein levels,
Coomassie Brilliant Blue (CBB) staining of proteins separated by Tris-Tricine
SDS-PAGE (Schägger and von Jagow, 1987), western blotting (WB), and
enzyme-linked immunosorbent assay (ELISA) were used. See Supplemental
Experimental Procedures for detailed descriptions.
In Vitro Translation
Single-turnover in vitro translation was carried out in a reconstituted minimumtranslation system (Doerfel et al., 2013; Mittelstaet et al., 2013). Components of
the reconstituted in vitro translation system were prepared as described (Mittelstaet et al., 2013); see Supplemental Experimental Procedures for details.
Pulse Proteolysis of In Vitro Translation Products
Pulse proteolysis of translation products was carried out using either ribosome-bound nascent chains or the released chains obtained after puromycin
(1.3 mM final concentration) treatment. Routinely, 25 ml translation reaction mix
was subjected to digestion with PK as indicated in Figures 4 and S6 for 2 min at
37 C. Following digestion, PMSF was added to a final concentration of 10 mM
to inactivate the protease, and samples were immediately flash frozen in liquid
nitrogen. Samples were thawed and subjected to RNaseA treatment (5 mL,
2 mg/mL RNase A, 30 min at 37 C). After RNase digestion, 23 Tris-tricine
loading buffer was added, and peptides were resolved by Tris-tricine SDSPAGE as described above.
Protein Expression and Purification for NMR Spectroscopy
Protein expression was performed in BL21(DE3) and Shuffle T7 E. coli strains.
For uniform 15N labeling, a commercial rich medium was used. 15N/13Clabeled protein for backbone assignment was expressed in M9 minimal
medium containing [15N]NH4Cl and [U-13C]glucose. For selective 15N-cysteine
labeling, a modified M9 medium containing [15N]cysteine was used, as
described (Muchmore et al., 1989). Cells were harvested by centrifugation,
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and lysates were purified by nickel-affinity chromatography (HisTrap HP NiNTA), size-exclusion chromatography (Superdex 75 pg), and ion-exchange
chromatography (HiTrap Q XL). NMR buffer was as follows: 50 mM Tris
(pH 8.0), 200 mM NaCl, 10% D2O, 0.1% DSS. Samples for C-4 reverse-phase
HPLC were taken before and after ion-exchange chromatography. See Supplemental Experimental Proceduresfor details.

Chaney, J.L., and Clark, P.L. (2015). Roles for synonymous codon usage in
protein biogenesis. Annu. Rev. Biophys. 44, 143–166.

NMR Spectroscopy
NMR experiments were conducted on Bruker spectrometers (AV600–AV900).
Processing and analysis of the data were performed using the software programs TopSpin 2.1–3.2 (Bruker BioSpin, Rheinstetten) and Cara 1.9.0 (Rochus
L.J. Keller). 2D 1H-15N backbone spectra were recorded using the BESTTROSY experiment. Backbone-resonance assignment was performed using
standard 3D pulse sequences. Sample concentrations were 250–350 mM after
expression in 15N-labeled rich media and 0.8–1.2 mM after expression in minimal media. For further details, see Supplemental Experimental Procedures
(Tables S4–S7).
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TGATGACTGTCCGTCACTGCAAGATCGCTTTCATTTAACTGAAGTACATAGCTTAAACGTTCTGGAAGGGAGCTGGGTCT
330
340
350
360
370
380
390
400

H
HM

410
420
430
440
450
460
470
480
TATACGAAATGCCGAGCTATCGCGGACGCCAGTATCTGCTGCGCCCGGGAGAATATCGCCGGTACTTGGATTGGGGAGCT
::::::::::::: ::::: :: ::::: ::::: :::::::: :: :::::::: :: :::::::::::::::::::::
TATACGAAATGCCAAGCTACCGGGGACGGCAGTACCTGCTGCGACCAGGAGAATACCGGCGGTACTTGGATTGGGGAGCT
410
420
430
440
450
460
470
480

H
HM

490
500
510
520
ATGAACGCAAAGGTAGGGTCACTACGGCGCGTTATGGACTTCTAC
::::::::::::::::::::::::::::: :::::::::::::::
ATGAACGCAAAGGTAGGGTCACTACGGCGGGTTATGGACTTCTAC
490
500
510
520

H
HM

HM

B

S

P

kDa

C
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15
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Figure S2, related to Figure 1. Analysis of gamma-B crystallin expression and sequence integrity in E. coli
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Figure S4, related to Figure 2. 2D-1H-15N correlated NMR backbone spectra of gamma-B crystallin variants U and H
expressed in E. coli under normal (BL21 strain) and enhanced oxidizing conditions (SHuffle T7 strain)
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Figure S5, related to Figure 4. Kinetics of synthesis of U and H peptides with N-terminal BOP and BOF
incorporated at the amber stop codon at position 88
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Figure S6, related to Figure 5. PK proteolysis of purified and in vitro translated gamma-B crystallin variants

SUPPLEMENTAL FIGURE LEGENDS
Figure S1, related to Figure 1. Analysis of gamma-B crystallin expression in E. coli
(A) Quantitative RT-PCR on RNA isolated from E. coli cells expressing either U or H variants. DNAse I pretreatment and
PCR in the absence of RT served as a control (-RT). 16S rRNA PCR served as a reference. pET15b DNA was used to control
for the size of the amplified fragments.
(B) SDS-PAGE of U and H pellet fractions (10 g). CBB staining. Bands 1-6 were excised from the gel and subjected to MS
analysis and microsequencing (see also Table S2).
(C) Mass spectra of the purified recombinant U and H proteins. The predicted mass of the 6xHis-tagged protein (U or H) is
21788.37 Da.
Figure S2, related to Figure 1. Analysis of gamma-B crystallin expression and sequence integrity in E. coli
(A) Sequence alignment of H and HM gamma-B crystallin variants. HM (Harmonized with Multiple additional synonymous
substitutions) sequence was created by introducing additional synonymous changes to the H variant. Regions carrying
synonymous substitutions are highlighted in red in H and blue in HM. HM is 90.7% identical to H.
(B) Expression of HM gamma-B crystallin (B) variant in E. coli. Western blotting using polyclonal anti-B antibodies;
Soluble (S) and pellet (P) fractions are shown.
(C) Mascot Search Results showing sequence coverage and location of the MS-identified peptides in HM variant containing
R92K substitution (K is enlarged).
(D) LC-MS/MS chromatogram showing that HM variant consists of a mixture of wild type and mutated peptides. Trypsin
digest upper panel, chymotrypsin – bottom panel.
Figure S3, related to Figure 2. Overlay of 2D-1H-15N correlated NMR backbone spectra of gamma-B crystallin
variants
(A) Addition of DTT resulted in full convergence of the backbone spectra of U (red), H-P1 (blue) and H-P2 (black)
to a U-like spectrum (shown in yellow for comparison). These results corroborate the data presented in Figure 2D-F.
(B) Spectra of gamma-B crystallin U, incubated overnight with 2 µM Cu(II) under air supply and H-P1 variants
Both proteins were expressed in 15N-rich labeling medium.
Figure S4, related to Figure 2. 2D-1H-15N correlated NMR backbone spectra of gamma-B crystallin variants U and H
expressed in E. coli under normal (BL21 strain) and enhanced oxidizing conditions (SHuffle T7 strain)
(A) The spectrum of U expressed in SHuffle T7 cells in minimal medium.
(B) Overlay of U and H-P1 spectra, expressed in SHuffle T7 cells in rich medium.
(C) Overlay of spectra of U expressed in SHuffle T7 and BL21 cells (rich medium).
(D) Overlay of H-P1 spectra expressed in SHuffle T7 and BL21 cells (rich medium).
Figure S5, related to Figure 4. Kinetics of synthesis of U and H peptides with N-terminal BOP and BOF
incorporated at the amber stop codon at position 88
(A) U variant. Translation products were resolved by SDS-PAGE and visualized by fluorescence scanning with different
excitation wavelengths and emission filters for detection of BOP (top panel) and BOF fluorescence (bottom panel).
Incomplete suppression of the amber stop codon (UAG88) and hydrolysis products of BOF-Cys-tRNACysCUA U32C (asterisks)
are indicated.
(B) Same as in A, except for the H variant. LPB, 510 nm long-pass filter; LPG, 575 nm long-pass filter.
Figure S6, related to Figure 5. PK proteolysis of purified and in vitro translated gamma-B crystallin variants
(A) PK proteolysis of U, H and N variants under native conditions (see Supplemental Experimental Procedures for details).
CBB-stained Tris-tricine SDS-PAGE.
(B) After denaturation with 3M GuHCl, 24 h at 37°C.
(C) Natural purified bovine eye lens protein under native and denaturing (3M GuHCl, 24 h, 37°C) conditions.
(D) Proteolysis of in vitro-translated gamma-B crystallin H variant and the N-terminal domains (amino acids 1-89). Left
panel: time course of PK proteolysis of ribosome-bound gamma-B crystallin chain (H variant; γB) obtained after 20 min of
translation. A characteristic PK-resistant fragment has a size similar to that of isolated NTD (γBN). Middle and right panels:
pulse proteolysis of ribosome-bound and puromycin-released gamma-B crystallin U and H, respectively.
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SUPPLEMENTAL TABLES
Table S1. related to Figure 1. Nucleotide sequences of the U and H variants (gamma-B crystallin ORFs) and the respective codon
usage frequencies in B. taurus and E. coli
See file Table S1.xls

Table S2, related to Figure 1. Mascot Search Results showing sequence coverage and location of the MS-identified peptides
(bands 1 to 6 from Figure S1A). All bands were digested in-gel using trypsin
Band
#

Mascot Search Results Sequence Info

Trypsin digest
Sequence coverage %
85%

1

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

2

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

3

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

4

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

5

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

6

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

85%

71%

65.1%

65.1%

47.4%

2

Table S3, related to Figure 1 and S5. Mascot Search Results showing sequence coverage and location of the MS-identified
peptides U, H and N (natural gamma-B crystallin isolated from bovine eye lenses) protein variants
Protein samples were digested using trypsin and/or chymotrypsin
Protein

Sequence coverage %

Mascot Search Results Sequence Info

U

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

U

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

U

Composite:

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

H

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

H

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

H

Composite:

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

N

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

N

Acc. #: 61888870 Species: BOS TAURUS Name: gamma-crystallin B

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

N

Composite:

Sequence

1
MGKITFYEDR GFQGHCYECS SDCPNLQPYF SRCNSIRVDS GCWMLYERPN YQGHQYFLRR GDYPDYQQWM GFNDSIRSCR
81 LIPQHTGTFR MRIYERDDFR GQMSEITDDC PSLQDRFHLT EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG EYRRYLDWGA
161 MNAKVGSLRR VMDFY

trypsin

chymotrypsin

trypsin only, chymotrypsin only, trypsin and chymotrypsin

87%

95%

trypsin

chymotrypsin

trypsin only, chymotrypsin only, trypsin and chymotrypsin

trypsin only, chymotrypsin only, trypsin and chymotrypsin

55%

61%

89%

95%

trypsin

chymotrypsin

60%

91%

95%
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Table S4, related to Figure 2, S3 and S4. Summary of NMR data collection
NMR data in Figure
2C
2D, 2E, 2F, S3, S4 (H-P1)
Expression strain

BL21(DE3)

BL21(DE3)

Expression medium
Labelling

Modified M9,
supplemented with amino acids
15
N cysteine-selective

Celltone Complete
(rich medium)
15
N uniform

Sample concentrations

0.8 – 1.2 mM

300 - 350 µM

Spectrometer

Bruker AV600

Bruker AV600

Console

Bruker Avance II

Bruker Avance III

Software
Probe

Bruker TopSpin 3.1
5 mm TCI cryogenic probe
1
H,15N,13C Z-gradients
600 MHz
BEST-[15N,1H]-TROSY
64
512 (1H)
128 (15N)
500 ms
14.0261 p.p.m. (1H)
49.0822 p.p.m. (15N)
6250 Hz

Bruker TopSpin 3.2
5 mm TXI cryogenic probe
1
H,15N,13C Z-gradients
600 MHz
BEST-[15N,1H]-TROSY
384
384 (1H)
128 (15N)
500 ms
13.0234 p.p.m. (1H)
49.9982 p.p.m. (15N)
6410 Hz

3 ms
8.5 p.p.m.

3.1 ms
8.5 p.p.m.

3000 µs (PC9)
2000 µs (REBURP)
1920 µs (EBURP-2)

3000 µs (PC9)
2000 µs (REBURP)
1920 µs (EBURP-2)

B0 field
Pulse Sequence
Number of Scans
Number of complex points
(TD/2)
Relaxation Delay
Spectral width
B1 field for 15N
hard pulses
1/4JHN
Offset for amide band
selective proton pulses
Lengths of selective proton
pulses

Table S5, related to S3A and S4A. Summary of NMR data collection
NMR data in Figure
S3A (U, oxidized)
S4A
Expression strain

BL21(DE3)

Shuffle T7

Expression medium

M9 minimal medium

M9 minimal medium

Labelling

15

15

Sample concentrations

1.0 mM

0.8 mM

Spectrometer

Bruker AV700

Bruker AV700

Console

Bruker Avance I

Bruker Avance I

Software
Probe

Bruker TopSpin 2.1
5 mm TXI cryogenic probe
1
H,15N,13C Z-gradients
700 MHz
BEST-[15N,1H]-TROSY
32
896 (1H)
256 (15N)
500 ms
16.0250 p.p.m. (1H)
34.2614 p.p.m. (15N)
6850 Hz

Bruker TopSpin 2.1
5 mm TXI cryogenic probe
1
H,15N,13C Z-gradients
700 MHz
BEST-[15N,1H]-TROSY
32
512 (1H)
128 (15N)
500 ms
13.0312 p.p.m. (1H)
49.9759 p.p.m. (15N)
6667 Hz

2.5 ms
8.5 p.p.m.

2.8 ms
8.6 p.p.m.

B0 field
Pulse Sequence
Number of Scans
Number of complex points
(TD/2)
Relaxation Delay
Spectral width
B1 field for 15N
hard pulses
1/4JHN
Offset for amide band

N uniform

N uniform

4

selective proton pulses
Lengths of selective proton
pulses

2200 µs (PC9)
1500 µs (REBURP)
1400 µs (EBURP-2)

2570 µs (PC9)
1710 µs (REBURP)
1640 µs (EBURP-2)

Table S6, related to S4. Summary of NMR data collection
NMR data in Figure

S4B, S4C - D (Shuffle T7)

S4C - D (BL21)

Expression strain

Shuffle T7

BL21(DE3)

Expression medium
Labelling

Celltone Complete
(rich medium)
15
N uniform

Celltone Complete
(rich medium)
15
N uniform

Sample concentrations

250 µM

300 - 350 µM

Spectrometer

Bruker AV700

Bruker AV600

Console

Bruker Avance I

Bruker Avance III

Software
Probe

Bruker TopSpin 2.1
5 mm TXI cryogenic probe
1
H,15N,13C Z-gradients
700 MHz
BEST-[15N,1H]-TROSY
512
608 (1H)
128 (15N)
500 ms
13.0312 p.p.m. (1H)
49.9759 p.p.m. (15N)
6667 Hz

Bruker TopSpin 3.2
5 mm TXI cryogenic probe
1
H,15N,13C Z-gradients
600 MHz
BEST-[15N,1H]-TROSY
384
384 (1H)
128 (15N)
500 ms
13.0234 p.p.m. (1H)
49.9982 p.p.m. (15N)
6410 Hz

2.8 ms
8.5 p.p.m.

3.1 ms
8.5 p.p.m.

2570 µs (PC9)
1710 µs (REBURP)
1640 µs (EBURP-2)

3000 µs (PC9)
2000 µs (REBURP)
1920 µs (EBURP-2)

B0 field
Pulse Sequence
Number of Scans
Number of complex points
(TD/2)
Relaxation Delay
Spectral width
B1 field for 15N
hard pulses
1/4JHN
Offset for amide band
selective proton pulses
Lengths of selective proton
pulses

Table S7, related to Figure 2, S3 and S4. Backbone resonance assignment.
Backbone resonance assignment
Expression strain

BL21(DE3)

Expression medium

M9 minimal medium

Labelling

15

Sample concentrations

1.2 mM

Spectrometer

Bruker AV800

Bruker AV900

Console

Bruker Avance I

Bruker Avance I

Software

Bruker TopSpin 2.1
Cara 1.9.0
5 mm TXI cryogenic probe
1
H,15N,13C Z-gradients
800 MHz
BEST-TROSY
HNCO
BEST-TROSY-HNCA
TROSY-HN(CO)CACB

Bruker TopSpin 2.1
Cara 1.9.0
5 mm TXI cryogenic probe
1
H,15N,13C Z-gradients
900 MHz
BEST-TROSY
TROSY-HNCACB

Probe
B0 field
Pulse sequences

N, 13C uniform
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Analytical scale protein expression
Analytical-scale protein expression was performed in BL21 (DE3) Δtig::Kan strain (Deuerling et al., 1999) (B, F-,dcm, ompT,
hsdS(rB-,mB-), gal, (DE3) Δtig::Kan, a gift of Dr. Bernd Bukau, ZMBH, Heidelberg, Germany), which lacks the ribosomeassociated chaperone Trigger Factor. Freshly transformed E. coli cells harboring either U or H gamma-B crystallin variants
were grown in flasks with 50 mL of liquid Luria Bertani (LB) medium containing 100 µg/mL ampicillin at 37°C with
shaking at 230 rpm until the cultures reached an OD600 of 0.8. Protein expression was induced by addition of 1 mM IPTG
(isopropyl-β-d-thiogalactopyranoside) and incubation was continued for an additional 1.5 h at 37°C with shaking. Cells were
harvested by centrifugation (3200×g, 15 min). Cell pellets were re-suspended in 1 mL of 50 mM Tris-HCl buffer, pH 8.0,
containing 500 mM NaCl and 1 tablet of EDTA-free protease inhibitor cocktail (Roche), and sonicated (20 s, 3 times) using
an ultrasonic processor (Fisher Scientific). Lysates were pelleted at 17,000×g for 30 min, using a TLA-55 fixed-angle rotor
(Beckman Coulter) to separate insoluble/aggregated proteins (pellet) from soluble protein (supernatant). The supernatant was
transferred into a clean tube. The pellet was re-suspended in an equal (to that of supernatant) volume of 50 mM Tris-HCl
buffer, pH 8.0, containing 500 mM NaCl and EDTA-free protease inhibitor cocktail (Roche).
Quantitative RT-PCR
For analysis of relative mRNA expression levels, total RNA was isolated from E. coli BL21 (DE3) Δtig::Kan cells
expressing U and H variants using Trizol Reagent (Life Technologies). Total RNA (2 g) was subjected to DNAse treatment
(Promega) and 1 g of DNAse-treated RNA was used for cDNA amplification with the Invitrogen Superscript III RT kit
(Life Technologies). PCR reactions were carried out for 21 cycles (to avoid saturation) using the following gamma-B
crystallin U/H variant-specific primers:
U forward: 5’-AAAAACCATGGGGAAGATCACTTTTTAC-3’
U reverse: 5’-GAAAGTGCCGGTGTGTTGCGG-3
H forward: 5’-AAAAACCATGGGAAAAATCACTTTCTATG-3’
H reverse: 5’-CCGAAAAGTACCGGTATGTTGTGG-3’,
Both the U and H primer pairs generated products 264 bp length. PCR without RT, using DNAse-treated RNA as the
template was used to control for plasmid DNA contamination. Amplified fragments of 16S rRNA were used as reference
standards (16S rRNA forward primer: 5'- GCTACAATGGCGCATACAAA-3'; 16S rRNA reverse primer: 5'TTCATGGAGTCGAGTTGCAG-3'; 101 bp PCR product).
Analysis of recombinant protein expression
Protein concentrations in samples were determined using a Coomassie (Bradford) Protein Assay Kit (Thermo Scientific) with
bovine serum albumin (BSA) as a reference standard and equal total protein amounts were analyzed for each sample. For
Western blotting, 2 µg total protein (soluble and/or insoluble fractions) was separated under reducing conditions using TrisTricine SDS-PAGE using a 4% stacking and a 16.5% separation gel (49.5% T, 3% C). Proteins were transferred to a 0.45 µm
pore size PVDF membrane (EMD Millipore) using a wet Mini Trans-Blot blotting system (Bio-Rad Laboratories) at 110V
for 1.5 h. The membrane was blocked (7.5% non-fat dry milk, TBS, 0.1% Tween) for 1 h at room temperature, washed and
probed with either anti-gamma-B crystallin antibody (1:1000 dilution, P-18, Santa Cruz Biotechnology) (Figure 1C) or with
mouse monoclonal anti-poly-histidine antibody (1:3000, H1029, Sigma) (Figure 1E). Membranes were then incubated with
secondary donkey anti-goat IgG-HRP (1:2000, Santa Cruz Biotechnology) or goat anti-mouse IgGH&L(HRP) (1:4000,
ab6789, Abcam) antibodies. Signals were detected using ECL Plus reagent (GE Healthcare) and a Typhoon 9410 imaging
scanner (GE Healthcare). Band intensities were quantified using either Image Quant (v. 2005) or ImageJ software. For
ELISA, 2 µg of total cellular protein in 200 mM sodium carbonate/bicarbonate buffer, pH 9.5 was coated on 96 well plates
and incubated overnight, at 4°C. Protein was blocked using 300 µL blocking buffer containing 7.5% non fat dry milk
(Promega) in 0.1% Tris-Buffered Saline (TBS) per well and incubated for 1 hr at room temperature. After 1 hr, blocking
buffer was removed and 200 µL of polyclonal anti-gamma-B crystallin antibody (P-18, Santa Cruz Biotechnology, 1:1000)
diluted in 7.5% non fat dry milk, 0.1% tween TBS was added to each well and incubation was continued on shaking platform
for 1 hr at room temperature. Wells were washed with 300 µl wash buffer (0.1% tween TBS) for 5 min (×3). After washing,
secondary donkey anti-goat IgG-HRP antibody (1:2000) (Santa Cruz Biotechnology) diluted in 7.5% non fat dry milk, 0.1%
tween TBS was added and incubation was continued for 1 hr on shaking platform followed by washing with 300 µL of wash
buffer (0.1% tween TBS) for (5 min x 3 times). For detection, 100 µL of TMB One Solution (Promega) was added to each
well and the samples were incubated for 10 min with shaking in the dark at room temperature. Reactions were stopped by
adding 100 µL of 1N hydrochloric acid (HCl) to each well. Protein was detected by recording the absorbance at 450 nm on
Victor3™ Plate reader (PerkinElmer). Percentages of the soluble and pellet fractions were calculated as a fraction of the total
protein.
Recombinant protein purification
Gamma-B crystallin protein variants expressed as described above were isolated using immobilized metal-affinity
chromatography (IMAC) on Ni-Nitrilotriacetic Acid Agarose (Ni-NTA) (Qiagen) followed by size-exclusion
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chromatography (SEC) on a Superdex 75 gel-filtration column (1.6 cm×60 cm) (GE Healthcare) using an ÄKTA purifier
liquid chromatography system (GE Healthcare). Gamma-B crystallin fractions were collected and concentrated using an
Amicon Ultra-4 centrifugal device (EMD Millipore). Aliquots were flash frozen in liquid nitrogen and stored at -80°C. The
purified protein samples were subjected to MS analysis and microsequencing at either the Cleveland Clinic proteomics core
facility or the Harvard Mass Spectrometry facility.
Gamma-B crystallin purification from bovine eye lenses
Gamma-B crystallin from bovine eye lenses (native protein, N) was purified generally as described (Slingsby and Miller,
1983) with the following modifications. Frozen lenses collected from young cows (less than 30 months old) were purchased
from Animal Technologies (Tyler, TX, USA). Lenses were thawed, decapsulated and homogenized in 50 mM Tris-HCl
buffer, pH 7.2, containing 1 tablet of EDTA-free protease inhibitor cocktail (Roche). After the homogenate was centrifuged
at 27,000×g for 30 min, the pellet was discarded and the supernatant was filtered and used for further purification. Gamma
crystallins were separated from other proteins (including alpha- and beta-crystallins) by SEC using a Superdex 75 gelfiltration column (1.6 cm×60 cm, GE Healthcare) on an ÄKTA purifier liquid chromatography system (50 mM Tris-HCl
buffer, pH 7.2, flow-rate 0.75 mL/min). Fractions containing gamma crystallins were collected and dialyzed against 20 mM
Tris-acetate, pH 6.0 (buffer A). Proteins were further separated by cation exchange chromatography on a Mono S 5/50
Column (GE Healthcare). The column was equilibrated and washed with buffer A and a gradient and stepwise elution of
buffer B (20 mM Tris-Acetate, 0.4 M sodium acetate, pH 6.0) was used. Elution was done by running a 5-10% buffer B
gradient for 2.5 min, 10% isocratic buffer B for 10 min, followed by a 10-40% buffer B gradient for 15 min (flow rate 0.5
mL/min). To identify fractions containing gamma-B crystallin, proteins from each isolated peak were run on Tris-tricine
SDS-PAGE gels, Coomassie stained, and submitted for MS analysis and microsequencing (Table S3).
Proteolysis of purified gamma-B crystallin
For proteinase K (PK) proteolysis under native/non-denaturing conditions, 190 pmol (4 µg) of purified gamma-B crystallin
(U, H and/or N) in 50 mM Tris-HCl pH 8.0, 200 mM NaCl were treated with 38 pmol (1.1 µg) PK at 37°C. Reactions were
stopped by PMSF addition (10 mM final concentration) and samples were immediately flash frozen in liquid nitrogen,
thawed, mixed with 2X Tris-tricine loading buffer and resolved on Tris-tricine SDS-PAGE gels (Schägger and von Jagow,
1987). For proteolysis under denaturing conditions, gamma-B crystallin (U, H and/or N) in 50 mM Tris-HCl, pH 8.0, 200
mM NaCl, 3M GuHCl was first denatured at 37°C for 24 h and then subjected to PK treatment as described above.
Mass spectrometry
Identification of gamma-B crystallin protein products was carried out by LC-MS/MS analysis at the Cleveland Clinic Mass
Spectrometry Laboratory for Protein Sequencing (Cleveland, OH) and the Harvard Mass Spectrometry facility (Cambridge,
MA). Finnigan LTQ-Obitrap Elite hybrid mass spectrometer systems were used. Purified proteins or gel-separated protein
products were subjected to MS analysis. For in-gel protein digestion, bands were excised, washed with water, and dehydrated
in acetonitrile. The bands were then reduced with DTT and alkylated with iodoacetamide prior to in-gel digestion. Bands
were digested in-gel by adding either 5 μL 10 ng/μL trypsin or 10 ng/μL chymotypsin in 50 mM ammonium bicarbonate and
incubating overnight at room temperature to achieve complete digestion. Peptides were extracted with a 50% acetonitrile, 5%
formic acid solution, evaporated to <10 μL using a Speedvac and resuspended in 1% acetic acid to a final volume of 30 μL
for LC-MS/MS analysis.
mRNA for in vitro translation
mRNAs coding for full-length U and H protein variants, or the N-terminal fragment (amino acids 1-89) of U and H, were
prepared by T7 transcription using pET15b-based constructs containing the corresponding sequences. Neither construct
contained the C- terminal 6xHis tag or a stop codon. The T7 forward primer (5'- GATCCCGCGAAATTAATACGACTC-3')
was used with the following reverse primers:
U (full-length): 5'-ATAAAAATCCATCACCCGTCTTAAAGAACC-3';
U (1-89): 5'- GAAAGTGCCGGTGTGTTGCG-3';
H (full-length) 5'- GTAGAAGTCCATAACGCGCCGTA-3'; and
H (1-89): 5'-AAAAGTACCGGTATGTTGTGGGATTAAG-3'.
For FRET experiments, the threonine codon at position 88 (counting from the initiator Met) of full-lengths U or H mRNA
was replaced by an amber stop codon UAG. The position 88 was chosen because it is located (i) close to the end of the NTD
(position 80), which should allow for monitoring the NTD folding as soon its synthesis is completed, and (ii) at a distance
that would allow efficient FRET, and because the linker can be replaced without a change in protein stability (Mayr et al.,
1994).
Fluorescence-labeled tRNAs
To obtain BOP-Met-tRNAfMet, [3H]Met-tRNAfMet (15 µM) was labeled with Bodipy576/589-NHS (5 mM) (MolecularProbes)
in 100 mM sodium acetate pH 5.0, 80% DMSO for 18 h at 4°C. Unreacted fluorophore was removed by extraction with
50:50 phenol:chloroform mixture followed by ethanol precipitation. BOP-Met-tRNAfMet was purified by HPLC on a
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LiChrospher WP300 RP-18 column using a gradient of 5 to 40% ethanol in 20 mM ammonium acetate, 10 mM MgCl2, 400
mM NaCl pH 4.5.
The gene coding for E. coli tRNACys under a T7 promotor was generated by primer overlap PCR and was ligated into the
SmaI site of pUC19. Genes coding for amber, opal and ochre suppressor tRNACys variants were constructed by site-directed
mutagenesis of the anticodon. tRNACys variants were generated by in vitro transcription and purified on a HiTrapQ column
(GE healthcare) using a linear gradient of 0 to 1.1 M NaCl in 50 mM sodium acetate pH 5.0 and 10 mM MgCl2.
Aminoacylation was carried out in 100 mM HEPES pH 7.5, 15 mM KCl, 7 mM MgCl2, 5 mM DTT with 2 mM ATP, 150 µM
L-cysteine, 35 A260 units/mL of tRNACys variant, and 6 µM CysRS-His6 for 45 min at 37°C. The yield of aminoacylation was
50% for all variants. Opal suppressor Cys-tRNACys from E. coli was reported to be active in translation in rabbit reticulocyte
and wheat germ extracts (Gubbens et al., 2010). In contrast, in the E. coli system, only wt tRNACys and the amber suppressor
tRNACysCUA were active. To improve the decoding properties of tRNACysCUA, we introduced a further replacement into the
anticodon loop, U32 to C, which restored the rate of decoding to the level of wt tRNACys (Olejniczak and Uhlenbeck, 2006).
Cys-tRNACysCUA U32C (30 µM) was labeled with BodipyFL-C1-IA (Molecular Probes) (1 mM) in 50 mM Hepes pH 7.5, 50%
DMF for 45 min at 25°C. Unreacted fluorophore was removed by extraction with 50:50 phenol:chloroform mixture followed
by ethanol precipitation. BOF-Cys-tRNACysCUA U32C was separated from deacylated and unlabeled tRNA by HPLC on a
LiChrospher WP300 RP-18 column using a gradient of 5 to 40% ethanol in 20 mM ammonium acetate, 10 mM MgCl2, 400
mM NaCl.
In-vitro translation
Translation in the fully reconstituted single-turnover in vitro translation system was carried out as described (Doerfel et al.,
2013; Mittelstaet et al., 2013). 70S initiation complexes (IC) were prepared by incubating 70S ribosomes (purified from E.
coli MRE 600 strain (Rodnina, and Wintermeyer, 1995) (0.75 µM) with mRNA (1.5 µM), BOF- or BOP-labeled [3H]MettRNAfMet (0.5 µM), a mixture of initiation factors IF1, IF2, IF3 (1.5 µM each), and GTP (2 mM) in TAKM7 buffer (50 mM
Tris-HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2 2 mM DTT) for 1 h at 37°C. Initiation efficiency was verified
by nitrocellulose filtration and [3H]-radioactivity counting (Milon et al., 2007); typically, all added fluorescence-labeled
[3H]Met-tRNAfMet was found in the complex with the ribosome. IC stock (0.125 µM) was diluted to HiFi translation buffer
(50 mM Tris-HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 3.5 mM MgCl2, 0.5 mM spermidine, 8 mM putrescine, 2 mM DTT).
Factor mix (FM) was formed by incubating elongation factor (EF) EF-Tu–GDP (250 µM), GTP (2 mM),
phosphoenolpyruvate (6 mM), pyruvate kinase (2%), and EF-G (7.5 M) at 37°C for 15 min, followed by addition of purified
total E. coli aa-tRNA (100 µM) aminoacylated with the mixture of amino acids containing [14C]Phe and additional incubation
for 2 min at 37°C. The concentrations of the components in the in vitro system were optimized to achieve the speed and
fidelity similar to that in vivo (Wohlgemuth et al., 2010; Rudorf et al., 2014). In vitro translation was initiated by rapid
mixing of IC (0.015 µM) with FM (40 µM ternary complex) at 37°C. At indicated time points after the start of translation,
aliquots (25 µl) were withdrawn and the reaction was stopped by adding 5 µl of 2 M NaOH and digested for 30 min at 37°C.
The efficiency of translation was tested by precipitating the peptides by cold trichloroacetic acid (5%) and measuring
[3H]Met and [14C]Phe incorporation into proteins; typically, 70-80% of the IC carried peptides of expected length. 2 M Hepes
acid (5.5 µL) and 2X loading buffer (50 mM Tris-HCl, pH 6.8, 12% (w/v) glycerol, 2% β-mercaptoethanol, 4% SDS) was
added to each sample and the translation products were separated by Tris-tricine SDS-PAGE using 4% stacking, 10 % spacer
and 16.5 % separation gels (49.5% T, 3% C). The gel was washed with water and scanned on a FLA-9000 fluorescence
imager (Fujifilm Lifescience). Fluorescence was excited at 473 nm and monitored after passing a LPB (510LP) filter.
Because the mRNAs used for translation did not have a stop codon, translation was limited to a single round per ribosome
and the nascent peptides did not dissociate from the ribosome, unless released by puromycin treatment.
For FRET experiments, translation was carried out with an IC containing BOP-Met-tRNAfMet and an mRNA variant
containing a UAG stop codon at position 88. The stop codon was decoded by an amber suppressor tRNACysCUA U32C (Gubbens
et al., 2010) aminoacylated with Cys and thiol-modified by BOF. The fluorophores BOF or BOP were exited at 470 nm and
540 nm, respectively. The emission of BOF was monitored after passing a 500 nm cut-off filter; the emission of BOP after a
570 nm cut-off filter. As the acceptor-only control, unlabeled Cys-tRNACysCUA U32C was used. Cys-tRNACysCUA U32C was
separated from deacylated tRNA by purifying the ternary complex EF-Tu•GTP•Cys-tRNACysCUA U32C on a Superdex 75
10/300 size exclusion column.
Protein expression and purification for NMR spectroscopy
Aliquots of Invitrogen OneShot BL21(DE3) E. coli cells (Life Technologies) or SHuffle T7 E. coli cells (NEB) were freshly
transformed with the pET15b plasmid (U or H) and incubated overnight in 50 mL LB medium containing 100 mg/L
ampicillin (37°C, 220 rpm shaking). Pre-cultures were pelleted (15 min, 5000×g, 4°C) and resuspended in a small volume of
the final expression medium, which was then used to inoculate main cultures to a starting OD600 of 0.2 – 0.3 for BL21(DE3)
and 0.5 for SHuffle T7 cells.
All expression media contained 100 mg/L ampicillin. A rich medium for uniform 15N-labeling, Celltone Complete (98% 15N,
Cambridge Isotope Labs) was used (incubation conditions: 250 mL culture volume in 1 L baffled flasks, 37°C, 160-180 rpm).
15
N/13C–labeled gamma-B crystallin for backbone assignment was expressed in M9 minimal medium containing 1 g/L
15
[ N]NH4Cl and 2 g/L [U-13C]glucose (incubation conditions: 2 L culture volume in 5 L baffled flasks, 37°C, 120 rpm). For
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selective 15N-cysteine labeling, a modified M9 medium containing [15N]cysteine was used, as described by Muchmore et al.,
1989 (incubation conditions: 1 L culture volume in 5 L baffled flasks, 37°C, 120 rpm). Expression cultures were incubated at
37°C until an OD600 of 0.8 was reached, at which point protein expression was induced by addition of 1 mM IPTG and
allowed to continue for 3 h before harvesting the cells by centrifugation (15 min, 5000×g, 4°C). Per 1 L of culture volume,
cell pellets were resuspended in 35 mL of lysis buffer (50 mM sodium phosphate, pH 8.0, 500 mM NaCl, 20 mM imidazole,
complete EDTA-free protease inhibitor tablet (Roche)). For resuspension volumes smaller than 50 mL, cells were lysed by
sonication (6 × 1 min, 5 min cooling on ice, 40% cycle time, 60% power, Bandelin Sonoplus HD 2070). For resuspension
volumes greater than 50 mL, lysis was performed using an M-110P microfluidizer (3 cycles, 1000 Bar, Microfluidics). Using
a divided reference expression, we demonstrated that no artificial structural changes in gamma-B crystallin were introduced
by different lysis conditions (data not shown). Cell lysates were cleared by centrifugation (2 × 30 min, 20.000×g, 4°C) and
supernatants were loaded onto a 5 mL HisTrap HP Ni-NTA column (GE Healthcare) that was pre-equilibrated with NTA
washing buffer (50 mM sodium phosphate, pH 8.0, 500 mM NaCl, 20 mM imidazole). Columns loaded with lysate were
washed to A280 baseline levels and 6xHis-tagged gamma-B crystallin was eluted with NTA elution buffer (50 mM sodium
phosphate, pH 8.0, 500 mM NaCl, 250 mM imidazole). Protein fractions were pooled and concentrated to a volume of 10 mL
using a Vivaspin 20 centrifugal concentrator (Sartorius), followed by SEC using a HiLoad 26/60 Superdex 75 prep grade gelfiltration column (GE Healthcare) in IEX buffer A (50 mM Tris, pH 9.0). Fractions corresponding to monomeric gamma-B
crystallin were pooled and loaded onto a 5 mL HiTrap Q XL anion exchange column (GE Healthcare), which was
subsequently washed with 5 column volumes of IEX buffer A. pH gradient elution over 30 column volumes to 100% IEX
buffer B (50 mM Tris, pH 6.0, 50 mM NaCl) was performed and corresponding peak fractions were pooled. Concentration to
a final volume of 600 µL and buffer exchange into NMR buffer (50 mM Tris, pH 8.0, 200 mM NaCl, 10% D2O, 0.1% DSS)
was performed using Vivaspin 20 and Vivaspin 2 centrifugal concentrators (Sartorius). All chromatographic steps were
performed on an ÄKTA purifier liquid chromatography system (GE Healthcare) at 25°C. The combination of protein
concentrations above 5 mg/ml and temperatures below 20°C was avoided at all times during purification in order to prevent
potentially structurally relevant phase transitions and precipitation. 10 µM samples for SDS-page and native-PAGE were
taken after each purification step. Samples for C-4 reverse-phase HPLC were taken before and after ion exchange
chromatography.
Oxidation of U with catalytic amounts of Cu(II)
Gamma-B crystallin U variant (10 µM in NMR buffer) isolated for NMR analysis was incubated overnight with 2 µM CuCl2
under air supply and continuous stirring, essentially as described by Cavallini et al., (1969). The protein was then re-purified
by SEC in NMR buffer, concentrated to 1 mM and subjected to NMR analysis.
Analytical HPLC
Analytical HPLC runs were performed on a Jasco HPLC system using a PerfectSil 300 C4-RP column (250 × 4.6 mm).
Gradient: 10-35% B (20 min), 35% B isocratic (10 min), 45-50% B (15 min). Buffer A: H2O, 0.1% TFA; Buffer B:
Acetonitrile, 0.1% TFA.

Supplemental References
Cavallini, D., De Marco, C., Duprè, S., and Rotilio, G. (1969). The copper catalyzed oxidation of cysteine to cystine. Arch.
Biochem. Biophys. 130, 354-361.
Deuerling, E., Schulze-Specking, A., Tomoyasu, T., Mogk, A., and Bukau, B. (1999). Trigger factor and DnaK cooperate in
folding of newly synthesized proteins. Nature 400, 693-696.
Doerfel, L.K., Wohlgemuth, I., Kothe, C., Peske, F., Urlaub, H., and Rodnina, M.V. (2013). EF-P is essential for rapid
synthesis of proteins containing consecutive proline residues. Science 339, 85-88.
Gubbens, J., Kim, S.J., Yang, Z., Johnson, A.E., and Skach, W.R. (2010). In vitro incorporation of nonnatural amino acids
into protein using tRNA(Cys)-derived opal, ochre, and amber suppressor tRNAs. RNA 16, 1660-1672.
Mayr, E.M., Jaenicke, R., and Glockshuber R. (1994). Domain interactions and connecting peptides in lens crystallins. J Mol
Biol. 235, 84-88.
Milon, P., Konevega, A.L., Peske, F., Fabbretti, A., Gualerzi, C.O., and Rodnina, M.V. (2007). Transient kinetics,
fluorescence, and FRET in studies of initiation of translation in bacteria. Methods Enzymol. 430, 1-30.
Olejniczak, M., and Uhlenbeck, O.C. (2006). tRNA residues that have coevolved with their anticodon to ensure uniform and
accurate codon recognition. Biochimie 88, 943-950.
Rodnina, M.V., and Wintermeyer, W. (1995). GTP consumption of elongation factor Tu during translation of
heteropolymeric mRNAs. Proc. Natl. Acad. Sci U. S. A. 92, 1945-1949.
Rudorf, S., Thommen, M., Rodnina, M.V., and Lipowsky, R. (2014). Deducing the kinetics of protein synthesis in vivo from
the transition rates measured in vitro. PLoS Comput. Biol. 10, e1003909.
Schägger, H., and von Jagow, G. (1987). Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the
separation of proteins in the range from 1 to 100 kDa. Anal. Biochem. 166, 368-379.
Slingsby, C., and Miller, L. (1983). Purification and crystallization of mammalian γ-crystallins. Exp. Eye Res. 37, 517-530.

9

Wohlgemuth, I., Pohl, C., and Rodnina, M.V. (2010). Optimization of speed and accuracy of decoding in translation. EMBO
J. 29, 3701-3709.

10

