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Non-optimal codons are generally characterised by a low concentration of isoaccepting tRNA and a slower
translation rate compared to optimal codons. In a previous study, we reported a 20-fold reduction in maltose
binding protein (MBP) level when the non-optimal codons in the signal sequence were optimised. In this
study, we report that the 20-fold reduction is rescued when MBP is expressed at 28 °C instead of 37 °C,
suggesting that the signal sequence optimised MBP protein (MBP-opt) may be misfolded, and is being
degraded at 37 °C. Consistent with this idea, transient induction of the heat shock proteases prior to MBP
expression at 28 °C restores the 20-fold difference, demonstrating that the difference in production levels is
due to post-translational degradation of MBP-opt by the heat-shock proteases. Analysis of the structure of
purified MBP-wt and MBP-opt grown at 28 °C showed that although they have similar secondary structure
content, MBP-opt is more resistant to thermal unfolding than is MBP-wt. The two proteins also exhibit
different tryptic fragment profiles, further confirming that they are folded into conformationally different
states. This is the first study to demonstrate that signal sequence non-optimal codons can influence the
folding of the mature exported protein.
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1. Introduction

A characteristic of all general secretory pathway proteins (sec) is
that they have an N-terminal signal peptide. These are typically 20–30
amino acids long that help direct the pre-secretory protein to the
cytoplasmic membrane [1]. The signal peptide is divided into three
domains, a positively charged N-terminus, a hydrophobic core and a
C-terminal cleavage signal [2]. The signal peptide is predicted to fold
into anα-helix due to the hydrophobic core upon interaction with the
lipid membrane [3–5], and is cleaved by leader peptidase I upon
translocation of the pre-secretory protein into the periplasm [6].

Non-optimal codons occur at the highest frequency in the signal
sequence of Escherichia coli secretory genes compared to any other
region of the genome [7]. A similar finding has been reported in the
Gram-positive bacterium Streptomyces coelicolor [8]. Non-optimal
codons are translated at a slower rate than optimal codons [9–11],
and have been shown to occur at higher frequencies at protein domain
junctions [12,13]. One of the roles attributed to non-optimal codons is to
allow the correct folding of the protein [14]. Previous studies have
shown that replacingnon-optimal codonswith optimal codons fromthe
same synonymous codon family causes the protein to misfold [15–17].
However, no study has directly investigated the effect of non-optimal
codons in the signal sequence of the precursor form of secretory
proteins on the folding of the mature form of the protein.

In two previous studies, codon usage was optimised in the signal
sequence of maltose binding protein (MBP) and β-lactamase (Bla)
(malE-opt, bla-opt). The protein produced from these optimised
alleles (MBP-opt, Bla-opt) was expressed at 20-fold [18] and 4-fold
[19] lower levels when compared to the expression of wild-type
protein produced from malE-wt and bla-wt (MBP-wt, Bla-wt)
respectively. For β-lactamase, this difference could be reduced to 2-
fold by growing at a lower temperature (28 °C compared to 37 °C)
[19]. In the case of MBP-opt, its production was partially recovered in
strains deficient in multiple periplasmic (OmpT, DegP) or cytoplasmic
proteases (Lon, ClpXP, HslVU) [18], indicating that the MBP-opt may
be misfolded. In this study, we followed these indications to further
examine the production and structure of MBP-opt and MBP-wt. In
particular, we wanted to determine if MBP-opt had a different tertiary
structure compared to MBP-wt, which would help explain the
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protease sensitivity phenotype of MBP-opt. We investigated this
through the biochemical assays on purified protein, the results of
which are reported below.

2. Materials and methods

2.1. Bacterial growth conditions

All bacteriawere grown in Luria-Bertanimedia supplementedwith
the appropriate antibiotic: ampicillin 100 μg/ml. The bacterial strains
used in this study MC4100 (F-araD139 A(argF-lac)U169 rpsL150 deoCI
relAl thiA ptsF25 flbB5301), TST1 (MC4100 malE, CGSC # 6137).

2.2. Expression of malE-wt and malE-opt after induction of heat-shock
proteins

ThemalE-wt andmalE-opt alleles are the same as described in [18].
A 3 ml LB-ampicillin starter culture of MC4100 was grown overnight
at 28 °C, subbed 1:100 into 4 ml LB-ampicillin and grown until A600

0.5. The heat shock proteins were induced by incubating the cultures
for 5 min at 42 °C. MBP production was induced with 0.3 mM IPTG
and the cultures grown at 28 °C. Expression of malE-wt and malE-opt
without induction of the heat-shock response was carried out at the
constant temperature of 28 °C for 1 h. Samples were taken at 15 min
and 1 h, and prepared for Western analysis on 4–12% SDS-PAGE gel as
described in [18]. Western blots were probed with anti-MBP (NEB,
E8030S) at a 1:10,000 dilution and detected with anti-rabbit IgG
conjugated with alkaline phosphatase.

2.3. Purification of MBP-wt and MBP-opt from strain TST1

The proteins MBP-wt and MBP-opt were purified from the malE
deficient strain TST1, following the protocol in New England Biolabs.
Briefly a starter culture of 3 ml LB-ampicillin was grown overnight
and added to 500 ml LB-ampicillin. This was grown until A600 ∼0.5,
then MBP production was induced by addition of 0.3 mM IPTG and
grown for 3 h. Cells were pelleted by centrifugation and left overnight
at−20 °C. Cells were resuspended in column buffer (20 mM Tris–HCl
pH 7.5, 200 mM NaCl, 1 mM EDTA), containing one tablet of EDTA-
free protease inhibitor cocktail (Roche, Cat. No. 11873580001) and
lysed by French-press by passing through five cycles at 1000 mPa.
Both MBP-wt and MBP-opt were only present in the soluble fraction
and not in the insoluble fraction. The cell lysate was centrifuged at
16,442×g and the supernatant passed by gravity flow over a 2 ml
amylose column and washed with 20 ml column buffer. There was no
MBP-opt or MBP-wt present in the unbound fraction. The MBP was
eluted in 2 ml fractions with column buffer with 10 mM maltose.
Fractions containing pure MBP were pooled and buffer exchanged on
a 10 kDa column (Pall Life Science), into 20 mM sodium phosphate
buffer, pH 7.4 for further analysis. Samples were spotted onto PVDF
membrane, and N-terminally sequenced by Edman degradation on an
Applied Biosystem's Procise 492cLC.

2.4. Circular Dichroism (CD) spectroscopy

CD spectra were obtained on a Jasco J-710 spectrometer (Jasco,
Japan). Spectrawere collected from195 to 260 nmusing a 1 mmpath-
length cuvette. For each sample five scans were collected and
averaged. A baseline (20 mM sodium phosphate, pH 7.1) was
subtracted from each sample. The direct CD measurements were
converted to molar ellipticity, Δε (M−1 cm−1) using the relationship
Δε=θ/33,000×c× l, where c is the concentration (M) and l is the path
length (cm). For the thermal unfolding experiments, a Neslab RTE-111
microprocessor water bath was used and controlled via the Jasco
software. The heating rate was 15 °C/h and the ellipticity at 222 nm
was collected every 0.5 °C between 20 °C and 85 °C. The ellipticity was
converted to % folded protein assuming the protein is 100% folded at
20 °C. The data is presented as the average of two independent scans
and is representative of two independent purifications. CDwavelength
scans were obtained at 20 °C before and after each thermal unfolding
experiment. Data were fitted using a monomer-to-monomer unfold-
ing equation using Sigma-plot. Reversibility was assessed after each
run by cooling the sample from 85 °C and equilibrating at 20 °C then
collecting the CD spectrum between 195 and 260 nm.

2.5. Maltose binding assay

Maltose binding was assessed by monitoring tryptophan fluores-
cence during amaltose titration. All fluorescence titrationswere carried
out on a Perkin Elmer LS50B luminescence spectrometer operating
WinFl software (Perkin Elmer,Massachusetts, USA) and all spectrawere
collected at room temperature (22 °C). Aliquots of a maltose stock
solution (1.4 mM in 20 mMphosphate buffer, pH 7.5)were titrated into
protein solutions (2.0 ml). Titrations were conducted on protein
concentrations of 1.0 μM (MBP ε280nm=82,949 M−1 cm−1). The
fluorescence excitation wavelength was 290 nm (slit width=2.5 nm)
and the emission (slit width=6.5 nm) was scanned from 300 to
400 nm. Five scans were collected and averaged for each maltose
addition. The fluorescence intensity at 350 nm was recorded as a
function of the maltose concentration. The extent of maltose binding
after each addition was determined as ΔFi/ΔFmax where ΔFi is the
fluorescence change after each maltose increment and ΔFmax is the
maximal fluorescence change at infinite maltose concentration. ΔFmax

was determined from: ΔFi=ΔFmax ([maltose]/([maltose]+c)) where
ΔFi=F0−Fi (F0 is the initial fluorescence, Fi is the fluorescence after
maltose addition) and c is a constant. Data were fitted to using
WinCurveFit (Kevin Rainer software). Plots ofΔFi/ΔFmax as a function of
maltose concentration were prepared using Prism (Graphpad Software
Inc, California, USA) and association constants (Ka) were determined
using non-linear regression assuming a single, specific maltose binding
site.

2.6. Digest of MBP with trypsin

Aliquots (20 µL) of MBP-wt and MBP-opt adjusted to an equal
concentration of 0.191 mg/ml in 20 mM Tris–HCl pH 7.4, 200 mM
NaCl and 1 mM EDTA were digested by addition of 1 μl of trypsin at 1,
0.1, 0.01 or 0 μg/μl, giving a trypsin/protein ratio of approximately 1:4,
1:40, 1:400 or 0, respectively, and incubation at 37 °C for 3 h. Samples
were separated on a 4–12% SDS-PAGE and stained with Coomassie
blue. For N-terminal sequencing, duplicate samples were semi-dry
electroblotted to PVDF membrane and stained with Coomassie blue.

3. Results

3.1. Production of MBP-wt and MBP-opt equivalent at 28 °C

In our previous study, six non-optimal codons, defined by Burns
and Beacham [20], in the plasmid encoded signal sequence of malE::
lacZα were changed to the most optimal codon from the same
synonymous codon family. Protein production from the two alleles
(malE-wt, malE-opt) saw a dramatic 20-fold drop in MBP-opt
production compared to MBP-wt, which could not be explained by
changes in plasmid copy number or RNA transcript levels [18].
However, production of MBP-opt was partially recovered by expres-
sion in strains deficient in multiple periplasmic or cytoplasmic
proteases, implying that MBP-opt was misfolded. All of the previous
experiments were carried out at 37 °C.

A common method used to achieve better production of unstable
and misfolded proteins is to lower the temperature at which they are
produced [21,22]. One reason for this is the lower degradation rate
from ATP-dependent proteases at 30 °C compared to both 37 °C [23]
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and 42 °C [24]. These ATP-dependent proteases include the heat-
shock proteases Lon, ClpXP and HslVU [25]. To test if MBP-opt
production levels could be improved by expressing at a lower
temperature, strain MC4100 containing either the malE-wt or malE-
opt alleles was grown at 28 °C. At this temperature, MBP-opt and
MBP-wt was produced at equivalent amounts, which is in stark
contrast to the 20-fold difference observed at 37 °C (Fig. 1).

The lower production of MBP-opt at 37 °C was hypothesised to be
due to preferential degradation of a misfolded conformation of MBP-
opt [18]. The equivalent production of MBP-wt andMBP-opt observed
at 28 °C in Fig. 1 raises the possibility that MBP-opt produced at this
temperature is correctly folded, and therefore not susceptible to
proteolytic degradation by the heat-shock proteases. To test this
hypothesis, production of MBP-wt and MBP-opt was compared in
strain MC4100 grown at 28 °C that had the heat-shock proteases
transiently induced by incubating the cultures 42 °C for 5 min prior to
induction ofMBP expressionwith IPTG at 28 °C. A temperature shift to
42 °C is a commonway to induce expression of heat-shock genes [26],
including the proteases Lon, ClpXP and HslVU. After induction, the
cultures were shifted back to 28 °C and samples taken 1 h later for
analysis by Western blot. Production of MBP-opt in the temperature
shifted cultures was severely reduced compared to MBP-wt (Fig. 1),
and the ratio between MBP-wt and MBP-opt was more comparable to
that observed at 37 °C (Fig. 1). When no temperature shift was
introduced, the production of MBP-wt and MBP-opt grown at 28 °C
was equivalent. The change in production levels observed in the
temperature shifted cultures was not due to differences in plasmid
copy number or RNA transcript levels, which were equivalent
throughout the experiment (data not shown). This suggests that
MBP-opt folds into the same protease-sensitive conformation at both
28 °C and 37 °C, but requires induction of the heat-shock proteases for
degradation to occur at 28 °C.

3.2. MBP-opt is more stable than MBP-wt

The previous experiment demonstrated that MBP-opt produced
from cultures grown at either 28 °C or 37 °C is sensitive to proteolytic
Fig. 1. Effect of temperature on MBP production in strain MC4100. Whole cell lysates
were run on a 4–12% SDS-PAGE, and the Western and probed with anti-MBP (NEB
E8032S). Cultures were grown at the temperature indicated above the lane. The top
Western blot showsMBP production at 28° and 37°. The bottomWestern blot compares
MBP production at 28° with and without induction of the heat-shock proteins. The 28*
indicates both malE-wt and malE-opt were heat-shocked at 42 °C for 5 min prior to
induction of MBP with 0.3 mM IPTG, and then grown back at 28 °C. The arrow head
indicates mature MBP. Key: M—prestained molecular weight marker (Invitrogen
10748-010), w—MBP-wt, o—MBP-opt.
degradation, implying that MBP-opt is structurally different to
protease-insensitive MBP-wt. To determine if a structural difference
could underlie the protease-sensitivity, we purifiedMBP-wt andMBP-
opt from cultures grown at 28 °C. Purified MBP-wt and MBP-opt was
Coomassie stained (Fig. 3, Lanes 1 and 2) and sequenced by Edman
degradation which showed that both had identical sequences, which
confirmed that mature MBP was the major species present in the
purified sample. There was very little unprocessed precursor
(preMBP) in either of the purified samples.

Circular dichroism (CD) spectroscopy (Fig. 2A) revealed that the
overall composition of α-helices, β-sheets and coil structures in the
mature proteins is very similar, confirming no major differences in
secondary structure between the two proteins. Using CD we next
investigated the thermal unfolding features of bothMBP-wt andMBP-
opt over the temperature range 20–85 °C (Fig. 2B). The results show
thatMBP-opt (Tm=65.4 °C) is more resistant to temperature-induced
unfolding than MBP-wt (Tm=63.1 °C), and did not unfold as
extensively as MBP-wt, suggesting MBP-opt is more thermostable
Fig. 2. A. CD spectra of the MBP-wt and MBP-opt. Samples were prepared in 20 mM
sodium phosphate buffer (pH 7.4) and scans were taken in a range from 195 to 280 nm
on a Jasco-710 spectrometer (Jasco). The dashed line is the MBP-opt spectrum and the
solid line is the MBP-wt spectrum. B. Temperature induced unfolding of MBP-wt and
MBP-opt. MBP-opt (5.8 μM, squares, ■) and MBP-wt (6.7 μM, circles, ●) in 20 mM
sodium phosphate buffer (pH 7.4) were unfolded over the temperature range 20–85 °C
(data shown from 40 °C). The solid lines represent the data fitted to a monomer-to-
monomer unfolding equation. C. Maltose binding to MBP assessed by tryptophan
fluorescence. The decrease in tryptophan fluorescence at 348 nmwasmonitored during
the titration of maltose. The fractional saturation (ΔFi/ΔFmax) was plotted as a function
of maltose concentration. The circles (●) represent data obtained for MBP-wt and
squares (■) for MBP-opt (both 1.0 μM). The solid lines represent the best-fits obtained
from non-linear regression as described in Materials and methods.
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than MBP-wt. Furthermore, Fig. 2B shows that MBP-wt (∼52 °C)
clearly begins to unfold before MBP-opt (∼59 °C). The Tm obtained for
MBP-wt is consistent with previous studies (63.0 °C at pH 7.4) [27].
The unfolding was not completely reversible for both MBP-wt and
MBP-opt under these conditions and neither completely unfolded.
Inspection of the diode current (measure of turbidity) obtained
during the thermal unfolding experiment shows that neither MBP-wt
nor MBP-opt aggregated during the experiment and the changes
observed at 222 nm are a direct reflection of unfolding protein (data
not shown).

3.3. The maltose binding properties of MBP-wt and MBP-opt

MBP-opt was capable of binding maltose as it was purified using a
maltose affinity column and previous experiments demonstrated that
MBP-opt can complement the malE deficient strain TL225, suggesting
it is able to transport maltose into the cell [18]. Using fluorescence
spectroscopy we followed the quenching of tryptophan fluorescence
(at 350 nm) as maltose is titrated into a solution of MBP. Using the
fluorescence data, we determined an affinity of MBP-opt for maltose
of 0.98±0.24 μM (n=2) and MBP-wt of 0.44±0.10 μM (n=2)
(Fig. 2C). Maltose affinities in the low μM range are consistent with
previous experiments [28,29]. These data suggest that the structural
difference that increases the thermal stability of MBP-opt and
protease sensitivity does not extend to a major difference in maltose
affinity. On this basis we can predict that the structural difference is
likely to be remote from the maltose binding site.

3.4. MBP-wt and MBP-opt exhibit different tryptic digest profiles

To further confirm whether MBP-opt is structurally different to
MBP-wt, both purified proteins were subject to digest by the protease
trypsin. Four micrograms of MBP-wt and MBP-opt was digested with
a range of trypsin concentrations for 30 min (see Materials and
methods). Coomassie staining on a 4–12% SDS-PAGE gel revealed a
band at about 13 kDa that appeared in the MBP-opt sample with
greater intensity than in the corresponding MBP-wt sample (Fig. 3,
see (*)). The greatest difference in intensity was observed in the 1:400
trypsin/protein ratio; at higher trypsin amounts the difference in
intensity was not observed (Fig. 3). The N-terminal sequence of the
first nine residues of this band in MBP-opt sample showed that it was
the start of mature MBP (minus the signal peptide). This implies that
the region at the N-terminus of MBP-opt is structurally distinct from
the corresponding region in MBP-wt, allowing greater access to
trypsin, hence the more intense band seen on the Coomassie gel.
Fig. 3. Non-denatured MBP-wt (w) and MBP-opt (o) were digested with increasing
ratios of trypsin/protein (no trypsin, 1:400, 1:40 and 1:4), separated by SDS-PAGE and
stained with Coomassie Blue. N-terminal sequencing of a band present at higher
intensity in MBP-opt (*) revealed the sequence KIEEGKLVI, corresponding to the N-
terminus of the mature MBP protein.
4. Discussion

The results of this study strongly indicate that two proteins, MBP-
wt and MBP-opt, identical at the amino acid level, are structurally
different. By altering codon usage in the MBP signal sequence so that
six non-optimal codons were changed to their most optimal codon,
MBP produced at 37 °C was folded into a protease-sensitive
conformation, and was degraded by heat-shock proteases. To our
knowledge, this is the first study to report that optimising the codon
usage in the cleaved secretory signal sequence of the precursor form
of a secreted protein can generate a structurally distinct mature form
of the same protein.

CD data suggest that MBP-wt and MBP-opt do not have major
differences in their secondary structure content (Fig. 2A), yet whether
the tertiary structures of these two proteins are the same is unclear
from this data alone. However, the protease-sensitive conformation of
MBP-opt results in an increase in thermal stability as evidenced by a
change in both the melting temperature and the temperature at
which unfolding begins (Fig. 2B) suggests that a structural difference
is indeed behind the protease sensitivity. The structural difference
does not appear to extend to a major difference in maltose binding
affinity, which is consistent with previous experiments showing that
MBP-opt can transport maltose efficiently.

The question remains as to how optimising the codon usage in
the signal peptide of MBP, which is cleaved upon translocation to the
periplasm, results in a conformation change in the mature protein.
Optimising the codon usage in the signal sequence could affect a
number of biological processes. These include mRNA secondary
structures, ribosome spacing on the transcript, and the translation
rate. The results of this study and our previous work [18] argues
strongly against the possibility of mRNA secondary structures
interfering with translation, since equal production of MBP-opt and
MBP-wt is observed at 28 °C. For if such a structure did exist, it
would be more stable at 28 °C than at 37 °C, and the difference in
MBP-opt production compared to MBP-wt should still be observed. It
is also unlikely that any effects on ribosome spacing, which have
been modelled theoretically by Zhang et al. [30], would influence
protein folding. Therefore, it is most likely that increasing the
translation rate across the signal sequence of malE-opt alters a time-
critical early event, which results in a change in the structure of the
mature MBP-opt.

In our previous study we presented a hypothetical model in which
the signal peptide possibly emerges misfolded from the ribosomal
tunnel due to the increased translation rate across this region [18].
The folding of preMBP is influenced by interactions with the
molecular chaperone SecB [31,32] and by the interaction of the signal
peptide with preMBP [32–34]. It is assumed that the signal peptide
interacts with hydrophobic regions of the mature protein to slow its
folding, however the exact region of interaction is unknown.
Therefore we hypothesised that a misfolded signal peptide alters
the folding pathway of the mature protein resulting in a changed
conformation that is still present after the signal peptide is cleaved
[18]. The results of this study add further evidence to this hypothesis,
as they confirm that mature MBP-opt has an altered tertiary structure,
which results in a more thermostable, protease sensitive conforma-
tion compared to MBP-wt. One difference in tertiary structure could
be located at the N-terminus of the mature protein, as the tryptic
digests of MBP-opt revealed a 13 kDa band that occurred at lower
concentrations of trypsin compared to MBP-wt. This could be the
result of an altered structure at the N-terminus, or the result of a
folding change that allows greater accessibility to trypsin at the N-
terminus. Sequencing this band showed that it is the N-terminus of
mature MBP. If the 13 kDa band is the product of a single digest, its
size would imply that an arginine or lysine at approximately 120
residues downstream is more exposed in MBP-opt than MBP-wt.
Given the proximity of this region to the signal peptide, the altered
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tertiary structure of MBP-opt could be due to interactions between a
misfolded signal peptide and the N-terminus of the mature protein
prior to translocation to the periplasm.

Whilst it is unusual for higher ordered structures to pass through
the SecYEG translocon, it is not without precedent. Several studies
have shown that secondary and tertiary structures in ProOmpA do not
prevent export [35–37], and a biotinated protein is capable of export
in vivo [38]. In our previous study, MBP-opt was recovered in a strain
deficient in both of the periplasmic proteases DegP and OmpT [18]. In
this study, biochemical analysis of mature MBP-wt and MBP-opt
strongly suggests a structural difference between the two proteins is
the underlying reason behind the protease sensitivity of MBP-opt. The
nature of protein export implies that the mature protein used in this
study was from the periplasm. During export, the signal peptide is
cleaved by signal peptidase I, which lies on the periplasmic face of the
inner membrane [6], which then releases the protein from the inner
membrane into the periplasm [39]. Taking together the results of this
study and our previous one, they strongly suggest that folded mature
MBP-opt is structurally different to MBP-wt, and that this structural
difference is capable of passing through the SecYEG translocon.

It has well documented that the 5′ ends of genes have different
codon usage patterns compared to the middle of genes [7,40–42]. In
particular, signal sequences have highly biased codon usage compared
to both the same region in other genes and downstream regions in
secretory genes [7,8,43]. Various factors are thought to explain the
observed bias, including a requirement for less mRNA secondary
structure to allow efficient translation initiation [44], and lack of
selection against non-optimal codons at this region [42]. A require-
ment for protein folding has not been thought to constrain codon
usage at the 5′ end of genes. However, in this study we have shown
that optimising the codon usage in the signal sequence of MBP causes
a structural change in the mature protein. Given the propensity of
signal peptides to interact with and slow the folding of the mature
region [33,34,45], any alteration of this interaction through a
misfolded signal peptide could induce a structural change in the
mature protein. This could result in a conformation of the protein that
is either less competent for export, or more sensitive to protease
degradation. Hence, the folding requirements for signal peptides of
exported proteins could be a selecting force that influences high
frequency of non-optimal codons at the 5′ end of exported genes.

This study is the first to our knowledge to strongly suggest through
direct biochemical data on pure protein that optimising the codon
usage in the signal sequence alters the conformation of the mature
exported protein. Further experiments are required to determine if a
misfolded signal peptide is the cause of this change, or whether other
mechanisms are involved. This will give insight into how proteins
fold, especially early in translation of the nascent protein, and the role
codon usage has in this dynamic process.
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