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Abstract

Non-optimal codons are defined by low usage and low abundance of corresponding tRNA, and have an established role in transla-
tional pausing to allow the correct folding of proteins. Our previous work reported a striking abundance of non-optimal codons in the
signal sequences of secretory proteins exported via the sec-dependent pathway in Escherichia coli. In the current study the signal sequence
of maltose-binding protein (MBP) was altered so that non-optimal codons were substituted with the most optimal codon from their syn-
onymous codon family. The expression of MBP from the optimized allele (malE-opt) was significantly less than wild-type malE. Expres-
sion of MBP from malE-opt was partially restored in a range of cytoplasmic and periplasmic protease deficient strains, confirming that
reduced expression of MBP in malE-opt was due to its preferential degradation by cytoplasmic and periplasmic proteases. These data
confirm a novel role for non-optimal codon usage in secretion by slowing the rate of translation across the N-terminal signal sequence to

facilitate proper folding of the secreted protein.
© 2007 Elsevier Inc. All rights reserved.
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The movement of proteins across the bacterial inner
membrane requires proteins to be in a translocationally
competent state. This is an unfolded or loosely folded state,
achieved prior to the final conformation of the protein [1].
A feature of all proteins exported via the general secretory
pathway (sec) system is a signal peptide at the N-terminus
of the protein. Export of proteins via the sec pathway can
be achieved either post- or co-translationally; the choice of
post- or co-translational export is determined by the rela-
tive hydrophobicity of the signal peptide [2,3]. For proteins
exported co-translationally, signal-recognition particle
(SRP) binds nascent peptide to facilitate translocation to
the inner membrane and the export apparatus. In the case
of post-translational export, molecular chaperones SecB
[4,5] and DnaK [6] bind the pre-protein to maintain an
export competent state. In addition, one of the proposed
roles for the signal peptide is to slow the folding of the
pre-protein to maintain it in the competent state [7-9].
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Hence, a general feature of sec-dependent proteins is
that there are mechanisms in the cytoplasm to slow the
folding of the pre-protein to maintain an export competent
state.

Non-optimal codons correlate with translational pause
sites [10], and consecutive runs of non-optimal codons do
reduce the rate of translation [11]. These pause sites have
an established role in the correct folding of protein
domains [12,13]. It has been observed that there is a higher
abundance of non-optimal codons in the signal sequence of
secretory proteins relative to both their N-terminus and
non-secreted proteins of Escherichia coli [14,15]. This same
phenomenon has been recently reported in a Gram-positive
bacterium Streptomyces coelicolor [16]. It has been pro-
posed that the high proportion of non-optimal codons
would slow the translational rate, to allow efficient interac-
tion of the pre-protein with the export machinery [14]. To
date this hypothesis, and experimental confirmation of a
key role for non-optimal codons in protein export has
not been tested. In this study, the SecB dependent [4],
periplasmically located maltose-binding protein (MBP)
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was used as a model system to investigate the role of signal
sequence codon usage in protein export.

Materials and methods

Bacterial strains and growth conditions. A list of all strains used in this
study is given in Table 1. Cells were grown at 37 °C in rich Luria—Bertani
medium supplemented with the appropriate antibiotic in the following
final concentrations: ampicillin 100 pg/ml; streptomycin 10 pg/ml; and
kanamycin 100 pg/ml. Complementation of malE mutant strains was done
in M9 minimal media with 0.4% (v/v) maltose (Sigma—Aldrich) as the sole
carbon source [17]. Maltose fermentation test was as described previously
[18].

DNA manipulation and protein sequencing. Sequencing was performed
on PCR products by using QiaQuick gel extraction kit (Qiagen, Valencia,
CA) and Big-Dye (Perkin-Elmer) sequencing kits. Data were analyzed by
using Sequencher (version 1.0.3). Protein sequencing was done by Edman
degradation (Applied Biosystem’s Procise 492cL.C).

Construction of malE-wt and malE-opt. The malE-wt allele was the
malE::lacZo. gene on the expression vector pMALp2e (New England
Biolabs). The malE-opt allele was generated by PCR mutagenesis. An
111 bp primer Pl-opt (Table 2) was designed spanning the MBP signal
sequence incorporating all non-optimal to optimal changes (Fig. 1A). A
1.6-kb fragment was amplified using primers P1-opt and M13F-40 (Table
2) and digested with Ndel and Pstl. The vector pMALp2e (New England
Biolabs) was digested with Ndel and Pstl and the fragment ligated and
transformed into DHS5a via electroporation. Clones were confirmed by
sequencing the whole malE gene.

Expression analysis of malE-wt and malE-opt. A 3-mL starter culture
was grown in LB ampicillin overnight then subcultured 1:100 into 4 mL
LB ampicillin. After 2 h growth, cells were induced with 0.03 mM IPTG
and grown for another 2 h. An optical density at 600 nm was measured
(ODgoonm) and culture split, with 1 mL pelleted for Western analysis and
3 mL used for a miniprep and RNA preparation. For Western analysis,

the pellet was resuspended in sample buffer, boiled for 10 min and a
loading equivalent of 10% cells were loaded per sample on an 4-12% SDS—
PAGE. Expression of MBP was detected using anti-MBP rabbit poly-
clonal antibody (NEB, Cat no. E8030 S) at 1:10, 000 dilution and detected
using anti-rabbit IgG conjugated with alkaline phosphatase.

RNA extraction and semi-quantitative reverse transcriptase (SQRT).
RNA was extracted from both malE-wt and malE-opt using the Rneasy
Midiprep kit (Qiagen). The RNA was converted to cDNA as per manu-
facturer’s instructions (TagMan, Applied Biosystems International). The
SQRT PCR contained 0.01 uM of the primers specific for 16 S transcript
and 0.04 uM of primers specific for malE::lacZa transcript (primers listed
in Table 2).

Calculation of translational time. The theoretical translational time of
the 26 codons of the signal sequence was calculated according to previous
published data [19]. The published translational times depended on two
different conditions: the supply of tRNA () and the codon demand
(f4em)- As all strains were grown in LB, it was assumed that all tRNA
species would be charged, so the supply of tRNA, #,,, would not be
limiting. For the purposes of this study it is assumed that #4.,,, times are the
most appropriate.

Results

MBP expression is significantly reduced when malE signal
sequence codon usage is optimized

The characteristics of MBP secretion have been exten-
sively studied as a dominant model system in E. coli (for
a review see [20]). In the pMALp2e expression system,
wild-type MBP is fused with LacZa peptide (malE::lacZa).
This provided a suitable system to express and study MBP.
Analysis of the 26 amino acid MBP signal sequence
revealed seven non-optimal codons as defined by Burns

Table 1

Strains

Strain Relevant genotype Parent CGSC no; (reference)

DH5a F-(80dlacZ M15) (lacZYA-argF) U169 hsdR17(r-m+) recAl endAl relAl deoR Lab stock

MC4100 F-araD139 A(argF-lac) U169 rpsL150 deoClI relAl thiA ptsF25 flbB5301 6152

TSTI malE::Tnl0 MC4100 6137

TL225 malT*-1 AmalE444 MC4100 6961

KS272 F-lacX74 galE galK thi rpsL (strA) phoA G. Georgiou [33]

KS474 degP KS272 G. Georgiou [34]

SF100 ompT KS272 G. Georgiou [34]

SF110 degP ompT KS272 G. Georgiou [34]

SG20252 Alon-100 MC4100 6830; [35]

SG21165 Alon-510 AclpA500 MC4100 S. Gottesman [36]

KY2039 AhslVU::Tc MC4100 M. Kanemori [37]

KY2263 AclpPX~lon.::Cm MC4100 M. Kanemori [37]

KY2266 AclpPX-lon::Cm AhslVU::Tc MC4100 M. Kanemori [37]

Table 2

Primers

Name Sequence 5'-3’

Pl-opt ACCATAGCATATGAAAATCAAAACGGGTGCACGCATCCTGGCACTGTC
CGCACTGACGACGATGATGTTTTCCGCCTCGGCTCTGGCCAAAATC

M13F-40 GTTTTCCCAGTCACGAC

P2el GTAATCGGTGTCTGCATTCATGTG

P2e3 CGGCAAGTACGACATTAAAGAC

16SF ACGGAGGGTGCGAGCGTTAATC

16SR CTGCCTTCGCCTTCGGTATTCCT
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A malE-wt
A\ 4 v

ATGAAAATARAAACAGGTGCACGCATCCTCGCATTATCCGCATTAACGACGATGATGTTTTCCGCCTCEECTCTCECC
Yy vy Yy A\

malE-opt ATGAAAATCAAAACGGGTGCACGCATCCTGGCACTGTCCGCACTGACGACGATGATGTTTTCCGCCTCGGCTCTGGCC

aa MetLysIleLysThrGlyAlahrgTIleLeuAlaLeuSerAlaLeuThrThrMetMetPheSerAlaSerAlaLeuAla

Ndel

malE::lacZa bla

Fig. 1. Schematic of cloning strategy. (A) The nucleotide sequence of the MBP signal sequence on the parental plasmid pMALp2e is shown as malE-wt.
The nucleotide changes made by PCR mutagenesis to create malE-opt are shown by block arrows. Single underline indicates optimal codons, double
underline shows non-optimal codons and codons where there was no optimal/non-optimal choice are not underlined. (B) Schematic of the cloning of

malE-opt into the Ndel and Pstl sites of pMAlp2e.

and Beacham [15], four optimal codons and a further 15
codons where there were no non-optimal/optimal codons
in the synonymous codon family (Fig. 1A). Six of the
non-optimal codons were changed to their most optimal
synonymous codon by PCR mutagenesis to make the
malE-opt allele (see Materials and methods). The serine
codon, TCG, was not changed, as the serine codon
family does not exhibit a preference for non-optimal
codons in the signal sequence relative to the 5’ mature
sequence of the secretory gene [14]. The final malE-opt
and malE-wt alleles contain 10/26 and 4/26 codons
defined as optimal, respectively (Fig. 1A). The theoretical
translational times across the signal sequence was calcu-
lated according to Solomovici [19]. The theoretical
translation time of the malE-opt allele signal sequence
(1530 ms) is approximately 40% faster compared to the
malE-wt allele (2539 ms).

To investigate the effect of codon optimisation on the
levels of MBP expression, the constructs were transferred
into a malE deficient strain TST1 (Table 1), so that
endogenous MBP production would not interfere with
the Western analysis. Significantly less MBP is produced
from malE-opt (MBP-opt) compared to malE-wt (MBP-
wt) alleles (Fig.2A). To quantitate the difference, the
MBP-wt sample was diluted until the MBP band intensity
equalled that of MBP-opt. The results of these dilutions
indicated that there was approximately 20-fold less mature
MBP-opt produced from the malE-opt allele. The differ-
ence in expression was not due to plasmid copy number
or RNA transcript levels as these were found to be
equivalent in both malE-wt and malE-opt (Fig. 2B
and C). The MBP produced from the both malE-wt and
malE-opt alleles is exported to the periplasm and is
functional, as they both complemented the malE
mutant in TL225 (Table 1) and were scored Mal+ on
maltose-tetrazolium indicator agar.

A 1 2
M wt optllwt optl
82.2 kDa
M- .
-
64.2 kDa
D- D N
L.
48.8 kDa -
B
5kb
3kb p
c 1kb -ve wit opt

514bp - § 0

214 bp p- 16S rRNA

104 bp »= malE::LacZa

Fig. 2. Expression in a malE strain TST1. (A) 1, The expression of MPB-
wt and MBP-opt as determined by Western blot. 2, Corresponding
Coomassie strained gel. Mature MBP (M). Degradation product (B). (B)
Plasmid minipreps from cultures grown for Western blot in (A). (C) RNA
transcript levels from cultures grown for Western blot in (A) are identical
as shown by SQRT PCR. Key: wt, MBP-wt; opt, MBP-opt; —ve , no
template control.



146 Y.M. Zalucki, M.P. Jennings | Biochemical and Biophysical Research Communications 355 (2007) 143-148

In both the malE-opt and malE-wt samples, immuno-re-
active, lower molecular weight material can be seen in the
Western blot. A previous study has also reported lower
molecular weight MBP by immunoprecipitation in a strain
expressing wild type MBP from a plasmid [21]. N-terminal
sequencing of a band within the material was identical to
mature MBP, confirming that the material was degraded
MBP derived at least partly from the periplasm, rather
than a cross-reacting protein unrelated to MBP. These data
are consistent with proteolytic cleavage of MBP as the
source of the immunoreactive material.

Expression in strains deficient in periplasmic proteases

To determine which periplasmic proteases were respon-
sible for the degradation of MBP-opt in Western analysis,
the plasmids were introduced into strains deficient in prote-
ases OmpT and DegP (Table 1). Endogenous MBP produc-
tion from these malE" strains could be distinguished from
MBP expression from the plasmid constructs as the
MBP::LacZa fusion runs approximately 15kDa higher
on a Western blot. Strains deficient in the proteases DegP
and OmpT gave an increase in expression of MBP-opt rel-
ative to the parent strain (Fig. 3A). Although MBP-opt
expression increased in this multiple periplasmic protease
deficient background, it did not return to MBP-wt levels
indicating the possibility that cytoplasmic proteases could
also be involved in its degradation.

Expression of MPB-opt in cytoplasmic protease mutants.

To investigate which cytoplasmic proteases were
involved in the degradation of MBP-opt, a panel of strains

A KS272 degP
(parent) ompT
I wt opt I | wt optl
82.2 kDo e
B MC4100 lon clpPX
(parent) hslVU
I wt opt || wt opt |
82.2 KDa
- . —

Fig. 3. Analysis of expression of MBP-wt and MBP-opt in protease
mutants. The gene names above indicate which proteases are deficient in
the strains. (A) Western blot demonstrating expression in periplasmic
proteases deficient strain relative to the parent strain. (B) Western blot
showing expression in multiple cytoplasmic protease strain relative to the
parent strain. Black line indicates 82.2 kDa marker. Key: wt, MBP-wt;
opt, MBP-opt.

deficient in a number of single, double and triple proteases
were examined (Table 1). The expression of MBP-opt did
not increase in any single protease mutant (lon, hs/V'U) or
the double mutant (lon clpA) (data not shown). Expression
of MBP-opt was increased in a triple protease mutant (lon
clpPX hslVU) relative to expression in the parent strain
(Fig. 3B). This increase of MBP-opt expression was greater
than in the multiple periplasmic protease deficient strain,
suggesting that more degradation was occurring in the
cytoplasm than in the periplasm. These results suggest a
role for the ATP dependant heat-shock cytoplasmic prote-
ases in the preferential degradation of MBP-opt compared
to MBP-wt. Expression of MBP-wt in all protease deficient
strains was unchanged relative to the wt parent strain.

Discussion

In this study, we test the hypothesis that the high pro-
portion of non-optimal codons present in the signal
sequence may play a key role in protein export using the
MBP model system. In each case a change was made from
a non-optimal to the most optimal codon from the synon-
ymous codon family (where a choice existed). The amino
acid sequence of the signal sequence remained unchanged.
A striking difference in expression between malE-opt and
mal E-wt was observed that could not be explained by plas-
mid copy number or RNA. The reduction in expression
was unexpected, as the literature suggests that, in general
optimizing codon usage should increase expression [22].

The key difference between the malE-wt and malE-opt
alleles is that the translation rate is increased across the sig-
nal sequence of malE-opt. Previous studies have shown
that the MBP signal peptide does interact with the newly
translated protein to slow its folding in the wild-type situ-
ation [7-9], suggesting that differential interaction of
MBP-wt and MBP-opt signal peptide with the newly trans-
lated protein may provide a mechanism to explain the
MBP-opt misfolding phenotype. However, at the point in
time when the signal peptide is available to interact with
the adjacent newly translated protein, i.e. emergence of
the adjacent MBP region from the ribosome tunnel, both
malE-opt and malE-wt transcripts are translated at the
same rate as the transcripts are identical from codon 26
onwards. The key initial difference in translation rate
occurs when the signal peptide is still well inside the ribo-
some tunnel. Interaction between the signal peptide and
the adjacent polypeptide in the ribosome tunnel seems very
unlikely given the restricted space available, 100 A long by
10-20 A in diameter, which is equivalent to a linear chain
of approximately 30 amino acids, or 45 amino acids as
an o-helix [23]. These dimensions are thought to preclude
formation of all tertiary structures and some secondary
structures [24]. However, due to their compact nature, o-
helices can form in both eukaryotic [25] and E. coli [26]
ribosome tunnels. Therefore, the increased translational
rate across the signal sequence must alter a time-critical
early event in MBP-opt. This event could be the misfolding
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of the a-helical signal peptide, which may require transla-
tional pausing to fold efficiently. Emergence of a misfold-
ed or incompletely folded MBP-opt signal peptide may
effect the kinetics of the interaction between the signal
peptide and nascent MBP, causing a conformation that
is recognised by the cell as misfolded. Supporting this
conclusion is the fact that earlier studies on MBP lacking
a signal peptide (MBPA2-26) was found to be stably fold-
ed in the cytoplasm as SecB does not bind this mutant
MBP [21,27]. Yet when the translation time of the first
26 codons of this MBP mutant is calculated, it is faster
than malE-opt (1258 ms versus 1530 ms): the increased
translation rate at the N-terminus, relative to malE-wt,
has no effect on the folding of this protein as MBPA2-26
lacks the hydrophobic signal peptide. This implies that a
slower translational rate is required for hydrophobic
signal sequences, to prevent misfolding and preferential
degradation of the exported protein.

OM

@
% ’) Periplasm

IM
Cytoplasm

DegP/OmpT

T = X T = X
malE-wt malE-opt
SecYEG
Correctly folded %
preMBP SecA
Incorrectly folded 5 > 3

- preMBP

O SecB

{QQ Signal peptide

mABNA with Ribosome
s N

~ » Degraded MBP
7 N\

IM / OM - Inner / Quter
membrane

Fig. 4. Model for the different fates of MBP produced from the two
constructs (see Discussion).

In Fig. 4 we propose a model to explain the different
fates of MBP produced from the two alleles. For the
malE-wt allele we would expect the export of MBP-wt to
take place along the normal pathway. For the malE-opt
allele there are three possible fates. Approximately 5% of
the MBP produced follows the normal pathway and is
exported into the periplasm. We demonstrated that this is
active as a maltose dependent growth phenotype can be
observed when grown on maltose minimal media. The
other 95% has two possible fates. The majority is degraded
in the cytoplasm, most likely by heat shock ATP dependant
proteases. The rest is exported into the periplasm, facilitat-
ed by SecB. Once in the periplasm, misfolded MBP-opt is
degraded by periplasmic proteases the DegP and OmpT.
The recovery of malE-opt expression in these protease defi-
cient strains rules out the possibility that RNA secondary
structure effects, introduced by the codon changes, played
any role in the reduction of expression of malE-opt.

The increased expression of malE-opt in the periplasmic
protease deficient strain is indicative of degradation occur-
ring in the periplasm after export. This data is consistent
with the misfolded form of MBP being exported to the per-
iplasm. It has been reported that some tertiary structures of
ProOmpA can be translocated through the SecYEG chan-
nel [28]. For MBP, SecB is reported to bind to MBP after
the first third of the protein is translated and maintains it in
a loosely folded state [4]. Hence some tertiary structure
information from the cytoplasm could be translated across
to the periplasm, whereby a misfolded moiety of MBP-opt
could be degraded in the periplasm.

Non-optimal codons have been ascribed various roles
aside from encoding amino acids. It has been shown that
that translational pause sites corresponding to non-optimal
codons occur at the boundaries of protein domains, to
allow them to fold correctly [12,13]. Non-optimal codons
are selected against in highly expressed genes [29], and
hence are more common in regulatory or lowly expressed
genes. This has been hypothesised as either a mechanism
for regulating translation of regulatory genes [30,31] or
due to the lack of selection against their presence [32]. A
high proportion of non-optimal codons have been
observed in E. coli signal sequences [14,15]. The role these
codons may play in protein export have previously been
hypothesised to allow efficient interaction of the pre-pro-
tein with the export machinery [14]. This study confirms
the hypothesis that the established role for non-optimal
codons in translational pausing has evolved to play a key
and novel role in protein export, by introducing a transla-
tional pause to facilitate folding of the secretory protein.
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