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heterologous protein secretion to the periplasm. Moreover, 
such fusions could even enhance activity rather than dimin-
ish it. This effect, to our knowledge has not been previously 
documented. In addition, the seven vector platform reported 
here could also be used as a screen to identify the best signal 
peptide partner for other recombinant targets of interest.

Keywords  Maltogenic amylase · Periplasmic 
localization · E. coli · Signal peptides · Codon-optimization

Introduction

In spite of the several Escherichia coli expression systems 
available for the expression of heterologous recombinant 
proteins [8, 9, 13, 15], protein misfolding and aggregation, 
proteolysis, and recombinant protein toxicity continue to 
pose challenges [8, 12]. One approach to circumvent this 
problem is to export the desired protein to the periplasmic 
space by fusing it to signal peptides. This affords several 
advantages such as avoiding cytoplasmic proteases, facili-
tating proper folding and ease of purification [20].

Periplasmic and outer membrane proteins in E. coli are 
synthesized in the cytoplasm as precursors that contain 
a short specific amino acid sequence (signal sequence) 
that allows proteins to be exported across the cytoplas-
mic membrane [10]. During transport of proteins out of 
the cytoplasm, the signal sequence is cleaved by a signal 
peptidase to yield the mature protein product [16]. The 
major mechanism driving the post-translational transloca-
tion of unfolded proteins in E. coli is the sec-dependent 
type II secretion pathway [5, 22]. Co-translational trans-
port through the sec translocon is mediated via a signal 
recognition particle (SRP) that recognizes hydrophobic 
stretches in the N-terminal signal peptide [23]. Another, 
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sec-independent translocation mechanism is mediated 
through the twin arginine transport (TAT) pathway which 
transports proteins containing a twin arginine signal 
sequence in a folded conformation [19].

The efficiency of translocation of a given protein is 
tightly linked to its compatibility with the signal sequence 
used and does not guarantee localization to the periplasm 
[5]. Since the SEC pathway requires the use of chaper-
one proteins [known to be substrate (protein)-specific] [2] 
to effect translocation, many heterologous proteins when 
expressed in E. coli with SEC signal sequences cannot be 
exported due to lack of recognition by the host chaperones. 
For SEC-based translocation, the chaperones must retain 
the substrate protein in a partially unfolded state, a phe-
nomenon that is observed only in a certain class of proteins. 
It has also been reported that for secretion using the TAT 
pathway, some proteins cannot be exported in a fully folded 
state due to steric interference [14]. Co-translational SRP-
dependent transport has also been known to be hindered by 
the nature of the protein sequence [14]. A series of charged 
or hydrophobic amino acid residues could block the fusion 
protein from being translocated due to strong protein–pro-
tein interactions. The choice of signal sequence for efficient 
secretion should therefore be individually tested for each 
new protein. This warrants the development of a platform 
of vectors with signal sequences that are known to target 
proteins through both the SEC and TAT systems. This plat-
form could act as a screen for identifying the best signal 
peptide partner for efficient periplasmic localization.

Maltogenic amylase is an exo-acting amylolytic enzyme 
that catalyzes the hydrolysis of alpha-1,4-glucosidic link-
ages in amylose, amylopectin and related glucose polymers 
with wide applications in the baking, starch and brewing 
industry. Previously recombinant Bacillus stearothermo-
philus maltogenic amylase (MA) has been expressed in E. 
coli [3]. However, the reported, elaborate enzyme purifica-
tion process involving sonication for cell lysis resulted in 
the recovery of only 3.65 % of the total maltogenic amyl-
ase activity.

We hypothesized that by analyzing various native E. coli 
signal peptide–MA fusions, we should be able to identify 
an efficient recombinant expression system for this enzyme 
that facilitates periplasmic localization thereby reducing 
the complexity of the purification. Signal sequences of 
native E. coli proteins are reported to exhibit a preference 
for non-optimal codons and altering this bias affects pro-
tein stability [23]. In an effort to characterize a novel set 
of signal peptides for facilitating periplasmic translocation 
of MA, we modified seven native E. coli signal peptides to 
encode codons with the highest frequency of occurrence in 
E. coli protein sequences. The aim of the present study was 
to compare the efficiency of these codon-optimized signal 
peptides in translocating MA to the E. coli periplasm to 

that of the popular PelB signal which directs proteins to the 
E. coli periplasm through the SEC pathway.

Materials and methods

Strains, vectors, reagents and enzymes

E. coli strains DH5α (Novagen, USA) and BL21 DE3 
(Novagen, USA) were used as hosts for cloning and recom-
binant protein overexpression, respectively. Restriction 
enzymes NcoI, BamHI, NdeI and BglII were purchased 
from NEB (New England Biolabs). PET20b+ vector from 
Novagen was used as the backbone for construction of the 
platform of seven signal peptide–MA fusions.

Construction of signal peptide–MA fusions 
and transformation of BL21 DE3 cells

For construction of seven different vectors with different 
signal peptide–MA fusions, the maltogenic amylase gene 
from B. stearothermophilus was amplified using the follow-
ing primers MANcoI fwd primer: 5′-gatcgtaccatgggaAT 
GAGCAGTTCCGCAAGCGT-3′ and MABglII rev primer: 
5′-gatcgtacagatctTCTAGACTAGTTTTGCCACG-3′. This 
PCR product was digested with NcoI and BglII enzymes 
and cloned into the NcoI and BamHI digested pET20b+ 
vector. The resulting ligation mix was transformed into 
DH5α E. coli cells. The resulting plasmid was sequenced 
to verify that the coding sequence of maltogenic amylase 
was correct and in frame with the pET20b+ translation 
start site. The plasmid was then digested with NdeI and 
NcoI and the PelB signal peptide was removed by gel elu-
tion. Seven signal peptides carrying codon-optimized ver-
sions of native E. coli signal sequences that are known to 
follow different transport pathways (sequences listed in 
Table 1) were synthesized with NdeI and NcoI overhangs 
and cloned into the digested pET vector to yield the plas-
mids pAEV01–pAEV07. The resulting seven plasmids 
were transformed into DH5α E. coli cells and the recom-
binant E. coli cells were selected on ampicillin containing 
LB plates and screened by a colony PCR method. Plasmids 
isolated from positive DH5α E. coli cells were validated by 
restriction digests with NdeI and NcoI and sequence veri-
fied using T7 fwd primer (5′-taatacgactcactataggg-3′).

Induction of MA expression and SDS‑PAGE analysis

To determine the expression levels of MA from the seven 
constructs compared to the commercial vector pET20b+ 
that carried a PelB–MA fusion, the validated constructs 
were transformed into BL21 DE3 E. coli. All eight BL21 
DE3 strains including the control pET20b+ construct as 
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well as the seven novel plasmids were grown in minimal 
medium supplemented with glucose as the carbon source 
and 100  µg  mL−1 ampicillin. Minimal media contained 
12.8 g Na2HPO4 l

−1, 2 g KH2PO4 l
−1, 0.5 g NaCl l−1, 1 g 

NH4Cl l−1, 0.5  g MgSO4 l−1, 4  g dextrose monohydrate 
l−1, 0.0147 g CaCl2 l

−1. The cultures were incubated over-
night at 37  °C in a shaker incubator. Following overnight 
incubation the cultures were diluted 1:100 into a fresh 
250  ml flask with 50  ml yeast extract media containing 
100 µg mL−1 ampicillin. Yeast extract media contained 11 g 
dextrose monohydrate l−1, 3.6 g NH2SO4 l

−1, 7.2 g MgSO4 
l−1, 20 g yeast extract l−1, K2HPO4 10 g L−1 supplemented 
with trace salts. The cultures were incubated at 37 °C with 
shaking. Cell growth was monitored spectrophotometri-
cally at 600  nm (OD600) by measuring the absorption of 
the culture. 1 mM IPTG was added to the culture when the 
OD600 reached 0.6. The culture was then incubated at 30 °C 
for 16 h with shaking. The induced and uninduced cultures 
were pelleted by centrifugation at 12,000g for 5 min. The 
pellet was resuspended in sample buffer containing 10 mM 
NaCl, pH 5. This pellet was sonicated (10 s pulse, 10 s off 
for 5  min) to release the soluble protein, cell debris was 
pelleted out by centrifugation at 12,000g for 5  min and 
the supernatant was collected. Total protein amounts in the 
sonicated supernatant were determined by using Bradford’s 
reagent and 10 µg total protein corresponding to each sam-
ple was analyzed on a 12  % SDS-PAGE gel followed by 
Coomassie blue staining. Similarly, to determine the effect 
of varying temperature on the expression of MA, induction 
was carried out by adding 1 mM IPTG to the cultures and 
induction temperature was maintained at 26 °C.

Localization of MA

To determine the intracellular localization of MA as a 
result of fusion to the various signal peptides used in this 
study, analysis of various cellular fractions was conducted 

as described earlier [18]. Briefly, BL21 DE3 E. coli carry-
ing four different signal peptide–MA fusions, i.e., DsbA, 
MalE, FhuD and PelB were induced with 1  mM IPTG 
and incubated at 30 °C for 16 h. A BL21 DE3 strain car-
rying empty pET20b+ vector was included as the control. 
2  mL of the induced culture was centrifuged at 17,000g 
for 10 min. The pellet was resuspended in 100 µl of peri-
plasmic buffer I (20 % sucrose, 1 mM EDTA and 100 mM 
Tris–HCl, pH 8.0). This mix was incubated on ice for 
30 min. The cells were pelleted at 17,000g, 10 min, 4 °C. 
The supernatant represented the periplasmic fraction. The 
remaining pellet was resuspended in 100 µl of periplasting 
buffer II (50 mM MgCl2) and incubated on ice for 20 min. 
The cells were pelleted at 17,000g, 10  min, 4  °C. The 
supernatant represented the osmotic fraction. The osmotic 
shock fraction and periplasmic fraction were combined and 
loaded on a 12 % SDS-PAGE gel and protein detected by 
Coomassie staining. This is referred to as the periplasmic 
fraction of the cells.

MA activity assay

Sonicated supernatant samples corresponding to all eight 
MA–signal peptide fusions including the PelB–MA fusion 
were prepared as described under induction of MA expres-
sion and SDS-PAGE analysis in materials and methods. 
The sonicated supernatant was also analyzed for malto-
genic amylase activity using the glucose oxidase method. 
The method is based on the ability of the enzyme to hydro-
lyze maltotriose to maltose and glucose. Briefly, 500  µl 
of substrate solution (20  mg  mL−1 maltotriose, prepared 
in 0.1  M citrate buffer, pH 5.0, pre-warmed to 37  °C) to 
an equal volume of enzyme solution also pre-warmed to 
37  °C. The resulting solution was mixed thoroughly and 
transferred to a water bath maintained at 37  °C. After 
30 min of incubation GOPOD reagent (0.008 g of glucose 
oxidase in 100 mL of ortho-dianisidine peroxidase reagent) 

Table 1   Codon-optimized nucleotide sequences of signal peptide used in this study and the putative secretory pathway they follow

Plasmid name Putative secretion pathway Signal peptide name Signal peptide nucleotide sequence

pAEV01 SEC MalE atgaaaattaaaaccggcgcgcgcattctggcgctgagcgcgctgaccaccatgatgtt-
tagcgctagcgcgctggcc

pAEV02 SEC OmpA atgaaaaaaaccgcgattgcgattgcggtggcgctggcgggctttgcgaccgtggcgcaggcc

pAEV03 TAT TorA atgaacaacaacgatctgtttcaggcgagccgccgccgctttctggcgcagctgggcggcctgaccgtg-
gcgggcatgctggggcccagcctgctgaccccgcgccgcgcgaccgcggcgcaggcc

pAEV04 SRP DsbA atgaaaaaaatttggctggcgctggcgggcctggtgctggcgtttagcgctagcgcc

pAEV05 TAT + SEC FhuD atgagcggcctgccgctgattagccgccgccgcctgctgaccgcgatggcgctgagcccgctgctgtg-
gcagatgaacaccgcgcatgcc

pAEV06 TAT + SEC YcdO atgaccattaactttcgccgcaacgcgctgcagctgagcgtggcggcgctgtttagcagcgcgtttatggc-
gaacgcc

pAEV07 TAT + SEC MdoD atggatcgccgccgctttattaaaggcagcatggcgatggcggcggtgtgcggcaccagcggcatt-
gctagcctgtttagccaggcggcgtttgcc
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was added and the mixture was incubated for an additional 
30 min for color development. The reaction was stopped by 
adding 0.1 N HCl and the OD read at 420 nm. Three inde-
pendent induction experiments were carried out and the 
MA activity assay was used to determine fold induction.

Results

Fusing recombinant proteins to signal peptides for facili-
tating periplasmic localization is a well-known strategy 
[20]. However, the efficiencies of various signal peptides in 
translocating recombinant targets are not very well charac-
terized. B. stearothermophilus maltogenic amylase (MA) is 
a widely used enzyme in the baking and brewing industry. 
Previously MA yields from E. coli expression systems have 
not been promising [3]. We used MA as a model protein to 
evaluate the efficiency of seven different E. coli signal pep-
tides in transporting MA to the E. coli periplasm.

Codon‑optimized DsbA, MalE and FhuD signals are 
optimal signal peptide partners for the inducible expression 
of MA

Seven native E. coli signal peptides known to target pro-
teins to the periplasm via each one of the three secretory 
mechanisms in E. coli, i.e., post-translational (SEC), TAT 
and co-translational (SRP) were chosen (Table  1). Three 
signal peptides that are hypothesized to target the pro-
teins both through the SEC and TAT pathway (i.e., FhuD, 
YcdO and MdoD) were also included (Table 1). The native 
sequences of these peptides were altered to include codons 

that occur with the highest frequency in the E. coli genome. 
To determine if inducible expression of MA was possible 
using the MA fusions to these seven peptides, an SDS-
PAGE analysis was carried out. We observed that unlike 
what was expected not all signal peptide fusions were com-
patible for inducible expression of MA. Following induc-
tion with 1 mM IPTG and growth for 16 h at 30 °C, strains 
carrying pAEV01 (MalE–MA fusion), pAEV04 (DsbA–
MA fusion) and pAEV05 (FhuD–MA fusion) constructs 
revealed expression of a 70 kDa protein, the expected size 
of maltogenic amylase, on a 12 % SDS-PAGE gel. Induc-
tion of maltogenic amylase protein levels in these three 
strains was significantly higher compared to any other 
fusion (Fig.  1). Interestingly, no induction of maltogenic 
amylase that could be detected by Coomassie staining was 
observed in strains carrying pAEV02 (OmpA–MA fusion), 
pAEV03 (TorA–MA fusion), pAEV06 (YcdO–MA fusion) 
and pAEV07 (MdoD–MA fusion) as well as PelB–MA 
fusion (Fig. 1). Our observations suggest that codon-opti-
mized MalE, FhuD and DsbA signal peptides represent the 
most favorable partners for MA production with the DsbA–
MA fusion being the best.

MA expression pattern is not altered when fused 
to the codon‑optimized MalE, FhuD and DsbA signals 
following temperature change post‑induction

Protein expression can be enhanced by lowering the tem-
perature that the culture is incubated at post-induction. To 
determine whether such a change in temperature could alter 
the expression pattern of MA, we induced the BL21 DE3 
cultures with 1  mM IPTG for 16  h at 26  °C. Again only 

Fig. 1   Codon-optimized DsbA, MalE and FhuD signals are optimal 
signal peptide partners for the inducible expression of MA. SDS-
PAGE analysis of E. coli BL21 DE3 cultures carrying different signal 
peptide–MA fusion constructs induced with 1 mM IPTG for 16 h at 
30 °C. 10 µg of total protein was loaded on a 12 % SDS-PAGE gel. 
Lane M: molecular weight marker, 1 uninduced PelB–MA fusion, 2 
induced PelB–MA fusion, 3 uninduced FhuD–MA fusion, 4 induced 
FhuD–MA fusion, 5 uninduced MalE–MA fusion, 6 induced MalE–

MA fusion, 7 uninduced TorA–MA fusion, 8 induced TorA–MA 
fusion, 9 uninduced DsbA–MA fusion, 10 induced DsbA–MA fusion, 
11 uninduced MdoD–MA fusion, 12 induced MdoD–MA fusion, 13 
uninduced YcdO–MA fusion, 14 induced YcdO–MA fusion, 15 unin-
duced OmpA–MA fusion, 16 induced OmpA–MA fusion. The posi-
tion of maltogenic amylase (MA) in the strains that showed signifi-
cant induction is indicated by an arrowhead
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strains carrying pAEV01 (MalE–MA fusion), pAEV04 
(DsbA–MA fusion) and pAEV05 (FhuD–MA fusion) con-
structs revealed expression of the 70 kDa maltogenic amyl-
ase, on a 12 % SDS-PAGE gel. DsbA–MA expression lev-
els were the highest post-induction and no inducible MA 
expression was seen in the remaining fusions (Fig. 2). This 
data indicates that depending on the signal peptide part-
ner, MA production yields can vary greatly. In fact fusion 
with a non-preferred signal can even result in the complete 
absence of the amylase in the culture pellet post-induction 
when detected by Coomassie staining of the gel. However, 
once a suitable signal peptide fusion has been established 
varying temperature post-induction does not significantly 
change the production pattern of MA.

Codon‑optimized FhuD, MalE and DsbA signals 
translocate maltogenic amylase more efficiently to the E. 
coli periplasm compared to the PelB signal

BL21 DE3 E. coli carrying four different signal peptide–
MA fusions, i.e., DsbA, MalE, FhuD and PelB were 
induced with 1 mM IPTG and incubated at 30 °C for 16 h. 
A BL21 DE3 strain carrying empty pET20b+ vector was 
included as the control. Analysis of the subcellular frac-
tions separated using a fractionation protocol as described 
in “Materials and methods” was subsequently carried out to 
determine the localization of MA. We observed that upon 
fusion of MA to the MalE, FhuD and DsbA signal pep-
tides, a significant amount of the protein is translocated to 
the periplasm compared to when MA is fused to the PelB 
signal (Fig.  3). In fact, MA was the predominant species 
in the periplasmic fraction when fused to MalE, FhuD and 
DsbA.

DsbA–MA, FhuD–MA and MalE–MA fusions show 
higher amylolytic activity compared to PelB–MA

To determine how various signal peptides affect the amylo-
lytic activity of MA, the sonicated supernatant from all 
eight signal peptide–MA fusion carrying strains follow-
ing induction with 1  mM IPTG and incubation at 30  °C 
was used for determination of maltogenic amylase activ-
ity using the glucose oxidase method [6]. An 18-, 30- and 
50-fold higher induction, respectively, in terms of malto-
genic amylase activity in the sonicated supernatant fraction 
was observed in the strains harboring the pAEV05 (FhuD–
MA fusion), pAEV01 (MalE–MA fusion) and pAEV04 
(DsbA–MA fusion) constructs compared to PelB–MA 
(Fig.  4). The strains harboring OmpA–MA, TorA–MA, 
MdoD–MA and YcdO–MA fusions did not show signifi-
cant improvement in amylolytic activity over that of PelB–
MA (Fig. 4). Results indicate that a much higher amount of 
functional maltogenic amylase is getting targeted into the 
periplasmic space compared to the parent plasmid in the 
case of strains harboring pAEV01, pAEV04 and pAEV05. 
MalE, FhuD and DsbA signal peptides thus appear to be far 
more efficient than the PelB signal sequence for periplas-
mic localization of recombinant maltogenic amylase in E. 
coli.

Discussion

Although E. coli is the most common heterologous host 
for recombinant protein expression, very few proteins are 
secreted by E. coli to the periplasmic space. Accumula-
tion of recombinant proteins in the periplasmic space is 

Fig. 2   MA expression pattern is not altered when fused to the codon-
optimized MalE, FhuD and DsbA signals following temperature 
change post-induction: SDS-PAGE analysis of E. coli BL21 DE3 cul-
tures carrying different signal peptide–MA fusion constructs induced 
with 1 mM IPTG for 16 h at 26 °C. 10 µg of total protein was loaded 
on a 12  % SDS-PAGE gel. Lane M: molecular weight marker, 1 
uninduced PelB–MA fusion, 2 induced PelB–MA fusion, 3 unin-
duced FhuD–MA fusion, 4 induced FhuD–MA fusion, 5 uninduced 

MalE–MA fusion, 6 induced MalE–MA fusion, 7 uninduced TorA–
MA fusion, 8 uninduced TorA–MA fusion, 9 uninduced DsbA–MA 
fusion, 10 induced DsbA–MA fusion, 11 uninduced MdoD–MA 
fusion, 12 induced MdoD–MA fusion, 13 uninduced YcdO–MA 
fusion, 14 induced YcdO–MA fusion, 15 uninduced OmpA–MA 
fusion, 16 induced OmpA–MA fusion. The position of maltogenic 
amylase (MA) in the strains that showed significant induction is indi-
cated by an arrowhead
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usually accomplished by fusing an N-terminal sequence, 
commonly referred to as a signal/leader sequence, to the 
gene of interest [14]. Most commonly, SEC-dependent or 
TAT-dependent pathways are used for the translocation 
of fusion proteins through the inner membrane. However, 
a single export mechanism cannot translocate all recom-
binant proteins with the same efficiency. Thus, there is 
a need to analyze, incorporate and exploit new signal 
sequences in expression vectors to facilitate the selection of 

an appropriate export pathway which is most efficient for 
the production, effective processing and secretion of the 
desired protein.

We describe the generation of novel vectors that carry 
seven different codon-optimized signal peptides whose 
native versions are known to be targeted to different secre-
tory pathways in E. coli. These vectors were used for 
expressing maltogenic amylase (MA) from B. stearother-
mophilus in E. coli. The expression of MA when fused to 
these seven signals was compared to that with PelB, a com-
mon fusion obtained upon using the popular pET20b+ vec-
tor for expression. We observed that following induction 
most signal-peptide MA fusions, including PelB, failed to 
yield any MA (as detected by Coomassie staining of PAGE 
gel) and MA production was observed only following 
fusion to its preferred partners, i.e., MalE, DsbA and FhuD. 
Previously, target proteins have been fused to signal pep-
tide sequences (e.g., PelB, OmpA, DsbA, TorA and MalE) 
that follow different secretion pathways [1, 4, 5, 11, 17] to 
facilitate localization to the periplasm. However, not all of 
these signal peptide fusions were compatible for expression 
of MA. MA has not been previously expressed as a signal 
peptide fusion and this is the first report of it being directed 
to the periplasm as a result of fusion to certain preferred 
signals. We hypothesize that our vector platform could be 
used to similarly screen for favorable signal peptide part-
ners for other recombinant proteins, potentially even toxic 
ones. Interestingly, only when the codon-optimized TorA 
and YcdO signals reported here were fused to another 

Fig. 3   Codon-optimized 
FhuD, MalE and DsbA signals 
translocate maltogenic amylase 
more efficiently to the E. coli 
periplasm compared to the 
PelB signal: cellular fractions 
corresponding to different 
cellular compartments of E. 
coli were loaded on a 12 % 
SDS-PAGE gel and proteins 
were visualized by Coomas-
sie blue staining. a PelB–MA 
fusion, b DsbA–MA fusion, c 
FhuD–MA fusion, d MalE–MA 
fusion, e empty pET20b+ vec-
tor control. M protein molecular 
weight marker, 1 uninduced 
culture pellet, 2 induced culture 
supernatant, 3 induced culture 
pellet, 4 sonicated supernatant, 
5 sonicated pellet, 6 periplasmic 
fraction, 7 cytoplasmic fraction. 
Arrowheads indicate position of 
MA on the gels

Fig. 4   DsbA–MA, FhuD–MA and MalE–MA fusions show higher 
amylolytic activity compared to PelB–MA: the amylolytic activity of 
maltogenic amylase was determined by the glucose oxidase method 
as described in “Materials and methods”. Fold change in activity fol-
lowing induction of MA expression with 1 mM IPTG at 30 °C com-
pared to an uninduced culture was plotted. Results of triplicate exper-
iments are shown
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heterologous protein, extracellular metalloprotease of Ser-
ratia marcescens, were we able to get BL21 DE3 transfor-
mants. Fusions to other signals yielded no transformants 
indicating the toxic nature of the metalloprotease (data not 
shown). This observation further underlines the strength of 
the platform described here.

Earlier attempts at purifying MA required sonication 
of cell cultures to isolate soluble protein [3]. We demon-
strate that the DsbA, FhuD and MalE–MA fusions localize 
to the periplasm and MA can be purified merely by using 
an osmotic shock method. This greatly simplifies the puri-
fication process for recombinant MA expressed in E. coli. 
In addition, we also report that the amylase activity of MA 
was also enhanced when fused to these signals compared 
to PelB.

Recently, the effect of native E. coli signal peptides on 
homologous expression of E. coli thioredoxin has been 
reported [21]. The authors describe that the MalE signal 
was more destabilizing for the activity and folding of E. 
coli thiroedoxin compared to the PelB signal. We, how-
ever, show that the contrast is true for the heterologous 
protein of choice, MA. This enzyme shows several fold 
increased activity as a MalE fusion when compared to the 
PelB fusion. The popular pET vector series are often the 
first choice for sub-cloning genes for overexpression in E. 
coli. Three of our codon-optimized signal peptides, FhuD, 
MalE and DsbA are capable of improving yield, activity 
and periplasmic localization of MA compared to the com-
mercial PelB fusion. Significantly, we do not observe a bias 
for a particular secretion pathway while expressing MA. 
We observe that all three signals, i.e., post-translational 
(SEC)-specific (MalE), TAT + SEC signal peptide (FhuD) 
and co-translational (SRP)-specific (DsbA) are capable of 
efficiently translocating MA to the periplasmic space at the 
same time improving protein yield and activity over a com-
mercial expression system. This improved activity could be 
attributed to better folding of protein targeted to the peri-
plasm as a result of fusion to these three peptides.

Codons with a low usage and low abundance of corre-
sponding tRNA are defined as non-optimal codons. Ear-
lier reports demonstrate a striking abundance of non-opti-
mal codons in the signal sequences of secretory proteins 
exported via the SEC and SRP pathways in E. coli [25, 26]. 
In fact when non-optimal codons in the signal sequence of 
maltose binding protein (MBP) were optimized, the authors 
observed a 20-fold reduction in maltose binding protein 
levels and affects folding of MBP [25]. The authors suggest 
a 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 [24]. We 
demonstrate that codon-optimized versions of the native 
signal peptides in E. coli are capable of not only effectively 
transporting recombinant MA across inner membranes, but 

also improving its yield over a commercial vector. The use 
of optimized codons also does not seem to affect folding 
since the amylolytic activity of MA was unaffected. In fact, 
the optimized signal peptide fusions showed better MA 
activity than a PelB fusion in the popular pET20b+ vector. 
The role of signal peptides in facilitating protein targeting 
to the periplasm is fairly well documented [7]. However, it 
is not very well known whether these signals also affect the 
recombinant protein’s yield and activity. This to our knowl-
edge is the first report demonstrating improved heterolo-
gous protein production and activity in E. coli using codon-
optimized E. coli signal sequences.

To conclude, our findings highlight the need to identify 
the optimal signal peptide partner using a platform of vec-
tors with different signal sequences to arrive at the most 
efficient combination. Identification of such a combination 
can not only ease the purification process, but also improve 
the functional properties of the target protein. The tough 
task of predicting an ideal signal peptide partner for new 
heterologous recombinants can be addressed by screening 
an array of several signal peptide fusions as we describe 
here.
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