J. Microbiol. Biotechnol. (2017), 27(11), 1999–2009
https://doi.org/10.4014/jmb.1703.03080

Review

Research Article

jmb

Designing Signal Peptides for Efficient Periplasmic Expression of
Human Growth Hormone in Escherichia coli S
Meisam Jeiranikhameneh1, 2, Farzaneh Moshiri1, Soheil Keyhan Falasafi1, and Alireza Zomorodipour1*
1

Department of Molecular Medicine, Institute of Medical Biotechnology, National Institute of Genetic Engineering and Biotechnology
(NIGEB), Tehran, Iran
2
Department of Biology, School of Basic Science, Sciences and Researches Branch, Islamic Azad University, Tehran, Iran
Received: May 2, 2017
Revised: August 27, 2017
Accepted: August 28, 2017

pISSN 1017-7825, eISSN 1738-8872

The secretion efficiency of a protein in a Sec-type secretion system is mainly determined by an
N-terminal signal peptide and its combination with its cognate protein. Five signal peptides,
namely, two synthetic Sec-type and three Bacillus licheniformis alpha-amylase-derived signal
peptides, were compared for periplasmic expression of the human growth hormone (hGH) in
E. coli. Based on in silico predictions on the signal peptides’ cleavage efficiencies and their
corresponding mRNA secondary structures, a number of amino acid substitutions and silent
mutations were considered in the modified signal sequences. The two synthetic signal
peptides, specifically designed for hGH secretion in E. coli, differ in their N-terminal positively
charged residues and hydrophobic region lengths. According to the mRNA secondary
structure predictions, combinations of the protein and each of the five signal sequences could
lead to different outcomes, especially when accessibility of the initiator ATG and ribosome
binding sites were considered. In the experimental stage, the two synthetic signal peptides
displayed complete processing and resulted in efficient secretion of the mature hGH in
periplasmic regions, as was demonstrated by protein analysis. The three alpha-amylasederived signal peptides, however, were processed partially from their precursors. Therefore,
to achieve efficient secretion of a protein in a heterologous system, designing a specific signal
peptide by using a combined approach of optimizations of the mRNA secondary structure and
the signal peptide H-domain and cleavage site is recommended.
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Introduction
The single-chain human growth hormone (hGH) with
191 residues, involved in the metabolism of proteins,
carbohydrates, and lipids as well as in growth, development,
and immunity [1], is secreted by the anterior pituitary
gland and administered in the treatment of a variety of
illnesses [2]. Growth hormone is a naturally non-glycosylated
protein, and therefore an Escherichia coli (E. coli) system is
preferred for its production, although mammalian cells are
the main host for its biosynthesis. Productions of hGH in
the E. coli cultured media [3, 4], in its cytoplasmic space, as
inclusion bodies [5], and in the E. coli periplasm [6] have

been shown. Both the cytoplasmic and extra-cytoplasmic
types of the E. coli-derived hGH, known as fMet-hGH and
hGH, respectively, show therapeutic activities equivalent
to that of the pituitary-derived one [3]. A formyl-methionine
in the fMet-hGH N-terminus is the main cause for antibody
development in some patients [7, 8] that may lead to its
inactivation. A solution for getting rid of the N-terminal
formyl-methionine is to export the protein into the
periplasmic space of E. coli, using a suitable signal peptide.
This has various advantages, including accumulation of the
protein in an oxidizing medium, which is required for
disulfide bond formation, and proper folding of the protein,
in addition to its protection from cytoplasmic proteases [9].
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Since a limited number of bacterial proteins are present in
the bacterial periplasm, the recombinant protein collection
in there simplifies the downstream stages of the protein
production steps [10].
There is a valuable collection of signal peptides for
translocation of heterologous proteins through the cell
membrane of E. coli [11-13]. Indeed, a signal peptide may
behave differently when being used for secretion of different
proteins. The problem of incomplete processing occurred
when we were attempting to produce recombinant hGH
(rhGH), applying various signal peptides, such as pelB (with
prokaryotic origin), ompA [14], the phage-derived gIII [15],
and heat-labile enterotoxin chain B [6]. However, in some
cases, the processing efficiency of a signal peptide could be
improved by manipulation of growth and inducing
conditions [14, 16, 17].
Parameters such as codon usage, stability, and secondary
structure of the mRNA and growth as well as inducing
conditions are considered as key factors for efficient
translation, secretion, and finally maturation processes of a
recombinant protein [18, 19]. However, these factors are
very much influenced by the nature of the signal peptide
and its combination with the corresponding protein Nterminal, which must be recognized properly by the host
signal peptide processing machinery [10, 18]. In other
words, the function of a signal peptide is determined by
the factors that are important in both protein- and hostdependent manners. Indeed, when secretion of a protein is
aimed, the competence of its precursor to be expressed and
translocated through the membrane is mainly dependent
on the corresponding signal peptide [20] and its bioprocessing
conditions [6, 21].
To address the problems that appear during processing
of preproteins, the major elements involved in secretion of
a protein in a selected host should be considered. In this
regard, designing a gene-specific signal peptide is worth
inspecting, and structural elements involved in different
post-transcriptional processes [22] have to be optimized.
These elements are the signal peptide coding sequence,
which has to be in accordance with the host preferential
codon usage for an efficient translation process [23]; the
mRNA secondary structure, particularly in the translation
initiation region [24]; and the signal peptide structure and
its cleavage site, which play major functions in the protein
secretion efficiency [25].
In this study, the hGH was considered for periplasmic
expression in E. coli, using two newly designed signal
peptides recognizable by the Sec pathway with 29 and 24
amino acids, in comparison with a signal peptide from
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Bacillus licheniformis alpha amylase (BLA), which was
shown to be competent for a complete processing and
secretion of its native protein in E. coli [26] and two other
modified BLA-derived signal peptides. To achieve high
translation initiation rates, both the use of the E. coli major
codon-usage profile and the secondary structure of the
precursor mRNA of the protein were also taken into
account when the new signal peptide coding sequences
were being designed. Prior to experimental analysis, the
structure of the designed signal peptides and their processing
efficiencies from mature hGH were predicted with the aid
of neural network-based programs. Subsequently, doublestranded DNAs corresponding to the signal peptides were
constructed in vitro, and inserted in T7-based expression
plasmids. The recombinant plasmids were then used for
studying the periplasmic expression of hGH in E. coli, in a
comparative manner.

Materials and Methods
Bacterial Strains and Nucleic Acid Resources
E. coli DH5α (or TG1) (Invitrogen, USA) was used for the cloning
steps and expression analysis. Plasmid pET21(a+) (Novagen,
USA) was used for both subcloning and periplasmic expression of
hGH in the BL21 (DE3) strain of E. coli (Invitrogen), harboring a
gene for T7 RNA polymerase under the lacUV5 promoter. Clone
pHGH107 (ATCC, No. 31538) was used as the template for
amplification of hGH cDNA. The oligonucleotides used in this
work (Table S1) were synthesized by MWG Biotech (Germany).
Media, Enzymes, Chemicals, and kits
Bacteria were grown in Luria-Bertani (LB) (10 g/1 Bacto-tryptone,
5 g/1 Bacto yeast extract, and 10 g/l NaCl, pH 7.0 with NaOH),
purchased from Merck (Germany). Ampicillin (100 μg/ml) was
added in the culture medium when required to maintain selective
pressure. The enzymes HindIII, EcoRI, BamHI, Taq DNA polymerase,
and T4 DNA ligase were purchased from Roche (Germany).
Polyclonal rabbit antiserum raised against hGH was provided
kindly by Dr. M. Daliri at NIGEB. The immunoreactive material
was detected using horseradish peroxidase-conjugated goat antirabbit antibody (Tebsan, Iran). Isopropyl-β-D thiogalactopyranoside
(IPTG) was used to induce the hGH expression. For the
purification of plasmids and DNA from agarose gel and PCR
products, columns purchased from Roch (Germany) were used.
Standard hGH was purchased from Novo (Nordisk Inc., Denmark).
In Silico Analysis
Predictions of signal peptide structures and cleavage efficiencies.
The first 70 amino acids of the N-terminal of each preprotein were
examined in the signal peptide predictions. To predict the signal
peptides’ efficiencies for their activities in gram-negative bacteria,
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their cleavage sites from a mature hGH was predicted with the
help of two well-known neural network-based programs: SignalP
(http://www.cbs.dtu.dk/services/SignalP) [47] and PrediSi (http://
www.predisi.de) [48]. TopPred, a topology prediction of membrane
proteins [49], was used for hydrophobicity analysis of the examined
signal peptide amino acid sequences. Phyre2 (http://www.sbg.
bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) was used for
prediction of the 3D and secondary structures of the applied
signal peptides. The obtained results are presented in Fig. S1.
Predictions of mRNA secondary structures. The mRNA secondary
structures were predicted using the mfold program, based on the
Zuker algorithm [50]. For each signal peptide, an ~160 bp 5’ end of
its corresponding mRNAs, including ribosome binding site (RBS),
translation start codon, signal sequence, and part of coding region
of the mature protein N-terminal, was analyzed to predict its
possible secondary structure. RNA structures were also analyzed
using the algorithm of favorite thermodynamic by the Vienna
RNA secondary structure prediction program at http://rna.tbi.
univie.ac.at/cgi-bin/RNAfold.cgi [51].
Construction of the hGH-Expressing Plasmids
Molecular techniques were applied, based on standard procedures
[52]. The native BLA signal peptide coding sequence (98 bp) was
PCR-amplified from chromosomal DNA of an Iranian native
strain of B. licheniformis (GenBank Accession No. AF438149) [26],
using specific oligonucleotides α-Amyl-F and α-Amyl-RA-Wb as
forward and reverse primers, respectively (Table S1). The hGH
cDNA was PCR-amplified using oligonucleotides α-Amyl-3-hGH
and 190 as forward and reverse primers, respectively (Table S1).
Oligonucleotide α-Amyl-3-hGH, with a chimeric structure, was
designed to mediate the junction of hGH- and the BLA-signal
peptide-related PCR products via a splice overlap extensionmediated PCR, by a rate-limit precedure in the palm-cycler
program (Corbett Research). Briefly, after denaturing of an
equimolar mixture of the two PCR products in the presence of
PCR buffer at 94oC, the temperature was decreased to 25oC by one
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degree for every 30 sec. The annealed product was used as the
template for amplification of the hybrid BLA::hGH fragment
during 30 cycles of denaturing at 94oC for 30 sec., annealing at 56oC
for 30 sec, and elongation at 72oC for 30 sec. The fusion product,
carrying BamHI and EcoRI on its 5’ and 3’ ends, respectively, was
inserted into a BamHI/EcoRI-digested expression plasmid to end
with the pBLA::hGH plasmid.
The first modified BLA-derived signal sequence, BLAm28 (with
an A28M substitution), was PCR-amplified using oligonucleotides
α-amyl-F and α-amyl-Rm as forward and reverse primers (Table S1),
respectively. Double-stranded DNAs covering coding sequences
of the second modified BLA-derived signal peptide BLAF2, and
the other two synthetic signal peptides Jei29 (Accession No.
DQ833404.1) and Jei24 (Accession No. EF990560.1), were constructed
by annealing of complementary kinased oligonucleotide sets,
designed on the basis of their double-stranded DNAs (Table S1).
The double-stranded DNAs coding for BLAm28, BLAF2, and
Jei29, carried NdeI and NcoI/BamHI sites on their 5’- and 3’-ends,
respectively, to facilitate their insertion in the T7-based expression
plasmids. The NcoI sites were considered before the BamHI sites
to facilitate the in-frame fusions of the signal sequences to the
hGH cDNA. After insertion of the signal sequences between the
NdeI/BamHI sites of the plasmid, the hGH cDNA was cloned
between their NcoI and BamHI sites to generate the plasmids,
named pBLAm28::hGH, pBLAF2::hGH, and pjei29::hGH. In the
case of the second synthetic signal sequence, Jei24, before its
insertion in the expression plasmid, the RBS-surrounding area
was modified in order to optimize the secondary structure of the
produced mRNA. Subsequently, the Jei24 coding sequence was
inserted between the XbaI/BamHI sites of the plasmid to generate
plasmid pjei24, followed by insertion of an NcoI/BamHI hGH
cDNA to construct the pjei24::hGH plasmid.
All the cloning steps towards the construction of the hGHexpressing plasmids led to localization of a Phe, the first amino
acid residue of mature hGH, immediately after the signal peptides’
C-terminal, with either A-A-A or A-M-A at positions −3 to −1

Table 1. Amino acid sequences of the signal peptides used for periplasmic expression of human growth hormone (hGH).
SP
Name

SP length
amino acids

SP sequence joined to the hGH N-terminal
N-terminal

H-region

C-terminal::hGH

Suggested cleavage
position by SignalP

BLA

29

MKQQKRLYAR
1-10

LLPLLFALIFLL
11-22

PHSAAA AFPTIPLSRL....
23-29::hGH

28 ↓ 29

BLAm28

29

MKQQKRLYAR
1-10

LLPLLFALIFLL
11-22

PHSAAMA FPTIPLSRL….
23-29::hGH

29 ↓ 30

BLAF2

29

MKQQKRLYAR
1-10

LLPLLFALILLL
11-22

PHSAAMA FPTIPLSRL.…
23-29::hGH

29 ↓ 30

Jei24

24

MKKWWR
1-6

LALALALLLLLL
7-18

PGTAMA FPTIPLSRL.…
19-24::hGH

24 ↓ 25

Jei29

29

MKKWWR
1-6

LLLLAALALALLLLLL
7-22

WPGTAMA FPTIPLSRL.…
23-29::hGH

29 ↓ 30

The N-, H-, and C-domains of each signal peptide are indicated in columns 3, 4, and 5, respectively. The signal peptide predicted cleavage sites are indicated in columns
5 (boxed) and 6.
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relative to F1 in the mature hGH (Table 1).
After isolating the recombinant colonies on selective medium,
their corresponding plasmids were analyzed by restriction mapping.
The designed signal sequences were inserted in the plasmid
through the NcoI restriction site. The hGH cDNA insertion was
confirmed by NcoI/BamHI digestion, which was expected to
produce two NcoI/BamHI DNA fragments (data not shown).
Selected clones were finally subjected to sequence analysis, using
ABI 373A automated sequencer (MWG).
Growth and Inducing Conditions
The recombinant plasmids were used to transform E. coli
BL21(DE3) for expression analysis. A 5% dilution of an overnight
culture was grown at 30°C in a selective medium until a cell
concentration of OD600 = 1.0−1.8 was achieved before induction by
IPTG (0.5−1.0 mM). Equal volumes of bacterial cultures at various
post-induction durations were collected and subjected to protein
analysis.
Protein Analysis
Periplasmic osmotic-shock fluid from hGH-producing bacteria
was obtained by a modified method described by Libby et al. [53,
54]. Briefly, the bacteria harboring recombinant plasmids were
harvested and washed in a 20 mM Tris–HCl buffer (pH 8.0) and
resuspended in 15 μl of ice-cold TES buffer (Tris–HCl 0.2 M,
EDTA 0.5 M, sucrose 0.5 mM), pH 8.0, shaking energetically every
2 min for 20 min. A 22.5 μl of ice-cold double-distilled water was
added, and the incubation was continued on ice for 30 min. The
cells were centrifuged at 16,000 ×g for 20 min. The supernatant
was filtered through a 0.22-μm syringe filter and used as the
periplasmic fraction for further protein analysis. SDS-PAGE was
carried out according to the modified method explained by
Laemmli [54, 55]. The prepared protein samples were subjected to
electrophoresis on a 13% polyacrylamide gel, in parallel with a
standard hGH (Novo, Nordisk Inc., Denmark), and were stained
by Coomassie blue or transferred to nitrocellulose membrane using
the semi-dry method to perform western blot analysis.
For Western blotting, the electrophoresed proteins were
transferred to the membrane in a transfer buffer (25 mM Tris,
192 mM glycine, 20% methanol) at 86 mA, overnight, and probed
with a polyclonal rabbit antiserum prepared against hGH at a
final 1:1,000 dilution in phosphate-buffered saline (PBS) buffer.
The hGH-antibody complex was then treated with horseradish
peroxidase-conjugated mouse anti-rabbit immunoglobulin at a
final 1:2,000 dilution in PBS buffer and visualized using a solution
of 4-chloronaphtol with hydrogen peroxidase as the enzyme
substrate [52, 54].

Results
Design of Signal Peptides
BLA-derived signal peptides. Analysis of the amino acid
sequence of BLA::hGH, a preprotein consisting of the native
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BLA signal peptide (29 amino acids) joined to the hGH Nterminal, by SignalP suggested that an A28M replacement
would improve its processing efficiency (Table 1). Therefore,
the BLA signal peptide was modified by a GCG28ATG
mutation (A28M), which resulted in the first modified
BLA-derived signal peptide, named BLAm28.
For designing of the second BLA-derived signal peptide,
named BLAF2, use of the major codon profile of E. coli was
considered for its coding sequence in order to achieve an
optimum translation efficiency of the preprotein. In this
regard, the E. coli rare codons such as R6 (CGA), R10
(CGG), L15 (TTA), and P23 (CCT) were replaced by their
corresponding E. coli major codons CGT, CGT, CTG, and
TTC, respectively. In order to increase the signal peptide
hydrophobicity, a TTC20CTG (F20L) substitution was also
considered in BLAF2.
Newly designed Sec-type signal peptides. Two newly
designed signal peptides with 24 and 29 amino acids (Jei24
and Jei29, respectively), composed of three major domains
of a typical Sec-type signal peptide [1] (N-terminals with
positively charged residues, respectively with 6 (MKKWWR)
and 7 (MKKWWRW) amino acids, [2] hydrophobic domains
with 12 and 16 amino acids, and [3] C-terminals containing
a group of either 6 (PGTAMA) or 7 (WPGTAMA) amino
acids), in junction with the hGH N-terminal, were expected
to provide suitable cleavage sites for the signal peptidase-I
(Table 1). The main differences of the two artificial signal
peptides are in their H-regions, where different numbers of
alanine and leucine residues were introduced to provide
alpha-helical conformations in transmembrane regions in
their corresponding preproteins. The newly designed signal
peptides are different from BLA-derived signal peptides in
their N-terminal positively charged residues. Using the
TopPred program, the hydrophobicities of the signal peptides
were determined (Fig. 1). Based on the results presented in
Fig. 1, higher hydrophobicities for Jei-24 and Jei-29 signal
peptides in comparison with those of the BLA-derived signal
peptides were evidenced. To provide α-helical conformations
in the transmembrane regions of the preprotein N-terminals,
the leucine-rich hydrophobic domains of the synthetic
signal peptides were interrupted with a few alanine
residues. This interruption was predicted by a comparative
analysis of the 3D structure of the applied signal peptides,
using the Phyre2 server, and presented as secondary
structures (Fig. S1).
Prediction of the Signal Peptide Cleavage Efficiencies
In order to predict the functions of the five signal peptides
when fused to hGH, their cleavage sites and efficiencies
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Table 2. In silico prediction of the signal peptide efficiencies based on the SignalP and PrediSi programs, performed at
http://www.cbs.dtu.dk/services/SignalP/ and http://www.predisi.de, respectively.
Matrix
SP::hGH (SP length)

Gram-negative bacteria
BLA::hGH (29)

BLAF2::hGH (29)

0.777

0.529

Truncation

BLAm28::hGH (29)

Jei24::hGH (24)

Jei29::hGH (29)

1.0000

1.0000

70 residues

SignalP C-Max

0.426

SignalP Y-Max

0.796

0.641

0.568

0.875

0.922

SignalP S-Max

0.980

0.983

0.981

0.992

0.999

SignalP S-Mean

0.711

0.686

0.683

0.938

0.930

SignalP D-score

0.753

0.664

0.683

0.907

0.926

PrediSi score

0.8778

0.8819

0.8313

1.0000

1.0000

The first 70 amino acids of the N-terminal of each preproprotein were examined for signal peptide predictions. For SignalP output: C-score: output from cleavage site
network. S-score: output from signal peptide networks. Y-score: combined cleavage site score. The cleavage sites are predicted with the combined peaks from C-score
and Y-score on a single site. For PrediSi output: Score: combined cleavage site score. SP, signal peptide.

were tested with two neural network programs; SignalP
and PrediSi (Table 2). Based on the results obtained with
the aid of SignalP, cleavage of the BLA::hGH might occur
incorrectly between the 28 and 29 amino acids in the
signal peptide, whereas for the other two modified BLAderived signal peptides (i.e., BLAm28::hGH and BLAF2::hGH),
cleavages were expected to occur properly between the 29
and 30 amino acids in their corresponding preproteins
(Table 1). Similarly, the two synthetic signal peptides, Jei24
and Jei29, when fused to the mature hGH N-terminal, were
predicted to be cleaved at their expected cleavage sites
(Table 1). When the PrediSi program was applied, proper
cleavage sites for all the five examined signal peptides in
junction with hGH were predicted. Based on the scores
obtained from the applied programs, the respective potentials
for proper cleavage and efficient secretion of hGH were;
Jei29 > Jei24 > BLAF2 > BLAm28 > BLA (Table 2).
th

th

th

th

Optimization of the Signal Peptides’ Codon Usage and
mRNA Secondary Structures
In order to achieve optimum translation efficiency, the
major codon profile of E. coli was followed for designing
the coding sequences of the three signal peptides BLAF2,
Table 3. Total free energy pilots of transcripts corresponding to
the five hGH-expressing clones.
Clone
pBLA::hGH

mRNA Secondary structure ∆G
-39.20 (initially = -39.20)

pBLA-M28::hGH

-31.66 (initially = -35.8)

pBLAF2::hGH

-36.70 (initially = -36.70)

pJei 24::hGH

-49.0 (initially = -49.0)

pJei 29::hGH

-56.1 (initially = -58.60)

Jei24, and Jei29. To ensure the stability of the mRNA
against exonuclease activity, the coding sequences of the
signal peptides were chosen in such a way that a hairpin
structure would be formed within a 160-nt fragment
corresponding to the transcript 5’ end, where it is captured
by the translation machinery earlier than the rest of the
mRNA. In this regard, during the selection of the three
synthetic signal peptides’ coding DNAs, we were monitoring
the corresponding RNA secondary structures (Figs. 2A-2E).
As the predicted mRNA secondary structures demonstrated,
in contrast to the native BLA signal peptide (Fig. 2A), the
transcripts of the other four signal peptides provided
situations where the start codons were easily accessible by
the translation machinery (Figs. 2B-2E). Shine-Delgarno
(SD) sequences were also easily reachable in the transcripts
of BLA::hGH (Fig. 2A) and Jei24::hGH (Fig. 2D), which was
not the case for the others. In the cases of the synthetic
signal peptides, evaluation of the free energies corresponding
to both SD and initiator AUG regions demonstrated lower
entropies compared with those for the BLA-derived
transcripts (Figs. 2A-2E). Based on the same analysis, total
free energies corresponding to the transcripts were
calculated. Accordingly, the respective values of the total
energies of transcripts derived from the five examined
clones were BLA-M28 < BLAF2 < BLA < Jei24 < Jei29
(Table 3), demonstrating the lowest total free energies for
the transcripts derived from clones with synthetic signal
peptides.
Periplasmic Expression of hGH Using BLA-Derived Signal
Peptides
After induction of the bacteria harboring pBLA::hGH,
pBLAm28::hGH, or pBLAF2::hGH, samples were used for
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Fig. 1. Hydrophobicities of the designed signal peptides using a membrane proteins prediction program (TopPred).
A: BLA; B: BLAm28; C: BLAF2; D: Jei24; E: Jei29 (Claros and von Heijne [49]).

protein analysis (Fig. 3). Within the total proteins of the
three clones with one of the BLA-derived signal peptides,
two proteins of different sizes were detected by the antihGH antibody. The lighter band, which co-migrated with
standard hGH and associated with the periplasmic space,
was considered as the processed (mature) hGH, and the
heavier band, collected in the cytoplasm, corresponded to
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the hGH precursor. Continuation of the growth of the three
recombinant bacteria up to 16 h under inducing conditions
did not lead to complete processing of their precursors.
Periplasmic Expression of hGH Using Synthetic Signal
Peptides
The bacterial clones harboring either pjei29::hGH or
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Fig. 2. RNA secondary structure predictions.
Upper row: Partial views of RNA secondary structures of the first 150 nts of transcripts corresponding to different preproteins, predicted based on
the mfold program (Zuker [50]). (A) BLA::hGH, (B) BLAm28::hGH, (C) BLAF2::hGH, (D) Jei24::hGH, and (E) Jei29::hGH. AUG codons are
indicated by circles and Shine-Delgarno sequences are indicated by closed lines. Lower row: The energy pilot for each nucleotide, participated in
the secondary structures, is illustrated below the corresponding RNA secondary structures.

Fig. 3. Proteins of recombinant bacteria carrying plasmids
pBLAF2-hGH (lanes 1, 4), pBLAm28-hGH (lanes 2, 5), and
pBLA-hGH (lanes 3, 6), separated by SDS-PAGE (up) and
visualized by Western blotting (down) after 16 h of induction.
Lanes 1-3: periplasmic protein patterns. Lanes 4-6: cytoplasmic
protein patterns. Lanes 7: Standard hGH.

Fig. 4. Protein analysis of recombinant bacteria carrying the
pBLAF2:hGH, pjei29:hGH, and pjei24:hGH plasmids, visualized
by SDS-PAGE (up) and Western blotting (down).
Lanes 1-3: Cytoplasmic protein patterns of the pBLAF2:hGH,
pjei29:hGH, and pjei24:hGH clones, respectively. Lanes 4 and 5:
standard human growth hormone (Novo, Nordisk Inc., Denmark).
Lanes 6-8: periplasmic protein patterns of the same clones.

pjei24::hGH were induced and their protein patterns, in
parallel with the samples taken from the pBLAF2::hGH
clone, were also considered for expression analysis. As was
visualized by SDS-PAGE and Western blotting experiments,
early and complete processing of the hGH precursors
occurred for both clones harboring the synthetic signal
peptides. This was evidenced by the presence of mature
hGH and absence of its precursor among bacterial proteins
(Figs. 4 and 5). This result indicated the high efficiencies of
the two synthetic signal peptides, which were specifically
designed for periplasmic expression of hGH in a gramnegative bacterial host.

Fig. 5. Total protein patterns (lanes 1-4) and periplasmic
protein patterns (lanes 6-9) of the recombinant bacteria
carrying the pjei29::hGH (lanes 1, 2, 6, 7) and pjei24::hGH
(lanes 3, 4, 8, 9) plasmids, separated by SDS-PAGE (up) and
analyzed by Western blotting (down).
Lanes 5 and 10; Standard hGH.
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Discussion
Based on the results obtained from in silico analysis, we
expected that the modifications in the BLA-derived signal
peptides would improve the processing efficiency of the
hGH precursor content in the recombinant host. Indeed,
each of the two modified BLA-derived signal peptides
could increase the hGH precursor in the cytoplasm, with
no improvement in the periplasmic contents of hGH, when
compared with the parental clone (Fig. 3). This unexpected
outcome was more significant for the BLAF2 clone. The
increased levels of the hGH preprotein, in the cases of the
modified BLA-derived signal peptides, could be due to
improvement in translation efficiencies as a result of the
use of the E. coli major codon profile and probable
accessibility of the related translation initiator AUG in the
mRNA transcript, which is discussed later in this section.
Other reports also showed that codon optimization may
reduce the expression level [29-31]. A drastic decrease in
normal metabolic load due to overexpression of heterologous
proteins in E. coli has been described by other groups [32,
33]. Therefore, one might assume that improvement of the
hGH preprotein translation may lead to accumulation of
the preprotein in the cytoplasm and formation of insoluble
inclusion bodies. A solution to prohibit the formation of
inclusion bodies is to manipulate factors such as plasmid
copy number, inducer concentration, and incubation time
and temperature [34]. In this regard, bioprocess strategies
for optimization of induction time [35], inducer availability
[36], and pre-induction specific growth rate [37] have been
recommended. It is worth mentioning that our further
attempts towards the use of the modified BLA-derived
signal peptides showed that an optimized concentration of
lactose might improve the periplasmic expression level of
rhGH (unpublished data).
Apart from the impact of the signal peptide coding
sequence on translation efficiency, which should not be
underestimated, the processing competence of a preprotein
is a main criterion for secretion efficiency of the protein.
The signal peptide processing is influenced by inherent
structural features of the signal peptide and its combination
with the protein N-terminal sequence. It is also very much
influenced by the cleavage site context, in particular positions
-3 and -1 [27, 28]. Therefore, based on these thoughts, to
assure a proper and efficient cleavage in either of the
two modified BLA-derived signal peptides, an A28Met
replacement was considered to follow the -3-1-rule, although
the modifications did not lead to a major change in the
signal peptide processing.
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Evaluation of the Synthetic hGH-Specific Signal Peptides
The class I sec-type signal peptide is conserved in all
domains of life and cleaved by type I signal peptidases [38].
With regard to key important features of a class I signal
peptide and the N-terminal sequence of mature hGH, the
two new signal peptides with 24 and 29 amino acids,
differing in their H-domains lengths, were designed. The
protein patterns of bacteria harboring either of these two
synthetic signal peptides demonstrated a complete processing,
during 4 h of post-induction, with no sign of accumulation
of hGH precursor in the cytoplasm. This result, in agreement
with our in silico predictions, indicated higher potencies
for the synthetic signal peptides in comparison with those
of the BLA-derived signal peptides, with regard to processing
and secretion of hGH.
The major advantage of the two synthetic signal peptides
is their precisely designed tripartite structures. The positively
charged N-regions in the two synthetic signal peptides
include 6 amino acids, which are shorter than those of the
BLA-derived ones. Their H-domains, which is the most
essential part of signal peptides for targeting to the inner
membrane [39], take advantage of leucine-rich regions, with
hydrophobicities higher than those of the BLA-derived
signal peptides. A few alanine residues were also considered
in their H-regions to provide α-helical conformation in the
transmembrane regions of the corresponding preproteins.
Demonstration of the higher secretion efficiencies of the
synthetic signal peptides, provided supporting evidences
for the effectiveness of the designed signal peptides.
Indeed, the comparison of the predicted structures of the
applied signal peptides predicted the interruptions of the
hydrophobic regions from C-terminals in both of the synthetic
signal peptides (Fig. S1). Accordingly, both addition of
α-helix conformations as well as the interruption between
H-domains and C-domains in the synthetic signal peptides
might be the major reasons for improvement of the
flexibility of the transmembrane and therefore enhanced
efficiencies of the synthetic signal peptides.
The C-domain is imperative for the signal peptide to be
cleaved off before the nascent polypeptide is secreted. For
cleavage to occur, the -1 position needs to contain an amino
acid with a short side chain, and no charged amino acid
should be present in the -3 position [27, 28]. The C-domain
in a signal peptide often contains helix-breaking Pro and
Gly residues [39]. With respect to the significance of
cleavage site amino acid context and based on the -3-1
model, the C-terminals of the synthetic signal peptides
appeared to have suitable contexts for their efficient
cleavages.
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mRNA Secondary Structure Impact on Translation
In E. coli, an mRNA is more likely to form a secondary
structure partially in its 5’ end, where both transcription
and translation initiate. Thus, our plan for optimization of
the mRNA secondary structure was limited to a 160-bp
fragment, including the 5’-UTR and part of the coding
region of the hGH precursor N-terminal, where the signal
sequence is present. In four out of the five examined signal
peptides (BLAm28, BLAF, Jei24, and Jei29), start codons are
exposed easily to translation machinery. As the secondary
structure predictions indicated (Fig. 2), the AUG and RBS
of the native BLA signal peptide transcript are engaged in a
stem and its related loop, respectively. Accordingly, a
relatively lower expression level of hGH by the native BLA
signal peptide-containing construct can be explained by the
position of its initiator AUG codon in the stem structure.
Consistent with our results, in two separate works, Klinger
et al. [40] and Zhang et al. [24] have found that a secondary
RNA structure that incorporates the initiator codon within
a stem structure may serve as a negative regulatory factor
for translation. These findings are in agreement with other
reports. A stem-loop structure in this region, depending on
its free energy, was shown to influence on the expression
level of the cognate protein in E. coli [41, 42].
Concerning the RBS exposure in the RNA secondary
structure and its impact on the hGH expression level by the
five examined clones, diverse outcomes were met. In fact,
our results have implicated that exposure of the RBS and
reducing the stability of the secondary structure in this
region could be advantageous for the hGH expression
efficiency in E. coli. Various effects of mRNA secondary
structures at the RBS region have been reported by other
investigators [43-45]. Zhang et al. [24] revealed that if the
overall free energy of the secondary structure at the RBS
region is less than -6.0 kcal/mol, it has no inhibitory effects
on the translational efficiency. Another study found that
the short-range secondary structure at the 5’ end of mRNA
has no effect on the translation efficiency, unless its free
energy is less than -6.0 kcal/mol [46]. The free energies of
the translation initiation regions of the transcripts of the
native BLA-derived clones were relatively higher than
those of the synthetic signal peptide-containing clones.
Moreover, exposure of the AUG initiator codon in the
mRNA secondary structure seems to be more crucial than
that of the RBS in translation efficiency of the corresponding
gene. On the other hand, a lower free energy of a transcript
can lead to its translation enhancement and accumulation
of the unspliced form of the expressed preprotein in the
cytoplasm. This was evidenced for the cells carrying
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BLAf2::hGH.
Although the positions of AUG initiator codons and
RBSs in the mRNA secondary structures of BLAf2 and Jei24
transcripts are similar, a significant difference was observed
between their outcomes. Whereas the overexpressed hGH
precursors are collected in the cytoplasm of the BLAf2::hGH
clone, even in a prolonged post-induction conditions, a
complete and early processing of the hGH was observed in
the periplasmic space of the Jei29::hGH clone. Accumulation
of a considerable amount of hGH precursor in the
BLAf2::hGH-containing cells can be explained by saturation
of the secretion system by overloading of the overexpressed
preprotein, probably due to an enhanced translation rate of
its transcript. In the designed Jei24 and Jei29 signal peptides,
however, the coding sequences were selected in such a way
that the translation start region in the transcript is easily
available, and their respective codons were chosen within a
limited range of free energies. This prevented the overloading
of the hGH precursor behind the secretion machinery and
therefore improved the secretion efficiency of the expressed
protein.
Taken together the results presented in this study provided
convincing evidence for advantages of synthetic signal
peptides, designed specifically for secretion of the protein
of interest, over the applications of either native or other
routine signal peptides in a heterologous expression system.
Accordingly, the design of a specific signal peptide with
suitable structural elements to efficiently target a protein
for secretion in a heterologous system is recommended. In
this regard, to attain efficient secretion of the heterologous
proteins in E. coli, a combined approach of optimization of
the mRNA secondary structure with silent mutations and
increasing the signal peptide H-domain with an efficient
cleavage site can be applied as a general approach.
Both of the two signal peptides designed specifically for
hGH demonstrated complete and efficient processing in a
normal inducing and growth condition. The next step to
this work is to determine the N-terminal sequence of the
mature proteins produced from these clones, to confirm the
correct processing of the applied signal peptides. Besides
this, the presented results were obtained from the production
of rhGH in shake-flask cultures, using LB medium. For
overproduction of the recombinant protein in high-cell
density culture, the recombinant cells need to grow in
defined medium.
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