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Extracellular secretion of recombinant proteins in E. coli has various advantages,
including proper folding and biological activity of proteins, lack of inclusion body, and
simple steps of recombinant protein purification. But selection of a suitable signal peptide
for secretion of recombinant proteins is performed mainly by trial and error which is a
time-consuming and costly process. The aim of this study is in silico evaluation of
common signal peptides to select the appropriate signal peptides for secretion of TRAIL
protein in E. coli. SignalP server was used to predict the potential of a TRAIL-binding
signal peptide and identify its correct cleavage by signal peptidase enzyme. The
physicochemical properties of signal peptides and the solubility of TRAIL bound to the
signal peptides were calculated by means of ProtParam and SOLpro, respectively. Results
showed that of the 26 signal peptides studied, 18 signal peptides had this ability. Among
these signal peptides, SfmC, OmpC, DsbA, and PhoA were good candidates for secretion
of TRAIL in E. coli.
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Tumor necrosis factor (TNF) related
apoptosis inducing ligand (TRAIL) is a type Il
membrane protein belonging to the TNF
superfamily. It has 243 amino acids and becomes
soluble after enzymatic digestion®. The potential
to exclusively induce apoptosisin cancer cellsand
not affecting healthy cells have turned thisligand
to a suitable option in clinical studies against
various cancers?.

Despite the use of different hosts such
as Pichia pastoris yeast®, insect cells Sf9%, and
CHO cells®, E. cali is the best expression system
for producing TRAIL, because the protein does
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not undergo post-translation modifications, such
as glycosylation, and has not disulfide bonds.
Compared to other expression systems, E. coli
enjoys a number of advantages including safety,
simplicity, low costs, as well as known genetics
and biochemistry®. However, despite the various
benefits of E. coli to produce TRAIL, expression
of proteins in the cytoplasm is associated with
problems such as improper folding, formation of
inclusion body, difficult purification of desired
protein, and proteolytic degradation’. These can
be overcome by transferring the expressed protein
to the periplasmic space with a suitable signal
peptide. Secretory expression of proteinin E. coli
has several advantages including correct folding,
and results in proper biological activity due to
presence of different chaperonsin the periplasmic
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space, reduced protein purification steps and
complexity, and reduced proteolytic degradation
of proteins of interest®®.

Signal peptideisasequence of 5-30 amino
acidsin N-terminal of secretory proteinsand leads
to extracellular or intra-compartment transfer of
protein through interaction with secretory factors
in biological membranes (10). Despitedifferences
in signal peptides between prokaryotic and
eukaryotic cells, acommon structureisseenin all
signal peptides including a positively charged
amino acids region in N-terminal (n-region), a
central region with hydrophobic amino acids (h-
region), and aneutral and polar amino acidsregion
in C-terminal (c-region)™. It seems that n and h
regionsinteract with negative charge and non-polar
regions of membrane phospholipids, respectively.
C-region has a recognition sequence for signal
peptidase which cleavage the signal peptide at N-
terminal of the secretory protein after transferring
it acrossthe membrane®?.

Selection of a suitable signal peptide is
an important prerequisite for efficient secretion of
recombinant proteins. However, no certain rules
exist sofar regarding the selection of an appropriate
signal peptide which could lead to efficient
secretion of recombinant proteins into the
extracellular space. Therefore, selection of signal
peptides for secretion of different proteinsin E.
coli isperformed mostly by trial and error®. Signal
peptides OmpA, PhoA, and PelB are among the
most commonly used signal peptidesfor secretion
proteinsin E. coli 3. Useof trial and error method
for selecting asuitable signal peptide can betime-
consuming and costly and thereforeit isnecessary
to use alternative methods. As an appropriate
method, one can use valid and suitable serversfor
in silico analysis of physicochemical properties
of different signal peptides connected to a target
protein’. The present study aimed at evaluating
and comparing important features of known signal
peptidesin order to find theoretically appropriate
signal peptidesfor production of secretory TRAIL
inE. coli.

METHODOLOGY

At first, the amino acid sequence of 26
known signal peptides commonly used for protein
secretion in E. coli was extracted from ExPasy
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database (www.expasy.com) (Table 1). Then the
amino acid sequence derived from each signal
peptide was added to N-terminal of TRAIL amino
acid sequence and various characteristics such as
signal peptide cleavage site, signal peptide
physicochemical properties, and the protein
solubility were evaluated. Finally, the results
obtained from signal peptides analysis were
compared and the most appropriate signal peptide
for secretory production of TRAIL in E. coli was
selected.
Prediction of signal peptidecleavagesite

Despite multiple computational toolsfor
predicting a signal peptide and assessment of its
cleavage site by signal peptidase, SignalP is one
of the best and most reliable tools in this
regard with 85% accuracy in prediction of a
potential signal peptide. It can predict the presence
of signal peptides and signal peptidase cleavage
site based on the neural network method using
Signal P server (http://www.cbs.dtu.dk/services/
Signa P/)%.
Analysisof physicochemical propertiesof signal
peptides

Using the known ProtParam tool (http://
web.expasy.org/protparam/), the physicochemical
properties of signal peptide sequences including
amino acid composition, positive or negative
charge of amino acids, molecular weight, pl,
aliphatic index, grand average of hydropathy
(GRAVY), and instability index were analyzed in
silico®.
Protein solubility prediction

Using Server SOLpro (http://
scratch.proteomics.ics.uci.edu/), the solubility of
protein during overexpression was predicted with
an overall accuracy of morethan 74%in E. coli'’.

RESULTS

Selection of potential signal peptides

Signal P server was used to evaluate the
possible function of aspecific sequenceasasignal
peptide in proximity of TRAIL sequence. Table 2
depicts the output of the analysis by SignalP and
includesscoresof C, S, Y, S-mean, and D, the site
of the signal peptidase effect, and different regions
of signal peptide (c, h, n). The potential signal
peptides were selected by evaluating the
discriminating scores with a cutoff of higher than
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0.5. Thesignal peptidesBla, glll, LPP, npr, OmpT,
TolB, TorA, and TorT were excluded dueto D-score
lower than 0.5 and further analyseswere performed
on the remaining signal peptides.
Analysisof physicochemical propertiesof signal
peptides

Different physicochemical properties of
signal peptides were evaluated lonely and in
connected with TRAIL amino acid sequence by
using ProtParam computational tool (Table3). The
amount of positive charge in n-region was +2 in
most signal peptides, whileitwas+1inPelB signa
peptide, +3in LivK, MalE, and Pac signal peptides,
and +4 in Endoxylanase signal peptide. The signal
peptide hydrophobicity was assessed using
GRAVY anddiphaticindex parameters. GRAVY was
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obtained from the mean hydropathy index of signal
peptides amino acids. As seen in Table 3, SfimC,
OmpC, and DsbA signal peptides had the highest
and LivK and Pac signal peptides had the lowest
GRAVY. Aliphatic index is the relative size of
aliphatic side chainswhichwasthegreatestin SFrmC
and OmpC signal peptidesand LivK and thelowest
in Endoxylanase signal peptides. Stahility of TRAIL
protein connected to signal peptide was another
physicochemical analysiswhichwasevaluated with
the instability index, and amounts of less than 40
and higher than 40 showed the stability and
instability of the expressed protein, respectively.
Asisclear from the results, the expressed TRAIL
connected to all signal peptides was stable.

Table 1. Amino acid sequence of signal peptides

Signal peptide Accession  Source Amino acid sequence
No.
1 Bla P62593 Escherichiacoli MSIQHFRVALIPFFAAFCLPVFA
2 DsbA POAEG4 Escherichiacoli K-12 MKKIWLALAGLVLAFSASA
3  Endo-1, Q59256 Bacillus sp. YA-14 MFKFKKKFLVGLTAAFMSISMFSATASA
4-B-xylanase
4 gl P0O3661 Enterobacteriaphagefd MKKLLFAIPLVVPFY SHS
(Bacteriophagefd)
5 LamB P02943 Escherichiacoli K-12 MMITLRKLPLAVAVAAGVMSAQAMA
6 L- P00805 Escherichiacoli K-12 MEFFKKTALAALVMGFSGAALA
Asparaginasell
7 LivkK P04816 Escherichiacoli K-12 MKKGTQRLSQLFTALALAGVASY SMA
8 LPP P69776 Escherichiacoli K-12 MKATKLVLGAVILGSTLLAG
9 LTB P13811 Escherichiacoli MNKVKCYVLFTALLSSLYAHG
10 MaE POAEX9 Escherichiacoli K-12 MKIKTGARILALSALTTMMFSASALA
11 MgIB POAEES Escherichiacoli K-12 MNKKVLTLSAVMASMLFGAAAHA
12 npr P06832 Bacillusamyloliquefacien MGLGKKLSVAVAASFMSLTISLPGVQA
13 OmpA POA910 Escherichiacoli K-12 MKKTAIAIAVALAGFATVAQA
14 OmpC P06996 Escherichiacoli K-12 MKVKVLSLLVPALLVAGAANA
15 OmpF P02931 Escherichiacoli K-12 MMKRNILAVIVPALLVAGTANA
16 OmpT P09169 Escherichiacoli K-12 MRAKLLGIVLTTPIAISSFA
17 Pac P06875 Escherichiacoli MKNRNRMIVNCVTASLMYYWSLPALA
18 PelB Q6CZT3  Erwiniacarotovorum MKYLLPTAAAGLLLLAAQPAMA
19 PhoA P00634 Escherichiacoli K-12 MKQSTIALALLPLLFTPVTKA
20 PhoE P02932 Escherichiacoli K-12 MKKSTLALVVMGIVASASVQA
21 sfmC P77249 Escherichiacoli K-12 MMTKIKLLMLIIFYLIISASAHA
22 ST-IA/ST-P P01559 Escherichiacoli MKKLMLAIFISVLSFPSFS
23 STl pP22542 Escherichiacoli MKKNIAFLLASMFVFSIATNAYA
24 TolB POA855 Escherichiacoali MKQALRVAFGFLILWASVLHA
25 TorA P33225 Escherichiacoli K-12 MNNNDLFQASRRRFLAQLGGLTVA
GMLGPSLLTPRRATA
26 TorT P38683 Escherichiacoli K-12 MRVLLFLLLSLFMLPAFS
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Solubility of variousexpressed proteins

Thereare different serversfor prediction
of protein solubility during overexpression, and
SOL prois oneof the best and most reliable of them.
The obtained data indicated that overexpression
of TRAIL protein connected to each signal peptide
can lead to the production of an insoluble protein
(Table3).

DISCUSSION AND CONCLUSION

The use of targeted therapy nowadays
has become to an interesting method of research
inthefield of cancer treatment®®. TRAIL ligandis
animportant factor in thisfield duetoitsexclusive
impact in inducing apoptosis of cancer cells, and
many studies are performing in this regard?®.

RASEKHIAN et al.: ASSESSMENT OF PROKARYOTIC SIGNAL PEPTIDES

Although E. coli isthe best host for production of
this protein due to its relatively simple structure,
itsproduction within the cell resultsinaninsoluble
form and in order to have biological effects, it
requires different refolding steps®. Transfer of the
protein into the periplasmic space is an important
way to reducethis problem. However, secretion of
a protein into the periplasmic spaceis a highly
coordinated process among different cell
components. Selection of an appropriate signal
peptideisoneof theimportant factorsinthisregard.
Since random selection of asignal peptideistime-
consuming and costly, it seems reasonable to use
appropriate methods for prediction of the process
in order to save time and money. The use of
bioinformatics powerful tools to predict a
physiological phenomenon has become a widely

Table 2. Sequence analysis of signal peptides by SignalP

Signal Peptide N- H- C- Cleavage C- Y- S S D-
Region Region Region Site Score  Score  Score  Mean  Score
Bla 1-7(7) 819(12) 20-23(4) VFA 0475 0432 0547 0411 0424
DsbA 1-3(3) 4-15(12) 16-19(4) ASA 0507 0661 0911 0869 0.759
Endo-1, 1-7(7) 819(12) 20-28(9) ASA 0342 0544 0980 0905 0.713
4-beta-
xylanase
gl 1-3(3) 4-14(11) 15-18 (4) SHS 0194 0237 0567 0328 0.280
LamB 1-7(7) 818(11) 19-25(7) AMA 0682 0699 0942 0824 0.758
L- 1-6(6) 7-17(11) 18-22(5) ALA 0794 0696 0.839 0668 0.683
Asparaginasell
Livk 1-7(7) 818(11) 19-26(8) SMA 0468 0527 0875 0723 0.619
LPP 1-5(5) 6-13(8) 14-20(7) LAG 0182 0320 0876 0624 0.463
LTB 1-5(05) 6-14(9 1521(7) AHG 0722 0650 0.858 0.639 0.645
MaE 1-8(8) 9-17(9) 18-26(9) ALA 0586 0698 0.967 0.886 0.786
MglB 1-4(4) 516(12) 17-23(7) AHA 0665 0730 0.947 0857 0.790
Npr 1-6(6) 7-22(16) 23-27(5) VOQA 0171 0300 0.849 0655 0.467
OmpA 1-4(4) 5-16(12) 17-21(5) AQA 0703 0721 0911 0.787 0.752
OmpC 1-4(4) 516(12) 17-21(5) ANA 0744 0765 0.945 0.840 0.800
OmpF 1-5(5) 6-17(12) 18-22(5) ANA 0767 0739 0.937 0.784 0.760
OmpT 1-4(4) 5-16(12) 17-20(4) SFA 0230 033 0743 0539 0431
Pac 1-10 (10) 11-22(12) 23-26(4) ALA 0676 0637 0.854 0675 0.655
PelB 1-3(3) 4-15(12) 16-22(7) AMA 0833 0814 0913 0837 0.825
PhoA 1-5(5) 6-15(10) 16-21(6) TKA 0363 0438 0870 0596 0.512
PhoE 1-4(4) 516(12) 17-21(5) VOQA 0649 0661 0902 0711 0.685
sfmC 1-6(6) 7-18(12) 19-23(5) AHA 0714 0663 0.750 0554 0.623
Sthil 1-3(3) 4-15(12) 16-19 (4) SFS 0358 0482 0.847 0.686 0.578
ST-IA/ST-P 1-3(3) 4-15(12) 16-19(4) S-S 0340 0450 0.818 0627 0.533
STII 1-4(4) 5-15(11) 16-23(8) AYA 0391 0492 0934 0737 0.607
TolB 1-6 (6) 7-16(10) 17-21(5) LHA 0388 0423 0536 0437 0428
TorA 1-13 (13) 14-32(19) 33-39(7) ATA 0183 0188 0359 0251 0.211
TorT 1-2(2) 3-14(12) 15-18 (4) AFS 0307 0406 0646 0533 0.453
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used method in different fields of biology?.
Accordingly, different servers were used in this
study to evaluate the physicochemical properties
of 26 common signal peptides and their impact on
the secretion of TRAIL inE. coli.

Thesignal peptideswere eval uated based
on characteristics such as net positive charge,
theoretical pl, molecular weight, hydrophobicity,
aswell asits stability in connection with TRAIL.
Prediction of the exact site of cleavage by signal
peptidase enzyme is important for evaluation of
secretive structure. Using SignalP server, it was
found that Bla, glll, LPP, npr, OmpT, TolB, and
TorA signal peptides bound to TRAIL sequence
are not cut properly and thus they were excluded
from the study. The structure of signa peptides
has an enormous effect on their efficiency?.
Positively charged amino acids are important
elements in n-region of signal peptides, so that
replacing these amino acids with negatively
charged or uncharged amino acids decreases
sharply the performance of signal peptides in
secretion of the desired protein. It seemsthat these
amino acids are necessary for interaction of the
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signal peptide with negatively charged
phospholipids of the cell membrane. Most signal
peptides in the present study had two positive
charges in n-region. Hydrophobicity of signal
peptides is another important factor in their
performance. The higher the hydrophobicity and
the longer the length of h-region, the greater will
be the efficiency of signal peptide. These
hydrophobic amino acids are required for
interaction of signal peptideswith the hydrophobic
areaof the membrane. The hydrophobicity of signal
peptides was evaluated by aliphatic index and
GRAVY, and according to Table 3, the highest
hydrophobicity was seen in SfmC, OmpC, and
DsbA signal peptides. Proper and high secretion
of a protein greatly depends on efficiency of
cleavage of signal peptide by signal peptidase.
Presence of AXA motif in c-region immediately
upstream of signal peptide cleavage siteiscrucial
for cutting of signal peptides. In this motif, there
aresmall and neutral amino acids such asaanine,
glycine, and serinein positions 1 and 3, but position
2 includes bulky amino acids. Asin Table 2, this
motif isseeninall signal peptides. However, among

Table 3. Signal peptides physicochemical properties identified with ProtParam and SOL pro

Sgnd Amino MW Net Pl Aliphatic GRAVY Instability Insoluble Aliphatic
Peptide Acid Positive Index Index with Index
Length Charge probability

1 DsbhA 19 19904 2 921 14421 1.416 29.78 0.791148 14421
2 Endo-1, 28  3061.7 4 9.40 70.00 0.871 28.95 0.791290 70.00

4-beta-

xylanase
3 LamB 25 25452 2 923 125.20 1.332 33.29 0.794980  125.20
4 L- 22 22747 2 9.06 93.64 1.136 28.02 0.784941 93.64

Asparaginasell
5 LivK 26 2744.2 3 932 90.38 0.377 29.23 0.779119 90.38
6 LTB 21 23588 2 910 11143 0.695 31.29 0.823223  111.43
7 MaE 26 26983 3 9.34 113.08 1.012 27.96 0.785573  113.08
8 MgB 23 23628 2 921 102.17 0.952 29.71 0.809450  102.17
9 OmpA 21 2046.5 2 921 12143 1.295 29.36 0.785118  121.43
10 OmpC 21 20786 2 921 171.90 1.552 29.90 0.833140  171.90
11 OmpF 22 2268 2 923 1591 1.259 35.94 0.828973 15.91
12 Pac 26 3046.6 3 924 9385 0.273 31.40 0.838097 93.85
13 PelB 22 2256.8 1 9.06 138.18 1.191 32.95 0.767142  138.18
14 PhoA 21 2256.8 2 921 139.52 0.971 34.53 0.782029  139.52
15 PhoE 21 21045 2 921 130.00 1.195 28.27 0.784216  130.00
16 sfmC 23 26223 2 9.19 165.65 1.609 28.79 0.809969  165.65
17 ST-IA/ST-P 19 2159.7 2 921 12316 1.368 31.18 0.781711  123.16
18 STl 23 25520 2 919 102.17 1.026 31.91 0.780700  102.17
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various physicochemical factors associated with
signal peptides, positive charge in n-region and
length and amount of hydrophobicity of c-region
are the most important factors?. The positive
charge was +2 among most of signal peptides and
D-score had no significant difference between
them. Therefore, length and hydrophobicity of h-
region isthe basis of selection of asuitable signal
peptide. Accordingly, SfmC, OmpC, DsbA, and
PhoA signal peptides had the highest impact and
Endoxylanase, LivK, L-Asparaginase, and Pac
signal peptides had the lowest effect on the
secretion of TRAIL. Since, asfar asweknow, there
were no studiesto evaluate TRAIL secretion with
signal peptides such as SfmC, OmpC, and DsbA,
these signal peptides can be good candidates for
such studies. The results of this study are
consistent with in silico studies regarding
secretion of growth hormonein E. coliZ. Although
the use of signal peptide PhoA proposed in this
study is consistent with the performed empirical
test 4, other testswith OmpA signal peptide, which
was not a candidate in this study, had also good
results®®. Thus, despite the advantages of
bioinformaticstoolsfor selecting asignal peptide,
practical evaluation of the selected signal peptides
isalsorequired.
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