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Signal peptides (SPs) are one of the most important fac-
tors for suitable secretion of the recombinant heterolo-
gous proteins in Escherichia coli (E. coli). The objective
of this study was to identify a panel of signal peptides
(among the 90 biologically active SPs) required for the
secretory production of interferon-beta 1b (IFN-beta 1b)
recombinant protein into the periplasmic space of E. coli
host. In the initial step, after predicting the accurate lo-
cations of the cleavage sites of signal peptides and their
discrimination scores using SignalP 4.1 server, 31 SPs
were eliminated from further analysis because their dis-
crimination scores were less than 0.5 or their cleavage
sites were inappropriately located. Therefore, only 59
SPs could be theoretically applied to secrete IFN-beta 1b
into the periplasmic space of E. coli. The physico-chem-
ical and the solubility properties, which are necessary
parameters for selecting appropriate SPs, were predicted
using ProtParam and SOLpro servers using the 59 re-
maining signal peptides. The final subcellular localization
of IFN-beta 1b in combination with different SPs was
predicted using ProtComB server. Consequently, accord-
ing to the ranking of 59 confirmed SPs, the obtained re-
sults revealed that SPs Flagellar P-ring protein (flgl), Glu-
can 1,3-beta-glucosidase I/l (EXG1) and outer membrane
protein C (OmpC) were theoretically the most potent
and desirable SPs for secretion of recombinant IFN-beta
1b into the periplasmic space of E. coli. For further stud-
ies in the future, the experimental investigations on the
obtained results will be considered.
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INTRODUCTION

Cytokines are a group of proteins used for com-
munication between cells which helps the protective
mechanisms of the immune system to destroy pathogens
(Cohen & Parkin, 2001). Among cytokines, interferons
(IFNs) are secreted proteins which induce an antiviral
state in their target cells. The IFNs are the first line of

defense against viral diseases and possibly against viral
infectious agents, and they are accepted universally as
therapeutic agents (Sen & Lengyel, 1992). There are two
different types of recombinant IFN-beta. The first type,
IFN-beta 1a, is a glycosylated form of pharmaceutical re-
combinant protein and is produced in mammalian cells,
such as CHO cell line (Serensen, 2010; Morowvat et al.,
2014). The second type, IFN-beta 1b, is not a glyco-
sylated protein and is produced in Escherichia coli recom-
binant cells (Runkel e¢7 a/, 1998; Morowvat et al., 2014).
IFN beta-1b is a synthetic analogue (165 amino acids,
18500 Da) of human IFN in which cysteine 17 is substi-
tuted with serine. IFN beta-1b was the first disease-mod-
ifying drug approved by FDA in 1993 for treatment of
(relapsing/remitting) multiple sclerosis (MS) (Matziniak
& Meuth, 2014; Gasteiger ez al, 2005). This disease is
a chronic inflammatory disorder of the central nervous
system affecting mainly young adults (Kolb-Maurer e/ al,
2015).

The vast majority of recombinant proteins have been
produced in the Gram-negative bacteria. Furthermore,
E. cli is a Gram-negative bacterium which has numer-
ous benefits for heterologous recombinant protein pro-
duction due to its ability of growing rapidly at high den-
sity on inexpensive substrates, the profound genetic and
physiological characterization, the large number of com-
patible tools available for biotechnology especially clon-
ing vectors and host strains, and the simple process scale
up (Baneyx, 1999; Babacipour ef al, 2013). The inability
of proteins to rapidly fold into native structures causes
their degradation into insoluble aggregates known as in-
clusion bodies or inactive proteins (Baneyx & Mujacic,
2004; Choi & Lee, 2004; Ventura & Villaverde, 20006).
One approach to solve these problems is transferring the
heterologous proteins into the periplasmic space of the
bacterial host, using a proper signal peptide at the N-ter-
minal of the protein (Choi & Lee, 2004). The periplasm
has many benefits which make it a preferable space for
protein storage and folding as well as protein purifica-
tion and N-terminal processing. Also, it provides more
stability for expressed heterologous protein because of
proper folding and decreased protein degradation. More-
over, it ensures an oxidizing environment to promote
proper folding of the produced proteins (Mergulha™o et
al., 2005; Morowvat ¢ al, 2014). Some reports revealed
the toxic effect of human IFN-beta expressed in E. coli
host (Gross et al., 1985; Morowvat ez al., 2014). To solve
the problem, periplasmic production of this recombinant
protein was considered as the most important strategy
for its easy accumulation in the safe space to overcome
its lethal effects on the host cells (Morowvat ¢# al., 2014).
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The general secretory pathway is one of the mecha-
nisms for protein secretion. It is found in both eukary-
otic and prokaryotic cells. The entrance into the gen-
eral secretory pathway is controlled by the signal pep-
tide. It is an N-terminal peptide which is normally be-
tween 15 and 40 amino acids long and detached from
the mature section of the protein during translocation
across the membrane (Emanuelsson ef al, 2007, Zhang
et al, 2013). The most characteristic feature of the sig-
nal peptides is a segment of hydrophobic amino acids
called the h-region containing 7 to 15 residues (Haeup-
tle et al, 1989). The area between the first methionine
and the h-region is called the n-region and it typically
contains one to five amino acids and normally carries
a positive charge. The c-region is between the h-region
and the cleavage site and it consists of three to seven
polar, but mostly uncharged, amino acids (Nielsen &
Krogh, 1998). Obviously, for selecting an optimal signal
sequence, which is compatible with the recombinant se-
cretory protein, it is normally necessary to consider and
analysis the feature of signal peptides for the efficient
secretory production of the heterologous recombinant
proteins (Gupta & Shukla, 2016; Forouharmehr et al,
2018).

In Gram-negative bacteria, the secretion system can
transport proteins into periplasmic space by the Sec-
dependent pathway or Twin-arginine translocation (Tat)
pathway. In Sec-dependent pathway, the secreted pre-
proteins carry a signal peptide that is unfolded in this
step and directed through a protein-conducting channel,
whereas in the Tat pathway, the folded preproteins are
translocated across the inner membrane (Bagos e al,
2010; Yoon et al., 2010).

A number of signal sequences have been used for the
efficient secretory production of heterologous recombi-
nant proteins in E. co/i host. Over the past years, dif-
ferent signal peptides have been used and analyzed for
transportation of proteins into the periplasmic or extra-
cellular space. For example, OmpA and PelB (Ramanan
et al, 2010), and PelB (Morowvat ¢f al, 2014) were used
for IFN-alpha 2b and IFN-beta 1b secretory production
in E. coli, respectively.

Nowadays, with progress in genetic engineering and
computer technology, conducting reliable and fast com-
putational programs for predicting the signal peptides
are required for improving the production level and
minimizing the production expenses. In this study, some
important features of IFN-beta 1b and the other 89 dif-
ferent signal peptides were studied using bioinformatics
tools, in order to theoretically identify the efficient signal
peptides that can be suitably used for secretion of IFN-
beta 1b in E. co/i host.

MATERIALS AND METHODS

Signals sequence collection and study design. The
amino acid sequences of 90 signal peptides that were
usually used in secretory proteins production in previous
studies were retrieved from database resources of the
Universal Protein Resource (UniProt) at www.uniprot.
org. Signal sequences are tabulated in Table 1. After-
ward, in the next phase, # siico methods were utilized to
analyze and characterize the collected signal peptide se-
quences. Eventually, after trimming, predicting the sub-
cellular localization site and excluding inappropriate sig-
nal peptides, the elected signal peptides were compared
and measured to gain a high level of secretory expres-
sion of IFN-beta 1b protein in the E. co/i host.

Prediction of signal peptides cleavage sites.
Among the proposed data mining models and bioinfor-
matics tools used for identifying signal peptides sequenc-
es and their precise cleavage sites, SignalP was the most
accurate and reliable tool, which provided high-through
processing of protein sequences with an accuracy of
87% (Dytlov Bendtsen e al, 2004). The SignalP 4.1 is
available at http://www.cbs.dtu.dk/services/SignalP, and
is based on ANN method (Petersen e al., 2011).

Physico-chemical parameters of signal peptides.
ProtParam online server at http://web.expasy.org/prot-
param/ (Gasteiger e al, 2005) was used to evaluate dif-
ferent physico-chemical properties of the chosen signal
peptides. The physico-chemical parameters were evalu-
ated, including molecular weight, instability index, ami-
no acid composition, theoretical pl, aliphatic index and
grand average of hydropathicity (GRAVY).

In silico analysis for protein solubility prediction.
The solubility of recombinant protein that is expressed
in E. c/i most often represents the production yield.
SOLpro setver at http://scratch.proteomics,ics.uci.edu/
with an accuracy of above 74% was used to predict the
tendency of protein solubility in E. /. This bioinfor-
matics tool employed a two-phase support vector ma-
chine (SVM) architecture according to multiple represen-
tations of the primary sequence (Magnan ez al., 2009).

Prediction of protein localization site. Predicting
the final destination of secreted proteins from the pri-
mary sequence is a major component of automated pro-
tein annotation and is critical to a wide range of stud-
ies. ProtComp B server was used for 7 silico analysis and
prediction of the final destination of IFN-beta 1b pro-
tein in fusion with different signal peptides (http://www.
softberry.com). Softberry reports 86% cotrect prediction
of extracellular proteins as tested with approximately 200
extracellular proteins (Klee & Ellis, 2005).

RESULTS

In silico analysis of signal peptides cleavage sites’
prediction

In this study, SignalP 4.1 was used to predict the
most suitable amino acid sequences as a signal peptide
for connecting to IFN-beta 1b in order to secrete that
protein inside the periplasmic space in E. ¢k The
suitable signal peptides were predicted based on their
potential D-score (discrimination score). The output
of SignalP 4.1 reported five scores. The C and S-score
recognized cleavage sites and signal peptide positions
respectively. Y-score was a derivative of the C and
S-score resulting in the more precise prediction of the
cleavage sites than the raw C-score. The average of
the S-score was S-mean. D-score was the average of
the S-mean and Y-max which indicated the primary
distinction between secretory and non-secretory proteins.
Sequences with D-score >0.5 have a high probability of
being signal peptides. In SignalP 4.1, there is an option
for the user to adjust the cut-off values in order to
increase the sensitivity of the program. In this research,
a default SignalP D-score of 0.5 was used. The i silico
analysis results of SignalP including three regions of
signal peptides (n, h and c), cleavage probabilities and
cleavage sites and C, Y and S scores, S means and
D-score, are presented in Table 2. Cleavage probability is
the maximum cleavage site probability at the beginning
of the protein. The in silico analysis results of SignalP
server indicated that the highest D-score belonged
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Table 1. List of signal peptides
. . Acces- . .

No  Full name Signal peptide sion no. Source Amino acid sequence

1 interferon beta IFN-beta P01574 Homo sapiens MTNKCLLQIALLLCFSTTALS

2 human growth hormone hGH P01241 Homo sapiens MATGSRTSLLLAFGLLCLPWLQEGSA

3 pectate lyase B Pelb PoC1C1 Erwinia Carotovorum MKYLLPTAAAGLLLLAAQPAMA

4 Alkaline phosphatase PhoA P00634 ﬁsﬁgfr ichia coli (strain My QSTIALALLPLLETPVTKA

5 Outer membrane pore protein PhoE P02932 ﬁsgg()erichia coli (strain MKKSTLALVMGIVASASVOA

6  outer membrane protein A OmpA POA910 ﬁ‘ﬁg‘;’ ichia coli (strain  \KKTAIAIAVALAGFATVAQA

7 outer membrane protein F OmpF P02931 ﬁsﬁgfr ichia coli (strain \MKRNILAVIVPALLVAGTANA

8  outer membrane protein C OmpC P06996 ﬁsﬁ’z";”d""’ coli (strain  \KyKVLSLLVPALLVAGAANA

9 protease Vil OmpT P09169 ﬁ‘ﬁg‘;’ ichia coli (strain  MRAKLLGIVLTTPIAISSFA

10 maltqse-binding periplasmic MalE POAEX9 Escherichia coli (strain MKIKTGARILALSALTTMMFSASALA
protein K 12) —

11 maltoporin LamB P02943 ﬁsﬁ’z";”d""’ coli (strain M MITLRKLPLAVAVAAGVMSAQAMA

12 major outer membrane lipo- LPP P69776 Escherichia coli (strain MKATKLVLGAVILGSTLLAG
protein K 12) —_—

13 heat-stable entrotoxin I STII P22542 Escherichia coli MKKNIAFLLASMFVFSIATNAYA

14 disulide interchange protein gy, POAEG4  Escherichia coliK-12  MKKIWLALAGLVLAESASA

15 gi:l‘)"cﬁde interchange protein  pgc POAEG6  Escherichia coli MKKGFMLFTLLAAFSGFAQA

16 Beta-lactamase ampC PO0811 ﬁﬁ‘z’;e’“h"’ coli (strain  \EKTTLCALLITASCSTFA

17 heat-labile entrotoxin subunit B LTB P13811 Escherichia coli MNKVKCYVLFTALLSSLYAHG

18 L-Asparaginase Il LAsparagine - poogos  Escherichia coli K-12 MEFFKKTALAALVMGFSGAALA

Endo-1,4-be- .

19  Endo-1,4-beta-xylanase ta-xylanase Q59256 Bacillus sp. YA-14 MFKFKKKFLVGLTAAFMSISMESATASA

20  fimbrial chaperone SfmC sfmC P77249 Escherichia coli K-12 MMTKIKLLMLIIFYLIISASAHA

21 [eatstable entrotoxin SHA/ - srya/sTp po15S9  Escherichia coli MKKLMLAIFISVLSEPSES
D-galactose-binding peripla- I e

22 smic protein MglB POAEE5 Escherichia coli K-12 MNKKVLTLSAVMASMLFGAAAHA

23 beta-lactamase TEM bla P62593 Escherichia coli MSIQHFRVALIPFFAAFCLPVFA

24 neutral protease npr Posg3z  Bacillus amyloliquefa- ) GKKLSVAVAASFMSLTISLPGVOA

25 protein TolB TolB POA855 Escherichia coli K-12 MKQALRVAFGFLILWASVLHA

26  periplasmice protein TorT TorT P38683 Escherichia coli K-12 MRVLLFLLLSLFMLPAFS

27 Interleukin-2 IL-2 P60568 Homo sapiens MYRMQLLSCIALSLALVTNS

28 Chaperone protein Skp SKp POAEU7 ﬁﬁ‘z’;e’“h"’ coli (strain  \KKWLLAAGLGLALATSAQA

29 D—ribqse—binding periplasmic rbsB P02925 Escherichia coli (strain MNMKKLATLVSAVALSATVSANAMA
protein K12) I

30 Glucan 1,3-beta-glucosidase I/ll  EXG1 P23776 il‘;fgga’ omyces cere- MLSLKTLLCTLLTVSSVLA

31 Heat-labile enterotoxin IIB LT-1IB P43529 Escherichia coli MSFKKIIKAFVIMAALVSVQAHA
Periplasmic serine endoprote- Escherichia coli (strain

32 ase DegP degP PoCovo K12) MKKTTLALSALALSLGLALSPLSATA

33 Spheroplast protein Y spy p77754  EScherichia coli(strain — ppye) Al FVASTLALGAANLAHA
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34 Flagellar P-ring protein figl POA6S3 Esfzh)e’ ichia coli (strain el SALILLLVITAAQA

35  Secreted 45 kDa protein usp45 P22865 Lactococcus lactis MKKKIISAILMSTVILSAAAPLSGVYA
| lobulin G-bindi MKKKNIYSIRKLGVGIASVTLGTLLISGGVT-

36 ;;1;203 obulin inding spa P38507 Staphylococcus aureus PAANA —

37  Endoglucanase eglS P10475 Bacillus subtilis MKRSISIFITCLLITLLTMGGMIASPASA

38 Outer membrane protein G ompG P76045 ﬁ‘fzh)e’ ichia coli (strain ML | PCTALVMCAGMACAQA

39 SDthuenri‘;agg'“““i” structural draA P24093  Escherichia coli MKKLAIMAAASMVFAVSSAHA

40 Glutamine—binding periplasmic glnH POAEQ3 Escherichia coli (strain MKSVLKVSLAALTLAFAVSSHA
protein K12) EE—

41 Ribonuclease | ma P2133g  pgierichia coll Al mypFWRNAALLAVSLLPESSANA
L-arabinose-binding peripla- Escherichia coli (strain

42 smic protein araF P02924 K12) MHKFTKALAAIGLAAVMSQSAMA

43 Putative outer membrane porin c P21420 Escherichia coli (strain MKKLTVAISAVAASVLMAMSAQA
protein nmp K12) MAMSAQA

44 Penicillin-insensitive mureinen- menA POCOTS Escherichia coli (strain MNKTAIALLALLASSASLA
dopeptidase P K12)

45 rPaeszti/f\zlyl—pronI cis-trans isome- ppiA POAFL3 ﬁs1c2h)erichia coli (strain MEKSTLAAMAAVFALSALSPAAMA
Carcinoembryonic antigen-rela- o xvre  oncony o o MESPSAPPHRWCIPWQRLLLTASLLT-

46 ted cell adhesion molecule 5 CEACAMS P06731 Homo sapiens (Human) FWNPPTTA

47 Beta-defensin 103 DEFB103A P81534 Homo sapiens (Human)  MRIHYLLFALLFLFLVPVPGHG

48  Interferon omega-1 IFNW1 P05000 Homo sapiens (Human) ~ MALLFPLLAALVMTSYSPVGS

49  Azurocidin AZU1 P20160 Homo sapiens (Human) ~ MTRLTVLALLAGLLASSRAGSSPLLD

50 Interferon alpha-2 IFNA2 P01563 Homo sapiens (Human)  MALTFALLVALLVLSCKSSCSVG

51  C-C motif chemokine 20 CCL20 P78556 Homo sapiens (Human) ~ MCCTKSLLLAALMSVLLLHLCGESEA

52 Cystatin-11 CST11 Q9H112 Homo sapiens (Human) MMAEPWQALQLLLAILLTLMALPYQA

53 Interferon alpha-4 IFNA4 P05014 Homo sapiens (Human)  MALSFSLLMAVLVLSYKSICSLG

54 ?gg,f;itab'e enterotoxin re- GUCY2C P25092  Homo sapiens (Human) ~MKTLLLDLALWSLLFQPGWLSFS

55  Kallikrein-7 KLK7 P49862 Homo sapiens (Human)  MARSLLLPLQILLLSLALETAG

56  Periplasmic beta-glucosidase  bglX P33363 ﬁﬂcz’;e”c"’“ coli (strain  pyyWILCSVGIAVSLALQPALA

57 Plasma protease C1 inhibitor SERPING1 P05155 Homo sapiens (Human) ~ MASRLTLLTLLLLLLAGDRASS

58 Interferon alpha-1/13 IFNA1 P01562 Homo sapiens (Human)  MASPFALLMVLVVLSCKSSCSLG

59 z{gﬁfnﬁmmmg growth factor e s PO1135  Homo sapiens (Human) MVPSAGQLALFALGIVLAACQAL

60  Collagen alpha-1(IV) chain COL4A1 P02462 Homo sapiens (Human)  MGPRLSVWLLLLPAALLLHEEHSRAAA

61  Ecotin eco P23827 ﬁsfz”)e’ ichia coli (strain  pyyeqy| pAVLFAAFATTSAWA

62  Serum albumin ALB P02768 Homo sapiens (Human) ~ MKWVTFISLLFLFSSAYS

63 MHC ;c';sg | polypeptide-rela- Q29983  Homo sapiens (Human) MGLGPVFLLLAGIFPEAPPGAAA

64 L-asparaginase 2 ansB P00805 ﬁﬂcz’;e”c"’“ coli (strain e P FKKTALAALVMGESGAALA
Uncharacterized fimbrial-like ~ ,~ oo Eschrérrrlzchia coli (straln

65 protein YehD yehD P33343 K12) MKRSIIAAAVFSSFFMSAGVFA

66  Uncharacterized protein YT~ yfiT P52135 ﬁsfz”)e’ ichia coli (strain  py|RSL SRFVLASTMFASFTASA

67 8“mtg[,memb'a”e protease ompP P34210 ﬁﬂcz’;e”c"’“ coli (strain MQTKLLAIMLAAPVVESSQEASA

68  jonuptake system component - (e POAB24 ﬁ‘fzh)e’ ichia coli (strain  p1r|NFRRNALQLSVAALFSSAEMANA

69 D-alanyl-D-alanine endopep- pbpG POAFI5 Escherichia coli (strain MPKFRVSLFSLALMLAVPEAPQAVA




Vol. 65

Appropriate signal peptides for secretory production of Interferon-beta 1b in Escherichia coli 525

Probable fimbrial chaperone

Escherichia coli (strain

70 frop yadV P33128 1) MFFNTKHTTALCFVTCMAFSSSSIA

71 Glucose-1-phosphatase agp P19926 ﬁﬁ‘z’;e’“h"’ coli (strain  \iNKTLIAAAVAGIVLLASNAQA

72 Endonuclease-1 endA P25736 ﬁ‘fzh)e’ ichia coli (strain  pyy| SIAAVVLSAAESGPALA
Threonine-rich inner membra- Escherichia coli (strain

73 A gfcA P75885 1) MKHKLSAILMAFMLTTPAAFA

74 Protein GltF gltF P28721 ﬁﬁ‘z’;e’“h"’ coli (strain e EKKNLTTAAICAALSVAAFSAMA

75  Endoglucanase besZ P37651 ﬁ‘fzh)e’ ichia coli (strain  piNy) RSGIVTMLLLAAFSVOA
Thiamine-binding periplasmic . Escherichia coli (strain

76 L thiB P31550 1) MLKKCLPLLLLCTAPVFA

77 D-xquse—binding periplasmic xylF P37387 Escherichia coli (strain MKIKNILLTLCTSLLLTNVAAHA
protein K12) EE—

78 UPFO412 protein Yaal yaal P28696 ﬁ‘fzh)e’ ichia coli (strain  \MKSVFTISASLAISLMLCCTAQA

79 Uncharacterized protein YaaX  yaaX P75616 ﬁﬁcz”)e’ ichia coli (strain e MQSIVLALSLVLVAPMAAQA
Uncharacterized fimbriallike . oo Eschrérrrlzchia coli (strain

80 e yadC P31058 1) MKTIFRYILFLALYSCCNTVSA
Uncharacterized fimbrial-like Escherichia coli (strain

81 e yadN P37050 5 MSKKLGFALSGLMLAMVAGTASA

82  Protein YdgH ydgH P76177 ﬁsfzh)‘” ichia coli (strain  pyy) KNTLLASALLSAMAFS
Uncharacterized fimbriallike .~ oo Eschrérrrlzchia coli (strain

=R yfcQ P76500 1) MRKTFLTLLCVSSAIAHA

84  Uncharacterized protein YhcF  yhcF P45422 ﬁ‘fzh)e’ ichia coli (strain  \NNVKLLIAGSAFFAMSAQA

85  Uncharacterized protein YiiX  yiiX P32167 ﬁsfzh)‘” ichia coli (strain  pNRLLILSLLVSVPAFA

86 Uncharacterized protein YpeC  ypeC P64542 ﬁﬁ‘z’;e’“h"’ coli (strain  MERs| FLAAALMAFTPLAANA
Uncharacterized fimbrial-like .. o Eschrérrrlzchia coli (strain

87 sy rat] yraH Pa2013 5 MNKVTKTAIAGLLALFAGNAAA
Uncharacterized fimbrial-like Escherichia coli (strain

88 oremvek yraK P43319 1) MKRAPLITGLLLISTSCAYA
Sigma-E factor regulatory pro- Escherichia coli (strain

g9 pamet rseB POARX9 155 MKQLWFAMSLVTGSLLFSANASA

90  Cyclic di-GMP-binding protein  bcsB P37652 ﬁ‘fzh)e’ ichia coli (strain i pKI FWICAVAMGMSAEPSEMTQA

to DEFB103A, nmpC, ppiA, mepA, SKp and rna  average isotopic masses of amino acids in the provided

respectively (0.906, 0.886, 0.875, 0.875, 0.865 and 0.852).

Moreover, the SignalP results demonstrated that the
D-scores of 23 signal peptides were less than 0.5 and
cleavage sites of 8 signal peptides such as DsbA, AZU1
were inappropriately located; hence, they were eliminated
from further analysis. Nonetheless, further analysis was
conducted on the other 59 signal peptides.

Physico-chemical parameters of signal peptides

The 59 remaining signal peptides were analyzed
for their different physico-chemical parameters using
ProtParam server (Table 3). The length range of the
59 remaining signal peptides was between 18 and 36
amino acids. The parameters, computed by ProtParam,
included the molecular weight (daltons), theoretical pl,
aliphatic index, instability index and grand average of
hydropathicity (GRAVY). In ProtParam, the molecular
weight of a protein is calculated by the addition of

protein and the average isotopic mass of one water
molecule.

The in silico analysis results indicated that the high-
est molecular weight belonged to CEACAMS, spa,
Endo-1, 4-beta-xylanase, eglS and bcesB (3919.58,
3643.30, 3061.70, 3040.70 and 2853.53, respectively).

The grand average of hydropathy (GRAVY) value for
a peptide or protein was calculated by the sum of hy-
dropathy values of all the amino acids, divided by the
number of residues in the sequence. The GRAVY index
was normally used to compare the general hydropathy
of the signal peptide. The 7 silico analysis results showed
that the highest GRAVY scores belonged to flgl, EXGT,
IFNA1, OmpC and MICA (1.816, 1.726, 1.604, 1.552
and 1.53, respectively).

The aliphatic index is one of the major factors
which indicate the hydrophobicity value of peptides
and proteins. This index is specified as the relative
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Table 2. Analysis of the signal peptides sequences using SignalP 4.1 server

Cleavage pro-  Cleavage
9e P 9 C-score Y-score S-score S-mean D-score

Signal peptides n-region h-region c-region bability (%) site

IFN-beta 144 516(12) 17-21(5)  71.1 ALS 08 0685 0877 067 0679
hGH 1-8(8)  918(10)  1926(8) 802 GSA 0465 0627 096 0858 0752
Pelb 16(6)  7-16(10)  17-22(6) 996 AMA 0804 0627 082 0603 0618
PhoA 15(5)  61409)  15217) - - 0309 0273 0523 0326 0292
PhoE 15()  615(10) 1621(6) 900 VQA 0695 055 0738 0526 0541
OmpA 14(4) 514100 1521(7) 958 AQA 0717 0563 0761 0551 0558
OmpF 16(6) 7-16(10) 17-22(6) - - 0732 0475 0748 045 0466
OmpC 14(4)  515(11) 1621(6) 849 ANA 073 0591 0849 0614 0599
OmpT 144) 515(11) 162005 - - 0334 0258 0454 0276  0.265
MalE 18(8) 918(10) 1926(8) 967 ALA 0632 0548 0873 0636 058
LamB 18(8) 918(10) 1925(7) 976 AMA 0719 0566 0842 0613 0583
LPP 15(5) 61409  1520(6) - - 0133 0194 0533 0378 0262
STl 15(5)  616(11) 17-23(7) 967 AYA 0731 0526 0816 0547 0534
DsbA 15() 61409 1519(5) 763 AMS 0565 051 0817 0566 0531
DsbC 144) 51309 1420(7) 987 AQA 0694 0792 0966 09 0.842
DsbD 14@4) 51309 14196 - - 0776 0464 0617 0372 043
LTB 15(5) 61409  1521(7) 984 AHG 0711 0543 0724 0507 053
L-Asparaginase I 1-6(6)  7-15(9)  1622(7) - - 0798 0504 0679 0431 0477
_Exny‘f'a"r;;fébeta' 1-7(7)  821(14) 2228(7) 797 ASA 0377 049 0948 0772 06
sfmC 16(6) 7-16(10) 17-23(7) - - 0759 0458 0515 0323 0408
ST-IA/ST-P 144)  513(9) 14196 - - 027 0309 0664 0438 0356
MglB 14(4)  516(12) 1723(7) 986 AHA 0718 0664 0885 0714 0682
Bla 170 8169 17.23(7) - - 0509 029 038 0245 0274
Npr 16(6) 7-20(14) 21-27(7) 769 VQA 0464 0505 0791 0631 0554
TolB 166) 71509 16216 - - 0426 0269 0407 0236 0256
TorT 13@3)  412(9) 1318(6) - - 0319 0292 0589 0329 0306
IL-2 15(5)  617(12) 182003 647 NS 0449 0472 0837 0587 0518
SKp 14(4)  514(10) 1520(6) 868 AQA 076 0834 095 09 0.865
tbsB 16(6) 7-18(12) 1925(7) 844 AMA 0726 0784 0974 0895 0836
EXGT 16(6) 7148  1519(5) 931 VLA 0732 0644 0837 0625 0637
LT-IB 18(8) 917(9)  1823(6) 997 AHA 0831 0629 0768 0568  0.606
degP 15(5)  619(14) 2026(7) 911 ATA 057 0534 09 0688 0591
spy 15(5)  617(12) 1823(6) 993 AHA 0453 0491 0846 0659 0553
figl 14(4) 513(9)  1419(6) 888 AQA 0732 0558 08 0532 0548
usp4s 16(6) 7-20(14) 2127 (7) 798 VYA 0518 046 0907 0646 0532
spa 1-11011) 122918) 3036 (7) 789 ANA 0505 0479 0751 0591 0523
egls 1-6(6) 722(16) 2329(7) 796 ASA 054 0456 0856 0586  0.507
yebF 144)  515(11)  1621(6) - - 0446 0436 0811 0563  0.483
Livk 17()  817(10) 1823(6) - - 0594 0468 0619 0458 0464
glnH 1-66)  7-15(9)  1622(7) 949 SHA 0654 0765 0957 0905 0831
ma 17()  816(9) 17-23(7) 845 ANA 0712 0799 0963 0912  0.852
araF 16(6) 7-16(10) 17-23(7) 993 AMA 0738 0811 0941 0867 0837
nmpC 15()  616(11) 1723(7) 893 AQA 0778 0848 0979 0929 0886
mepA 14(4) 513(9)  1419(6) 858 SLA 069 0816 0971 0941 0875
ppiA 16(6) 7-18(12) 1924(6) 992 AMA 071 0812 098 0946  0.875
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CEACAMS5 1-17 (17) 18-27 (10) 28-34(7) 68.6 TTA 0.568 0.518 0.769  0.556 0.533
DEFB103A 1-5 (5) 6-15(10) 16-22(6) 71 GHG 0.829 0.878 0978  0.930 0.906
IFNW1 1-2 (2) 3-13(11)  14-21(8) 51.1 VGS 0.283 0.467 0.943 0.761 0.626
AZU1 1-3 (3) 4-14 (11)  15-26 (12) 79.7 SRA 0.628 0.753 0.945 0.899 0.832
IFNA2 1-3 (3) 4-14(11) 1523 (9) 27 CKS 0.383 0.606 0984  0.956 0.795
CCL20 1-6 (6) 7-18 (12)  19-26 (8)  85.1 SEA 0.677 0.766 0980 0.878 0.826
CST1 1-8 (8) 9-17 (9) 18-26 (9) 60 AMS 0.620 0.546 0.868  0.625 0.578
IFNA4 1-4 (4) 5-14(10)  15-23(9) 359 ICS 0.283 0.493 0958  0.859 0.690
GUCY2C 1-3 (3) 4-15(12)  16-23(8) - - 0.268 0.364 0.811 0.571 0.446
KLK7 1-4 (4) 5-15(11)  16-22(7) 456 SLA 0.395 0.608 0.973 0.945 0.790
bglX 1-4 (4) 5-13 (9) 14-20 (7) - - 0.568 0.453 0.663 0.452 0.452
SERPINGT1 1-5 (5) 6-15(10)  16-22(7)  50.8 DRA 0.576 0.736 0978  0.942 0.847
IFNA1 1-5 (5) 6-15(10) 16-23(8) 323 SLG 0.472 0.623 0964  0.826 0.733
TGFA 1-7 (7) 8-17 (10)  18-23(6) - - 0.383 0.405 0.751 0.569 0.471
COL4A1 1-6 (6) 7-18(12)  13-21(9) 445 SRA 0.296 0.489 0.957 0.820 0.667
eco 1-4 (4) 5-14 (10)  15-20(6)  99.8 AWA 0.772 0.530 0.810  0.499 0.519
ALB 1-3 (3) 4-13(10) 1418 (5) 725 AYS 0.639 0.595 0.823 0.606 0.599
MICA 1-5 (5) 6-15(10) 16-23(8) 784 AAA 0.724 0.744 0.890  0.768 0.757
ansB 1-6 (6) 7-15 (9) 16-22 (7) - - 0.798 0.504 0.679 0431 0.477
yehD 1-4 (4) 5-15(11)  16-22(7) - - 0.734 0.480 0.692 0.444 0.467
yiiT 1-8 (8) 9-17 (9) 18-23 (6) 72.7 ASA 0.528 0.536 0.861 0.665 0.584
ompP 1-4 (4) 5-15(11) 16-23(8) 729 ASA 0.510 0.560 0.853 0.689 0.621
efeO 1-8 (8) 9-20 (12) 21-26 (6) 76.2 ANA 0.479 0.645 0.963 0.879 0.755
pbpG 1-6 (6) 7-18 (12)  19-25(7) 922 AVA 0.468 0.473 0.843 0.636 0.533
yadV 1-9 (9) 10-18 (9) 19-25(7) 76.7 SIA 0.493 0.649 0926  0.838 0.738
agp 1-4 (4) 5-16 (12)  17-22(6) 98.8 AQA 0.804 0.612 0.734 0540 0.585
endA 1-5 (5) 6-15(10)  16-22(7)  99.8 ALA 0.836 0.542 0.736  0.471 0516
gfcA 1-4 (4) 5-14 (10) 1521 (7) 964 AFA 0.748 0.607 0.841 0.611 0.609
gltF 1-7 (7) 8-18 (11)  19-25(7) 925 AMA 0.683 0.657 0.921 0.764 0.697
bcsz 1-5 (5) 6-16 (10)  17-22(6) - - 0.732 0.442 0.570  0.362 0.413
thiB 1-4 (4) 5-12 (8) 13-18 (6) 67.7 VFA 0.404 0.452 0.812 0.588 0.502
xylF 1-6 (6) 7-16 (10)  17-23(7) 976 AHA 0.624 0.748 0966  0.900 0.819
yaal 1-6 (6) 7-17 (11)  18-23(6) 77.8 AQA 0.620 0.749 0.953 0.908 0.824
yaaX 1-6 (6) 7-17 (11) 1823 (6) 914 AQA 0.620 0.564 0.846  0.631 0.589
yadC 1-7 (7) 8-16 (9) 17-22(6) - - 0.420 0.412 0.742 0.517 0.451
yadN 1-4 (4) 5-16 (12)  17-23(7) 90 ASA 0.639 0.518 0.851 0.599 0.548
ydgH 1-5 (5) 6-15(10) 16-19 (4) - - 0.161 0.315 0.879  0.691 0.454
yfcQ 1-4 (4) 5-12 (8) 13-18 (6) 974 AHA 0.612 0.734 0946  0.860 0.793
yhcF 1-5 (5) 6-14 (9) 15-20 (6) 73 AQA 0.644 0.703 0.889  0.769 0.734
yiiX 1-4 (4) 5-12 (8) 13-18 (6) - - 0.703 0.482 0.647 0.414 0.457
ypeC 1-4 (4) 5-14(10) 15-21(7) 924 ANA 0.554 0.712 0.983 0.933 0.816
yraH 1-6 (6) 7-15 (9) 16-22 (7)  96.7 AAA 0.626 0.569 0.810  0.621 0.588
yraK 1-4 (4) 5-13 (9) 14-20 (7) - -0 0.612 0.454 0.658  0.429 0.444
rseB 1-6 (6) 7-16 (10)  17-23(7) 954 ASA 0.626 0.554 0.800  0.599 0.571
bcsB 1-6 (6) 7-17 (11)  18-25(8) 556 TQA 0.353 0.535 0980  0.877 0.696
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Table 3. Analysis of physicochemical properties of the signal peptides using ProtParam

No. Signal pep- o w (Da) Pl E'Sﬁmve GRAvy  Aliphatic '@Zt,?abr'a".ty I(?r?tfiz:lcl)tr{ with  Solubility

number charge tely) IFN-bata 1b)

1 IFN-beta 21 2,284.80 7.82 1 1.238 139.52 36.97 52.09 Insoluble
2 hGH 26 2,736.20 5.75 1 0.777 11654 777777 56.9 i 54.40 Insoluble””
3 pelb 22 2,228.70 8.34 1 1.191 13818 7777777 41.42 i 52.53 Insoluble
4 PhoE 21 2,10450 10 2 1.195 130 77777777777 1.44 ) 48.10 Insolublew
5 OmpA 21 2,046.50 10 2 1.295 12143 7777777 9.52 i 49.01 Insoluble””
6 OmpC 21 2,07860 10 2 1.552 1719 777777777 14.37 ) 49.56 Insolublew
7 MalE 26 2,69830 11.17 3 1.012 11308 7777777 2.85 ) 47.08 Insolublew
8 LamB 25 2,54520 11 2 1.332 1252 777777777 42.97 ) 52.56 Insoluble
9 STII 23 2,552.00 9.7 2 1.026 10217 7777777 3243 i 51.38 Insoluble
10 DsbC 20 2,179.60 10 2 0.842 785 77777777777 5.25 ) 48.77 Insolublew
11 LTB 21 2,358.80 9.1 2 0.695 11143 7777777 26.85 i 50.96 Insoluble

12 tE:i;’I; ai;ie' 28 3,061.70 1048 4 0.871 70 11.57 47.88 Insoluble
13 MgIB 23 2,362.80 10 2 0.952 10217 7777777 14.15 i 49.16 Insoluble””
14 npr 27 2,677.20 10 2 1.041 11926 7777777 26.75 ) 50.19 Insoluble
15 IL-2 20 2,227.7 7.98 1 1.085 1415 777777777 13.65 ) 49.67 Insoluble
16 SKp 20 2,0144 10 2 0.860 1275 777777777 15.67 i 49.89 Insoluble
17 rbsB 25 2,494.00 10 2 0.948 1096 777777777 11.14 ) 48.40 Insoluble
18 EXG1 19 2,006.50 7.98 1 1.726 17947 7777777 323 ) 51.78 Insolublew
19 LT-1IB 23 2,504.10 103 3 1.23 12739 7777777 16.43 i 49.43 Insoluble
20 degP 26 2,543.10 10 2 1.077 14308 7777777 26.52 i 50.28 Insoluble
21 spy 23 2,340.80 11 2 0.991 12783 7777777 -4.79 ) 46.85 Insolublew
22 flgl 19 2,017.50 85 1 1.816 180 77777777777 10.67 i 49.56 Insoluble””
23 usp45s 27 2,777.40 10 3 1.174 14111 7777777 50.14 ) 53.47 Insoluble
24 spa 36 3,643.30 10.58 5 0.511 12194 777777 16.56 ) 47.33 Insoluble
25 eglS 29 3,040.70 95 2 1.31 13138 7777777 68.74 i 56.20 Insoluble
26 glnH 22 2,244.7 10 2 1.209 13318 7777777 10.58 i 48.93 Insoluble
27 rna 23 2,478.9 1 2 0.757 10652 7777777 40.05 ) 52.31 Insoluble
28 araF 23 2,348.8 10 2 0.878 9391 777777777 96.71 i 59.20 Insoluble””
29 nmpC 23 2,292.8 10 2 1.243 11913 7777777 30.34 ) 51.13 Insoluble
30 mepA 19 1,859.2 8.5 1 1.353 15474 777777 32.07 ) 51.76 Insoluble
31 ppiA 24 23719 85 1 1.438 9833 777777777 39.94 i 52.53 Insoluble
32 CEACAMS5 34 3919.58  8.02 2 -0.121 7765 777777777 72.52 i 57.15 Insoluble
33 DEFB103A 22 255418 854 1 1.436 15500 7777777 53.25 ) 53.92 Insoluble
34 IFNW1 21 2181.68  5.27 0 1.495 13476 7777777 49.25 i 53.47 Insoluble
35 CCL20 26 275040 5.38 1 1.296 14269 7777777 50.97 i 53.60 Insoluble
36 IFNA1 23 235694 7.82 1 1.604 13130 7777777 79.13 ) 57.07 Insoluble
37 eco 20 211054 8.0 1 1.265 10300 7777777 30.88 i 51.52 Insoluble
38 ALB 18 2140.57 8.34 1 1.233 10833 7777777 17.57 i 50.44 Insoluble
39 MICA 23 222774  5.28 0 1.530 11913 7777777 44.05 ) 52.80 Insoluble
40 yfiT 23 2523.01 12.01 3 0.757 8087 777777777 33.35 i 51.49 Insoluble
41 ompP 23 2406.88  5.75 1 0.904 11478 7777777 44.47 ) 52.85 Insoluble
42 efeO 26 2845.33 12.00 2 0.654 9423 777777777 54.20 ) 54.03 Insoluble
43 pbpG 25 270536  11.00 2 1.228 11720 7777777 57.99 i 54.53 Insoluble

44 yadV 25 2746.22  7.85 1 0.852 54.80 40.88 52.29 Insoluble
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45 agp 22 2140.57 850 1 1.227 146.82 12.59 ) 49.16 Insoluble
46 endA 22 227170  8.34 1 1.286 124.55 17.95 i 49.79 Insoluble
47 gfcA 21 229387 10.00 2 1.019 98.10 40.98 : 52.54 Insoluble
48 gltF 25 2579.13  9.31 2 1.244 90.40 8.52 ) 48.05 Insolublew
49 xylF 23 248208 9.31 2 1.083 161.30 33.61 : 51.53 Insolublew
50 yaal 23 2389.93 7.82 1 1.365 114.78 23.74 i 50.32 Insoluble
51 yaaX 23 2414.06 10.00 2 1.261 144.35 46.33 ) 53.07 Insoluble
52 yadN 23 225578 1000 2 1.078 102.17 21.29 : 50.03 Insoluble
53 yfcQ 18 196240  9.50 2 1.006 119.44 13.91 : 50.08 Insolublew
54 yhcF 20 2084.48  8.50 1 0.915 98.00 25.79 ) 50.97 Insoluble
55 ypeC 21 222771 9.50 1 1.376 107.62 36.32 : 52.02 Insoluble
56 yraH 22 2146.58 10.00 2 0.927 11591 8.73 i 48.71 Insolublew
57 rseB 23 247393 850 1 0.865 97.83 41.88 ) 52.53 Insoluble

58  bcsB 25 285353 1006 3 0.688 58.80 48.06 53.23 Insoluble

Table 4. Prediction of protein localization

Signal peptide Sub-cellular location Score

Cytoplasmic ~ Membrane Secreted Periplasmic Final Prediction Site

figl 0.00 334 0.00 6.66 Periplasmic

EXG1 0.32 9.55 0.02 0.11 Outer Membrane

OmpC 0.20 9.64 0.00 0.16 Outer Membrane

mepA 0.00 6.26 0.00 3.74 Outer Membrane

degP 0.07 7.32 0.00 261 Outer Membrane

IL-2 0.00 9.84 0.00 0.16 Outer Membrane

usp45 0.18 9.78 0.00 0.04 Outer Membrane

IFN-beta 0.07 9.78 0.00 0.15 Outer Membrane

pelb 0.57 8.27 1.16 0.00 Outer Membrane

glnH 0.26 4.69 0.00 5.05 Periplasmic

eglS 0.15 9.48 0.00 0.36 Outer Membrane

PhoE 0.21 9.75 0.00 0.04 Outer Membrane

spy 0.04 9.58 0.00 0.38 Outer Membrane

SKp 0.00 7.65 0.00 2.35 Outer Membrane

LT-IIB 0.1 9.86 0.00 0.02 Outer Membrane

LamB 0.22 9.74 0.00 0.04 Outer Membrane

spa 0.00 4.05 5.95 0.00 Secreted (Extracellular)

OmpA 0.13 9.67 0.00 0.20 Outer Membrane

npr 0.29 9.62 0.00 0.09 Outer Membrane

nmpC 0.23 9.77 0.00 0.00 Outer Membrane

hGH 0.24 9.67 0.00 0.09 Outer Membrane

MalE 0.00 1.47 0.00 8.53 Periplasmic

LTB 0.14 9.84 0.00 0.02 Outer Membrane

rbsB 0.55 6.56 0.00 2.88 Outer Membrane

rna 0.25 9.55 0.00 0.20 Outer Membrane

STII 0.10 9.89 0.00 0.02 Outer Membrane

MglB 0.00 5.53 0.00 4.47 Outer Membrane

ppiA 0.00 6.07 0.00 3.93 Outer Membrane

araF 0.09 3.61 0.00 6.30 Periplasmic
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DsbC 0.00 5.51 0.00 4.49 Outer Membrang
Endo-1,4-beta-xylanase 0.02 9.91 0.00 0.07 Outer Membrang
CEACAMS5 0.86 8.69 0.35 0.10 Outer Membranrér
DEFB103A 0.10 9.85 0.00 0.05 Outer Membrang
IFNW1 0.00 9.86 0.00 0.14 Outer Membrang
CCL20 0.81 9.14 0.05 0.00 Outer Membranrér
IFNA1 0.04 9.96 0.00 0.00 Outer Membranrér
eco 0.00 347 0.00 6.53 Periplasmic
ALB 0.16 9.84 0.00 0.00 Outer Membrang
MICA 0.18 9.79 0.00 0.03 Outer Membranrér
yiT 0.20 9.80 0.00 0.00 Quter Membranrér
ompP 0.27 9.66 0.00 0.08 Outer Membrang
efeO 0.00 0.93 0.00 9.07 Periplasmic
pbpG 0.00 2.74 0.00 7.26 Periplasmic

yadV 0.00 0.41 0.00 9.59 Periplasmic

agp 0.00 7.91 0.00 2.09 Outer Membranrér
endA 0.00 6.84 0.00 3.16 Outer Membranrér
gfcA 0.16 9.83 0.00 0.01 Outer Membranrér
gltF 0.21 9.79 0.00 0.00 Outer Membranrér
xylF 0.25 1.90 0.00 7.85 Periplasmic
yaal 0.18 9.66 0.00 0.16 Outer Membranﬂer
yaaX 0.16 9.64 0.00 0.20 Outer Membranﬁer
yadN 0.33 9.67 0.00 0.00 Outer Membranrér
yfcQ 0.00 9.77 0.00 0.23 Outer Membrang
yhcF 0.11 9.38 0.00 0.51 Outer Membrang
ypeC 0.13 9.63 0.00 0.24 Outer Membran;
yraH 0.31 9.56 0.12 0.00 Outer Membrang
rseB 0.00 6.10 0.00 3.90 Outer Membrang
bcsB 0.00 9.86 0.00 0.14 Outer Membrane

Table 5. Sorting the signal peptides according to the aliphatic index

Signal peptides Aliphatic index GRAVY D-score h-region length SP Status

figl 180 1816 0.548 9 Confirmed

EXG1 179.47 1.726 0.637 8 Confirmed
OmpC 171.9 1552 0.599 1 Confirmed
xylF 161.3 1.083 0.819 10 Confrmed
DEFB103A 155 1.436 0.906 10 Comfrmeg
meph 15474 1353 0.875 9 Confirmed
agp 146.82 1227 0.585 12 Confrmed
yaaX 144.35 1.261 0.589 11 Potential
deg? 14308 1.077 0.591 14 Confrmed
CCL20 142.69 1.296 0.826 12 Confrmed
IL-2 141.5 1.085 0.518 12 Confimed
usp45 141.11 1174 0.532 14 Confimed
IFN-beta 139.52 1.238 0.679 12 By similarity
pelb 138.18 1.191 0.618 10 Confirmed
IFNW1 134.76 1.495 0.626 1 Confrmed
glnH 133.18 1.209 0.831 9 Confrmed
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egls 13138 131 0.507 16 Confirmed
IFNA1 1313 1604 0.733 10 Confirmed
PhoE 130 1.195 0.541 10 Confirmed
sy 127.83 0.991 0553 12 Confirmed
Kp 127.5 0.86 0.865 10 Confirmed
LT-IB 12739 123 0.606 9 Potential
LamB 125.2 1.332 0.583 10 Confirmed
endA 124.55 1286 0516 10 Potential
spa 121.94 0511 0523 18 Confirmed
OmpA 12143 1295 0.558 10 Confirmed
yfeQ 119.44 1.006 0.793 8 Potential
npr 119.26 1.041 0.554 14 Confirmed
nmpC 119.13 1243 0.886 1 Confirmed
ned 11 123 0.757 10 Confirmed
pbpG 117.2 1228 0533 12 Confimed
hGH 116.54 0.777 0.752 10 Potential
yraf] 11591 0.927 0.588 9 Potential
ompP 11478 0.904 0.621 1 Confirmed
yaal 114.78 1.365 0.824 1 Potentiall
MalE 11308 1012 0.58 10 Confirmed
LTB 11143 0.695 053 9 Confirmed
rbsB 109.6 0.948 0.836 12 Potentiall
ALB 10833 1233 0.599 10 Confirmed
ypeC 107.62 1376 0.816 10 Potential
rna 106.52 0.757 0.852 9 Confrmed
eco 103 1265 0519 10 Confirmed
STl 102.17 1026 0.534 1 Confirmed
MgiB 10217 0.952 0.682 12 Confirmed
e 19217 1078 0.548 12 Potential
PpIA 9833 1438 0.875 12 Potential
gfcA 98.1 1.019 0.609 10 Potential
yhcF 98 0.915 0.734 9 Potential
rseB 97.83 0.865 0.571 10 Potential
efe0 94.23 0.654 0.755 - e
araF 93.91 0.878 0.837 10 P
gltF 90.4 1244 0.697 1 Potential
yiT 80.87 0.757 0.584 9 Potential
o = 0842 0.842 9 Confirmed
CEACAMS 77.65 -0.121 0.533 1 o
Emc;c;: ,A-beta-xy- 70 0871 06 " S
besB 5838 0.688 0.696 1 Potential
yadV 54.8 0.852 0.738 9 Potential

volume occupied by aliphatic side chains (alanine, valine,
isoleucine, and leucine) in an amino acid sequence. The
in silico analysis results demonstrated that the highest
aliphatic index values belonged to flgl, EXG1, OmpC,
xylF and DEFB103A (180, 179.47, 171.9, 161.3 and 155

respectively).

The stability of a recombinant protein in a test tube
is estimated by the instability index. A protein with
instability index of below 40 is predicted as stable,
whereas a value higher than 40 implies that the protein
may be unstable. The instability of signal peptides alone
and in the connection with IFN-beta 1b was evaluated
by instability index. The analysis results demonstrated
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that Spy, PhoE, MalE, DsbC and gltF were the most
stable signal peptides among the 59 remaining signal
peptides (—4.79, 1.44, 2.85, 5.25 and 8.52 respectively).
All the signal peptides in connection with IFN-beta 1b
were unstable (Table 3).

Protein solubility prediction

The solubility of IFN-beta 1b in connection with
the different signal peptides was evaluated. The results
showed that IFN-beta 1b was insoluble in connection

with all the signal peptides (Table 3).

Prediction of the protein localization

The predicted localization site of the protein with dif-
ferent signal peptides is shown in Table 4. The in silico
analysis results indicated that the final localization site of
most of the signal peptides in fusion with IFN-beta was
in the outer membrane space. Furthermore, final subcel-
lular localization of IFN-beta 1b with 9 signal peptides
such as flgl, glnH and etc. was predicted to be inside
the periplasmic space. However, only the final predicted
localization for spa peptide was extracellular.

DISCUSSION

Computational methods are being used in the large
variety of biological fields in order to decrease the costs
and increase the accuracy of experimental research
(Zamani e/ al, 2015). The aggregation and misfolding
can be occurring as the result of a high expression level
of heterologous proteins during intracellular expression
(Baradaran ez al, 2013). Inserting a signal peptide at the
N-terminus of the DNA sequence of these proteins
caused secretion of the proteins into the E. ¢/ periplas-
mic space and eventually solved the problem (Zamani ef
al., 2015). For a successful secretion, there are different
factors that should be carefully balanced during the se-
cretory pathway. One of the most important factors for
production of recombinant heterologous protein in the
prokaryotic system is the signal peptide. Therefore, the
physicochemical and structural features of a signal pep-
tide are an important property in the functionality of
secretion. For this purpose, vatious computational tools
have been applied to predict and characterize the phys-
icochemical properties of the signal peptides. They com-
pute different features like the number of amino acids
and the physicochemical properties of a signal peptide
such as molecular weight, isoelectric point, GRAVY, ali-
phatic index and instability index (Baradaran ez af, 2013).

In this study, different signal peptides including the
natural IFN-beta 1b and 89 signal peptides were evalu-
ated with different bioinformatics tools. The theory be-
hind the suitability of the eukaryotic signal peptides for
prokaryotic expression in the current study is that the
Sec-dependent proteins (SPDs) are homologous for both
mentioned groups, and in SPDs, the homology between
the translocating machinery ensures the cross-kingdom
signal peptide compatibility. On the other hand, some
eukaryotic sequences can be suitable for TAT purely due
to a sequence convergence/chance because of the pres-
ence of twin arginine that has somehow evolved. Sur-
prisingly, this study results indicated that EXG1 which
belongs to Saccharomyces cerevisiae ranked at the second
place as proper SPs to fuse with IFN-beta 1b. And theo-
retically, it is one of the most suitable signal peptides for
translocating IFN-beta 1b protein into the periplasmic
space of E. coli. The signal peptide of IFN-beta, Human

growth hormone and Interleukin-2 signal peptides were
used because of their ability to contribute to the secte-
tion of recombinant protein to periplasmic space in oth-
er studies (Dalton & Barton, 2014; Zamani ez al., 2015).

The results of SignalP 4.1 analysis showed the dis-
crimination between secreted and non-secreted sequenc-
es using signal peptide amino acid sequence in combi-
nation with the IFN-beta 1b protein. SignalP server has
the capability to identify the main regions of the signal
peptides. The C and S-score could recognize cleavage
sites and signal peptide positions, respectively. Y-score is
derived from the C and S-score resulting in the more
precise prediction of the cleavage sites than the raw C-
score. The average of the S-score is the S-mean. D-score
is the average of the S-mean and Y-max which indicates
a primary distinction between secretory and non-secreto-
ry proteins. In silico evaluation results indicated that the
signal peptidase cannot recognize the cleavage sites of 23
signal peptides in connection with IFN-beta 1b in E. co/i
host. Therefore, they were not predicted as an appropri-
ate choice for IFN-beta 1b secretion. On the other hand,
the other 67 signal peptides can be used for expression
of the protein in E. ¢/i. Moreover, the result of SignalP
analysis demonstrated that the D-score values of 8 sig-
nal peptides such as DsbA and AZU1 were higher than
0.5, so these signal peptides were suitable signal peptides
for further analysis. More so, they have multiple cleav-
age sites for signal peptides enzymes or their cleavage
sites were inappropriately located. So, it was concluded
that using these signal peptides in fusion with IFN-beta
1b protein can cause problems after expression in E.
coli cytoplasm and it is strongly possible that the final
three-dimensional structure of IFN-beta 1b protein will
be changed. And this prominent change might decrease
the functionality, potency and efficiency of the IFN-beta
1b protein. Therefore, these 8 signal peptides were elimi-
nated from the further analysis too.

It was suggested that by increasing the hydropho-
bicity levels and length of the h-region, the rate of the
protein secretion could be improved (Chen ef al, 1996).
The hydrophobicity levels of the signal peptides can be
indicated by aliphatic index and GRAVY (Table 3). An
efficient signal peptide cleavage in the c-region consid-
erably influences the protein secretion levels. There is
also a famous rule in the c-region called (-3, -1) or AXA
motif. According to this rule, the amino acids at posi-
tions of -1 and -3 relative to the cleavage site must be
small and neutral like alanine, glycine, and serine (Choi
& Lee, 2004). In contrast, there were large bulky resi-
dues at the position of -2 that would not fit into either
the -3 or -1 position (Pratap & Dikshit, 1998). Most of
the signal peptides in this study have AXA motif in their
cleavage sites (Table 2). The most important parameter
that should be considered to select the most appropriate
sequences is hydrophobicity (aliphatic index, GRAVY
and h-region length). Therefore, data were sorted with
priority of aliphatic index, GRAVY, h-region length and
D-scores respectively. The results were presented in Ta-
ble 5.

According to this statistical sorting of the main pa-
rameters, flgl, EXG1, OmpC, xylF and DEFB103A
were considered as the most effective signal peptides,
respectively. In contrast, yadV, bcsB, Endo-1, 4-beta-
xylanase, CEACAMS5 and DsbC showed a weak level of
the features needed for the secretion process. However,
the status of most of the signal peptides was confirmed.

Some signal peptides were applied by the researchers
for the secretory production of recombinant proteins in
E. cli such as PhoA, OmpA, PelB, etc (Choi & ILee,
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2004). Previous studies reported the high yield of IFN-
beta 1b secretion in the presence of PelB (Morowvat ez
al., 2014) and IFN-beta 1b signal peptides (Krishna Rao
et al., 2009). Moreover, using PelB signal peptide in com-
bination with IFN-beta 1b facilitated the expression of
the protein fully in the periplasmic space (Mobasher et
al., 2016).

ProtComp, from Softberry, Inc., is an online bioinfor-
matics tool that could predict protein localization, includ-
ing extracellular proteins, using a combination of neural
networks methods and sequence homology. ProtCompB
combines different methods of protein localization pre-
diction. For Gram-negative bacteria proteins, four loca-
tions are predicted: Cytoplasmic, Membrane (outer and
inner), Periplasmic and Extracellular (secreted).

On the other hand, translocating the protein of inter-
est into the periplasmic space or into the culture me-
dium has several advantages when compared with the
lower content of bacterial proteins (Forouharmehr ez al,
2018). In an experimental investigation by Steiner ef al.
(2006), they evaluated 10 different SPs substitution ef-
fects at N-terminal of the protein of interest (POI) for
translocation of polypeptides through the cytoplasmic
membrane into the periplasm of Gram-negative bacte-
ria. This study results indicated that the substitution of
SPs improved the enrichment of phage display selection
from 10 fold to more than 1000 fold per each round of
panning (Steiner ef al, 2000). Klatt and Konthur (Klatt
& Konthur, 2012) accomplished SPs trimming for op-
timizing secretory expression of recombinant protein in
Leishmania tarentolae. They applied in silico approach and
used SignalP server to identify the most potent SPs. To
evaluate the signal peptide cleavage site and changes of
expression rate, SPs were N-terminally linked to POIL.
The obtained results demonstrated the importance of
SPs optimization for efficient secretory expression of re-
combinant proteins. These results indicated that minor
modifications in SPs structure, based on 7 silico investi-
gations, increased the yield of recombinant protein secre-
tory production (Klatt & Konthur, 2012).

Purification of the expressed recombinant protein
which is translocated into the periplasm compartment,
enables not only the provision of downstream process-
ing much easier than cytosolic production but also could
decrease the processing cost and running time, too.
Hence, due to the reducing impurity of different cel-
lular components and the circumvention of proteolytic
degradation by intracellular proteases, isolation and pu-
rification of the over-expressed products which is trans-
located into the periplasm compartment can be much
simplified. Overall, the obtained results showed that the
final localization of IFN-beta 1b protein in combination
with most of the signal peptides was in the periplasmic
space of E. /. However, only in combination with Spa
signal peptide IFN-beta 1b was predicted to be found in
the culture media (extracellularly).

CONCLUSIONS

Nowadays, the emergence of 7 silico approaches such
as artificial neural network, computational biology, bioin-
formatics and data analysis using mathematical language
in theoretical biology accelerated the process of analyz-
ing SPs for the production of pharmaceutical recombi-
nant proteins. Moreover, it reduced the costs of the ex-
pression and purification of recombinant proteins as well
the time required for the process. So, predicting the best
SPs by #n silico approach would help biologist and pro-

tein engineers to accelerate and facilitate the vital pro-
jects. In this research, in order to select an optimal sig-
nal peptide, which is compatible with the Interferon-beta
1b recombinant secretory protein, we applied in silico
approach to build a computational prediction model for
virtual screening. In conclusion and with regards to the
obtained results of the 7 silico analysis, the flgl, EXG1
and OmpC signal peptides seemed good candidates
for the secretion of IFN-beta into the proper location.
Therefore, they can be used for further experimental
analysis of IFN-beta 1b secretion in the future. Further-
more, the test that was developed in this research could
be useful and applied by researchers for evaluating and
controlling various SPs in combination with other phar-
maceutical recombinant proteins, to verify and introduce
the best SPs for successful scale-up of the production of
the pharmaceutical recombinant protein of choice.
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