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Background: Protein glutaminase specifically deamidates glutamine residue in protein and therefore significantly
improves protein solubility and colloidal stability of protein solution. In order to improve its preparation
efficiency, we exploited the possibility for its secretory expression mediated by twin-arginine translocation
(Tat) pathway in Bacillus licheniformis.

Results: The B. licheniformis genome-wide twin-arginine signal peptides were analyzed. Of which, eleven
candidates were cloned for construction of expression vectors to mediate the expression of Chryseobacterium
proteolyticum protein glutaminase (PGA). The signal peptide of GImU was confirmed that it significantly
mediated PGA secretion into media with the maximum activity of 0.16 U/ml in Bacillus subtilis WB600. A
mutant GImU-R, being replaced the third residue aspartic acid of GImU twin-arginine signal peptide with
arginine by site-directed mutagenesis, mediated the improved secretion of PGA with about 40% increased
(0.23 U/ml). In B. licheniformis CBBD302, GImU-R mediated PGA expression in active form with the maximum
yield of 6.8 U/ml in a 25-1 bioreactor.

Conclusions: PGA can be produced and secreted efficiently in active form via Tat pathway of B. licheniformis, an
alternative expression system for the industrial-scale production of PGA.

How to cite: Niu D, Li C, Wang P, et al. Twin-arginine signal peptide of Bacillus licheniformis GlImU efficiently
mediated secretory expression of protein glutaminase. Electron ] Biotechnol 2019;42. https://doi.org/10.1016/j.
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1. Introduction

Protein glutaminases (EC 3.5.1.44) are a kind of enzymes that
specifically hydrolyse the amido group on glutamine residues located
at the surface of proteins and therefore improve protein solubility and
colloidal stability of protein solution [1]. Their representative is
Chryseobacterium proteolyticum protein glutaminase (PGA), which was
discovered and biochemically identified in 2000 [2,3]. The PGA was
encoded by a 1053 bp open reading frame and synthesized as a
prepro-form, using a 21-amino-acid signal peptide, a 114-amino-acid
pro-region (MW = 12,848.2), and a 185-amino-acid mature enzyme
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(MW = 19,856.6). The PGA with its pro-region had no enzymatic
activity [3].

Since the wild strain of C. proteolyticum produced too small amount
of PGA to be suitable for industrial applications [3], its heterologous
over-expression is an undoubtedly way to be exploited. For this
purpose, in previous researches, PGA over-expressed using the Tat
pathway in Corynebacterium glutamicum has been investigated [4]. It
was found that PGA could be produced and secreted efficiently in an
inactive pro-enzyme form in C. glutamicum mediated by a Tat-
dependent signal peptide from Arthrobacter globiforimis IMD [5,6] or
Escherichia coli TorA [6,7]. This formed inactive pro-PGA could
subsequently be converted to an active form by a subtilisin-like serine
protease, SAM-P45 [8]. The maximal accumulation of pro-PGA in C.
glutamicum reached up to 183 mg/1 (about 4.8 U/ml) [4]. These results
clearly indicated that the Tat pathway in bacteria could be an
alternative for the industrial scale preparation of PGA [4,6,9].
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Table 2
Primers used in this study.

Remarkably, some strains from Bacillus licheniformis have been
used for industrial scale enzyme production for over 50 years

because of their dramatically high capacity of enzyme synthesis Tat signal peptide

Primers (5'23')?

and secretion (more than 25 g/1) [10]. However, their Tat pathways candidates

were not well investigated and exploited for the production of and others

enzymes. GlmU

In this report, we examined the possibility for high efficiency
production of PGA in B. licheniformis. The putative twin-arginine signal
. . . . . . YxaJ

peptides in B. licheniformis were genome-widely selected and

functionally identified. The twin-arginine signal peptide of GImU was YbXG

found to efficiently mediate the secretion of PGA, and the PGA in

active form could be efficiently produced in B. licheniformis. YbgF
PhoD

2. Materials and methods YcgH

2.1. Strains, plasmids, and culture medium YdbSs
YhdH

The plasmids used in this study are listed in Table 1. The

nucleotide sequences used for amplification of the relative signal

peptide regions are listed in Table 2. E. coli JM109 was used for YhiN

plasmid construction. B. licheniformis ATCC 14580 was used as a AbnA

source for the selection of twin-arginine signal peptides. Bacillus

subtilis WB600 [11] and B. licheniformis CBBD302 [10] were used as YesL

the expression hosts. All strains were grown in Luria-Bertani (LB)

broth [12] except other mentioned. Kanamycin (20 pg/ml for E. coli PHY-WZX

and Bacillus sp.) or tetracycline (25 pg/ml for Bacillus sp.) was pro-PGA

added to culture media when required. For PGA production, LB

broth supplemented with 2% lactose was used as the basic broth. GImU-K
GlmU-R

When necessary, another 8% lactose was fed during fermentation in

Paimu-1: ATGGATAATAGGGATAATGGAGGC
Poimu-2: cctggatccAGGATGAAGAACTTTATATAGCTT
TGA

Pyxaj-1: ATGAAAACCAATAGAGTAAGTGTAATGATCT
Pyxaj-2: ctcggatccGAGCAAAACGGTTCCGATTG
Pypxg-1: ATGGCGAACAAAGAATTGAAGA

Pypxg-2: atcggatccGATAAAAATTCCGCAAATGGC
Pypgr-1: ATGGAACAGTCAAACACCAATCGCC

Pypgr-2: gtcggatccGACGATCAGAGCCCCGGC

Pphop-1: ATGAAAAAACTGAGCGAGGAAAGCC
Pphop-2: gatggatccATCTCCCGATGCAACGCCAAG
Pycgn-1: ATGAAACGACAAGCGAAAAAAGGAG
Pycgn-2: actggatccAGTGCCAAGGGCAGCAAGAAG
Pyabs-1: ATGAGAAGCGAGCCGAAAAATCAAA
Pyaps-2: gcgggatccCGCTGACAAAATGCCGATCCA
Pyhan-1: ATGAGCGACCGCAGAATGACAG

Pyhan-2: ataggatccTATCGTAAAT AGGACAAACA CAAG
GAAAAA

Pynjn-1: ATGATATTGATCAGCAGTTTTGGGG

Pynjn-2: ctaggatccTAGCATTTGGCCGAACTGAAGC
Pabna-1: ATGTTAAAGACATCGAAATTTGAAAGGAG
Papna-2: attggatccAATAATGTTGTCTCCTTTTGTATCCCA
Pyesi-1: ATGATTCACACGTTGGCAAATGG

Pyes1-2: gtcggatccGACATCCGTTTTTCCCAGCGT
Primer A: GATTCTCCTCCCCTTTCAATG

Primer B: tctggatccAGAATTCGAGCTCCCGGGTACCAT
Pgal: cgcggatcccTTGCGAGCGTTATCCCGGA

Pga2: TTAGAAGCCGCAGCTGCTAACG

Pcrum-K: ATGGATAAAAGGGATAATGGAGGC

Pium-R: ATGGATAGGAGGGATAATGGAGGC

25-1 bioreactor.
sites.

¢ The single underlines were BamHI site added; the double underlines were mutation

Table 1
Plasmids used in this study.

Plasmid Tat signal peptide Genotypes/Tat signal peptide nucleotide sequence and cloning site® Reference

pHY-WZX / amyL promoter and signal peptide, Km®, Tet® [13]

pUC-PGA / pUC18 containing synthesized pro-PGA encoded gene This study

pHY-TAT1 GlmU ATGGATAATAGGGATAATGGAGGCCAATACATGGATAAGCGGTTTGCAGTTGTGTTAGCAGCTGGTCAAGGAACAAGAATGAAA This study
TCAAAGCTATATAAAGTTCTTCATCCTggatcc

pHY-TAT2 YxaJ ATGAAAACCAATAGAGTAAGTGTAATGATCTGGACTTTAATCTCCGCTTTTCTGTTTTGTTCTATGATAGTCGCAGCTTCACTTTCTCC This study
GCTCGCTCATTCAGGCCCTCATGCTAATGAGTTTGGCACTTTGGGGATGTGGGCGGCAATCGGAACCGTTTTGCTCggatcc

pHY-TAT3 YbxG ATGGCGAACAAAGAATTGAAGAGAGGCCTGGGCGCGCGCCACATCCAAATGATTGCGCTTGGCGGCACTATCGGCGTCGGTTTATT This study
TATGGGATCTTCCAGCACGATAAAGTGGACAGGACCTTCCGTCCTGCTTGCTTATGCCATTTGCGGAATTTTTATCggatcc

pHY-TAT4 YbgF ATGGAACAGTCAAACACCAATCGCCAGAACTTTCAAAGAAAAATGCAAACGAGACACCTTATCATGCTTTCCTTAGGAGGCGTTAT This study
CGGCACGGGCCTTTTCTTAAGTTCCGGTTATACGATCTCACAGGCTGGTCCTGCCGGAACGATTCTAGCCTACTTGGCCGGGGCT
CTGATCGTCggatcc

pHY-TAT5 PhoD ATGAAAAAACTGAGCGAGGAAAGCCTCAAGGACAATACGTTTGACCGCCGCCGCTTTATTCAAGGGGCCGGCAAAATAGCCGGG This study
CTTTCGCTCGGACTTGCGATCGCGCAATCGATGGGGGCAATGGAAGTCAATGCAGCACCGAGGTTCTCCGAATATCCGTTTACACTT
GGCGTTGCATCGGGAGATggatcc

pHY-TAT6 YcgH ATGAAACGACAAGCGAAAAAAGGAGATTTAAAATGGTGGCAGCTGTCCATGATCGGGGTCGGCTGCACAATTGGAACGGGGTTT This study
TTCCTCGGCTCAAGCATCGCGATTAAGAAAAGCGGCTTTTCCGTATTAGCCGCCTTTCTTCTTGCTGCCCTTGGCACT ggatcc

pHY-TAT7 YdbS AaTGAGAAGCGAGCCGAAAAATCAAATCAGCCGTGATGGCGTTAAAGTCTGGAGAATCACGGCTTGTATCACATCATTCGTTTTAATG This study
CTGGCTGCAGCAGGCCTGATTGCCGCCGGGGTGATATTTAAGTGGCCGGTATGGATCGGCATTTTGTCAGCGggatcc

pHY-TAT8 YhdH ATGAGCGACCGCAGAATGACAGCAAAGTGGGCATCCAAACTTGGATTTGTTCTCGCCGCCGCGGGGTCCGCCATCGGTCTGGGAGC This study
GATTTGGAAGTTTCCCTATGTGGCGGGAACGAGCGGGGGAGGCGCATTTTTCCTTGTGTTTGTCCTATITACGATAggatcc

pHY-TAT9 YhjN ATGATATTGATCAGCAGTTTTGGGGGATTTCTTCTCTCATTGACCGGCATGACAATCGGCTGGATGGTCGGAACAATGACCGCCGCC This study
GCTTGTCTGTCGCTGTTTCGCCCGTCACCGTTGAAAGCGGCGGTCAGACAAAACGGCATCCACCATGGATGGCTTCAGTTCGGCC
AAATGCTAggatcc

pHY-TAT10 AbnA ATGTTAAAGACATCGAAATTTGAAAGGAGAACAACTGTGGCTAAGACTATCATTTCTGGTTTTATTTTATTTTTTCTGCTTATTTTCTC This study
GGCGGCTGAACCAACATCAGCGGCTTTTTGGGATACAAAAGGAGACAACATTATTggatcc

pHY-TAT11 YesL ATGATTCACACGTTGGCAAATGGATTTTACCGCTTTTGCGAGTGGGTGATGCGGCTTGCCTATTTGAATCTGCTGTGGATCGGCTT This study
TACGCTGGCGGGAGCGGTCATCTTCGGTTTAGCGCCGGCGACCGCCGCGATGTTCGCTGTGACTAGACAGTGGACGCTGGGAAAA
ACGGATGTCggatcc

pHY-TAT1r GImU-R Derived from pHY-TAT1 in which the third codon for aspartic acid was changed for arginine This study

pHY-TAT1k GImU-K Derived from pHY-TAT1 in which the third codon for aspartic acid was changed for lysine This study

pHY-PGA1 GlmU PGA-encoded gene in pHY-TAT1 This study

pHY-PGA1r GlmU-R PGA-encoded gene in pHY-TAT1r This study

pHY-PGA1k GImU-K PGA-encoded gene in pHY-TAT1k This study

2 Underlined were BamHI site added.
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2.2. DNA manipulations

DNA manipulations were performed using conventional techniques
[12]. Polymerase chain reactions (PCR), with Pyrobest DNA polymerase
(TakaraBio, Dalian, China), were performed in 50 pl working volumes
and DNA products were recovered from the agarose gels with the
QIAquick gel extraction kit (Qiagen, Germany). Nucleotide sequences
were determined using a BigDye terminator cycle sequencing kit
(Applied Biosystems) and a DNA Sequencer (model 3200; Applied
Biosystems). Plasmid transformations into E. coli, B. subtilis or
B. licheniformis were carried out according to the methods as
described previously [13].

2.3. Construction of a set of plasmids for pro-PGA secretion using various
signal peptides from B. licheniformis

When constructing a set of plasmids for pro-PGA secretion, the Tat
signal peptide sequence was recovered by PCR with primers listed in
Table 2 from B. licheniformis ATCC 14580 genome. The signal peptide
region in pHY-WZX [13] was then replaced with each of putative twin-
arginine signal peptide sequence by BamHI-digested PCR product of
pHY-WZX(B-) using Primer A and Primer B (Table 2) and BamHI-
digested Tat signal peptide PCR products to yield expression
plasmids, pHY-TATs (Fig. 1). For pro-PGA expression, the codon

Table 3

Amino acid residues around putative SPase I cleavage sites®
-3 -1 +1
Residue Frequency Residue Frequency Residue Frequency

(% of total) (% of total) (% of total)

A 39.7 A 838 A 38.2
S 103 K 8.8 K 103
\% 74 G FEPTM 155 G 8.8
R 5.9 N, L 74x2
LQEG 44 x 4 [ 44
T,LK,MP 29x5 S,V.Y,P,R 29x5
Y, N, F 15x3 EQFHTW 15x6

2 The frequency of a particular amino acid at the indicated positions around SPases I
cleavage sites is given as the percentage of the total number of predicted signal peptides in
which it appears.

optimized encoding sequence for the pro-PG based on its published
amino acid sequence with GenBank accession no. AB046594 was
synthesized and cloned into pUC18 plasmid to yield pUC-PGA. The
synthesized gene encoding pro-PGA was then recovered by PCR
with primers Pgal and Pga2 (Table 2). It was then digested with
BamHI and cloned into each of pHY-TAT plasmids to yield pro-PGA
expression vectors, pHY-PGAs.

B. licheniformis ATCC 14580 genome

* PCR amplification
* BamHl digestion

A ‘BamHI (282)
Stat " EcoRI(288)

Qqﬁ-f"nml(gou

p

ApR

pHY-TAT

Pst1(266)
BamH1(3) Xbal (281)
_gr. EcoRI (285)
P’ T Smal(298)
‘j ST ["\- Pst1(800)
BICW 4 Q. KanR
AP{ y A"-\\\
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Fig. 1. The construction flowchart of pHY-TAT expression plasmids. A set of plasmids containing 11 B. licheniformis twin-arginine signal peptides were constructed based on pHY-WZX. The
BamHI site in pHY-WZX was first removed and an intermediate plasmid pHY-WZX(B-) was obtained. The amyL signal peptide was then removed by inverse PCR and a new BamHI site was
introduced with Primer B. The putative twin-arginine signal peptides were recovered from B. licheniformis ATCC 14580 genome by PCR and a BamHI site at 3’-terminal was introduced with
primers. Both PCR products were digested with BamHI and ligated. The ligation mixture was transformed into E. coli J]M109 and recombinant plasmids were confirmed by restriction
pattern and further by nucleotide sequencing. The constructed plasmids were nominated as pHY-TAT1, pHY-TAT2, and so on.
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The site-directed mutagenesis was carried out based on PCR described above (Fig. 1) to yield the recombinant expression plasmid
technique as described above. The oligonucleotides primers Pgjmy-K pHY-PGA1k and pHY-PGATr.
and Pgmy-R (Table 2) were used to mediate mutagenesis. Pgmy-K and
Pgimu-2 or Pgimu-R and Pgmyu-2 were used to amplify GImU coding 24. Fermentation test
sequence using plasmid pHY-PGA1 as template. The BamHI-digested
PCR products were ligated with the reverse PCR product of pHY-WZX For selecting candidate Tat signal peptide, the transformants were
(B-) followed by inserting the pro-PGA encoding sequence as incubated at 37°C and 220 rpm in 250-ml shaking flask with working

Table 4
Eleven Tat signal peptide candidates from B. licheniformis ATCC 14580.
Signal
ORFs Note in the genome peptide and Signal sequence in details
cutting site
GlmU bifunctional UDP-N- MDNRDNGGQYM 1 CAATACATGGATAAGCGGTTTGCAGTTGTGTTAGCA
acetylglucosamine DKRFAVVLA|AG 1 Q Y M D K R F A vV L A
pyrophosphorylase/glucosami Q
ne-1-phosphate  N- 70 80 110 120
acetyltransferase GImU 61 GCTGGTCAAGGAACAAGAATGAAAT TCATCCTGTTTGCGGA
21 A G Q G T R M K H P V C G
YxaJ putative ORF MKTNRVSVMIWT 1 GGACTTTAATCTCCGCTTTTCTGTTTTGT
LISAFLFCSMIVA 1 i T L I S A F L F C
ASLSPLAHSGPH
AINE 70 80 90 100 110 120
61 TCTATGATAGTCGCAGCTTCACTTTCTCCGCTCGCTCATTCAGGCCCTCATGCTAATGAG
21 s M I VA A S L S PILAUHSGUPHA AN E
130 140 150 160 170 180
121 TTTGGCACTTTGGGGATGTGGGCGGC 2 CTTTTATATGCTGCCC
41 F G T L G M W A B2 L L F Y ML P
YbxG amino acid permease MANKELKRGLG 1 GT! AGAGGCCTGGGCGCGCGCCACATCCAAATGATTGCGCTT
ARHIQMIALGGTI 1 R G L G A R H 0 M A L
GVGLFMGSSSTI
KIWT 70 80 90 100 110 120
61 GGCGGCACTATCGGCGTCGGTTTATTTATGGGATCTTCCAGCACGATARAGTGGACAGGA
21 G G T I GV GLTFMGS S S TTIZ KTWT G
130 140 150 160 170 180
121 CCTTCCGTCCTGCTTGCTTATC AATTTTTATCTTTTTTATTATGCGTGCA
41 P S V L L A Y c I F I F F I M R A
YbgF putative amino acid permease MEQSNTNRQNF 1 “AAAC “GCCAGAACTTTCAAAGAAAAATGCAAACGAGACACCTT
YbgF QRKMQTRHLIML 1 M E Q S N T N R Q N F Q R K M Q T R H L
SLGGVIGTGLFLS
SGYTISQA|GP 70 80 90 100 110 120
61 ATCATGCTTTCCTTAGGAGGCGTTATCGGCACGGGCCTTTTCTTAAGTTCCGGTTATACG
21 I ML SLGGUV IGTGULTFTLSS G Y T
130 140 150 160
121 ATCTCACAGGCTGGTCCTGCCGGAACGATTCTAGCCTACTTGGC
41 I S QA GPAGTTI L A Y I
PhoD phosphodiesterase/alkaline MKKLSEESLKDN 1 CAAGGACAATACGTTTGACCGCCGCCGCTTTATT
phosphatase TFDRRRFIQGAG 1 L K DN T F D R R R F I
KIAGLSLGLAIAQ
SMGAMEVNA|AP 70 80 90 100 110 120
61 CAAGGGGCCGGCAARATAGCCGGGCTTTCGCTCGGACTTGCGATCGCGCAATCGATGGGG
21 Q G A G XK I AGTULSTILGTULATIA ATZ QS MG
130 140 150 160 170 180
121 GCRATGGAAGTCAATGCAGCACCGAGGTTCTCCGAATATCCGTTTACACTTGGCGTTGCA
41 AMEV NAA AP RTEFSEZY?PTFTTL G A
190 200 210 220 230 240
181 TCGGGAGATCCGCTTTCTGACAGCGTCGTATTGTGGACAAGGCTGGCGCCCGATCCGCTA
61 s ¢ D °P L SDSV VL WT®RTILATPTDFPL
YcgH putative amino acid MKRQAKKGDLK 1 GATTTAAAATGGTGGCAGCTGTCCATGATCGGGGTC
transporter YcgH WWQLSMIGVGC 1 D L KWW QUL SMTIG V
TIGTGFFLGSSIAI
KIKS 70 80 90 100 110 120
61 GGCTGCACAATTGGAACGGGGTTTTTCCTCGGCTCAAGCATCGCGATTAAGAAAAGCGGC
21 G c¢cTIGT TG FTFTLGSSIATITZKZ K S G
130 140 150 160 170 180
121 TTTTCCGTATTAGCCGCCTTTCTTCTTG TTGGCACTTTTCTTGTTTTTCAGCAG
41 F L A A F L L L G T F L V F Q Q
YdbS cytosolic protein YdbS MRSEPKNQISRD 1 GA \AATCAGCCGTGATGGCGTTARAGTCTGGAGAATCACG
GVKVWRITACITS 1 L R I S RD GV XKV WR I T
FVLMLAAAGLIA|
AG 70 80 90 100 110 120
61 GCTTGTATCACATCATTCGTTTTAATGCTGGCTGCAGCAGGCCTGATTGCCGCCGGGGTG
21 A C I ) S F Vv I M I A A A G A A 5
130 140 150 60 170 180

GCCGTTTGGCTGGGGATTTCA

121 ATATTTAAGTGGCCGGTA'
K W PV AV W L G I s

41
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Table 4 (continued)
YhdH putative sodium-dependent MSDRRMTAKWA 1 C GCARAGTGGGCATCCAAACTTGGATTTGTTCTCGCCGCC
transporter YhdH SKLGFVLAAAGS 1 M A K WA S K L G F V L A A
AIGLGAIWKFPYV
AlG 70 80 920 100 110 120
61 GCGGGGTCCGCCATCGGTCTGGGAGCGATTTGGAAGT TTCCCTATGTGGCGGGAACGAGC
21 A G S A I GLGATIWTZ KT FUP Y VAG T S
130 140 150 160 170 180
121 GGGGGAGGCGCATTTTTCCTTGTGTTTGTCCTATTTACGATACTGCTGGGATACCCCCTG
41 5 G G . L L G Y P L
YhjN putative ammonia MILISSFGGFLLS 1 ITG GATTTCTTCTCTCATTGACCGGCATGACAATCGGC
monooxygenase YhjN LTGMTIGWMVGT 1 I G F L L S L T G M T I G
MTAAACLSLFRP
SPLKA|AV 70 80 90 100 110 120
61 TGGATGGTCGGAACAATGACCGCCGCCGCTTGTCTGTCGCTGTTTCGCCCGTCACCGTTG
21 I M V G T M T A A A C L S L R P S P L
130 140 150 160

121
41

MLKTSKFERRTT 1
VAKTIISGFILFFL 1
LIESA|AEP

AbnA arabinan endo-1,5-alpha-L-
arabinosidase AbnA

61
21

121
41

YesL putative membrane protein MIHTLANGFYRF 1
YesL CEWVMRLAYLNL 1
LWIGFTLAGAVIF
GLAPATA|AM

61
21

121
41

AAAGCGGCGGTCAGACAAAACGGCATCCACCATGGATGGCTTCAG
K A R O 1 G B Q

ATGTTAA

ATTTGARAGGAGAACAACTGTGGCTAAGACTATCATTTCTGGT

M L K F E R R T T K T I I S
70 80 90 100 110 120
TTTATTTTATTTTTTCTGCTTATTTTCTCGGCGGCTGAACCAACATCAGCGGCTTTTTGG
F I L F F L L I F 5 A A E
130 140 150 160 170 180
\CATTATTCATGATCCTTCCATGATTAAAGAAGGAAATACGTGG
I I H D P S M I K E G N T W

GGATTTTACCGCTTTTGCGAGTGGGTGATGCGGCTTGCC

F Y R F C E W V M R L
70 80 90 100 110 120
TATTTGAATCTGCTGTGGATCGGCTTTACGCTGGCGGGAGCGGTCATCTTCGGTTTAGCG
Yy L N L L W I G F T L A G A V I F G L A
130 140 150 160 170 180

CCGGCGACCGCCGCGATGTTCGCTGTGACTAGACAGTGGACGCTG!
P A T A M F A T F T L

volume of 50 ml. When fermenting in a 25-1 bioreactor (Bioflow110;
New Brunswick Scientific Co., Inc., Edison, NJ), the recombinant strain
was incubated at 42°C, 1 vvm aeriation and 200-700 rpm agitation
with the initial working volume of 10 I. When necessary, a total of
800 g of lactose in 300 g/ of lactose solution was fed.

2.5. PGA activity assay

PGA activity was assayed according to reference [2] using Cbz-GIn-Gly
(Peptide Laboratory, Shanghai, China) as a substrate at pH 6.5 and 37°C.
One unit of PGA is defined as the amount of enzyme that releases 1
pmol of ammonium per minute under the assay conditions specified.

2.6. Database mining of B. licheniformis Tat signal peptides

The signal peptide prediction of twin-arginine signal peptides in
B. licheniformis ATCC 14580 genome was made using TatP 1.0 (http://
www.cbs.dtu.dk/services/TatP/).

3. Result and discussion
3.1. Analysis of B. licheniformis Tat signal peptides

Based on the consensus sequence of Tat signal peptides, all putative
twin-arginine signal peptides in B. licheniformis ATCC 14580 genome
were predicted using TatP 1.0 server according to the presence of an
RR(FGAVML)(LITMVF) motif [14]. A total of 4156 putative ORFs in the
genome sequence were analyzed. Of which, 58 ORFs containing
putative twin-arginine signal peptides were finally predicted. Their
hydrophobic core (H-domain) had an average length of 18 amino acid
residues. Their SPases I recognition sequences consisted of small
aliphatic residues at positions -3 and -1. The preferred alanine and

lysine residues were at the position -1 and the residue, such as
alanine, lysine, serine, valine, arginine or leucine accommodated the
position -3 (Table 3). The most frequent residue was alanine
accounting at positions -3 and -1 for 39.7% and 83.8%, respectively
(Table 3). Of total 58 putative Tat signal peptides in B. licheniformis, 11
putative Tat signal peptides were randomly selected for further study
and their sequences are summarized in Table 4.

3.2. Tat-dependent secretion of PGA mediated by Tat signal peptides of
B. licheniformis

To illustrate the possibility of the Tat signal peptides from
B. licheniformis for mediating PGA secretion, the nucleotide sequences
encoding for 11 selected twin-arginine signal peptides were recovered
from B. licheniformis ATCC 14580 genome by PCR amplification. The
PCR products were purified and digested with BamHI, and then cloned
into the plasmid pHY-WZX to replace the AmyL signal peptide [13]. A
total of 11 expression plasmids, nominated as pHY-TAT;.11, were
constructed, which were further confirmed by PCR amplification,
restriction pattern and nucleotide sequencing (Fig. 1).

To express the pro-PGA, the chemically synthesized pro-PGA coding
sequence was recovered, digested with BamH]I, and cloned into each
of pHY-TAT plasmids digested with BamHI and Smal, yielding
recombinant plasmid pHY-PGAs. The transformants were obtained by
transforming the recombinant plasmid pHY-PGAs into B. subtilis
WB600. The fermentation tests were carried out and the PGA activities
in the supernatant were examined. The activities are summarized in
Table 5. The twin-arginine signal peptides of GImU, YhdH and YxaJ
were able to mediate the PGA secretion in B. subtilis. Of which, GlmU
twin-arginine signal peptide mediated the highest PGA secretion and
YhdH and Yxa] twin-arginine signal peptides mediated very weak but
detectable PGA secretion (Table 5). GImU in B. licheniformis is a
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Table 5
B. licheniformis twin-arginine signal peptides mediated PGA secretion in
B. subtilis.

Tat signal peptide PGA activity (mU/ml)

GlmU 160 + 25
YxaJ N.D.?
YbxG 57 +13
YbgF N.D.
PhoD N.D.
YcgH N.D.
YdbS N.D.
YhdH 24 +£ 15
YhjN N.D.
AbnA N.D.
YesL N.D.
AmyL N.D.

2 N.D.: Not detectable.

putative (yet its function not identified) bifunctional UDP-N-
acetylglucosamine pyrophosphorylase/glucosamine-1-phosphate N-
acetyltransferase for the synthesis of UDP-N-acetylglucosamine [15].

Several previous reports indicated that the PGA might fold too
rapidly to be treated by the heterologous Sec machinery [8,16].
Different from the Sec pathway, the Tat pathway tends to translocate
its substrates in a folded conformation [17,18,19]. Using Tat signal
peptides from E. coli TorA or A. globiforimis IMD, PGA was successfully
secreted with the Tat pathway in C. glutamicum [4]. In this report, we
found that three twin-arginine signal peptides from B. licheniformis
were able to indicate the production of PGA in B. subtilis in active form
and the different secretion efficiencies were also observed (Table 5).
Interestingly, PGA in B. subtilis WB600 was produced in active form
without additional processing, for example, being converted to an
active form by removing the propeptide with a subtilisin-like serine
protease SAM-P45 [8]. These results suggested that an unknown
peptidase accurately digested pro-PGA to active one in B. subtilis
WB600 although its six extracellular proteases (neutral protease A,
subtilisin, extracellular protease, metalloprotease, bacillopeptidase F,
and neutral protease B) were deleted [11]. B. subtilis WB600 kept
0.32% of the wild-type extracellular protease activity and no residual
protease activity could be detected when it was cultured in the
presence of 2 mM phenylmethylsulfonyl fluoride [11].

(b)

3.3. Modification of N-terminal of GImU twin-arginine signal peptide
improved PGA secretion

The positive charge of the N-region is generally considered to be
essential for recognition by translocase to initiate protein translocation
and to interact with the negatively charged lipids at the cell
membrane as well although its importance is uncertain [20]. The third
residue, aspartic acid (N) of GImU twin-arginine signal peptide, was
replaced with lysine (K) or arginine (R) by site-directed mutagenesis.
Two mutants, GImU-K and GImU-R, were obtained (Fig. 2A). Their
effects of amino acid alterations on the secretory performance of PGA
were evaluated. The change of the N-regions amino acid residues from
N to K (GImU-K) or to R (GImU-R) resulted in a different level of PGA
secretion in B. subtilis WB600. GImU-R mediated the improved
secretion of PGA with about 40% increase (230 mU/ml). GImU-K did,
however, reduced the secretion of PGA (Fig. 2B).

It was found that the N-region's positive charge density in alkaline
phosphatase signal peptide increased the secretory efficiency of E.
coli alkaline phosphatase [21]. The mutant GImU-R developed in
this study was to increase the N-region's net charge by the
introduction of a positive charge in the form of arginine residue,
which might also make it more susceptible by a signal peptide
peptidase [22].

3.4. Over-expression of PGA in B. licheniformis

To examine the possibility of PGA production in B. licheniformis, the
recombinant plasmid pHY-PGAr was transformed into B. licheniformis
CBBD302, an industrial enzyme expression host [10]. The yield of PGA
in B. licheniformis was determined in a 25-1 fermentor (Fig. 3). With no
surprise, PGA was produced and secreted in its active form in
B. licheniformis. The maximal yield was 6.8 U/ml in the supernatant. To
our knowledge, this is the highest yield ever reported.

4. Conclusion
In conclusion, PGA can be efficiently produced and secreted in active

form via Tat pathway of B. licheniformis, an efficient alternative for the
industrial-scale production of PGA.

(B)
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Fig. 2. Effects of mutant GImU signal peptide on the secretion of PGA. (A)The sequencing analysis of the site-directed mutants of GImU, GImU-K (a) and GImU-R (b). (B) Secretory activity
of PGA mediated by GImU mutants. The activity mediated by wild-type GImU was taken as 100%.
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Fig. 3. The time-cause of PGA production in B. licheniformis. The production of PGA was
taken place in a 25-1 bioreactor with initial working volume of 10 1. LB complemented
with 40 g/1 of lactose was used as medium. During the fermentation about 267 ml of
300 g/1 lactose (total 800 g) was fed.

Financial support

This study was funded by National Natural Science Foundation of
China (31601407) and in part by the Intergovernmental International
Scientific and Technological Innovation Cooperation Program, MOST,
China (2018YFE0100400).

Conflict of interest
The author(s) declare that they have no competing interests.

References

[1] Suppavorasatit I, De Mejia EG, Cadwallader KR. Optimization of the enzymatic
deamidation of soy protein by protein-glutaminase and its effect on the functional
properties of the protein. ] Agric Food Chem 2011;59(21):11621-8. https://doi.
org/10.1021/jf2028973 PMid: 21954863.

[2] YamaguchiS, Yokoe M. A novel protein-deamidating enzyme from Chryseobacterium
proteolyticum sp. nov., a newly isolated bacterium from soil. Appl Environ Microbiol
2000;66(8):3337-43. http://dx.doi.org/10.1128/AEM.66.8.3337-3343.2000 PMid:
10919788.

[3] Yamaguchi S, Jeenes D], Archer DB. Protein-glutaminase from Chryseobacterium
proteolyticum, an enzyme that deamidates glutaminyl residues in proteins. Purifica-
tion, characterization and gene cloning. Eur ] Biochem 2001;268(5):1410-21. http://
dx.doi.org/10.1046/j.1432-1327.2001.02019.x PMid: 11231294.

[4] Kikuchi Y, Itaya H, Date M, et al. Production of Chryseobacterium proteolyticum pro-
tein-glutaminase using the twin-arginine translocation pathway in Corynebacterium
glutamicum. Appl Microbiol Biotechnol 2008;78(1):67-74. https://doi.org/10.1007/
s00253-007-1283-3 PMid: 18064454.

[5] Iwai A, Ito H, Mizuno T, et al. Molecular cloning and expression of an isomalto-dex-
tranase gene from Arthrobacter globiformis T6. ] Bacteriol 1994;176(24):7730-4.
https://doi.org/10.1128/jb.176.24.7730-7734.1994 PMid: 8002600.

[6] Kikuchi Y, Date M, Itaya H, et al. Functional analysis of the twin-arginine transloca-
tion pathway in Corynebacterium glutamicum ATCC13869. Appl Environ Microbiol
2006;72(11):7183-92. https://doi.org/10.1128/AEM.01528-06 PMid: 16997984.

[7] Santini CL, Ize B, Chanal A, et al. A novel sec-independent periplasmic protein trans-
location pathway in Escherichia coli. EMBO ] 1998;17:101-12. https://doi.org/10.
1093/emboj/17.1.101 PMid: 9427745.

[8] Kikuchi Y, Date M, Umezawa Y, et al. Secretion of active-form Streptoverticillium
mobaraense trans-glutaminase by Corynebacterium glutamicum: Processing of the
pro-domain by a co-secreted subtilisin-like protease from Streptomyces
albogriseolus. Appl Environ Microbiol 2003;69:358-66. https://doi.org/10.1128/
AEM.69.1.358-366.2003 PMid: 12514016.

[9] Kikuchi Y, Itaya H, Date M, et al. TatABC overexpression improves Corynebacterium
glutamicum Tat-dependent protein secretion. Appl Environ Microbiol 2009;75(3):
603-7. https://doi.org/10.1128/AEM.01874-08 PMid: 19074606.

[10] Niu DD, Zuo ZR, Shi GY, et al. High yield recombinant thermostable cc-amylase pro-
duction using an improved Bacillus licheniformis system. Microb Cell Factories 2009;
8:58. https://doi.org/10.1186/1475-2859-8-58 PMid: 19878591.

[11] Wu XC, Lee W, Tran L, et al. Engineering a Bacillus subtilis expression-secretion sys-
tem with a strain deficient in six extracellular proteases. ] Bacteriol 1991;173(16):
4952-8. https://doi.org/10.1128/jb.173.16.4952-4958.1991 PMid: 1907264.

[12] Maniatis T, Fritsch EF, Sambrook J. Molecular cloning: A laboratory manual. New
York: Cold Spring Harbor Laboratory; 1982 545 pp.

[13] Niu DD, Wang ZX. Development of a pair of bifunctional expression vectors for
Escherichia coli and Bacillus licheniformis. ] Ind Microbiol Biotechnol 2007;34(5):
357-62. https://doi.org/10.1007/s10295-007-0204-x PMid: 17256153.

[14] Bendtsen ]D, Nielsen H, Widdick D, et al. Prediction of twin-arginine signal peptides.
BMC Bioinformatics 2005;6:167. https://doi.org/10.1186/1471-2105-6-167 PMid:
15992409.

[15] Patin D, Bayliss M, Mengin-Lecreulx D, et al. Purification and biochemical character-
ization of GImU from Yersinia pestis. Arch Microbiol 2015;197(3):371-8. https://doi.
org/10.1007/s00203-014-1065-0 PMid: 25417006.

[16] Date M, Itaya H, Matsui H, et al. Secretion of human epidermal growth factor by Co-
rynebacterium glutamicum. Lett Appl Microbiol 2006;42(1):66-70. https://doi.org/
10.1111/j.1472-765X.2005.01802.x PMid: 16411922.

[17] Hynds PJ, Robinson D, Robinson C. The Sec-independent twin-arginine translocation
system can transport both tightly folded and malfolded proteins across the thylakoid
membrane. ] Biol Chem 1998;273:34868-74. https://doi.org/10.1074/jbc.273.52.
34868 PMid: 9857014.

[18] Rodrigue A, Chanal A, Beck K, et al. Cotranslocation of a periplasmatic enzyme com-
plex by a hitchhiker mechanism through the bacterial tat pathway. Biol Chem ]
1999;274:13223-8. https://doi.org/10.1074/jbc.274.19.13223 PMid: 10224080.

[19] Thomas JD, Daniel RA, Errington J, et al. Export of active green fluorescent protein to
the periplasm by the twin-arginine translocase (Tat) pathway in Escherichia coli. Mol
Microbiol 2001;39(1):47-53. https://doi.org/10.1046/j.1365-2958.2001.02253.x
PMid: 11123687.

[20] Akita M, Sasaki S, Matsuyama S, et al. SecA interacts with secretory proteins by rec-
ognizing the positive charge at the amino terminus of the signal peptide in
Escherichia coli. ] Biol Chem 1990;265(14):8164-9. PMid: 2159471.

[21] Izard JW, Rusch SL, Kendall DA. The amino-terminal charge and core region hydro-
phobicity interdependently contribute to the function of signal sequences. ] Biol
Chem 1996;271(35):21579-82. https://doi.org/10.1074/jbc.271.35.21579 PMid:
8702945.

[22] Matsumi R, Atomi H, Imanaka T. Biochemical properties of a putative signal peptide
peptidase from the hyperthermophilic arcaheon Thermococcus kodakaraensis KOD1.
] Biotechnol 2005;187(20):7072-80. https://doi.org/10.1128/JB.187.20.7072-7080.
2005 PMid: 16199578.


https://doi.org/10.1021/jf2028973
https://doi.org/10.1021/jf2028973
pmid:21954863
http://dx.doi.org/10.1128/AEM.66.8.3337-3343.2000
pmid:10919788
http://dx.doi.org/10.1046/j.1432-1327.2001.02019.x
http://dx.doi.org/10.1046/j.1432-1327.2001.02019.x
pmid:11231294
https://doi.org/10.1007/s00253-007-1283-3
https://doi.org/10.1007/s00253-007-1283-3
pmid:18064454
https://doi.org/10.1128/jb.176.24.7730-7734.1994
pmid:8002600
https://doi.org/10.1128/AEM.01528-06
pmid:16997984
https://doi.org/10.1093/emboj/17.1.101
https://doi.org/10.1093/emboj/17.1.101
pmid:9427745
https://doi.org/10.1128/AEM.69.1.358-366.2003
https://doi.org/10.1128/AEM.69.1.358-366.2003
pmid:12514016
https://doi.org/10.1128/AEM.01874-08
pmid:19074606
https://doi.org/10.1186/1475-2859-8-58
pmid:19878591
https://doi.org/10.1128/jb.173.16.4952-4958.1991
pmid:1907264
http://refhub.elsevier.com/S0717-3458(19)30046-6/rf0060
http://refhub.elsevier.com/S0717-3458(19)30046-6/rf0060
https://doi.org/10.1007/s10295-007-0204-x
pmid:17256153
https://doi.org/10.1186/1471-2105-6-167
pmid:15992409
https://doi.org/10.1007/s00203-014-1065-0
https://doi.org/10.1007/s00203-014-1065-0
pmid:25417006
https://doi.org/10.1111/j.1472-765X.2005.01802.x
https://doi.org/10.1111/j.1472-765X.2005.01802.x
pmid:16411922
https://doi.org/10.1074/jbc.273.52.34868
https://doi.org/10.1074/jbc.273.52.34868
pmid:9857014
https://doi.org/10.1074/jbc.274.19.13223
pmid:10224080
https://doi.org/10.1046/j.1365-2958.2001.02253.x
pmid:11123687
pmid:2159471
https://doi.org/10.1074/jbc.271.35.21579
pmid:8702945
https://doi.org/10.1128/JB.187.20.7072-7080.2005
https://doi.org/10.1128/JB.187.20.7072-7080.2005
pmid:16199578

	Twin-�arginine signal peptide of Bacillus licheniformis GlmU efficiently mediated secretory expression of protein glutaminase
	1. Introduction
	2. Materials and methods
	2.1. Strains, plasmids, and culture medium
	2.2. DNA manipulations
	2.3. Construction of a set of plasmids for pro-PGA secretion using various signal peptides from B. licheniformis
	2.4. Fermentation test
	2.5. PGA activity assay
	2.6. Database mining of B. licheniformis Tat signal peptides

	3. Result and discussion
	3.1. Analysis of B. licheniformis Tat signal peptides
	3.2. Tat-dependent secretion of PGA mediated by Tat signal peptides of B. licheniformis
	3.3. Modification of N-terminal of GlmU twin-arginine signal peptide improved PGA secretion
	3.4. Over-expression of PGA in B. licheniformis

	4. Conclusion
	Financial support
	Conflict of interest
	References


