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Alkaline protease-overproducing strains of Vibrio metschnikovii were developed by using the
molecular evolution from the classical mutants V. metschnikovii 1.12-23, N4-8, and KS1. Each vapK
(Vibrio alkaline protease K) was obtained from the genomic DNAs of mutants by PCR to carry out
the DNA shuffling. The modified vapK-1 obtained by DNA shuffling was used again as a template for
the error-prone PCR to make the vapK-2. Both genes were cloned in the plasmid pKF3 to construct
the recombinant plasmids which have one or two copies of the modified genes. The recombinant
plasmids were back-transformed to V. metschnikovii KS1 to construct recombinant V. metschnikovii
that expresses the alkaline protease. About 3.9-fold more protease activity was measured in the strain
which has the plasmid containing two copies of vapK-2 when compared to strain KS1. When compared
to wild type V. metschnikovii RH530, 43-fold more activity was achieved. Comparison of amino acids
among vapK, vapK-1, and vapK-2 revealed that the active sites was highly conserved and not changed.
However, many amino acids except the active sites were changed. These results suggested that the
changes in amino acids might play an important role in the increase of protease activity by allowing
the easy access of substrate to active sites of the protease. The fermentation of alkaline protease from
the V. metschnikovii KS1 harboring the plasmid that contains two copies of vapK-1 showed the
possibility of this strain to be used as industrial producer.
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gllof st} 53] gkt 7™l dist B Solds vt
TE I B8Es olIth2). oldd gZud e
Aete 18 TS s et AeRRE TFE
Eate] Basrh(12, 13). o] #F< I8 S4ToEAN F
71%(facultative) ZdZEA T2 Vibrio metschnikovii
RH5302.2 W=tk o] = JHS pH (7.0-11.00¢}
A2(20-30°C)ellA AL(65°C)7HA] A4S Kol 53] pH
10.5, 60°CollA] HAE S Hol= 6712 A2 T2 g &
et 1709 &2l metalloprotease S #HISH= AOZE
BIFEJK13). ©] T FE8AQ] VapTe} VapK 47 FA|E
I FAHEAUCH 53] VapK= FAF ¢F 29 kDa o 24 7
Sk IZe 48AAS Hole Aoz vy o] dulds
e 3lels AAAF vapk7t 29 Ho] I EXo] 8 Hal
AeAA RS AE Uelle AWEAA POE  (poly-
oxyethylene oxide)$} AOS (a-olefin sulfonate) 5ol 733+ U
4E& Holw, 7=t whld B8] AAQ] SDSS} uread®=
AS Role Aoz BuFUtk4, 5). 3 V. metschnikovii
RH530° 2 -E] classical muation®l] 2J3] 2= 3142 S
o]FE AlFsiaL oo AEAA AFAES AF8AI3), Ax
St V. metschnikoviisS A|Z3}7] 3 HAAIPHE H 131
ths). olst e 71E A7 wEeR B dFiME 18,
AR xS TFS Axs7] 98] DNA - shuffling ¥}
error-prone PCR 52 ©]8-3F £A%18H(molecular evolution)
£ AF8ETE BRI ] A o2 RE H3ke
EATS 23514 combinatorial chimera® AZE = U=
71EEAM A58 Sde N AFEEAY N 9 Gt
&g 5ol BRSNS AREHTH1T).
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Table 1. Strains and plasmids used in this study

2F 7521 V. metschnikovii KS10l Sx)sle] dza]Ad ol
A Balas 3 AR 5 AR & 1 5SS AT
Skal 30 L &) o3 1 IS ERISHAT:

Mz H d

=3, SCHADE ¥ HHYEA

B Ao AMRE 7 9 ZElu] = Table 19 U
Ko ANZF V. metschnikovii KS1-& TE 3l gi A
AS QI3 AR =2 AFREHATK3). V. metschnikoviie
JHI A1 LSC HiA|(1% trypton, 0.5% yeast extract, 1%
NaCl, 100 mM sodium citrate buffer, pH 10.5)} AAH=] <1
PM (4% wheat gluten meal, 1.5% cotton seed flour, 5%
soybean meal, 1% NaCl, pH 10.5) ®|X]E& A}&3}9 30°C,
200 rpmo 2 HiYSIATE 30 L fermentorS ©]-8-3F iR
PM HiX]|ol| A 4238319} Seed HIS 100 m1¢] LSC #ix| =
500 ml 4F2F FekaolA wiFsk & thA] PM EiAI7E E013)
£ 2.5 L fermentoroll A #]SIATE o5 23} seedZE 3]
16-18A17F 53t 0.5 vvm, 500-600 rpm o2 H|Y3E & T}A]
FY3 2219 30 L PM HiA|olA tiRlieks 338t ol
W pHE 10002 Zdaiqict did wefjasr ngg Jd
HjA]= LB HlA|ol 2.5% agar9} 1-2% skim milkS 37}t
AT Escherichia coli= AMEE ZEfn|=o] A3
&Fg Ao o] wEbd  chloramphenicol ¥}
ampicilling 242} 12.5 pg/ml, 50 pg/ml == H7lsled ARE
S,

£

¢
i

Y B RSSa VN -

Chromosomal DNA+ Mamur'H(14)S -3-83}e] #2519
th14). ARESSE A9k g49) W E A= New England Biolab
UsA)ollX  FYPstden FHekerls BEE A kits
QIAGEN (USA)el4 T913td AHa-51ch Oligonucleotide =

Strains / Plasmids Genotype /Characteristics Reference
Strains
E. coli
TOP10F F'[tetflmcrAA(mrr-shdRMS-mcrBC)p80 AlacX74 deoR recAl
araD139(ara,leu)-7697 galU galkh rpsL endAl nupG
V. metschnikovii
RHS530 Protease producing strain, wild type
KS1 Protease overproducing mutant
pKF31 KS1 containing pKF31 This study
pDKF310 KS1 containing pDKF310 This study
pKFep5 KS1 containing pKFep5 This study
pDKep5 KS1 containing pDKep5 This study
Plsmids
pGEMT-Easy Amp” T/A cloning vector Promega
pKF3 Cm" cloning vector Takara
pKF31 pKF3 containing vapK-1 This study
pKDF31 pKF3 containing 2 copies of vapK-1 This study
pKFep5 pKF3 containing vapK-2 This study
pDKFep5 pKF3 containing 2 copies of vapK-2 This study




Bioneer (Korea)ollA] F4J31992™, DNA sequencinge
Macrogen (Korea)oll €]=|5}%th PCR2 1 min denaturation
at 94°C, 1 min annealing at 54°C, and 1 min elongation at
72°C for 40 cycles Z71°)|A] Perkin-Elmer thermal cycler
(model 480)8 AF83}92™, Tag polymerase= Promega
(USA)olA] FJstdnt 71er dubzQl EXAESHA Q] w2
Sambrook 5(15)9] A& Farsle] AMESIATE V. metschni-
kovii®] FAHZE Chung 5(5)2 ol wel electropo-
ration -2 AHE-S}ATH

DNA shuffling

obA&8 ] V. metschnikovii RH530% classical mutagenesis
g 5ol 4& VapK 1A EWolF L1223, N4-8, KS1
T5(3)Y] genomic DNAE &It Ths ©]& FPo= 3o
vapK specific primer VFulF (5'-TTTCGGTTTTTTCTGCCG)
2} VFulR (5-CAGACCGTGTACAAGAAG)S o83t vapK
F34E PCRE SFeE SFH vapK FAAES ATE
2 Nol 0 2 Hst & DNAse 122 A2)3I3th 012 Wizard ™
Clean-Up system (Promega)< ©]83t] M2 & 3|45}tk
34E FAAE o831 vapK specific primere} A THA|
PCR ¥r-& AX vapKk TAAE SFsl H¥E A=
A9 th(Fig. 1).

Error—prone PCR
DNA shuffling®l] ]3] Lozl HE vapK -34S FHS
2 3} error-prone PCRS =833t} Error-prone PCR<

RH530 K$S1 L12-23 N4-8
L 1 | |

Genomic DNA isolation

4

NN NERRRRNR S S S S S
NN NENNERRE /S

+

Fragmentation
(Notl & DNase I)

}

mm-mun—wm PCR amplification with
= wmmssmm apK specific primer

- Ligation with pGEMT-Easy
- Transformation in E. coli TOP10F’
- Isolation of overproducing recombinant

!
\ VapK-2

VapK-1 \ I

Error prone PCR with
vapK specific primer

Fig. 1. Schematic diagram of DNA shuffling and error-prone PCR.
Genomic DNAs from the classical mutants of alkaline protease-
overproducing V. metschnikovii 1.12-23, N4-8, and KS1 and wild
type RH530 were used as templates for the shuffling.
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GeneMorph™ PCR Mutagenesis kit (Stratagene Co.)E A&
3tk 7S] B3 100 ngl vapK-1S E3FeH= 50 pleo] wt
SHofl 200 ple] 4 ANTPS} 250 ng/ul2] primerE H7}3F o}
< Mutazyme II 95898 Y& T Mutazyme II DNA
polymeraseS 20| RFSAIZATE o|25E W E vapK A}
FHES AUTkFg. D).

18 vapK STXIE 712 Zi=E S2tA0|=2] Xx}

DNA shuffling®l] ©J3 92 HE vapK F-AE-S pGEMT-
easy vector] cloning ¥ ¥ o]& tiwtol] AW ATk
et FAAA2HE Tl Rejaa AdaAes &
F8(clear halo)2 ROl AT oEZRE AT ZTRv]
=5 B3 & ol5 AstEas Nodo = Adsd] WMy vapk
FAE EEl(vapK-12F BT the, olF 22 Aase A
©E ZeRr= pKF3E AFYste pKF31S Al&Fetsictk A1zt
H pKF312 A|3tas Smalo.2 FAwslal, o]ol Klenow &4
£ A2J(15)3}] blunt endZ TFE vapK-1 THS AFAA, 2
copy 2 vapK-1°] A4E pDKF310 AZsIATh vapK-18 F
o Z 3} error-prone PCR WHol| 23] dojx ©A
(vapK-22} BH)S Qo] FYI WHOE vapK-2 THO| 1
copy AUE pKFep5$} 2 copy AUE pDKFep5E A|Z381%
CHFig. 3).

CHEX| SIS A SIME XX

il EajEs 249 UL Yanagida 5(18)9] W
S HYst] ALEEIITE 2% casein®] X & 100 mM sodium
carbonate £(pH 10.5) 2.5 mlZ} 5Y $8Mof 34171
AE BFAE 0.5 mlE 490] 37°ColA] 1081t W Al &
7‘3?(]%9‘4(0.22 M trichloroacetate, 0.22 M acetic acid, 0.22 M
sodium acetate)S 715l ¥R FAAZ L ©] HREHE

=
4°C, 12,000 rpmollA] 1587 AAEZsle] AFeds 34 3
% 280 nmolA S =ES =439tk 1 unite] ©iE Haja
& GAEPU)E 1073 ¥ A1 vhedo] F3=71 0.1 5

F¥ke eFo= kel AHgak

Fig. 2. Screening of recombinant E. coli which shows the alkaline
protease production. (A) E. coli transformants harboring the
recombinant plasmid containing the shuffled vapK. (B) Isolated E.
coli which overproduces alkaline protease. The isolated strain
harboring plasmid pDK310 containing the two copies of vapK-1
shows large clear halo.
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Fig. 3. Strategies for the cloning of modified vapK genes. The vapK-1, obtained by DNA shuffling and vapK-2, obtained by error-prone PCR
were cloned and back-transformed to V. metschnikovii KS1. Recombinant plasmids that contain single or double copy of each gene were

constructed.

EXLIS} 7| HE 6t vapk RRTAL HE U TEY Ho| 7
X ME

SRR V. metschnikovii RH530%} classical mutagenesis
= 53 A& VapK 1A 732 L12-23, N4-8 22]3L KSI
9] vapK XS PCRE 42 tg, ©]& |83l DNA
shuffling S =3l WHEH vapk FAAES AUk ©]
RS F29sta gt 8RAWES F skim milkE
Fsl= LB viAlo)] visiis wWiFig. 2A) 7Y & FHES
Rl 75 AEsthFig. 2B). ©] #F25H AXE 2T
2v=E BEEEte] Wy vepk FRAAE B3 A9 v
metschnikovii®] vapK 159 TERE F$=E ¥33 1.6 kb
o vapK 32 FREE 25 F ATk o= vapK7t 7HA]
1 Y= V. metschnikovii 152 T2 RE7} hAFNAE <F
HAoR AEPTE AL YEhv, B9 vl Balas
A ARG Bekerle Aol thgitelN Fhsstehe
Yepdch AZg diidelA e 184 Wol vapk
2V vapK-1°12} HESth ©% vapK-1°] 1 copy A
ZgkAu|= pKF313} 2 copy AYE Z2k=r|= pDKF310<
Azste] ol Ballasd 1A T V. metschnikovii
KS1o2 dx9] 3tk H Lolx vapK-1S FHOZ 3}

error-prone  PCRS S8tk AHol7l dd=Ee SZFH
Table 2. Comparison of alkaline proteases activities
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Protease Activity
Host® Plasmid activityb increase
(PU/ml) (fold)
V. metschnikovii - 160 0.1
RHS530
V. metschnikovii KS1 - 1808 1
pKF31 2953 1.6
pDKF310 6057 3.6
pKFep5 4550 2.5
pDKFep5 6980 3.9

* Cells were grown in 500 ml flask containing 100 ml of PM medium
for 45 h at 30°C.
® Mean value of three independent experiments.

vapK F3AF THELS oA e FUsHl diidardl F243
Zato] g WHol FHAE AP e, ol vapk-28) ¥
3L, vapK-2 TR} 1 copy AAE pKFep5<} 2 copy ¢
¥ pDKFep5+ SH W 5UA <20 V. metschnikovii
KS102 o= 9)8tKFig. 3).

=Bt V. metschnikovii Q| THHZILSH A H|w

AZE AZ3 Zehv|= pKF31, pDKF310, pKFep5 18]
31 pDKFep5E 71 A% V. metschnikovii KS13} Ry
Q1 V. metschnikovii RH530, < T2l V. metschnikovii
KS19] ©hidRs] &4 HA=E vlu- B4y 1 23
classical mutagenesis®ll 2J3] A|ZFE VapK 1AF H591
KS1 (1,808 PU/mDOl HI3] ZAE 1.641(2,953 PU/ml)olA]
BAIE 3.941(6,980 PU/mD) 9] =2 Tl E3)) SHES B3
THTable 2). E3t o] oPITFTRA V. metschnikovii RH530
(160 PU/ml)3} B3RS 7% vapK-27} 2 copy$! pDKFep5
= oF 43.64]9] =2 wld F SRS BT o] A=
AEAA T2 Edwel ol o3 KS1 57t oPiF R
oF 1138 =2 97}= Hole A¥ vlwd uj, DNA shuffling,
error-prone PCR % Z|Z% DNAS 53+ WHe, 7319 54
HolHE B3t 7HH ol <13 1 oY A Ha &4
SE IAIIA W HE SEshe 284 HYs JE

o,

fl

£ H

tHO| VapKe| £

AR T FHA vapK-13} vapK-2 3RS} or]iedt A
ES vapk}t Bl Figure 4914 UeRd nle}l o)
Vangl active siteQ] D169, & 83 S*8= pseudemonas
sp.o] @A B §4~(10), Vibrio alkaline protease T (13),
elastase YaB (9), subtilisin Carsberg (16), V. alginolyticus 2]
exoprotease A (6), Z12]3L T. album®] proteinase K (7) 53
HBIS ¢ 54 F9o BEH Jemts vAA),
Ca""-binding site®] 7% vapK-22] V*"’o] N*Poz w3d
W, vapK-1-2> oA W3} glo] & BHE Ho e Ao
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vapK 1 MLKKNVNRTVLAGLLLPTSISLAIASQLKDQEVPSFTPSVAVENHQTEQRYFVTYVPGAT 60
vapK_1 1 F ..................................................... 60
vapK-2 1 - F - L R E sssrraiare Nocer e 60

vapK 61 SGPMRMSQNGLTETDFSLQKAADI LSTQQVTVINHLESLHTSVVRVTPTQAKQLLDNADV 120

vapK-1 Bl e G-t
VaPK-2 B1 +rerrenieia i

.................. EM-----------pP-- 120
.................. EM-«+ evevvaaPer 120

* v
vapK 121 AMIEVDPIRYLFDAEIEPYAQQTPYGIRMVQADQLSDVYAANRKVCVIDSGYLRNHVDLP 180

VapK-1 121 +oeemi i
VapK-2 121 +eviieiiiii i

............... - 1 1)

G BV covns e s s Wmmamams 5 55 5 55 5 180

* YV VY
vapK 181 SAGVTGSTFSGHGSWFTDGNGHGTHVAGT IVALDNNVGVVGVLPSGLVGLHNVKIFNDSG 240

T T L
vapK-2 181 +erereiiiiiaiiiiieiiiniens

.................................. 240
............ NN Ne s veeeee e 240

vapK 241 VWTRASDLIQAIQSCQSAGSHVVNMSLGGSQGSVTEQKPMRNEYQQGMLLVAAAGNSGNS 300

vapK_1 241 ..........................
VaDK-2 241 <+ s rr e

........... NA: =" s r st e a it e s 300
........... NA: - - - s 300

\ALA/ %
vapK 301 GFSYPASYDAVVSVAAVNSSGNVANFSQFNSQVELSAPGVGVLSTGNNGGYLSYSGTSMA 360

vapK—1 301 » v s e e e e e e
vaph2 301 o coone s ue nn s s

.................................. 360
.................................. 360

vapK 361 SPHVAGVAALVWSHFPQCRPERTRQSTLSQTALDRGAAGRDNFYGWGTVQARRAYNWLSRN 420

vapK—‘I 361 ..........................
vapK-2 361 -

vapK 421 GC 422
vapK-1 421 Gc 422
vapK-2 421 cc 422

Fig. 4. Comparison of amino acid sequence. The changed amino acids (bold capitals) are shown compared to VapK. Active sites (*) and

Ca""-binding sites (V) in vapK-I are well conserved. However, one amino acid of Ca'-binding sites in vapK-2 was changed from V

All the changes in amino acid are located except the active sites.

EPATE o] vapK-29] 75 o] WHEr}t whild E&f 59 g9
A Aol e QES FA & 5497} Fdo] dolwth
© A& AR Iy ol ¥9E Alslal DNA
shuffling®} error-prone PCRE 53l doj7 mgae] chula
B3l FHAR] vapK-1, vapK—Z—E— oRAE 9] vapK ] DNAS’}
o)At A7)1M DS Hlw £33 A3, DNA shufflingS
&) Qo)A yapK-18 147)9] 2.37]7} HEE T 22 Q3 107H
9] opu|izAte] X&) T FH9leH, error-prone PCRE
B3l QAR vapk-29] AS= 187019 9717t WEHL a2
A3l 17709] opr]izdto] X]FglSo] FAE| L o5 ofv]=
Abo] Wsly} Thld Bajas 846 7]X)E ke Qolr )
£} Homology modeling®ll 23 ©hiale] 32} 725 v
3} th(http://umass.edu/microbio/rasmol). I A} vapK-13}
vapK-2© o vapkel HI3)] 7|d A3 F97t Aujde=z
&R Aog YeRgow, ol 7|Fo] a4t Kt U] &
FXo02 AYFY F A FoEN ARFHoE A FU}

7} 8 Ao AREAE vlAA). Teht nek gRshlE
WlAS Alse] BTt AR Qe 977} SaElolel & Ao
= 4z

219 219

to N

M=F V. metschnikovii #F2E FE| UL THEE 2
i Mt
Azd AZF 75 T vapK-2 FAAE 2 copy 7H AZE

3} V. metschnikovii KS1& o]-&3F] 30 L Wrazo)| A njjoks}
of Thild B ga AYLHde dolHgdtt 30 L Hax vk
Al Qg D e AFH vke} o] 14} seed cultureS
100 ml2] LSC BiR7} E°J3)= flaskollA sl o, 1
3 23} seed culture2A] 2.5 L] TaFo|x PM HiAE o] &
slod wFslsdth o2 30 L wrazel &7 30°ColM B7)%
2.5 vvino 2 40217k viFsiit) ol pH= 10.00.2 s}
Atk Figure 5914 Hi= upe} gro] wjek 3 354]7k0] A|uths
uj ¢F 18,000 PU/mIS] &7}E Yehlglon o= #xo] A%
I vtk o2 AlEETh Ao A AL AselllA S
AEE W <F 35Tk ol mAARS 1.2 kL v oll=
HjoESE 25417kl ©F 23,000 PU/MIS RIS H(AE PIAA]
ol FF MEAA Atgel o]l8E F Je T TFEA
23] o]8E & s ASE AsH:
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Fig. 5. Fermentation (30 L) of V. metschnikovii KS1 harboring
plasmid pDK310 that contains two copies of vapK-1. Cells were
cultured in PM medium as described in text. Maximum activity was
obtained after 35 h culture with growth-dependent manner.

T

Gy did Eelas A EdAWe] T Vibrio
metschnikovii 112-23, N4-8, KS1° 25¥E <4ZAgjA] oz
B arE 45 3Fsk= vapK (Vibrio alkaline protease K)
HAFES PCRo| 9Jsled E2I$ t DNA shuffling,
error-prone PCR W} 22 #2173} 7j&s 73 184
hild B gihsE AEke AZE V. metschnikovii 75
AZ5t9tE. DNA shuffling WS 53 ®FAIZ vapK-1
AR} o] FAXNZ FIHOZ error-prone PCR 7S E3
A AYH vapk-2 FHAE cloningﬂ 5 V. metschnikovii
KS1 w50l J=dstd Azt dF5 AxstAdnk Azt o
FE Td Fa 5ES AR A vapk-2 AP 2
copy =HE AxF w79 A9 oY T2 V. metschni-
kovii RH5309] H|3] 43.64] =& thilz BEsjgdAe HeloH
<2391 V. metschnikovii KS19l B]3] <F 391} dkAlel whanzl
23l &S FRIE = ATk WA vapK—IJf]' vapK-2 7
A5 o E vapK FRAM] A7IMES ¥l B A o
Wz Ba) s3] gAo| JTS U]i]% active siteS A|<]gk

ol A Wshyt doltaS g ARk HPE F-H
1} vapK-1< two copy S ifé}?ﬂ' Zﬂiﬁﬂ' Zv=E 71
metschnikovii KS1-2 30 L fermentorZ Bl 31312 wf] %k
% 35 Akl 18,000 PU/mlS] &84S B om, ol 35 4F
A& TFEA AR F Ae TFAEE AXEAT
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