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High-level Secretory Expression of Recombinant $-Agarase from Zobellia galactanivorans in Pichia pas-
toris. Seok, Ji-Hwan', Hee-Gyun Park!, Sang-Hyeon Lee’, Soo-Wan Nam'?, Sung-Jong Jeon'?, Jong-
Hyun Kim*, and Yeon-Hee Kim'2*. "Department of Biotechnology & Bioengineering, Dong-Eui University,
Busan 614-714, Korea, “Department of Biomaterial Control (Brain Korea 21 program), Dong-Eui University,
Busan 614-714, Korea, 3Department of Pharmaceutical Engineering, College of Medical Life Science, Silla Uni-
versity, Busan 617-736, Korea, *Department of Biotechnology, Graduate School of Engineering, Osaka Univer-
sity, Osaka 565-0871, Japan — The gene encoding B-agarase (agaB) which hydrolyzes fB-1,4 linkages of
agarose from Zobellia galactanivorans was cloned and fused to Saccharomyces cerevisiae mating factor
alpha-1 secretion signal (MFal), in which the transcription of MFo1-AgaB was under the control of 40X]
(alcohol oxidase 1, methanol inducible) promoter. The constructed plasmid pPIC-AgaB (9 kb) was integrated
into HIS4 gene locus of Pichia pastoris genome. Successful integration was confirmed by performing colony
PCR. The transformed cells showed red halos around its colonies in methanol agar plate by adding iodine
solution, indicating the active expression of agaB in P. pastoris. By SDS-PAGE and zymographic analysis, the
molecular weight of f-agarase was estimated to be a 53 kDa and about 15% N-linked glycosylation was
occurred. The activity of extracellular -agarase reached 1.34, 1.42 and 1.53 units/mL by inducing 0.1, 0.5,
and 1% methanol, respectively, at baffled flask culture of P pastoris GS115/pPIC-AgaB for 48 hr. Most of the
enzyme activity was found in the extacellular fraction and the secretion efficiency showed 98%. Thermosta-
bility of recombinant f-agarase was also increased by glycosylation.
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= A2 E3NREA], galactose®} galactopyranose®]
gl o)™ agarose(70%)$} agaropectin(30%) 22 T = o]
UTH4]. Agarosex= 9373 D-galactose®}t 3,6-anhydro-L-
galactose”} B-1,4-glycosidic bondZ. 2 ¥ agarobiose”}
0-1,3-glycosidic bondE. HFHEH 22 AAY FAtptFo|n,
agaropectin- agarose®} 72 7|22 7|1 gl o} K-
THL2R 3, pyruvic acid, glucuronic acid 5¢] X317
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2 AN AL QY Bl fe], A FdEle) @k A3 ulel
AR Fo] AlFEAel wjet ule] Qofvhg AYARS 9
gt A 22 vle) eeiA2 A ST 2 HERe] ol8x= 7]
A& 5 & Aol =3, agaroseZF-EH o E3fAab=<l
agarooligosaccharide & neoagarooligosaccharide:= A3},
}hE, FUE Y A FAPD et 2> e A4
ARl et A2, REEF el vy et & o
< 83 7158 vEhiY o]EE 43 AIE A
7} w2 ALE odeA dwT, 11, 17, 25].
Agarose2 F-E] ©]2 43} oligosaccharideZ AJAFs}7|
A G 55 o183 BE sl [10] ¥ B
A b & o8-8 4 sled, FEH AR A
B8] 2 AFE= A oligosaccharided A=A
227 Aaksh= Zlo] wif oY, AFATIEEA Y 4%
AR kA Fell FAZE sle whd, E4EA vy
agaroses A1E)H 22 oligosaccharide®- 3 & 4 Sl 7]
A Eol A wjel] HAH i Wb el A4F oligo-
saccharide®] AJAlel o] Fel3hear & 4= Q. dEsja




A2 agarose®] o-1,3-glycosidic bondE Aw3l:= o-
agarases} B-1,4-glycosidic bondE Ax+sl= P-agarase”} §)
=1, agarase= A, IAFE, Aty Fopul ohe}
agarose gellA DNA®] F%, marine algae®] A E3 H3)S
&8 protoplast A2} 5 AEFI ZHAME 1 A0 &
2] 7V53le 1, 13, 24). Agarase= T2 Pseudomonas sp.,
Vibrio sp., Thalassomonas sp., Agarivorans sp. 5 18
AT Fel7) el 1 BAle] Barslo] QlI[5, 14,
21, 26], ¥ 53| % g B gl ofel] & AFeiA
£ F 7HA agarasefiaAr F o F-E-S 2R|51= B-agarase]
g WA HH3E S8l &5 Pichia pastorislX WZ3 B-
agaraseE ¥l AJAF F132x) et AFEH agaB AR}
(ORF 1,062 bpy: sl Fv|E Zobellia galactanivorans
el 9] extracellular endo-B-agarase® F =3}, agarose
fragments TEH 0= a3t Barse] glon], oAt
oA Az agarase7} F-= WA= S W 100 unit/pgs)
specific activityZ B oH9].

Sl Azgwhe) i AAabells A Lo} =gt
WA Helew Qg Fg2 YAk ARl T
oA Hed, o8 AR SFAE F 2 A% st
A, A2 33 EAe] 4w A 9l dlelgjole} R}
I B34 SFAILR R o] £5 T gv}. B3] n|fEo
HAME AR ES] child vk gl Hu) EAS Zhe g
Saccharomyces cerevisiae, P. pastoris 5~ ANZ 3 =y
HFAAE 918 oAl ARl o g Zspe wkw 9)
oH8, 19, 22]. L 5 wgke A3E R P pastoris= )
FAAE STAHE A4 DNAe AFIAIA whal A ARl o)
S Y 4 o, 3eE A wek A =Y
A UEHE 2RSS e el o =3 Y
F 94 (posttranslational modification) 3H4-S Sl A2
PSS G QA H) Jhse, vee fEA]
alcohol oxidase 1(AOXI) promoters- o]--3lod 4] 2l
o] Y Atell )bt AAZ Human procarboxy-
peptidase B[12], Fusarium solani-#l| cutinase[15], Asper-
gillus niger 3 phytase[2], 5 W 9 DyAe] p
pastorisol| A AAFH 2 U= 28y P pastoriso)
Al B-agarase®] HHEFAYAL, Fu] 9 YAl H A3l A3 o
TE Bad Heo] gt} o] & A7 A= Bagarase &
WAe] Bu)AAe- 918 EY mating factor a-1(MFa1)e)
F8] Al A d (secretory signal sequence)S o] &3t Z
galactanivorans 2] agaBFAAE- P pastorissl] =33
T EEE FABIAL B-agarase®] FUHL F-=3te] QA
d B-agarase EAF ARIHOZE o 43l7] 913 AFE 5
3o,
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Z. galactanivorans 2] B-agarase §-A A agaB) L&
plasmid 7= ¥ 5% {8 SFHEE E coli DH507}
AME T, ERSFA EE histidine $JFQTA HeolFl
P pastoris GS115(his4, Mut+) T(Invitrogen Co., San
Diego, CA, USA)E AH&-3l51}. Plasmid 5ol AH-4-%
vectors I AF-4 pGEM T-easy vector(Promega, Madison,
WI, USA)¢} vijehg- z}3k& = 2 vectore] pPICY vector
(Invitogen Co., USA)YE- AM8315dc). pPICY vectorol| = vk
2 A7l o8] 7428 f-=5<= alcohol oxidase 1{(40XI)
promoter?} %3¢ 874 87 AVEHREAZ o] 4T 5 Qe
HIS4 A7} AR A F 23 cassette?] TR
A N2 integration $¥F FAFAAZA FHE ot
=3k 299% e AlE 2o B8 F] AAkS
%3, MFal signal sequence(ss)[12]7} AOXI promoter 3}
Foll AZ2=e .

0l

B-agarase L& plasmid MZ A #EFS

Z. galactanivorans(KCTC #12921)%] genomic DNAS
O 2 ggaB AR A signal sequence(54 bpy7} ANA
& 1,008 bpY agaB FAAE PCRE 53t 5], pGEM T-
easy vector || subcloningd}e], pGEM-agaB plasmidZ T
Z39lvt. P pastorisolM agaB A B8] &S A3
plasmid 755 $18)4+= HA forward primer(5’-GCGCTC-
GAGAAAAGAGGCGACAATTCAAAATT-3")¢} reverse
primer(5’-CGCGAATTCTTATTTCTCTACAGGTTT-3" )& A
2k}, o] primerE °]-£3l] pGEM-agaB plasmid(4.0 kb)
E F3 02 fZFo] Xhol#} EcoRl siteE 7} agaB +3
S PCRE. $F3130c). dojxl TS Xhol# EcoRISE
21218t F, Pichia 284 vector, pPIC9]| cloning 3}
pPIC-AgaB plasmid(9.0 kbyZ =35}, Cloning® agaB
F32ke] A9-& ABI 3730XL DNA analyzer(Applied Bio-
systems, Vernon Hills, Illinois, USA)E #el&t ¥ pPIC-
AgaB plasmidS- Pichia 75 AW HIS4 gene locusol]
integrationd}7] 18l HISY 3RS Sal1eE =28 F,
P. pastoris GS115 T3¢l electroporation®] & ©]-8-3}ef &
A gspe{12).

B0 HAMEA ME Y HjL=TA

2R A e AES A wiR=2 MD wiA](1.34%
yeast nitrogen base without amino acids(YNB), 2% dextrose,
0.004% biotin, 18.2% sorbitol}E AH&-3lsich. Al &2
34l colony PCR3} plate active stainingHS 53 13}
A= de}h. Colony PCRE 94°CollA 587} lcycle®] pre-
denaturation 5, 94°Cel| A 30% 7} denaturation, 58°Cel| A
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3027} annealing, 72°Coll Al 18-7+] polymerization & 2
30cycless T3y, wpx)eto 2 72°Cel| A 587 post
polymerizationg- 33|}, Colony PCRZ agaB 37}
integrations] #19 A=Y YAAVAZ AEE F chayxl
2] W 55 gelslgdrt. Test tubed) flask vioFA &
& kAl BMGY ®iA|(pH 6.0 100 mM 1AFSFER | 19
yeast extract, 2% peptone, 1.34% yeast nitrogen without
amino acid, 0.004% biotin, 1% glycero)ZE A}-&-3}e] 30°C,
190 rpm £ 22 ODge=2A % o wf 74x] Wik ¥, 108
7+ A1Relsle] FAITHpH 6.0, 100 mM QAR 5mL,
o] 3= BMMY #1#|(BMGY A2} glycerol ®j4] 0.05%
A5k A7h2 &7 30°C, 190 rpmell A 48417k 2t wiek
St ol wivkg A7l o3 LA il 1Y f=
2 93 12417 ®le} BMMY iR o] ZHz 0.1%, 0.5%,
1% 52 wgkge] Hrk=giH.

o2&, B-agarase B £X U 2H|§8

TA AHE-2 beadbeater(Biospec, Thailand)?} glass beads
(0.5 mm)yE AME-3le] crude extracts ¥ H%)2m[18], ©]
= T A E Al 7 BelAM EAEAS &
81t B-agarase T A2 DNSH (3,5-dinitrosalicylic
acid)[201& ©]8-3l] 2AsAE=H, 0.25%(w/v) agar(Junsei
chemical Co., Tokyo, Japan)7} £§¥ 7]& &% (50 mM
TAPS(N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic
acid) buffer, pH 8.5)0ll EA8-0-S H7lsiA 40°CHA 15
2 HRSAIZ - DNSE-S Arlslgict. 587} boilingd}
2 jcedl| A 5E7F cooling Fol 540 nmol| A FRES 2
3Hdvt. 1 units 40°CollA 127 1 umol®] galactoseE A
AR B4 okeR Aojsiglon FFHATML] AL
$13 0.2% galactoseS AHE-33lc}. 7+ 459 Hu|E g
(secretion efficiency)y> A EASI R EL] A + AF)
)l digh Al xe] B4 FAuZ wEEE Jehy g
Plate 2ol 42] S4B TS Solslr] ¢35 AR (plate
active staining)°l| = I, solution(0.05M 1,/0.12M KI)& ]
43led agar®] F3 HEE A3 TH14]. BMMY plate
Wizl A 215 YA A ] FAS FFHSE washingdt F
, A% 1, solutions ¥iA] ol Ho] B-agarase”} Ea)3t
agar®] 33 27|18 W 2ARI O

CHUE &ol gl EMEN

B-agarase T L] g M wieF F 13,000 goll A 5
B2 AAE=g ek A5 A S 348l Bio-Rad protein
assay kit ©]-8-3t Bradford methodZ ZA3}93t}. Stand-
ard Y223 bovine serum albumin(BSA)S AR&-3}ict.
SDS-PAGE+: Laemmliti [16]] @2} 0.4% sodium dodecyl
sulfate(SDS)®] €A 3ol A 10% polyacrylamide gel %
2 PAGEE 439, A7]9% F gelS coomassie

brilliant Blue RZ M 3}e] 24314}, B-agarase T4 <)
zymographic analysise ¢8| SDS-PAGE”} '3 gel
2.5% Triton X-100(25 mM Tris-HCI, pH 8.0) £-4¢]| A 10
27} washing g+ ¥, 20% isopropanol -2-ollA] 1082, S5
Froll A 1087k 2#19) washingS E3) SDSE A7 8131}
SDS7F A A% gel TAPS bufferd) X 1027 2 F,
1.5% agar platedl] 53+ 3, 40°CollA] 4037 WhS3ka,) 1,
solutiong ©|-§-3te] A4S &3}

-agarase?| carbohydrate ®M7{ 3 LOFYM Z=A}

ujok sl o2 Bugl 223}t B-agarase®] carbohydrate
chains®] #AE- $18}] endoglycosidase H(Endo-H)(Streptomyces
plicatus M clone¥1 1L, E.colilX 28 . New England
Biolabs, Berverly, MA, USAYE AF4-3}3ic) #u]d B-
agarase 10 pgoll Endo-H(2,000 unit)2} G5 buffer(Endo-H
reaction buffer) 3 pL& &8 5}3L o] ¥H-g-H-& 37°Col A 1
A|ZF ukEAIZ . Carbohydrate chains®] A7} SDS-PAGE
= 53 AN =8 AZF B-agarased] FLAHALS
BEANE 7H7F 40, 45, 50, 55, 60°ClA] 304, 1417, 24]
7h, 4AZY, 8RIZE, ONSZ HhgAIR §, B8-S 343
L 23 A

#23 % a

Mgk

f-agarase Wd plasmid®| 75

agaB AAE Pichia T3 WellA & - §¥lx]7]7] 9]
g plasmidE 753171 H180A, agaBR-AAMe] AFA| signal
sequence”} A AE agaB FHAAE S cerevisiae MFal
signal sequence(ss) SHoll AZEAIA 40X! promoterdh-Foll
agaBF+3 A cloningdt pPIC-AgaB plasmid(9.0 kb)E
F=319tt. MFal 201X 393} agaB F4Ake}e] A4
H-9= 5-CTCGAGAAAAGAGGCGACAATTCAAAA-3Y’
gL A Qo] XholoZ Ahste] dAg o2 A
LQKRGDNSK®] ofu]xeAl Mg 7HAA Hef, Ao F &
w3 A oM KEX2 proteased] 284 k=] B-agarase &
W28 Ba)gk 4= oA ") 7% pPIC-AgaB plasmide
X FAAIA AHuARAM HISE FRAAS 7RI Qo]
P pastoris GS115(his4) & S5H| L2, A48 4 el

agaB RTHAt integration &9l W &2 HAETS e MY

TZ3 pPIC-AgaB plasmidZ Sa/l X838 ¥ Pichia
GS115 7o) PJAHZste] MDAl A 13} AEslgie).
137§9] A A E AAH3}ed agaB A integration

F-E FsE7] $8l colony PCRE 433+ A3}, 1370
% &ie] FAAZFA AN 1kb®] agaB AT FFHS
1, agaB FHAE 712 cassetteZ} AFHSE Pichia T
A = integration HUES FHIT 5 U =3




Fig.1. Active staining of P-agarase expressed in P pastoris
transformants that were grown on BMMY medium contain-
ing 0.5% methanol. These cells were incubated at 30°C for 2
days and then stained by iodine solution. A; P. pastoris GS115
(host, control), B; P. pastoris GS115/pPIC9 vector (negative con-
trol), C; P pastoris GS115/pPIC9-AgaB No.l, D; P pastoris
GS115/pPIC9-AgaB No.2.

integration® agaB FX A B FFE plate active
staining- S8 E<lsl & Az}, AHE A2F FFelM A
=3t agar Fall3te] el B-agarase’t AEH o2 Ew] -
HEEE A 5 ek (Fig. 1).

cHEE &l 9 zymographic analysis

Methanol H7}ell )& W&l f-=¥ B-agaraser A7)
signal sequence|A] THE HH)A Q99 MFal ss& 7IA1
el eF Aoz el Hulr) Asdo® vk AAsR S
o]-8-3le] A xF B-agarase?] YA Fold Htoh(Fig.
2). 10% polyacrylamide gel- ©]-8-F SDS-PAGE Z3}, B-
agarase TH{A 2 FAFE= $X]ol| F /N band’} FEH
%12, iodine$HE o] 838t zymographic analysisell 4] ©] &
7§2] band= 58 kDa} 67 kDa®] RAS 717 A xF p-
agarased = Felslgit}(Fig. 2A4). AR5 34 ¥ 2 o] &
sled ol whid-g Yaksh= Hfolle W F 44 (post-
translational modification) ¥44¢] 3h}= N-linked glycosy-
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lationo] deojvt W whjle] Frlg F71E8 Holx= 7
7} @}, A28 B-agaraseS Endo-H X2|S- slo] Hxle
o] W3E gels) ¥ A, giycosylatione] Hgde 7zt A
V== 67 kDao] WAl oF 53kDa% 2 Hajeko] 7hAg
& FAg £ A HFig 2B). =F 7 A A 28 p-
agarase B/3°] W3l HeolA| skt wheb 53 kDa |23
B-agarase TH¥ ] asparagine %+7](Asn-X-Ser/Thr)el| high-
mannose type®] N-linked glycosylationo] ‘&8 3}e] <F
15% A=9] glycosylationo] doji} shfzle] Bzl £
F 2388 4 5 UG =38 E colidl A AEF B-
agarase®] BRI 2A R oF 45kDa AL ke AL
gl & & Jed9], o2k vlaA Pichial A 53 kDa®l
o & B-agarase®] FA[EFo] #Fel ¥ 712 polypeptideel] 2
&® carbohydrate(e.g., N-acetyl-glucosamine)?} Endo-Hell
23 kR3] AAHA Agk] wiFele}t A=

Methanol FE=Z=0| e =g p-agarase2| UH - &
HIE H|I

Colony active stainingel| A #3)3-S Ho|:= P pastoris
GS115/pPIC-AgaB 75 $71& 10 mL test tubeol|A] wjeks}
Aot oL F 7P B2 S-S Ho|: P pastoris GS115/
pPIC-AgaB T5(0.34 unit/mL)S A 3}ed 50 mL baffled
flask wiekS astet. WA BMGY iAol A2 A
A4S Z71A)7) 2 methanole] ¥3HY BMMY wix]ollA] whul
Ze) yg F=31t. o™ methanol®] FX=el WE B-
agaraseZAJ ol &) o gFE wlwstr] & v 124 7knbe}t
methanol 0.1, 0.5, 1%%] 52 W& K310} wjjofe]
B ik S Bpste] wiof A, TA R 18
3led A A& AT, Methanol -5kl v &
A Wi FAI b whet b ] wiek 484 7HA &y
1.34~1.53 units/mL-& 23, H| FAF=E ODgo=
27~32¢)] T=23ldvt(Fig. 3). F7F methanole B2

<+ 67 kDa
<« 58 kDa

Fig. 2. SDS-PAGE analysis and staining of secreted recombinant -agarase in B pasforis transformants (A) and active staining of
non-glycosylated B-agarase after Endo-H treatment. Lane M, protein molecular weight marker; lane 1,4, secreted B-agarase after 0.1%
methanol induction; lane 2,5, secreted B-agarase after 0.5% methanol induction; lane 3,6, secreted B-agarase after 1% methanol induction.
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Fig. 3. Comparison of cell concentration and B-agarase expres-
sion according to induction of different methanol concentra-
tion in baffled flask of P pastorisipPIC-AgaB on BMMY
medium. Symbols: (@, O), cell concentration and extracellular 3-
agarase activity under 0.1% methanol induction; (M, [J), cell con-
centration and extracellular B-agarase activity under 0.5% metha-
nol induction; (A, A), cell concentration and extracellular B-
agarase activity under 1% methanol induction; (), intraceilular -
agarase activity; (J/), methanol feeding point.

o4 4 91222 methanol FT $7lol e FAEES)
7 H B8 vEAEg FU1E BYE 4 91 g
2, 7A=Y BASH (specific activity)S SR 3] B9
o, 2 zo]7} A b= AL 2 Wol(F 0.05 unit/mL/
ODsgp), 0.1%2] methanol FE2 % 13| 44210 L3S
FEAZR 35S 4 5 ook =3 3E AEd A=y
FFol A L3 E B-agarase= 40XI promoter? MFol s.s
9] 24 3ol QAR PP Y R Fu)gS s}
A, AE W EAFAL oF 0.02 units/mLE FAJo] A9
el BE FEZZNA oF 98% o]Ake] BH) &g (secretion
efficiencyys 29S¢ 4 3ich.

Y=gt B-agarase| HOFHAM ZA}

T 9] ANEF B-agaraseE AMESle] M-S 2V}
Aot ANEF B-agarased] BFFAL 45°Co|A] 447 B
5 o 70% AEZ FAE A, 50°ColM e w7t
oF 40|t (Fig. 4). E.coliolX U3F Az B-agarase
7} 45°C, 50°ColA] WzE717) 208 o] 8tdS 7hekshH (data
not shown), Pichigo|A] 23 % A=2F B-agarased] LA
AL i GRS & 5 9T, ol A=F Hhe
A8t hyper-glycosylationell 7]2l8l= A 22 gk}, A4
E A4 glucanase®} glucoamylaseS & R ejA] 8 A7
< 7% glycosylationel] 23 deA 7P B Holg)
tH6, 23].

ojAte] A2 AF3F B-agarase’s Pichia B R0l Al
AOXI promoter®} MFol Hu]A3E o] &3] §8- o=
P Eal ks, 8] Al9] glycosylationel] &Jsl A)=3}

100

80

60

40

Relative Activity (%)

20 -

0
00 05 1.0 15 20 25 3.0 35 40 45 16.0

Reaction Time (hr)

Fig. 4. Thermostability of recombinant B-agarase. After incu-
bating the enzyme in 50 mM TAPS buffer (pH 8.5) at different
temperatures [( @), 40°C; (O), 45°C; ('¥), 50°C; (L), 55°C; (),
60°C] for various time intervals, the remaining activity was mea-
sured under the standard assay conditions.

e A= FA S € 5 dddEh

2 o

Agarose®| B-1,48%S F-3N8= Zobellia galactanivorans
-2 B-agarase A AHagaB)x= EEZPHUIAL, 40X
(alcohol oxidase 1, methanol inducible) promoter 3}il
Saccharomyces cerevisiae mating factor alpha-1 secretion
signalMFo1)E 9743} MFal-AgaBE T-33loiw. 75
% plasmid pPIC-AgaB(9 kb)E Pichia pastoris genomeel|
HIS4 gene $1*]9l| integration3} 93 I, colony PCR-2 %3
215153}, Methanol 7} wilel|A] 15t 3AAAIE iodine
solution?] A7}l 23] red halosE E2™, P pastorisoll
A agaB®] 87 Fu] WS sl SDS-PAGES}
zymographic analysiso| 4] B-agarase®] A} oF 53 kDa
22 FAHEZSH, 15% F X9 N-linked glycosylation®)
ol k22 oF 4= 9lsdv}. P pastoris GS115/pPIC-AgaB2)
487)7} baffled flask culturesllX M| E9] B-agarase®] A2
722} 0.1, 0.5, 1% methanol®] fr=ol 2Jsl| 1.34, 1.42 2&]
I 1.53 units/mL2] A4S B}, diF-59] B-agarased]
AL AE YeljA] FAFRL, TR EEL 98%52m HH]
A1) glycosylationdl] 2}3] A= Z71= S0

LA 2

& A7 20083Pd e FwiEta Lubd 7A@ E;
2008AA195) AL o] Folh s}, A7u] Aol AL
=Ry,
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