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Abstract: Antifreeze proteins (AFPs) have a unique feature
to bind to ice nuclei, and are referred to ice-binding protein
(IBP). The AFP, expressed in the cells of some polar organ-
isms, controls cell damage in subzero temperature environm-
ents by inhibiting the ice growth and recrystallization. In this
study, recombinant LeIBP (Leucosporidium ice-binding pro-
tein) from the arctic yeast Glaciozyma sp. (former known as
Leucosporidium sp.) was produced in E. coli using a cold
shock induction system. The final cell density and concentra-
tion of the purified LeIBP were measured to be 8.2 g/L and 1.1
g/L, respectively. The thermal hysteresis (TH) activity of LeIBP
was 0.39£0.02°C at 13.25 mg/mL, which means that the scale-
up was successfully performed for the production of recombi-
nant LeIBP in heterologous bacterial expression system.
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1. INTRODUCTION
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Glaciozyma sp. AY302 = Hg| Zululx ot 2 LelBP (Leu-
cosporidium ice-binding protein)S £2]5}% 1L, o] WS
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[4-7]. LeIBPAYAFS 918ll M| =3t Pichia pastorisg ©]-8-31
300-L 5 9] wjoFL 435} a1, &= 0] (Thermal Hyste-
resis; TH) &4 0] 0.42°C2l LelBPE 0.3 g/LE XA Tt
[7]. T3t F= Ao Flavobacterium frigorisol| 4| -2 ¥l FIBP
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2. MATERIALS AND METHODS

2.1. EgAuE 9 P4 #F

A z2t thatoll A I E S 9l LelBPE Q1AW 6= F4 4
£ Glaciozyma sp. AY30 (©] A 9] &9 Leucosporidium sp.)o]|
A 4431, forward primer 5-CATATGCAGCGCGACCTCT
TCGT-3'?} reverse primer 3'-CTCGAGTTAAAGCCACTGG
CGGGC-5' (H|3HE 2O E Nde [9} Xho [E #2242 1
Al)E ©]-83to] PCRE 53l 5353}3Ith. LelBP A& o
& wl¥] Q] pCold I (Takara Bio Inc., Japan)Z A3t & 4 Nde I
3 Xho 12 e, Aelote] Zekan|EE 15515 4
At 43¢ E. coli BL21 (DE3) (Promega, USA)o| & A A 3HA) 7]
ct [6].

22. 4% =4

A Z¢ ) ++-S Luria-Bertani (LB) ) ] (2] 10 g tryp-
tone, 5 g yeast extract, 5 g NaCl )& AF-8-3}0] 37°Co| A
ZufjoFslict. Huljoke Wat A pH 72 Y3 modified Ryl
A (NH,),HPO,, 4.0 g/L; KH,PO,, 13.5 g/L; citric acid, 1.7 g/
L; bactotryptone, 10.0 g/L; yeast extract, 20.0 g/L; lactose, 20.0
g/L; glycerol, 50.0 g/L; MgSO,7H,0, 1.2 g/L; n]=g&H 4
5.0mL/L)E o]-&3tof =35k let [9]. o] wf nFaSdas
2] & & FeSO,7H,0 10.0 g, CaCl,2H,0 2.0 g, ZnSO,-7H,0
2.25 g, MnSO,4-5H,0 0.5 g, CuSO,-5H,0 1.0 g, (NH,)sMo0;0,,
“7H,0 0.1 g, Na,B,0;:10H,0 0.23 g, HCI (35 %) 5.0 mL7} 3
e = 2 A 23514 T IPTG (Isopropyl B-D-1-thiogalactopy-
ranoside, Elpis Biotech, Korea) £ ¢ 5= ¥ thal] & AA=FS
v w5k7] ¢3f, 7-L 2ha % (Kobiotech, Incheon, Korea)S A}
&5tk v ok Al AbEHE $18 71 & S L/minz2 F) 5}
At Al3E EE7}F ODgpo Zr 22 10219 o} 0.1 mM = 1.0
mM EEE [PTGE 93} 1, HjoF ©E2 37°Co|| 4] 15°C
2 Yol el §EE St9le. F SR 2] oS 919
30-L W& % (Kobiotech, Korea)o]| A 20 Le] modified RH}| %]
2 AFSIT, W oFS LBHA] 0.4 LS Ag-3hgich o
Hof| Abagw2 28 3715 25 Umin= FQ4sk3ieh U
=5 A8l ODgy 70l 79 A2 =5 2 off IPTGE F
Yo, Mo} LES 10T WRgrh WL ES W] §)
ol A]-2<3k= =% (Refrigerated Bath Circulator, JSRC-30C, JS
research Inc., Korea)E 0|83 Ha 7] 9= 242 (Cooling
Jacket) 2 Y& g0t L5 WFAH[8].

23. 249

Az g2 RS S5 919, DAL A 0
2 A 55 A Fslo] B8t = (optical density, OD)2} A 3 A
%% (dry cell weight, DOW)S 243}t 233w
(Ultrospec 3300 pro, Amersham Biosciences, USA)E ©]-8-3}

o] 600 nmof| 4| A3} 34 H wjgH O FE 5
ok A 2] 2552 g 1 mLE 13,000 rpmof| A 245
AR 5 542 28] A He)5 60°Co A 12047}
skl Aee 24 sto] Pavt. w2 o) w3l
7] 919 Q4 A Z AT ARE 0Dl 2 AlZ 5=
£ % 1 mLY vt H-S YA Eelste] wi A& A A kAL Al
EZkESK T 50 pLe lysis buffer (NPI-5; 50 mM NaH,PO,,
300 mM NaCl, 5 mM imidazole) 2 SEFs} 1L 15 pL2 S5}
o] 5EZF #2l & 12% polyacrylamide gel& AM-&-3}¢] SDS-
PAGE (Sodium dodecyl sulfate poly acrylamide gel electropho-
resis) A 5Flch & T A AR 575171 918l ODgo
=12 A2 =5 9 | mLY v Falof A At 4=535}aL
lysis buffer2 &ESE & 22l B47] (VCX750, Sonics,
USA)Z A EE 4°Cof| A pulse 35 %, 20+1 Watts, pulse on/off
=1%/5z29 2402 1087t 281} u}4) 5} Bradford]-
ol g-5to] Thil W 2 24akgch [10]
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LelBP| A A= il F A2 YA eh % lysis buffer= &=t
SEEXTEVEE Y EE RS LY R
A4 Hasto] A5l 33 3 Protino Ni-NTA agarose
(Macherey-Nagel, Germany)Z 274 % A H-2 NPI-5 (50 mM
NaH,PO,, 300 mM NaCl, 5 mM imidazole)= ¥ & 3}5F & Ak
SHS FQste] LelBPE ZAEA|Z T NPI-30 (50 mM
NaH,PO,, 300 mM NaCl, 30 mM imidazole)2 ©]-&3}o] A%+
2] o= i AS A AT %, NPI-250 (50 mM NaH,PO,,
300 mM NaCl, 250 mM imidazole) 824 © 2 Ni-NTA agarose
oF A3t LelBP Thel -5 §-Z51 3l th A A ¥l LelBP thal 2l
L8 10-K cut-off Amicon Ultra-15 D (Merck Milli-
pore, Germany)E ©]-&3}4] F=3t & 20 mM Tris-HCI (pH
8.0) -9 © 3 g0l HshA T} [11]. 2 chal 2 o] 3
4& THE 574 5to] glstqitt. THEA S AAE §He
3] 415} Nanoliter Osmometer (Otago Osmometers, Dunedin,
New Zealand)E ©]-8-5}o] 4 5+3ch [4]. J A E LelBPE 7}
7} 0.27,0.66, 1.33, 2.65, 13.25 mg/mL 9] 5= 2 3|4 5}o] TH
A5 3N S A5G THEHV & Yotk 7] 918l Nanoliter
Osmometero] AFE-E= A& Z90]E (7Tmm x 7mm x 0.75
mm)2] ulAF (27 0.35 mm)o] LelBPE FEH 2 1.5 puL

AT GHE LES Wil HAY ALAL HE
LEE 002°C/min $EE 2AFe] HLHT o] LHS 2
Aok LAl JBFOEN THEHS ZHsct

[12].

3. RESULTS AND DISCUSSION

3.1. %4 =& FIPTG 0.1 mM3} 1 mM X 2] A] g
29 A4
AYUA A LelBPS A4TsL7] 913) IPTG 571 0.1 mM
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Fig. 1. Time course of cell growth by dry cell weight. Cells were
grown in a 7-L jar fermenter and expression of LeIBP was induced
by addition of IPTG (0.1 or 1.0 mM).

& I mMo| B 747 FQlsto] A 23 A+t A&
I} chul ] YA B sk Qict. Park et al. (2012)0] wh=H
LeIBP Tef 2 & 918f) IPTGE | mM 5= & AHE-5FG L,
Jung et al. (2014)0] &f3lf - AW A el pgAFPo}
Do et al. 2014)0]] &5 FAIBPE uH-<- 918 22 | mM )
T2 IPTGE A3 T) [5,10,13]. Larentis et al. (2014)2]
LigB AJAF A 4Lof k2 W, IPTG L& 0.1mM, ImMZ 4| €]
P& ), 4N AL = (DCW)= 2H2F 1.6 /Lt 1.3 g/L
o] 31, LigB gl 2 o] AAFF-2 747} 288 mg/L e} 221 mg/L
O] AT} [14]. Jones et al. (2016)2] Ao w=H eriodictyol
AABHE 2AS 93] PTG 252 0.1 mM, 1 mM& 7+2F 3]
2BF AL, 6A17FS- 0.1 mM=Z A 2 35 off oF 1.68 =2 At
A& Uehych [15]. o & £ IPTG 2% 0.1 mM= A 2]
stol ZWHATH A LelBPo) A4S 2435195, 1 mM
2 Aot A4 9-of vtk 2 gt Al s
=2 g gg Y ZAxZEZEo 2 18t A7 PTG 0.1 mME 2 2]
oS o HE = - S0A| 7k 2 E T 18.7 g9 Al E sk
of =EslSIth IPTG | mM2 A 2] 3t v o O] A| £ 5=k
o 2.44) 2 gLe WA (Fig 1). &L PTG 557} A%
S Adfidte Ao 2 s A E Tt [16]. ZF AIZPE A &S A
F|5ko] ODgo=12 A2 55 B 1 mlo] vt o A4 &
2]5lo] SDS-PAGES =33t 21} = 3¢ & 4d F= 6
AJZF 358 24 kDa F-2o]| LelBP7} P4 = A& &elst
11 IPTG 1 mM=Z A g8t w2l o] si =7} [PTG 0.1 mME
A2t Arch Mg P4 Hloh (Fig 2). o] IPTGE 1
mM FE 2 A2 3E wfofl IPTG 0.1 mM A 2] 4L 2o} T Al
s chul o) Wb = (LelBP/eell)o] a2 Hof . o
A ArES vk 918 24470 X F Al mE AAISHA AL,

4 5 6
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Fig. 2. Expression of LeIBP by recombinant E. coli BL21 (DE3) at
different IPTG concentrations. The expression of LeIBP was visua-
lized using 12% SDS-PAGE by running the pellets obtained from
the culture of 7-L fermenter. (A) IPTG 0.1mM treatment. (B) IPTG
ImM treatment. Lane M, size marker; lane 1, 0 h of induction; lane
2, 6 h of induction; lane 3, 15 h of induction; lane 4, 27 h of
induction; lane 5, 39 h of induction; lane 6, 50 h of induction.

Total LelBP concentration (g/L)

0.1mMIPTG 1ImMIPTG
Concentration of IPTG

Fig. 3. Effect of IPTG concentration on the production of LeIBP.
LeIBP was purified using a sample at 50 h after induction and the
final concentration was determined by multiplying the ODg, value.
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Fig. 4. (A) Time course of cell growth () and LeIBP concentration
(LJ) using a 30-L scale fermenter. Recombinant E. coli producing
LelBP was grown at 37°C for 14h after inoculation, and then the
culture temperature was changed to 15°C with 0.1 mM IPTG addi-
tion to induce the protein expression. (B) Expression of LeIBP was
visualized using SDS-PAGE; Lane M, size marker; lane 1, 0 h of
induction; lane 2, 6 h of induction; lane 3, 12 h of induction; lane 4,
24 h of induction; lane 5, 48 h of induction; lane 6, 72 h of
induction.

LelBP / L)©.& 34l A] IPTG | mM2 2] 28-S wjxc} 0.1
mME 42 3% 490l F Bl Aagol o & Aoz
EA A tt (Fig. 3). ©]+&= Larentis et al. (2014)2} Jones et al.
(2016)0] ©J3] A= IPTG 0.1 mM& A 23 A9 1 mM=
He)e v nek A E 5w v Aol S7hsts A%
S} 1At [14,15], o &l3h ATk ZWHA|Th A LelBP

= Ao] IPTGE] AHE-3S Zo] WA 5 Al thaf o] 4)
& FYA2 5 982 olu gt [15], W) Al

I mMO] IPTGE 728 497} A9 9] a4
£ 0.1 mMe] IPTGE A28 497} 7] uj o] 7]
H.9] AF oA 0.1 mMe] IPTGE £¢J5% ot

Concentration (mg/ml)

Fig. 5. (A) Purification of LeIBP obtained from 30-L jar fermenter.
LeIBP was purified using a sample at 72 h after induction. The
purified LeIBP was visualized using SDS-PAGE; lane M, size mar-
ker; lane 1, 0.07 mg/mL; lane 2, 0.13 mg/mL; lane 3, 0.27 mg/mL.
(B) Thermal hysteresis activity of LeIBP. The LeIBP concentra-
tions are 0.27, 0.66, 1.33, 2.65, and 13.25 mg/mL. Measurements
of TH activity were carried out in triplicate.

3.2.20 L Wi gl 93 23R a9 o P4+

20 L] modified REf 2| of| A A 23} o<t &f AL 5=
A = 5 72474l HEE A2 25 8.2 g UEFSL
tF (Fig. 4A). Z} A7 Al 25 A F510] ODg=12 A 22 &
T2 9 I mLo s i A Eefsto] A2y ddH 5
ol A1 €S Bradford® 0. 2 243519 1, SDS-PAGEE 4=3)
sto] LelBPO] & & eIkl (Fig. 4B). 'Wd = 5 72
A7 g o 2 BE A2 ot e ehe] 23k
712 A5 9h4 3t & Ni-NTA agarose 2 # S 0|85}
A% LelBPO| Tl = 2T 1.1 go & YERHTh
(Fig. 4A). Park et al. (2012)°] 9]t A Fof w=H, LelBPE
Aarstz) 918 1218 9] LBEjA| oA 2= i<+ BL21
(DE3)2 vl oFa} 9 2L, pCold I A| A Bl o A 1 mMe] IPTGH- =
£ &9l ¥ BAH LelBPO] ©hil A 5= = 2 E Y 24.5 mg
o 1t} [5]. T3t LelBPO] tf FA8AbE 913l 300-L o &2 = uf
OF3t Lee et al. (2012)9] Aol w2, 22 $J3} Pichia
pastoriss AH-&-5H31 AL, pPICZaA Al |l of A W gk o] {/-7F
A wjorS ) A AE LelBPS] S5 lE 5 03 g0 2 1
ASFRT [7]. thE A A S o] A9, Kim et al. (2015)
o ofsf ¢+ FABP= A 22t At ol A pCold T Al A8 &
ARg-8Fo] 30-L qF R = AR QI3 A A E FABPE 28
0.42 ¢ =53} T}, 3t Pichia pastoris©l| 4| pPICZaA A 2~ El
= AHEsto] 7-L R 2 s FRlS o) A A FIBP= 2 H S
75 mg= H st [8,11]. & Aol A A2 o]
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43}o] 30-L 2 AASHe] A LelBP= e 1.1 g
S VPR OE, A} o oF A 9] E9 pH, IPTG A A &
S i 7ol 2 A3 Hrhd Tl Aibo] o o
AO& difE|o] 3% oo tgt &4 A aQlE5S HAst=
AL7F ekt [17].
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[18]. FA| ¥ LelBPE 5= 2 3|4 5}o] THZ/J
Stk B sl 271842 THIHO| 27159l
13.25 mg/mL9] FX oA THEES 0.39+0.02°CE YEFGETE
710 Bare Az thAatol A AY4bE LelBPo] X|of g
4321 0.43°C U P, pastorisol| A 300-L {22 v} oFE of vhg
Fl LelBPO] Z|tff Z4J <1 0.42°Ce} A 9| f-ARRE b3 YEt
et (Fig. 5) [5,7].
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4. CONCLUSION

2PgATEe dg Ao 27 4L dAlste] of
HE 3 Byo] 9lo] Jote] 2w HAE L Ao
2R Aofolt AR ot steta 2K 0] BelH &
A& Zol AL AT 4 Q1Y) T Ro] o2 AU HOE g
o171 918 ek el el g ol siel ) %3

A X Glaciozyma sp. -3 2 LAl 2 LelBPE
Y4 BL21(DE3) 4322 o]él atod, 7-Le} 30-L TR Hy
ol A B SRS A1 PTG

247 0.1 mMI} 1 mMO] =2 A 25l9 1, I mMe] =2
11?49145 ok 0.1 mM=Z A 23l Eﬂ1 = Al FEet
199 Z71%] LelBP AAH4 € 2.9{eF. 30-L 3ol 5T 2 o) 4
modified RE| A| S A}&-3}o] IPTG 0.1 mM =2} 15°C A=
SEso] QARG A7} THEAS 039°C, Tl A4 L 11
gLe etk B A7 Ans Axd 29

xH S ?‘ﬂ—

LeIBPY] e AL-S 913t 228 2-galwl g3 U AJA
W9 of 27 5 83 250 HHSE 3 A4
SU7t s Ao Z 7 Et

Acknowledgements

B AT A ed B FAATL (AR
PEI7100)2] 2] 91 o} =3 =] ¢ 0.1 o]of ZhA= L] .

REFERENCES

1. Jia, Z. and P. L. Davies (2002) Antifreeze proteins: An unusual
receptor-ligand interaction. Tiends Biochem. Sci. 27: 101-106.

2. Ben, R. N. (2001) Antifreeze glycoproteins-preventing the growth
of ice. Chembiochem. 2: 161-166.

3. Venketesh, S. and C. Dayananda (2008) Properties, potentials, and
prospects of antifreeze proteins. Crit. Rev. Biotechnol. 28: 57-82.

4. Lee, J. K., K. S. Park, S. Park, H. Park, Y. H. Song, S. H. Kang, and
H. J. Kim (2010) An extracellular ice-binding glycoprotein from an
Arctic psychrophilic yeast. Cryobiol. 60: 222-228.

5. Park, K. S., H. Do, J. H. Lee, S. I. Park, E. J. Kim, S. J. Kim, S. H.
Kang, and H. J. Kim (2012) Characterization of the ice-binding
protein from Arctic yeast Leucosporidium sp. AY30. Cryobiol. 64:
286-296.

6. Lee, J. H., A. K. Park, H. Do, K. S. Park, S. H. Moh, Y. M. Chi, and
H. J. Kim (2012) Structural basis for antifreeze activity of ice-bind-
ing protein from arctic yeast. J. Biol. Chem. 287: 11460-11468.

7. Lee, J. H,, S. G Lee, H. Do, J. C. Park, E. Kim, Y. H. Choe, S. J.
Han, and H. J. Kim (2013) Optimization of the pilot-scale produc-
tion of an ice-binding protein by fed-batch culture of Pichia pasto-
ris. Appl. Microbiol. Biotechnol. 97: 3383-3393.

8. Kim, E. J., J. H. Lee, S. G. Lee, and S. J. Han (2015) Pilot-scale
production of the antifreeze protein from antarctic bacterium Fla-
vobacterium frigoris PS1 by recombinant Escherichia coli with a
cold shock induction system. KSBB J. 30: 345-349.

9. Han, S. J., S. Cho, K. Lowehhaupt, S. Y. Park, S.J. Sim, and Y. G
Kim (2013) Recombinant tagging system using ribosomal frame-
shifting to monitor protein expression. Biotechnol. Bioeng. 110:
898-904.

10. Do, H., J. H. Lee, S. G Lee, and H. J. Kim (2012) Crystallization
and preliminary X-ray crystallographic analysis of an ice-binding
protein (F{IBP) from Flavobacterium frigoris PS1. Acta Crystal-
logr: Sect. F Struct. Biol. Cryst. Commun. 68: 806-809.

11. Kim, E. J., J. H. Lee, S. G. Lee, and S. J. Han (2017) Improving
thermal hysteresis activity of antifreeze protein from recombinant
Pichia pastoris by removal of N-glycosylation. Prep. Biochem.
Biotechnol. 47:299-304.

12. Chakrabartty, A. and C. L. Hew (1991) The effect of enhanced a-
helicity on the activity of a winter flounder antifreeze polypeptide.
Eur: J. Biochem. 202: 1057-1063.

13. Jung, W., Y. Gwak, P. L. Davies, J. J. Kim, and E. Jin (2014) Isola-
tion and characterization of antifreeze proteins from the antarctic
marine microalga Pyramimonas gelidicola. Mar. Biotechnol. 16:
502-512.

14. Larentis, A. L., J. F. Nicolau, G. S. Esteves, D. T. Vareschini, F. V.
de Almeida, M. G. dos Reis, R. Galler, and M A. Medeiros (2014)
Evaluation of pre-induction temperature, cell growth at induction
and IPTG concentration on the expression of a leptospiral protein
in E. coli using shaking flasks and microbioreactor. BMC Res.
Notes. 7: 671.

15. Jones, J. A., S. M. Collins, V. R. Vernacchio, D. M. Lachance, and
M. A. Koffas (2016) Optimization of naringenin and p-coumaric
acid hydroxylation using the native E. coli hydroxylase complex,
HpaBC. Biotechnol. Prog. 32: 21-25.



SF Z4H|H}X|CHEH

||_—|

A2 0|25t B2 51 Glaciozyma sp. 2l =

cH

o

z 305

LelBP2| Pilot-scale AiAt

16. Malakar, P. and K. V. Venkatesh (2012) Effect of substrate and [IPTG
concentrations on the burden to growth of Escherichia coli on gly-
cerol due to the expression of Lac proteins. Appl. Microbiol. Bio-
technol. 93: 2543-2549.

17. Ruffoni, B., L. Pistelli, A. Bertoli, and L. Pistelli (2010) Plant cell

cultures: Bioreactors for industrial production. Adv. Exp. Med. Biol.
698:203-221.

18. Griffith, M. and K. V. Ewart (1995) Antifreeze proteins and their
potential use in frozen foods. Biotechnol. Adv. 13: 375-402.



