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“EKylation” S0 P ii HL PR 8 FH AL b

gRE", 6B, KEF", FELC
O REAFAKEMEEMHEFIR, RE 300072; > REZAFARENBEALEELLRE, HEHAKETFR
AR B, KE S 300072)

WE: HUKRER (antifreeze protein, AFP) 2—RBUIIEKEUENHIREKSHBUNHIKRERKNEDKS
T, IizohTikibez, EREMENENSEMARRDULSEEEENE, TE8RSFFE. KEEZRE
BEYRASMGES ZNE, FASEEAFPEEEBMRMNE. AHRFM “EKylaton” HREXIEEHEZ
HAE (Typhula ishikariensis) SEJBEHIAFP (RCSBID: 5B5H) FFRD FHUEWR . EFMitEFShAA0BE B
HSEORRBEMNS, BREBFZR(EK), ERBIKE SBSHNNIHEAE, SRR FRENEEHEH
5BSH-EK SREMIFIFIAE, Pl EMREFAERUEF27.8% . D FaNNSEEIH—5187 SBSH-EK UK RES
FAREENT, BEEERNMEIKRERENIKREEEE, REKDFHMERERN “‘FEikok” £,
ZE AR IS T S IR E B R IMEIE M M FUR R T 3588

Xi@iF: EKSHKBINREE (EKylation); FUAER; MEBETSHK; RiEt; 2 TFEih3EHl

FESES: Q81 MEktrEE: A

Engineering fungal antifreeze proteins through “EKylation” and its

mechanism analysis
CUI Zhongxin" >, WANG Yi', ZHANG Lei" *, QI Haishan' *

('School of Synthetic Biology and Biomanufacturing, Tianjin University, Tianjin 300072, China; *State Key Laboratory of
Synthetic Biology, Frontiers Science Center for Synthetic Biology ( Ministry of Education), Tianjin University,
Tianjin 300072, China)

Abstract: Antifreeze proteins (AFPs), a functionally unique and diverse class of biomolecules, possess the ability to
depress the freezing point of aqueous solutions non-colligatively and inhibit the damaging process of ice
recrystallization. These critical activities stem from their surface-adsorption mechanism at the ice-water interface,
preventing ice crystal growth and maturation. Consequently, the strategic development of novel AFP analogues
exhibiting significantly enhanced activity and stability represents an area of substantial research interest and practical
value. Herein, we introduce and implement an “EKylation” strategy designed to rationally engineer the AFP (RCSB ID:
5B5H) derived from the freeze-tolerant fungus Typhula ishikariensis. This approach specifically leverages the charge-
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tunable properties inherent to zwitterionic peptides to modify protein surfaces. We chemically coupled the synthetic
zwitterionic polypeptide (EK),,, comprising alternating glutamate (E, negatively charged) and lysine (K, positively
charged) residues, to the N-terminal structural domain of the wild-type 5B5H, which yielded the recombinant
conjugate, designated SBSH-EK. Comprehensive biophysical characterization revealed that the SBSH-EK conjugate
exhibited markedly enhanced structural stability compared to its unmodified counterpart. Crucially, this conjugation
strategy led to a significant functional improvement, with the modified protein demonstrating a thermal hysteresis (TH)
activity of 27.8%, representing a substantial enhancement over the wild-type AFP. Further insight into the molecular
basis of this activity boost was gained through molecular dynamics (MD) simulations. These simulations indicated that
the core ice crystal binding surface architecture of SB5SH-EK was largely preserved. Therefore, the conjugated
zwitterionic chain significantly augmented the protein’s inherent ability to inhibit ice crystal growth and bind
tenaciously to the ice surface. Analysis of water dynamics near the modified protein surface suggested that the (EK),,
chain promotes the formation of an extensive, short-range ordered hydration shell, effectively structuring interfacial
water molecules into an “ice-water-like” layer distinct from bulk water. This engineered interfacial hydration likely
contributes synergistically to the enhanced TH performance by reinforcing the AFP’s anchoring to the quasi-liquid
layer and facilitating greater surface coverage. In conclusion, this study proposes a novel and effective protein
engineering strategy, utilizing zwitterionic peptide conjugation (“EKylation™), for generating highly efficient antifreeze

proteins and informs the rational design of next-generation, environmentally adaptable antifreeze materials.

& 5BSH

% 5B5SH-EK
| I |
0.5 1.0 1.5 2.0
Concentration/(mg/mlL.)

Keywords: EKylation; antifreeze proteins; zwitterionic peptides; thermal hysteresis activity; molecular dynamics

modelling

PLiZxE A (antifreeze proteins, AFP) & —
BA MK SR DR M AR o+, 20
TE BARIR A  AEAA N, S i
R R g A A . T AL
SR Y Ui R E SR TR (TR A R P DU o e
BT UK SR 3R T, H R UK d ARG S B4 L 3 T Ok
A AE A VR AR . AFP @I vk 4 A
(ice-binding face, IBF) 5K & & 4% T fle & B Y
“, R UK-K S B AR, SEILEA TGS B)
772 B XU I 3 Y, AFP B AT JE AR B0 F i

N (non-colligative thermal hysteresis) , HJ [ {i%
UK T AN B W A5 5, 3K — R M A L AR AR TR A 4 2
B AR RS P FERI T, AFPEY R E
ZAGUR: BB B T O W R A A T
D UK AR Y AR B 2 TR D OR A 4R 2
Mo PR E R R RCR T R RR
i I R AR s AR B Y IR A T
i op T 25 B UK R A LA e

SRR AFP LEAICIR PF 58 J It — & i 4t
RIS TR, ARLE S bR SR AT I 22 BR 1) D R
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IRPUR B R, R PUR B A0 UK A 2
WA BRI AN BEAR . MPIE E A R
HE AR R A0 ) K A S P, (H R A T PR L
2, T I PR B 5 ) B AR BT OR B UK A
g5 bn s VEA NS AR . TR B B PR B O ) R
T T A UK O A R PR A TR KR, A
—ERTEA A . YR AR A T TR S R
1k APF UK B 45 & TH 8 T EAL R TH R SR AFP 114
S e T 0l R R SRS R, A R R R
AR AR FH R R L S LR 7R e 2 5 T Pk
H5K 4G, AR RALEE 2 38R G
PETRE S 25, PUkE AR SoE oy = R Rk
TR IEE, TEW R R R IR b # v E
T T 50% LA b, BRESTE AR MR IR FEAEY
EEYE . YR RAPURE AR RS A,
APYE IR R G VK G AR, EIL AR A
BEEMPLHRENE, EASCEHRE A EARENY
PIRTEE T, 8 oK &5 & 47 s ok 48 i i i
PE Yo B bR W OV I R AE T B R Z IR A
TERGHE M, R T B — DR AR R A SR T
P I P SO TV

EKylation 5% fi5 75 Ty it &5 H 1 C I 2L N i 3%
PR T 2 K EK, 7E 8 (0 TR 4003 i B HE
ReRIR S, RE AR IR AL T B % 1 72
BWAR P PR T2 IR HL A BN T RE K B))
oy F IRV L AC IR, AR 8 SR T T Bl A& W 45 45
o, dE R [ A B R KV 3 R R S A R
E M. ARG A B VA AR, EKylation
TEOR TR B B & 45 M FeoE I [ i ik — 2D 52 ot D g
G P40, Bkylation X 2 R R B . A WL K
ik TR R R v IO 2% 5 T BB B 1 R AT RO R, TR
S AN A= AN il o e S Bl I R
P BN P BN F S BUAE R, AFP AEVK S 45 &
MoK S HPURiE AR R ™, BtsE K
B UK i 45 & T A B3R TE AFP 50K I 45 & fe
7. % TR, EKylation A (i TREH2 4L T 5
FWG, XF AFP UK &h 45 & T WA B4 T ik B B
T MGG o

A 78 38 ik EKylation 5 W& X 5 J6 955 1% B 1 41
R EE (1 SBSH M AEVK & 45 & T HEAT 20 T oo, 140
TGRSR R E M, R R L.
2%, FJJH Robetta 1) 2 7 (EK),, S § J5 SBSH 1) 4%

B &5 1, FFxr H AR e it L R B WHAT T 24T,
RIBUE J5 Mt g e, fifs, ikl 7
oS S SBSH, K13 1 40 BB 95% 1 R F TR
il Microcal VP-DSC HLi sEE R B, £id EKylation
oI J5 1) SBSH g 1w B o . it — 2RI A 1
715 (molecular dynamic simulation, MD) %
OIS HI S PO B A OK S R T AT A A AT &
Wb, 38 I B T SO S B R 0K S A T
G KRS E 1k DAL A T K o3 1 B S8 7 i AN 25 5 e
JIRI, 53 B0 R 5 e LUK & 45 & T 2 R
BPiAREASIKRENEGRRSH 7RI, Xg
TV S = R B R T S

1 LSk
1.1 EHRSE

W JE A% B B LR R 1 SBSH 17 81 HEA T 250
Tk, FEAE 50 A 3% 53 0 51 N Nde 1 #1 Hind 1l
PRI N VI f . B S, R IX SRR S (17 51
S B pET-28a 8 M4 i, DA B RARPUIR Rk
AL, K (BKO,, /7 %14d A\ E SBSH [ N ity, R84
1% J5 0% & 1 SBSH-EK iAok, iR 4E b
S MER A SE . TS SOE TS PR S R
R 1 g N A2 UK I 1 8 52 25 K i F B 4 i o
BAJEHE T UK 30 min. Pl H A FE (43 °C
K90 s) FHIRNEAE . 4, I 800 uL ik
F LB 97 3, £ 37 °C F LA 1500 r/min 1§ %
45 min. FEJE, #5200 pL () O AL 4R S AT T &
A AP R LB FE AR b, brid 5 3 B R 5%
12~16 ho IS PR B V& IF 4T PCR 1S SR 46 E
AL R . I N 2xPower Tag Master Mix. 5| #)
(F 1 MWK JE AT PCR  (polymerase chain
reaction) XV o FE YK 2> BT AE A 0.15 g B AR A A
15 mL TAE FC il %k, n N\ DNA Y4 klj5, 4 PCR
FEW) A DNA marker [ FE. WS R THAE
BER R M B A MRS, AT, T
SE A RS 5 I 2

1.2 NASEERESSBEMAW

¥ 5BSH Ml SBSH-EK J [ T F% B bk 2 Fh T &
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x1 5lWrEsl
Table 1 Primer sequence
EHAK 5% 51 4 FF 41 33 51 M0 5
5BSH TGGGCAGCAGCCATCATCAT TGGTGGTGGTGGTGCTC
5SB5SH-EK GTGGGCAGCAGCCATCATCAT TGGTGGTGGTGGTGCTCT

LB R MHE M, T 37 °C. 220 r/min 35 % 15 7
16 h #4736 4 o HU 1 mL B 91 % 42 22 97 6 LB 15 7%
e, k8RB 3R E 0D, 1% 0.6~0.8, M1 0.8 mmol/L
IPTG T 16 °C. 180 r/min fk i 1% 5 24 h. KL
4 °C. 9000g & 0> 10 min YL 5, PBS i (pH
7.4) VR JE, RAMAEEAC CTAER 3 o/aIk%
58) TEVKIB AT T 2R, M IRE 12000g 5
015 min KA EIE W . 18 AKTA Pure R 44T
R AL K IR 20% LB . S5 A R
(20 mmol/L B E24%4, 500 mmol/L NaCl, 20 mmol/L
Bk, pH 7.4) °F #5 Ni-NTA #, LEFEJE L&
500 mmol/L K P (14 3 Jit 22 i i 3k 47 28 14 8 182 e i
(0~100%, 50 min), Y& UV280 il ¥ &5 i .
] BeyoDesalt™ G-25 Spin fit £ 4% H I\ 22 i 7 7835
M, BIRZ2mL, FRAEE Rl A it A
B Eh AT S, PRI MR A e, EE P
PR 3~4 %, i 12% SDS-PAGE HL kI iE: A i
5 Laemmli Z /W % 4 1R &, Wh/KIBZ M
10 min, HLUKEH SHE i R-250 442 h, i oyl
A EESEW, {#H ChemiDoc % &2 4tid K H
KB

1.3 HFEEHNE

Bt AFP %5 B T 45 6 HE b A, JiCE 7 AE S R
o, PRI S . %&FE)E, PL1.0 °C/min
(A T B R R IR PR IR 2 —40 °C, ARG THE S

20 °C, 5 %6 % -40 °C, 315 AFP [ 4% b 48
(AH) FUER (T). ¥4, M-40 °CEETHE =
FEfR ZNERIR GYPIRES, FONGREIRE (T,
15/ 5 min, fFUKE AR, FORIRE T, K
F-40°C, HEE LRI, CRFEMNS R GE
JE (T, #iETE (TH) ARBIRE S5HE W4 R
RS IR IR B 250 B, sl (D

TH=T, - T, (D

1.4 Robetta FilIEBZEEHY

1§ F Robetta 7E2& 1 & (https://robetta.bakerlab.org/)
X B 1 SBSH K it 45 A SBSH-EK ) 4% 8] 45 1)
BEAT TN =7 ¥ S, HRHK SBSH A1 SBSH-EK [
BERFH (K2, FFKHIEA % Robetta 1 5 #EAT
SER TR . Robetta V- & F FH [F] s @2 455 77 7%, J@ it
BEXoF 0 245 ) 1 [ 2 1 o A AR AR, IR g
i /MM — BTN 254 . K H Robetta 1 &
] “full-chain” T .

1.5 KRS FaIHFE

i3t GROMACS 73§ 3) 77 2540 T X (EKD,,
SBSH 1 SBSH-EK & [ HEAT 100 ns 94 73 /1 2 4
L, DUBF 90 3 78 K P I AR T Ko Bh AT
R e, T gmx pdb2gmx i A pdb
{86 AE R gro U, {3 ] TIP3P /K AR 70 A Dy i 71 A6
A, CHARMM 1E R1EH 7137 . it gmx_editconf

2 SBSHM SBSH-EK & #2751
Table 2 Amino acid sequences of SB5H and 5SBSH-EK

i

Egdl

5BSH AGPTAVPLGTAGNYAILASAGVSTVPQSVITGAVGLSPAAATFLTGFSLTMSSTGTFSTSTQVTGQLTAADY GTPTPSILTTAIGDMG
TAYVNAATRSGPNFLETY TGALGGKILPPGLYKWTSPVGASADFTIIGTSTDTWIFQIAGTLGLAAGKKIILAGGAQAKNIVWVVA
GAVSIEAGAKFEGVILAKTAVTLKTGSSLNGRILSQTAVALQKATVVQK
SB5SH-EK EKEKEKEKEKEKEKEKEKEKEKEKEKEKEKEKEKEKEKEKAGPTAVPLGTAGNYAILASAGVSTVPQSVITGAVGLSPAAATFLT
GFSLTMSSTGTFSTSTQVTGQLTAADYGTPTPSILTTAIGDMGTAY VNAATRSGPNFLEIY TGALGGKILPPGLYKWTSPVGASADF
THGTSTDTWIFQIAGTLGLAAGKKIILAGGAQAKNIVWVVAGAVSIEAGAKFEGVILAKTAVTLKTGSSLNGRILSQTAVALQKAT

VVQK
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4, A% 10 nmx10 nmx 10 nm J& AL & T .
A 500 kJ/Cmol-nm) Ay g & i /MMEISLEL, 0.01 A ]
WG KEATREE RO EE, DLEBRAEFIELER
TR RAGENE . WG, #TNVT DR73
(N RO GRFEECD ] MNPT R H(VD &
) VRECD ] P B, LR IR R AE 298 K
AI10° Pa )26t FIEBIRE IR . Pl fE 5 il e
HEATALA, BN [ B R 50 ns, BEAT S ICFAT
B EE, FEE I AR Sk R RS EdE .

1.6 IKKIRES FRHZEEN

BT K H TIPAP/Iee # MK 3 | UK 450 5
WAKILGFMRRER R, EBKOKRES R
FEUIEA b, PR E A E TUOKR I, MEE
H-0KKE &R, IFd@idRe &M NPT & 45
AT R R AR RIARE . B, 147200 ns 1)
1R, GRS UK KA OL, aF
ITSCFATHR M E R . JFd T sl #dl, I A
Umbrella Sampling i1 % & 1 5 K & 1 45 & H i
e o R AL 2 S B B S, Python
£, MD Analysis 715 & 8 75 iy 7

2 HRHWE

21 EEBEENAEESIRNRRELES

SBSH &5 #4222 B — /N K I A4 E -1 e 45 4 35k
A— NN K o- B e AL, B-3T B L5 Mg i /s A
WBHR, e R =TT B-A (Ha. bAl
¢) Al—A= M. X 64N iefie i % p1-p6-B
5-B4-B3-p2 M7 AN HES, L, ZIREERN
Ui A1 C o 7E B-Fr S A LA “ 1 R AHIE” 15 UM
A5 [ 1(a)]. Robettare—Ffdk T £ REH T
P E ARSI T, 458 T B K
(homology-based) FIALIR Jo K (ab initio) Bk,
W T R B SR R AT S TR FUAE C
Uit AN 3 3E 4T EK &4 %4 SBSH H & 25 R 52,
i# T Robetta ¥ & 43 5l 6 7 5 1) 23 (0] 25 R E AT 7 T
W, G5B 1)) iR

] Fl GROMACS 73 78 1SR &, R

BLvR B (A 5BSH J% e C 3 N s & 4 EK 7E 7K 36 35
g taE v, I e (gyration, R)
%% J7 M W Z  (root mean square deviation,
RMSD) X} H fa e 1 47 240 70 b o B4R A
CHARMM /137, ¥ & A8 TR0 H TIP3P KA
AU, NI 10 S Natfl 144> C1-PLZE Rk 2 H rp
HEJFEFXEAEERgm. & aeERNM.
AT (NVT 5 NPT) LK 50 ns 4y 15 F7 244
L, CAALRSE B0 R S AR P . E SBSH (AR
P, R AEEEA B R R RIS AR E, T
BIMEZ8 1.7 nm, (ELERAUG R BLER s, R
HEOSHREEAMERS [(F1d]. XKW
SBSH B A 45t AR —Efa e, (e RHE 5%
VR, R S H R XA . M,
SBSH (Nuif&ifi) iR EEAEE NFE, HIESE
SR RE g s N, RS AR E N
fae [E1(e)]. R SBSH (Cuifgifi) R, A F
7F 2nm % 3nm 2 (8] 2l , UE B 7E C %56 1& 1 EK X
SBSH B F B KM [E1(H ], SBSH (Nui&if)
() RMSD B 7E BB BeAR A T SBSH IR 1A 217 F2
RE, PHMERNOIIam [E 1Mt ], R
5B5H (C¥if&ifi) A RMSD 1 & B 45 K i ik 51
[E 1G], #—BUE T Cum & EK A F] T SBSH
Mgt ffae . ik, 76 N f&i EK H7E C g
i EK B R T SBSH 1 H & e, H &
SBSH-EK (N Uif&Hf) 75K 5L o 16 4 R i G Af
T SBSH B fnfa e .

2.2 EHEEWAEARKEMRREERER

Ui & EAFLE T Be 08 78 A o 30 55 v AR A7 1 AR
PR, MR B B ML SR AR B R AT . R
5V L S AR R S I R A B S I
T U6AIE SBSH ) SBSH-EK fIThRE, MEE T AN F
REAR, W H AR 5 KA # BL21(DE3) H
HATRIE . TG T SBSH Ml SBSH-EK 3 [A
B, 08 Hooy i 5 B 2 pET-28a (+) 3R IE #H Ak
L 2Ca) ], H2535 ¥ 5 40 o R % A &2 Kl #F 18 BL21
o N T TRIE IR AR E RIS R VR, (ERE IR
IR R AT W VR L, S bR IE
SFAFALAT B AR RS s HL DAl i Rk .
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(b) SBSH (N#if&Hi) 7% (] 451
(b) 5B5H (N-terminal

(a) SBSH SUE A7 s 4R 5T

(a) 5BSH modification site exploration

modification) spatial structure

(c) SB5H (Cuifgifi) =45
(c) SB5H (C-terminal

modification) spatial structure

1.74 1.89 3.5
172} 187} 30F
& 250
= 168t = 183F = 20F
1.66 1.81F 15k
]'(4 | | 1 | 1_79 1 1 1 1 d 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50 1000 20 30 40 30

Time/ns

Time/ns Time/ns

(d) SBSHKIABL R M 453
(d) SB5H aqueous environment R,

simulation results

0.18
015F
Eo12f
Z0.09f
&
0.06 |
0.03F 1 1 | 1
0 10 20 30 40 50

Time/ns
(g) SBSH 7K 35 RMSD 44 10) 45
(g) 5SB5H aqueous environment RMSD

simulation results

1

(e) SBSH (Niif2ifi> /K3 5% R B4 R
(e) 5B5H (N-terminal modification) aqueous
environment Rg simulation results

0.18

0.15F

=]

=

b=
I

RMSD/nm
o
=

t

0.06

0.03 I 1 I L
0 10 20 30 40 50

Time/ns

(h) SB5SH (N-terminal modification) aqueous

environment RMSD simulation results

(f) SBSH (CHipf&tfi) KRBT R MELE R
(f) 5B5H (C-terminal modification) aqueous

environment Rg simulation results
2.0

1.5

RMSD/nm
el
in o

1

0_

05 1 1 I I
0 10 20 30 40 50

Time/ns

(h) 5BSH (Nif&ii) /KEFEE RMSD #0458 (1) SBSH (CHif&ii) /KFREE RMSD #4045 R

(i) 5BSH (C-terminal modification) aqueous

environment RMSD simulation results

O8I e SBSH TR B 1 45 K A kA AT

Fig. 1 Conformation resolution of EK, SB5H and SBSH-EK

KT BAERES, KA TEEMG
WL, oI A AR, KA R
fR G BLa s, REEANEEREAN EER.
K F Ni-NTA 56 F 5l A 347 B 2D Bl . 36— 20,
155 FH 20 mmol/L WK P ) 3 Bt 2% 4 25 ok AR RE S 12 465
HGEA; £, {300 mmol/L K M 3 i i
¥ EWMEAVEN TR, 4itk)5 M E [ i#Ed SDS-
PAGE 73 #T .7, H b5 & 8 19 20 B T 95%
[ 2(b) 1. 15 %F SBSH 1 SBSH-EK L% 5 H 1
TS AT VRS, 7E 2 mg/mL R, SBSH-EK 1

BIRIRE (T) KT 5BSH [K2(ec)]. HEARRIM
WEET, 45 f& SBSH-EK I #GHE M3 3 T R 4R
(1) SBSH, % B 1 #1714 B A5 A B 18 0 1 4
Jt, FFAE 1.5 mg/mL J5#E AN ¥ & B, SBSH ) A
WM N 1.52 °C, 1 SBSH-EK 25 [ 1 #4335 v A
1.94°C, #7717 27.8% [K2(d].

2.3 MDEHIAFPMHEIKRER

FEMARIRIA R T, UK A KO A Wk e
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Bip |
PaeR7 1 -Psp X1 -Xho | | Dralll
Pst | A | ;
“ f Psi |
Pas | N \'. | 4 "

_AsiS T -Pvu 1
,

TspM | -Xma |
A
Sma |

N\ BspDI-Clal

Sph 1
v N |
BstAP | —| SBSH-EK
6024 Fil 5 xf
—dcu 1
Miu | — AN |
Bel I*
=
NmeAlll
PN T Pei |
EcoRV ™ 7N _BspQ 1 -Sap 1
Hinc Il -Hpa | . Tarl
Ace |
J BstZ17 1
/ ] PAF 1 -Te111 |
PshA T ¥
/]
Fsp | -FspA 1
PpuM 1
(a) SBSH-EK i biL [ 1%
(a) Plasmid of 5SBSH-EK
kDa 1 2 3
65
55
45 —_
- R D e
| I
35 - ] I
) ey ey o S |
25
17

(b) 5B5SH Al 5SBSH-EK & [ 4lifb 45 5
(1, 2, 3PKTE AN F—FhE A KFATREAD
(b) Purification results of SB5H and 5BSH-EK proteins

(Lanes 1, 2, and 3 are parallel samples of the same protein)
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1
o
=

Heat flow/(mW/mg)
RN R
[ oo o=

L
o

=1

Temperture/°C
(c) 5B5H 1 5B5H-EK 7E 2 mg/mL T K DSC i £ 4
(c) DSC results of SB5H and 5SBSH-EK at 2 mg/mL

24
18 | o ”%
p.1 4
T2
=
0.6 -@-5B5H
8- 5B5H-EK
0 1 1 1
0 0.5 1.0 1.5 2.0

Concentration/(mg/mL)
(d) 5BSH Fl SBSH-EK 7E /S [R]9 & 1 1 # i v 4
(d) Thermal hysteresis activities of SBSH and SBSH-EK at

different concentrations

B2 SBSHAISBSH-EK [ AR, AL E G AR I B
Fig.2 Fermentation, purification and heat-lag activity measurements of 5BSH and SB5H-EK

Y1 Jf 25 F B B SR M S e ) AR AR, A AN A
TR ARAT AR T B A2 v, UK dh BT AT R 5 8
11t RS 2L B A A B 54 T ARSI A )
J12E AL, B GROMACS 14 23 #r 5t % & A
SBSH K 74844 SBSH-EK 7E UK /K 34 355 A 410 1) K s A=
KRS o I AU b B R RIR A N Y
BNAAT N, TR HANHIOK S AE KR

e, BT MPUR B SBSH K RAF & SBSH-
EK [ = 4k 45 ¥y il &2 PDB2GMX T H # #t N
GROMACS fr 7 B i AN SCAR 8 3o A AR R AL
HERA T, XA A RS W ET T BN, B
2 BRoK o FAIEC A, B IR R (1 S B R R At
HXFTER AT T R E /MU, DL BR AT REY
SEMIAR G ENE . AP UKOKIR S, RS RS
R F, FHHAERGHIN T IKE IR S5,
DA DU R UK 14 T R0 B 1 0 R R ECAE
N T AT T 1L, R T GROMACS
) CHARMM 7737 BV, B FEH, RAMRE
S JJ 4% #2 H14E 250 K A1 1 atm (1 atm=101325 Pa)
MR o AT BLRLUK & AE KRR A S K B AR
HAEA, RAKBERERB, 25 enHEK
200 ns. AL, VKOKIAEL TR TR B E 5 UK )
S I FE R LM vk SR AR K R an B 3 ) BT

F 3l RE R, (BK),, 3 4K s H 41
HloKimAEK R 71, X2 THENGKERS
TERL T BB MKW E, BRI 50K a4 & ae
3T AN K i A2 K B, 17 SBSH 2R A 7E VKK 3R

Birh e 50K sh R A&, I A RPH kUK & 2k
— K. @K EKEEMERE, K
SBSH TEUK i 3R T B T B Fa e B )2, M
MO T UK R A AT A KA, 200 ns 56 20% 7K
ST AREEVK. SR, SBSH-EK 3 8 HY 5 98 1 410 il
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Fig. 3 5BS5H and 5B5H-EK ice-water environment simulation results
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