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Molecular dynamics simulation studies on the binding
of an antifreeze protein to an ice interface

Hiroki Nada'

Ice growth inhibition by antifreeze proteins occurs when the proteins bind to ice interfaces. However, a

fundamental question of why the proteins bind to the interfaces still remains unclear. This review presents

recent molecular dynamics simulation studies on the binding of the proteins to the interfaces. We will discuss

the thermodynamic stability of the binding conformations of the proteins at the interfaces.

1. EUHIC

FESEICER T 2 e RHE, KORSSER &5
LAY N7 E (Anti-Freeze Protein, AFP) %24k
IZRf>TWw3 (Yeh and Feeney, 1996) . fE¥IA& L N2
TVTE, KOBERERET 2K X7 & (Ice-
Nucleating Protein, INP) Z=HIffEIcR;> T3 (Lee
Jr. et al, 1997) . Zh s OXKiEEMEHIEARE 2> 5 >~
RO, BRI L B S A, WEEORNREY
SRR O ERT BT B 2R TH S .

AFP 2 X 2KECEIIH %# 50k 3 2 AR 2 HEm T 7
WX, AFP O\ oKFREIRE 2K E L T\ % (Knight
et al., 1991; Kuroda, 1991). INP i & % KA R
W, INP2gERIE LT 2kl s %25
NnTws (Lee Jr. et al,, 1997) . AFP & INP lZAWIZ
KT 2HEEZTT OO, BEIFEHUL T EF 2
5NTHEY (Graether et al., 2001), %7z INP OER45>
RV RZF Vi AFP O X 5 Wk FEE L TEEMHE
T 5L bEEENTWwWS (Kobashigawa et al., 2005) .
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Z I VEN 7> T &7 (Pertaya et al., 2008;
Zepeda et al., 2008; Celik et al., 2010). %7z, INP 3
AFP L [ERIOKFHERE T 2HELH 5 2 EB¥bro
T&7 (Nada et al, 2010). 20X 52, KAEBE
IZAFP £ INPIZHBLTEY, Zh oy XN 7HIK
& ZOKEE LTSRS & BT 2 7- D F — L 2 A E
Ths.

UL s, The ¥ Uo7 ERM, ©¥ORER
EWKRRERE T 2D0IERIEL LS bho Tk
®, Ty X7 B X BIKES RIS O BE D
REZWCZLWw., ZORKOHEEIL, KFHZBIT 25 >~
R B PEREE  ERFIRIC L VAN 2 en
WgtxZ Lehsd. 20D, STENI¥ER EDHT
MMHAERICEDSWIEERKY S 2 —va itk a7
T —F PO TEEEWZ 5.

KETIE, YSav—ya ik BH5ENEATET
W2 AFP OKFHERE T > CTEHT 5. miifTbh
7z winter flounder AFP (wfAFP) ®OIa—% >}
(WIAFP IC & g2 7 S VEREDO—E 52 7 2 /5,
HicEBm s b O, mwfAFP) B & Ufspruce
budworm AFP (sbwAFP) OXFAE W 12 B3 % 4078
THEY 2 av—ya YR BEA L (Nada and Furuk-
awa, 2008, 2011, 2012) , % & TH & N7 ISR LR
ZEENZOWTCIHRND & & b2, Zh S AFP OKAE R
BHOBSIHFLEEICOWTERT 5.
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2. AFP OBELKKRERERE

Figure 1a 12 mwfAFP O3 # 78 3 (Liepinsh et
al,, 2002) . mwfAFP &, wfAFP LG C a N v 7 R
WEEFFD. wiAFP IR o 2 EMEIciiE L7z 4 D
DAVA=> (Thr) %, mwfAFP TiZv) > (Val)
WWEBENLTWS (Yang et al, 1988). &% 50D AFP
BTAETTH, ROBERE {2021} €7 3y FEICED
1% (Figure 1b) (Davies and Hew, 1990; Haymet et
al,, 1999). L7z8-7T, £56ZDEZ Iy FHI
HEINICRE T 2BV H Y, F U TOKOEREZM
flT2eFEzohb. wiAFP Tld s < mwfAFP = &
Sal—yvariERONRE L CERL EEBIZ,
mwfAFP O J5 35l 72 = RICH FEAIREE S - Tw
7z72% (Liepinsh et al., 2002), ¥ S 2V —¥ 3 Y IZfE
MEotroThs.

mwiAFP OB YT 2 v RREANDKRT ¥ ¥
VI OV F — /N EREE & Figure 1b 127~ 9 (Nada
and Furukawa, 2008) . 2 F LD Y T I v FEHEE
i, <0112> HIci-> TR 2 MM EA S .
Z O MM ERIE mwiAFP @ Val O EH]EH & —309
. Val DM ICIZ 2 L CWET S L, KT v
YNNI ANF—i/NeiR b, wiAFP bR UK T >~
¥y VT AN F — I/ NEERE # T (Jorov et al,
2004) .

Figure 2a 1 shbwAFP O #£3& % 78 3 (Graether et
al., 2003). sbwAFPEZ g~V v 7 XA & %= FF O.
sbwAFP %~V v 7 A8 AIICH-> TR 2 & ZAER
RTHY, 2O—D>OHMESTIC Thr 23 F AR A
LTWw3. sbwAFP 74 T TOXKDOEKER I, {0001}
NR—PEE {1010} 7Y XA & > THF A
&7 2% (Graether et al, 2000). 2DZ &5,
sbwAFP 1321 5 OHICERAICEE L T2 2 TORK
EEHdT s EeHFEzZ6NTVRDS,

Figure 2b IR 72 7Y X A FKE D sbwAFP @
KT ¥y T3 )VF -/ NERE %273 (Nada
and Furukawa, 2011). g~V v 27 24 <1120> HFIC
M &, shwAFP M @ Thr LI E & 7V X AFKE D
KOG TFEAEHN—HT B LI CERETSZ L, RT >V
Yy VIR NF—RNER S, FIRRICLT, R—V Lk
HIZBWT, Thr FAIEEA LOKREEF LD~ Y F
YITISRL 5B KD RERE N REI S B EHFZ N
Tw% (Graether et al., 2000) .

AFP-HBERIKEKHBEMDO R T ¥y T 2V
F—fF#HTIL, AFP OKKRERERHE D = 2V ¥ —1N%
EMERE T2 LT ERMTH L. Lr LEBICIE,
AFP 28 “BERL TV 2KORE" WRET 5 I Lick
0BRSS Z 5 . KOFHEIES FIEEEDOEL %
FiH, 2 2 TIREED O WAEAEED W 5 2D >

d Glu Lys Glu Lys Glu Lys

l J’ Arg

Val
2 i 5 —CH—
2021 C-
2ozn) Pe i Valine (Val) CIH
(0112) CH3/\CH3
(0112)
Ice crystal AT WL
poiged D S
Cpeidyd, Jeecrystal pAf L2

1: @ mwfAFP O#iE, (b) mwiAFP #LET TDKD L
BB X U0BEERZE {2021 €73y RREANDORT V¥ ¥
VI ANF —/NGERSE . BT vy v Vv xVF —FHEIC
%, six-site model (Nada and van der Eerden, 2003) &
CHARMMm 77% (Neria et al., 1996) %Rz, HiEOFE
Motz 2 s 72w (Nada and Furukawa, 2008) . 9%,
8, W, FOKEWERIX, #h*h Val, Lys, Glu, Arg
DRFRTERT. FIKEZE, o7 2 VEE (205
Ala) DRZFRFERT. BEHFO/NSIREKIEZ, ThzTh7
2 REOERIET, BRFETFERT. HOKBD/NS LB
RO T/INE BRI, ZNTNWKRGTOBRERT L ARKRET
R .

Fig.1:(a) a schematic of mwfAFP structure. (b) the
shape of a growing ice crystal in the presence of mwfAFP,
and the potential energy minimum adsorption conforma-
tion of mwfAFP at the ideal {2021} pyramidal plane sur-
face of ice. The potential energy calculation was done
using the six-site model (Nada and van der Eerden, 2003)
and the CHARMm force field (Neria et al., 1996). Detalis
of the potential energy calculation method are given in a
paper by Nada and Furukawa (Nada and Furukawa, 2008).
Large red, purple, yellow, and blue spheres represent
carbon atoms of Val, Lys, Glu, and Arg, respectively.
Carbon atoms of other residues are show as large green
spheres (most of them are of Ala). For all the residues
depicted, small dark purple spheres represent nitrogen
atoms and very small spheres represent oxygen atoms.
Small and very small bright sky blue spheres represent
oxygen and hydrogen atoms of H,O molecules, respective-
ly.

THY (Karim and Haymet, 1988; Nada and Furuk-
awa, 1995, 2005), BFRAEMYZOKFKE OGS & 13K & < 52
%%, LIzd-> T, AFPIC X % K0 B EHNH RS 2 58
s 570113, KET 2KORHEICH T2 AFP O
ERBEFTND ZEDNEETHY, BERSTFEIIEY
Sal—YarRzroE—DFRTHS.

3. AFENFEVZIaL—YaYy

3.1 Y=al—yavaxk
K FRIWCE S HMAEERR T ¥ ¥ %)L i six-site
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model ZHWTEHHE L7 (Nada and van der Eerden,
2003). AFPORT > ¥ v W8T XA—% 1%, CHARMm
JIIC X D RE L7z (Neria et al., 1996) . AFP O
ETIVIE, BEHTERRIC X O PUE S N R FRCINCHE S T
Wi LU 72 (Liepinsh et al., 2002; Graether et al,
2003) .

YIial—yaryRELT, KAEHEZOEL=XTC
FHERE HR2 )V 2wz, mwfAFP 2 U Tk
8640 K43 F 4 5 EE 5 {2021} €5 3 v K RED R,
sbwAFP 25t L Tl 9720 K5 Far 5% 5 {1010} 7V
ALAFREOR %W, FRMEICIE AFP 2 — 2@ W»
7.

BT 2:EE AR, BREZAEEZ 17 = A
M e LTHER 47/ BafEniz. KaSFH AFP bl
R LT -7, ROBEBEENBZENZTh—
10°C, 1RERHENE X512, ST OEH T ¥ —
LROEBEEHEIL:. ¥ av— a Y FEOFEMI
XEkEZIE s v/zv» (Nada and Furukawa, 2008,
2011) .

Yialb—yvarix, R85 8O AFP ¥
W REE IZ X U CRME L 72, wiAFP 12X L %, HifH
M7 Sy FRECBIZ2RT VY ¥ )V R I)VF —ix
N EREE (Figurelb) BX OZ N L IZH 25 =@
D ERGE PR AREME L LTy I ar—yvay
2RI, sbwAFP izt L i, BERK L 7D X A
KEICBT2ET >y v 3V F—H/Nk S
(Figure 2b) BLUZh 3R 2 b 5 —@ED OWERH
BERFN. LUTFTIE, R7 vy v VI3V F — RNk
EEEB LU 3R 2WERER, ThZ ks
REEA B L VIERLEB L IESS.

3.2 YZal—yav#R

Figure 3 I mwfAFP D ¥ S av—ya v R 27~
T, USRS ARG A L Ly S ar—y gy
Tix, HE T mwfAFP B2 k53R L T b FIHAL E
DE FTHREBEERZEZTIWCLETH-o (Figure
3a). WEMEBIIN T2y Iar—yariiBnT
1, b D EEEBREAGIWTIIIRERKEE L > Tn
7z mwfAFP IZHFENICBREREANLDY, L TR
ICZERE L. UL, IEREA LIRS Bk
LR E RS % £ > Twize mwfAFP X, FADKOD
B & &b ICHIAMIE D S BE L T &, R ZER
&L%oz (Figure 3b) .

%7z, FUHEICLEWRE Lz mwfAFP FEU 0K D KR
BT, BN RERERD R 57z, 2 OpgR#E
WAL, mwfAFP 12 X 2 BRI HLE L b o &
Bbhzd. 20844513, Gibbs-Thomson &h# (% 72
1 Kelvin Zh53R) 12 X 2 BEFHE e T O lS BT % K
ELCHRmIC TSN EE A - — 3BT 5L
Bbolz. T T Gibbs-Thomson Zh# & 1%, iR

A0TOY oottt bbb o (10105 S ST SRS
bt Icecrystal foete, ¢ e v cecrystal
(1120) {0001)
X 2 :(a)sbwAFP @ ##5&. Thr fic 5 i @ Thr % £ {7 &
(No.5, 7, 21, 23, 36, 37, 51, 53, 70) X7 D & 7k
WHTRLTHS. OFEMARZ {1010} 7Y X AKEAD K
T VY v VIRV F — R NEEREE (Nada and Furukawa,
2011). RT7 > ¥ ¥ VT ANV F—EFHEICIE, six-site model
(Nada and van der Eerden, 2003) & CHARMMm Jj%
(Neria et al, 1996) ZHW/z. HELEDOEKIEX, Theh
Thr BISHE0GD X F- VEE L KREE 2K 5.
Fig.2 : (a) schematics of sbwAFP structure. Positions of
Thr residues in the sbwAFP’s Thr-face (No.5, 7, 21, 23, 36,
37,51, 53 and 70) are marked by blue circles in the left-hand
schematic. (b) the potential energy minimum adsorption
conformation of mwfAFP at the ideal {1010} prismatic
plane surface of ice (Nada and Furukawa, 2011). The
potential energy calculation was done using the six-site
model (Nada and van der Eerden, 2003) and CHARMm
force field (Neria et al., 1996). Large dark blue and purple
spheres represent Thr’s methyl and hydroxyl groups of the
Thr-face, respectively.

I 3B W TIE AR > TR = %V F — R F] 2380
U, BRI HE R ERE D FEFTE OB G & T
T 57, FMCBT 2RSS RN TR 23R TH
% (Yeh and Feeney, 1996) .

Figure 4 I sbwAFP @ ¥ S av—y a v R %2 7R
7. REEEARYRERSE L Ly S ar—yay
Tix, mwfAFP O%& L RRRIC, FHZIKPEERL T
b sbwAFP ZHIHAMVE O & FIRERE X 2 TICEE
WHRERZE LTz (Figure 4a) . EREE B2 %
YIial—varTiE, AAOKBERET 2ICOo0 TR
BRENSE L. UL, KN 7 ) X ATH
2 Thr FCHEI 235 fik 3~ 2 GRS & -7 & 2 5 T,
ZDFE FLEIWCWAE LTz (Figure 4b) . = 2 THIE s
TeRERDE IR EBEA EIZR L2230 THD, g~
Uy 7 ABHDSRERGEA O b O H S REZH-> T 90° [
L7z DTho7z.

FRELT, EB000ARERSEICNT 2y 3
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F3:o3alb—a BRAhb0 1+ /BESLUC4F/
MO T 2y FRIEMILO mwfAFP ISR B X U7K45
FROYIAES . (RIS s A, OFIHIRERHEB. MR
X, vYIav—va YBRREORHEME R T . KOKST
DHEFRL TS . KOKGFTOERIE, FEAE T
P L 72T D ARG T DF 2 EARRREE W L DiEIFR T vk
STEL.

Fig.3 : The binding conformation of mwfAFP and the
structure of H,O molecular arrangement near the pyrami-
dal interface at 0.1 and 4.0 ns after the beginning of the
simulation for mwfAFP’s initial position correspoinding to
(a) the potential energy minimum conformation and (b) one
of the eneretically metastable conformations. The da-
shed lines show the initial positions of the interfaces.
Here, ice-like H,O molecules only are shown. The ice-
like H,O molecules were defined as H,O molecules that
were connected via hydrogen bonds to each of their four
nearest neighbors.

LV—¥ a3 2B W T OIKOERMGEN AL I 5 flRE
AP Z 572, 2D 531E, mwlfAFP O356 L [FH
%12, Gibbs-Thomson %1% (Yeh and Feeney, 1996)
BN—A L L CHFRNCFRISNAEE A — 5 — 20—
Lz, Ry 2 av—va UERIE, K77) X AKESE
BT % sbwAFP OLEREREE DS, WERE A LIS
WHFET LI RMRBT28DTHSL. 2Dk
X, sbwAFP OKANDOFEMMENIRNZ LR L TEH
D, FRERENEEER MO AFP 12 e THENIZE W
CEERARL TV AR BEINR .

4. i

ZIT, YIalv—¥varyTHEINIKEEREIC
BU 2 WEMEDBIIFNLEEEHmT 5. €73y
R R 2 E R L7z mwfAFP T, BiAKYE Val X F
VEENTHIKICEAL L, BN S /BEDS < 13K
Bl T, ZOWRE#ETIE, WK FIZL D A
FNVER A OB AR SESER S b6 b
E—uRE#T o, FREUKET 3 REITEEKS
FEKRBREEEOL DD I NVE =TS, &
512, mwfAFP #5& & THOK O MMEEE & 8~ v 79
B EICE ) BMERESAREL BB D, TYILE—
NFEDE. ZOX31CLT, YIab—yarTHER
7z mwiAFP O K FUE W& & S BT F IS L E T
Hol- AP EWINCHAT 2 2 ENTE S,

Ha:vsav—yarfhnrs 0.1+ / BEsL06
B 7Y X AFELO shwAFP &R B X UK T
By . (QRMEZEVERS, ORANLEWERHE. =
Mix, YIav—ya rRBROSREMEZRT. WL,
WIHAREHEE B D sbwAFP 2SI L8 g L 72 K S .
0.1/ BROKRHEVEHERE 2> TESFERRL T
5.

Fig. 4: The binding conformation of sbwAFP and the struc-
ture of H,O molecular arrangement near the prismatic
interface at 0.1 and 6.0 ns after the beginning of the simula-
tion for sbwAFP’s initial position correspoinding to (a) the
potential energy minimum conformation and (b) one of the
eneretically unstable conformations. The dashed line
shows the grown ice’s prismatic interface to which
sbwAFP with the initial binding conformation B finally,
stably bound to. Here, H,O molecules and sbwAFP were
illustrated using the time-averaged coordinates of them for
a period of 0.1 ns.

LU, KPR T 2y S 2 v —varbEf
L7z 2%, WEREATH-> TH mwfAFP 13 HH I
LEWAE Lr-o 7z (Nada and Furukawa, 2008) . 7K
BERE T, mwfAFP BHICpRE L2k & OHEE
XD oIV E =T 2R PEEZEITKE
(FELTWIDTHS. FHEAMCLERE L L\
WS Z Eid, mwfAFP OXRKANDBE X, RO T
IREINTEL LD AR D DT LI ZS
72 (Knight et al., 1991) .

shwAFP DKl 5 s 158 D FA 1 5L E 1
b, mwlASP O& LR BEANE D 32D, THK
LS % Thr OIS I X 2 FOVEIZ T TR K
BBEDIFET 20, ZOKBREORELEIMANDFHE X
D B BUKIE X FNVEDOKANE ST 5 2 LIk 2 FH G DT
WREWVWEL S THS (Haymet et al.,, 1999; Jorov et al.
2004; Nada and Furukawa, 2011) . sbwAFP ® wfAFP
Y, KICHEMT 57 S RIS Thr TH 27 —RA ik
%\, Thr KBEDOWELZENDEHGIZ DWW TILE
HERNC bERRNC S ST ICEBEIN TV EIFF R
T, SBRIVFELIFANGNINETHS.

sbwAFP &, 7YV X AR E 2T Th { XR—=4 )V FH
IZHWET 5. Scotter 5%, shbwAFP 7% EHfd TE
TR 2 RT AFP 1%, X—V VEINEE T 3 HE N
HDEFERL TWwb (Scotter et al., 2006). &K S =
LV—yarilBWnWT, 7V XLRHEICB T S sbwAFP
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DLREWREREN D5 LB BV FLET S 2 Db
Motz 2D X, sbwAFP OXRKADFHMESGE S,
% 72 % O FUH 2 B WS 12 T HDKES TR & O i
ROFUITMLT LUOLBETEEVWI EERERLTE

D, sbwAFP 23 _R—H )V & EMOHE RO FHE A~ b
TEWETE S I L EFEL %W, Garnham 5 1%,
sbwAFP D & 5 %t TIHWAEHEIE 2R AFP 23K
RECWET 2 £ &, REDOKSTH AFP & Tk
T 27 7 AV — MROFEHNFSE 2K T 570, %
I & D AFP SR—Y)VTH % & T @B D T 12 E B
TE % EEHMLTwa (Garnham et al., 2011) . FE¥%
# L7z AFP & THDKE O RS FROYIREE 1 fEs % & C
TR D , KWICE®RH D 2 572,

KRB THEN LY S 2v—y g VHIRICBWT, #
AL EWE L 7z AFP &8 O KB E R ER D 5553
Gibbs-Thomson B Z R E L CiFHA I MW 5l & 4 —
F—B—F 7. L L, Gibbs-ThomsonZIHEIc XV
KEEIH 2 el 3 2 BT T LVICB W TRES LT X
Te AR I TRV AFPIRE XY S 2V —Y 3 >V TR
Do, D7 DRERHIHIEEOEARFE > CBIL T
bR 2 HBEE . AFP T X 2 iEINHIHE 2
fREAL T < Zeicid, EERITEOBERTIE & OB
ORI R 25080, LDBEOHVRHEEY S o
V—y g VIR EEL T ZEBLETHS S .

5. BHOIC

KR TIX, AFP OKBERFHEEE ICBE T 2 Rt D
DTFEIIEY S 2V —y 3 VIR EHEAL, REicBT
2AFPIREMEOR N YL EE @i L 2.
wiAFP & sbwAFPIZXf 3§ % ¥ S ab—ya U iER R
5, AFP BiKE K E il L T AFP FHKED Kz A
&9 RRERENEHT AN F —HICREIC RSB Ik
PH->T&7z. £z, WE AFP L Z20RIAICEET %
KEDMHENER b WEOLEMCEE 2 BE 2RI LT
W5 ZEHH-TET.

LLl, FRHOEVWI ELLIEEINT WS, Kix
EIEBSRE AN DO EERS T E X, BV OMEHRS - BEHH
PRI THRANAZAT I ATV =Y 3 UOERK A
7y RS R OG R R £, BRI o EEIGH £
TIEIA BRI 2 CEHELHRTH 2. Z O FHfE
Bl €, EEmeERIZ O TRhl, KT a7 Lrur
OFBERIFEY S av—ya Y37 7 u—F0O0H
H G5 LD — B TICE R,

HEE

AWFEIE, SR AR S E BN S AT et
sglEa~7 Y70 EEES2206, REES

22107004) DT #Z T THEMBLIz. KFRETI D
7z 0, b E K AR IR R BT S AT 2R R,
Salvador Zepeda B HIC X BT 2 Wiz 2wz, K
WETEMLIzY & 2 v —y 3 Y O—EiF, HITKEY
PERFGERT A — 28— > ¥ 2 — F ik 2RI L7 .
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