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Abstract : Antifreeze proteins (AFPs) have ice binding affinity, depress freezing temperature and inhibit ice
recystallization which protect cellular membranes in polar organisms. Recent structural studies of antifreeze
proteins have significantly expanded our understanding of the structure-function relationship and ice crystal
growth inhibition. Although AFPs (Type I-IV AFP from fish, insect AFP and Plant AFP) have completely
different fold and no sequence homology, they share a common feature of their surface area for ice binding
property. The conserved ice-binding sites are relatively flat and hydrophobic. For example, Type I AFP has
an amphipathic, single a-helix and has regularly spaced Thr-Ala residues which make direct interaction
with oxygen atoms of ice crystals. Unlike Type I AFP, Type II and Il AFP are compact globular proteins
that contain a flat ice-binding patch on the surface. Type II and Type III AFP show a remarkable structural
similarity with the sugar binding lectin protein and C-terminal domain of sialic acid synthase, respectively.
Type IV is assumed to form a four-helix bundle which has sequence similarity with apolipoprotein. The
results of our modeling suggest an ice-binding induced structural change of Type IV AFP. Insect AFP has f3-
helical structure with a regular array of Thr-X-Thr motif. Threonine residues of each Thr-X-Thr motif fit
well into the ice crystal lattice and provide a good surface-surface complementarity. This review focuses on
the structural characteristics and details of the ice-binding mechanism of antifreeze proteins.
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) R

—Eo;‘ﬁ‘

g3t g A5E HEY, Alzddxe] 4344 9
o} olFolX = 53], AA WA o] d5A4 9
FAl Mk AuAle W 2rodA Hoprbr] 9 A gl o3k Al &4 B ofy
A R 7HA] EAIES SHESfot gtk 2 EAREREE o @ st A AEA ] A7 &
FolE Bh B4, olE A 54, Gl B 3t o]& FESIHA] B 2R dolrhr] ¢
A A=A E-2 Antifreeze protein(AFP: 2 *-<]

*Corresponding author. E-mail : hjkim@kopri.re kr 2 7K YTt AFPE= AYA| WollAe] d& AA 9]

o

—

BN o oft
X rlo

ox
q fo
)
flo 2o I

ol
=
&

A
1=
w

~

032
o

A



160 Lee,J. H. et al.

ol

2 RS oAgeN Falel LxoliE Aol 4
EAES B3t Aot 4 & Al slE=TH(Davies and
Sykes 1997; Davies et al. 2002; D'Amico et al. 2006).

AFP= Ohﬂ};@ oz Yzﬂ.ﬁzﬂ— 0243 gﬁl‘ﬁ_ﬂf—"i 7]-;(]5/__ 311—
o o E\:l gzq,] —«Xq U:]oﬂ Q‘cﬂ——g]_ QZJ‘O,] /‘5];8'54'
NARIHE oAaE BAZA, A8l AT 513
I o]=39] #elE WHETE ©|E thermal hysteresis(TH)
2al sb AFPS] 2/ SAslE shte] AREE AMEH
3 2™, nanoliter osmometer 7]7]E ARg3iA =A S
Itk AFPS] HE TR BAL Al AgEE Ut
T%"—‘Mt 2] sxol Hgste] oj=E WA &
=th. W2 AFPE obF W2 FEolM AFOR o=
e 9E 7 AL o] 2 sl A Wl 54 YJrXo* <ol

),

WS ARGl o8 £42 H48 @ 5 Urhlia
and Davies 2002).
AFP7]— [ KR O ;(ég] )B]XO]—_Q_ Ho]—1] 6‘]—_—17_ Zﬂé;gﬁ = Xﬂ

Fobo A A o2 {83 Atlantic salmon(Salmo
salar) 5L goldfish(Carassius auratus) 722 E327]9
AFPE A A Z317]5 WEAA F=2 A Y
NN FAE 7FsstAl starat she A7k =4l Q)
O, #gk opue}, o) gk EofellM = Cryosurgery9t €, &

712, AE, 7], BAME] PFREqe] HrER
M AF P-/] ARE-el ek A7F X E L Qd AL 2

FhHoME OS FEge F7he] olo]2ay WF B
2 915 AFAL) AHSET 2Tk SE Rl
A RS 98l AFPZ} H7HE 7154 3PgZo] ov] #
n] =5 Aok

g0z Ahe voie] AAske B2 ¥ AR

b AR ol F2 B, AE, EBIF, PR Tk
St type2] AlZL AFPE©°] WA ItiTable 1). 3L
7] §eke] AFPES T4 2ol8e] 71ZaN A o
A 7N2] EFY (antifreeze glycopeptide, 123 type I to IV
AFPs)0 2 FETh Holl= AFP] HAF 72 4e
ol AT FHE ddsia dAl o' oprligte]

—_

mAow AFPE 2% oA 1 ol 2% APHoR 4548L FEAS FHSE A7)
Table 1. Structural comparison of Type I, Type II, Type III, Type 1V, Insect AFP and AY30 AFP
Antifreeze Protein
Type 11 Insect AFP
Yeast AFP
Typel Calcium  Calcium  Typelll TypelV  thanded RIEMt  (AY30)
dependent independent handed
PDB code IWFA 2PY2 271B IMSI NA? 1LO0S 1EZG NA?
UniProtKB P04002 Q91992 A0ZT93 P19614 P80961 QI9GTPO 016119 C7F6X3
reference
Source  Pseudopleuronectes ~ Clupea Brachyopsis Macrozoarces Myoxocephalus Choristoneura Tenebrio Leucosporidiu
americanus harengus rostratus americanus octodecimspinosis fumiferana ~ molitor m sp.
Number of 82 147 168 66 128 108 112 261
amino acid
residue
Disulfide No disulfide 5 disulfide Sdisulfide  Nodisulfide  No disulfide 4 disulfide 7 disulfide No cysteine
bond bridge bridges bridges bridge bridge bridges bridges residue
Signal Signal peptide Signal Signal Nosignal  Signal peptide Signal peptide ~ Signal Signal
sequence (residues peptide peptide peptide (residues (residues peptide peptide
1-23) (residues (residues 1-20) 1-18) (residues  (residues
1-18) 1-18) 1-28) 1-20)
Secondary 1 o-helix 3 o-helices 2 o-helices 4 o-helices 4 or-helices 13 B-strands 7 B-strands 2 a-helices
structure and and and and
9 B-strands 5 B-strands 9 [B-strands 14 B-strands
Characterist ~ Alanine rich Homology Homologyto  Globular Four helix Left Right Left
ics of three tothe C-type the C-type  proteinand bundle structure handed handed handed
dimensional lectin lectin rich in and homology to  B-helical B-helical ~ B-helical
structure domain domain B-structure  the N-terminal structure structure structure
domain of a
human
apolipoprotein

*NA, Not Available

bSignal peptide cleavage site was predicted using SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP/)
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Bushl S ek vE AW 209 ol FoF B
AFPS} 28] 4T A4S ATSE EES] UE Hx
A, YAl The E2:9) 9] Ago] AFE AFP
B P2 F3E 5 97] whel) ok AFPSH
A AR 45 AL BAFTNN AHA o 1

=

& 3= WRiol glvk. sHAIRE AFPS] 729} 75| 4
HAAE 93]7] 98] Nuclear Magnetic Resonance, X-
ray crystallography, Molecular modeling, Ice etching
technique ~22]3. Th2 Spectroscopic HES o]&-3t th
G ArEol AL Uk Rt ohE} A7l AFP
AR FE ARE FEH A2 FelRkL didEo A=
ofp|i=Ate] FAM oS REEolA ofHl ofm|imtto] AE3t
o] B3 Aol ToIAE Wale A7 I AT
(Davies et al. 2002). ¥ reviewol| A& SA|7HA] L& 7 7}
7] typedE AFPO] 4R P28 NS B2 AR
Tz AR PH NS FHE AP ASAWAS
afshaat g,

(@) Side-view

C-term

=
&,w—

Thr13.,|

‘A
Alaé.,,

L) A{

Type | AFP

N-term

(PDB code 1WFA)

2. Type 1 AFP

Type 1 AFP+= winter flounder -2 shorthorn sculpin
7242 Zar7)1e] @A A ol A EH EoR T
71 FollA winter flounderel] £A13= HPLC6 AFPS] L
T ARF FE27F AFP Tl 7P A WelA AT
7} o] moj& gktk(Sicheri and Yang 1995). Type I
HPLC6 AFPx= & 37719 opr|eAks 71X 2 93 2 =
of 23714t & B 2] Alanine(AA] ohv] =4t A E o]
oF 62%)S 7HAAL ATk HAA] ArRE she] 21
amphipathic o-helix® ©]Fo1% U3, o] helixe Ice
Binding Motif(IBM)2}22 ¢#1%l Thr-Ala 3H7]€] REE©O
2 o]Folx gt} e 9] salt bridge(Lysls-
Asp22)$} 22Tl 98] a-helixe] 7+x7F e+ 3t |
t}. A F7HA] Ice etching A3} EH|E o] 83 IS
Ast A=A AHE] 2s) Type I HPLC6 AFPL] o4
A3 AA7E A= AT o] ddEoixl A d e

(b) Up-view

Fig. 1. Structure of Type I HPLC6 AFP (a) Electrostatic surface potential representation of Type I AFP with N- and
C-termius labeled. The putative ice-binding site is located at the front surface, (b) The C-terminus of the
protein is oriented towards the viewer, (c) Helical wheel representation of Type I HPLC6 AFP. The proposed
Thr-Ala ice-binding face is shown at the bottom. The helical wheel diagram presents the hydrophilic residues
as circles, hydrophobic residues as diamonds, potentially negatively charged as triangles, and potentially

positively charged as pentagons
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e TRALE flagh FEE 7AW o] F-9)ol st
= Thr-Ala 7719] side chainE©¢] 43442 & EApo}
o] 44 A%} hydrophobic interactionol] % 23}t
(Fig. 1).

aglal FHolle 7]Ee] ¢z Type I AFP Xt}
antifreeze E/do] &4 Fod hyperactive Type I AFP7}
winter flounderol|X AHFA 7= ATt hyperactive Type
I AFPE= 195719] opr|ihs 7}11 ew o] Fol oF
60%7} Alanine X712 ©]Fo1#] Qlt}. o}A71A] hyperactive
Type I AFPE] Jaj 3 e AR27 WA A= SUAINT
Cicular Dichroism spectroscopy A3 F3ll o] Thjzo]
2 ochelix® o] Fo1A] =& FHEAT. 28]l
analytical ultracentrifugation®} RE& Ao <JshH
hyperactive Type 1 AFP= %2 kinked loopS-2 ©]o]%l
09 o-helix® ©]Fo1#4] 2™ alanine rich region®

2]%t side-by-side dimers ©|F= ZALSZ o S=H}, 1

(@)

Type Il AFP \N
(PDB code 2PY2) |

\ .Asn113

Putative
ice binding site

X

Rat mannose-binding protein

Type Il AFP

PDB code 2PY2 PDB code TKWT
A b.

Structural superposition

Calcium ion

= L
hexagonal b1pyram1d | ko] d8 A4S W=E Az
2] hyperactive Type I AFPE= lemon JES] TS 2o

o] & ﬁygg tteE 7o 7 A F T} o= hyperactive

Type 1 AFP] D& AR o] AFF-217} Type 1 AFPS}
t % A5A749 oy "ol ﬁﬁ‘okﬁ g 3o

4o 49E AR A
Graether 2010).

© 2 A7tE th(Patel and

3. Type II AFP

Type Il AFPE= sea raven, smelt, herring &3L7] 5014
A=, AF7H] LK AFP Follx] 7P Ato]=7}
A3, o 79 cysteine residueE 7FA™ disulfide bond
of s iAo 7t st B H(Gronwald ef al.
1998; Nishimiya et al. 2008). Ca** 2]%% herring Type

(b)

Asp114
Asp117

Asn113
Asp116

\ g

Asp102

Calciumion

Calciumdependent Type Il AFP (PDB code 2PY2)
Calciumindependent Type Il AFP (PDB code 2ZIB)

Fig. 2. Overall structure of Type II AFP (a) Cartoon diagram of the calcium dependent Type II AFP (PDB code
2PY2) with calcium binding site and putative ice-binding site. The proposed ice binding residues (Thr96 and
Thr98) and Ca”" binding sites (GIn92, Asp94, Glu99, Asnl113 and Asp114) are shown in stick form. The bound
Ca®" is shown as a yellow sphere, (b) Superposition between calcium dependent Type II AFP (PDB code 2PY2)
and calcium independent Type II AFP (PDB code 2ZIB). The side chains of calcium binding residues and
equivalents are shown in stick representation, (c¢) Structural superposition of the Type II AFP (slate blue) and

the rat mannose-binding protein (violet)
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I AFPE 5712] o-helix®} o}& 712 B-strandZ ©]Fo]
7 shte] globulardt FZE2 73 ATHLiu ef dl.
2007)(Fig. 2a). 73 A2 A2 5 Type I AFP7}F
ofr]iest A gel lojME FARE O] WA RH(sequence
identity 20%) A=} XA O 2= AFsol o T
of Agst= ddel mEIHN 4HA AUe C-type
lectin S A 3} FrAlsirh= ARS8 8FiTh. ol 22
AP Type II AFP7} sugar binding lectin T2 e] 4+
ArE ZAE o) &SA WstEASS e ok
(Fig. 2¢).

Ca*" ¢]&3 herring Type Il AFP(hAFP)S] %2 #}
A3 Ao EA 579l disulfide bond7t EAI3H 1709
calciumo] A= o1 Ut hAFPS} FxA 0= 7P
AReE T ES ithostathine(pdb code: 1 qdd; RMSD=
1.7 A for 122 Co. atoms)®] 3L TS0 & -FAFeE whalz ¢
Z+= mannose-binding protein(pdb code: 1s16; RMSD=
22 A for 124 Co atoms)©|T}. lithostathine?} mannose-
binding proteinS 3% S 2= hAFPL} FAFSHAI T ice
binding activityE 7} A= =T} REE hAFP HEgH
carbohydrate binding activityS 7 A|= %=t} o=
il do] 2 ZAL AR 752 8] Tt
WA Z  divergent evolutionS 72 Zo=Z o ZHtT
hAFP®} C-type lectin T} & ] & T2 }o] -2 hAFP
= 7K¢] disulfide bondE 7FAA| ¥ C-type lectin TH 2
2 37 Z& 49 disulfide bondE 7}tk Aot}
hAFPS] 72 HEE 7|HIo 2 dg 4% 792 4=
ofu|ieAke] EAHo] WA S A&ste] TH #& &
A3t A3t Thr96, Leu97, Thr98, 22]3L Thrll5 Z7]7}
A5 Al Fastthe AMS dA HATE AdE A

AT AN

¢

(EUREY

1

-

The ARoIT) Wl Ca Aol hAFPS] 9% A%
o] EvlE 25 FAsk=d T8k o Yot
AfdsES FINTe AMEE #9838 ATHLiu ef al.
2007).

Ca*" 2]&9% herring Type I AFP(hAFP) %9} Ca?'
H|2]=% longsnout poacher(Brachyosis rostratus) Type 11
AFP(IpAFP) 732 Ca*" A9 725 vl A
hAFPe] Ca** Zjtol] 88 obuliest 717150](GIng2,
Asp94, Glu99 2|3 Asnl13) IpAFPE TF2 747](Lys9s,
Asn97, Aspl02 223 Aspl16)l]l &Jaf tiA|=lo] & A
S & & SUth(Fig. 2b). ©] A#E FE Ca* ATl T8
& olldt W15 & 4 S Wk ket o] ofrle
b A71E-L8 Type 11 AFPE 37 T 714 B} (Ca*" 2)&
P37} Ca’ v|EF)o R U o T23 A HE AR 2
Z ATH(Nishimiya et al. 2008).

23l A 7F ofd F9% ARl diEo] Hepe]] A2
3l= " o](Japanese Smelt, Hypomesus nipponensis)°I A
%= Type Il AFP(Hni AFP)7} A=l A w| JAA %= Hni
AFPE Ca®'3t 23S 3lX 1 EDTAE o] 8314 Ca®'&
A A RS o 713] Antifreeze activityS 7FA|3L UATh=
AMLS 3T o] Hni AFPE Ca?'3t A% 314
T+ Antifreeze activity= Ca®>™ol| 2|3 93-S x| et
= A& AA}eHH(Yamashita e al. 2003).

4. Type Il AFP

Antarctic eelpout(Macrozoarces americanus)°|A] 7
H& Type III HPLCI2 AFPe A3 FxE 3709
antiparallel®] B-strand 717} B-sandwich FE| & ©|FIL

2 o] WE BFUL Ca¥t A3 F9 Al A8 . & globular FEIE 7HAITE Type 11 AFPS] +2= B
(a)
Type lll AFP -
(PDB code 1MSI) B R TiMbarreifold ... )
Y W, Antifreeze-like domain
) : .
XL <
Hydrophobic L?) /'.4 \‘ 7 ‘ ‘,\ 7
core % .: ‘ \ \ A o \ ‘ ‘\ o
( % 3 =\ \— ‘ f ;
N’ :. ; v\ A / ”’ J ‘
Alat6 FOONA R Nterm
_Thr18 5 (} T » ~N\C-term
% Active site =

Putative
ice binding site

Sialic acid synthase (PDB code 1XUZ)
Type lll AFP (PDB code 1MSI)

Fig. 3. Overall structure of Type III HPLC12 AFP (a) Cartoon representation of the Type III AFP showing the
putative ice-interacting residues, (b) Superposition of the Type III AFP (slate blue) and the sialic acid synthase

(yellow)
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& o] loop FENE o] Fo] A YA 7hH] F-Ee
hydrophobic interaction? TH- 4 A%S & w5
oMYt 22 7|3 Yrk(Fig. 3a). Type Il AFPE wj
T W2 pH YA 4L 7= ol Type 11
AFP7} pHoll 98t T denaturation®l] W1748k4] 2oL
TR0 F M st AMS YERATE B2 A7) ¢
T 70€] Type Il AFPS] 7271 T2 712 ol sht
+ XA AAs W Jia et al 1996)° 2laiA 2] o}
£ 3l}= NMR %' (Sonnichsen et al. 1996)°1 2]l 3f
o] o] Mt} o] F 71A] Type Il AFP isoforme 62%
olm| =4t sequence identityE 7R AL wi-9- AR AFAF
T2E 7 Utk AP UAIE Type Il AFP +X2&
sialic acid synthase2] C-terminal domain¥} FAFS ZE=5
7423 9)thHamada e al. 2006)(Fig. 3b). o= Zsd .
2 shte] e AR ZER FEH AR UOE Ve
7= TR e WA R o] A4 KskE Zle R
A7t

Type Il AFPo} 25 A7 2] A%t 714 thgh o8 7}
A 7Hde] YA 7P dE] WA= 7HAS Type 1
AFP2] 'F2Het eje] Thrl8 2717 X8k 9171 A&
A7 9] prism plane] Bl Agete] thE = Ak A
<& Yol deAR e S wWallgiths Zlolth. 424
G- E dSE R F2919] obr]:=AHEE(GIn9, Asnl4,
Alal6, Thr18 and Glnd4) Th& XA 9] ol :=2tE2 X3}
siAs w AA A Hobd TH #43 22k 25 44 =
FS #FAE & QJQh 53] Thr18S AsnO. & vl 5

lo

o= =<
wlo] e AAY v vls) oF 10%e] TH %S
ugith. ol ALAT Bole) sheel AN Alals

obr|ieAtS B 2 side chaing 7HAE thE opv=ilo®
S W= steric hindrance W&ol G245 o] A

= e et 283 AsnldE B/ Zo]9
H SddelE HEAS ole I A%

SHo| AA3] oA = RS AFsIT) o] AL 4
=3 9 A F9 o= 2KGIn9, Asnl4, Alalé,

Thr18 and Glnd4)So] AAE LL At Fa3 kS
e ARSI dvk(Jia ef al 1996).

5. Type IV AFP

Type IV LS-12 AFP:= longhorn sculpin®] 7oA =]
= YAFUCH o-helix bundle®] +Z2E 7HAAL B2
9] glutamate$} glutamine F715S 7= 534S 7KL
AT A BAE S A= AdA 5T 5 %ol
ggoz hFo] secretiond 4= Al 3H= N-terminus
o oF 207l1¢] o}r]ieito 2 o]F 0% signal sequence”t
ZA%tt. 28] 322 MALDI-TOF mass spectrometry 23

A3=Z FE Type IV LS-12 AFP2] N-terminus |7}
pyroglutamyl group®l] 213}l blocking =14 Jth= AR
< F93IATHZhao ef al. 1998). Type IV LS-12 AFP &
human apolipoprotein A-19} o}t M E {4143 (29%
identity, 46% homology)S 7FA3L ATH(Gauthier er al.
2008). apolipoprotein A-I T8 &-S 2| &3} Aglste] 22
o] doll olMe] GaeE F7HATIAL o] AetE|oA]
A AEE 7FZ2 HOE VSR FFeke 98 3
t}. apolipoprotein A-I> A2} AR kg W} A
A AElE v 27 Eva A ok A2}
AgsA 49kS wol= four-helix bundle T+ZE 7=
WA A3 A sk 2H7HE] helixg©l A% open
conformationS 7FA|Al ¥t} Open conformationol| A=
apolipoprotein A-Iol A%¥ A &o| Z}7}e] amphipathic
helix®] hydrophobicdt ol A< 3t4] open con-
formationg =% FA]9 open conformation2 $HY
3} AlZItH(Ajees et al. 2006). apolipoprotein A-I1 T2
o] 73%-9} W=l Type IV LS-12 AFPE - ZA g
olaff #+x WsE 7H ZoE 7MdS Al$-3L homology
modelings &3l Type IV LS-12 AFPe] F+ 714
conformation(open conformation and closed conformation)
o] Yl 325 VeI o4 O s B %

2 FH dSsiAthFig. 4).

Structural model of Type IV ice-structuring protein LS-12

N-term )
Putative
N-term ice binding site
( g
*
32 g C-term

‘1‘ R \ {‘«\"

~J)

Closed formw Open form (ice-bound form ?)

Fig. 4. A proposed model for opening mechanism of
Type IV LS-12 AFP based on the apolipoprotein
A-I structure. Structural model of free Type IV
LS-12 AFP was generated using lipid free human
apolipoprotein A-I structure (PDB code 2A01),
while open conformation model was generated
using lipid bound human apolipoprotein A-I
structure (PDB code 1AV1). The Phyre modeling
server (Kelley and Sternberg 2009) was used to
model the structure of open and closed
conformation of Type IV LS-12 AFP
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Type IV LS-12 AFPS] & T2 540 2= 2 mMe| &
Lol 0.5°Ce] TH g2 7= W 52 o=
aggregation 22 A== AL 7Rtk Aot o] 4
Fo} AX|SHA = longhorn sculpin®] A= Type IV
LS-12 AFP7} W T2 EAIg) & 7] ARl AL
2L Type IV AFPE 7FA|= longhorn sculpine Type 1
AFP E3 71X = ARdolt), 22 o) longhorn
sculpin E317]& €3] M Z o2 F 7HA] AFPE 7HA
= AY7E? 2 olfi= otvlie Fate] EolA EY Foll
A 29 S AAIEH] flsiA= shte] AFP &
del B g 2dskE 2 ok F 7] thE AFP 9
Ao I FE 2Hs= Ao] & ¥ste] A &=t
frelshz] wiEel 22A RstEolA k& Aelar Wzt
stal Stk o]9} H| =3 o 2= o2 TR EVER
H|E 3o type®] AFPE 7FAIAL Uthal slejets oy
7 isoformEe] TAES T3l ool Bad AFP FE

(a)

Putative
ice binding site «., 4

Insect AFP
(PDB code 1L0S)

(C) C-axis

as-axis

ay,-axis

/ ™ Prism plane

a-axis

A& 2255 Uk

6. Insect AFP

Insect AFP= 4| ¢] 255l SAlshH Aa7k4] 4#
71 AFPE %ol 7P Antifreeze activity”} =T} L&A
21014 “hyperactive AFP”2}1%= E-ZT} Insect AFP=
dukz el T2 type?] fish AFPETE 2F 1084 1008)
o]’de] Antifreeze A4S 7HA =l L o]fF7} thE fish
AFP7} 4247 9] prism planedl] A% sl=d| Y35 Insect
AFPE basal planedl] Zg8IA ¢ o729 A3 AHAH
S A7) wEolth(Liou et al. 2000; Graether et al.
2000; Graether and Sykes 2004). Insect AFP= 1329
2 3A F e aFer vYe F Al she left-
handed B-helix®] +Z(Fig. 5a)% 7K+ 253 thE 3
U= right-handed B-helix®] +Z(Fig. 5b)E 7<= Z&

(b)

Putative
ice binding site

Thr17

Th r9

Insect AFP
(PDB code 1EZG)

(d)

Putative

of AY30 AFP from
Yeast

Fig. 5. (a) The overall structure of insect AFP (left-handed [-helix) from spruce budworm. Putative ice binding sites
(ThrS, Thr7, Thr21, Thr23, Thr36, Thr38, Thr51, ThrS3 and Thr70) are represented in yellow, (b) Cartoon
representation of insect AFP (Right-handed [-helix) from Tenebrio molitor. The regular array of Thr residues
has been identified as the ice binding site, (¢) Crystal axes and main facets of hexagonal ice crystal (d)
Structural model of the AY30 AFP from Leucosporidium sp. The homology-modeling server Phyre (Kelley and
Sternberg 2009) was used to generate the structural model of AY30 AFP using as a template the best fitting
structure of Bordetella pertussis virulence factor P.69 pertactin protein (PDB code 1DAB). Yellow circle
indicates the putative ice binding face of AY30. PyMOL (Delano 2002) was used to generate all figures
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o]t}. Choristoneura fumiferana®ll &35l Insect AFP
(CfAFP)= 12-1571 9] WHEE o3| = oln =it A H g 7}
A3, AA A2 left-handed B-helixe] +ZE 7}
CfAFP +22] B-helix ¥&9l hydrophobic coreE 7FX]aL
ol2] 7H9] disulfide bond$} 4 AHS E3f AP
A g}, B-helix +320] @S A44E FEHE 7
H A A flatgk W F shube W Eo]A] = Thr-X-
Thr motifS 71t} 53] Thr-X-Thr(X $IXl& & =
£ ofu|=Ate] 912] 7Fs) ofnliedto] A2 A e A3 A
o= Fogtiar gtk CAFPY] 28 95 A4 3
o] A4z 2dEgE &3 Thre] OH groupe]l =274
9] lattice®} 374 02 2 glFo|Xith= AMS 13k
t}. ©]& “ice lattice occupation” modelo]2}L H-Et}
Thr-X-Thr motife] 3 WA Thre ol $JX]5l= B-strand
o EAl8lE Thr X719k FHH 02 4.5 A Dol gl
H, 7+8 B-strandol] EA|5= Thr 271¢= 7.35 A ol
A A Hrt. ol & A% 9] prism plane lattice(4.5x
735 A) Z12]3 basal plane lattice(4.5x7.8 A)2] ¥7H4
x19} A2 Ax)et(Leinala er al. 2002).

Insect AFPO] US4 F 712S ¥k 918l ice
etching techniques ©]-&3 AFE0] 3 =4 gith
ice etching technique AEE ¢IslAl= WA single ice
crystal hemisphereE =H|3IaL AFP7} S0+ &9 &
o|4] =H]H single ice crystal hemisphereZ 3 733lA 3t
T A dE BEE HFAL 535 A7 AFPTF A%
| Fele 95 249 s3hAr8o] AFPel ofal Wafvt
o] 2 H9le 18 2o
GFP7} fusion®l AFPE ©|&3ld GFPY ¥3<
AFPe] Z3H9E U5 1] CEHE
ice etching technique AE-S ©]-&3+ =i Aol ¢JstA

e d

[

St ARAS el tH(Fig. Sc). 3] o-helixZ ©]
FoiRA dZEe| Thr 217t D& 2AF F9lol SAshk=
Type 1 AFP9= 2] Insect AFPE B-helix®] +25 7}
A|AA ofe] 7he] Thr 2717} A6l d AR 4=
Al == Aol thA] W3l Type I AFPE €524 29
lattice matching®] UL H 07 AoJ ATt Insect AFP
= olxrA o R Ao =M Type 1 AFP Bt €& =
< Antifreeze activityS 7 202 o AlE] o)Xt}

7. Plant AFP

25| EXsE AFPEEH T2 AFPE°| Y35 -

TH %< 7HHA o449 94S o
=0 AAAsE AAlsh=s AoE LA Utk 2
g2 o2 2&E9] Pathogenesis T E TA =3} o]
A AEH FERA R FAMSS THAIAL lem, 4lA]of o
™ Plant AFPE anti-fungal 42 Yepl7|= 3t}
1998 ScienceA|oll Wi e Al oJst FoZ FH
A2 plant AFPE Ztobr] L cDNAE Hl] 21&E¢] &
AANA FA AR A2 A il AES Az
ot 34 AgkE 2@ AER FEH| FEES WY T
°] AFPE 73l AL RISH TH B4 Uehlle 21&
. o] A= g FEo|= plant AFPY] 3
ot F& ML Azo] 2 A F Ue
A ASE AES TE F Uoke 7FsA S AAST
(Worrall et al. 1998). 28] A0 J A= Carrot AFP=
polygalacturonase inhibitor proteins(PGIPs)e} =2 o}w]
T2 M FAMIS 7FAI R Qlt} PGIPs: leucine-rich-
repeat(LRR) protein family®ll 43P+ LRR T2 12
o2 WHEHE leucine oFr At A= oF 24719
peptide”} 109114 BAl= 30814 WHE-E), ¥]E Carrot
AFPE polygalacturonase inhibitor /-2 §IA] %k PGIPs
ZHE Antifreeze activityE 7HA|= @A 2 13} o1A
S-S RS 3

A7 5

°

o

[e3]
=
Al

i

—

AC)
R

winter rye < bittersweet nightshade(Solanum
dulcamara)?} 732 Th2 2] EolA BAE | Plant AFP
TSk 21E9] Pathogenesis TE TS} ofv] =4 f
S 7HAT winter ryeoll A WAEO|Z AFPE
Chitinases 49} o} =4t F-AMI-S 7EA]=H, antifungal
activity, hydrolytic activity ZZ2] 2L ice-binding activityS
SAlll 7He. SEAIRE g e o] gk Zbzke] M= ot
2 52 AEY ZEold sxd os 2dHra
A ATt 20 mM Zg FEA = Chitinase &4:9]
o] Zgo] flg W B} 5 Bx Srsohal Je A
Aot SHAIRE W2 Zrgo] EANSHH  Antifreeze activity
= Yotk A/34 20 winter ryedlAE ZEF T2t 1l
- St} shAIRE Bl TFEE winter rye= cell wall2
TE ZgS BHlste] Alxye] ZgsEEs =Rl ol
winter rye AFP2] Chitinase 4~2] E4Jo] E=olxA| ¥
o] mAol oJaf Wwto] Tl 7} o] FARA Hrt. whEbA
winter rye AFP 7d-$-9l:= Chitinase &49] A3}
Antifreeze activity T+ 7HAE &A1 7R oL g5
ofal z}zte] &gdo] 2HEIL = Ao th(Griffith and
Yaish 2004; Atici and Nalbantoglu 2003).

8. L 9] T} AFP

Z %9 vlE|2]o} AFPE= ¥=9] Moraxella catarrhaliset
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o2 By AR O™ (Yamashita ef al. 2002), =2
plant growth-promoting rhizobacteria &< Pseudomonas
putida GR12-2°.2 F-E X secretion=]= AFP7} 2= %]
Y(Muryoi ef al. 2004). 18] Z = 2008 Biochemical
Journalol]| ¥ ZAdo] oshd P Marinomonas
primoryensis ¥+ 2] hyperactive calcium dependent
AFP(MpAFP)E Z243}3L A3 Tl dS AA|sk9 1
O Uolrt Abap &2 RS A EEgth o] A o
Antifreeze activitys 7= 322 opv|:At F9l= 1979
ofmjiibze] REHEO = o]Folx Sl=tl, XGIGND
motifs 7HIth X $1X|oll= F= alanine == glycine©]
AAIskAL F S Q] Thrdt Asnol =24 7o) 2314
%l T Aol St SHT AFH R o] F
olm]:=2kS Tyre 2 X3k EdHolAE wEo|A TH
A8 B w3S W wid-type MpAFP Rt} 43 ©e
Uetll= AS #&siith o] @md2 RTX
(repeats-in-toxin) family T &3} ofn| =ik M E FAS
< 7KA=dH, RTX family @& E2 Gram-negative
gammaproteobacteria®l 4] 7 ¥ = secreted virulence
factor S°|th. MpAFPE calciumo] A& ) & TH
e 7EAH trypsinell 2] 3 proteolysisoll = ZEFo] §lS
o B} griE ez gttt 2E|a 2ol S Wit
S el MpAFPe] o|x} +x2E& CD Aoz 4%
&) B Zpo] g wle F2 B-sheet 2= 7= A
o2 YA Zgo] & wWole e +x7t
random-coilS 7HAE Ao Z el o]& calcium©]
MpAFPe] &3 T {35 fAlsk=t] T3 J9F
< Sitb= AS YepdTh BRE oYz} o] =elA =
Calcium®] ZA%¥ alkaline protease®] B-roll T+Z&
template® 3+ homology modelingg 53] MpAFPS] 4+
2 2 RdE et o] By FrEAo] ofshd
MpAFP+= B-helical foldE 7FAM B-helixe] & F-£]o
AE calcium ATHE 7L Utk dA4EH9=
calcium 9] RIhZo] HPg F =9 Thedt Asp/
Asn oM AHSE o] Fo]#] QJtH(Garnham ef al. 2008).

H2 Y& AFaF e MR e F 7R 388 =%
)5 (Typhula ishikariensis?} Antarctomyces psychrotrophicus)
X MZ-e AFPE welall WL = AFPe| &4 B AYs}s}
9l EA1-8 vt} Antarctomyces psychrotrophicus®
€] AFP=(AnpAFP) ¢F 28 kDa®| #-A-#S 7HAH
glycosylation®l] 2]3] translation modification®] o] ]t}
= A S glycosidasedl] 23] glycosylation ® G A A
oM A7]E size HISHE F3l 85T - AFPR
7 bipyramidal FE}¢] HFAH S FE=8HAT AnpAFP=
type I-IIl AFPS} -f-A1SH antifreeze activityS 7FA|= WHH

tlo o

274

o] Typhula ishikariensis AFP(TisAFP)= insect AFP9} f-
AFSHAl hyperactive antifreeze activitys 71t} 18|32
TisAFP 7-9-oll= acidic 37314 E& TH 45 YeR
= WA AnpAFP+ alkaline 37394 =2 TH &4 1
ERdT, o]7do] FIle] thE psychrophile fungiso] The
A3ty EAS 7= AFPE 7|t AM2 Zh7}e)
AFP7} ThE gene® & FH ZsteojA] $h3-S ofv]gth
(Xiao et al. 2010).

aal HZole B5 A% yeast(Leucosporidium
sp.)°lAl THS} RI activityS 711 A 22 AFP(AY30)7}
AE AT AY30 SRS 2617]9] ojmAto g o] F
o]# 13 N-terminal signal sequence®} &2l N-
glycosylation siteE 7FITH(Lee et al. 2010). A=} 3
ndg Ao ofshd o] whlae 2Zox WA R o)A
= Insect AFP9} FALSHAl A A 22 left-handed B-helix
TZE 7HE Aoz ogdtt. AT Insect AFPE
disulfide bond®l|] ]3| left-handed B-helix +Z7} SHgs}t
A5 AY30 AFP A9o= & 3hte] Cysteine oboie
A 7= 7EAIAL A 271 Wil disulfide bond §1°]
left-handed B-helix +2E& 4T A o= FSHh(Fig.
5d).

o] 9Jo|= = alga(Prasiola sp.)¢} ice sea diatom
(Navicula glaciei)o| A= A 28 AFPE©C] TAE o] A
%3 lthRaymond and Fritsen 2001; Gwak et al. 2010).

9.4 &

Fate] 2imolr] Aok B2 SANEAES AFPE
WAt o 24 AW A& AR A4S A shA
ol7IaL itk WIE B3 27 vhEAT A S7HA] g
3% BE AFPE 732492 ¥W3Ial hydrophobicet &
SATTHE THHA A48T AR HE A
< Bl o=HE B 2 AR S A |

A7 A= AFPES 2RES] 7224 54 ==
sourcedl] 2|3l grouping(Type I-V, Plant AFP) =o1#] $k
o} SR T Ukt AAEAER FE AFPE©] AMEA T
A=l AAL o]F9 types ZAAst=H o= 71E9
grouping®ll A7} Qltt. Wb o] E2] A3t grouping
L i K B o A B == b e D B Lo P R
AFPol| tigh o B2 Fx#< A7 st @t
oluUz}, AFPS] F2EAE AFP 7} o thijdz R
ZstE o] F=AE Wol= 83t o volrt ALt
T AR 2 AHE Antifreeze activity?} SFE 71571
A% AFP] A|&3} o5 o] &3t Aistel] =& &

o},

¢
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