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Hyperactive Antifreeze Protein from Fish Contains Multiple Ice-Binding Sites
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ABSTRACT. Antifreeze proteins (AFPs) are produced to prevent freezing in many fish species that are
exposed to icy seawater. There are a number of nonhomologous types of AFPs, diverse in both sequence
and structure, which share the function of binding to ice and inhibiting its growth. We recently discovered
a hyperactive AFP in the winter flounder and related species that is many-fold more active than other fish
AFPs. Like the 3-4-kDa type | AFPs, it is alanine-rich and highly helical, but this 17-kDa protein is
considerably larger and forms a dimer. We have sequenced the cDNA encoding this new AFP to gain
insight into its structure and evolutionary relationship to the type | AFP family. The gene is clearly
homologous to the righteye flounder type | AFP genes. Thus we have designated this protein “hyperactive
type | AFP” (hyp-type ). The sequence of hyp-type | AFP supports a structural model in which two
extended 195-amino acid alpha-helices form an amphipathic homodimer with a series of linked Ala- and
Thr-rich patches on the surface of the dimer, each of which resembles ice-binding sites of type | AFPs.
The superior activity of hyp-type | AFP may derive from the large combined surface area of the ice-
binding sites, recognition of multiple planes of ice, and protection of the basal plane from ice growth.

Antifreeze proteins (AFP}are diverse in both sequence by models that show this face can be snugly fit to the
and structure but share the ability to bind to ice and prevent experimentally determined planes of ice to which the AFPs
it from growing (L—3). In fishes, there are at least five bind (3, 15, 20).
different types of AFP that confer freeze resistance on their | winter flounder,Pseudopleuronectes americantise
hosts &). Type | AFPs, defined as small, Ala-rich-60% species from which type | AFPs have been most extensively

Ala) alpha-helices, 6), are present in fishes from three gy gied, the many isoforms produced can be grouped into
taxonomic orders. These include pleuronectiformes (righteye 1o sets 6). Liver-specific isoforms are exported from this

flounders) such as th.e winter floundef) (an(_:i yellowtail tissue into the blood, directed by the signal sequence
flounder @), scorpaeniformes such as sculpifs-£1) and mechanism, where they are thought to prevent ice growth
snailfish (L2), and a perciforme, the cunnerd). Typically, in extracellular fluids. They are produced as proproteins that

the type | AFPs form amphipathic helices with a well- 56 hrocessed at the N terminus by a dipeptidyl peptidase
conserved Ala-rich surface opposite a less conserved, moréynq at the C terminus by amidation of the penultimate residue
hydrophilic side of the helix}(4). Replacement studies have (Arg) (21, 22). The mature protein is typified by isoform

shown that even a single substitution of an Ala by a bulky pp| .6, a 37-residue peptide containing three 11-amino-
residue on the Ala-rich surface can eliminate antifreeze ,iq repeats, which forms an isolated alpha-helix stabilized

activity of both the winter flounder and shorthorn sculpin by cap structures at both endS]. The other set of isoforms
AFPs (L4, 15). This is supported by NMR relaxation studies g o rqquced in skin, scales, fins and gilsl), These proteins
showing that Ala residues on this face of winter flounder 56 no signal sequence, and modification is limited to

isoform HPLC-6 interact more strongly with ice than those acetylation of the N-terminal Met. Immunohistochemistry

on the opposite surfacd ). Other replacement studies, in jgicates intracellularas) or local extracellular accumulation

which the Thr residues (spaced at 11-residue intervals) (26), depending on tissue type. These isoforms are thought
flanking the Ala-rich surface of HPLC-6 were replaced with 4, vide the first line of defense against freezing from
Ser or Val, have illustrated the importance of the threonyl nucleation by ice crystals in the environment.

methyl group for activity 17, 18). These data have led i . i
Until very recently it appeared that all fish AFPs had

to the view that it is the hydrophobic surface that inter- , > e

acts with the ice/water interfacdd), which is supported ~ roughly comparable thermal hysteresis activity, which is
defined as the ability to lower the freezing temperature below

the melting point 27). AFP types I, Il, Ill and IV and the
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hysteresis values over 3°Cat less than one-tenth the

Graham et al.

in 1/10 volume of 10 mM ammonium bicarbonate adjusted

concentration8). These AFPs are described as hyperactive to pH 7.0 with HCI immediately before use.

(29) and their evolution in over-wintering insects could be

Protein/Peptide Sequencin§equence data were primarily

rationalized by the requirement for these terrestrial organismsderived from LG-MS/MS on a Q-TOF Ultima Global
to adapt to far colder_temperatures than mgrine fish ever (Waters, Milford, MA). Digested hyp-type | (500 fmol) was
encounter. Thus the discovery of a hyperactive AFP in the introduced into the mass spectrometer using a CapLC liquid

winter flounder was surprisin@g(), particularly because the

chromatography system (Waters). One fragment (the largest

type | isoforms produced by this species had been recognizedat 3886.1) was analyzed by MALDI-MS/MS methods. For

and extensively characterized over the last 30 yegrsThe
hyperactive AFP provides-1.1 C of thermal hysteresis
activity at its circulating concentration of 0.1 mg/mL,

MALDI Q-TOF analysis, hyp-type | AFP (2 pmol) digest
was mixed with 5 mg/mL alpha-cyano matrix in 70%
acetonitrile and 0.1% trifluoroacetic acid. The masses of

suggesting that this protein alone might be adequate to protecintact tryptic fragments were determined by the same method.

the flounder at the freezing point of seawater. On the other
hand, it appears that the fish would not be protected by type

| alone, even though it is present atl00-fold higher

concentration. Subsequently, we have found homologues of
this hyperactive AFP in species from two other genera of

righteye flounders, yellowtail floundeLimanda ferruginega
and American plaiceHippoglossoides platessoidg81). In

the latter species, the hyperactive AFP appears to be the onl

antifreeze present in the blood.

The hyperactive and type | AFPs of winter flounder exhibit
some intriguing differences and similarities. Type | AFPs
have been extensively characterized as monomerigl- 3

cDNA Library ConstructionWinter flounder were col-
lected in March from Chapel's Cove, Newfoundland, Canada,
and the livers were rapidly harvested and flash frozen. Liver
tissue (0.13 g) was ground under liquid nitrogen, and total
MRNA was isolated using the RNeasy midi kit (Qiagen,
Hilden, Germany). The polyadenylated RNA fraction was
isolated using the Oligotex mRNA midi kit (Qiagen). A

YeDNA library of approximately Ix 10* pfu was constructed

using the ZAP-cDNA library synthesis kit (Stratagene, Santa
Clara, CA) and amplified according to the manufacturer’s
instructions.

Cloning of Hyp-type | cDNAAIl PCR amplifications were

kDa peptides whereas the hyperactive AFP is a highly yone using Tag DNA polymerase (Qiagen) with Q-solution

elongated 32-kDa homodimer. However, they all share high

Ala content (-60%) and are entirely alpha-helic&3 32,
33). Previously, we cloned a genomic sequence narbad “
with a putative exon encoding an exceptionally long Ala-
rich sequence. It seemed likely thad was a pseudogene
since no corresponding protein nor mMRNA was detec3dyl (

The N-terminal sequence, amino acid composition and mentioned,

molecular weight of the newly discovered hyperactive AFP
resembled those of the putative protein encode8dyhus
the hyperactive AFP was referred to aSa‘like”, even

though differences in all three properties made it clear that

the protein was not encoded bya (30). Despite the
similarities, the evolutionary relationship between the hy-
peractive AFP, th&a genomic sequence, and the small type

| AFPs was unclear. To further characterize the hyperactive
flounder AFP and elucidate its origins, we have sequenced

peptides derived from the purified protein and used this

information to clone the corresponding cDNA. The sequence
clearly shows that the hyperactive AFP is homologous to

the smaller flounder AFPs and has enabled us to develop
model for its structure and putative ice-binding surface(s).

MATERIALS AND METHODS

Tryptic Digestion Hyp-type | AFP was purified by size-
exclusion chromatography and ice affinity purification as
previously described3Q, 32). Approximately 0.1 mg of
protein was digested by trypsin in 50 mM ammonium
bicarbonate (adjusted to pH 7.0 with HCl immediately before
use), with 0.1 mM CaGladded to the trypsin stock, again
just before use. The initial digest was performed using 1
of bovine trypsin (Sigma-Aldrich, St. Louis, MO) at £&
for 1 h, followed by sequentid h incubations at increasing
temperatures (18C, 21°C, 37°C), with addition of 0.4ug
of fresh trypsin each time. Digestion was monitored by
MALDI-TOF MS and SDS-PAGE, and the cleavage

a

(to amplify GC-rich templates) following the manufacturer’s
instructions. Approximately 20,000 pfu of the amplified
library or 2ulL of previous PCR products (for reamplifica-
tions) was used as the template. Degenerate and nondegen-
erate primers were used at concentrations gMiLand 0.1

uM, respectively, in 50uL reactions. Unless otherwise
reaction conditions were as follows: initial
denaturation of 5 min at 9%C, hot start at 80C, 30 cycles

of 95 °C for 1 min, 55°C for 1 min and 72°C for 2 min,
followed by a 20 min final extension.

Partially degenerate primers were designed and named
based on the peptide sequences: IDPAARA'-ATYG-
AYCCHGCMGCMAGRGC-3 (N-terminal sequence), IA-
TINA = 5-ATHGCMACHATYAAYGC-3' (internal tryptic
peptide), DNAAAAK antisense= 5-YTTKGCKGCKGCK-
GCRTTRTC-3(internal tryptic peptide). The IDPAARA and
T7 extended primer (SCCCTCACTAAAGGGAACAAA-
AGCTG-3) were used in the first reaction as above but with
a 56 °C annealing temperature. The IATINA and T7
extended primers were used in the first reamplification and
the IATINA and DNAAAAK antisense primers in the second
with an annealing temperature of 46 for 25 cycles for
both. The single band of270 bp that was obtained was
subcloned using the TOPO TA cloning kit (Invitrogen,
Carlsbad, CA) according to manufacturer’s instructions and
sequenced (Cortec, Kingston, Ontario, Canada).

The sequence of the internal fragment was used to design

a nondegenerate primer (MAAKDTA antisense 5'-
GGCAGTGTCCTTGGCTGCCAT-3 that contained mis-
matches relative to th&a gene sequence. The upstream
portion of the cDNA was amplifed by anchor PCR using
this primer and the T3 extended5'-CCCTCACTAAAGG-
GAACAAAAGCTG-3' primer. Then, a primer specific to
the 3 UTR was designed (BUTR = 5-GTAGTGAAC-
CAGTGCTCCCTAA-3) and used with the T7 extended

products were concentrated by lyophilization for resuspensionprimer to obtain a contiguous hyp-type | coding sequence
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Ficure 1: MALDI-MS spectrum of tryptic digestion of hyp-type I. Inset shows the linear sequence with basic residues in boldface and
underlined with the predicted peptide masses (those observed in spectrum in bold) shown underneath the tryptic fragments.

=

from the library. All products were subcloned and sequenced .
y P q Table 1: MS/MS Fragment Masses and Sequences Compared with

as above' . ) Deduced Masses and Sequence of Hyp-type |

Library Screening for a 5a cDNAL o determine whether : Joduced
the5a“pseudogene” is expressed at the MRNA level, primers  fragment mass ragmertt sequences deduce
that exactly matched the sequence5af were designed. b ;

. . . olded residues sequenced
Mismatches relative to the newly acquired sequence of hyp- observed predicted residues by MS/MS!
type | are underlined. Signal peptide 5-TCACTCT- 756.4 756.4 17 NIDPAAR
TCACTGTCGGACAATTC-3, IASINANT = 5-CATAG- nd 7314 816  AAAAMASK
CAAGCATCAACGCCAACAC-3, VAKTTIDK antisense 3886.1 3885.0 1762 MgJKEﬁ::ﬁ;AAQIASAA-
= 5-CTTGTCGATGGTTGTTTTGGCTAC-3 The first TINAASAAAK
reactions were performed as described above, using either (MALDI)

i i, i i i i 975.5 9755 6373  SIAAAAAMAAK

X]lle S|gnatl)|pept|d%pr|mer or IASINANT ;{\f/_ltf:jthg ;lr?hprlmer. 1550.7(100) 15508 7492 DT s AVASAAK

| possible combinations were reamplified with the same gg7 5 8875 93100 ALETINVK
primers or with IASINANT to nest at the'5end and 2522.3 2522.3 101130 AAYAAATTAN TAAAAAAAT-
VAKTTIDK antisense to nest at the @nd. Products were 0455 o455 131140 AT/I*DTI\TAAAAQAAK
subcloned and sequenced as above. 27135 2713.4 141172 AAAVATAVSDAAATAATA AA-

Molecular Modeling.The CD spectrum indicates that the VAAATLEAAAAK
secondary structure is completely alpha-helical, and the 1871.0 1871.0 173195 AAAAATAAl\D/SAAAAAAAAA'AF-
analytical ultracentrifugation data indicate a dimer with an polymorphic fragmerit
axial ratio of 18:1 82). An initial model of the structure  1589.8 1589.8 dtaaAAASAAATAVASAAK
was built with phi and psi angles set at64” and —44° a Fragment masses determined by MALDI except for those indicated

respectively, based on the angles measured, after excludingn italics which were determined by LL€ESI-MS." Predicted masses
three to four residues at each terminus, in type | isoform were determined using PEPTIDEMASSS]. ° Amino acid residue
HPLC-6 (—64° and —44°) and the tetramerization domain numbers as in Figure E.Residues conclusively determined prior to

: _ cloning of the cDNA are in bold (MS/MS) or italics (Edman
of tetrabrachion {63’ and—43’) (23, 35). The angles were degradation)¢ Sequence of a minor species with residues deduced by

then slightly modified {-62° and —42°) to more precisely  similarity to hyp-type I in lowercase italics and the polymorphism
align every eleventh residue. The resulting helix showed a underlined.

single discontinuity in the alignment of the 11-amino-acid

repeats, about two-thirds of the way down the molecule, aqgregates at room temperatudg)(potentially reducing its
where an additional two residues interrupted the repeatgysceptibility to tryptic digestion by decreasing the acces-
pattern. Using PyMOL 0.986), with the sculpting function  gjpijity of protease cleavage sites. The use of denaturants or
activated to minimize clashes and unreasonable geomet”esdetergents to prevent this was avoided as these materials
the coiling of the helix was increased slightly in this 13- ¢4y interfere with ionization in mass spectrometry (MS).
re_5|due_reg|on_so that_the 11-ar_n|no-_aC|d repeats aligned OMTherefore, the initial digest of purified hyp-type | AFP was
either side. This resulting amphipathic monomer was dupli- performed at a low temperature (18) at which this AFP
cated and docked, in an antiparallel orientation along an Ala- jg fully stable 82), causing partial cleavage of the long
rich face devoid of large or charged residues, thereby placingpejices (data not shown), and presumably producing frag-
the putative ice-binding faces of both subunits on the same ,ants that are less prone to aggregation. The second and
surface. third incubations were performed within the temperature
RESULTS range at which the first thermal denaturation occurs°@8
and 21°C) so that tryptic cleavage of newly exposed sites
Complete tryptic cleavage of hyp-type | AFP requires would compete with aggregation. The final stage was carried
digestion in stages. Hyp-type | AFP is thermolabile and out at 37°C, and digestion was judged to be complete as
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Ficure 2: Representative MS/MS profile. The y ion series is shown in blue and was used to deduce the sequence of all but the first two
residues. The strongest signals correspond to the b2 and a2 ions containing the first two residues (Sl). Two internal ion series are indicated
in green and purple. The other predominant signals correspond to internal or satellite fragments (data not shown).

T-:.i EUTR ijAARA "fﬂm Table 2: Composition of Hyp-type | AFP Determined by Amino

SHTR e e e T T o Acid Analysis (aaa) of the Purified Protein and Deduced from the
MAAKDTA  DNAAAAK T7 cDNA Sequence
Cl—cmne 1 residue aaa cDNA
one 2 Clone 3

. Asp 13 7
Ficure 3: Hyp-type | AFP cloning strategy. The vector arms are Asn 5
represented by gray bars, coding sequence is represented by the g, 3 2
black bar and noncoding sequences are represented with lines. g 0
Primers within the coding region are named for the corresponding  ger 9 10
amino acid residues with degenerate primers italicized. The dashed  gjy 1 0
lines indicate the expected products of the first two PCR amplifica- His 0 0
tions with cloned fragments shown as black lines. Arg 1 1
. . . . Thr 18 18
masses corresponding to partial digestion products were not a3 120 121
seen (Figure 1 and Table 1). The N-terminal sequence of Pro 3 2
hyp-type | AFP was previously determined by Edman Tyr 1 1
; Val 8 8
degradation. Met 1 1
Sequencing of Tryptic Peptides &@wing 43% of Hyp- lle 8 8
type | AFP.Tryptic fragments were subjected to EESI- Leu 2 2
MS/MS as well as MALDI-MS/MS with many fragments Phe 1 1
producing ion series of sufficient quality to provide sequence Lys 6 8
: . . . . Cys nd 0
information (Table 1 and Figure 2). Manual interpretation Trp nd 0
of these series was required due to the Ala-richness of this  total 195 195

AFP, since internal fragments of the same mass were often average mass obs: 16683 predicted: 16685

generated by different cleavages. For example, three different
fragments of identical mass, containing one Met and three ] ) )
Ala (AAAM, AAMA, AMAA) could be produced from the residues (lle and Leu). Primers were designed to regions of
peptide SIAAAAAMAAK (Figure 2). Three of the four ~ Maximum amino acid sequence complexity that did not
fragments that are longer by one residue are also of equalcontain Ser residues. Where MS/MS data indicated the
mass as they contain an additional Ala, and so forth. Presence of isobaric residues, lle was favored for two
Therefore, these peaks were often more intense than thoséeasons: théasequence encodes lle at equivalent positions,
of the y series. Nevertheless, conclusive sequence wasind the amino acid analysis indicated that hyp-type | AFP
obtained covering 43% of the protein. contained eight lle but only two Leu residues (Table 2 and
Sequence of the 195-Residue Hyp-type | AFP Is 60% Ala.(32)). Degeneracy was further reduced by excluding those
Both the N-terminal and internal MS/MS-derived sequences codons that are rarely found in eitrgaor type | AFPs 84).
(Table 1) were used to design degenerate oligonucleotide Three nested PCR reactions, employing combinations of
primers for the purpose of amplifying a cDNA encoding hyp- vector primers and degenerate hyp-type | primers (Figure
type | AFP. This strategy was complicated by the high Ala 3), amplifed an internak300 bp cDNA fragment from a
content of the peptides, the abundance of Ser (which can bdibrary constructed from the liver of a single flounder
encoded by six possible codons) and the presence of isobaricollected in late winter, a period of peak AFP production.



Sequence of Hyperactive Fish Antifreeze Protein Biochemistry, Vol. 47, No. 7, 2008055

* * *

Hyp-I MALSLFTVGOFIFLFWIISITEANIDPRARRARRARRSKAR DAAAAAAEIAASAAS &0

5a MALSLFTVGQFIFLFWTISITEA- IDPARKARAAARAANA IAR@ARR 59
HPLC-6  MALSLFTVGQLIFLFWTMRITEARPDPAARAAPAAAA------------=---==----- 37
AFP-9 MALSLFTVGQLIFLFWTMRITEANPDPARKA - -~ - -~~~ ~--~==-~~~—-~~~———- 31
F2-skin -----------------"---—--- MDAPAKA - - - - - - - m - - mm i m e 7
Y-tail MALSLFTVGOLIFLFWTLRITEANPDPARKALPAAVA - -~ ------------—-—-=--— 37
* * * * * *
Hyp-I  V DDAAASIAQINAASARAKS IAAAAAMARKDRARAAASARARARVASARKALERT 120
5a VAG ARAASIASINANGARARATARAAAKAAREARARANAANATNAARAANAOMNT 119
HPLC-6 === === = === === m oo o m o o e oee
BFP-9 s mmmm o e e e
o s B bt ettt
¥-tail @ ---mmmmm e -

Ficure 4: Alignment of five winter flounder and one yellowtail flounder AFP sequences. Secretory signal-peptides are in italics, and the
pro-peptide regions are underlined. Some sequences contain a C-terminal Gly that is removed, leaving an amidated terminus. Residues
within the mature proteins are colored as follows: Ala highlighted yellow, Thr highlighted black, acidic residues in red text and basic
residues in blue text. The alignment mirrors the mRNA alignment. Asterisks are used to denote the Thr spaced at 11-residue intervals in
the shorter isoforms. This pattern can be extended in the longer isoforms (with the exception of the break in the pattern indicated by
slashes), with Thr at up to 10 of the 17 positions. Y-tail is the yellowtail flounder AFP sequence. Hyp-I is the hyp-type | AFP sequence.

Table 3: Ala Codon Usage and Third Codon Position G or C Content (%) in Non-Ala Codons of AFPs Compared to Ndn-AFPs

Ala codons (%) codon no. %
third third
GCC GCA GCT GCG Ala all pos. G pos. C
AFPs
hyp-I 63 20 15 2 123 219 2(3) 58
5a 70 20 6 3 128 219 4(2) 52
HPLC6 71 18 11 0 38 83 2(3) 38
AFP9 70 26 4 0 46 92 2(3) 49
F2-skin 69 27 4 0 26 40 8 (1) 31
Y-tail 65 20 16 51 98 0(2) 47
non-AFP$§
opsin 30 23 38 10 40 358 17 (28) 21
zona pel. 21 38 33 8 24 510 24 (7) 18
THR 57 0 13 30 23 417 41 (22) 38
pepsinogen 40 16 40 4 25 379 21 (16) 47
NaCl trans. 46 9 32 12 74 1024 31 (44) 37
f-tubulin 55 14 28 3 29 446 28 (23) 34
amylase 61 7 29 4 28 513 25 (35) 42
aminopep. 37 17 33 12 81 975 28 (47) 31

a Complete coding sequences with the following accession numbers were obtained from GenBank; winter flounder AFPsEbMB8795,
5a= M63476+ M63477, HPLC6= X07506, AFP9= X53718, F2-skin M63479), yellowtail flounder AFP (Y-tai= X06356), winter flounder
non-AFPs (opsir= AY631039, zona pek= U03674, THR= AY794223, pepsinoger AF156787, NaCl trans= L11615,5-tubulin = X74492).
bThe % Ala encoded by each codon is shown along with the total number of both Ala and all cb@iota.% G or % C in thethird codon
position, after exclusion of Ala codons and those that must end in G (Met and Trp, number in brackets).

Nondegenerate primers were designed to this sequence an@AARAAAAA) (32). The predicted average mass of the
used with vector primers to obtain theénd of the cDNA. mature 195-residue protein encoded by this cDNA is 16,-

The third step was to use a primer designed to the |R, 686 Da, consistent with the mass of 16,683 Da observed
together with a downstream vector primer, to amplify the by MALDI-MS.
entire cDNA sequence in one segment. The tryptic fingerprint obtained for the purified protein

Hyp-type | AFP Is a Secreted Proteifhe resulting cDNA matches that predicted from the translation of the cDNA
contains an open reading frame in which the first 23 residuessequence (Table 1 and Figure 1) as nine of the ten predicted
(MALSLFTVGQFIFLFWTISITEA) are predicted by Sig- fragments were observed. In addition, the predicted and
nalP @37) to encode a secretory signal peptide (Figure 4). observed amino acid compositions agree remarkably well
The sequence following the predicted signal peptide cleavage(Table 2). Partial or complete peptide sequences were
site exactly matches the N-terminal sequence of the purified determined for the nine observed fragments and are in
mature protein as determined by Edman degradation (NID- complete agreement with the deduced sequence (Table 1).
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Hyp-I
5a
HPLC6
AFPS
F2-skin
Y-Tail

HPLCE
AFPY
F2-skin
¥-Tail

Hyp-1I

HPLCE
AFPY
F2-skin
¥-Tail

Hyp-1I

HELCSE
AFPY
FZ-skin
¥-Tail

Hyp-I

HPLC&
AFFP9
F2-skin
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Hyp-I

HPLCeE
AFPY
F2-skin
Y-Tail

HPLC&
AFFY9
F2-skin
Y-Tail

F2-gkin
Y-Tail

Hyp-I
S5a
HPLCeE
AFFP9
F2-skin
Y-Tail

Hyp-I

HPLCE
AFPY
F2-skin
Y-Tail

1

45

6l
61l
61
42

105
1z0
121
121

95
102

165
178
1lel
143
121
142

225
238
lel
143
1z1
142

285
298
161
143
121
l42

345
358
1lel
143
121
142

405
418
161
143
121
142

465
478
lee
148
1z1
147

525
538
214
196
126
207

585
598
248
256
1&0
267

M A L S
A e e GTAGTGAACCAGTGCTCCCTARAAGTTCTCARRAATGGCTCTCTC
1 ACCACATCTTCATTTTCTAGTGAACCACTGCTCCCTARAAGTTCTCARAATGGCTCTCTC
1 ACCACATCTTCATTTTGTAGCTGAACCAGTGCTCCCTACARAGTTCTCARARTGGECTCTCTC
1 ACCACATCTTCATTTTGTAGTAAACCAGTGCTCCCTACAAGTTCTCARAATGGCTCTCTC
1 CACRAAATCARAGTGARTAARTAGAGGCTGCTCCCTARAAGTTTT CATCAGGACTCARAC
——————————————————— GTGAAGCAGTGCTCCCTAARAGTTCTCARARATGGCTCTCTC
* hhkkkkhkhkhk wokdokd ko * ok kkok *

1
L F T VvV 6 @ F I F L F WTTI S I TEAN
ACTTTTCACTGTCGGACAATTCATTTTCTTATTTTGGACAATCAGCATCACTGAAGCCRA
ACTCTTCACTGTCGGACAATTCATTTTCTTATTTTGGACAATCAgEATTACTGAAGCC - -
ACTTTTCACTGTCGGACAATTGATTTTCTTATTTTGGACARTGAgaATCACTGAAGCCAG
ACTTTTCACTGTCGGACAATTGATTTTCTTATTTTGGACAATEAGaATCACTGAAGCCAR
ACTTTTCACTGTC---------=-=---==-==---~ GACCACTCAgaATCACTGRACATCAA
ACTCTTCACTGTIGGACAATTAATTTTCTTATTTTGGACACTCAGAATCACTGRAAGCCAR

kkE EhkEkkE kAR *  Ekk k kk kE Rk kkF * %

I D P A A R A A A A A A A 8 K A A V T A
CATCGACCCCGCAGCCABAGCCGCAGCAGCCGCAGCAGCCTCOARAGCCGCAGTCACCEC
- ATCGACCCCGCAGCCARAGCCGCCECAGCCGCAGCCECABCCABEECAGTTATCACTGE
BCECGACCCCGOAGCCARAGCCGCCECAGCAGCAGOTGOC- -~~~ n—— - —m oo —— o
COBCGACCCCECAGCCARRAGCC -~~~ — = ————— === ——m——m—mmmmmmmm e
CATEGACECACCAGCCARAGCC -~~~ == === == == == === === ——o oo oo

CCCCGACCCCOCAGCCAAAGCCGCCCCAGCCGCAGTCGCC- -~ -~~~ mm = m = - = - -
FhEk ok kkEkEE khEA

A D A A A A A AT I A A 8 A A S V A A A
COCCGACGCTECCGCAGCCOCTGCCACCATCGCCGCATCCGCCGCCTCAGTCGCTGCGET
CGCAGCCGCTGCCGCAGCCGCLGCCGCCATCGCCGCCACCGCOGCOGCAGTOGCTGEGET

T A A DD A A A 8 I A T I N A A 8 A A A
CACTGCTGCTGATGACGCCGCCGCATCCATAGCRACCATCAACGCCGCATCCGCTGCCGT
CACCGCLOGCCGATGLCGCCGCCGCATCCATAGCRAAGCATCAACGCCARCACCGCCGCCGT

K 8 I A A A A A M A A KD T A A A A A B
GARATCCATCGCCGCCOGCCGCAGCRATGECAGCCAAGGACACTGCCGCCGCOGCGGECCAG
AGCAGCCATCGCCGCCGCCCCAGCARRAGCAGCCGRAAGARGCLGCCGCCACCGCEGCCGE

A A A A A V A 8 A A K A L E T I N V E A
CECCGCCGCCGCCGCOGTTECCTCOGCCGCCARAGCCCTAGARACCATCAACGTCARAGT
CGCTGCCGCCACRAACCEOCGCCACAGCCGCCACAGCCCARGCAACCATCAAGGATARAGC

A Y A A A T T A NTA A A A A A AXATAT
CGCATACGCCGCTGCCACCACCGCTAATACCGCTGCTGCCGCCGCCGCCGCCACCGCCAC
GGECAGCCGCCGCAGCCTCCACCGCLACCARACGCOGCOGOGECCECGECCGCCACCGCCAC

T A A A A A A A KATTIDNUA AW AU RMTK A
CACCGCLGCTGECCGCCGCCECAGCCARAGCAACCATCGACAACGCCGCCGUIGCLCARGGT
CACCGCLGCAGCCGCOGCCETAGCCARARCAACCATCGACARGGCCGCCECRGCCETEEC
TGCCGCAGCCGCCOC-~----------- AGRACACCGCCTCTGACGCCGCCGCTIGCAGCCGT
TGCCGCAGCCGCCOC------------ AGACACCGCCTCTGATGCCGCCGCAGCAGCCGT

TGCCGCAGCCGCTGCCGCAGCOGTTGCAGACACCGCCTCTGACGCCGCCGCAGCAGCCGC

* %

A A VvV A T A V 8 D A A A T A A T A A A V
AGCCGCAGTCGCCACCGCCGTTTCAGATGCCGCAGCCACCGCCGCCACTGCCGCCGLEST
AGTTGCEGCCGCCACCGCCETEGCAGCTGCCECAGCCACCECOGCCACTGCCGCCBECAC
CCTTACCGCCGCCARCECCARAGCOGOTEOCGAR - - - - cnmmm o m oo oo m oo oo
CGCCACCGCAGCCACCGCCGOCGCAGCAGCCGCLGCCACCGCAGTCACCGCTGCCARRGT
BAGCCACCGCCGCCECCGCCARBGCEGCEGCAGAA- -~~~ ~~-~~~~=-=-==-=-------
CGCCACCGCCEGCTGCCGCCGCTARAGCCGCAGCLGACACCGCCGCTECCGCCGCTARRGT

* ok * & *odeok ok * LA

A A A T UL E A A A A KA A AT AV 8 A A
TGCCGCTGCARCCCTCGARGCTGCCGCCGCARARGCCGCAGCCACTGCAGTCTCTECCGC
CGCTGCCGCARCCCTCGEECCTGCCACAGTARRAGCCGCAGCCACCGCCGTCAATGCCGT

CGCAGCCCTCACCGCOGCCARCGCOGCCGCEGCOGCAGCAGCCACCGCEGCCGCAGCCGT
——————— GCCACCGCCGCCGCAGCTGCCAAAGCAGCAGCCGCCACCARAAGCCGEAGCAGT
COCAGCCGACACCECCGCTECCECCGCTGAAGCLGCCGCAGCCACC- -~~~ -~~~ - -~ GC

* % * % * % * dh kE kEkkEA * %

Graham et al.
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A A A A A A ATIAFADAR AP *
Hyp-1I 645 CEECCETECTECCECCECCECCATCECCTTCECCECTECCCC- - - ATAAGEATCETEATC
5a 658 CGCCGCCGCTGCAGCAGCCACTGCCGCCGCCGCCGCCGCCCCCCCDEB&GGATCGTGGTC
HPLC6 289 CRGAGGT--—----—==-=======—===——“~—“~———————————- TAAGGATCGTGGTC
LFPO 316 CAGAGGT-=========m===== === mmm-— = TAAGGATCGTEGTC
F2-skin 213 Caf------------- - eeaaas TANTGATCGTGGTC
Y-Tail 315 CAGAGGT----=-====-=---e-es-ccecceeeccceceeaea= TARGGATCGTGETC

* khk khwohhh hohk
Hyp-I 702 GTCTTGATGTGGGATCATGTGAACATCTGAGCARTGAGATATEACCAATCTGTTGAATAL
5a 718 GTCTTGATGTGGGATCATGTGAACATCTGAGCAGCGAGATGTTACCAATCTGCTGAATAR
HPLCE 310 GTCTTGATGTGGEATCATGTGARCATCTGAGCAGCCAGATGTTACCAATCTGCTGAATAR
AFPY 337 GTCTTGATGTGGEATCATGTGAACATCTEAGCAGCEGAGATGTTACCAATCTGTTGAATAR

F2Z-skin 231 GTCTTGATGTGGGATCATGTGAARCATCTGAGCAGCGAGATETTACCAATCTGCTGAATAR
¥-Tail 336 GTCTTGATGTGGGATCATGTGAACATCTGAGCAGTGAGATGTTATTAATCTGATGAATAL

R R kkkEh Kk Kk kkhkhkE kEhkEkhEk

Hyp-I 762 AGCTGAGAAGCTGTTTGTT

5a 778 AC------mmmmmmmm -
HPLC6 370 ACCTGAGAAGCTGATTGTT
AFP9 3197 ABCTGAGAAGCTGTTTGTT

F2-skin 291 ACCTGAGAAGCTGATTGTT
¥-Tail 396 ACCTGAGARGCTGTTTGTT
*

Ficure 5: Alignment of the cDNA sequences of the AFPs shown in Figure 4. Positions that are identical in all sequences are marked with
an asterisk, and differences are highlighted in gray. Dashes represent gaps, bold italics represent known transcription start sites, start and
stop codons as well as polyadenylation signals are underlined and intron sites (arrow) are flanked by lowercase letters. The amino-acid
sequence of hyp-type | is indicated above the cDNA sequence. Accession numbers are given in Table 3. Features such as transcription start
sites, polyadenylation sites and intron positions were either previously deterrdihe2ll or predicted based on sequence similar@s)(

The MS/MS spectrum of the C-terminal fragment (data not excluded). This bias was not observed in the non-antifreeze
shown) was dominated by b-ion and internal-ion series. genes. A slight bias is found toward C in the third position
However, y1 and y2 ions corresponding in mass to P and of the non-Ala codons of the AFPs, but it is not unusual
AP were seen, consistent with a lack of C-terminal modifica- when compared with the non-AFPs.

tion. Taken together, this indicates that the only post-  poymorphismsThe amplified sequence reported repre-
translational modification to which hyp-type | is subjected gonis’a single cDNA clone by the criteria described above
IS C'eaan? of the signal pgpﬂde. ) (Figure 3, clone 3), and it exactly matches the sequences of
~ An additional fragment with a weaker MS signal and mass two partial clones, amplified in separate reactions (Figure
inconsistent with the cDNA was also partially sequenced by 3 clones 1 and 2), that together span the entire coding
MS/MS (Table 1). The mass discrepancy corresponds t0 asequence. Two additional clones, obtained in independent
single substitution of an Ala for a Thr residue at residue 85. amplifications, shared 6 polymorphisms within tHeU&'R

The MALDI-MS spectrum (not shown) of protein purified  (gata not shown). This is consistent with cDNAs arising from

from pooled sera from a number of individual winter ., alieles since the cDNA library was made to RNA from
flounders suggests the presence of small amounts of bothq jiver.

higher and lower molecular weight species from which

variant fragments could have arisen. The 5a sequence was not found in any of the clones

sequenced. To further investigate whetbarwas present

Biased Base Composition of the Coding Sequeibe. : . . . .
GC content of the hyp-type I clone is high (64.4% for the n th? Il_brary, three primers were de_’slgned _to selectively
entire clone and 72.4% for the coding sequence of the matureamIOIIfy Its CDNA. One primer had a single mismatch rela-

: e : tive to hyp-type I, and the other two had three and five

protein), explaining why PCR reactions were only successful " ". ;
when an additive (Q-solution) designed to amplify GC-rich mismaiches, with one at the second pase fr_om thend qf
templates was employed. This is consistent with the high e"’TCh- A DNA progiuct was only obtame_d with one pair OT
GC content of the type | AFPs and is due to the high Ala primers (those with one and three mismatches), and its
content (62% in the mature protein, Table 2), exacerbated S€duénce matched the hyp-type | cDNA, strongly sug-
by the preferential use of the GCC codon (63%) for this gestlng thabatranscripts were absent from the liver cDNA
amino acid (Table 3). Conversely, the GCG codon is lbrary.
almost never used. A comparison was made to eight Hyp-type | Is a Homologue of the Type | AFPs and 5a.
randomly selected, mutually nonhomologous sequencesThe deduced signal peptides of hyp-type | &adAFPs are
encoding longer X300 amino acids) non-antifreeze pro- absolutely identical whereas the mature sequences are only
teins from winter flounder (Table 3). A similar bias was 73.5% identical (Figure 4). Differences include the gain or
observed in these sequences, though it was less extremédoss of a single residue at either terminus, as well as
The GCC codon was favored in six of the eight sequences, numerous substitutions distributed throughout the length of
and the GCG codon was used least in the same number othe mature protein. The deduced transcripts are 83.7%
sequences. identical over their length (Figure 5), with a 2.1-fold higher

Biased codon usage in the AFPs is not restricted to therate of synonymous substitutions over nonsynonymous
Ala codons. Interestingly, there is a global bias against G in substitutions §8), consistent with selection against changes
the third codon position of the AFP genes, which is evident to the amino acid sequence. One interesting discrepancy is
even when Ala is excluded from the analysis (Met and Trp, that the coding sequence (585 bases) of the mature protein
which are each encoded by a single codon were alsois 80.5% identical, whereas the remaining 178 basdd1R,
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The psi-phi angles of-62° and —42° are such that the

750r undecad repeats make exactly three helical turns placing the
//// /%é’///// ice-binding site(s) on the same face of the helix. The other
7 //é/ /’/‘ 7 % is the nature of the dimerization interaction/interface, which
500 sy ;,f, //é/z Lse::r][%rﬁ speculative and will be presented in the Discussion
/Z{’Z, The Monomer Presents a Series of Ala-Rich Ice-Binding
2/ Sites on one Facé&he circular dichroism (CD) spectrum of
;;% Z hyp-type | AFP is consistent with an almost completely
(>95%) alpha-helical proteirB@). The two residues with a
T high propensity for disrupting-helical structure are either
absent (Gly) or found at, or near, the termini of the protein
(Pro). The Pro found near the N terminus (position 4), as
300k well as the charged residues at positions 3 and 7, may be
/ // / /// //// // // involved in the formation of a “capping” structure, analogous
S / // / / to that modeled in the shorthorn sculpit). The other Pro
= [ / // ; / Y is the C-terminal residue, which would not disrupt the
e % structure of a long helix. Not surprisingly, most secondary
100k structure prediction programs, such as J&6f &nd nnpredict
(40), predict a remarkably long continuous helix, with a few

l nonhelical residues at each end, in complete agreement with
260 560 =0 the CD r.esults. ' S .

Hyp-Type I Analytical ultracentrifugation indicated that native hyp-

i . . type | AFP formed a highly asymmetrical (18:1 axial ratio)

FIGURe 6: Dot matrix comparison of CDNA sequences of selected dimer, with dimensions roughly consistent with two extended
AFPs. Matches of at least 16 out of 20 nucleotides are indicated r W i 8 y - g !
by diagonal lines. A schematic of each cDNA is on each axis with 195-amino-acid-long helices aligned side-by-si@g)(He-
lines indicating untranslated regions, white rectangles indicating lices frequently dimerize along a hydrophobic interface to
the signal-peptide encoding region and black rectangles indicating form coiled coils. Programs such as Marcoil and PCOILS,
the rest of the coding sequence. which have been shown to efficiently detect left-handed
. . . . coiled coils which typically have a seven residue (heptad)
?'9”"’?' peptide-encoding region and BTR) are 94% periodicity @1), did not detect this motif in hyp-type | AFP.
|der?t|c_al. ) Right-handed coiled coils typically display an 11-residue

Similar comparisons between the DNA sequences of hyp- (undecad) periodicity42). Undecad periodicity is evident
type I and the smaller type | AFPs (Figures@) reveal that i hyp-type | with Thr and/or lle appearing at 11-residue
they also share-90% identity throughout the’3JTR. In intervals (Figures 4 and 7). Moreover, it is consistent with
addition, all but the skin isoforms are highly similar oyr model of a single alpha-helix that has 11 residues every
throughout the SUTR and the region encoding the signal {hree turns, similar to that observed with type | AREB)(
peptide. Although the skin isoforms lack a signal peptide, The only inconsistency in the undecad repeat occurs about
18 out_of 19 bases extgndmg upstream from the transcriptionyyo-thirds of the way through the sequence (indicated with
start site match a region of the BTR of hyp-type I. A gjashes in Figure 4) where an additional helix loop turn has
second match occurs between 15 bases of thefR of the  peen modeled (indicated with an arrow in Figure 7a). The
skin isoform and the signal peptide of hyp-type I. The fjrst four residues (NIDP) as well as the last five (FAAAP),
position of the intron, near the end of the signal peptide- \hich may mediate helix capping structures, are not con-
encoding region (Figure 4), is conserved betweerbthgene sidered further.
and the liver isoforms. The model of the hyp-type | monomer does not have one

Alignment of the mature coding sequences of the short ong continuous Ala-rich surface, but rather it contains
and long AFPs (Figure 4) is difficult for the following several regions (boxed in Figure 7a) that strongly resemble
reasons. First, the 11-amino-acid repeats of hyp-type | arethe ice-binding sites of the small type | AFPs in length and
not as clearly defined as those of the shorter isoforms. structure, some of which are shown alongside for compari-
Second, the sequences are so Ala-rich that the scores foson. The ice-binding sites of sculpih) and flounder type
many possible alignments, shifted by three base intervals,| AFPs (14, 19) are faces of the helix composed exclusively
are comparable. This can be easily seen in dot matrix of Ala residues that abut a rank of regularly spagéd 11
comparisons (Figure 6) where numerous matches of 80% orresidues with larger side chains. In the case of flounder type
higher over 20 bases are observed, in contrast to the flanking] AFP, these, i + 11 residues are all Thr and they form a
regions which produce single distinct lines. Modification of |inear array. In the shorthorn sculpin AFP, thel + 11
the dot matrix parameters (data not shown) does not improvepositions are occupied by Thr, lle or Leu. Even a single non-
the alignment of the mature coding sequences. Ala residue projecting from the ice-binding surface can

A Theoretical Model for the Structure of Hyp-type | AFP. eliminate antifreeze activityl@, 15). In hyp-type I, residues
There are two aspects to the model that will be separately6 to 43 form helical turns 2 to 12, which would have a face
presented. One is the nature of the ice-binding site, which composed entirely of Ala that abuts a rank of Thr and lle
we think can be confidently predicted from the knowledge residues. This region resembles the Ala-rich ice-binding
that a monomer of hyp-type | is a continuous alpha-helix. surface of the sculpin AFPs, and is two turns longer than
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Ice Binding

Ficure 7: Schematic comparisons of hyp-type | and type | AFPs. (a) Helical net with Ala residues indicated by gray circles and other
residues indicated by single-letter amino-acid code. The letters are colored by property witk Islankolar, greer= polar, red= acidic,

blue = basic. The 11th residue of each repeat (as indicated in Figure 4) is in bold italics and lies in the first row of 4 residues in each
pattern of 4:4:3. The black background bars represent known or proposed ice-binding surfaces, and the yellow bar represents the proposed
dimerization surface. An arrow indicates the position of the extra helical turn which disrupts the undecad repeat pattern, and asterisks
denote potential salt bridges. Helical turns are numbered from the N-terminus. Accession numbers for all but sculpihSp&62(given

below Table 3. (b) Helical wheel representation with 11 amino acids for every 3 turns. Ala residues are indicated by dots and other residues
indicated as above. Several residues at each terminus (NIDP and FAAAP) as well as the 6 Ala residues indicated by slashes in Figure 4
were omitted.

SS-8, the longest known sculpin isoform with nine turns.  In our model of the hyp-type | AFP dimer, the two helices
The model contains another 11-turn Ala-rich face (turns 15 have an antiparallel arrangement without any stagger. A
to 25) which, like the sculpin AFP, is adjacent to a rank of section of the dimer is illustrated in Figure 8A showing the
Thr and lle residues. In the C-terminal portion of hyp-type interdigitation of the Ala residues in the top down view and

I, the 12-turn segment composed of turns 27 to 38 forms an in the cross-sectional end-on view below (Figure 8B). In the
Ala-rich face bounded mainly by Thr and another Ala-rich latter view the Ala-rich ice-binding face is flanked by Thr
segment of 13 turns (from 40 to 52) is bounded exclusively O either side. Charged hydrophilic residues are present on
by Thr. These putative ice-binding faces in the C-terminal the other surfaces exposed to the solvent.

half of hyp-type | look very much like those of the type |

AFPs produced by the righteye flounders. Winter flounder DISCUSSION
and shorthorn sculpin AFPs bind to different planes of ice: There are presenﬂy on|y three hyperacti\/e AFPs that have
winter flounder type | AFP binds to the pyramidg20— been structurally characterized, all of which are from
21} planes, and the sculpin AFPs bind to the secondary prismarthropods 43—45). A fourth hyperactive AFP has been
planes[2—1—10} (20). The presence of distinct ice-binding found in an Antarctic bacterium but has not yet been
patches with affinity for different planes of ice may be the characterized4g). This is the first report of a sequence of
basis for the unusual crystal morphology and hyperactivity a hyperactive AFP from a fish, and based on the sequencing
of hyp-type | AFP. Indeed, the homodimeric quaternary described here we recognize the flounder hyp-type | protein
structure of hyp-type | suggests the possibility of presenting as an extreme isoform of the small type | AFPs.

compound ice-binding sites assembled with components from There are many examples where large isoforms of an AFP
the two adjacent helices. have more activity than small isoforms of the same type.
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A 45 45 a transcription start site distinct from the liver isoforms,
n-AAVTAADAAAAAATIAASAASVAAATAA-C HPLC-6 and AFP9Z1, 24). Despite this, it is evident that
hyp-type | is also related to the skin isoforms as théir 3
UTRs are more than 90% identical. Another interesting
difference between hyp-type | and the shorter liver isoforms
is the lack of processing of hyp-type | AFP after removal of
the signal peptide. A series of dipeptidyl peptidase consensus
sequences (X-Ala/Pro) are found downstream of the signal
peptide sequence in type | plasma AFPs derived from the
liver. Consequently, the primary transcript encodes a pre-
C Ty TAAAKAAAARLTARRVAARTAATA 2 pro-sequence(l). In hyp-type I, the second residue follow-

Ice-Binding Face ing the cleavage site is lle, which blocks processing by this
peptidase. As well, the final Gly residue of type | AFP is
removed during C-terminal amidation, which helps cap and
stabilize that end of the heliX28). Hyp-type | terminates
with an unmodified Pro residue.

The disparity between the conservation of the mature
coding and noncoding regions of the different type | AFPs
is reminiscent of the differences observed between the
AFGPs of Antarctic notothenioids and the precursor gene,

Ficure 8: (A) Model of the dimerization interface. A segment of trypsinogen @3).' In this case, expansmp of a 9-nuc|e0t|.d.e
the antiparallel dimer (from residues 18 to 45 and residues 154 to S€quence within the precursor gave rise to the repetitive
179) is represented in stick format showing the interdigitated AFGP. A similar process is likely to have occurred with
alanines that form the dimerization interface. The predicted ice- flounder AFPs. The presence of undecad repeats as well as
binding site is facing upward in the plane of the page. N and O the Ala richness with preferential use of a single codon may

atoms are colored blue and red, respectively. Specific residue type . . . L
are colored: Thr and Ser (green); Lys (blue); Asp (red); Val, Leu *have facilitated rapid alterations of repeat number, similar

and lle (black). (B) Cross-sectional end-on view of the dimer !0 that observed for repeats in the human genoba#. (t
showing the two rows of Ala that form the dimerization contact remains to be determined however which AFP is the ancestral

and the regularly spaced Thr and Ala on the ice-binding site (marked protein and whether (a) the 17-kDa AFP is an expanded
by a bar). version of type | AFP or (b) type | AFP represents a truncated
This is true for the AFGPs, where AFGPs-3 are much version of the long AFP. In scenario (a), dimerization may
more active than AFGPs-&8 (47) for type | AFPs where  have been acquired to support the extended helices, whereas
the four-repeat AFP9 is more active than HPLCA48)( and in (b), type | AFPs may have lost the requirement for
for type Il AFP where the fusion of antifreeze proteins dimerization as they evolved by truncation into shorter, more
greatly increases activity provided all domains can interact stable monomers. The finding that the American plaice, a
with ice (49, 50). The same trend has been observed for closely related righteye flounder, produces only a large
hyperactive AFPs. A slightly longer isoform of the beta- hyperactive AFP and not the smaller type | AFPs in its blood
helical spruce budworm AFP is appreciably more active than plasma 81) has been used to argue that the hyperactive
one with two fewer turns of helixg1), and addition of beta-  variant might be the ancestral AFP.
helical coils toTenebrio molitorAFP similarly increases its A genomic DNA sequencebf) was obtained previously
activity (52). However, type | is the only AFP known for  (34) with a deduced coding sequence over 80% identical to
which one particular isoform is hyperactive whereas the hyp-type | cDNA. At that time we consideresh to be a
others have moderate activity. Since it is not clear what pseudogene. The recent discovery of the hyp-type | isoform
structural features make an AFP hyperactive, a detailedwarranted a reexamination of this matter. We have not
comparison of these isoforms might reveal attributes that detected any evidence of expression of Haegene, either
allow an AFP to produce extremely high thermal hysteresis as a plasma protein or as a liver mRNA. This supports the
activity at low concentration. notion thatsais indeed a pseudogene, however it is possible
Ancestry and Eolution. Determination of the cDNA  thatitis expressed in a tissue other than the liver (the source
sequence of hyp-type | AFP provided the key insight into of our library), or that the gene is not present in all winter
the evolutionary relationship between this AFP and the flounders due to population polymorphisms. It is not likely
smaller type | AFPs. Homology could not be conclusively that5ais a skin isoform because the gene contains a signal
demonstrated using the mature protein sequences as thegequence for export from the cell. If it is produced and
have radically different sizes (195 vs-392 amino acids) exported, it should have been be detected in the blood,
and quaternary structures, and since they could not be reliablyalthough the putative protein encoded$g/could conceiv-
aligned due to the divergence and repetitive nature of the ably be even more thermolabile and susceptible to degrada-
sequences. This is despite their shared-Aleh amino acid tion than hyp-type | AFP due to the presence of two internal
compositions, codon bias, undecad repeat motifs (lesshelix-breaking Gly residues.
conserved in hyp-type 1) and ice-binding function. However,  Ice-Binding Sites of Hyp-type | AFP and Hyperadtj.
conservation of the'sand 3 UTRs, as well as the signal Hyp-type | AFP is 195 residues long, and its amino acid
peptide-encoding region, clearly indicates that these genescomposition is>60% Ala. The secondary structure of the
are homologous. Thé &nds of the skin isoforms differ from  sequence is predicted to be almost entirely helical, which is
hyp-type | as they do not encode a signal peptide and havein agreement with the circular dichroism analys8)( This
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protein has TH activity comparable to that of the hyperactive arrangement that allows both subunits to simultaneously
insect AFPs 30, 55), yet its structure is clearly distinct from  present their ice-binding faces to a single ice surface while
the beta-helical folds of the beetle and spruce budworm AFPspermitting dimerization to occur in a “symmetrical” manner
(43, 44) and the proposed polyproline type Il alternating coil through the same face of each subunit. On the basis of these
fold of the snow flea AFP45). It is becoming apparent that assumptions, there are two distinct surfaces available for
more than one protein scaffold can confer hyperactive dimerization, a hydrophilic surface, and a second Ala-rich
antifreeze activity. surface flanking the putative ice-binding site (Figure 7b).
The analytical ultracentrifugation analyses of the hyp-type The hydrophilic surface most likely faces the solvent to
I AFP demonstrated that it is dimeric and highly extended improve the solubility of this otherwise relatively hydro-
(32). In our model of the monomer there are several type | phobic protein. This leaves the Ala-rich surface adjacent to
AFP ice-binding sites in series down the length of the helix. the ice-binding site as the dimerization interface.
It is likely that the two helices are oriented in the dimer in ~ We envisage the dimer interaction to be that of an Alacoll
such a way that they both present their binding sites to the or Ala zipper 66) with the Ala side chain methyl groups
ice. This would double the number of ice-binding sites and interdigitating along the length of the dimer. The tighter
the surface area in contact with ice. The large size of the packing facilitated by this small side chain allows the two
dimer (32k) and its potentially large ice-binding face is helices to approach each other more closel§ & between
consistent with the relationship between increased AFP sizehelix axes) than they would in a coiled coil. Thus the dimer
and increased activity described above. In each of theseis 275 A in length and approximately 16 A along the major
instances the area of the ice-binding site is the critical cross-sectional axis, giving an axial ratio of 17, which is
determinant of activity rather than size of the protein. Even consistent with the experimentally determined val88)(
small (30— 40%) increases in the area of the ice-binding The axial ratio suggests that the two helices assemble with
site can result in several-fold increases in thermal hysteresisno appreciable horizontal translation that would result in
as a function of AFP concentration. However, the tremendousunpaired overhangs. In our model the helices are annealed
activity of hyp-type | AFP relative to other fish AFPs is along the entire length to maximize the area of the dimer-
probably a function of more than just increased size. The ization interface and hence the strength of binding. The
complex spindle-shaped morphology of ice crystals produced|lability of the dimer to temperature is consistent with the
by this AFP suggests that the dimer might bind to more than relatively weak interactions between the Ala side chai7 (
one plane of ice. Some of its linked ice-binding sites resemble
those of the shorthorn sculpin type 15), and others are CONCLUSIONS
more like those of the flounder type 14, 19). Whatever We have cloned and sequenced the cDNA of the first
combination of ice surfaces are protected, hyp-type I's hyperactive AFP found in a fish. We have designated it hyp-
hyperactivity probably stems from its ability to stop growth type I, as the sequence clearly shows that it is homologous
of the crystal along the-axis 9). to the type | AFPs. The'Snd 3 UTRs and signal peptides
Model for the Dimerization of the Two HeliceBhe most are highly conserved; however alignment of the mature
likely arrangement for the dimer would have the two helices proteins is complicated by the repetitive, Ala-rich sequence.
associate along their length as an antiparallel Ala-zipper The sequence of hyp-type | indicates that it is distinct from
(Figure 8A). We reject the possibility that the two helices the putative pseudogenga. On the basis of our sequence
form a coiled coil for two reasons. (1) There is no sign of a we propose a model of hyp-type | in which the polypeptide
heptad repeat of Leu or lle. Dimerization of helices in a forms an extraordinarily long~190 aa) helix that presents
coiled coil typically occurs on an apolar surface enriched many Ala-rich patches, each of which resembles the ice-
for aliphatic amino acids such as Leu or lle. However, these binding faces of smaller type | AFPs. These surfaces could
larger hydrophobic residues are not present in sufficient be independent ice-binding motifs and recognize distinct
quantity or with the correct spacing in hyp-type | AFP. (2) planes of ice, contributing to hyperactivity. Finally, we
Coiled coils typically have a twist (supercoil) as one coil propose that this AFP dimerizes through an Ala-zipper motif
passes over the other. A twist to the dimer would interfere in an antiparallel orientation such that both subunits can
with the uniform presentation of the series of flat ice-binding simultaneously engage an ice surface.
sites that run the length of the 195-residue helix. These sites
would become obscured by the other helix and/or be ACKNOWLEDGMENT
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