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RD3, a new antifreeze protein (AFP) extracted from antarctic eel pout is a single polypep-
tide divided into homologous N-terminal (residues Asn'-Glu*) and C-terminal (residues
Ser’*-Glu'**) domains, each of which has a high sequence identity with Type III AFP. A
9-residue linker (-D**GTTSPGLK"*-) connects these two domains in tandem and is thought
to play a significant role in defining the nature of the intact molecule. The present paper
shows for the first time the solution structure and preliminary '*N-NMR backbone
dynamics data of the N-domain plus the linker of recombinant RD3 protein (RD3-NI:
residues 1-73) by employing homo- and heteronuclear multidimensional NMR spectros-
copy. Forty converged structures of RD3-N1 were successfully calculated by using a total of
958 NMR-derived structural restraints. It was found that the N-domain of RD3-N1 has a
globular form comprising six g-strands, three type III turns, and several loops, which
stabilize a flat, ice-binding site formed on one side of this domain. Further, the linker
portion appears to have a definitive structure, which is independent of the globular N-
domain. This definitive linker is roughly divided into two short strands, -D*GTTSP’°- and
-G"'LK"-, which are bent around -T*"TSPG’'- at an angle of approximately 60°. This bending
motif of the linker may function to orient the two ice-binding sites of the N- and C-domains
of RD3 in the same direction, leading to their simultaneous interactions with the ice crystal

surface.
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Antifreeze protein (AFP) exists in blood plasma and body
fluids of some marine fishes living in polar and near polar
waters where the temperature is subzero, frequently as low
as —1.9°C. AFP has a unique ability to adsorb to a
hexagonal ice crystal to inhibit its growth, which results in
depression of the freezing point of water, leading to
protection of tissues from freezing injury (1). Such depres-
sion of the freezing point is 500 times higher than that of
the colligative salts on a molar basis and occurs non-col-
ligatively because of AFP-induced thermal hysteresis: a
disparity between the melting and freezing points of the
solution. AFP also affects the morphology of the ice crystal
growth: it creates bipyramidal ice crystals in the solution
(2). The thermal hysteresis and bipyramidal ice crystals
are commonly observed for various types of AFP.

Among the variety of AFPs, the most advanced knowl-
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edge has been obtained for fish AFPs, which are grouped
into four types (I, II, I11, and IV). Type I AFP, isolated from
some species of flounder and sculpin, is composed of
alanine-rich repetitions of an eleven amino acid unit, Thr-
(Xxx),-Asx-(Xxx),, where Xxx is mostly alanine (3), which
forms an amphipathic «-helical structure (4, 5). Type I
AFP binds selectively to the ({2 0 (—2) 1}) bipyramidal
planes in the direction of <01 (—1) 2>, implying that the
16.5 A spacing of the i, i+ 11 threonine residues is essential
for the specific interaction with ice, because it matches 16.7
A distance of the water molecules on the ice surface (6).
Type II AFP, isolated from sea raven, smelt, and herring
(7, 8), is a cysteine-rich (five disulfide bonds) protein
having a high sequence identity with the carbohydrate-
recognition domain of Ca?*-dependent (C-type) lectin.
Type II AFPs of smelt and herring require Ca** ions for
their activity, while that of sea raven does not (8, 9). The
NMR structure of sea raven AFP is composed of two
a-helices and nine #-strands in two S-sheets (10). The
ice-binding site of Type II AFP is considered to interact
with the ({1 1 (—2) 1}) plane of the ice crystal (11).
Type III AFP, isolated from ocean pout and arctic and
antarctic eel pout (12, 13) has no bias in specific amino
acids. Sénnichsen et al. have determined the NMR solution
structure of one isoform of Type III AFP (i.e., QAE iso-
form) (14). This structure comprises several short and
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irregular 8-sheets and one helical turn, which stabilize a flat
plane constructed on one side of the molecule. The polar
side-chain atoms of Glu®, Asn'*, Thr!5, Thr'®, and GIn** are
located on this plane so as to bind complementarily with the
water molecules spaced regularly on the prism ({10 (—1)
0}) plane of the hexagonal ice crystal. Jia et al. and Yang et
al. revealed X-ray crystal structures of the QAE isoforms
(QAE and HPLC-3), whose overall folding topologies and
ice-binding residues are almost identical to those of the
NMR structure (14-16). Stnnichsen et al. and Jia et al.
pointed out that Asn', a non-planar residue located on the
ice-binding site of Type III AFP, is involved in an initial
protein-ice interaction at the intersection of the prism and
basal planes. DeLuca et al. determined the X-ray struc-
tures of six Type III AFP mutants whose Ala'® located at
the center of ice-binding surface was replaced with several
different amino acids (17). Sonnichsen et al. and DeLuca et
al. suggested that the high-affinity AFP-ice interaction is
caused by (i) hydrogen bonding, (ii) the van der Waals
interaction of the non-polar side chains of AFP, and (iii) the
entropic effect resulting from release of bound water from
both ice and AFP (14, 17).

Type IV AFP, isolated from longhorn sculpin (18), is a
glutamic acid-rich protein and has high homology with
several apolipoproteins whose structural motif is the a-
helix bundle. The formation of the helical structure of Type
IV AFP has recently been evidenced by CD experiments
(19).

For the AFPs whose tertiary structures have been
determined (Type I, I, and HI), two different ice-binding
manners have been proposed. For Type I and II AFPs, the
active surface is postulated to interact with the bipyramidal
plane ({20 (—2) 1}) (TypeI) and ({11 (—2) 1}) (Type II)
(5, 10). For Type III AFP, the active surface is thought to
interact with the prism plane ({1 0 (—1) 0}), which
involves binding of Asn' to the intersection of the prism
and basal planes ({0 0 0 1}) (13, 14). These differences
imply that the antifreeze mechanism on the ice crystal
growth is not simple but has variations.

A new species of antifreeze protein, named RD3, isolated
from blood plasma of antarctic eel pout (Lycodichthys
dearborni) (20), was found to be a single polypeptide
comprising homologous N-domain (Asn’-Glu**) and C-do-
main (Ser’*-Glu'**) domains connected through a 9-residue
linker (D**GTTSPGLK™). Each domain has over 80%
sequence identity with the ordinary Type 111 AFP mono-
mer, and 80% identity with the other domain. All of the key
residues for the antifreeze activity identified in the Type III
AFP monomer (Gln®, Asn'*, Thr'®, Ala'®, Thr'?, and Gln**)
are preserved in the two domains. RD3 is the only known
species of AFP which forms such an intramolecular dimer,
and it possesses 1.9 times higher activity than the other
Type OI AFPs on a molar basis (20). These properties of
RD3 raise the question of its overall structure-function
relationship; and the answer will provide a clue to under-
standing the detailed ice-binding mechanism of AFP.
However, the structure of such an intramolecular dimer
connecting through a (flexible) linker is very difficult to
analyze, because such proteins are generally difficult to
crystallize and give severe overlapping of the NMR signals.
Even if the structure of such protein can be determined, the
linker portion is sometimes obscured or impossible to
observe [e.g., nitrate-nitrate response regulator protein,
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Narl (PDB # 1RNL, Brookhaven National Laboratories,
Long Island, NY, USA)]. One approach to this problem has
been to examine only the unit domain plus linker portion,
and this in combination with a study of the intact molecule
provides accurate descriptions of the linker structure and
the resultant overall structure-function relationship. Here
we present the solution structure and preliminary '°N-
NMR backbone dynamics data of the recombinant N-ter-
minal half domain plus the 9-residue short linker portion of
RD3 (denoted RD3-Nl) by employing the techniques of
heteronuclear multidimensional NMR spectroscopy. The
data show that the N-domain forms a globular structure
which has high similarlity with the Type IIT AFP monomer.
In addition, it appears that the linker forms a definitive
structure independently of the N-domain, which comprises
a bending motif having a definite orientation. This paper
discusses the role of the bending linker with regard to its
contribution to the overall structure of the intact RD3
molecule and its antifreeze activity.

EXPERIMENTAL PROCEDURES

Purification of Recombinant RD3-Nl—The optimal
codons were chosen to construct DNA fragment encoding
RD3-N1 (i.e., Asn'-Lys’ of RD3) by reference to the codon
usage of the tuf AB gene (21). The codons of the translation
enhancer (22), Shine-Dalgalno sequence (23), and methi-
onine were attached upstream of the initiation codon. The
Pstl and EcoRI recognition sites at the 5 and 3’ termini of
the DNA fragment were used for the codon insertion into
the expression vector pKK223-3UC constructed with
pKK223-3 (Pharmacia Biotech, Uppsala, Sweden) and
pUC119 (Takara Shuzo, Kyoto). The designed DNA se-
quence is shown in Fig. 1.

Escherichia coli JM105 transformed with the construct-
ed RD3-NI expression plasmid was grown in YT medium
(24) containing 0.1 M of ampicillin at 30°C to reach Agg
value of 2.5. This transformant was incubated for 12 h after
addition of 0.02% (w/v) IPTG to induce the expression, and
harvested by centrifugation. It was then lysed by sonication
for 2 min on ice with TES buffer containing 25 mM Tris-
HCI (pH 7.5), 50 mM sucrose, 10 mM EDTA, and 0.1 mM
PMSF. The lysate was centrifuged (21,000 X g) for 30 min
at 4'C. The supernatant was subsequently centrifuged
(130,000 X g) for 60 min at 4°C. The obtained material was
applied to DEAE Sephacel column (35X 160 mm) equili-
brated with TES buffer. The void fraction was concentrated
by addition of ammonium sulfate. The precipitate obtained
was dissolved in TES buffer, then dialyzed against TES
buffer containing 0.2 M NaCl. The resulting solution was
concentrated by ultrafiltration, then applied to Superdex 30
pg column (16X 700 mm) equilibrated with TES buffer
containing 0.2 M NaCl. The final fraction containing RD3-
N1 was purified by reversed-phase liquid chromatography
using TSKgel ODS-80Ts attached to PD-8020 HPLC
equipment (Tosoh, Tokyo). The '*N-labeled RD3-N] was
obtained from the transformant cultured in M10 minimal
medium (24) containing '*N-labeled NH,Cl and by using
the expression vector pKK223-3UC. Approximately 100
mg of non-labeled RD3-N1 and 15 mg of '*N-labeled RD3-
NI were prepared from 2.4 and 6.0 liters of the trans-
formant cultures, respectively. The purity of the sample
was checked by tricine-SDS-PAGE (25) with Coomassie
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codon
A TATACAmTAAAGC'I'I‘CCG’ITG‘I'I‘GCTAACCAGCTGATCCCGATC
AAATTAITCCTATATATGT. 'ATTTCGAAGGCAACAACGATTGGTCGACTAGGGCTAG

M N K A § V V A N Q L I P I

AACACCGCTCTGACCCTGATCATGATGAAAGCTGAAGTTGTTACCCCGATGGGTATCCCGGCTGAAGAAATCCCG
TTGTGGCGAGACTGGGACTAGTACTACTTTCGACTTCAACAATGGGGCTACCCATAGGGCCGACTTCTTTAGGGC
N T A L T L I M M K A EV V T PMG I PAEE I P

AACCTGGTTGGTATGCAGGTTAACCGTGCTGTTCCGCTGGGTACCACCCTGATGCCGGACATGGTTAAAAACTAC
TTGGACCAACCATACGTCCAATTGGCACGACAAGGCGACCCATGGTGGGACTACGGCCTGTACCAATTTTTGATG
N L VG M Q V NRAV PLGTTULMUP DMV K N Y

389

Fig. 1. DNA and amino acid se-
quences of recombinant RD3-NI1.
Boxed regions indicate PstI and EcoRI
recognition sites, an enhancer se-
quence, a Shine-Dalgarno sequence,
initiation and termination codons.

GAAGACGGTACCACCTCCCCGGGTCTGAAN
CTTCTGCCATGGTGGAGGGGCCCAGACTTTR
E DG T T S P G L K

Brilliant Blue staining. The amino acid sequence of the
purified RD3-N1 was verified by using an ABI 491 Protein
Sequencer (Applied Biosystems, Foster City, CA, USA).
The antifreeze activity of the recombinant RD3-NI! was
examined by observation of bipyramidal ice crystal forma-
tion and thermal hysteresis.

Thermal hysteresis was measured by observation of ice
crystal morphology through a Leica DMLB100 photomicro-
scope equipped with a Linkam LK600 temperature control-
ler. The AFP solution was frozen momentarily with liquid
nitrogen, which creates several ice crystal seeds in the
solution, then warmed to 0-4°C 80 as not to break the seeds.
This solution was cooled again on the sample stage of the
photomicroscope, and the growth of the ice crystal seeds
was monitored. We defined thermal hysteresis as the
difference between the initial growth temperature and
melting temperature of the seed ice crystal.

NMR Experiments—For 2D- and 3D-NMR experiments
performed in H, O solution, 4 mg of lyophilized unlabeled or
15N.labeled RD3-N1 was dissolved in 0.5 ml of H,O (H,O:
D,0=9:1) containing 25 mM of KCl and 1 mM of NaN, to
give a final concentration of 1 mM (pH6.7). For the
experiments in D,0 solution, 4 mg of the non-labeled
sample was dissolved in 100% D,0 containing 256 mM of
KCl and 1 mM of NaN; to give a final concentration of 1
mM (pH 6.7).

The NMR experiments were performed on JNM-Alpha
and Unity-500 spectrometers at two different tempera-
tures (4 and 30°C). The following sets of 2D- and 3D-NMR
data were acquired for the spectral assignments of the 'H-
and '*N-resonances: (i) DQF-COSY (26); (ii)) TOCSY (50-
100 ms) (27); (iii) NOESY (60-150 ms) (28); (iv) {'*N-
'H} HSQC (29); (v) '*N-edited NOESY (60-120 ms); (vi)
!*N.edited TOCSY (60-100 ms) (30). The 3D-HNHA (31)
experiments were performed to obtain the 3J-coupling
constants between NH and C,H protons. The {*N-'H} T\,
{'*N-'H} T3, and {'*N-'H} NOE experiments were per-
formed for preliminary estimation of the '*N-NMR relaxa-
tion parameters (zn, 7., S%, and R.,) (32). For the spectra
recorded in H,0, water suppression was achieved by
presaturation (1.0-2.08) using SCUBA (33) pulse se-
quence.

In most of the 2D and 3D experiments, the 'H-acquisition
dimension was centered at the water frequency [5.01 ppm
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(4°C) and 4.67 ppm (30°C)] with a spectral width of 6,000
Hz. For the 2D-NMR DQF-COSY, TOCSY, and NOESY,
512 complex ¢, data points were collected with 256 #
increments. The data were zero-filled to a final matrix size
of 2,048x%1,024 and were Fourier-transformed with a
90°-shifted sine-bell window function. For the {'®*N-'H}
HSQC experiments, a total of 512 complex ¢, data points
(*H) were collected with 128-256 ¢, (**N) increments. The
*N time domain data were extended by zero-filling or
linear prediction to give 512 complex points prior to
Fourier transformation. The '*N-edited NOESY and
*N-edited TOCSY were recorded with 512 (*H)x 128
(*H) X 32 (**N) complex data points and with a spectral
width of 1,600 Hz for the '*N dimension. The 3D-HNHA
spectra were recorded with spectral width of 8,000 Hz for
the 'H dimensions and 1,500 Hz for the '°*N dimension. A
total of 512 complex points were collected with 160 ¢ (*H)
and 96 t, (*°N) increments. The {N-'H} T}, {*N-'H} T}
and {!N.'H} NOE experiments were performed with a
spectral width of 8,000 Hz for the 'H dimension and 1,650
Hz for the '*N dimension. A total of 1,024 complex ¢, data
points (*H) were collected with 192 or 256 ¢ ('*N) incre-
ments. The 'H chemical shifts were referenced from 2,2-
dimethyl-2-gilapentane-5-sulfonate sodium salt (DSS).
The '*N chemical shifts were referenced from an external
1*NH; at 0.00 ppm, which was indirectly determined from
resonance frequency of DSS using the frequency ratio
E(*N/'H)=0.101329118 (34). All of the NMR data were
processed and analyzed on a SGI Power Indigo2 worksta-
tion (Silicon Graphics, Mountain View, CA, USA) using
NMRPipe(35) and PIPP (36) software.

Structural Calculations—For the use of interproton
distance restraints, NOEs were divided into three groups
having the ranges of 1.6-2.7, 1.6-3.5, and 1.6-5.0 A (lower
to upper limits). For the pseudo-atom corrections, the
upper limit boundary was increased by 1.0 A. The *Jxu.u.
coupling constants were estimated from the 3D-HNHA
experiment and used for definition of the phi angle re-
straints based on the Karplus equation: */xy.n.=6.51 cos?
(phi—60")—1.76 cos (phi—60°)+1.60 (31). The hydrogen-
bonding restraints obtained using the hbplus program (37)
were set at 1.8-40.5 A for the HN-O distance and 2.8 +0.5
A for N-O distances. In the initial calculation stage, 100
starting structures from an extended conformation of RD3-
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N1 were calculated by using the simulated annealing (SA)
protocol in X-PLOR 3.851 (38) with heating for 60 ps and
cooling for 30 ps. Approximately 70% of the initial struc-
tures were converged. The structure refinement was car-
ried out by starting with the 50 lowest-energy converged
structures using the X-PLOR SA protocol by applying the
NOE restraints plus the hydrogen-bonding and the phi-
angle restraints with heating for 30 ps and cooling for 20 ps.
The energy-minimized average structure of RD3-Nl was
calculated using the SA protocol with the following steps:
(i) 2,000 cycles of restrained energy minimization and (ii}
800 cycles of unrestrained energy minimization. All struc-
tural calculations were performed on an SGI Power Indigo2
workstation. The Molscript (39), Raster 3D (40), and
MOLMOL (41) programs were used for the structural
descriptions.

RESULTS AND DISCUSSIONS

The recombinant RD3-NI1 creates bipyramidal ice crystals
like those observed for ordinary Type [II AFPs (12, 13).
The thermal hysteresis measurement using the photomi-
croscope shows that the level of antifreeze activity of
RD3-NI is identical to that obtained for the QAE isoform
(14). The antifreeze activity of RD3-NIl is not significantly
changed in the pH range between 4 and 10.

The chemical shift assignment of RD3-N1 was carried out
using the standard strategy (42) by 2D- and 3D-NMR
experiments performed at 4 and 30°C. The 'H- and '*N.
resonances of the residues of RD3-NIl except for seven
prolines (Pro'?, Pro*®, Pro*, Pro®*, Pro®, Pro®’, and Pro’)
and aromatic resonances of Tyr® were unambiguously
assigned using the sets of 2D-spectra recorded in H,O.
Figure 2 shows well-separated {!*N-'H} HSQC spectrum of
the recombinant RD3-N1 at 4°C, in which the assignments
are indicated for 65 out of 66 expected cross peaks originat-
ing from the backbone NH groups and all of 16 cross peaks
from the side-chain NH, groups of asparagines and gluta-
mines. The failure to observe the cross peak of Asn' can
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presumably be ascribed to rapid exchange with solvent.
The assignments of the seven prolines and the aromatic
group of Tyr®® were performed using the spectra in D,0.
Strong dse (i—1, i) and weak du, (i—1, i) NOEs are
typically observed for cis-bonded residues between Xxx‘~!
and Pro’, where i is the residue number of proline and Xxx
is any residue. Because these characteristic NOEs were
observed between Thr?® and Pro?®, we determined the
Thr**-Pro?® peptide bond to be cis. The other prolines
(Pro'?, Pro®, Pro*, Pro®, Pro*’, and Pro™) gave neither
strong d,. (i—1, i) nor weak das (i—1, i) NOEs, indicating
that the peptide bonds between them and their preceding
residues were each trans. The final assignments of RD3-N1
at 4'C were deposited in the BioMagResBank (accession
number 4199). The assignments of the globular N-domain
portion of RD3-NI are in good agreement with the corre-
sponding residues of ordinary Type III AFP (43).

On the basis of the assignments, the solution structure of
RD3-N1 at 4°C was calculated using NMR-derived 958
experimental restraints. We obtained a total of 870 NOEs,
of which 460 were intraresidual (|i—j|=0), 223 sequential
(li—j|=1), 49 medium-range (1<|i—j|<= 4), and 138
long-range (|i—j|>4, where i and j are residue number of
two atoms). The 48 dihedral phi angle restraints were
obtained by measuring *Jyu.n. coupling constants in the
3D-HNHA experiment. In addition, we used 20 hydrogen
bond restraints using the hbplus program for the structural
calculation (38). Figure 3 shows 40 converged structures of
RD3-N1, which have no distance violations greater than 0.2
A and no dihedral restraint violations greater than 2°. The
RMSD of the backbone atoms evaluated for the globular
domain (colored in blue: Ser* Glu“) of the 40 structures
against the averaged structure is 0.83+0. 14 A for the
backbone atoms (C,, C’, and N) and 1.53+0.17 A for all
non-hydrogen atoms. The relatively poor convergency of
the calculated structures is presumably due to the errors of
the intensity calibration of '*N-edited NOESY. As shown in
Fig. 3, the 9-residue linker portion (colored red: D%-K"?)
forms a definitive structure having a specific orientation,

*GY71 Ag,.pSB val4s Gnga4+GIng* C 110
\ (Vi A [
Asp
wtﬁgﬁ% |
Gu3s 7 .NQ47" : ] 1 5
ai \ 14' &
g valai
Leu] OMeL59 § —_
AsnGZ guet?ﬁ ys2 ms?o : vmso L 120 g
&2 Lw19 5"“‘“}’ 37 ! £
e { L E
27 ! 2
Leu17
34Lnu51 mse 125
lIZG 32
vie 2. twa 1
Lys61 - 130
Loss
° ! Fig. 2. {"*N-'H} HSQC spectrum of RD3-N1 ob-
Rell t 135 tained at 4°C. Side-chain resonances of glutamines
d T T T r v T and asparagines are indicated by single asterisks.
9.5 9.0 85 80 7.5 7.0 6.5 Folded-resonance of Arg'’ (¢-NH) is indicated by a
H (ppm) double asterisk.
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although it is less well-converged (RMSD=2.24+0.73 A
for the backbone atoms) for its location at the flexible
C-terminal end. The Ramachandran plot obtained with the
PROCHECK program (44) for residues other than glycine
and proline shows that 81 and 19% of the phi and psi angles
fall into the most favored regions and additional allowed
regions, respectively. There is no residue distributed in
generously allowed regions or disallowed regions. The
detailed statistics of the structural calculation are listed in
Table I. The atomic coordinates for the final structures of
RD3-NI and the sets of restraints have been deposited with
the Brookhaven Protein Data Bank (PDB # 3NLA and
3RDN).

For identification of the secondary structure of RD3-Nl,
we employed the program VADAR (45), the criteria of
which are based on phi/psi angles, positions of C, atoms,
and the hydrogen-bonding pattern. It appears that the
globular domain of RD3-NI1 comprises six S-strands (resi-
dues 3-11, 15-18, 22-26, 31-33, 43-49, and 53-55) and
three type III turns (18-21, 36-39, and 56-59). The content
of the B-sheet of RD3-Nl is about 47%. It is found that the
locations of these secondary structural elements of the
globular domain of RD3-N1 are closely similar to those of
the QAE isoform NMR structure (PDB # 1KDF) and the
X-ray structure (PDB # 1MSI). The RMSD value of the
backbone structures between 1KDF, 1MSI, and RD3-N1
was estimated to be 1.174+0.23 A, indicating that the
calculated structure of the globular domain of RD3-N1 has

- Tinker

L
Linker
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front view
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almost equal quality and identical topology with the previ-
ously determined structures of Type III AFPs.
Figure 4 shows the ribbon representation of RD3-Nl, in

TABLE 1. Structural statistics of the 40 SA structures of
RD3-NI1.

X-PLOR potential energies (kcal-mol~*)

Eoar 105.76+5.29
Eyona 2.70+0.37
E,ogie 85.541+3.17
Einprover 11.47+0.28
Eopw 4.70+1.45
Evoe 1.28+1.00
Ecow 0.06+0.06
RMSD from idealized geometry
Bonds (A) 0.002+0.000
Angles (°) 0.523+0.010
Impropers () 0.380+0.005
RMSD from distance restraints (A)
All [910] 0.005+0.002
Intraresidue [460] 0.000+0.000
Sequential {223] 0.004+0.003
Medium-range [49] 0.001+0.002
Long-range [138] 0.004+0.002
Hydrogen bond [40] 0.004+0.003
RMSD from dihedral restraints (°)
48 phi 0.134+0.057
Total number of restraint violations
NOE>0.2 A 0
Dihedral >2° 0

side view

" Linker

Fig. 3. Stereoview of the solution
structure of RD3-N1 at 4°C. The
backbone atoms (N, C,, and C’) of the
family of 40 structures are superim-
posed and displayed in the “rods”
representation. A well-defined globu-
lar domain (Ser*-Glu**) is colored
blue, and the linker portion (D®-K3)
colored red. The linker is less well-
defined than the globular domain. The
figure was produced with the programs
Molscript (39) and raster3D (40).

Figz. 4. NMR solution structure of RD3-N1
displayed in the “ribbon” representation.
The side chains of the residues located on the
putative ice-binding surface (Q°, P'?, D, T'*,
AT T8, 120, M, G*?, and Q**) are represented
by CPK. Left: view perpendicular to the ice-
binding surface (front view). Right: view
horizontal to the ice-binding surface (side
view). The atoms colored red, blue, and green
are oxygen, nitrogen, and carbon, respectively.
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which the side chain atoms involved in the ice-binding site
(see below) are represented by CPK. It is found that the
positions of the polar groups (side chains of Gln®, Asn'¢,
Thr'®, Thr'?, and GIn**, and main chain carbonyl group of
Ala’®) in RD3-NI are located so as to fit to the positions of
the oxygen atoms of the prism plane of ice crystal. The
non-polar side chain groups of Pro'?, Thr's, Ala'®, Thr'®,
Ile?°, Met?, and Gly*? fill the gaps of the above polar
residues, which will lead to stabilization of the polar groups
with appropriate spacing for the ice-binding. As a conse-
quence, the above side chain atoms form a remarkably flat
surface on one side of the globular domain, as seen in the
right-hand side of Fig. 4. This flat surface is thought to be
a putative ice-binding site, which is similarly assumed for
the ordinary Type III AFPs (14-16). It is thought that the
polar group spacings make enthalpic contributions to the
ice-binding through hydrogen bonding, and the planarity
makes an entropic contribution through the release of
bound water from both ice and AFP. The planarity also
leads to a van der Waals interaction between the ice crystal
and AFP (15). The Ile*® and Gly** on the ice-binding surface
of RD3-Nl are replaced with Val?®® and Ser*’ in QAE
isoform, respectively. It is found that the Ile?® and Gly*? do
not alter the planarity of the active surface of RD3-NI; such
alteration may lead to a significant change in its antifreeze
activity. It is noted that a mutant of QAE isoform whose
Ser*? is replaced with glycine (S42G) has full antifreeze
activity (46). The side chain hydroxyl group of Asn' of
RD3-NI (Fig. 4) is located slightly outside of the active sur-
face, similarly to the case of QAE isoform. This residue has
been considered to be necessary for the initial interaction
between one edge of the AFP active surface and an intersec-
tion of the prism and basal planes of the ice crystal (15).

It appears that the 9-residue linker portion (D®*GTTSP-
GLK™) of RD3-NI forms a definitive structure indepen-
dently of the globular N-domain (Fig. 3). It assumes a bent
form having an angle of approximately 60° (Fig. 4). The
independence of the linker from the globular portion is
suggested by observation of only one interresidue NOE
contact (Tyr®*-Pro’®) between the linker and the N-domain.
The linker is composed of two short strands, -D*GTTSP°-
and -G"'LK™-, which are bent around -T*"TSPG™-. Our
preliminary '"N-NMR relaxation data’? shows that the
order parameter (S?) (47) of the backbone motion becomes
smaller along the sequence from Asp®® to Thr®, while it
becomes larger along the -Gly”'-Leu’®- sequence. Such a
U-shapes S? profile of the linker supports the existence of
the above two short strands that are bent around Ser®. This
bending property of the linker is considered result from the
inherent nature of the amino acid sequence around Ser®®,
which favors a turn conformation, as evidenced by Chou
and Fasman’s secondary structure prediction (48). The
independence of the linker in the RD3-NI molecule raises
the possibility that the linker keeps its independent nature
in the intact RD3 molecule and restricts the orientation of
the two domains to some extent. It should be noted that
RD3 possesses 1.9 times higher antifreeze activity than the
ordinary Type III AFP monomer (20), implying that any
direct or cooperative interaction exists between the two
domains.

? Miura, K., Ohgiya, S., Hoshino, T., Nemoto, N., Nitta, K., and
Tsuda, S. unpublished data.
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One well-known intramolecular dimer similar to RD3 is
a dumbbell-shaped calcium regulatory protein, troponin C,
which comprises two homologous globular N- and C-ter-
minal half domains (49). The two domains are connected by
a linker portion which is composed of two a-helical parts,
D- and E-helices. It has been well-demonstrated that each
helix retains exactly the same structural motif and orienta-
tion (e.g., interhelical angle) when troponin C is proteoly-
tically divided into the N- and C-terminal half fragments
(50). Hence, in the present case, a possible 3D-structure of
intact RD3 will be modeled when the linker portion of RD3
is assumed to possess virtually the same bending motif as
formed in RD3-N1. In our most updated model structure of
RD3, the homologous N- and C-terminal globular domains
of RD3 come close in tandem through the 60 degree bending
linker so as not to associate directly. The property of the
globular domain not to favor association is revealed by the
present observation of only monomer peaks of RD3-N1
(Fig. 2) even under high concentration (8 mg/ml). Further,
our preliminary '*N-NMR relaxation data shows that
overall tumbling motional speed of RD3-Nl1 is typical value
of a monomer of this size (7;=8.4 ms). In the model
structure, the bending linker is able to bring the two flat
ice-binding surfaces of the N- and C-domains into the same
orientation. With such a shape, the two ice-biding surfaces
of the RD3 molecule can interact simultaneously with the
same prism plane of the hexagonal ice crystal. The model
can account for the 1.9 times higher antifreeze activity of
RD3 compared with Type Il AFP monomer (20). How-
ever, it cannot explain the initial interaction of Asn'* with
the intersection of the prism and basal planes; Asn' is
sandwiched between the two globular domains so that the
interaction is structurally inhibited. Hence, it i8 not clear
whether the initial ice-binding of RD3 occurs in the same
way as with the Type III monomer; the linker property
might be significant for this interaction. Of course, a final
conclusion should be drawn after clarifying structure of the
intact RD3 molecule, which will support, refute, or require
modification of the present model of RD3 structure.

To summarize, this paper determines the 3D structure of
the N-terminal globular domain plus linker portion of a new
species of antifreeze protein, RD3, the globular domain of
which appears to form a similar tertiary structure to the
ordinary Type III AFP monomer. In addition, the linker
appears to assume a definitive bending form having a
specific orientation that is independent of the globular
N-domain.

The authors are grateful to Ai Miura for upkeeping the NMR
spectrometer.
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