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ABSTRACT: We have determined the solution structure of rSS3, a recombinant form of the type I shorthorn
sculpin antifreeze protein (AFP), at 278 and 268 K. This AFP contains an unusual sequence of N-terminal
residues, together with two of the 11-residue repeats that are characteristic of the type I winter flounder
AFP. The solution conformation of the N-terminal region of the sculpin AFP has been assumed to be the
critical factor that results in recognition of different ice planes by the sculpin and flounder AFPs. At 278
K, the two repeats units (residues 11-20 and 21-32) in rSS3 form a continuousR-helix, with the residues
30-33 in the second repeat somewhat less well defined. Within the N-terminal region, residues 2-6 are
well defined and helical and linked to the main helix by a more flexible region comprising residues
A7-T11. At 268 K the AFP is overall more helical but retains the apparent hinge region. The helical
conformation of the two repeats units is almost identical to the corresponding repeats in the type I winter
flounder AFP. We also show that while tetracetylated rSS3 has antifreeze activity comparable to the
natural AFP, its overall structure is the same as that of the unacetylated peptide. These data provide some
insight into the structural determinants of antifreeze activity and should assist in the development of
models that explain the recognition of different ice interfaces by the sculpin and flounder type I AFPs.

The unique properties of AFPs1 and AFGPs isolated from
the blood plasma of fish that inhabit the sub-zero Arctic and
Antarctic oceans have attracted enormous interest since their
initial discovery by Scholander (1) and DeVries (2, 3). Four
classes of fish proteins (type I-IV) as well as a single class
of glycoprotein have been identified, and the structural
characteristics and properties of these AF(G)Ps are sum-
marized in a number of recent reviews (4-6). These
compounds lower the freezing point in a noncolligative
manner that results in thermal hysteresis and allow these fish
to survive in waters colder than the equilibrium freezing point
of their blood and other internal fluids. The ability to suppress
ice crystal growth and protect cell membranes from cold-
induced damage has led to the application of AF(G)Ps in

the food industry, agriculture and medicine (7, 8). However,
while significant progress has been made in recent years
(5, 9, 10), the molecular level detail of how each class of
AF(G)P is able to inhibit ice growth is still not fully
understood. Hence, there are very few reports of de novo
design of AF(G)Ps (11, 12) and the tailoring of compounds
for specific applications is currently not possible.

The alanine-rich,R-helical type I AFPs have been isolated
from the blood serum of the winter (Pseudopleuronectes
americanus) (13) and yellowtail (Limanda ferruginea) (14)
flounders, Alaskan plaice (Pleuronectes quadritaberulatus)
(15), and the grubby (Myoxocephalus aenaeus) (16), short-
horn (17), and Arctic shorthorn (18) (Myoxocephalus scor-
pius) sculpins. The most well studied type I AFP is the 37-
residueR-helical protein HPLC6 (Figure 1c) (19), which
accumulates specifically at the{2 0 2h 1} ice plane (Figure
1) (15). While early studies proposed ice growth inhibition
mechanisms involving hydrogen bonding to the four Thr
residues (15, 20-22) that are aligned along one face of the
helix (23), more recent structure-activity experiments (24-
29) and computational studies (30) have identified hydro-
phobic interactions as a major requirement for activity. From
our own studies on synthetic analogues of HPLC6 (24-26),
we proposed that all type I AFPs, including the sculpin AFPs,
contain a common hydrophobic face, which is oriented
toward the ice surface in the ice/water interface, resulting in
inhibition of ice growth (24).

In contrast to the type I flounder AFPs, the sculpin AFPs
contain a unique N-terminal region (Figure 1b) and ac-
cumulate specifically at the{2 1h 1h 0} plane (Figure 1) (15,
31). While insertion of charged side chains into the ice lattice
was proposed to explain this interaction (31), recent structure-
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activity studies (32) have ruled out this mechanism and
confirmed that, as in the case of the type I flounder AFPs,
the hydrophobic face of shorthorn sculpin AFPs is required
for antifreeze activity. The structure of the N-terminal
residues in the sculpin AFPs also has a direct impact on
inhibition properties, and both the naturally occurring fish
sequences (17, 32) and a recombinant form of a sculpin AFP
reported by our group (33) require anN-acetyl blocking
group for hysteresis.

The outstanding question is why the structurally related
type I AFPs recognize different ice planes (Figure 1). Two
hypotheses have been put forward in the literature. First,
computational studies have shown that there is significant
charge inhomogeneity at the ice/water interface (34) and
hence recognition of different ice planes by the flounder and
sculpin sequences may be related to the overall charge/ dipole
of the different peptides (33). This proposed role of charge/
dipole in the mechanism is consistent with the observations
that blocking of the N-terminus in the sculpin AFP increases
hysteresis (17). The alternate structural hypothesis is based
on the conformation of the N-terminal residues from model-
ing studies, which proposed that steric matching results in
folding of the N-terminal residues away from the surface
and directs the rest of the sequence to a specific ice plane
(32). In both hypotheses, the exact role of the N-terminal
region of the sculpin AFPs is unclear, particularly in the
absence of an NMR or X-ray structure of any of the sculpin
sequences.

In this paper we report the solution structure of a
recombinant form of the shorthorn sculpin SS3 (rSS3, Figure
1a) and the effects of tetraacetylation on the structure of rSS3.
These studies were made possible by uniform labeling of

the rSS3 with both15N and 13C, and the structures are
compared at 5 and-5 °C. In particular, the conformation
of the N-terminal region, the effect of theN-acetyl groups,
and how these residues influence the conformation of the
rest of the chain have been assessed. This solution data is
essential for molecular simulations of the interaction of the
sculpin AFPs with the ice/water interface in order to develop
models that explain the selective interaction of the AFP with
the{2 1h 1h 0} ice plane, and hence assist in the rational design
of synthetic AFPs.

EXPERIMENTAL PROCEDURES

Cloning, OVerexpression, and Purification of rSS3.Pro-
teins were overexpressed and purified as previously described
(33) except for the following. For the production of13C,15N-
labeled rSS3, large-scale overexpression was carried out in
a New Brunswick Scientific Bioflow III Fermentor using
the protocol of Cai et al. (35) Three-liter cultures were grown
in a minimal media, in which the only source of nitrogen
and carbon were15NH4Cl and limiting amounts of glucose,
respectively. When the dissolved oxygen content increased
sharply (indicating exhaustion of glucose), 1.5 g and
subsequently 22.5 g of13C-glucose was added to the culture.
All subsequent overexpression and purification procedures
were carried out as described previously (33) to give protein
that was>99% pure by integration of the HPLC trace. rSS3
is used throughout the remainder of the text to refer to
13C,15N-labeled rSS3.

Acetylation Procedure.rSS3 (0.8 mg) was dissolved in
water (25µL), sodium acetate (saturated, 25µL) was added,
and the solution was cooled to 0°C. Acetic anhydride (5×
1 µL) was added over 2 h at 0°C. The reaction was stirred,
centrifuged and allowed to stand at 0°C for an additional 4
h. The reaction was diluted to 400µL with the HPLC solvent
system and purified by reverse phase HPLC (0.05% TFA in
20-60% aqueous acetonitrile over 100 min at 2.5 mL per
min on a semipreparative Jones wide pore column. 4Ac-
rSS3 was obtained as a white solid in>99% purity by
integration of the HPLC trace; ESI MS 3414.5 (M+H+,
80%), 1718.3 ([M+H+Na]2+, 100).

NMR Spectroscopy.Samples were prepared for NMR
spectroscopy as described previously (33). Experiments were
carried out at 278 and 268 K on a 600-MHz Bruker DRX600
spectrometer. Water suppression was achieved using pulsed-
field gradients and the WATERGATE sequence (36). The
following homonuclear 2D spectra were recorded on the rSS3
sample: DQFCOSY (37), TOCSY (38) (τm ) 35 and 70
ms) and NOESY (39) (τm ) 50 and 150 ms). Acquisition
times were 33 and 131 ms for each of these experiments in
t1 and t2, respectively.

Backbone1H, 15N, and13C resonances were assigned using
a combination of standard triple resonance experiments as
described previously (40). Spectra were processed using
XWINNMR (Bruker) and analyzed using either XEASY (41)
or SPARKY (42).

15N T1,T2 and NOE values were measured on [15N,13C]-
rSS3 using the Bruker pulse programs hsqct1etf3gpsi and
hsqct2etf3gpsi, respectively. Relaxation delays of 0.01, 0.2,
0.4, 0.7, 0.9, 1.1, 1.3, 1.8, 2.0 and 3.0 s were used in theT1

experiment, while values of 0.0172, 0.086, 0.1548, 0.2236,
0.2924, 0.3612, 0.430, 0.4988, 0.5676, 0.6364 were used to

FIGURE 1: Amino acid sequences of selected type I AFPS
highlighting the 11-residue repeat units present in all sequences
and schematic of the hexagonal unit of ice crystal showing the{2
0 2h 1} or winter flounder ice plane and the{2 1h 1h 0} or the sculpin
plane. (A) Recombinant SS3 (rSS3) and the acetylated derivative
4Ac-rSS3. The additional GS residues at the N-terminus are
numbered-1, -2 to allow comparison with the other type I AFPs
shown. Acetylated lysine side chains in 4Ac-rSS3 are marked with
an asterisk. (B) Type I sculpin AFPs from the shorthorn (SS) and
grubby (GS) sculpins subdivided by length and homology of the
first 11 residues. X indicates a blocking group in each sequence
which is assumed to be Ac, on the basis of the resequencing of
SS8 (30), where this group was identified. (C) Type I flounder
sequences from the winter flounder (HPLC), yellowtail flounder
(YF), and Alaskan plaice (AP).
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measureT2 values. Recycle delays of 5 s were used in both
experiments. Peaks were integrated andT1 andT2 data fitted
to two-parameter exponentials using a module within
SPARKY.

Structure Calculations. Structure calculations for rSS3 at
278 and 268 K were carried out as previously described (40,
43). Standard NOE distance restraints as well as dihedral
angle restraints derived from a 3D HNHA (44) and TALOS
(45) were incorporated into structure calculations using the
package ARIA1.2 (46). For the 278 K structures, RDCs were
measured as described previously (33) and incorporated into
structure calculations in the standard manner in ARIA1.2.
The magnitudes of the axial and rhombic components of the
alignment tensor were estimated from the average values for
the 10 lowest-energy structures (calculated without RDC
constraints) using the program SSIA (47). No hydrogen bond
restraints were used in the structure calculations. Overall,
two nonsequential interresidue NOEs for which no consistent
assignment could be determined were excluded from the final
calculations. Finally, the 100 lowest-energy structures were
refined in a 9 Å shell of water molecules (48). The 20
conformers with the lowest value of Etot were visualized and
analyzed using the programs MOLMOL (49) and PRO-
CHECK (50).

RESULTS

Structure Calculations.In common with all type I AFPs,
the amino acid sequence of rSS3 contains a very high
proportion of alanine (25 out of 33 residues), and the
structure is primarily helical. As a consequence, severe
overlap is observed in NMR spectra of the AFP. To
circumvent this problem, we created a recombinant expres-
sion system for SS3 (33) and overexpressed and purified
uniformly 13C,15N-labeled rSS3. The additional dispersion
available from the15N and13C chemical shift ranges in the
labeled protein allowed full resonance assignment of over-
lapping signals in the1H spectrum.

A standard set of triple resonance and homonuclear NMR
experiments allowed assignment of all backbone1H, 15N and
13C resonances at 278 K. A combination of backboneφ and
ψ dihedral angle restraints from the program TALOS and
NOE data, supplemented by1H-15N dipolar coupling mea-
surements (Figure 2), allowed determination of the full
solution structure of rSS3 using ARIA1.2. Due to the large
number of alanine residues, the ability of ARIA to incor-
porate ambiguous distance restraints was very valuable. The
20 lowest-energy structures from the final ARIA calculations
were chosen to represent the solution structure of rSS3
(Figure 3A) and structural statistics for the ensemble are
given in Table 1.

The OVerall Three-Dimensional Structure of rSS3.The
structure of rSS3 is highlyR-helical (Figures 2,3), consistent
with our preliminary data (33). The main portion of the helix
is straight; the measured residual dipolar couplings provide
confidence in this conclusion. Overall, the primary structure
comprises three sections-a unique N-terminal region and
two 11-residue repeats typical of type I AFPs (Figure 3B).
The two repeats units (residues 11-20 and 21-32) are very
well defined (with an RMSD of 0.33( 0.09 Å over residues
12-29) and form an essentially idealR-helix. The corre-
sponding residues from the two repeats are thus aligned on

one face of the helix. The C-terminal part of the second
repeat (residue 30-33) is less well defined, yet shows
indications of nascentR-helical structure; theφ andψ angles
adopted by these residues still tend to fall into the helical
region of the Ramachandran plot. Residues 2-6 (the first
part of the atypical N-terminal region) are also well defined
and quite helical (backbone RMSD of 0.21( 0.09 Å).
However, this region is generally recognized as 310 helix by
the DSSP algorithm implemented in MOLMOL (9 out of
20, with another 1 recognized asR-helix). The remaining
structures appear to be helical by manual inspection and from
the Ramachandran plot but are not recognized by MOLMOL
as helical. Interestingly, the orientation of this region is
poorly defined relative to the central repeats.

Conformation of N-Terminal Region.To ascertain whether
the apparent mobility of the N-terminal region is real, a
number of measured NMR parameters were examined.
Residues A7, A8, and A9 were substantially overlapped in

FIGURE 2: Summary of NMR data acquired for rSS3 at 278 K.
Residues identified as helical in the final structure are indicated at
the top. (A) NOE,J-coupling, and residual dipolar coupling data
(1DHNN) taken from Fairley et al (33). Filled circles indicate3JHNHR
< 6.0 Hz, while crosses indicate3JHNHR ) 6.0-8.0 Hz. Thin and
thick bars indicate strong and weak NOE intensity, respectively.
Overlapped NOEs are identified by a light gray line.1HR chemical
shift changes relative to random coil values are shown; negative
values are indicative of a helical conformation. (B)13C chemical
shift data.∆δ(CR-Câ) provides an indication of secondary structure;
positive values indicateR-helix, while negative values indicate
â-sheet. The chemical shift indices for13C′ and13CR are also shown;
values of+1 indicateR-helix and-1 indicateâ-sheet. (C) Numbers
of short- and medium-range NOEs used in the structure calculations.
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all dimensions, and it is possible that this precluded the
identification of a number of NOEs; the total number of
assigned NOEs for these residues was relatively low (Figure
2) and the backbone in this region is poorly ordered (angle
order parameters< 0.7 for backboneφ andψ angles).13C
Chemical shifts do indicate someR-helical propensity (Figure
2) but somewhat less than the two repeats (as judged for
example by the magnitude of the CR-Câ shift difference).

15N relaxation parameters (T1, T2, and{1H,15N}-NOE) were
also measured for each residue (Figure 4). These data indicate
that the protein is most highly ordered in the region T11-
A30, with a gradual drop-off toward the two termini. Thus,
no significant additional motion was observed for residues
in the A7-T11 region. In combination, these data indicate
that while residues A7-T11 may be slightly more flexible

than the surrounding sequence, this effect is probably
magnified in the NMR structure due to the lack of NOEs
for residues A7-A9.

Effect of Temperature on Structures. The effect of tem-
perature on structure was assessed by determination of the
structure of rSS3 at 268 K. By reducing the temperature of
the NMR sample very slowly (0.2°C every 10 min), sample
freezing was prevented, and a full series of NMR experiments
was recorded in this supercooled state.

These data were analyzed independently of the 278 K data,
and although the spectra were poorer overall as a conse-
quence of the increased viscosity, sufficient NOE and
dihedral angle restraints (from an HNHA together with
TALOS; Figure 5) were obtained to allow the structure of
rSS3 to be determined. Structural statistics are given in Table

FIGURE 3: Solution structure of rSS3 determined at 278 K. (A) Ensemble of the 20 lowest-energy models of rSS3. Structures are superimposed
over the backbone atoms (CR, C′, N) of residues 11-27. (B) Superimposition of ribbon diagram of the three lowest-energy models of rSS3,
showing elements of secondary structure as recognized in the program MOLMOL. (C) Superimposition of the 20 conformers from A, over
the backbone atoms of residues 2-6. All structures are shown as wall-eyed stereo images.
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1 and the 20 lowest-energy structures from ARIA 1.2 are
shown in Figure 6. Note that residual dipolar couplings could
not be measured at 268 K due to technical difficulties with
the alignment media (bicelles (51), filamentous phage (52)
and acrylamide gels (53) were tested).

The structure is extremely similar to that determined at
278 K, although somewhat less well ordered (RMSD of 0.85
( 0.39 Å over residues 12-29). A “hinge” region between
A7 and T11 is still observed in the ensemble, although the
data indicate that these residues spend a substantial portion
of their time in a helical conformation. The chemical shift
data (Figure 5) clearly demonstrate that the protein is more
helical at the lower temperature; the central helix extends

FIGURE 5: Comparison of NMR parameters for rSS3 and 4Ac-
rSS3, derived from spectra recorded at 278 and 268 K. Carbon
chemical shift,3JHNHR, TALOS, and carbon chemical shift data are
shown. Below the amino acid sequence, difference between the
CR and Câ chemical shifts provides an indication of secondary
structure for rSS3 at 278 and 268 K and 4Ac-rSS3 at 268 K.3JHNHR
and TALOS prediction are shown below;R representsR-helix, x
indicates no prediction, and blanks indicate values could not be
measured due to overlap. Chemical shift indices of13C′ and13CR
nuclei are also shown.

Table 1: Structural Statistics for rSS3

Experimental Input 278 K 268 K
total NOE restraints 455 483
total unambiguous restraints 437 452
intraresidue 245 266
sequential 115 128
medium range (2-4 residues) 77 58
long range (> 5 residues) 0 0
total ambiguous restraints 18 31
total residual dipolar coupling restraints 18 0
torsion angle constraints
dihedrals f 23 27
dihedrals y 22 25
dihedralsø1 0 0

Quality Control
PROCHECK statistics residues in most favored regions 97.8% 98.6%

(for residues 2-29) residues in allowed regions 2.2% 1.4%
residues in generou sly allowed regions 0.0% 0.0%
residues in disallow ed regions 0.0% 0.0%

RMSD of Backbone Atoms
12-29 0.33( 0.09 0.85( 0.39
2-6 0.21( 0.09 0.35( 0.11

RMSD of all Heavy Atoms
12-29 0.62( 0.10 1.10( 0.35
2-6 0.81( 0.18 1.06( 0.20

Mean Deviations from Ideal Geometry
bond lengths 0.0031( 0.0002 Å 0.0027( 0.0002 Å
bond angles 0.40( 0.02° 0.35( 0.02°

FIGURE 4: Plots of 15N T1 (upper), T2 (middle), and{1H}15N
heteronuclear NOE (lower) vs residue for rSS3. Data were recorded
at 278 K.
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further in both the N- and C-terminal directions compared
with the structure at 278 K. However, the amount of helicity
does not correlate with the tightness of the structural
ensemble, presumably as a consequence of the reduced
spectral quality at 268 K and the lack of residual dipolar
coupling data. Thus, while the individual models in the
ensemble overlay less well with each other at 268 K, residues
2-6 for example are more often helical (19 out of 20
structures at 268 K are predicted to be helical, whereas only
10 out of 20 are predicted to be helical at 278 K).

Figure 7 compares the rSS3 structures at 268 and 278 K.
The RMSDs of the backbone atoms for the lowest-energy
structure at the two temperatures are 1.08 Å (residues 12-
29) and 0.44 Å (residues 4-8). For comparison, the two

lowest-energy structures at 268 K have RMSDs of 1.03 Å
(residues 12-29) and 0.73 Å (residues 4-8) while the two
lowest-energy structures at 278 K had RMSDs of 0.39 Å
(residues 12-29) and 0.21 Å (residues 4-8).

Effect of Acetylation on Conformation.We have previously
shown that the tetraacetylated derivative 4Ac-rSS3 exhibits
significant thermal hysteresis compared with rSS3 (33). The
increase in thermal hysteresis may be a result of theN-acetyl
group, the acetylated Lys residues, or a combination of these
structural modifications. To ascertain whether this difference
in activity was caused by a structural change, the backbone
and Câ resonances of 4Ac-rSS3 at 268 K were assigned and
3JHNHR values were measured in an HNHA. Figure 5
summarizes these data and shows that 4Ac-rSS3 is clearly

FIGURE 6: Solution structure of rSS3 determined at 268 K. (A) Ensemble of the 20 lowest-energy models. Structures are superimposed
over the backbone atoms (CR, C′, N) of residues 11-27. (B) Superimposition of ribbon diagram of the three lowest-energy models of rSS3,
showing elements of secondary structure as recognized in the program MOLMOL. (C) Superimposition of the 20 conformers from A, over
the backbone atoms of residues 2-6. All structures are shown as wall-eyed stereo images.
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also highly helical. However, it appears that the degree of
helicity present in 4Ac-rSS3 is intermediate between that
displayed by rSS3 at 278 and 268 K.

DISCUSSION

Understanding the origin of the unique recognition proper-
ties of the flounder and sculpin type I AFPs is an important
goal in establishing the mechanism of action of antifreeze
proteins. Recent advances in understanding of the nature of
the ice/water interface (54, 55) have allowed, for the first
time, calculations of the hydrogen bonding between the
flounder AFP, HPLC6, in water and the dynamic ice-water
interfacial region (30). These studies have used the crystal
structure of HPLC6 (23) as a starting point in simulations
and have confirmed experimental results that have identified
hydrophobicity, not hydrogen bonding, as the key interaction
required for antifreeze actvity (24-29).

In contrast to the flounder type I AFPs, there is compara-
tively little data available on the sculpin AFPs. The clear
distinguishing feature between these two type I subclasses
(Figure 1b,c), is the composition of the first 11 N-terminal
residues (labeled repeat 1 in Figure 1), and this has led to
speculation on the role of this region of the AFP in the
mechanism of ice growth inhibition (15, 17, 32, 33). In
particular, an unusual nonhelical conformation in repeat 1,
due to the presence of helix destabilizing residues in the
sculpins, has been assumed to the critical difference between
the sculpin and flounder AFPs that results in different ice
plane recognition. A second important piece of experimental
data, unique to the sculpins, is the requirement of anN-acetyl
group for hysteresis. A structural role in which this N-cap
stabilizes the overall helicity of the sculpin AFPs and/or leads
to an unusual conformation of the N-terminal residues has
also been suggested to be important for antifreeze activity
(5, 17, 31, 32).

The NMR structure of rSS3 reported in this paper is the
first solution structure of a type I sculpin AFP. Determination
of the full structure of the AFP is an essential prerequisite
to development of a hypothesis to explain the experimental

ice growth inhibition properties, including recognition of the
{2 1h 1h 0} ice plane (Figure 1). As the most relevant
conformation(s) adopted by the AFP are those that occur in
the fluid ice/water interfacial region, and in the hysteresis
gap, the structure of rSS3 has been compared at 278 and
268 K. Previous structural characterization of the native AFP,
SS3, has been limited to CD studies (17). The incorporation
of 15N and13C labels into rSS3 by recombinant methods has
allowed a significant improvement in resonance assignment
compared with unlabeled or13C-labeled samples (33), and
has thus overcome difficulties in previous NMR studies of
both naturally occurring (56) and synthetic type I AFPs (27,
57), which have been hampered by poor signal dispersion
due to the high number of alanine residues.

Comparison of rSS3 and HPLC6. The repeat units 2 and
3, which are present in both rSS3 and HPLC6, show a high
degree of overlap, and in each AFP, the highly helical
conformation positions the Thr residues at the start of repeats
1 and 2 along one face of the helix. Comparing the
conformation of the residues labeled repeat 1 in rSS3 and
HPLC6, the most notable difference between the two
structures lies in the hinge region found in rSS3, (A7-T11).
A combination of NMR data indicates that motion around
this hinge is likely to be rather restricted, although our data
are not sufficient to define the likely orientation(s) taken up
by this region. Thus, while the N-terminal region of rSS3 is
helical overall, despite the presence of the Pro at position 4,
the relative orientation of this region with respect to the main
portion of the protein is less well defined. Given its position
in the primary structure, N2 could potentially act as an N-cap
for the N-terminal segment of the helix. However, no
evidence for N-capping is apparent from our studies, and
indeed the presence of Pro at position 4 reduces the need
for such a cap- one less ‘free’ amide proton exists compared
to the N-terminal regions of most helices.

The conformation of repeat 1 in rSS3 contrasts with recent
a modeling study of SS8 which proposed that the first 11
residues of SS8 are folded back on the main portion of the
helix (32). The fold was proposed to be induced by Pro and
to be stabilized an unusual capping structure involving
several salt bridges and it was suggested, from ice/vacuum
modeling, that this conformation directs the rest of the
sequence to accumulate at the{2 1h 1h 0} plane. It is clear
that an analogous structure does not exist for rSS3 and that
Pro does not induce a bend in the structure.

Role of the N-Acetyl Blocking Group.The requirement for
anN-acetyl group for hysteresis in both rSS3 and the natural
AFPS, SS3, and SS8 (17, 32) remains an intriguing and
unexplained aspect of antifreeze activity in the sculpin AFPs.
Even though rSS3 contains an additional two GS residues
at the N-terminus due to the expression system used, it does
not display thermal hysteresis; in contrast, the tetraacetylated
derivative 4Ac-rSS3 exhibits significant hysteresis (0.4
degrees at 15 mg/mL) (33). Consistent with this finding,
acetylation of SS8 was reported to increase the thermal
hysteresis from 0.26 to 0.67 degrees (10 mg/mL) (17). In
the case of 4Ac-rSS3, the Lys residues are also acetylated,
and hence the conformation of this derivative was examined
for any significant modifications that may explain its activity.

The NMR data obtained for 4Ac-rSS3 show that the
N-acetyl group does not have a significant structural effect
on the helicity of the polypeptide compared with rSS3. If

FIGURE 7: Comparison of the lowest-energy structure of rSS3 at
268 (dark line) vs 278 K (light line). The structures are superim-
posed over the backbone atoms of residues 12-29.
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anything, 4Ac-rSS3 is slightly less helical than rSS3 at the
same temperature. Further, the side chains of Lys10, Lys20,
and Lys21 in the rSS3 structures are relatively flexible,
indicating that the addition of acetyl groups to these side
chains does not result in any significant structural changes
in the positions of these side chains. These conclusions are
supported by an examination of backbone chemical shifts,
which show minimal shift changes between the two samples.
Thus, there is no evidence that theN-acetyl group induces a
structural change that explains the experimental thermal
hysteresis data. This conclusion is consistent with the fact
that acetylation of rSS3, which has GS at the N-terminus,
increases hysteresis by about the same amount as acetylation
of SS8 which has MN at the N-terminus. One would not
necessarily expectN-acetylation to have a similar structural
effect on these two sequences due to the different secondary
structure preferences and capping effects of GS residues
compared with MN residues located at the N-terminus of
helices.

Molecular simulations have shown that there are specific
and unique charge profiles associated with the various ice/
water interfaces (34, 54, 55), and hence it has been proposed
that recognition of the overall charge inhomogeneity may
be a significant factor that results in the different ice plane
recognition by the sculpins and flounders (33, 34). The lack
of a structural change on acetylation lends further support
to this hypothesis; conversion of the protonated N-terminus
to an N-acetyl derivative will influence the overall dipole
and charge distribution in the polypeptide, and in particular
in the N-terminal region of the sequence.

Role of Helicity. Several AFPs have been shown to
maintain their fold at very low temperatures and an increase
in R-helical content is observed with a decrease in temper-
ature in other type I AFPs (58). While activity levels have
been reported to increase with helical content for two
homologues of the flounder AFPs (59), there is no clear
correlation between helicity and activity. For example, highly
helical mutants of type I AFPs can show marked decreases
in activity (58) and specific mutations in skin-type AFP have
been shown to increase activity by 15%, while reducing the
helical content from 80 to 60% (59). The data presented for
rSS3 confirm that there is not a simple correlation of this
type, and that to some extent the determinants of hysteresis
are somewhat more subtle.

CONCLUSION

The NMR structure of rSS3 represents the first complete
solution structure of a synthetic type I AFP. This structure
is a useful starting point for simulations with the ice/water
interface that are required in order to fully understand the
molecular level mechanism of ice growth inhibition. The
structure shows no evidence for a specific N-terminal
conformation that could direct the rest of sequence to a
specific ice plane, as has been proposed for SS8 (32). The
N-blocking acetyl group does not stabilize the helical
conformation, nor contribute to an obvious N-capping
interaction and hence there is no structural evidence that
explains the increase in thermal hysteresis when rSS3 is
converted to 4Ac-rSS3. While the helical conformation of
the type I AFPs is essential to provide a scaffold that orients
the side chains in a specific manner and generates a

hydrophobic face, it is clear that overall helicity is not
sufficient for activity, and that prediction of antifreeze activity
from structure alone is not straightforward.
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