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Insect antifreeze proteins (AFP) are considerably more active at
inhibiting ice crystal growth than AFP from fish or plants. Several
insect AFPs, also known as thermal hysteresis proteins, have been
cloned' and expressed"’. Their maximum activity is 3—4 times
that of fish AFPs' and they are 10-100 times more effective at
micromolar concentrations. Here we report the solution structure
of spruce budworm (Choristoneura fumiferana) AFP and char-
acterize its ice-binding properties. The 9-kDa AFP is a (-helix
with a triangular cross-section and rectangular sides that form
stacked parallel B-sheets; a fold which is distinct from the three
known fish AFP structures. The ice-binding side contains 9 of the
14 surface-accessible threonines organized in a regular array of
TXT motifs that match the ice lattice on both prism and basal
planes. In support of this model, ice crystal morphology and ice-
etching experiments are consistent with AFP binding to both of
these planes and thus may explain the greater activity of the
spruce budworm antifreeze.

Recombinant spruce budworm antifreeze protein (sbwAFP) is as
hyperactive as the native protein (Fig. 1), and was used for structure
determination. We obtained 1014 nuclear Overhauser effect (NOE)
distance and 88 dihedral angle restraints from several nuclear
magnetic resonance (NMR) experiments and used them to generate
an ensemble of structures (Fig. 2a). The overall fold is that of a left-
handed B-helix (Fig. 2b), with one partly structured loop at the
amino terminus (loop 1), four complete left-handed loops (loops
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Figure 1 Hyperactivity of insect antifreeze protein compared to a fish antifreeze protein.
Ice crystals in the presence of 20 wm spruce budworm (insect) antifreeze protein
(sbwAFP) or 400.m winter flounder type | (fish) AFP were observed by video-microscopy
during thermal hysteresis measurements at —0.2 °C intervals of cooling, which occurred
at a rate of ~0.07 °C per min. There was no observable change in the ice crystals as the
temperature was lowered until the non-equilibrium freezing point was exceeded at

—1.08°C for sbwAFP, and at —0.27 °C for type | AFP. Thus, at one-twentieth of the fish
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2-5) and one right-handed loop at the carboxy terminus (loop 6).
The protein fold is stabilized by a hydrophobic core, and by
disulphide bonds and parallel B-sheets between the loops. The
left-handed loops are 15 residues long, and are spaced 4.5-5.7 A
apart. The right-handed loop is 17 residues long and has two anti-
parallel B-sheets that cap the C-terminal end of the protein. In
addition, the N, Ca and C’ atoms of the C-terminal residues 88—90
have a root mean square deviation (r.m.s.d.) of 0.53 A, which is the
same as the r.m.s.d. of the whole protein (Table 1). The cross-section
of the protein perpendicular to the axis of the B-helix has a
triangular shape. Of the rectangular sides, at least two consist of

Table 1 Structural statistics for the ensemble of 20 refined structures of
sbwAFP

(SA) (SANt
r.m.s.d. from NOE distances (A) 0.012 = 0.002 0.014
(1014)9
r.m.s.d. deviations from dihedral 0.42 = 0.07 0.44
angles (degrees) (88)
r.m.s.d. deviations from carbon
chemical shift
3C%(p.p.m.) (59) 1.43 = 0.06 1.45
3CP(p.p.m.) (59) 1.62 + 0.06 1.46
r.m.s.d. from idealized covalent
geometry
Bonds (&) 0.0018 = 0.0001 0.0019
Angles (degrees) 0.54 + 0.01 0.55
Impropers (degrees) 0.46 = 0.02 0.48
Final energies #
(kcal mol™)
Fuoe 8+2 9.8
Fean 09*0.2 1.1
Frepel 12 =1 12.8
= —240 = 30 —244
Cartesian coordinate N, Caand C’ All heavy atoms
rm.s.d. (A)§
(SA) versus (SA)al 0.52 = 0.09 1.0 0.1
Ramachandran plot** All structures (SA),
Residues in most favoured region 47.9 48.0
Residues in additionally allowed 50.2 49.3

region

*Represents the average root mean square deviations (r.m.s.d.) for the ensemble.

T(SA) is the single member of the ensemble that is closest to the average structure.

I The Lennard-Jones potential was not used in the refinement process.

§ Residues 4-5, 7-18, 23-69, 71-72, 80-90.

I {SA)ay is the geometric average structure of the ensemble.

11 Numbers in brackets represent the number of constraints used in the structure calculation.
#Final energies are calculated based on contributions from nuclear Overhauser effect (Frog),
dihedral angles (Fqqin), van der Waals repulsion (F¢pe) and Lennard-Jones potential (£, ).
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AFP molar concentration, sbwAFP causes about four times the depression of the freezing
point (1.08 °C versus 0.27 °C). The hexagonal ice crystal obtained with SowAFP lies with
its c-axis perpendicular to the plane of the figure, and the bipyramidal crystal produced by
type | AFP has its c-axis in the plane of the figure, parallel to its long dimension. Below the
non-equilibrium freezing point, uncontrolled growth of the crystal in the presence of
sbwAFP occurs laterally along the a-axis. In contrast, in the presence of type | fish AFP the
crystal grows rapidly along the c-axis to form a spicule.
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stacked, parallel B-sheets (Fig. 2b). With respect to the third side,
20-30% of the members of the ensemble have B-strand content,
suggesting that there is some -sheeting along this face as well. This
third side is threonine-rich due to the clustering and alignment of
four TXT motifs (where X is any inward pointing amino acid) at
positions 5-7, 21-23, 36—38 and 51-53 (Fig. 2b and c). A fifth
motif at 68—70 in the longer loop 5 is imperfect (IXT).

The left-handed B-helices characterized to date consist mostly of
18 residues per loop, but also have a triangular cross-section*”. The
15-residue loop in sbwAFP is three residues shorter, and corre-
sponds to the removal of one residue from each of the three sides of
the triangle. In addition, other (-helices contain secondary struc-
tural elements and inserts that extend outward from the helix.

Figure 2 Structure of spruce budworm antifreeze protein. a, Stereoview of Ca atoms of
residues 1—-90 from the 20 lowest-energy structures of sowAFP (of the 40 that converged
from the 50 computed). No distance restraint was violated by more than 0.3A and no
dihedral angle restraint by more than 4°. The structural data statistics are shown in Table
1. Residues in regions 5-8, 19-22, 35-38, 49-53 and 68—70 appear to be exchange-
broadened as suggested by preliminary '°N-relaxation experiments (data not shown),
resulting in poorly defined residue positions. b, Ribbon representation of the sbwAFP
structure closest to the mean. The B-sheets, shown in blue, are located at residues 25—
28, 30—33, 40-43, 45-48, 55-58, 62—65, 67—69, 81-83 and 85—-89. Disulphide
bonds, shown in green, are located between loops 1 and 2, loops 2 and 3, and two
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Therefore, sbwAFP and beetle AFP®, represent the first isolated 3-
helix structures determined.

Given the importance of threonines for ice binding in other
AFPs’™, several of these residues in the TXT motifs were mutated to
leucine to alter both the polarity and the shape of the protein
surface. Mutants T7L, T21L, T38L and T51L each showed an 80—
90% loss of activity (Gauthier et al., unpublished results; Fig. 2c).
Subsequently, threonines not present in the array of TXT motifs
were also mutated. Mutants T48L and T66L, adjacent to the TXT
motifs, showed only a moderate decrease in activity (30% and 35%,
respectively). Mutation of threonine 86 to leucine, located opposite
the TXT side, resulted in no loss of activity. Thus, we propose that
the TXT face constitutes the ice-binding site of sbwAFP.

between loops 5 and 6. Coils shown in red indicate the threonine-rich face. The inset
shows the view down the B-helix axis. ¢, Schematic representation of sbwAFP showing
the relative positions of threonine residues. The putative ice-binding threonines (residues
5,7,21,23, 36,38, 51, 53 and 70) are aligned in a grid-like arrangement spaced 744
and 4.5A apart. The coloured circles indicate the following percentage antifreeze
activities relative to wild-type protein: red, <30%; yellow, <60%; green, 100%; white,
not determined. Dotted circles indicate projection of the threonine side chain on the other
side of the coil. The line through T486 signifies that the T46L mutation is a folding mutant.
The N and C termini are marked.
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We performed ice etching'® and crystal habit studies to determine
which ice planes are bound by sbwAFP. Ice hemispheres were grown
in the presence of dilute sbwAFP to incorporate the protein into the
ice lattice on a binding surface. These binding planes were revealed
by partial sublimation of the ice hemisphere at —20 °C as ‘etches’ of
AFP accumulation left behind by the receding ice (Fig. 3a). Views of
three different hemispheres show sbwAFP binding as distinct etches
centred on the six equivalent primary prism planes (p) as well as the
basal planes (b) of ice. The etched regions are shaded in the

c-axis

Figure 3 Ice hemispheres and an ice crystal grown in the presence of slow AFP. a, The
three ice hemispheres were each grown from a single orientated seed crystal in the
presence of dilute sbwAFP (~0.02 mg mi™"). They were subsequently allowed to sublime
to reveal bound AFP as a proteinaceous coating (white etch on the ice surface). Alongside
are the corresponding interpretive sketches in which the etched surfaces are shaded and
identified as a primary prism plane (p) or basal plane (b). The identification as primary
prism planes was confirmed by orientation to the facets formed on a drilled cavity after
sublimation of the ice hemisphere. The unshaded regions in the sketches represent ice
surfaces not bound by AFP, which are most evident in the oblique view in the bottom
panel. The relative orientation of the ¢- and a-axes of ice is shown on the right. b, Single
ice crystal grown in the presence of sbwAFP (0.2 mg ml™") by manipulation of the
supercooling temperature and then maintained at —0.2 °C. ¢, The same crystal after 24 h.
d, A tilted view of the same crystal. e, Hexagonal bipyramidal morphology produced by
2mg mi~" of fish type | AFP from the winter flounder. In b—e, the direction of the c-axis is
indicated by arrows, which in d is normal to the plane of the figure.
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Figure 4 SbwAFP model showing surface complementarity with the prism and basal

planes of ice. a, A side view of the protein aligned above an ice prism plane. Circles depict
the lattice positions of water oxygen atoms inice. b, A view perpendicular to that of a. This
view down the c-axis illustrates the match of adjacent loops to the ice surface. As oxygen
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interpretive sketches. The top panel shows three of the six equivalent
prism plane etches. The middle panel is a view down the c-axis at the
basal plane etch, with the tips of the six prism plane etches visible at
the periphery. The bottom panel presents an oblique view of an
etched hemisphere to show the distinct separation between prism
and basal plane etches. Basal plane etching by other AFPs has not
been observed before, and we cannot rule out the possibility that
protein accumulation on this surface is due to prism plane binding
at the risers of steps on the basal plane.

Ice morphology studies at higher sbwAFP concentrations
(0.2mg ml™) and low supercooling (—0.20 °C) also show simulta-
neous prism-face and basal-plane inhibition (Fig. 3b—d). As crystal
habit between the freezing and melting points (thermal hysteresis
gap) is the result of growth-inhibited faces, AFPs binding simulta-
neously to these surfaces typically produce the hexagonal ice crystals
seen during thermal hysteresis measurements (Fig. 1, top panels).
By teasing some growth out of these crystals before returning them
to the thermal hysteresis gap, it is possible to see the growth-
inhibited surfaces more clearly. The single crystal viewed perpen-
dicular to the c-axis (Fig. 3b) demonstrates that the prism faces are
at right angles to the flat basal planes. This crystal showed no growth
or shrinkage within the thermal hysteresis gap for at least 24h
(Fig. 3c). The expression and stability of such extensive basal planes
is unique to sbwAFP and has not been observed with any of the fish
AFPs. Indeed, fish AFPs typically bind to pyramidal or prism planes
to form ice crystals with hexagonal bipyramidal or trapezohedral
morphology (Fig. 3e)'""".

Experimental evidence and theories from the fish AFP literature
suggest that a specific ice-lattice match is required for AFP binding
to ice'>”. The nature of the binding force is not known, but is
assumed to involve both hydrogen bonds and non-polar forces®'*™"".
Combining NMR structural information and experimental evi-
dence for prism and basal plane binding, we have developed a
model to demonstrate the specificity of sbwAFP for these planes
(Fig. 4). On the ice-binding site of sbwAFP, the loops are a series of
structural repeats, similar to those found in other left-handed B-
helix proteins*’, and bring the TXT motifs into alignment so that the
threonines form two parallel arrays. In the model, the spacing
between threonines in the neighbouring TXT motifs makes an
ideal match to the 4.5 A repeats along the a-axis in both the prism
and basal planes of ice. At right angles to this repeat, the distance
between threonines in the TXT motifs makes an ideal match to the
7.35 A spacing on the prism plane, and a fairly close match to the
7.8 A spacing on the basal plane.
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atoms have the same interatomic distance along the a-axis in both basal and prism
planes, the match to the protein is the same for both planes. ¢, The sbwAFP aligned above
the basal plane, depicting the analogous surface match to that of the prism plane.
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This simple model demonstrates the geometric feasibility of an
ice lattice match between the protein and the primary prism and
basal planes of ice without requiring knowledge of the forces
involved in the interaction. It is consistent with the mutagenesis,
ice-etching and ice-morphology data and shows how the ice-
binding site threonines in the aligned TXT motifs could form nine
contacts with ice, considerably more than the four contacts mod-
elled between winter flounder AFP and ice'®. The greater number of
contacts and the ability to bind both prism and basal planes of ice
may explain the greater activity of this insect AFP over fish AFPs.

The sbwAFP and beetle AFP® structures are the first insect AFP
structures determined, and the B-helix fold represents a new AFP
structural motif. Several different folds have been found for the AFP
proteins, suggesting that nature has evolved different structures to
form similar ice-binding surfaces. Given the controversy surround-
ing the nature of the forces involved between fish AFPs and ice*'*™"7,
the B-helical insect AFPs provide an independent model with which
to test binding hypotheses. O

Methods

NMR data collection

Recombinant °N- and "*C/'*N-labelled sbwAFP was produced using BioExpress media
and purified as described'?. The protein was dissolved at a concentration of 18 mgml™ in
90% H,0/10% D,0O or 100% D,O as necessary, and the pH was adjusted to 5.5 using
NaOD or DCl as required. CBCA(CO)NNH, HNCACB, *C/"°N-edited NOESY, "*N-
edited nuclear Overhauser effect enhancement spectroscopy (NOESY), "°N-edited total
correlation spectroscopy (TOCSY), HCCH-TOCSY, HNHA and 2D-NOESY spectra were
collected on a Varian 500 or 600 MHz spectrometer with the temperature control set to
30°C. Data were processed and analysed using NMRPIPE® and PIPP, and the ensemble of
structures was generated in X-PLOR?' using distance and dihedral restraints from NOESY
and HNHA experiments and empirical restraints from '*C-chemical shifts™. Analysis of
the ensemble was performed using VADAR” and PROCHECK_NMR™.

Ice crystal morphology

Ice hemispheres, initially grown from a single ice crystal, were allowed further growth in
the presence of 0.02 mgml™" of sbwAFP and permitted to etch as described'. Ice crystal
morphology in the presence of 0.2 mgml™ sbwAFP was monitored at —0.2 °C over a
period of five days.

Figure preparation
Figures were generated using MOLSCRIPT?, RASTER3D* and SYBYL"".
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