Eur. J. Biochem. 271, 3285-3296 (2004) © FEBS 2004

REVIEW ARTICLE

doi:10.1111/j.1432-1033.2004.04256.x

Cold survival in freeze-intolerant insects
The structure and function of p-helical antifreeze proteins
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Antifreeze proteins (AFPs) designate a class of proteins that
are able to bind to and inhibit the growth of macromolecular
ice. These proteins have been characterized from a variety of
organisms. Recently, the structures of AFPs from the spruce
budworm (Choristoneura fumiferana) and the yellow meal-
worm (Tenebrio molitor) have been determined by NMR
and X-ray crystallography. Despite nonhomologous
sequences, both proteins were shown to consist of B-helices.
We review the structures and dynamics data of these two
insect AFPs to bring insight into the structure—function
relationship and explore their -helical architecture. For the
spruce budworm protein, the fold is a left-handed B-helix
with 15 residues per coil. The Tenebrio molitor protein

consists of a right-handed B-helix with 12 residues per coil.
Mutagenesis and structural studies show that the insect
AFPs present a highly rigid array of threonine residues and
bound water molecules that can effectively mimic the ice
lattice. Comparisons of the newly determined ryegrass and
carrot AFP sequences have led to models suggesting that
they might also consist of B-helices, and indicate that the
B-helix might be used as an AFP structural motif in nonfish
organisms.

Keywords: antifreeze protein; beta-helix; dynamics; ice;
insect; NMR; structure; thermal hysteresis; water; X-ray
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Introduction

Several organisms are freeze-intolerant, yet are able to
survive subzero temperatures by decreasing the probability
of ice nucleation in their bodies. Survival strategies include
the removal of water from areas that may come in contact
with external ice, physical barriers such as a silk hiberna-
culum, the production of high levels of polyalcohols and
sugars [1], and the production of antifreeze proteins (AFPs).
AFPs, also known as thermal hysteresis proteins, can
effectively lower the freezing point of bodily fluids, thereby
preventing the formation of macroscopic ice crystals. To
date, AFPs have been isolated from a number of fish [2],
plants [3], bacteria [4], fungi [5] and arthropods [6]. The
proteins are thought to function by inhibiting the growth of
small ice crystals [7], or by masking sites that could act as
heterogenous ice nucleators [8]. The inhibition of ice growth
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is believed to occur by the Kelvin effect: the binding of AFP
causes the ice between the bound proteins to grow as a
curved front, where further growth becomes energetically
unfavourable [7]. In this process, the freezing point of the
solution is lowered whereas the melting point remains
unaffected. The difference between the lowest temperature
at which AFPs are able to prevent ice growth and the
melting point of the solution is termed thermal hysteresis
(TH), and is used as a measurement of antifreeze activity.
A large number of biochemical and structural studies
have been performed in order to understand the interaction
between antifreeze protein and ice at the atomic level and
has included the determination of a number of fish AFP
structures (Fig. 1) (reviews in [9-16]). Early models of the
interaction between this class of proteins and ice focused on
winter flounder type I AFP as the archetypal antifreeze
protein structure. The protein is completely a-helical, and
contains four Thr residues spaced 11 residues apart on one
side of the helix [17,18]. Analysis of its structure and ice-
binding properties led to the hypothesis that the protein
binds to a specific plane of ice through hydrogen bonds
from the threonyl hydroxyl groups [17,19-21]. Further
experimentation, however, has questioned the relative
importance of hydrogen bonds. Mutagenesis of the two
central Thr residues (Thr13 and Thr24)—Ser, which would
preserve the ability of the side-chain to hydrogen bond to
ice, caused a 90-100% loss in TH activity (where activities
are generally measured at a protein concentration of
1 mgmL™", and mutant activities are expressed as a
percentage of wild-type activity) [22-24]. In contrast,
mutation of these Thr to the isosteric equivalent Val
resulted in only a moderate loss (85% of wild-type activity)
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Fig. 1. Fish AFP structures and model. The structures of the fish AFPs
are shown as ribbon diagrams with coil structure shown as yellow,
a-helices as red and B-strands as blue. The model of type IV AFP is
based on the sequence similarity to apolipophorin III [71].

[22-24]. These results weaken the hypothesis that the Thr
face of the a-helix is critical to the ice-binding interaction.
Furthermore, mutation of Alal7—Leu, a residue adjacent
to the Thr-rich face, abolished all antifreeze activity [25].
The ice-binding face of type I AFP is now thought to consist
of the alanine-rich face (which includes Alal7) and the
v-methyls of the four threonines (Thr2, Thr13, Thr24 and
Thr35) [25].

Additional structural studies have been performed on the
type IT AFP from sea raven [26], and on the type III AFP
from eel pout [27-30]. Neither protein shows any sequence
homology to each other or to type I AFP. Likewise, the
structures do not show any similarity to the a-helical type I
AFP (Fig. 1). For type I AFP, the fold was shown to be
homologous to the C-type lectins [26]. The type III AFP
structure was shown to be a compact fold of several short
B-sheets, and does not posses any known structural
homology [27-30]. For both of these antifreeze proteins,
the structures do not reveal any repetitive arrangement of
polar groups that could bind ice. The inability of researchers
to propose a consistent model explaining the type III AFP/
ice-binding in terms of hydrogen bonding has led to the
proposal of models where ‘flatness’ [29] or ‘shape comple-
mentarity’ [12] drives binding, such that van der Waals
forces dominate the interaction. This hypothesis requires
considerable further refinement, as it is at the moment
unable to explain the specificity of antifreeze proteins for
particular planes of ice [20], or how these proteins can
compete for the ice face when there is a vast excess of water
that can readily hydrogen bond to ice [27].
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The cloning and expression of insect AFPs from the
spruce budworm (Choristoneura fumiferana) [31], yellow
mealworm (Tenebrio molitor) [32] and fire-colored beetle
(Dendroides canadensis) [33] has generated interest in a
potentially new class of structures and a different model
system for the study of the AFP-ice interaction. The
properties of insect AFPs are remarkable in that their
activities must protect against freezing temperatures that are
considerably colder than that necessary for fish survival
(=1.9 °C in seawater vs. =20 °C or colder for terrestrial
insects). This difference was demonstrated by comparison of
the activity of fish type III AFP (TH of 0.27 °C at 400 pm)
vs. spruce budworm antifreeze protein (sbwAFP) (TH of
1.08 °C at 20 um) [34]. The ‘hyperactivity’ of the insect AFP
results in 10-100x greater activity on a molar basis than that
produced by fish antifreeze proteins. One explanation for
the greater activity has come from ice-etching experiments
[20], which determine which particular planes of ice an AFP
can bind at low protein concentrations. Fish AFPs have
been reproducibly shown to bind to one plane, though
recent studies suggest that they may be able to bind
additional planes at higher concentrations [35]. Experiments
using sbwAFP showed that it could bind to both prism and
basal planes of ice at low protein concentrations [34]. The
ability of sbwAFP to provide more effective coverage of the
ice surface than fish AFPs may partly explain the greater
activity of insect AFPs compared to those from other
species.

To better understand the biophysical basis of this greater
activity, the spruce budworm antifreeze protein (sbwAFP,
also known as CfAFP) and Tenebrio molitor antifreeze
protein (TmAFP) were cloned [31,32,36] and their three-
dimensional structures were determined [34,37—40]. In
subsequent sections, we describe the structure and dynamics
of each protein, and present a comparison of sbwAFP and
TmAFP with each other and with proteins that have a
similar fold.

Structure of shwAFP and TmAFP

The structure of sbwAFP has been determined by X-ray
crystallography to 2.5 A and by NMR at both 30 °C and
5 °C [34,37,38]. Both techniques show that the fold is a left-
handed, parallel B-helix of 15 residues per coil (Fig. 2A).
The shape is approximately that of a triangular prism, with
each face being 17 x 23 A, with a total solvent accessible
surface area of about 1355 A”. The three sides of the prism
contain parallel B-sheets, where each individual sheet is
made of four B-strands that are very flat. A cross-section
containing one coil of the B-helix is shown in Fig. 2B. The
Gly-Val sequence at residues 72-73 is conserved in almost
all sbwAFP isoforms, and is located at the point where the
coil changes from left- to right-handed. This sequence,
combined with the disulphide bonds Cys67-Cys80, may be
responsible for the change in handedness of the C-terminal
cap [41]. The protein contains a total of four disulphide
bonds located between coils. The addition of dithiothreitol,
which reduces disulphide bonds, destroys the TH activity of
sbwAFP [42]. The structure shows that there is a right-
handed cap at the C-terminus of the protein, which forms
two antiparallel sheets with B-stands from the preceding
coil. The conformation of the cap varies somewhat between
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Fig. 2. Insect AFP structures. (A) A ribbon diagram of sbwAFP (PDB
code 1LO0S) is shown on the left, TmAFP (PDB code 1EZG) on the
right. The color scheme is identical to that in Fig. 1. Disulphide bonds
are displayed as green sticks. The sequence convention used for
TmAFP throughout the review is based on the bacterially expressed
protein starting at Met0, such that the numbering system differs from
that used to describe the TmAFP crystal structure which starts at Met1
[39]. The N- and C-terminal ends of the protein are labeled N and C,
respectively. (B) Stereo stick representation of one coil of sbwAFP
(red, residues Gly34 to Thr49) and TmAFP (blue, residues
Asn29—Gly41). Letters denote the five residues of one of the three
sides of sbwAFP or six residues of one of two sides of TmAFP. The
strands that make up the three, parallel B-sheets of the protein are
designated PB1, PB2 or PB3 for sbwAFP. For TmAFP, there is only
one face of the protein that forms a parallel B-sheet, with the strand of
the coil indicated as PB1 in the figure. All figures were created using
MOLSCRIPT [72] and RASTER3D [73].

the different structural methods used (Fig. 3A,B). At 5 °C
(Fig. 3A), the B-strand content of this region is not as high
as that seen in the X-ray and 30 °C NMR structures,
suggesting that there has been a change in secondary
structure as the temperature was lowered. The 30 °C NMR
structure (Fig. 3B) also reveals a slightly different confor-
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Fig. 3. Comparison of insect AFP structures solved by X-ray crystal-
lography and NMR. The structures are shown as smoothed Ca traces
with the method and PDB code shown below each panel. (A) Overlap of
X-ray structure with 5 °C NMR structure using the main chain of
residues Ser12—Thr70 in the structure alignment. (B) Overlap of the
X-ray structure with the 30 °C NMR structure using the main chain of
residues Ser12—Thr70 in the structure alignment. (C) Overlap of X-ray
structure of TmAFP with the NMR structure determined at 30 °C using
the main chain of residues GIn1—Gly80 in the structure alignment.

mation of the C-terminal cap. Rather than staying in close
proximity to the previous loop, the coil at 30 °C extends
further away from the previous coil compared to the X-ray
and 5 °C NMR structures. One possible role for the cap
structure, in conjunction with the disulphide bonds, is that it
may prevent unfolding of the protein at lower temperatures.
Cold denaturation, which occurs because the hydrophobic
effect is weaker at lower temperatures, might result in the
sbwAFP no longer being able to bind to ice because of a loss
in structure.

As with the antifreeze protein from spruce budworm,
both the 14 A X-ray and 30 °C NMR structures of
TmAFP have been determined (Fig. 2A) [39,40]. The
overall shape is that of a flattened cylinder, resulting in a
total solvent accessible surface area of 1180 A? with a
pseudo-rectangular face of 6.5 x 15 A. The B-helical fold in
this case consists of only one B-sheet face with six B-strands
but like sbowAFP the B-strands are very flat. An overlap of
the X-ray structure and 30 °C NMR structure is shown in
Fig. 3C. The secondary structure assignment is similar
between the two methods, although the NMR data did not
show a B-strand in the final coil. The N-terminus demon-
strates poor overlap between the two structures, but this is
most likely due to the solution structure being loosely
defined in this region [40].

The structure of TmAFP is even more regular than that of
sbwAFP, and may be one of the most regular structures
determined to date. In addition, each coil has a nearly
identical structure, where six of the seven coils have an
RMSD of 0.48 + 0.02 A (Fig. 2C) [39]. An exception is the
N-terminal cap, which is 14 residues long and does not have
the same conformation as the subsequent coils. The
regularity of the structure can be attributed to the lack of
a hydrophobic core typically found in globular proteins.
Instead, there is a rung of disulphides down the middle of
the protein. The addition of dithiothreitol destroys the TH
activity [43], most likely due to complete loss of structure.
Core residues also contain Ser and Ala, where the Ser
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hydroxyl group is within hydrogen bonding distance to two
backbone amides. A stack of internal water molecule near
the Ala core residues substitutes for the Ser hydroxyl groups,
as it is also able to hydrogen bond to backbone atoms.

Comparison of sbwAFP and TmAFP with other
p-helical proteins

The first protein identified to have a right-handed parallel
B-helical fold was pectate lyase (pelC) [44], while UDP-
N-acetylglucosamine 3-O-acyltransferase (LpxA) [45] was
the first protein identified to have a left-handed parallel
B-helical fold. B-Helical proteins consist of coils typically 18
(left-handed) or =~ 22 (right-handed) residues in length that
wrap around the long axis of the protein. The fold name
‘B-helix’ arises from the helical path that the coils follow, and
the B-sheets that are found on one or more faces of the
protein perpendicular to the helical axis. The strands from
the B-sheets are spaced 4.8 A apart and are relatively flat
and untwisted compared to B-sheets found in non B-helical
proteins [41]. They also contain cupped-stacks of residues
[45], which refer to the stacks of side-chains on top of one
another that have similar y,angles (i.e. equivalent geometric
positions of the side-chain atoms rather than equivalent
angles). Polar residues are rarely located in the hydrophobic
core, but occasionally aromatic residues are found [41].
Small polar residues are required in order to allow for tight
turns to form [45]. An unusual property of left-handed
helices is that most extended polypeptides with L-amino
acids have an inherent right-handed twist [46]. The left-
handed B-helices have B-strands with left-handed crossover
connections, which may be derived from the unusually flat
B-sheets [41,47].

Parallel B-helices have been proposed to form a link
between globular and fibrous proteins because of their
highly repetitive structure, such that amyloid fibrils may
have a parallel B-helical structure [48,49]. During freeze/
thaw experiments using fish type I AFP experiments, we
found that the protein formed a gel with dye-binding
properties identical to that of disease-state amyloid fibrils
[50]. Initially, we hypothesized that the type I AFP, which is
o-helical in solution, may be forming a structure similar to
that of the insect B-helical proteins when bound to ice. This
hypothesis is most probably incorrect, as at lower concen-
trations of protein, the structure can remain o-helical
(S. P. Graether, C. M. Slupsky & B. D. Sykes, unpublished
observation), and given the irreversibility of the gel forma-
tion, the change in structure is unlikely to provide effective
protection against in vivo ice growth.

The structure of the 15 residues per coil sbwAFP is very
homologous to that of the 18-residue per coil of LpxA
(Fig. 4A). A structural homology search using the program
COMBINATORIAL EXTENSION [51] suggests that the sbwAFP
fold is a match to the B-helical hexapeptide repeat proteins,
despite the difference in the number of residues per coil.
LpxA has a total of 10 coils plus an a-helical extension at the
C-terminus, compared to the five coils of sbwAFP, making
LpxA more than twice as long. The side-chain of residues on
the sides of the triangular cross-section of sbwAFP follow
the similar alternate in/out pattern of LpxA [where ‘in’ refers
to a side-chain pointing into the hydrophobic core
(Fig. 4B)]. An exception occurs at the corners, where in
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the 18-residue per coil B-helices, the amino acids point
sequentially out—out. This accommodates the ‘extra’ residue
in the coil compared to that of the insect AFP. Another
difference is that there are additional structural elements in
LpxA that loop out from individual coils and act as ligand
binding sites. SbwAFP, in contrast, is essentially a free-
standing B-helix with a C-terminal cap. The lack of such
extensions on sbwAFP suggests that the structure has been
optimized for its role as an ice-binding protein rather than as
an enzyme.

A recent BLAST search (April, 2004) did not reveal any
sbwAFP sequence homologues other than the known
isoforms. In contrast, a search using TmAFP revealed
several potential matches. The top matches are to the
antifreeze protein from Dendroides canadensis AFP
(DAFP), an insect related to Tenebrio molitor [52]. A model
of DAFP based on the structure of TmAFP has been
proposed [12], and suggests that the two proteins have
essentially identical structures, which is not surprising given
the 40-60% sequence homology between them. Subsequent
sequence matches do not make sense and most likely occur
because of the high Cys content in TmAFP.

A structural homology search using TmAFP using the
COMBINATORIAL EXTENSION program [51] did not reveal any
matches, demonstrating the uniqueness of this fold. A
comparative structural analysis cannot be made easily
between TmAFP and other, right-handed B-helical proteins,
because all other known right-handed B-helical proteins
have coils that consist of approximately 22 residues, nearly
double the 12 residues per coil of TmAFP. One of the few
similarities includes a cap structure at the N-terminus of
these proteins. As with sbwAFP, TmAFP has fewer coils
than the other right-handed B-helical proteins (Fig. 4A),
and does not have extensions from the coils that can act as
ligand binding sites. An overlap of one coil of pelC and
TmAFP is shown in Fig. 4B. The overlap emphasizes the
similarity of the B-strand along the TXT face of TmAFP.
Even though the number of residues is approximately half,
the disulphide core of TmAFP and resultant tight structure
give a cross-sectional area that is less than half that of the
pelC protein.

Mutagenesis of insect AFPs

Analysis of the structures combined with information from
isoform sequences and mutation experiments may provide
clues to understanding AFP ice binding. The most notable
sequence property is the conservation of Thr-X-Thr (where
X can be any amino acid; abbreviated to TXT) in sbwAFP,
TmAFP and the Tenebrio molitor related DAFP. While
mutation data of type I AFP has shown that the Thr
hydroxyl may not be as essential to ice-binding as first
hypothesized, it is difficult not to propose that the TXT
motif in the insect AFPs is relevant to the binding
interaction. Structurally, the TXT motifs are clustered onto
one face of sbwAFP and TmAFP (Fig. 5). Support for the
importance of the TXT motif in the ice-binding interaction
came from mutation studies. Mutations to a longer side-
chain such as Leu or Tyr could prevent residues along the
TXT face from binding to ice because of steric interference.
Individual mutation of the Thr residues (Thr7—Leu,
Thr21—Leu, Thr38—Leu, Thr51—Leu and Thr70—Leu)
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Fig. 4. Comparison of the insect p-helical structures with other B-helical proteins. (A) Ribbon representation of sbwAFP, LpxA, TmAFP and pelC.
The color scheme is identical to that used in Fig. 1. Structures are oriented such that the N-termini are near the top of the panel, while the C-termini
are near the bottom. (B) Overlap of individual coils of sbwAFP with LpxA and TmAFP with pelC. Proteins are colored according to the label

shown below the structure, with the coils shown in stick representation.

of sbwAFP resulted in a significant loss in activity (30% of
wild-type activity) suggesting that the TXT residues are
located in the ice-binding face [34]. A similar study was
performed using TmAFP, where Thr residues were mutated
mainly to Tyr (Thr26—Tyr, Thr38—Tyr, Thr40—Tyr,
Thr62—Tyr), with Thr40 also being mutated to Leu or Lys
[53]. Generally, a mutation to Tyr caused a 90% loss in
TmAFP TH activity. The mutation Thr40—Lys caused the
same loss in activity as the mutation to Tyr, while the
Thr40—Leu mutation was slightly better tolerated (25%
TH activity), which led the authors to suggest that the
amount of activity lost may be correlated with the size of the
substituted residue [53].

Mutations to leucine were also made to residues Thr48
and Thr66 of sbwAFP, which flank the TXT motif. The
alteration caused the TH activity to drop to 70% and 65%,
respectively. It is not known whether this indicates that
these two residues are peripherally involved in ice binding,
or whether the mutation has caused a slight change in the
structure of the neighbouring TXT face. A mutation of
Thr opposite the TXT face of sbwAFP (Thr86—Leu) had
no effect on activity [34]. The control mutation for

TmAFP, Thr43—Tyr (located on the face of the protein
opposite to the TXT motif), did result in a minor loss in
activity (80% of wild-type TH activity) [53]. This is
probably due to the difficulty in folding the protein, rather
than suggesting that this face of TmAFP interacts with the
ice surface.

It is important to distinguish whether the mutations
disrupt the ice-binding interaction by changing the surface
properties of the protein, or by altering the structure of the
protein. '"H-NMR and '"H-'H total correlation 2D NMR
spectroscopy experiments on Thr7—Leu and Thr36—
Leu of sbowAFP did not show any gross changes in structure
compared to data from the wild-type protein (S. P. Graether
& B. D. Sykes, unpublished data), demonstrating that the
structures of these mutants are still highly B-helical.
Similarly, NMR data showed that the TmAFP mutant
proteins remain mostly well folded [53].

Role of the TXT motif and water in activity

Examination of the crystal structures of the insect AFPs
also revealed the presence of an array of water molecules
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Fig. 5. TXT motif of sbwAFP and TmAFP. CPK representation of
sbwAFP (left) and TmAFP (right). Thr residues were individually
mutated to Leu (sbwAFP) or to Tyr (TmAFP) and the TH activity of
the protein was measured. The top of the panel shows the protein with
the TXT face oriented towards the viewer, while the bottom shows the
effect of mutations on Thr residues away from the TXT face. Red,
0-10% thermal hysteresis activity relative to wild-type protein; yellow,
50-75% activity; green, 90-100% activity; blue, not mutated.

between the Thr residues in the TXT motif (Fig. 6). For
TmAFP, the water molecules bridge the dimer interface
in the asymmetric unit. This rank of water molecules,
combined with the hydroxyls of the TXT motif, forms a
lattice of oxygens with similar spacing as the oxygens in the
prism plane ice lattice. Liou et al. proposed that this match
could form a one-molecule thick layer of water that could be
incorporated into an existing ice layer [39]. Molecular
dynamics simulations have suggested that after the initial
formation of an AFP-ice complex, these water molecules
are removed, such that even the transitory formation of a
mono-ice layer may be sufficient to aid in TmAFP binding
to ice [54].

For sbwAFP, the most conserved waters are found in a
trough that flanks the left rank of the TXT face [37]. The
water molecules, bonded to carbonyl oxygens, were pro-
posed to extend the size and flatness of the ice-binding face.
The rank of water molecules down the middle of the TXT
face, as was observed in TmAFP, is not present in any single
sbwAFP monomer of the X-ray structure. However, if all
the waters from the four molecules in the asymmetric unit
are merged onto one structure, we see that the rank of water
molecules in the TXT motif are conserved, and that in
solution these waters could be found on the ice-binding face
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Fig. 6. Bound water molecules extend the ice-binding face of insect
AFPs. The position of the water oxygen atoms along the TXT face
found in any of the four proteins (sbwAFP, red structure) or two
proteins (TmAFP, blue structure) in the asymmetric unit of the crystal
are shown as light blue spheres. The Thr side-chains of TXT are shown
in stick form while the backbone is shown as a Ca trace. The top panel
shows a view face-on with the TXT motif, while the bottom panel is a
view down the B-helical axis from the N- to the C-terminus.

(Fig. 6). It is possible that the larger array of water
molecules in sbwAFP is required to compensate for the
greater flexibility of this protein compared to TmAFP, in
order to present a better rigid lattice match to the ice surface.

Insect AFP isoforms

In addition to in vitro mutations, the comparison of isoform
sequences can demonstrate which residues are important for
a protein’s function and structure. A list of known isoforms
may be found in Doucet et al. [55] for sbwAFP and in Liou
et al. [36] for TmAFP. Given the highly repetitive struc-
ture of the B-helices, one would expect repetitive sequences.
For TmAFP, the isoforms shows a 12-residue consensus
sequence of TCTXSXXCXXAXT [32,39]. This is not the
case for sbwAFP, where only the TXT motif is highly
conserved in a single coil. Kajava has suggested the
sequence SX(V/D)XG as a pentapeptide repeat for sbowAFP
[47], but the motif is only completely conserved in two
pentapeptide sequences out of 25.

Imperfect TXT motifs have been observed in almost all
sbwAFP and TmAFP isoforms [36,55,56]. Several sbowAFP
sequences show that amino acids with large side-chains (e.g.
Ile and Arg) can be located in the first Thr rank [56]. Thr
ranks are defined such that the first Thr in the sequence
Thr-X-Thr is named the first rank. In contrast to the
mutagenesis data, this suggests that bulky residues can be
accommodated in the first rank without affecting activity.
Examination of the crystal structure of sbwAFP did not
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show that the bulky TXT residue Ile68 pointing away in
order to provide a more complementary surface to ice [57].
Isoform 339, where the first two TXT motifs have a
substitution to Arg and Val, respectively, has been expressed
[56]. Despite the absence of two Thr residues, isoform 339
has similar activity to isoform 337 (the isoform used in the
sbwAFP structural studies). In fact, one gene has been
sequenced where all five TXT motifs are perfect [55], but the
activity of an expressed protein has not been determined.
Based on the propensity of non-Thr residues to be found in
the first rank of insect AFPs, Doucet et al. hypothesized
that ice adsorption may occur via a two-step mechanism
[56]. The second rank, which tends to have 100% conser-
vation of Thr, binds first (because it has a more ‘comple-
mentary’ fit to the ice face) followed by the binding of the
less conserved Thr rank. This would allow bulky residues to
turn away from the ice-binding face, thereby preventing a
steric clash between ice and the ice-binding face. It is not
clear, however, why naturally present nonthreonine residues
are accommodated while similar in vitro mutated residues
show a large decrease in activity.

Sequencing of cDNAs from both sbwAFP and TmAFP
has identified longer isoforms with inserts of 30 or 31
residues for sbwAFP [55,56], and inserts of 12 or 36 residues
for TmAFP [36]. These inserts represent the addition of an
additional one, two or three B-helical coils compared to the
shorter isoforms. In the case of one sbwAFP isoform,
named CfAFP-501, a detailed examination of the structure
and function was undertaken [57]. An overall match of 66%
amino-acid identity was observed, with an insert of 31
residues at position 29 relative to isoform 337. The addition
of two coils results in a ~ 34% increase in area of the TXT
region. The first inserted coil is 16 residues long such that a
Ser is inserted at the corner opposite the TXT face. This may
remove the strain on the B-strand at the TXT motif,
ensuring that the face remains flat and provides a good
lattice match to the ice surface. An overlap of the two
structures can be seen in Fig. 7A, which demonstrates the
similarity in structure for the majority of the coils and in the
C-terminal caps. An overlap emphasizing the N-terminal
cap shows that their structures are in essence identical except
for the insert (Fig. 7B).

The TH activity of CFAFP-501 can be as high as three
times that of isoform 337. Despite the higher activity than
isoform 337, the larger isoform lacks three Thr in the seven
TXT motifs (Thr5—Val, Thr37—lle and Thr52—Val). To
test whether the increased activity of CfFAFP-501 is due to
an increase in the number of TXT motifs, a deletion mutant
was created in which the insert from residues 29-59 were
removed [57]. The deletion resulted in a protein with slightly
lower TH activity than that of the shorter isoform 337
(= 80%). These results suggest that it is not only the binding
of AFP to two ice faces that result in a higher activity, but
that the activity increases with an increase in the number of
residues that bind ice (and hence increases the affinity of the
protein for ice). The authors also suggest that even longer
isoforms, which theoretically may even be better antifreeze
proteins, do not exist because they lose their rigidity and
hence their ideal lattice match to ice [57]. These results,
however, may be contradicted by the work of Marshall
et al. who examined the partitioning of several wild-type
AFPs and mutants between water and ice [58]. Their results
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Fig. 7. Comparison of the X-ray structures of sbwAFP isoform 337 with
CfAFP-501. The structures are shown as smoothed, Ca traces, with the
structure and PDB code shown below each panel. (A) Overlap of
isoform 337 with the structure of the longer isoform CfAFP-501 using
the main chain of residues Thr23—Asn90 in isoform 337 and residues
Thr54—Metl21 in CfAFP-501. (B) Overlap of isoforms 337 and 501
using the main chain of residues 4-33 in both proteins.

show that despite the > 10-fold difference in TH activity,
fish and insect AFPs partition in equal amounts in ice. The
authors claim that they therefore have equal affinity for ice,
and that the differences in activity arise from more effective
coverage of the ice surface by the insect AFPs. Further
experimentation is required to determine what exactly
causes the increase in TH activity of CFAFP-501.

Dynamics of insect AFPs

To determine whether changes in temperature cause
changes in the structure of the insect AFPs and to further
characterize the TXT face of these proteins, the backbone
dynamics of TmAFP and sbwAFP were measured at
30 °C and 5°C [38,40]. Overall, the results suggest
that both proteins are rigid, due to the mostly invariant
relaxation data and that lowering the temperature increa-
ses the protein rigidity. We proposed that these B-helical
proteins are rigid most probably because of the extensive
network of hydrogen bonds between the coils and the
favourable van der Waals interactions between stacked
residues [38], a property that has been noted for other
B-helical proteins [47]. Additional rigidity in TmAFP arises
from the eight disulphide bridges in the core of the
protein.

Two studies by Daley & Sykes examined the conforma-
tion of the Thr side-chains in TmAFP at 30 °C and 5 °C
[59,60]. In their first series of experiments [59], NMR data
were analyzed to examine the preference of Thr residues for
particular rotameric states. The results showed that TXT
threonines had a preference for y; = —60° at 30 °C, with an
increase for this preferences as the temperature was lowered
to 5 °C. In contrast, Thr residues away from the ice-binding
face showed no preference for y;. These experiments,
however, are not able to characterize the rates of transfer
between rotameric states or the amount of librational
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motions. In the second study, no significant rotation about
the y; dihedral angle was observed, and analysis of the
Cp atoms of the TXT threonines found them to be as
motionally rigid as the backbone [60]. Taken together, these
experiments show that the TXT side-chains are highly rigid.
This suggests that the ice-binding site of TmAFP is
preformed in solution even at elevated temperatures, which
reduces the entropic barrier that would be associated with
the re-arrangement of the TXT Thr side-chains before
binding to the ice surface [40,59,60].

For sbwAFP, analysis of the NMR relaxation data
revealed that the protein forms oligomers [38]. Diluting the
protein showed the interaction to be concentration depend-
ent. An estimation of the dimer affinity suggests that the
dissociation constant is in the millimolar range, and most
probably not relevant to antifreeze activity in vivo. The
oligomers may represent the repetitive face of sbwAFP
binding to the complementary face on another AFP
molecule. This proposal is supported by the structure of
the asymmetric unit in the sbwAFP crystal. This unit
contains two dimers, where the interface occurs near the
TXT face of the protein with the termini in a parallel
orientation (i.e. the termini are N to N and C to C). A dimer
was also observed in the asymmetric unit of the TmAFP
crystal structure. There is no evidence of TmAFP oligome-
rization in the NMR [40] or ultracentrifugation data [43].
Taken together, the data suggest that the oligomerization is
observed simply because of the complimentary nature of the
repetitive structures and the high concentration of protein
used in NMR and X-ray crystallography, and does not
likely represent an interaction relevant to the function of
these antifreeze proteins.

A

SbwAFP
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Comparison of sbwAFP to TmAFP

Although sbwAFP and TmAFP both consist of B-helical
folds, their backbone atoms do not have identical geo-
metries. Specifically, the size of the coils and the helical
handedness are different, with the spruce budworm protein
consisting of 15-residue coils with a left-handed fold and the
Tenebrio molitor protein consisting of 12-residue coils with a
right-handed fold (compare the structures in Fig. 2). The
difference in handedness is somewhat analogous to studies
performed with L- and p-amino acid type I AFP [61,62]. In
these experiments, both type I AFPs were shown to be
equally effective inhibitors of ice growth, but bound in
mirror-image directions along specific ice planes.

In both sbwAFP and TmAFP, the TXT motif is highly
conserved and has been shown by mutagenesis to be
involved in the ice—binding interaction [34,53]. Based on
this sequence conservation, we overlapped sbwAFP and
TmAFP using only the Co atoms of the threonines in the
TXT motif (Fig. 8A). Given the different handedness, the
proteins align with the termini orientations opposite to one
another, yet the Thr side chain atoms overlap completely.
An alignment of a single coil from each protein is shown in
Fig. 8B. TmAFP, with coils that are three residues shorter
than that of sbwAFP, has a much tighter coil path. Another
effect of the tighter coils is that TmAFP has one and a half
extra coils along the TXT face (Fig. 8A). This gives TmAFP
one and a half additional TXT motifs along the ice-binding
face, though the C-terminal motif contains an imperfect
Ala-Cys-Thr sequence and only two Thr in the first two
coils. Nevertheless, both proteins present an essentially
identical ice-binding face that is considerably better at

Fig. 8. A comparison of shwAFP and TmAFP
structures. (A) An overlap of smoothed Co
traces obtained by overlapping the Co atoms
of the Thr residues of the TXT motifs. The
Thr side-chains of the TXT face are shown in a
stick representation. Note that the orienta-
tions of the N- and C-termini of the proteins
are inverted with respect to one another.

(B) Stereo view of a cross-section of an over-
lapped coil of the sbwAFP (residues Gly34 to
Thr49, red) and TmAFP (residues Asn29 to
Gly41, blue) shown in stick representation.
The loops are overlapped using the same
atoms as in (A). (C) CPK representation of
sbwAFP (left) and TmAFP (right) colored to
show the similar organization of different
structure and sequence elements. As in (A), the
termini of the proteins are oriented opposite to
one another. Red, TXT face; orange, flanking
Thr residues; blue, Gly residues; purple, Asn
residues; green, C- (sbwAFP) or N-terminal
(TmAFP) cap.
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inhibiting ice growth than the previously characterized fish
AFPs. Ice-etching studies with sbwAFP suggest that the
protein binds both basal and prism planes of ice [34]. Given
the identical arrangement of the ice-binding face of
TmAFP, one would expect that it too could bind basal
and prism planes. However, conclusive ice-etching data is
not yet published for TmAFP. Ice morphology studies have
revealed a potential difference in ice plane preference:
sbwAFP ice crystals are approximately hexagonal in shape,
while TmAFP ice crystals resemble teardrops [32].

Further examination of the structure and sequence of
sbwAFP and TmAFP reveal other similarities (Fig. 8C).
The panel shows the similarity of the TXT face again, and
also reveals the presence of two Thr flanking one side of the
TXT face (Thr49 and Thr66 in sbwAFP; Thr12 and Thr73
in TmAFP). Mutagenesis of Thr66—Leu caused a reduc-
tion in TH activity, which suggests that these threonines
may be peripherally involved in the ice-binding interaction.
The panel also demonstrates that the first rank of Thr in the
TXT motifs is less conserved than the second rank. This
observation has also been seen in the sbwAFP isoform
studies noted above. This substitution pattern is not as
obvious for TmAFP, where Ala is found in the first position
of the C-terminal TXT motif. Otherwise, there is very little
isoform substitution of TXT residues, due to the tight coil
structure. The conservation of Gly and Asn residues is seen
on the right side of each structure in Fig. 8C. The Gly
residues probably represent the presence of small amino
acids at corners of the B-helices in order to allow for the
tight turns. Stacks of Asn residues have also been found in
other B-helical proteins. These Asn residues, however, are
located inside the core of the protein and make hydrogen
bonds to the backbone carbonyl oxygens and amides; in the
insect AFPs, the side-chains face into solution and do not
make any such bonds. Recently, conserved, outward
pointing Asn residues have been shown to be important in
the carrot AFP TH activity [63]. It would be interesting to
determine whether the insect AFPs Asn residues are also
somehow involved in ice binding.

Both sbwAFP and TmAFP have a capping structure at
one terminus. In the case of sbwAFP, the cap is at the
C-terminus while for TmAFP is at the N-terminus. This
pattern agrees with that of other B-helical proteins, where
left-handed hexapeptide repeat B-helices caps are at the
C-terminus, while right-handed B-helices tend to have a cap
at the N-terminus (Fig. 4). The exact role of the cap
structure has not been determined, but it is possible that the
caps help to determine the handedness of the proteins, or
may prevent the unfolding of the protein at cold temper-
atures.

The p-helix as an AFP structural motif?

The sbwAFP and TmAFP structures represent the first
AFPs characterized to have a [-helical fold. Recent
modelling studies had suggested that the Dendroides cana-
densis AFP (DAFP) [12], Lolium perenne (ryegrass) AFP
(LpAFP) [64], and Daucus carota (carrot) AFP (DcAFP)
[63] may all possess B-helical folds (Fig. 9). The conserved
insect AFP TXT motif is not necessarily present in these
modelled AFPs. In the Lolium perenne protein, several
imperfect TXT motifs (i.e. a mixture of Thr, Ser and Val
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DcAFP

Fig. 9. p-Helical models of several antifreeze proteins. The color
scheme in the ribbon representation is the same as that of Fig. 1.
Figures are shown with N-termini at the top and C-termini near the
bottom of the figure. The Lolium perenne (LpAFP) model is from
PDB deposition (113B) [64], while the DAFP and DcAFP models are
based on sequence alignments from the published models [12,63]. The
putative ice-binding face of each model is oriented towards the viewer.

residues) were found on two faces of the protein, which, in
combination with its superior ice-recrystallization inhibi-
tion, lead to the hypothesis that the protein may have two
ice-binding faces [64]. For DcAFP, the conserved Asn side-
chains were shown to be important in ice binding [63]. These
structures and models lend further support to the proposal
that the B-helical fold is an ideal scaffold for making a
molecular match to the lattice of water molecules arrayed in
ice. The ideal fit may arise from the interstrand spacing of
the B-sheets (4.75 A), which is a close match to the spacing
of oxygen in ice on the prism plane (4.5 A) [34].

Ice nucleation proteins (INPs), which represent the
antithesis of AFPs in that INPs promote the formation of
ice [65-67], have been suggested to form B-helices [68]. The
INP sequence contains 61 16-residues repeats (AGYG
STXTAXXXSXLX) flanked by nonrepetitive N- and
C-terminal regions [69]. Note that INPs, like the insect
AFPs, also contain a TXT motif. Graether & Jia proposed
that the size of the ice-binding face of sbwAFP is =~ 1/4000x
the size of an ice embryo required to promote ice growth at
—2 °C, whereas the INP oligomer is approximately half the
required size [68]. Therefore, the ability to inhibit ice growth,
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as occurs with insect AFPs, vs. the ability to promote
growth, is based on the size of the protein. Although both
proteins may be able to form an ice-like arrangement of
water on the protein surface, only INPs are large enough to
support continued growth.

Conclusion

Analysis of the structure and examination of the ice-binding
behaviour and point mutants of sbwAFP and TmAFP
provides an explanation for their hyperactivity compared to
the previously characterized fish AFPs. The B-helix fold
presents a rigid array of TXT residues that, along with
bound water molecules, is able to mimic the ice lattice of the
prism and basal planes, and is thus able to provide more
effective coverage of the ice surface compared to the fish
AFPs. Despite having been characterized five years ago, no
other B-helical protein with the same number of residues per
coil has had its structure determined. Sequence identity
searches have not revealed any other matches, suggesting
that these particular B-helical folds may remain rare for the
near future. Nevertheless, the sequencing of two new AFPs
(from ryegrass and carrots) strongly suggests that the
B-helix may be a new structural motif for AFPs. This
contrasts with fish AFPs, where four different folds have
been described [12].

Even so, a considerable number of questions remain
before we can solve the interaction at the atomic level and
understand the role of the threonine side chains in ice
binding. The contradiction between the higher activity
demonstrated by the longer insert AFP isoforms vs. the lack
of change in the partition coefficient of TmAFP compared
to fish AFPs suggests that ice-binding cannot be thought of
as a simple interaction, but must begin to include principles
that do not apply to conventional protein-ligand inter-
actions. These include such issues as simulating the presence
of the AFPs in a ‘sluggish-water’ layer [70] or the possibility
that the protein modifies the ice surface after binding, such
that further growth is inhibited, or that more than one face
of an AFP can simultaneously interact with the ice surface.
Some answers may come from more studies on the structure
of the protein in ice [50], or from studies of the surface
chemistry properties of ice itself.
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