Biophysical Journal Volume 81 September 2001 1677-1683 1677
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ABSTRACT Many organisms are able to survive subzero temperatures at which bodily fluids would normally be expected
to freeze. These organisms have adapted to these lower temperatures by synthesizing antifreeze proteins (AFPs), capable of
binding to ice, which make further growth of ice energetically unfavorable. To date, the structures of five AFPs have been
determined, and they show considerable sequence and structural diversity. The type | AFP reveals a single 37-residue
a-helical structure. We have studied the behavior of wild-type type | AFP and two “inactive” mutants (Alal7Leu and
Thr13Ser/Thr24Ser) in normal and supercooled solutions of H,O and deuterium oxide (D,O) to see if the structure at
temperatures below the equilibrium freezing point is different from the structure observed at above freezing temperatures.
Analysis of 1D "H- and "®*C-NMR spectra illustrate that all three proteins remain folded as the temperature is lowered and even
seem to become more a-helical as evidenced by '*C_-NMR chemical shift changes. Furthermore, '*C-T, NMR relaxation
measurements demonstrate that the rotational correlation times of all three proteins behave in a predictable manner under
all temperatures and conditions studied. These data have important implications for the structure of the AFP bound to ice as

well as the mechanisms for ice-binding and protein oligomerization.

INTRODUCTION

Several fish and insect species are freeze-intolerant yet are
able to survive subzero temperatures. One protective strat-
egy involves the production of antifreeze proteins (AFPs) in
the serum, also known as thermal hysteresis proteins, which
prevent the formation of macroscopic ice crystals. The
inhibition of ice growth is believed to occur by the Kelvin
effect (Raymond and DeVries, 1977), in which the binding
of AFP to ice causes the ice between the bound proteins to
grow in a curved front, which is energetically unfavorable.
This mechanism is believed to apply to all AFPs (Davies
and Sykes, 1997; Ewart et al., 1999; Yeh and Feeney, 1996).
The Kelvin effect results in a nonequilibrium depression of
the freezing point below the melting point and is known as
thermal hysteresis. To measure the amount of thermal hys-
teresis of a particular AFP, the temperature of a solution of
AFP is first manipulated until a single ice crystal is present.
The sample is heated, and the temperature at which the
crystal melts is taken as the melting point. Subsequently, the
sample is cooled until the crystal begins to grow rapidly,
and this temperature is noted as the nonequilibrium freezing
point. The difference between the two temperatures is de-
fined as the thermal hysteresis and is used as an indicator of
the antifreeze activity of the protein.

Although it is generally accepted that AFPs bind to ice
and that ice growth inhibition occurs because of the Kelvin
effect, the actual binding mechanism is not well understood.
The type I AFP of the winter flounder is considered to be
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the prototypical AFP and has served as a model for the
interaction between this class of proteins and ice. The pro-
tein is completely a-helical, with four Thr residues spaced
11 residues apart on the same side of the helix (Fig. 1 4;
Sicheri and Yang, 1995;Yang et al., 1988). Analysis of the
structure and its ice-binding properties led to the hypothesis
that the protein binds to a specific plane of ice through
hydrogen bonds between the threonyl oxygens and ice
(DeVries and Lin, 1977; Knight et al., 1991; Wen and
Laursen, 1992; Sicheri and Yang, 1995). Further experi-
mentation, however, has questioned the relative importance
of this interaction. Mutagenesis of the threonines (Thr) to
serine (Ser), which preserves the hydrogen bonding nature
of the side chain, caused a large loss in activity (Chao et al.,
1997; Haymet et al., 1998; Zhang and Laursen, 1998). In
contrast, mutation of Thr to valine (Val), which preserves
the isosteric nature of the side chain but cannot form a
hydrogen bond, resulted in only a moderate loss in activity
(Chao et al., 1997; Haymet et al., 1998; Zhang and Laursen,
1998). Mutation of Alal7 to Leu, a residue adjacent to the
Thr-rich face, abolished all antifreeze activity (Baardsnes et
al., 1999), which led the authors to suggest that the ice-
binding face of type I AFP consists of Alal7, Ala21, the
v-methyl of Thrl13, and equivalent residues at 11-amino-
acid intervals.

Finally, it is thought that hydrogen bonds might form
more favorably between both ice and water and the protein
and water than between ice and AFP, because water mole-
cules are able to align optimally to form a “perfect” bond,
whereas a protein may not (Sonnichsen et al., 1996). There-
fore, at best, the AAG® of the interaction between the AFP
and ice will be equal to AAG® of the interaction between the
AFP and water. It is unclear what would drive the binding
of this protein to ice.
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FIGURE 1 (4) Winter flounder type I AFP structure. The wild-type

protein is shown, with the location of the mutated residues shown in a blue
(Alal7) or yellow (Thr13/Thr24) stick representation. (B) The known
structures of several AFPs.

The structures of AFPs can vary between organisms and
do not necessarily include regularly spaced Thrs as in the
type I AFP (Fig. 1 B). The type II fish AFP of the sea raven
has been shown to have the fold of the Ca®"-dependent
lectin family (Gronwald et al., 1998), whereas the eel pout
type III AFP structure has a unique fold consisting of small
B-sheets (Sonnichsen et al., 1996; Jia et al., 1996). Neither
have an intuitively repetitive arrangement of side chains that
could match the spacing of an ice lattice. The recently
determined insect AFPs from the spruce budworm
(Graether et al., 2000) and Tenebrio molitor (Liou et al.,
2000) both have a B-helical fold and, similar to the type I
AFP, these proteins have a regular repetition of Thr resi-
dues. With the insect AFPs, there are two ranks of Thr,
which may allow the protein to bind to two different planes
of ice (Graether et al., 2000).

Given that hydrogen bonding seems to be insufficient to
explain the type I AFP mutant data and the existence of
diverse structures of AFPs, recent models suggest that the
planarity of the ice-binding surface may be important for the
binding of the protein to ice. One explanation for the effects
of these mutations involves a change in the shape comple-
mentarity between type I AFP and ice. The Val mutants,
with side chains isosteric to Thr, cause less change to the
ice-binding surface then mutations to Ser, which would
cause parts of the surface to become recessed. These results,
however, do not explain the affinity of the protein for ice
and suggest that other forces such as van der Waals inter-
actions may have a role. It is possible that the binding
requires both types of interactions. Based on an extensive
mutational analysis of the type III AFP (Graether et al.,
1999; DeLuca et al., 1998), a two-step model was proposed
whereby hydrogen bonds are able to find a specific plane of
ice, after which van der Waals contacts hold the protein
bound to ice.
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Before a more detailed model of the AFP/ice interaction
can be proposed, the behavior of type I AFP at low tem-
peratures and when it is bound to ice need to be studied. We
have examined 'H- and '*C-nuclear magnetic resonance
(NMR) spectra of wild-type type I AFP and the mutants
Alal7Leu and Thr13Ser/Thr24Ser in supercooled H,O and
D,0. In addition, we have collected NMR relaxation data at
several magnetic field strengths, measuring the rotational
correlation times of these proteins, to determine whether the
proteins follow the Stokes-Einstein law in supercooled so-
lutions (Skalicky et al., 2000). The results suggest that the
structures of the wild-type and the mutant proteins in solu-
tion are maintained at temperatures within the thermal hys-
teresis gap where the protein could bind to ice, and that the
rotational correlation times do not deviate from Stokes-
Einstein behavior.

MATERIALS AND METHODS
Peptide synthesis

The wild-type winter flounder AFP HPLC-6, mutants Alal7Leu (Baard-
snes et al., 1999), and Thr13Ser/Thr24Ser (Chao et al., 1997) were syn-
thesized according to standard solid-phase peptide synthesis methods as
described previously (Hodges et al., 1988; Gronwald et al., 1996). For
13C-labeled samples, a '*C -alanine residue (Cambridge Isotopes Labora-
tories, Andover, MA) was incorporated at position 17 (wild-type protein)
or position 21 (mutant). The locations of the mutations are shown in Fig.
1 4.

NMR spectroscopy

For the NMR experiments, solutions of 1.5 mM wild-type type I AFP or
the mutants Alal7Leu or Thr13Ser/Thr24Ser were made in 90% H,0/10%
D,O (v/v) or 100% D,O. The final pH of the samples was between 6.0 and
6.3. The pH measurements were not corrected for the effects of D,O.
2,2-dimethyl-2-silapentane-5-sulfonic acid was added for internal referenc-
ing (0.1 mM for 90% H,0/10% D,O samples, 1.0 mM for 100% D,O
samples) and NaN; (2 mM) was used as a bacterial growth inhibitor. No
additional salt was added. Medium-walled tubes (524-PP-8, Wilmad,
Buena, NJ) were used to prevent tube breakage during freezing.

The 'H 1D-, '*C 1D- and '*C-T, NMR spectra were collected on a
Unity spectrometer (Varian, Inc., Palo Alto, CA) operating at 300 MHz
using an indirect detection probe for the samples in 100% D,O. '*C-T,
NMR spectra for the samples in 90% H,0/10% D,O were also collected on
a Varian Unity-plus and Inova spectrometers operating at 600 MHz and
800 MHz, using a triple resonance z axis gradient probe and a xyz axes
gradient probe, respectively.

For the 'H and '*C 1D-NMR experiments, data were collected over a
temperature range of 25°C to —3°C in decrements as indicated in the
respective figures. After each temperature change, samples were allowed to
equilibrate for 20 min. For the "H-NMR spectra, 16,000 complex data
points were acquired with 256 transients using a sweep width of 4000 Hz.
The 90° pulse width was calibrated to 7.8 ws. Continuous wave 'H
decoupling for water suppression was applied at yB, = 100 Hz during the
2.5 s presaturation delay. For the '>*C-NMR spectra, a sweep width of
16,000 Hz was used and the acquired data consisted of 8000 complex data
points and 13,312 transients. The pulse sequence recycling delay was 550
ms. After a 50-ms delay at the beginning of the pulse sequence, Waltz-16
'H decoupling was applied at yB, = 1.7 kHz for the remainder of the
sequence. The 90° carbon pulse was calibrated to be 13.9 us.
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FIGURE 2
to —3°C as outlined in Materials and Methods.

For the '*C-T, NMR relaxation data, a temperature range of 20°C to
—5°C was used with an equilibration period of 30 min after each temper-
ature change. For these measurements, the '>N-T), pulse sequence (Farrow
et al., 1994) was modified in-house for the measurement of '*C-T), relax-
ation in CH groups. On the Unity 300 MHz spectrometer (sample in 100%
D,0), 1952 transients were collected with a sweep width of 4000 Hz and
424 complex data points at each temperature. The '*C carrier was placed
at 54 ppm. A calibrated "H 90° pulse width of 7.5 us was used. The delay
for the insensitive nucleus enhancement by polarization transfer (INEPT),
which was constant at all temperatures used, was set to 1.79 ms. The
Carr-Purcell-Meiboom-Gill (CPMG) pulse train consisted of a series of '*C
180° pulses of yB, = 7.6 kHz every 0.9 ms and did not contain any 'H
pulses. Between 25°C and 10°C, the duration of the CPMG pulse train was
3.9, 11.7, 19.5, 31.2, 46.8, 62.4, 93.6 us. Between 5°C and —5°C, the
duration of the CPMG pulse train was 3.9, 11.7, 19.5, 31.2, 42.9, 54.6, 66.3
us. No gradients or presaturation were applied. '*C decoupling during
acquisition was performed with Waltz-16 decoupling at yB, = 817 Hz.

On the Unity 600 MHz spectrometer (sample in 90% H,0/10% D,0),
512 transients were collected with a sweep width of 7500 Hz and 960
complex data points at each temperature. The 90° 'H pulse width was
calibrated for each temperature according to the formula:

pulse width (us) = —0.195 (T — 273) + 12.8

The '3C carrier was placed at 58 ppm. The delay for the INEPT transfer,
which was constant at all temperatures used, was set to 1.79 ms. The
CPMG pulse train consisted of a series of '*C 180° pulses of yB, = 3.88
kHz every 0.9 ms and did not contain any 'H pulses. The duration of the
CPMG pulse train was 4.1, 12.3, 20.5, 32.8, 41.0, 49.2, and 57.4 us.
Presaturation of H,O at yB, = 35 Hz was used during the pulse sequence
recycle delay of 3.0 s. 1*C decoupling during acquisition was performed
using the globally optimized alternating-phase rectangular pulses
(GARP-1) decoupling sequence at yB, = 2.3 kHz. The ratios of the
duration of the phase encoding and decoding z axis gradients used for
sensitivity enhancement were set to yy/ye = 4.0.

The '*C-T, measurement on the 800-MHz spectrometer was made using
the protein pack gChsqc pulse sequence. The pulse sequence is similar to

"H-NMR spectra at 300 MHz of type I AFP and mutants Alal7Leu and Thr13Ser/Thr24Ser in 100% D,O. Samples were cooled from 25°C

that of Farrow et al. (1994), except that a cassette of '*C 180° pulses of yB,
= 3.42 kHz was applied every 0.5 ms with a "H 180° pulse applied every
4 ms. Sixteen transients with a sweep width of 11,000 Hz and 2048
complex data points were collected at 25°C. A proton 90° pulse width of
7.2 ws and a '3C 90° pulse width of 73.1 us were used. The *C carrier was
placed at 55 ppm. The delay for the INEPT transfer was set to 1.9 ms. The
duration of the CPMG pulse train was 10 to 100 us in length in increments
of 10 ws. Presaturation of H,O was used during the pulse sequence recycle
delay of 1.5 s. '*C decoupling during acquisition was performed using the
Waltz-16 decoupling sequence at yB, = 2.4 kHz.
The 7, value was determined by fitting the data to the equation:

MXy(t) = MO X e—trclax/Tz

Where M, (?) is the magnetization in the x, y plane at time 7, M, is the
initial x, y plane magnetization, 7., is the duration of the CPMG pulse
train, and 7, is the spin-spin relaxation time.

RESULTS
Freezing profile of the wild-type type | AFP

To determine whether there was any change in structure for
type I AFP present in normal versus supercooled water, we
first examined the "H-NMR spectra of the wild-type protein
(Fig. 2 A4). For clarity, only the region of the spectrum from
3.8 to 4.5 ppm is shown, corresponding to the H, reso-
nances from all residues and the Hg resonances from Thr
and Ser residues. This region was chosen because H,, res-
onances are particularly sensitive indicators of protein sec-
ondary structure (Wishart et al., 1991). A number of reso-
nances overlap between 4.15 to 4.35 ppm, corresponding
mainly to the H, resonances of the 23 alanines in the
sequence (Gronwald et al., 1996), suggesting that H,, is in
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FIGURE 3
to —3°C as outlined in Materials and Methods.

chemical environments corresponding to largely a-helical
structure. As the temperature is decreased, these resonances
shift upfield, indicating that the structure is becoming more
a-helical. In addition, the 'H-NMR spectrum shows a
broadening of the lines. As will be shown, this is a result of
the increase in the viscosity of the solvent and does not
represent a change in structure.

The "*C-NMR spectrum of the '*C_-labeled wild-type
AFP is shown as a function of temperature in Fig. 3 4. As
with the "H-NMR spectra, the data show that there is a peak
broadening but no evidence of either a loss in structure or
dimerization. The chemical shift of the carbon peak moves
from 54.3 to 55.2 ppm, where a value of 53.2 ppm indicates
that the residue is in an a-helical conformation (Wishart et
al., 1991). The data demonstrate that the protein is actually
becoming more a-helical as the temperature decreases from
25°C to —3°C.

The experiments were conducted to temperatures as low
as —10°C to ensure that all samples would eventually
freeze, but because of the stochastic nature of freezing and
the presence of heterogeneous ice-nucleators, samples
would freeze anywhere from —3°C to —8°C. This is shown
in Fig. 2 as the last spectrum, indicating that we were no
longer able to perform liquid state NMR measurements. The
fact that the solutions of both wild-type and mutant proteins
did not freeze at temperatures below 0°C should not be
equated with antifreeze activity. A control sample that con-
sisted of only 0.1 M DSS in D,0, the minimum concentra-
tion used in all experiments, could also be supercooled to at
least —5°C (data not shown). Therefore, the lack of ice
formation relates simply to the supercooling of the solution
and does not represent thermal hysteresis attributable to the
presence of an AFP, which at 1.5 mM wild-type protein
would be ~0.6°C.
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13C-NMR spectra at 300 MHz of type I AFP and mutants Alal7Leu and Thr13Ser/Thr24Ser in 100% D,O. Samples were cooled from 25°C

Relaxation measurements of wild-type type | AFP

The '3C-T), relaxation times of the protein were measured in
normal and supercooled solutions. These measurements
were performed at three magnetic field strengths on '*C_-
Alal7 wild-type type I AFP. Analysis of 7, measurements
of wild-type protein labeled at '*C_-Ala3 showed similar
results to the '*C_-Alal7-labeled protein (data not shown),
suggesting that the N-terminal residues behave similarly to
the central residues.

The results are shown in Fig. 4, plotted as 1/T, versus
/T, where 1/T, is the inverse of the spin-spin relaxation
time, m is the viscosity of the H,O (Tanishita and White,
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FIGURE 4 '>C 1/T, versus temperature, solvent, and NMR frequency.
Circles, wild-type AFP. Squares, Alal7Leu. Triangles, Thrl3Ser/

Thr24Ser. Black symbols, 100% D,O, 300 MHz spectrometer. Open sym-
bols, 90% H,0/10% D,0O, 600 MHz spectrometer. Gray, 100% D,0, 800
MHz spectrometer. Fp, freezing point.
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1984) or D,O (Fernandez-Prini and Dooley, 1997) solvent,
and T is the temperature in Kelvin. As can be seen in the
figure, the plot is linear and is independent of the magnetic
field strength, whether the solvent is H,O or D,O, or
whether the solution was at normal or supercooled temper-
atures. This suggests that the rotational correlation time is
linearly proportional to the viscosity of the solvent. The
relationship is derived from the Stokes-Einstein equation,
which states:

. M
T = V(kB X T)

where 7, is the rotational correlation time, V is the hydro-
dynamic volume, 7 is the viscosity of the solvent, Ay is the
Boltzmann constant, and 7 is the temperature in Kelvin.
Under the nonextreme narrowing condition, (w,7.,)* > 1,
and assuming that hydrodynamic volume remains constant,
we can simplify the relationship between the measured 7,
NMR relaxation time and solvent parameters as:

I m

o !

T, T
where 1/7, is the inverse of the spin-spin relaxation time (s),
7 is the viscosity of the solvent Pascal + second (Pa.s), and
T is the temperature (K).

Freezing profile of mutants

The freezing profiles of the 'H-NMR spectra of the mutants
Alal7Leu and Thr13Ser/Thr24Ser are shown in Fig. 2, B
and C. Although the H, region of the Alal7Leu mutant
appears very similar to that of the wild-type protein, the
Thr13Ser/Thr24Ser mutant shows an additional cluster of
peaks at 4.0-4.1 ppm. These peaks are a result of the
B-protons of Serl13 and Ser24 in the Thr13Ser/Thr24Ser
mutant. The mutants Alal7Leu and Thrl3Ser/Thr24Ser
show more broadening at 25°C than the wild-type protein,
suggesting that these peptides may be less structured at this
temperature than the wild-type protein. At lower tempera-
tures this difference is less significant. As with the wild-type
protein, most resonances in this region shift upfield, indi-
cating that the structure is becoming more a-helical. One
exception is the cluster of peaks in the Thr13Ser/Thr24Ser
mutants at 4.0—4.1 ppm, which shift downfield. Because
B-proton shifts are somewhat irregular when changing from
a random coil conformation to an a-helical one (Wishart et
al., 1991), we can not conclude what this change represents.
For the '*C-NMR spectra, the freezing profiles are very
similar to that of the wild-type protein in that there is a
downfield shift of the labeled a-carbon as the temperature is
decreased, suggesting that the structure of the mutants is
becoming more a-helical. With the Alal7Leu mutant, the
carbon peak moves from 54.2 ppm to 55.1 ppm from 25°C
to —3°C, and as for the Thrl13Ser/Thr24Ser mutant, the

1681

carbon peak moves from 54.3 ppm to 55.0 ppm over the
same temperature range.

Examination of the 'H- and '*C data also shows that the
peak areas did not change dramatically as the temperature
decreased, suggesting that the amount of protein in the
solution is constant. Therefore, there is no evidence of
significant aggregation in solution or of the protein binding
to any ice embryos in solution.

Relaxation measurements of the mutants

The '>C-T, relaxation measurements of the mutants
Alal7Leu and Thr13Ser/Thr24Ser are shown in Fig. 4 as a
plot of 1/T, versus n/T. As with the wild-type protein, the
inverse of the spin-spin relaxation time is linearly propor-
tional to the viscosity of the solvent. At higher temperatures,
the measurements are essentially identical among all three
proteins. At lower temperatures, the values show some
deviation, but this is not outside the experimental error in
measurement.

DISCUSSION

Several computational models have been proposed to ex-
plain how AFPs bind to ice and inhibit ice growth. Although
differences exist between the models, they essentially rely
on AFP binding to ice via hydrogen bonds (Wierzbicki et
al., 1996; Jorgensen et al., 1993; Chou, 1992), although
recent approaches are incorporating hydrophobic effects
(Dalal and Sonnichsen, 2000; Madura et al., 2000). As
outlined in the introduction, the roles of hydrogen bonds are
in question since the substitution of the Thr with Ser in type
I AFP caused a much larger loss in activity than a substi-
tution with Val. The work presented here represents the first
detailed structural study of AFPs at temperatures when it is
active.

The "H-NMR spectra of the wild-type protein are shown
in Fig. 2 A. A similar amount of broadening was observed
in all regions of the spectra (data not shown). Similarly,
movement of the peaks was consistent with greater struc-
turing, rather than unfolding. A series of '*C-NMR spectra
were also collected of the wild-type protein. Because the
proteins were only '*C-labeled at the C, atom of one
residue, only one peak was observed. The spectra (Fig. 3 4)
show that the '*C resonance shifted downfield as the tem-
perature changed from 25°C to —3°C. This agrees with the
circular dichroism (CD) data, which showed that the protein
becomes more a-helical as the temperature is decreased
(Gronwald et al., 1996). These data also show that the
change continues even when the protein is in a supercooled
solution. Because this previous CD study has shown that the
type I AFP is 100% helical at 3°C, the NMR data would
suggest that the protein is “greater than” 100% helical at
lower temperatures. However, it is more likely that this

Biophysical Journal 81(3) 1677-1683
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result is a reflection of the uncertainty of the value of 100%
helix at [6],,, (Woody, 1995).

13C,_-T, measurements indicate that the rate of tumbling
of the protein remains proportional to the viscosity of the
solvent as it goes from a normal to a supercooled state (i.c.,
the protein obeys the Stokes-Einstein equation). As shown
in Fig. 4, this is true irrespective of the presence of a
mutation, nature of the aqueous solvent, or the temperature
of the solution. In addition, this would suggest that the AFP
does not alter the water shell surrounding the protein at
supercooled temperatures, and that the viscosity experi-
enced by the protein is equal to the viscosity of the solvent.
Thus, the broadening of the lines in these two sets of
experiments is not unexpected as the viscosity of the solvent
increases as the temperature is decreased. Therefore, the
structure of the type I AFP does not unfold in a supercooled
solution nor does it oligomerize.

Previous studies on the viscosity of an antifreeze glyco-
protein (AFGP) in solution suggested that the viscosity
increased at a rate faster than what would normally be
expected by the Stokes-Einstein equation as the temperature
was decreased. The authors argue that part of the activity of
biological antifreezes may come from the change in viscos-
ity because an increase in viscosity decreases the rate of ice
nucleation (Eto and Rubinsky, 1993). Such a viscosity
change is not reflected in the measurements on type I AFP.
It is possible that this change in the presence of AFGP
represents an effect of the carbohydrate moiety of the gly-
coprotein.

Although several of the x-ray structures have been solved
at subzero temperatures, they do not necessarily represent
the structure bound to ice, because the protein crystals are
often snap-frozen under a stream of nitrogen gas. One recent
x-ray crystallographic study of the type III AFP slowly
cooled the crystal from room temperature to 260 or 240 K
(Antson et al., 2001). An examination of the Fourier differ-
ence maps between the diffraction data at room temperature
and below freezing did not reveal any significant differ-
ences. This led the authors to suggest that there were no
large-scale changes in water or protein structure, which
agrees with our data.

The mutants Alal7Leu and Thr13Ser/Thr24Ser exhibited
similar behavior in the 'H- and '*C-NMR experiments to
wild-type type I AFP. That is, they showed a broadening of
the lines in the 'H-NMR spectra, a downfield shift of the
13C,-Ala peak and a linear relationship between 1/7, and
n/T. The spectral differences that were observed between
the wild-type protein and the mutant Thr13Ser/Thr24Ser
can be attributed to the different amino acid compositions
rather than to a change in structure. In Thr13Ser/Thr24Ser,
an additional cluster of peaks is seen at 4.0—4.1 ppm,
corresponding to the appearance of Hg peaks from the Ser13
and Ser24 residues. With the mutants, it can be seen that at
25°C in the 'H-NMR spectra there is less structure than in
the wild-type protein, but this difference disappears at the
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lower temperatures, suggesting that the difference in struc-
ture does not correlate with the loss of antifreeze activity.

These mutations were chosen because they are proposed
to inactivate type I AFP. It is thought that the Alal7Leu
mutant disrupts the flatness of the type I AFP ice-binding
surface (Fig. 1 A), and may sterically prevent the protein
from binding to the ice (Baardsnes et al., 1999). The
Thr13Ser/Thr24Ser mutant preserves the hydrogen bonding
nature of the side chains, but may disrupt the flatness of the
surface by the absence of the Thr methyl group.

The question remains as to why the mutant proteins
behave similarly to the wild-type protein in these experi-
ments, yet they are less active. One possibility is that the
mutations affect the surface characteristics of the protein so
that it is no longer able to bind to ice. Another possibility is
that mutations subtly affect the curvature of the molecule so
that it is no longer an ideal, linear a-helix. The mutation
from Thr to Ser could cause the helix face to bend slightly
in a concave fashion, whereas a mutation from Ala to Leu
could cause the helix to bend slightly in a convex fashion.
This would disrupt the arrangement of any periodic binding
groups on the surface of the protein and thus the linearity of
the a-helix, potentially disrupting the ice-binding surface.
Such changes may not be detected by CD or the NMR
experiments listed here, and would require further experi-
mentation.

Mechanistically, it is not well understood how AFPs bind
to ice. Wen and Laursen (1992) had proposed that the type
I AFP packs on the ice surface to form patches of bound
protein. We have shown that AFPs do not aggregate at
temperatures at which the protein is active, suggesting that
oligomerization is not a factor in ice-growth inhibition. We
have also shown that their structure is extremely stable up
until the point of freezing. The fact that the mutant AFPs are
similar in the '"H- and '*C-NMR freezing profiles and
13C-T, measurements implies that there must be some type
of slight perturbation near the ice-binding site that reduces
or eliminates antifreeze activity. It has already been shown
that hydrogen-bonding via threonyl hydroxyl groups is in-
sufficient to explain the interaction, and that van der Waals
radii may better explain the effects of the mutations on the
ice-binding activity.

Our experiments have been performed in supercooled
water, a temperature at which the AFPs could bind to ice.
However, no macroscopic ice could be present in the sample
because at that point it would instantly freeze and liquid-
state measurements would no longer be possible. It is also
not possible to follow the freezing of the protein, because
the process occurs within seconds and cannot be followed
by the experimental methods used here. Our data cannot
exclude the possibility of the protein changing in structure
after it is bound to ice. Presently, we are looking at AFP in
ice to allow us to determine the structure of the protein in
the bound state.
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