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ABSTRACT One strategy of psychrophilic or-
ganisms to survive subzero temperature is to pro-
duce antifreeze protein (AFPs), which inhibit the
growth of macromolecular ice. To better under-
stand the binding mechanism, the structure and
dynamics of several AFPs have been studied by
nuclear magnetic resonance (NMR) and X-ray crys-
tallography. The results have shown that different
organisms can use diverse structures (a-helix, B-he-
lix, or different globular folds) to achieve the same
function. A number of studies have focused on under-
standing the relationship between the «-helical
structure of fish type I AFP and its function as an
inhibitor of ice growth. The results have not ex-
plained whether the 90% activity loss caused by the
conservative mutation of two threonines to serines
(Thr13Ser/Thr24Ser) is attributable to a change in
protein structure in solution or in ice. We examine
here the structure and dynamics of the winter floun-
der type I AFP and the mutant Thr13Ser/Thr24Ser
in both solution and solid states using a wide range
of NMR approaches. Both proteins remain fully
a-helical at all temperatures and in ice, demonstrat-
ing that the activity change must therefore not be
attributable to changes in the protein fold or dynam-
ics but differences in surface properties. Proteins
2006;63:603-610. ©2006 Wiley-Liss, Inc.
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INTRODUCTION

The formation of macromolecular ice in an organism can
cause physical damage through shear stress on mem-
branes and the loss of protein function through dehydra-
tion. Some organisms are able to survive subzero tempera-
tures by producing antifreeze proteins (AFPs, also known
as thermal hysteresis proteins or ice-structuring proteins).
AFPs prevent the formation of macroscopic ice crystals by
inhibiting the growth of small ice crystals,' and/or by
masking heterogenous nucleating sites.? The inhibition of
ice crystal growth is thought to occur through the Kelvin
effect, where the binding of AFP causes the ice between the
bound proteins to grow as a curved front, which is an
energetically unfavorable process.? The Kelvin effect re-
sults in a nonequilibrium depression of the freezing point
below the melting point; the difference between the two
temperatures is defined as thermal hysteresis (TH), and is
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used to measure the antifreeze activity of a protein. Early
models proposed that this binding must be irreversible in
order to completely inhibit ice growth. Recent experimen-
tal results, however, show that the protein is able to
adsorb and desorb from the surface.* These authors sug-
gest that AFPs do not work by the Kelvin effect, but
instead form a decreasing concentration gradient away
from the ice surface, which creates a dense layer of AFPs
that depress the freezing point through a local colligative
effect.*

It has been a greater challenge to characterize the
interaction between AFP and ice at the atomic level.
Widely diverse AFP structures have been determined from
fish and insects (for reviews, see Refs. 5-10), such that no
comprehensive structural motif has emerged for this fam-
ily of proteins. Nevertheless, the winter-flounder HPLC
isoform 6 type I AFP is used as a model for this protein
class. Type I AFP is 37 amino acids long, of which 23
residues are alanines. The structure of type I AFP has
been shown to be a single a-helix with cap structures at the
termini.’*!2 Four Thr residues are spaced 11 residues
apart on the same side of the helix (Fig. 1). Analysis of the
X-ray 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 (Thr2,
Thr13, Thr24, and Thr35).1%:'3-15 Further experimenta-
tion, however, has shown that the hydroxyl moiety is not
critical to ice binding. Mutagenesis of the two central or all
four threonines to serines (TTTT to TSST or SSSS), which
preserves the hydrogen bonding potential of the side-
chain, caused a 90-100% loss in activity relative to the
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Fig. 1. Structure of type | AFP. A ribbon representation of the a-helical
protein with key residues shown in stick representation. The locations of
the mutations (Thr13Ser and Thr24Ser) are shown in yellow. Residues
examined by liquid-state '*C dynamics (Thr2, Ser4, Lys18, Glu22, Thr35,
and Arg37) are shown in blue. The locations of the '*Ca label used in the
13C solid-state studies of wild-type (*Ca-Ala17) and TSST ('3*Ca-Ala21)
are colored green. The wild-type sequence and three-dimensional struc-
ture are from PDB entry 1wfb.

wild-type protein.'®~'® Mutation of the two threonines to
valines, which preserves the isosteric nature of the side-
chain but not the potential hydrogen bond, resulted in only
a moderate loss in activity (0-15% loss).’*~'® An addi-
tional problem with the hydrogen-bonding model is that it
is not able to explain the preferential binding of the protein
to ice rather than water. Theoretically, hydrogen bonds
should form more favorably between water and ice or
water and protein than between ice and protein, given that
water is able to orient itself to form “perfect” hydrogen
bonds.'® The structural studies of type I AFP showed that
threonine hydroxyl group would likely preferentially bind
to the backbone rather than ice.'*?° This series of mutagen-
esis and structural experiments demonstrate that the
threonyl hydroxyl is not an essential requirement for ice
binding.

The reduced importance of hydrogen bonds in ice bind-
ing has led to the exploration of the role of methyl groups of
the threonine and alanine residues. Mutation of Alal7, a
residue adjacent to the Thr-rich face, to Leu was shown to
abolish all antifreeze activity.?! This led the authors to
propose that the ice-binding face of type I AFP consists of
the alanine-rich face along with the Thr y-methyl of the
four threonines (Thr2, Thr13, Thr24, and Thr35). Support
for the importance of the y-methyls has come from studies
using allo-Thr, the stereoisomer of the Thr side-chain.*® It
was demonstrated that when the four threonines are
replaced with allo-Thr, type I AFP has no activity at a
protein concentration of 1 mM. It has been suggested that
van der Waals interactions, sometimes termed “shape
complementarity,” may drive the binding of AFP to the ice
surface.”??2 Another proposal, resulting from two sepa-
rate computational studies, suggests that desolvation of
hydrophobic groups is the main contributor to the free
energy of binding.?*?* However, these new hypotheses are
not yet able to explain all aspects of the interaction. They
do not explain why AFPs bind to certain planes of ice
because these van der Waals interactions are not geometri-
cally constrained as hydrogen bonds would be. The hypoth-
eses also assume that the structures of wild-type and
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Fig.2. Comparison of the structure of wild-type and mutant TSST type
| AFP using 'H-"*N HSQC. a: Overlap of natural abundance 'H-'°N
HSQC NMR spectra at temperatures of 15, 5, and —5°C of wild-type
protein (top panel) and TSST (bottom panel). b: Overlap of natural
abundance 'H-"*N HSQC spectra of wild-type and TSST mutant type |
AFP at —5°C. The identity and chemical shift changes of well-resolved
resonances are indicated with labels and arrows, respectively.

mutant AFP in ice are identical to that determined by
X-ray crystallography and nuclear magnetic resonance
(NMR), which has not been demonstrated.
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ANTIFREEZE PROTEIN IN ICE

To further investigate the molecular binding mecha-
nism of AFP for ice and the role of methyl groups, we
characterize the structure and dynamics of AFP in ice and
in water. We had previously attempted to examine the
structure of frozen type I AFP, but found that the high
concentrations of protein required for NMR studies and
repeated freeze/thaw cycles resulted in the formation of
amyloid-like fibrils.?® In this study, the concentration of
protein has been lowered from 75 to 25 mg/mL and
unnecessary temperature cycling has been eliminated to
prevent fibril formation. We compare the behavior of
wild-type type I AFP and the mutant Thr13Ser/Thr24Ser
(TSST) in both solution and in ice using a wide variety of
NMR approaches to examine whether the mutant has a
lower thermal hysteresis activity because of changes in its
a-helical structure, differences in its dynamics, or changes
in its surface properties.

MATERIALS AND METHODS

The wild-type and mutant winter flounder HPLC-6
proteins were synthesized according to standard solid-
phase peptide synthesis methods as described previ-
ously.?® For '3C-labeled samples, a *Ca-alanine residue
(2-13C-alanine; Cambridge Isotopes Laboratories, An-
dover, MA) was incorporated at position 17 for the wild-
type protein and at position 21 for the TSST mutant.

1H, '3C, and '®N referencing in all NMR experiments
was performed relative to a 2,2’-dimethyl-2-silapentane-5-
sulfonate (DSS) standard as described.?” Solution-state
experiments were performed on a 4.7 mM (wild-type) or
5.6 mM (TSST) sample in 90% H,0/D,0O, pH 5.5 in a
medium-walled tube (524-PP-8; Wilmad, Buena, NJ). Natu-
ral abundance '°N-heteronuclear single quantum coher-
ence (HSQC)?®2% experiments were collected on a Varian
Unity 600-MHz spectrometer (Palo Alto, CA) equipped
with a triple-resonance probe and z-axis pulsed field
gradients at 15, 5, and —5°C. For these experiments, 448
(*HN), and 64 (*°N) complex data points were acquired
with a total of 3,008 transients per t; increment using
spectral widths of 7,000.4 (*HN) and 2,100.0 (*°N) Hz.
Natural abundance *C-HSQC spectra were collected on
identical equipment at 5°C by acquiring 512 (*H) and 298
(*3C) complex data points with a total of 56 transients per
t, increment using spectra widths of 7,000.4 (*H) and
10,526.3 (13C) Hz. Nuclear Overhauser effect enhance-
ment spectroscopy (NOESY)3° and total correlation spec-
troscopy (TOCSY)?! experiments were collected on a Var-
ian INOVA 800-MHz spectrometer equipped with a triple-
resonance probe and x-, y-, and z-axis pulsed field gradients
at 15° and 5°C. For the NOESY experiments, 2,048 (*H
F1), and 512 (*H F2) complex data points were acquired
with 32 transients using spectral widths of 10,000 Hz in
both dimensions. For the TOCSY experiments, 2,048 (*H
F1), and 256 (*H F2) complex data points were acquired
with 16 transients using spectral widths of 10,000 Hz in
both dimensions.

Natural abundance '*C-T,, *C-T,, and {*H}-'*C-NOE
NMR relaxation data were collected at 5° and —1.2°C on a
4.7 mM sample of wild-type or TSST type I AFP in 99.9%
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D,O, pH 5.5, using a medium-walled tube (524-PP-8;
Wilmad). The Varian Unity 600-MHz spectrometer was
equipped with a triple-resonance probe and a z-axis pulsed
field gradient. The sensitivity enhanced N-HSQC pulse
sequence developed by Farrow et al.®? was adjusted in-
house for 'C. Sweepwidths of 7,000.35 Hz (*H) and
3,318.68 Hz (*3C) were used. For the *C-R, and *C-R,
experiments, 448 (*H) and 48 (*3C) complex data points
were collected with 120 transients per increment with a
recycle delay of 4.0 s. With respect to **C-R, experiments,
relaxation delays of 10.15, 50.75, 91.35, 172.55, 253.75,
456.75, and 619.15 ms were applied. For the C-R,
experiments, relaxation delays of 16.34, 32.68, 49.02,
65.36, 81.70, 98.04, 114.38, and 130.72 ms were applied.
The {*H}-'3C steady-state NOE experiments>? were mea-
sured from two HSQC spectra collected with and without
1H saturation applied before the '3C excitation pulse,
using recycle delays of 2 s (with 3 s of saturation) or 5 s
(without saturation) and 256 transients. Relaxation data
analysis was performed using the NMRView program?®?
following the method outlined by Gagné et al.>* The NOE
ratio is defined as the intensity of the saturated NOE peak
over the intensity of the peak without saturation.

For the solid-state NMR experiments, the spectra were
collected at 7.04 Tesla (corresponding to a 'H Larmor
frequency of 299.916 MHz and a '3C Larmor frequency of
75.416 MHz) on a wide-bore (89 mm) Varian Unity spec-
trometer equipped with a Varian/Chemagnetics double-
resonance magic-angle spinning (MAS) probe. The 5.0-mm
PENCIL-I MAS rotor was spun at 3.333 kHz and the
temperature was maintained using a Chemagnetics tem-
perature controller. Temperature calibration was per-
formed to compensate for heating caused by MAS by using
100% methanol as an internal NMR thermometer.35:3¢
Spinning at 3.333 kHz raises the temperature of the
sample an average of 2.8°C. The lyophilized wild-type or
TSST type I AFP was dissolved at 25 mg/mL in 99.9% D,0.
The solution was frozen overnight by spinning the sample
at 3.333 kHz at —5.0°C (corrected temperature). For the
13C-CP/MAS experiments, the cross-polarization contact
time was 3.0 ms during which the 'H decoupling field
strength was 78 kHz. During acquisition, the decoupling
field strength was reduced to 55 kHz. The proton 90°
pulsewidth was calibrated to be 3.6 ws; 13,312 transients
were collected with a recycle delay of 5 s. For the '*C-MAS
experiments, a 'H decoupler field strength of 16 kHz was
applied to 1,024 transients with a recycle delay of 3 s.
13C-MAS and '3C-CP/MAS experiments were collected
with 2,972 complex data points and a sweepwidth of
37,140 Hz. For the 'H-MAS experiments, 1,024 transients
were collected with a recycle delay of 2 s. The proton 90°
pulsewidth was 11 ps and the experiments were collected
with 59,970 complex data points and a sweepwidth of
59,970 Hz. The free induction decay (FID) of the 'H-MAS
experiment was processed using backwards-linear predic-
tion of the first three data points based on 256 points
starting from the fourth data point. For the Fourier
transformation, no weighting was applied. To correct for
the amount of dissolved protein, the height of the TSST
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spectra were normalized to that of the wild-type spectrum
at 20°C.

RESULTS

Standard homonuclear NMR techniques were used to
obtain assignments of the amide and side-chain protons of
wild-type and TSST type I AFP (data not shown). The high
Ala content and repetitive «-helical structure lead to
considerable overlap of Ala resonances in the natural
abundance »N-HSQC and *C-HSQC 2D NMR spectra
[see Figs. 2(a) and 3(a)]. Nevertheless, residues from the
N-terminus (Thr2, Ser4, Asp5), middle (Lys18, Glu22) and
C-terminus (Thr35, Ala36, Arg37) were resolved well
enough in order to analyze the two-dimensional (2D)
solution NMR spectra. The top panel of Figure 2(a) shows
a 'N-HSQC of wild-type type I AFP at 15, 5, and —5°C
with well-resolved resonances labeled with their residue
identity. The amide proton and nitrogen chemical shifts of
most residues increase as the temperature is lowered, with
changes typically on the order of 0.1 ppm. This agrees with
the general trend that *HN chemical shifts, in the absence
of large structural changes, increase as the temperature is
lowered.?”3® Two exceptions are the C-terminal residues
Ala36 and Arg37. The chemical shift of Ala36 decreases by
approximately 0.02 and that of Arg37 decreases by 0.2 ppm
in the amide proton dimension. The pattern of changes in
TSST as the temperature is lowered is almost identical to
those seen for the wild-type protein [bottom panel of Fig.
2(a)]. The mutated residues Ser13/Ser24 are at a different
amide proton and nitrogen chemical shift than that of
Thr13/Thr24. Also, Ser13/Ser24 residues shift consider-
ably less in the amide dimension than Thr13/Thr24 as the
temperature is lowered (0.05 ppm versus 0.19 ppm).

To characterize differences between the wild-type and
mutant TSST protein, an overlap of the '*N-HSQC spectra
of the two proteins at —5°C is shown in Figure 2(b).
Residues located in the N- and C-termini of the proteins
(Ser4, Aspb, Ala36, and Arg37) show perfect overlap. The
largest difference occurs between Thr13/Thr24 and Ser13/
Ser24 because of the change in the chemical nature of the
side-chain (i.e., the change in chemical shift in this case
does not reflect a change in conformation). Differences are
observed involving residues Alall, Leul2, Asn16/Asn27,
and Glu22. This shows that the closer a residue is to the
site of the mutation, the larger the difference in chemical
shift from that of the wild-type protein. These results
indicate that the wild-type and mutant proteins are simi-
larly structured over the whole protein.

We subsequently used natural abundance °C-NMR
relaxation measurements at 5° and —1.2°C in D,O to
examine whether there is any change in the dynamics of
Ca atoms between the wild-type and mutant proteins. As
with the *N-HSQC data, the identifiable resonances in
the *C-HSQC spectra are non-Ala residues located over
the whole structure. A temperature of —1.2°C in D,O
represents an equivalent temperature to the —5°C used for
the '*N-HSQC collected in H,O (i.e., 5°C below the freez-
ing point of the pure solvent). Comparing the spectra from
the wild-type and mutant proteins, the major difference is
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Fig. 3. '3C dynamics of type | AFP. a: Ca region of '*C-HSQC of

wild-type and TSST type | AFP at 5°C. b: Heteronuclear '°C-T,, '*C-T,,
8C-T,/T,, and {'H}-"*C NOE relaxation data of resolved resonances.
Data were collected on samples dissolved in 99.9% D,O at 5°C (black)
and —1.2°C (gray).

at the site of the mutation of Thr to Ser [Fig. 3(a)]. Unlike
the overlapped °N-HSQC spectra, however, only very
small changes in chemical shift are observed for residues
near the site of the mutations, showing that the backbone
structure near the site of the mutations is unperturbed.
The natural-abundance relaxation data of well-sepa-
rated resonances are shown in Figure 3(b). Decreasing the
temperature had little effect on the T, values. Similarly,
making the Thr to Ser mutation had little effect on the
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pattern of T; values. Although T, is 100—200 ms shorter
for residues Thr35 and Arg37 compared with the other
residues, the large experimental uncertainty makes it
difficult to state whether this is meaningful. For the T,
data of both proteins, Thr35 and Arg37 show an average
increase of 35 ms compared with residues Thr2 to Glu22.
The NOE and T,/T, ratios at the two temperatures are
shown in the bottom of Figure 3(b). In the absence of
structural exchange, the T,/T, ratio is determined by the
overall correlation time.?® Lowering the temperature to
—1.2°C caused T,/T, to increase; this is expected because
the protein will tumble more slowly (i.e., T,/T, increases as
the solution becomes more viscous). In the study of the
apolipoprotein E peptide, it was found that the large T,/T,
ratio was the result of the anisotropic motion of the helix
while tumbling in solution, which was best described as a
prolate ellipsoid.*® Undertaking the same approach using
our '3C natural abundance relaxation experiments, we can
calculate the expected T,, T,, and NOE values.*' We
assume that the diffusion tensor ratio of the long axis (D | )
to the short axis (D ) of the protein is equal to the ratio of
the length of the rigid portion of the helix to it diameter.
Type IAFP givesa D | :D, of 7.2 when we define residues 2
to 29 as a rigid helix and assume the average side-chain to
be an alanine residue. At 5°C, this gives a predicted T,
value of 465 ms, a predicted T, value of 51.5 ms, and an
NOE ratio of 1.19. Because these values are similar to the
experimentally determined values, most of the a-helix
may be rigid, although data would be needed for residues
23 to 34 to provide confirmation. The C-terminal residues
(Thr35 and Arg37) show larger T, values than residues 2
to 22, whereas the NOE ratio remains fairly constant. The
trends of these two residues are an expression of the
reduced spectral density functions /(0) and J(w,), where
J(wq) (high-frequency function, i.e., fast internal motions)
is reflected in the NOE ratio and T, is dominated by J(0)
(which is sensitive to motions on all time scales). This
suggests that Thr35 and Arg37 may be more flexible than
residues 2 to 22 at both temperatures for both wild-type
and mutant proteins at both temperatures. The only
apparent difference in the T, values occurs between wild-
type and TSST residue 4 at —1.2°C. Because we found no
other changes between these proteins in this or any other
experiments, the difference is likely attributable to an
error in measurement of T,. Conclusive analysis of all of
these data, however, will require isotopically labeled pro-
tein.

Although studies of AFP in the solution state have
provided insight into the structure and dynamics of a
single a-helix, it is not known whether these data necessar-
ily represent the structure and behavior of the protein
when bound to ice. We therefore used **C-CP/MAS and
13C-MAS experiments of *Ca labeled Alal7 (wild-type
AFP) or Ala21 (T'SST) to follow the structure of the AFP in
ice and solution, respectively. '*Ca chemical shifts are
sensitive indicators of protein secondary structure,*? and
site-specific labeling allows us to follow the structure of a
residue located on the Ala-rich face. The sample was
frozen while spinning at a temperature of —5°C. Ideally,
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the sample should be frozen as a single ice crystal so as to
mimic the binding of AFP to ice as it might occur in the
fish.*® However, this type of experiment is performed at a
concentration of ~1 versus 25 mg/mL for the solid-state
NMR experiments, and would require impractical data
collection times (>1 year). Freezing the samples overnight
at —5°C allows the AFP to bind to nascent ice crystals in a
manner that would inhibit ice growth at higher tempera-
tures.

Freezing was verified by using the **C-MAS experiment,
wherein the '*Ca resonance is only observed from protein
in the liquid state. Circular dichroism®'%2° and NMR**
experiments have previously demonstrated that type I
AFP becomes more a-helical as it is cooled. The wild-type
13Ca chemical shift at 20°C is 54.6 ppm by '*C-MAS, which
agrees with the previously determined value of 54.5 ppm
by nonspinning *C-NMR.** Similarly, the *Ca chemical
shift of TSST is 54.6 ppm by *C-MAS and 54.4 ppm by
nonspinning *C-NMR. An additional peak is seen at
~18.5 ppm in all experiments, which represents the
natural abundance signal from the *Ca atoms of the 23
Ala methyl groups. A *®C-CP/MAS study of various ala-
nine polymers showed that '*CB atoms in an «-helical
conformation were at 17.1 ppm whereas atoms in a
B-strand conformation were at 22.0 ppm (when corrected
to DSS).*® The natural abundance peak at 18.5 ppm in our
experiments suggests that type I AFP may be a-helical in
ice over most of the protein. *C-CP/MAS was subse-
quently used to examine the secondary structure of wild-
type and TSST type I AFP when frozen in ice at —5°C. The
13Ca chemical shift of both proteins was 56.6 ppm. This
value is larger than that measured at 5°C, which shows
that in ice both wild-type and mutant AFPs are even more
a-helical than in solution.

Because the backbone structural and solution relaxation
data did not reveal any significant difference between the
wild-type and TSST AFP, we used "H-MAS to examine the
behavior of these proteins at temperatures below the
freezing point of the solution [Fig. 5(a)]. Unlike a previous
protein 'H-MAS study,*® sine-bell processing was not
required to remove the residual HDO peak, which allows
us to make quantitative comparisons between the spectra.
When the temperature is lowered to 3.8°C (the freezing
point of D,0), the intensity of the peaks between the
proteins remains approximately equal. An expansion of
the region from 0 to 2.5 ppm at 1.8°C and below is shown in
Figure 5(b). The majority of the residual *H signal in this
region is from the 23 Ala methyl groups at ~1.4 ppm. At
1.8°C, the signal from this region of the TSST mutant is
approximately 1/3 that of the wild-type protein. As the
temperature is lowered to 0.0°C, some signal remains with
the wild-type sample, but there is almost no signal from
the mutant. At —5.0°C, neither protein shows any residual
signal, showing that both proteins are completely immobi-
lized once fully frozen in the ice at a temperature below the
maximal ice-inhibitor activity (the thermal hysteresis
point).
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DISCUSSION

Recent experiments have shown that the methyl groups
of the type I AFP Ala residues are more important to
the ice-binding interaction than the hydroxyl side-
chains.'®~1%21 We examined here the behavior of wild-
type protein AFP and the mutant TSST in water and ice to
see if the differences in activity could be attributed to
differences in the backbone structure or dynamics. The
relatively small changes in the chemical shifts of the
15N-HSQC and *C-HSQC spectra of wild-type and TSST
type I AFP agrees with CD and NMR results that show
that the proteins remain structured and the «-helical
content increases as the temperature of the solvent is
lowered to near freezing temperatures®® or to a super-
cooled state.** However, not all of the identifiable reso-
nances change to the same extent. The chemical shift
changes of Ala36 and the terminal residue Arg37 are in the
opposite direction to other residues, whereas Glu22 under-
goes a very small shift. For the terminal residues, the
change in direction of the chemical shift change may
reflect the involvement of these residues in the cap struc-
ture, which is thought to stabilize the single a-helix in
solution.*™*” For Glu22, the X-ray structure has shown
that this residue is involved in a salt-bridge with residue
Lys18, which may restrict the position of the residue such
that its environment does not change as the protein
becomes more a-helical.

In the "N-HSQC 2D NMR spectra of the wild-type and
mutant proteins [Fig. 2(b)], no large amide chemical shifts
were observed as the temperature was lowered. A similar
result was seen for the insect Tenebrio molitor AFP, where
the lack of change was attributed to the AFP maintaining
a rigid structure even at low temperatures.*® The largest
variation is observed between Thr13/Thr24 and Serl3/
Ser24 in the »’N-HSQC. However, the **C-HSQC spectra
show that this change is attributable to the mutation of the
residue and not a change in the backbone conformation.
Most of the differences between the wild-type and mutant
spectra can be correlated with the proximity of the residue
to the site of the mutation. Residues within one a-helical
turn of the mutation (Alall, Leul2, Alal5, and Ala26)
showed the largest changes, whereas residues further
away (Asnl16/Asn27) showed smaller changes in amide
chemical shift. Overall, these small differences suggest
that the structure of TSST is very similar to the wild-type
protein despite the loss of the two methyl groups of Thr13
and Th24. Figure 2(a) shows that the amide protons of
Thr13/Thr24 undergo a much larger shift as the tempera-
ture is lowered compared with those in Ser13/Ser24, which
show almost no change. In contrast, '*Ca chemical shift
studies have shown that the a-helicity of both wild-type
and mutant protein change to the same extent as the
solution is super-cooled.**

The natural abundance, {1H}-'3C relaxation data were
examined to see whether changes in the dynamics could
explain differences in activity between the wild-type and
TSST mutant AFPs (Fig. 3). Although Alal7 is '®*Ca
labeled in the wild-type protein and Ala21 is labeled in the
TSST mutant, the residues experience very similar changes
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Fig.4. 'C-NMR spectra of wild-type and the mutant TSST type | AFP.

a: Liquid state data were collected at 20°C using '*C-MAS direct
polarization experiment. The main peak shows the chemical shift of
3Ca-Ala17 for wild-type protein and '*Ca-Ala21 for the mutant. b:
Solid-state data collected at —5°C using the '*C-CP/MAS experiment.

in the chemical shift during cooling freezing, as was also
shown in a previous study.** The flanking sequences are
different in the two proteins (Ala Asn'?Ala Lys Ala versus
Ala Ala?'Ala Glu Leu). Both labeled Ala residues are on
the same face of the a-helix. This suggests that the local
sequence does not have a dramatic effect on the chemical
shift of the '*Ca-Ala in this or subsequent experiments.
The data showed that both proteins consist of a-helices
that are rigid over residues 2 to 29, with the proteins
becoming less rigid in the C-terminal region. Decreasing
the temperature did not appreciably alter the rigidity of
the center of the protein, despite the increase in «-helical
content.??** The T, data suggest that Thr35 and Arg37
may be more flexible. This increased flexibility may ex-
plain the smaller loss in activity when the terminal
threonines are mutated to serine. The substitution of Thr
in the first and fourth positions (STTS) resulted in a TH
activity of ~70% relative to wild-type protein,'® compared
with the 10% activity for TSST.'%'® This result is reminis-
cent of the sbwAFP zipper model,*® where the conserva-
tion of Thr residues led to the hypothesis that the con-
served Thr rank bound ice first. A similar model can be
proposed for type I AFP, where the rigid central Thr
residues (Thr13/Thr24) may bind ice first, followed by the
more flexible terminal Thr residues (Thr2/Thr35).
Whereas solution-state and X-ray studies have de-
scribed the structure of type I antifreeze protein in detail,
the crystallizations were performed in 83.3% acetone®®
while the NMR studies were performed in the absence of
ice.2%** We therefore examined the structure of type I AFP
and the TSST mutant at below freezing temperatures
using solid-state NMR by following *Ca chemical shifts.
Figure 4 shows that the freezing of the sample caused both
proteins to become even more a-helical than in the solution
state. This demonstrates that neither wild-type nor mu-
tant type I AFP loses structure in the presence of ice, and
that the backbone structure determined by crystallogra-
phy and NMR is representative of the ice-bound structure.
Examination of type I AFP in ice by scanning tunneling
microscopy agrees with this observation.?* Grooves in the
STM surface plot are consistent with one type I AFP
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molecule bound at approximately equal intervals. The
length of the groove (~60 A) is similar to the length of the
helical type I AFP (~50 A), which shows that the protein is
not bound in an extended conformation.

Because the structures become more a-helical in ice, it is
possible that type I AFP shows more bending at elevated
temperatures. In addition, the absence of two methyl
groups in the TSST protein may increase bending of the
helix relative to the wild-type protein, such that the
mutant protein is not able to make an effective match to
the ice lattice. This would manifest itself experimentally in
motions on the microsecond to millisecond timescale,
which is not directly observed in our experiments (Fig. 3).
In a previous article,** we measured the '*C-T, of wild-
type and mutant TSST at three magnetic field strengths
(300, 600, and 800 MHz), over a temperature range of 20 to
—5°C and in D,0 and H,O. The plot of 3C-T, versus
viscosity/temperature was linear for both proteins and
under all conditions. This linearity demonstrates that the
wild-type and mutant proteins did not undergo any ex-
change broadening, and that they do not show appreciable
bending of the a-helix over the temperatures examined.

Because the backbone of wild-type and TSST type I AFP
are equally structured in ice and the '®*Ca backbone
dynamics in solution are similar, we examined side-chain
protons in water and ice using '"H-MAS NMR.*¢ Figure 5
shows that the TSST sample loses signal somewhat faster
than the wild-type protein until —5.0°C is reached (i.e.,
8.8°C below the freezing point of D,0), at which point both
samples show almost no signal. A previous study demon-
strated that the wild-type and mutant AFPs partition
equally between the solution and solid phases,?? showing
that the lack of activity in TSST is not the result of a
“freeze concentration” effect. Therefore, the difference in
the 'H-MAS spectra, although small, is not caused by
reduced partitioning of TSST in ice. It is possible that this
difference may represent the optimal positioning of the
methyl groups in order to dock to ice or to ensure maxi-
mum shape complementarity, or to ensure removal of
bound water from the protein before binding to ice. How-
ever, this hypothesis requires more experimental evi-
dence.

CONCLUSION

The elucidation of AFP activity has not been straightfor-
ward, and requires that experiments that may seem to be
confirmatory to be performed. The ice-binding models
presented in previous research all assumed that the
structure of type I AFP is the same in solution as when it is
in ice. We have shown here that type I AFP does not
undergo cold-denaturation when frozen in ice. We also
demonstrated that the mutant TSST remains similarly
structured whether in solution or in ice, showing that its
activity loss is not attributable to any subtle change in the
structure or dynamics of the protein. Careful examination
of the surface properties of both AFP and ice may provide
new models of this protein’s enigmatic mechanism.
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Fig. 5. 'H-NMR spectra of wild-type and the mutant TSST type | AFP

using 'H-MAS. Samples were dissolved in 99.9% D,0. a: Spectra of the

entire sweepwidth. The HDO peak has been truncated. The vertical scale

is constant between each temperature change. b: Expansion of the region

from 0.0 to 3.0 ppm. Spectra are shown at a constant scale between each

temperature but the vertical scale is magnified 10 times compared with

(a). The asterisk marks a peak that is not seen in other TSST spectra, and
is likely an artifact.
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