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Dynamics of Antifreeze Glycoproteins in the Presence of Ice
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ABSTRACT Antifreeze glycoproteins from the Greenland cod Boreogadus saida were dimethylated at the N-terminus
(m*AFGP) and their dynamics and conformational properties were studied in the presence of ice using '"*C-NMR and FTIR
spectroscopy. '®C-NMR experiments of m*AFGP in D,,0, in H,0, and of freeze-dried m*AFGP were performed as a function
of temperature. Dynamic parameters ('H T, , and Tg,,) obtained by varying the contact time revealed notable differences in
the motional properties of AFGP between the different states. AFGP/ice dynamics was dominated by fast-scale motions
(nanosecond to picosecond time scale), suggesting that the relaxation is markedly affected by the protein hydration. The data
suggest that AFGP adopts a similar type of three-dimensional fold both in the presence of ice and in the freeze-dried state.
FTIR studies of the amide | band did not show a single prevailing secondary structure in the frozen state. The high number
of conformers suggests a high flexibility, and possibly reflects the necessity to expose more ice-binding groups. The data
suggest that the effect of hydration on the local mobility of AFGP and the lack of significant change in the backbone

conformation in the frozen state may play a role in inhibiting the ice crystal growth.

INTRODUCTION

Antifreeze glycoproteins (AFGP) were first identified in
Antarctic teleost fishes as the causative agents of freezing
point depression of blood serum. AFGP were found to lower
the freezing point by >1°C by a noncolligative mechanism,
thus matching or exceeding the freezing point of sea water
(for reviews see Feeney, 1988; Yeh and Feeney, 1996;
Ewart et al., 1999).

The eight known fractions of AFGP, which range in
molecular mass from 33.7 to 2.6 kDa (DeVries et al., 1970),
have been characterized according to their size, with
AFGP1 as the longest and AFGPS as the shortest, respec-
tively. Each fraction consists of a number of repeating units
of alanine-alanine-threonine, with minor sequence varia-
tions. The threonines are glycosylated at the CB position
with the disaccharide B-p-galactopyranosyl-(1,3)-2-acet-
amido-2-deoxy-a-D-galactopyranose. The longer glycopep-
tides, typified by AFGP2-5, are 20 times more active on a
molar basis in lowering the freezing temperature of solution
than the shorter ones, here represented as AFGPS (see
review in Feeney et al., 1986). Structurally, AFGP8 have
proline in different positions following threonine, whereas
AFGP2-5 exhibits a regular alanine-alanine-threonine se-
quence. Glycoproteins from the Greenland cod Boreogadus
saida are studied in the present work. In AFGPS, alanine at
positions 4 and 10 is substituted for proline, whereas in
AFGP2-5 there are no proline residues.
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In addition to AFGP, antifreeze proteins (AFP) are found
in fish from the polar regions (for reviews see Davies and
Hew, 1990; Sonnichsen et al., 1998; Harding et al., 1999;
Haymet et al., 1999), insects (Duman et al., 1998; Liou et
al., 2000; Graether et al., 2000), terrestrial arthropods (Du-
man, 2001), and plants (Doucet et al., 2000; Sidebottom et
al., 2000). Although the structures of these AFP vary con-
siderably, they have a common mechanism of noncolliga-
tive freezing-point depression and consequent inhibition of
ice crystal growth (Raymond and DeVries, 1977; Raymond
et al., 1989). Knight et al. (1991, 1993) showed that differ-
ent types of AFP type I and AFGP bind to distinct ice
crystal surfaces. A common feature that unites both AFGP
and AFP is the lack of appreciable binding to the basal
planes and adsorption primarily to the nonbasal planes of
ice (Wen and Laursen, 1992; Wilson et al., 1993).

Because direct determination of the conformation and
dynamics of AFGP at the ice-water interface remains a
challenging experimental problem, one approach to test the
postulated antifreeze mechanism with respect to AFGP is to
examine their motional properties and secondary structure
in the frozen state. 'H- and '>C-NMR (Bush et al., 1984;
Bush and Feeney, 1986; Homans et al., 1985; Rao and
Bush, 1987; Filira et al., 1990; Lane et al., 1998, 2000;
Berman et al.,, 1980), Raman (Tomimatsu et al., 1976;
Drewes and Rowlen, 1993), and infrared (Drewes and
Rowlen, 1993; Lane et al., 2000) spectroscopic techniques
have been applied to study the interactions of AFGP with
liquid water. However, crystal growth experiments of ice in
the presence of AFGP suggest that these proteins strongly
affect the ice crystal morphology. Thus, understanding the
interaction of AFGP with ice may provide closer insight
into the mechanism of their antifreeze activity. This work
presents a comprehensive study on the dynamics of AFGP
in the presence of ice, based on experimental data obtained
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using solid-state NMR and IR methods. To our knowledge,
this is the first study on dynamic properties of AFGP in the
presence of ice. '>C-NMR spectra of AFGP show fast
dynamics and high mobility in the frozen state. Using FTIR
spectroscopy, we examined the local backbone conforma-
tion of both AFGP8 and AFGP2-5. The amide I region of
the spectrum between 1700 and 1620 cm ™' arises from the
stretching vibrations of the carbonyl group, which is sensi-
tive to the local conformation (Byler and Susi, 1986; Dong
et al., 1990; Prestrelski et al., 1991). The results show a high
number of conformers in the presence of ice, suggesting
high flexibility of the glycoprotein molecules.

MATERIALS AND METHODS
Antifreeze glycopeptides

AFGP from the Greenland cod Boreogadus saida were prepared as previ-
ously described (Feeney and Yeh, 1978; Osuga and Feeney, 1978). Frac-
tions were assayed for antifreeze activity by measuring thermal hysteresis
using a capillary freezing-melting point technique (DeVries, 1986).

Amino-terminus dimethylation

AFGP was dimethylated at the N-terminus according the method of Means
and Feeney (1995). Briefly, AFGP in 0.2 M phosphate buffer (pH 7.5)
were methylated with 1 M '*C formaldehyde (Cambridge Isotope labora-
tories, Andover, MA) in the presence of 1 M borane dimethylamine
(Sigma, St Louis, MO) as a reducing agent at 4°C. After the methylation
the glycoproteins were dialyzed for 48 h to remove the excess of '*C
formaldehyde and borane dimethylamine, and lyophilized. The modified
proteins are referred to as m*AFGP. The efficiency of the methylation was
assessed by fluorescamine assay (Udenfriend et al., 1972). The lyophilized
m*AFGP were mixed with H,O or D,O (Aldrich Chemical Company, Inc.,
Milwaukee, WI) (120 mg/ml). Before loading into the NMR rotor, the
sample was frozen in small portions of 10 ul at relative humidity 0%.

Solid-state '*C-NMR

The '*C-NMR spectra were taken with a Chemagnetics CMX-400 spec-
trometer operating at 100.6 MHz and fitted with a standard double-
resonance MAS probe configured for 7.5-mm-diameter rotors. The sam-
ples were held in MAS-NMR rotors with double o-ring sealed macor plugs.
Single-pulse MAS and '*C{'H} CP-MAS spectra were taken at a spinning
rate of 1.6 kHz with standard pulse sequences. The RF field strength was
32 kHz for both 'H decoupling and cross-polarization. Typical acquisition
parameters include pulse widths of 6—8 us, relaxation delays of 0.5 s, and
a contact time of 1 ms (CP-MAS). Static (nonspinning) spectra were taken
with a spin echo sequence (90-7-180-7-acquire) with a 50-us interpulse
delay (7). The relaxation times for '*C{'H} cross-relaxation (7y) and 'H
spin-lattice relaxation in the rotating-frame ('H T, ») were measured from
intensity changes upon varying the CP-MAS contact time from 0.1 to 20
ms, assuming single-exponentials for both cross-polarization and relax-
ation processes. Nonlinear least-square fits to the experimental data points
by standard protocols are used to obtain 7y and T, values. High-power
proton decoupling was used only during acquisition. Temperatures were
controlled by flowing chilled, dry air or N,, heated to the desired temper-
ature, over the sample. Temperatures were calibrated against the PbONO;
chemical shift thermometer (van Gorkom et al., 1995), and the total
temperature gradient across the sample was ~3°C. Chemical shifts are
reported relative to TMS via the methyl resonance of hexamethylbenzene,
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FIGURE 1 CP-MAS (left) and spin-echo (right) '*C-NMR spectra of
13C-methylated freeze-dried AFGPS.

taken to be +17.36 ppm. NMR experiments of m*AFGP were performed
at three different sample conditions: freeze-dried, in 100% D,O, and in
100% H,O0.

FTIR spectroscopy

Infrared spectra of AFGP were recorded using a Perkin-Elmer 2000 FTIR
spectrometer (Perkin-Elmer, Norwalk, CT) equipped with a liquid nitro-
gen-cooled mercury/cadmium/telluride (MCT) detector. About 2 ul of
protein solution was loaded on CaF, windows (Wilmad Glass Co., Buena,
NJ). The temperature of the sample was controlled using a Peltier device
(Paige Instruments, Davis, CA) and monitored separately by a thermocou-
ple located on the sample windows. Spectra were recorded at temperature
increments of 1.5°C/min. The optical bench was purged with CO, free air.
For each spectrum 18 interferograms were collected at 4 cm ™! resolution
and 3600-900 cm ™' wavenumber range. For aqueous and frozen samples,
reference spectra of liquid and frozen water were recorded and subtracted
from the observed protein spectra according to Dong et al. (1990). Spectral
analysis was carried out using the analytical software Spectrum 2000
(Perkin-Elmer). Curve-fitting of the original absorbance spectra was per-
formed assuming Gaussian band shapes for the deconvolved components.

RESULTS
13C-NMR

The "*C-NMR spectra of freeze-dried m*AFGP8 under
static and magic angle spinning (MAS) conditions at +10°
and —20°C are shown in Fig. 1. Fig. 2 shows the *C-MAS-
NMR spectra (leff) and the corresponding static (nonspin-
ning) spectra (right) of m* AFGP in the presence of D,O as
a function of temperature. Spectra of the protein obtained
under the same conditions but in the presence of H,O are
shown in Fig. 3. The NMR spectrum shown in the top row
of the left panel of Fig. 2 was acquired on the same sample,
but at +20°C, and corresponds to the solution state.

Solid-state MAS-NMR spectra of freeze-dried m*AFGPS
(residual water content of 4 w. %) at +10 and —20°C are
very similar (Fig. 1). Further lowering of temperature to
—80°C does not produce any significant difference in their
overall appearance (data not shown).
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FIGURE 2 CP-MAS (left) and spin-echo '*C-NMR (right) spectra of
13C-methylated AFGP8 in D,O as a function of temperature.

The *C-MAS-NMR spectrum of m*AFGPS at +20°C in
D,O (Fig. 2, left), exhibits two principal resonances, at 45.5
and 42.1 ppm in an approximate intensity ratio of 1:4. Upon
lowering the sample temperatures to freezing conditions,
additional splitting of peak at 42 ppm is observed, suggest-
ing that conformational states of these sites are freezing out.
This splitting corresponds to distinct chemical environments
seen by the two C-terminal methyl groups of m*AFGPS,
with one methyl carbon shielded more by the carbonyl
carbon. The hindered rotation about the N—C bond in the
C-terminal seems to introduce this unexpected feature in the
NMR spectrum. Further decreasing of the temperature leads
to considerable broadening of these peaks (broad peak)
predominantly due to freezing of additional conformational
states below —30°C. Hence, these two peaks are referred to
hereafter as sharp (downfield, at 45.5 ppm) and broad
(upfield, at 42 ppm), respectively. In contrast, the sharp
peak (45.5 ppm) does not show any additional splitting
upon lowering temperatures, except for normally expected
characteristic broadening of the resonance. These results
suggest that the 'C-labeled dimethyl groups at the N-
terminal of AFGP undergo significant chemical exchange
between various equivalent conformations and that some of
these conformations freeze out at lower temperatures. In the
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FIGURE 3 CP-MAS (leff) and spin-echo '*C-NMR spectra (right) of
3C-methylated AFGPS in H,O as a function of temperature.

present study we are using these two features as indicative
of a temperature-sensitive environment of the methylated
N-terminus without undertaking a detailed treatment of the
exchange kinetics. A more complete analysis of this kinetics
will be presented elsewhere. The exchange dynamics of the
broad peak is more influenced by the freezing than that of
the sharp peak.

Table 1 summarizes the 'H T, p and Ty values estimated
using contact time-dependent CP-MAS experiments on the
freeze-dried, D,0-, and H,O-saturated m*AFGPS. The
chemical shifts of the sharp peaks are at ~45 ppm, while
those of the broad peak and its additional components that
appear upon freezing are at ~41.5 ppm. Within the exper-
imental error, the chemical shifts of the peaks in all three
different samples are close to each other. The samples were
cooled slowly with sufficient delay for temperature stability
to minimize any systematic errors due to temperature gra-
dients. 'H T, p and Ty for the broad peak are estimated in
all the samples and at all temperatures (Table 1), whereas
these parameters could not be estimated for the sharp peak

TABLE 1 Relaxation times for 3C{'H}
cross-polarization dynamics
Temperature 4 (ppm) Ty, (ms) Ty (ms)
m*AFGP8/D,0 —20°C 41.1,42.9 2.6 0.27
45 >20 >20
—80°C 42.0 13.5 0.15
45 14.5 0.20
m*AFGP8/dried —20°C 42 3.7 0.11
45 3.7 0.12
m*AFGP8/H,0 —20°C 41.2, 433 3.8 0.33
45 >20 >20
—80°C 42 1.4 0.10
45 1.6 0.14
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FIGURE 4 IR spectra of AFGPS in D,O (56 mg/ml) at 3°C and —14°C.

at —20°C for m*AFGP in H,O or D,0. Significant differ-
ences in both 7', and Ty values are observed between the
different samples, suggesting a dominant influence of pro-
tein hydration and interaction between ice and m*AFGP
molecules.

Traces of the natural abundance backbone carbon reso-
nances, most likely from the methyl groups of alanine in
AFGPS, are observed at the '>C-NMR spectrum at —20°C
(27 ppm, Fig. 2, right). These resonances are not detected in
the '>C-CP-MAS spectra, suggesting an efficient self-de-
coupling between 'H and '*C spins at this temperature.

In the frozen state, the sharp peak broadens gradually in
the MAS-NMR spectra with decreasing temperature, from
0.4 ppm (full-width at half-maximum, FWHM) at —20°C to
~2 ppm at —80°C, and remains distinctly narrow to below
—50°C in the spin-echo spectra (Fig. 2, left). This result
suggests considerable mobility for this conformer, even at
temperatures where the fluid boundary layer is probably
frozen. The relaxation times determined from the *C{'H}
cross-polarization dynamics (Table 1) also suggest consid-
erable mobility for the methyl groups. At —20°C, the
3C-"H cross-relaxation time (7;;) and 'H T, p are very long
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(>20 ms) in both H,O and D,0, indicating self-decoupling
of both the labeled methyl carbons from the protons and the
methyl protons from other hydrogens on the protein and in
the ice. At —80°C the 7y values are much shorter, 0.15 ms,
and similar to that obtained for the freeze-dried sample at
—20°C. The principal effect of the presence of protons of
water is a decrease of the 'H T, , from ~14 ms in D,0 ice
to 1.6 ms in the presence of H,O ice, indicating possible
spin exchange between the protons of the protein and the
water.

The broad peak (near +42 ppm) displays a markedly
different behavior as a function of temperature. The width
of the >*C MAS-NMR peaks increases significantly with
decreasing temperature, from ~2.5 ppm (FWHM) near
—20°C to ~9 ppm at —50°C (Fig. 2, left). The two distinct
resonances cannot be resolved below ~—25°C. From
—50°C to —80°C the peak width remains approximately
constant, but the spinning sideband intensity increases sig-
nificantly, suggesting onset of strong dipolar coupling to
protons, probably owing to recoupling to the methyl protons
resulting from reduced flexibility. Spectra taken under non-
spinning conditions (Figs. 2 and 3 right) show a nearly
uniaxial chemical-shift-anisotropy (CSA) powder pattern at
temperatures below —40°C, suggesting a significantly re-
duced motion of the methyl groups. The 7y and 7', values
of AFGP8 measured at —20°C in the presence of D,O for
this downfield resonance exhibit shorter values (7 = 0.27
ms and 'H Ty, = 2.6 ms) than for the peak at +45 ppm,
owing to more restricted motions.

These relaxation times are somewhat longer in H,O (7
= 0.33 ms; 'H T,, = 3.8 ms), indicating that the principal
difference between the presence of D,O or H,O is slightly
more mobility in H,O; the spins on the methyl groups
appear to be decoupled from those in the solvent at this
temperature. At —80°C, however, the relaxation times for
the broad peak are the same as those for the sharp peak,
within experimental uncertainty. That the T values are
similar in H,O, D,0, and in the freeze-dried state indicates
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FIGURE 5 Freezing and melting profiles of AFGP8 in D,O (56 mg/ml), and of AFGP2-5 in D,O (56 mg/ml) monitored by changes in the wavenumber

of the OD bending band at ~1200 cm ™"
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FIGURE 6 Deconvolved amide I bands of AFGPS (leff) and AFGP2-5 (right) in D,O with fitted component bands. Spectra were recorded as described

in Materials and Methods.

polarization transfer primarily from the methyl protons to
the labeled carbons in the rigid limit at this temperature,
corresponding to freezing-in of most large-scale molecular
motions. The differences in 'H T, , among these samples at
—80°C can be related to spin-exchange between the methyl
protons and H,O solvent, and among the proteins in the
freeze-dried sample. The temperature dependence of the
NMR spectra of m*AFGP2-5 is very similar to that of
m*AFGPS8 (data not shown).

FTIR

FTIR provides information about conformation of the pro-
tein backbone via the frequency of the amide I band be-
tween 1700 and 1620 cm™' that arises primarily from
stretching vibrations of the backbone C=O groups. The
frequency of these vibrations has been shown to be sensitive
to the molecular geometry and hydrogen-bonding charac-
teristics of the peptide backbone, and specific conforma-
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tional types give rise to discrete bands in the amide region
(Bandekar, 1992; Byler and Susi, 1986). Fig. 4 shows
typical spectra of AFGPS in D,0 at 3°C (in the liquid state)
and at —14°C (in the frozen state). Since the amide I band
appears featureless, deconvolution and curve-fitting were
applied to resolve the individual amide I components (Byler
and Susi, 1986; Surewicz and Mantsch, 1988). However,
the precise assignment of bands to secondary structure type
remains controversial (Surewicz et al., 1993).

Freezing and melting of AFGP8 and AFGP2-5 in D,O
are monitored by the spectral changes of the OD bending
band of D,O at 1200 cm ™' (see Fig. 4), and the results are
displayed in Fig. 5. During freezing, the intensity of this
band decreases and the peak position shifts to lower fre-
quency. Spectra in the amide I band of AFGP8 and
AFGP2-5 in solution, at supercooled temperature (super-
cooling refers to a liquid below the freezing point and is
observed between 4 and —10°C in this system) and in the
frozen state are shown in Fig. 6. Tables 2 and 3 list the peak
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TABLE 2 Peak positions (cm™), relative areas (%), and
apparent secondary structures of AFGP8 in D,0O, in a
supercooled state, and in the presence of ice
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TABLE 3 Peak positions (cm™), relative areas (%), and
apparent secondary structures of AFGP2-5 in D,0, in a
supercooled state, and in the presence of ice

Wavenumber Relative Secondary Wavenumber Peak Secondary
(ecm™h) Area (%) Structure type (ecm™h) Area (%) Structure Type

Liquid 1618 = 1 5+2 Polyproline* Liquid 1619 = 2 152 Polyproline*
Supercooled — — Supercooled 1620 = 2 357 Polyproline*
Solid — — Solid — —
Liquid — Liquid — —
Supercooled 1629 = 1 24+ 8 Extended ™ Supercooled — —
Solid 1627 = 2 27+3 Extended** Solid 1625 = 2 50 = 4 Extended"
Liquid 1642 68+ 6 Unordered* "l Liquid 1644 + 1 37+ 4 Unordered ™1
Supercooled 1642 =2 36 8 Unordered* 1l Supercooled 1644 = 1 345 Unordered !
Solid 1642 + 1 13+4 Unordered* 7 Solid 1643 = 1 16 = 4 Unordered* "+l
Liquid — — Liquid 1661 = 2 29+ 3 3,0 Helix*!
Supercooled 1663 + 2 14+5 Turns ™l Supercooled 1661 + 2 20 + 4 3, Helix*
Solid 1660 + 1 24+ 1 Turns® Solid 1661 * 1 17+3 3,0 Helix*Tl
Liquid 1672 =2 7+2 Extended " Liquid 1674 =2 10 + 1 Extended*"
Supercooled 1674 + 1 12+3 Extended "+l Supercooled 1675 + 2 8+ 4 Extended*$'
Solid 1674 18 =4 Extended Solid — —
Liquid 1698 + 2 20+ 5 Turns I Liquid 1693 + 2 3+1 Turns**1
Supercooled 1695 =2 14+6 Turns ™l Supercooled 1695 = 1 7+4 Turns#1
Solid 1694 + 2 18+2 Turns #81 Solid 1694 + 2 17*4 Turns™#87

*Assigned in Lane et al. (2000).

fAssigned in Surewicz and Mantsch (1988).

Assigned in Byler and Susi (1986).

SAssignments proposed or corroborated from this study.
TAssigned in Prestrelski et al. (1991).

IAssigned in Dong et al. (1990).

positions and areas relative to the total area of the amide I
region calculated by curve-fitting the deconvoluted spectra.
For both types of glycoproteins, the spectra in liquid and
frozen state are quite different. In solution, the predominant
feature of the deconvolved amide I band of AFGPS is the
intense peak at 1642 cm ™' assigned to unordered confor-
mation (Fig. 6 a, Table 2) (Byler and Susi, 1986; Surewicz
and Mantsch, 1988; Prestrelski et al., 1991). Two additional
bands at 1618 and 1672 cm ™! are assigned to polyproline II
(Lane et al., 2000) and extended @ structures (Byler and
Susi, 1986; Surewicz and Mantsch, 1988), respectively. Fig.
6 a also shows peaks arising from the side chain vibrations
(Chirgadze et al., 1975) fitted at 1590 cm ™~ '. We are includ-
ing these peaks in the curve-fitting analysis to avoid the
approximation otherwise incurred with the addition of a
sloping baseline parameter. These peaks are not part of the
amide I region and therefore are not used in calculating the
relative intensities of its components.

Examination of the amide I band of AFGPS in the super-
cooled and frozen state (Fig. 6, b and c) shows numerous
bands corresponding to extended conformation and turns
(Table 2). In addition, the band at 1642 cm™ ' assigned to
unordered structure decreases in intensity in the frozen state.

The amide I region of the spectrum of AFGP2-5 in
solution is dominated by a band at 1644 cm™ ' correspond-

*Assigned in Lane et al. (2000).

fAssignments proposed or corroborated from this study.
Assigned in Surewicz and Mantsch (1988).

SAssigned in Byler and Susi (1986).

TAssigned in Prestrelski et al. (1991).

IAssigned in Dong et al. (1990).

ing to unordered conformation (Byler and Susi, 1986;
Surewicz and Mantsch, 1988; Prestrelski et al., 1991),
which decreases in intensity in supercooled and frozen
AFGP2-5 (Fig. 6, d—f; Table 3). In addition, the band at
1661 cm™ ' assigned to 3,, helix in solution (Dong et al.,
1990; Lane et al., 2000) increases in intensity upon freezing.
Along with 3, helical structure, extended 3 conformation
and turns appear to dominate the secondary structure of
AFGP2-5 similarly to AFGPS, suggesting that the two
types of antifreeze glycoproteins differ mainly in the distri-
bution of possible conformers. This may be associated with
the influence of the proline residues on the AFGP8 confor-
mation, producing a local order in the polypeptide backbone
(Lane et al., 1998).

In conclusion, the FTIR data of AFGP8 and the higher-
molecular weight homologs lacking proline provide no
evidence for a single dominant secondary structure. Dur-
ing freezing, the structural order reflected in the higher
percentage of turns and extended B conformation in-
creases. The range of possible conformers of these mol-
ecules in the presence of ice suggests a very high flexi-
bility. One possible role of the high flexibility could be to
circumvent the necessity for binding to a flat surface.
Another possibility could be to expose more ice-binding
groups.
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DISCUSSION

The discovery of antifreeze glycoproteins 30 years ago has
opened up an exciting field of research into the role of these
proteins in inhibiting the growth of ice at subzero temper-
atures. Despite the significant amount of work and extensive
reviews from many disciplines from ice physics to molec-
ular biology and physiology, little is known about the struc-
ture and dynamics of these proteins in the presence of ice.
The lack of information is mainly due to difficulties of the
existing experimental methods in obtaining details at the
molecular level. Furthermore, there are few methods that
are sensitive enough to measure consistent and reliable
parameters at low temperatures. An additional difficulty in
determining the three-dimensional structures of AFGP is
inherent to the presence of glycosylated sugar residues.
Glycoproteins are generally not amenable for crystallization
and are difficult to overexpress in cell lines, and conven-
tional tools for structure determination by x-ray diffraction
have thus far failed. The combination of FTIR and solid-
state NMR provides a powerful tool for studying the overall
secondary structure and local dynamics of AFGP molecules
in the presence of ice.

Chemical modification and antifreeze activity

The N-terminal alanine of AFGP is modified to '*C-labeled
N,N-dimethylalanine (see Materials and Methods). This ap-
proach greatly increases the sensitivity of the '*C signals
and allows us to obtain specific motional information. The
site-directed methylation of the AFGP N-terminus is very
important for this investigation because any other method
for chemical modification, for example altering the hy-
droxyl groups of the side chain sugar residues, may interfere
with the antifreeze activity of the protein (Komatsu et al.,
1970). Modification of the N-terminal of the protein by
methylation has been shown to have no effect on the anti-
freeze activity (Geoghegan et al., 1980). In addition, this
modification does not affect either the backbone or side
chain conformation of the protein, thus allowing us to
attribute the observed change in the dynamics of the methyl
groups to that of AFGP and its interaction with ice.

Protein conformation in the solid state

Lane et al. (1998, 2000) have recently investigated the
structure and dynamics of AFGP in the solution state. Their
results suggest a structural model of a protein that corre-
sponds to an extended backbone undergoing significant
segmental motion. However, smaller segments of the pro-
tein containing the repeats Ala-Thr-Pro-Ala adopt a well-
defined conformation with no long-range order. In these
experiments, the lack of long-range order is determined on
the basis of the absence of nuclear Overhauser effects
(NOE), which are normally expected for peptides of this
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size at room temperature. In addition, the authors observed
an extensive hydration of the protein.

The solid-state NMR results presented here are domi-
nated by the local differences in the conformation of
m*AFGP at the N-terminus. However, complementary
FTIR experiments (Fig. 6) are used to address changes in
the secondary structure. Although the FTIR data (Tables 2
and 3) do not provide evidence for marked conformational
changes of the protein backbone upon freezing, there is a
preference for certain conformations. The high number of
structures observed for the two types of glycoproteins (Ta-
bles 2 and 3) in the liquid state is in general agreement with
those reported earlier using FTIR (Lane et al., 2000). Ran-
dom, unordered conformation appears to dominate the sec-
ondary structure in AFGP8, whereas both random and 3,
helix are the main conformations in AFGP2-5 in the liquid
state. In the supercooled state, in AFGPS, the percentage of
unordered structure markedly decreases, while that of the
extended structure and turns increases. In AFGP2-5, how-
ever, in the supercooled state, the unordered conformation is
still dominating the secondary structure, although the per-
centage of 3, helix is reduced. In the presence of ice, a high
percentage of turns and extended structure in both types of
glycoproteins is observed, possibly reflecting a higher ex-
tent of molecular order. Thus, although a proline residue
may affect the local conformational flexibility (Lane et al.,
1998), it does not appear to be essential for the formation of
different conformers in the presence of ice.

Dehydrated AFGP

The way a protein molecule adopts a specific three-dimen-
sional structure may not be solely determined by its amino
acid sequence, but also by the environment in which it
resides. It is not known whether AFGP adopts a particular
structure in the dehydrated state and whether it corresponds
to its native structure (native structure is defined as the
conformational state where it is functional). One way to
address this issue is to follow changes in the spectrum of the
dehydrated protein as a function of temperature. If a change
in the spectrum occurs upon varying temperature, this sug-
gests that the solvent may not be the primary factor in
determining the structure and dynamics of the proteins.
With m*AFGPS, a clear difference in the '>C-NMR spectra
(MAS and spin-echo) upon freezing is observed. This
strongly indicates that the presence of water molecules is
critical for this process which, however, is not a surprise,
considering their function. At the same time, because there
are no chemical shift changes in the freeze-dried m*AFGP
in comparison to the hydrated ones (both in D,O and in
H,O, Table 1), it is unlikely that the conformation of AFGP
changes significantly upon hydration. Yet, one cannot rule
out any possible changes in the dynamic behavior. The 7,
and Ty values of both the broad and sharp peaks of
freeze-dried m*AFGPS are the same (3.7 ms and 0.11 ms,
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respectively, Table 1), and are distinctly different from
those of the hydrated m*AFGP8. At —20°C both the broad
and sharp peaks of the dried m*AFGP are the same, while
in the hydrated state the dynamics of the two methyl groups
are significantly different (Table 1). This suggests that the
interactions between AFGP and ice (hydrated state) intro-
duce a differential dynamics associated with the methyl
groups. It can be concluded that the local conformational
differences of the N-terminal methyl groups are also an
outcome of protein-water (ice) interaction. The similarity of
the N-methyl chemical shifts in both the freeze-dried and
hydrated states permits the conclusion that intermolecular
interactions either do not alter the conformation of AFGP or
are similar in both samples. The AFGP are dehydrated using
conventional lyophilization procedures. This, however,
does not remove all the water molecules from the protein,
and the “dry” protein contains ~4 wt % water, which may
be sufficient for adopting a native conformation.

Dynamics of AFGP in the presence of ice

Protein dynamics can vary over more than several orders of
magnitude at room temperature, ranging from below pico-
seconds to well above seconds. It is reasonably well-ac-
cepted that these motions occur in a concerted manner such
that, for example, fast motions (picosecond time scale) may
act as precursors to other large-amplitude motions (Ansari
et al., 1985). The origin of these motions can be broad,
especially at low temperatures, such as in this study. Solid-
state NMR is especially appropriate for investigating site-
specific dynamics of proteins. MAS-NMR experiments av-
erage out second rank chemical shift tensors, thus allowing
the resonances to be narrow so that different local environ-
ments can be easily distinguished. Line shape analysis and
measurement of relaxation times in the rotating frame (7, )
directly correlate with the local dynamics, since an overall
rotational diffusion of the proteins in the solid state is not
present.

The CP-MAS experiment with varying contact times is a
powerful tool to investigate the coherent interaction that is
responsible for cross-polarization, as well as the incoherent
interaction that allows the spins to relax back to equilibrium.
The parameters Tcy and Ty, are representative of the co-
herent and incoherent processes, respectively, and are based
on approximating the cross-polarization dynamics to that of
a dipolar coupled heteronuclear spin pair. 'H Ty, of the
broad resonance show notable differences in all three sam-
ples and at all temperatures, while the measurements for the
sharp peak at —20°C are estimated to be >20 ms. This is an
indication that faster time scale motions probably in the
microsecond or faster time scale dominate the dynamics of
the sharp peak. Lowering the temperature to —80°C results
in an increase in the 'H T, , of the m*AFGP/D,0 sample
(from 2.6 ms to 13.5 ms), with a sharp decrease in the 7
values (from 0.27 ms to 0.15 ms, Table 1). An increase in
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the 7, values suggests a relative increase in the effective
size of the AFGP-D,0O system involved in the relaxation
process, and the relaxation of the methyl protons will be
further aided by the rest of the protons of the protein.
Reduction in the 7 could occur for several reasons, in-
cluding a strengthening of the dipolar coupling due to
reduction in the large-scale motions or arising from the
presence of multiple conformations (Figs. 2 and 3).

The dynamic parameters of m*AFGP/H,O appear to be
dominated by these of the ice protons when compared with
those of m*AFGP/D,O (Table 1). At —20°C a slight in-
crease in both T, and Ty values of the m*AFGP/H,0
sample is observed. At —80°C, the relaxation of the protons
reflects a significant contribution from the H,O, while the
coherent interaction that allows the cross-polarization plays
a role similar to that of the m*AFGP/D,0 system. The Ty
values show that the rate of transfer of magnetization during
the cross-polarization between the 'H and '*C spins in the
hydrated states are close to each other. In comparison to
freeze-dried m*AFGP at —20°C, the hydrated protein (both
in D,O or H,0) shows weaker dipolar interaction (larger
Ty values) and similar values of 7' ,. These results strongly
suggest that the interaction between AFGP and ice is not
involved in the cross-polarization, but only in the subse-
quent relaxation process. This further indicates that the
AFGP-ice interaction is highly dynamic in nature and oc-
curs in the vicinity of nanoseconds to picosecond time scale,
as determined by the spectral density functions of the re-
lated 7, values. If there are slower time scale motions
present (in the picosecond to millisecond time scale), they
are not occurring in the N-terminal of AFGP. It is important
to note that the dynamic equilibrium between the various
conformational states does not interfere with these conclu-
sions as in a spin-locked state, and the system is always in
the fast exchange regime (k,, << Aw,, k., and Aw, of the
exchange rate and chemical shift difference) (Krishnan and
Rance, 1995).

CONCLUSIONS

Although this work does not exactly answer what the mech-
anism of antifreeze action of these glycoproteins is, it pro-
vides valuable information on their dynamics and confor-
mation in the presence of ice. The results are summarized
below and are also presented schematically in Fig. 7. 1) The
conformation of AFGP in the solution state does not change
drastically upon freezing; 2) although the secondary struc-
ture in the frozen state is not unique, extended B-conforma-
tion and turns appear dominating; 3) the local structure of
the freeze-dried protein is similar to that of the fully hy-
drated protein; 4) the interaction between the AFGP and ice
significantly modulates the dynamics of the protein at the
chemically modified N-terminus, producing differential ef-
fects. Similar kinds of dynamics or additional modulation in
the rest of the protein, especially in the side chains, may also
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FIGURE 7 Schematic representation of the structure and dynamics of AFGP in the presence of ice as observed by solid-state NMR and FTIR. Chemical
modification of the N-terminus by the methyl groups is shown as filled spheres. The size of the envelope covering the AFGP molecule correlates to the
relaxation parameters. At room temperature, m*AFGP both in D,O and H,O are in the fluid state and the dried protein is in the solid state, whereas all
are in the solid state when frozen. The relative orientation of the AFGP molecule on the ice surface is random.

be expected; 5) the time scale of these motions are in the
nanosecond to picosecond range; 6) there is a clear distinc-
tion between the intramolecular (protein) and intermolecu-
lar (protein-water) interaction. Water/ice plays a major role
in modulating the motions, and thus in forming a dynami-
cally constrained system; 7) within the resolution of these
methods, both AFGP8 and AFGP2-5 are dominated by the
same kinds of interactions with ice.
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