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Diffusion NMR studies on fish antifreeze proteins and synthetic analogues

Steven R. Inglis®, Matthew J. McGann®, William S. Price®*, Margaret M. Harding™*

& School of Chemistry, The University of New South Wales, Sydney, NSW 2052, Australia
5 School of Chemistry, The University of Sydney, NSW 2006, Australia
¢ College of Science Technology and Environment, The University of Western Sydney, Campbelltown Campus, Locked bag 1797, Penrith South,
NSW 1797, Australia

Received 21 May 2006; revised 1 June 2006; accepted 7 June 2006

Available online 19 June 2006

Edited by Christian Griesinger

Abstract Pulsed field gradient spin echo NMR spectroscopy
was used to measure diffusion coefficients of the a-helical type
I antifreeze protein from the winter flounder, two synthetic
derivatives in which the four Thr residues were replaced with
Val and Ala, respectively, and the low molecular weight frac-
tion antifreeze glycoprotein. Under the conditions studied, the
natural type I antifreeze protein and low molecular weight gly-
coprotein gave diffusion values that were consistent with the
presence of monomeric protein in solution. While significant
aggregation of the Ala analogue was observed (2-10 mM),
there was no evidence for aggregation in the Val analogue
(1-3mM). These results are compared with previously re-
ported solubility and thermal hysteresis data and the implica-
tions for the design of synthetic antifreeze proteins are
discussed.

© 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Four classes of fish antifreeze proteins (type I-IV AFPs)
and a single class of glycoproteins (AFGPs) have been iden-
tified and characterised from fish species in the Polar oceans.
Despite their diverse structures (for reviews see Refs. [1-3]),
these biological antifreezes all exhibit thermal hysteresis,
thus allowing the fish to survive in sub-zero temperatures
below the equilibrium freezing point of their body fluids.
Understanding the mechanism of ice growth inhibition of
these remarkable molecules has attracted enormous interest,
given the potential applications that synthetic antifreezes of-
fer in areas such as cryosurgery, biotechnology, and industry
[41.

The most widely studied AFP is the 37 residue type I a-
helical peptide TTTT from the winter flounder Pseudopleuro-
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nectes americanus [5] (Fig. 1A). Structure—activity studies [6—
10], including a series of synthetic derivatives (XXXX2KE)
[6], in which the four Thr residues that are equally spaced
on one face of the helix were mutated to hydrophobic resi-
dues (Fig. 1B), identified the requirement for a hydrophobic
face on the peptide to maintain thermal hysteresis. While
molecular simulations of the interaction of TTTT with the
fluid ice-water interface has assisted in understanding the bal-
ance between hydrophobic and hydrophilic residues in ice
growth inhibition [11], the subtle role(s) of the helix-dipole
and positioning of individual residues within the chain re-
main poorly understood [12]. Thus, attempts to design syn-
thetic AFPs related to TTTT have been of limited success
to date [13,14].

Critical to the design of synthetic AFPs, and in developing
models that explain the mechanism of ice growth inhibition
and recognition of specific ice interfaces [17], is an understand-
ing of the structure of the active species under physiological
conditions. All studies have assumed a monomeric helix, based
on ultracentrifugation experiments with dilute (0.5 mg/mL)
samples of TTTT [18,19].

Several recent studies have reported detection of higher aggre-
gates of antifreeze (glyco)proteins (AF(G)Ps). TTTT was re-
ported to form amyloid fibrils in concentrated solution
(23 mM) at pH 4 and 7 upon freeze-thaw cycles [20]. A ‘hyper-
active’ AFP with 10 to 100-fold higher activity than TTTT was
recently isolated from the plasma of the winter flounder [21].
This AFP has significantly higher mass than TTTT and was pro-
posed to exist as a very long rod-like dimer of a-helices. Our own
studies with the highly hydrophobic mutants VVVV2KE and
AAAA2KE showed gelling behaviour consistent with aggrega-
tion under certain conditions [6,7,22]. A recent study of AFGPs
also showed that at extreme concentrations (60 mM), increased
thermal hysteresis resulted which was attributed to aggregated
AFGPS8 [23].

In this paper we report the results of pulsed field gradient
spin echo (PGSE) NMR spectroscopic studies [24-26] on
AF(G)Ps in order to provide insight into aggregation processes
that occur in solution. PGSE NMR spectroscopy was used to
determine diffusion coefficients of type I antifreeze proteins
TTTT and XXXX2KE (X =A, V) in addition to the low
molecular weight fraction glycoprotein AFGPS8 (Fig. 1). While
the self-diffusion of AFGPS8 has been reported [27] there are no
reports of diffusion studies with AFPs. The results are consis-
tent with independent studies [18,19] and also highlight the
need for aggregation to be considered in the design of synthetic
AFPs.
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Fig. 1. Primary sequences of (A) TTTT* with ribbon schematic from
X-ray crystal structure [15]. (B) synthetic derivatives VVVV2KE
(X =V)and AAAA2KE (X = A) and (C) the predominant component

(n = 4) in the low molecular weight component AFPGS; *also referred
to as HPLCG6 [16].

2. Materials and methods

2.1. Samples

TTTT and AFGPS8 were obtained from A/F Protein Inc. Pty. Ltd.
(Waltham, MA, USA) and were used without additional purification.
AAAA2KE and VVVV2KE were obtained as described previously [8].
Stock solutions of each protein were prepared in D,O (pH ~ 6.5-7.0,
total volume 0.2 mL). A saturated sample of each protein was pre-
pared for the initial measurement, and this sample was successively
diluted to give at least four concentrations. The lowest concentration
(~<0.5mM) was taken as being at or near ‘infinite’ dilution. AFP
sample concentrations were determined by amino-acid analysis (per-
formed at Auspep, Melbourne Australia). All measurements were per-
formed in susceptibility-matched (D,0O) Shigemi microtubes (BMS-005,
Shigemi, Tokyo).

2.2. PGSE NMR self diffusion measurements

"H NMR experiments were performed using a Bruker DRX 400
NMR spectrometer equipped with an inverse BB probe with a z-axis
gradient. The gradient strength was calibrated from measuring the dif-
fusion of HOD in D,O which has a known diffusion coefficient [28]
leading to a maximum possible gradient of 0.532 Tm ™. The spectrom-
eter offset was set at the residual HOD signal referenced to 4.70 ppm,
and the temperature of the spectrometer was calibrated with methanol
[29]. Self-diffusion measurements were obtained using a stimulated
echo sequence [30] with 3-9-19 Watergate water suppression [31,32],
and half-sine shaped bipolar gradient pulses, in a similar fashion to
the method reported by Price et al. [33] (and see Supplementary infor-
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mation). Chemical shift regions for measurement of integrals for the
diffusion coefficient calculations were AAAA2KE: 1.2-1.8 ppm;
VVVV2KE: 1.4 ppm; TTTT (25°C): 1.1-1.5 ppm; TTTT (4 °C): 0.9—
1.5 ppm; AFGP (25°C): 1.1-1.5 ppm; AFGP (4 °C): 0.9-1.3 ppm.
Infinite ‘dilution’ diffusion coefficients, D,, were obtained by back
extrapolation of the measured diffusion versus concentration data,
using non-linear regression with a second-order polynomial model.
To estimate the expected reduction from Dy due to obstruction (crowd-
ing) of the antifreeze proteins with increasing concentration, the model
of Tokuyama and Oppenheim [34] was employed as outlined in Sup-
plementary Material, and similar to the method described by Price
et al. [33].

3. Results

3.1. Experimental conditions

Diffusion experiments were performed with TTTT,
AAAA2KE, VVVV2KE and AFGP8. Measurements were
made over a range of concentrations and the results are sum-
marised in Table 1. The highest concentrations for each sample
varied from 2.68 mM (VVVV2KE) to 9.64 mM (AAAA2KE).
In the case of the AFPs, these concentrations are close to sat-
uration, whilst the AFGP8 concentration was ca. 20 mg/mL.
The concentration of TTTT was 4.8 mM, significantly lower
than samples from a recent report [20] in which a 23 mM
sample of TTTT was studied.

3.2. PGSE NMR diffusion measurements

In the first instance, all diffusion measurements were ob-
tained at 25 °C. In order to study the AF(G)Ps at a more func-
tionally relevant temperature, TTTT and AFGP8 were also
examined at 4 °C. The effects of convection on the diffusion
coefficients measured at 4 °C, resulting from possible tempera-
ture gradients along the sample, have been ignored because
these effects, if present, would largely be offset due to the in-
creased viscosity of the solvent at the reduced temperature
[25]. In addition, an increased gas flow into the NMR probe
was used in order to reach 4 °C, which assists in maintenance
of uniform heat distribution.

The infinite dilution diffusion coefficients for all the
AF(G)Ps are summarised in Table 1. Fig. 2 shows the data
for AAAA2KE. Given the similar structure and size of the
type I AFPs, the values obtained for the different AFPs are
similar. In the case of the diffusion coefficients obtained for
AFGP8, the values at both 25 and 4 °C at the concentration
of ~3.7mM, are in reasonable agreement with the PGSE
NMR derived values reported by Krishnan et al. [27]

Table 1

Infinite dilution diffusion coefficients, (Dy) for AFPs

Protein MW Highest conc. Temperature (°C) Dy (><10’10 m? s’l)al Hydrodynamic radius, g

measured (mM) (><10’9 m)
Calculated® Apparent®

AAAA2KE 3352 9.64 25 1.409 = 0.011 0.998 1.403
VVVV2KE 3464 2.68 25 1.318 £ 0.004 1.010 1.500
TTTT 3242 4.80 25 1.321 + 0.008 0.988 1.497
AFGP8 2645 7.56¢ 25 1.414 + 0.000 0.929 1.398
TTTT 3242 4.54 4 0.670 £ 0.028 0.988 1.462
AFGP8 2645 7.56¢ 4 0.731 = 0.000 0.929 1.339

#Quoted error values obtained from fit in Origin 7.5.

®Calculated based on molecular weight (see Supplementary Material).
“Back calculated from Dy (see Supplementary Material).

dAssumes the major component is MW 2645.
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Fig. 2. The relationship between AAAA2KE concentration and
measured diffusion coefficient and comparison with the expected
relationship according to the crowding correction model of Tokuyama
and Oppenheim showing the ‘calculated’ and ‘apparent’ radius, r
fitted curves.

(1.70 x 107'%and 1.00 x 107" m? s~ !, respectively in H,O), on
consideration of isotope effects. Based on the observed differ-
ences between the diffusion coefficients of normal and heavy
water (2.30x107° and 1.87x10°m?s™! for 'H,O and
2H,0, respectively [28]) an approximately 20% reduction in
diffusion coefficient is expected for a species in heavy water.

3.3. Crowding correction studies

The relationship between the diffusion coefficient and con-
centration for AAAA2KE is shown in Fig. 2. The experimen-
tal data set was fitted to a second-order polynomial
extrapolated to give estimates of the infinite dilution diffusion
coefficients as shown in Table 1. The predicted diffusion coef-
ficients, obtained by correcting the infinite dilution diffusion
coefficient using the crowding correction model of Tokuyama
and Oppenheim [34] for different estimates of the hydrody-
namic radius (r) are also presented in Fig. 2. The predicted
curve labelled ‘calculated’ radius was obtained by calculating
rs based on molecular weight in which a spherical molecular
shape has been assumed, while the curve labelled ‘apparent’ ra-
dius was obtained by calculating r; from the experimentally
determined infinite dilution coefficient Dy. The hydrodynamic
radii obtained by each method are markedly different (Table
1), which is reflected in the two predicted curves in Fig. 2.
Crowding correction models generally do not take into ac-
count the aggregation state of the molecule, and hence over-
estimate the D/D, values in cases where aggregation occurs.
Based on this, it can be concluded that AAAA2KE undergoes
aggregation at room temperature. The signals in the 'H NMR
spectra of AAAA2KE, especially at high concentrations were
all significantly broadened and featureless (data not shown),
consistent with this conclusion.

The relationship between the experimental diffusion coeffi-
cient and concentration for TTTT, at both 25 and 4 °C are
shown in Fig. 3A. To facilitate comparison between the two
temperatures, the diffusion coefficients have been normalised
(i.e., DIDy where Dy is the diffusion coefficient at infinite dilu-
tion at the appropriate temperature). As for AAAA2KE
(Fig. 2) the predicted D/Dg curves for TTTT are also illustrated.
Substantial differences between the ‘apparent’ radius curves
and the ‘calculated’ radius curve were again observed, reflective
of the differences in the calculated hydrodynamic radii in Table
1. However, in contrast to AAAA2KE (Fig. 2), the experimen-
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Fig. 3. The relationship between AFP concentration and measured
diffusion coefficients and comparison with the expected relationship
according to the crowding correction model of Tokuyama and
Oppenheim showing ‘calculated’ and ‘apparent’ radius, r fitted curves
for (A) TTTT and (B) AFGPS at 25 and 4 °C. Diffusion coefficients
have been standardised as D/D, values.

tal values at both 25 and 4 °C are in good agreement with the
predicted curve when the ‘apparent’ hydrodynamic radius
was calculated (Fig. 3A). While the experimental diffusion coef-
ficients at the highest concentrations recorded (4—5 mM) devi-
ate slightly from the predicted curve, samples for diffusion
measurements at higher concentrations could not be prepared
to confirm the trend of the curve in this region.

The good fit between the experimental values and the curves
predicted using the ‘apparent’ radius (Fig. 3A), suggests that
for the type I AFPs, using the ‘apparent’ radius is preferable
to calculation of the radius based on molecular weight. This
is not surprising given that calculation of r; based on molecular
weight assumes a spherical molecule, which is clearly not the
case for the o-helical type I AFPs. Similar to the results ob-
tained for TTTT, the experimental and predicted curves calcu-
lated with the apparent radius for VVVV2KE at 25 °C were in
good agreement (data not shown). In this case, no major devi-
ations from the predicted curve were observed at higher
VVVV2KE concentrations, indicating that VVVV2KE does
not aggregate. However, compared with TTTT, the highest
concentration for which a diffusion coefficient was obtained
was lower for VVVV2KE, for reasons of reduced solubility.
The good agreement between the experimental and predicted
values for TTTT and VVVV2KE, illustrates that the crowding
correction model of Tokuyama and Oppenheim is well suited
to studies of type I AFPs.
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The results from similar studies to those presented in
Fig. 3A (for TTTT) with AFGP8 are presented in Fig. 3B.
In this case, the experimental D/D, values are in poor agree-
ment with the predicted curve obtained using the ‘apparent’
rs and also show deviations from the predicted curve obtained
using the ‘calculated’ radius. The difference in agreement com-
pared with the type I AFPs is not surprising given the signif-
icant structural differences between the highly flexible AFGPs
and the a-helical type I AFPs. The experimental data for
AFGPS8 better matches the predicted curve derived from a
spherical molecular shape. However, it should be noted that
AFGPS is substantially hydrated in solution [27] which would
lead to a ‘larger’ hydrodynamic radius and adjustment of the
predicted diffusion curve to closer match the experimental
values.

4. Discussion

The results of PGSE measurements showed no evidence for
aggregation of TTTT (~3 mM), which is the approximate con-
centration the AFP is present in fish [19,20]. This result is in
agreement with independent analytical ultracentrifugation
(AU) [18] and NMR studies [19] that have also found no
evidence for aggregation in solution under physiologically
relevant conditions.

In contrast, PGSE showed clear evidence for aggregation of
AAA2KE but not of VVVV2KE. These results are of signifi-
cant interest as VVVV2KE and AAAA2KE are the only two
hydrophobic derivatives in the series XXXX2KE (X = A, V,
I, aminoisobutyric acid) that exhibit thermal hysteresis [6]. In
the case of VVVV2KE the retention of thermal hysteresis to
the same degree as TTTT (up to 1.5 mM) was a critical result
that established the important role of the y-methyl group of
the four Thr residues in TTTT in antifreeze activity [6]. How-
ever, the hysteresis curve for VVVV2KE deviated from TTTT,
and sample gelling prevented studies above 4 mM [22]. In con-
trast, AAAA2KE exhibited surprisingly good aqueous solubil-
ity compared with VVVV2KE but the hysteresis was
significantly reduced [6]. While this result was attributed to
the reduced overall hydrophobicity in the protein as a result
of the Ala methyl groups in AAAA2KE compared to the
Thr side-chains in TTTT, the diffusion measurements in the
current work suggest that aggregation of AAAA2KE may also
contribute to the observed results. Given that the hydrophobic
face containing the four Ala residues is necessary for activity
[6], any reduction of the availability of this face due to self-
aggregation would be expected to lead to a reduction in ther-
mal hysteresis. This aggregation would also explain the
improved solubility of this derivative.

The diffusion results and different solubilities of the synthetic
mutants XXXX2KE support evolution of the natural AFP
with Thr residues with the side-chain hydroxyl imparting aque-
ous solubility (unlike VVVV2KE that gels) and preventing
aggregation (unlike AAAA2KE that aggregates substantially).
While independent AU experiments of VVVV2E and
AAAA2KE have been performed, these studies were restricted
to concentrations up to 1 mM [22], i.e. much lower concentra-
tions than those studied in this work. Thus, a careful balance
between maximising hydrophobicity to increase thermal hys-
teresis, while maintaining solubility and minimizing aggrega-
tion is required in the design of synthetic AFPs.
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AFGPS8 was studied in this work as a reference compound
for the AFP results and given that diffusion NMR studies on
this glycoprotein have been reported previously [27]. In agree-
ment with previous studies, and as expected given the presence
of the carbohydrates, there was no evidence for aggregation.
The infinite dilution diffusion coefficient value supported an
apparently higher molecular weight protein, consistent with a
high degree of hydration as has been recently proposed [27].
While aggregation of AFGP8 in 20-60 mM solutions was re-
cently reported [23], these elevated concentrations, which dras-
tically exceed biologically relevant conditions, were not
studied. However, the increased hysteresis at these higher con-
centrations is also an important result that needs to be consid-
ered when designing synthetic glycoproteins that may exhibit
significantly higher hysteresis values than those observed in
the natural fish AFGPs.
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Appendix A. Supplementary material

Details of diffusion calculations and measurements. Supple-
mentary data associated with this article can be found, in the
online version, at doi:10.1016/j.febslet.2006.06.022.
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