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ABSTRACT 

The solution structure of antifreeze glycoproteins (AFGP's) of the polar 
fish Tetramatomus borchgrevinki has been investigated by 2D 'H NMR 
spectroscopy as well as molecular modeling calculations (MM2). The 
simple glycotripeptide repeating structure in the shorter AFGP's (fractions 
7 & 8) makes the structural analysis amenable. The resonance 
assignments of AFGP's 7 & 8 were determined by two-dimensional NMR 
techniques (COSY, Relayed-COSY, Phase Sensitive DQCOSY, NOESY). 
Information about the protein secondary structure was obtained by the 
coupling constants between the back-bone amide and a-carbon protons 
(obtained by phase sensitive COSY). Additional three dimensional 
constraints were obtained from NOESY through-space connectivities. The 
three dimensional solution structures of several AFGP's glycotripeptide 
fragments were based on MM2 calculations. The model structure was 
compared with the experimental data. Exchange rates of amide protons 
measured by dynamical spectroscopy show that the threonine and some of 
the alanine amide protons have two different and distinct exchange rates. 
GalNAc and the C-terminal Ala' amide protons appear to  show relatively 
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500 DILL ET AL. 

slow exchange rates. The results suggest that the amide protons are not 
involved in any strong intramolecular hydrogen bonding. 

INTRODUCTION 

Polar fishes live in an environment where the temperatures ofien drop 
below -1.8 0C,1-3 which is the equilibrium temperature of salt water in polar 
seas. In most non-polar fishes, sodium chloride is the principal electrolyte 
present in the blood and is responsible for 85% of the freezing point 
depres~ion.~ The remainder of the freezing point depression is due to  small 
amounts of other salts and nutrients present (for instance, potassium salts, 
calcium salts, urea, glucose, globular proteins, and free amino  acid^).^ In 
polar fishes, the concentration of sodium chloride and other substances in 
body fluids is elevated, but this accounts for only less than two thirds of the 
observed freezing point d e p r e s ~ i o n . ~ ~ ~  The much lower freezing point of 
polar fish fluids is due t o  the existence of a class of glycoconjugates called 
antifreeze glycoproteins ( AFGP's).' 98 

The antifreeze glycoproteins exert the large freezing point depressions 
by a non-colligative mechanism which is presently considered to  be a 
kinetic adsorption-desorption of AFGP at the ice-solution in te r fa~e .~  On a 
mass basis, they are as effective as sodium chloride in depressing the 
freezing point of water. On a mole basis, however, they depress the freezing 
point by 200-300 times more than that expected on the basis of colligative 
relationships a l ~ n e . ~ * ' ~  These glycoproteins appear to  not only lower the 
freezing point in a non-colligative manner, but they show the expected 
small colligative effect on the melting point of the solid phase.' 

Antifreeze glycoproteins are a collective name for a family of eight 
closely related glycoproteins. Their molecular masses range between 2,600- 
34,000 Da (from 14 to  300 amino acids).'y8p1' The AFGP's derived from 
arctic and antarctic fishes are almost identical in composition and their 
structures are simple; they exist as a mixture of simple glycotripeptide 
polymers of varying length that contain a disaccharide''*'' as shown below: 

(Ala-Ala-Thr)n 
I 

P-Gal(l-->3)a-GalNAc 

The longer AF'GP's (fractions 1-51 have a homogeneous repeating 
structure, while the shorter AFGP's (fractions 6, 7, & 8) have some of the 
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STRUCTURAL STUDIES OF ANTARCTIC FISH ANTIFREEZE GLYCOPROTEINS 50 1 

alanine residues replaced by proline residues. The sequences of AFGP 7,8 
from Tetramatomus borchgrevinki are shown be10w.l~ 

a b 
NH2-Ala-Ala-Thr-Ala-Ala-Thr-Pro-Ala-Thr-Ala-Ala-Thr-Pro-Ala'-COOH 

I I I I * * * * 

8 

C d C 

NH2-Ala-Ala-Thr-Ala-Ala-Thr-Ala-Ala-Thr-Ala-Ala-Thr-Ala-Ala-Thr-Pro-Ala'-COOH 
I I I I I * * * * * 

7 

* = P-Gal(l-->3) a-GalNAc 

a A1a:Pro = 3:7 
b Ala:Pro = 8:2 
c A1a:Pro = 2:l 
d A1a:Pro = 9:l 

These shorter AFGP's have characteristics different from those of the 
longer ones. The shorter ones are the major antifreeze components of the 
blood serum, comprising approximately three-quarters of the total weight 
present in the serum.14 Although they have only one-fourth the activity on 
a weight basis (or approximately one-twentieth on a mole basis), they 
provide nearly half of the total antifreeze activity because of their much 
higher concentration. But in the extracts of tissues they are the only type 
found in easily recognizable amounts.15 The shorter AFGP's also function 
cooperatively with the longer ones under certain conditions.' 

In this paper we present two-dimensional NMR data that gives insight 
into the solution structure of the antifreeze glycoproteins. Furthermore, we 
present exchange rates for the amide protons as well as molecular 
modeling calculations that support our structures of these glycoproteins. 
The data suggests that little strong internal hydrogen bonding exists 
involving the amide protons of these glycoproteins. The amide proton of 
GalNAc shows the slowest exchange rate and this residue may be the only 
one involved in weak hydrogen bonding (if at all). 
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502 DILL ET AL. 

RESULTSAND DISCUSSION 

The small number of proline residues present in our sample affect the 
three dimensional structure of the glycoprotein and our lack of spectral 
resolution prevents a full sequential assignment of the spectra. In 
addition, the exchange of some of the amide protons also increase the 
linewidth of the Ala and Thr amide proton resonances at pH -7.0. 
Therefore, the spectral data that we obtained are considerably different 
from that obtained by Bush and Feeney" for AFGP's 1-4 obtained from T. 
borchgrevinki (especially in  the amide proton region which in their case 
was determined at low pH) but similar to  that published by Rao and Bush17 
for AFGP 8 obtained from B. saida which contains two uniformly 
substituted proline residues in the amino acid sequence. 

Assignment of the 1H NMR spectrum of AFGP's: The resonance 
assignment in the 1H NMR spectrum of AFGP's was obtained by standard 
 procedure^:^^*^^ COSY, RCOSY, and PS-DQCOSY spectroscopy were used 
to  identify intra-residue, through-bond connectivities, and NOESY 
spectroscopy was used to  identify neighboring residues by through-space 
(I 5 A) connectivities. 

Examples of 2D NMR spectra are shown in Figs. 1-3. A number of 
resonances can readily be assigned based upon their positions in 
uncrowded regions of the spectra. For instance, the methyl protons of Ala 
(HP) and Thr (fl) (1.32- 1.44 ppm), the acetamido proton of GalNAc (2.03 
ppm), and the anomeric proton of GalNAc (about 4.95 ppm) are readily 
detected and assigned. The amide portion of the spectrum can be used to 
corroborate our findings and make further assignments. The Ala and Thr 
amide proton resonances, and GalNAc acetamido proton resonances were 
identified by comparing COSY, one step RCOSY, and NOESY 2D NMR plots 
of the amide proton cross-peak finger print region (Fig. 1). For example, 
the amide protons of the Ala residues will exhibit a cross-peak with the 
methyl protons (HP) in the RCOSY spectrum via the Ha. Furthermore, the 
amide proton of GalNAc shows a cross-peak with the GN-H1 (GN1) and 
GN-H3 (GN3) in the RCOSY spectrum (because of relay through GN2) and 
a cross-peak with the acetamido methyl group in the NOESY spectrum. 
After the assignment of the amide protons, the other protons of Ala and Thr 
were readily assigned (but not sequentially). The cross-peaks for GNWGN3, 
GN3/GN4 and GN4/GN5 overlap, but the detailed analysis of the phase 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



STRUCTURAL STUDIES OF ANTARCTIC FISH ANTIFREEZE GLYCOPROTEINS 503 

8 CN-NHffiN2 

sl, A ' - N W A ' ~  

,# A-NH/Aa 

a @  
T - N H f l a  

CN-NHffiNI 

G N - N H G N I  GN-NHKjN3 

A'-NH/A'D 

A-NH/A$ 

.=- j &:- GN-NH/CNS GN-NHffiN-CHj & 
0 \ T - N H / A * a  S 

GN-NHIGNZ 
A ' a / A a  

@ A - N H / A a  f> 

@ T-NHl4a 

\ c  I I I 1  1 1  1 1 8  I 1 1  I 1  8 I !  I I I !  I I I I I I I I I I I I I d p P M  I 

5 . 0  4 . 5  4 . 0  3 . 5  3 . 0  2 . 5  2 . 0  1 . 5  

Fig. 1. Fingerprint (amide proton) regions of the 2D-COSY (upper), 2D- 
RCOSY (middle) and 2D-NOESY (lower) plots of AFGP's 7 & 8 in 90% H20. 

PPM 

sensitive COSY and Double Quantum COSY spectra also determined their 
positions. The Gal H1 resonance assignment was initiated with H2, 
because this resonance is well separated from other proton resonances. 
Difficulties arose with the assignment of this carbohydrate molecule 
because the cross-peaks for G3/G4 and G4/G5 overlap and the vicinal 
coupling constants are small.20 
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1 & GNIENZ 

3 . 0  
PPY 

5.8 A. 0 3 . 5  

Fig. 2. The 2D-COSY plot of AFGP's 7 & 8. Cross-peaks in boxes are plotted 
at  a lower level with a scaling factor of 8. 

We were able to  assign all the resonances of the C-terminal Ala' 
residue, and the assignments are in agreement with those published by 
Rao and Bush17 for AFGP 8 from B. saida. The Ala' amide proton 
resonates at  7.980 ppm and exhibits a cross-peak (in the COSY contour plot) 
with a proton at 3.99 ppm (Ha), and a cross-peak (in the RCOSY contour 
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t IE 1 . 5  

2 . 0  

2 . 5  

3.0 

3 . 5  

1 . 5  

Fig. 3. The 2D-NOESY spectrum of AFGP’s 7 & 8 using a mixing time of 
zm = 500 ms. 

plot) with a proton at 1.326 ppm (Hb. A list of the assignments are given in 
Table I. Although GalNAc and Thr residues present represent at least two 
distinct structures; the repeating units of Ma-Thr-Ala and Ala-Thr-Pro, 
these also give many local structural perturbations as judged by the 
number of resonances present for a particular residue. This is evident in 
the amide region of the spectrum where a large degree of chemical shift 
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Table I. Chemical Shift Data for AFGP's 7 & 8. 

NH CaH/H1 CPH/H2 C'fH/H3 C6H/H4 H5 H6 Amide methyl 

........................................................................ 
Gal - -  4.47 3.50 3.64 3.91 3.67 3.75 - -  

GalNAe 7.747 4.966 4.261 -- 4.22 -- 3.75 2.037 

7.786 4.92 4.26 

7.812 5.01 4.25 

7.842 5.00 4.24 

Ala'  7.980 3.99 1.326 

Ala 8.391 4.42 1.443 

8.432 4.40 1.388 

8.738 4.54 1.439 

- -  4.03 1.508 

Thr  8.651 4.48 4.33 1.318 

8.681 4.50 4.33 1.318 

8.718 4.69 4.32 1.361 

8.760 4.68 4.32 1.361 

Pro - _  4.49 2.27,2.00 2.05 3.77 

non-equivalence is observed for a given residue. Thus, it is not possible to  
make one-to-one assignments of all cross-peaks in 300 MHz NMR. 
Furthermore, the absence of a large number of NOE cross-peaks between 
the amide region and other portions of the spectra (due to  fast exchange of 
some of the amide protons o r  rapid conformational changes) hinders our 
resonance assignments and limits some of our molecular structural 
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STRUCTURAL STUDIES OF ANTARCTIC FISH ANTIFREEZE GLYCOPROTEINS 50 7 

Fig. 4. The ball & stick representation of N-acetyl-Ala-[P-Gal(1->3)~- 
GalNAc-OIThr-Pro-Ala-N-methyl amide. 

Fig. 5. The ball-stick representation of N-acetyl-Ala-LP-Gal 
(1 ->3)a-GalNAc-OlThr-Ala-Ala-N-methyl amide. 
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DILL ET AL. 508 

determinations. Although the lack of NOE cross-peaks between the amide 
region and other regions of the spectrum could be attributed to  correlation 
time, the fact that we observe NOE cross-peaks between GalNAc and the 
peptide backbone indicates that the former reasoning is more plausible. 

The NOE data in Figs. 1 and 3 provide additional information 
concerning our structures. Note that cross-peaks do exist between GN-CH3 
and Ala Hp (and Ala' Hp) indicating that these residues are in close 
proximity (see Figs. 4 & 5). NOE cross-peaks also exist between Ala-NH and 
GN-CH3 (Fig. l), corroborating the structures shown in Figs. 4 & 5. The 
sequence and protein glycosylation points of the disaccharide can also be 
confirmed by the NOE data: cross-peaks are observed, as expected, between 
GNl/Thr Hp and G1/GN3.20 Other intercarbohydrate NOES that can be 
observed are G1-GN4 and G1-GN5. Although these may be expected, they 
do give conformational information about the glycosidic bond (Figs. 4 & 5). 

Measurement of the exchange rates of amide protons: The relative 
exchange rate of amide protons depends upon their exposure t o  bulk water 
molecules and whether they are involved in inter-residue hydrogen bonding 
within the molecule; both contribute to  slower amide exchange rates. 
Thus, the measurement of the amide hydrogen exchange rate can 
indirectly be used to judge whether or not a hydrogen bond exists. 

One method for the qualitative evaluation of the solvent exposure (or 
hydrogen bonding) of an amide proton is the measure of the temperature 
dependence of the chemical shift of the amide proton resonance.21 Values 
of dG/dT > .004 indicate solvent exposure. The temperature dependence of 
the amide protons of AFGPs 7 & 8 are given in Table 11. The qualitative 
data suggests solvent exposure for all amide protons but there are some 
differential effects. This result is in agreement with the observation made 
by Rao and Bush17 for AFGP 8 from B. saida. 

Another method for the analysis of solvent accessibility of the amide 
protons is t o  compare the amide proton spectra obtained with pre- 
saturation of the water resonance and the spectra obtained with the 
suppression of the water resonance by jump and return pulses (Fig. 6); it is 
apparent that the amide protons of Ala and Thr exchange with water faster 
than the amide protons of C-terminal Ala' and GalNAc. Although the 
Jump and Return method does not excite all of the protons in the spectrum 
equally, the spectral window of interest (7.8 - 8.9 ppm) is relatively narrow 
and hence the inaccuracies are small. If we change the delay between 
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Table 11. Temperature Dependence of the Chemical Shifts of the Amide 

Resonances of AFGP's 7 & 8. a 

Thr-NH Ala-NH Ala'-NH GN;NH 

M 
> , , I  I I I ' I ' ~ ' ~ '  

9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 
PPM 

Fig. 6. Amide proton resonance region of 'H NMR spectrum of AFGP's 7 & 
8 in 90% H2O solution at room temperature (pH = 7.4). The strong water 
proton resonance was suppressed by selective saturation (a) or the jump 
and return pulse method(b). 
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Table 111. The Comparison of Peak Intensities of Amide Protons of AFGP's 
7 & 8 Using the Various Water Suppression Techniques. 

jump pulse and return pulse several times and the maximum values of the 
peaks of interest are used, the inaccuracies are negligible. The results are 
given in Table 111. 

A further method of analyzing the exchange of amide protons with 
water molecules is to  monitor the spin-lattice relaxation time of the amide 
protons using selective and non-selective inversion recovery experiments. 
The non-selective inversion-recovery experiments show that the exchange 
rate of the C-terminal Ala' and GalNAc amide protons exhibit a 
relationship for ln([M],-[MI,") that is linear with time (Fig. 7); 
furthermore, a DANTE pulse sequence (selective-inversion) followed by 180 
and 90 degree pulses also gave similar results (Fig. 7). However, in 
contrast to  the results for Ala' and GalNAc, the results for the Thr and Ala 
amide protons were not the same, as shown in Fig. 7. This indicates that 
the Thr and Ala amide protons are exchanging at  a much faster rate than 
the Ala' and GalNAc amide protons. 

The exchange rates, based upon numerical analyses, can be obtained by 
non- or selective-inversion recovery experiments based on the above 
relaxation analysis. The results are shown in Table IV. The Table also 
includes the ratio of different rates based upon concentrations and the 
values for the slopes of the plots of ln([Ml,-[Ml,") vs. time shown in Fig. 7. 
Although we do observe differential amide proton exchange rates for the 
various species, the difference is not large enough to indicate whether any 
of these amide moieties are involved in the formation of a strong internal 
hydrogen bond. 

Comparison of "heoretical Calculations and Experimental Results: The 
structures of repeating units of glycotripeptides composed of Ala-Thr-Ala 
and Ala-Thr-Pro, obtained by MM2 calculations, are shown in Figs. 4 and 
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Table IV. Kinetic Data Obtained by the Selective Inversion, Non-selective 

Inversion Recovery Experiments and Non-linear Least Square Fit for the 

h i d e  Protons of AFGP's 7 & 8. 
_______________--------------------------------------- 

Thr Ala Ala' GalNAc 

hl(s-1)a 5.768k0.013 5.205k0.589 3.010k0.263 3.32020.236 

h2( 5-1 )a 23.0820.51 13.4620.58 -- _ _  
Ratio(Al/Aa) 3.66k0.12 0.78~0.30 

Round off 4:l 1 :1 

slopel(s-l)b 2.670k0.181 2.607&0.006 2.065k0.028 2.13a0.036 

slope2(s-l)c 1.22220.060 1.015&0.044 2.055k0.011 2.05220.035 

...................................................... 
a. Using the "KJ, = A1 e -hit  + A2 e -h t + "HI," for selective inversion 

experimental data fitting, where 3Li = pi + ki,ex if neglecting cross 

relaxation. 

b. 180-2-90 experiments using pre-saturation of water. 

c. 180-2-90 experiments of the suppression of water by jump and return 

pulse. 

5.  Note that for the calculations the model compounds used have both the 
C- (N-methyl amide) and N-terminal (N-acetyl) blocked. Table V gives the 
comparison of the theoretical data and the experimental results for the 
dihedral angles between the amide protons and Ha or  GN2; they are in good 
agreement. The experimental results of dihedral angles were based upon 
the coupling constants that were obtained and then converted to the 
dihedral angles via the Karplus relationship.22 

As shown above, our experimental results and theoretical data are in 
good agreement. They show that show that two distinct structures exist for 
AFGP's 7 & 8 from T. borchgrevinki. Furthermore the kinetic rate data for 
the amide protons indicates that no strong intramolecular hydrogen bond 
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Thr 

159 

159 

154 

Table V. The Coupling Constants for Amide Protons and the Dihedral 

Angles for NH-Ha. 
...................................................... 

I(am1us Eauatioq Model 

NH (ppm) 3 J ~ ~ a ( H z )  O(Deg.1 Ala-Thr-Ala Ala-Thr-Pro 

GalNAc 7.748 9.3 166 17l 

7.789 9.3 166 

7.808 9.3 166 

7.842 9.3 166 

8.651 8.8 162 

8.681 8.8 162 

8.7l8 8.3 154 

8.760 8.3 154 

A1 a 8.432 5.7 132 123 

8.391 5.2 128 121 

Ala' 7.990 6.4 137 149 
...................................................... 

(involving an amide moiety) exists in this glycoprotein. We cannot however 
rule out the existence of any weak internal hydrogen bonds. Further 
studies are under way to  investigate the solution structure and function of 
these glycoproteins. 

A mixture of antarctic fish antifreeze glycoproteins 7 & 8 from T. 
borchgreuinki was prepared as described previ0us1y.l~ The NMR sample 
contained approximately 25 mg AFGP's 7 & 8 in 90% H20/l0% D20, pH 7.40. 

All NMR spectra were recorded on a Bruker AC300E a t  room 
temperature, except for the temperature studies of the amide protons. For 
the selective inversion experiments, we used a selective DANTE pulse 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



5 14 DILL ET AL. 

sequence23 to  invert the spins of interest in conjunction with the jump and 
return method24 t o  suppress the water resonance. The non-selective 
inversion experiments were accomplished by the pre-saturation of water 
resonance o r  by a jump and return pulse in order t o  suppress the intense 
water resonance. Furthermore, all two dimensional spectra were recorded 
at room temperature in H2O with the suppression of the water resonances 
by one of the methods described above. Typically, 512 increments of 2K data 
points or  256 increments of 1K data points were collected per experiment, 
yielding, after zero filling, spectra with a digital resolution on the order of 2- 
5 Hdpt in each dimension. A pure sine bell window was applied in both F2 
and F1 dimensions. 

Three dimensional structures of the small glycotripeptide units were 
determined using the PC Model program (Serena Software, Bloomington, 
IN) with a dielectric constant of 72.0 to  simulate an aqueous environment. 
The energy minimization is based on the MM2 force field calculations of 
Burket and Allinger.25 

Relaxation Analysis. Several factors prevent the detailed analysis of 
chemical exchange in our system from being entirely straightforward. The 
primary complication comes from the cross-relaxation between amide 
protons and other protons (e.g. a-protons) in the molecule. However, recent 
results indicate that under our conditions neglecting cross-relaxation 
would only produce a minimal error.26 

Another problem is the spectral overlap in the amide region of the 
spectrum. We have assigned the four regions observed in the amide region 
(see below) to specific amino acid and GalNAc residues as described in the 
following sections, but sequential assignments have not been made. We, 
therefore, consider these regions (or clusters) to represent an average over 
the whole glycoprotein molecule, giving an "effective" chemical exchange 
rate for each cluster which is a composite for all similar amides in the 
molecule. Because of this averaging, non-exponential time-dependent 
intensities are interpreted as being due to  large differences in the chemical 
exchange rates within a cluster. 

The details of the kinetic processes involved in amide protodwater 
proton exchange presents a further complication. Many schemes can be 
written down for the details of the actual mechanism of exchange, the 
primary candidate being the acid and base catalyzed p r o c e ~ s e s : ~ ~ * ~ ~  
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1. Acid catalyzed mechanism: 

\ 

/ 

fast - N-H + H20H"' 

2. Base catalyzed mechanism: 

\ slow \ 

N-H* + O H -  - N -  + H*O H / 

\ fast  \ 

N -  + HOH - / N-H + O H -  / 

According to  the proposed acid and base catalyzed mechanisms, we can 
write the exchange rate equation of an amide proton and water protons as 
follows, based upon the rate limiting step. 
d[NHl/dt = k~[H+l["H*l+ k~[oH-llNH*l, and 
d[NHl/dt = bJNH*l; where k,, = k~[H+l+ k~[oH-]. 

=-k&€€l+C 
If the amide protons have different exchange rates, the general rate 

equation can be obtained 

where [NHI = C [NH]i. 
This scheme and others lead to  higher order exchange-rate equations 

which must be simplified by a host of ambiguous assumptions in order to  be 
useful. We have taken the simplification to  its most extreme form and have 
analyzed the data in terms of simple two-site exchange with a pseudo-first- 
order rate constant. 

A final complication occurs because of the experimental difficulty of 
achieving water signal suppression in our 90% H20/10% D2O sample. The 
effect of chemical exchange with amide protons on the size of the water 
resonance is small, so any attempt to  measure intensity changes in the 
water resonance is futile. We have made our measurements using the 

d[NH]/dt = - Z ki,+[NH]i + C Ci 
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amide portion of the spectrum only, and have used two techniques (pre- 
saturation and jump and return) to reduce the intense water resonance to 
manageable levels as described in  the Experimental Procedures. 
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