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Solution structure of antifreeze glycopeptides

Determination of the major conformers of the glycosidic linkages

S.W. Homans, A.L. DeVries*™ and S.B. Parker*®

Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, England, * Department of
Physiology and Biophysics, 524 Burrill Hall, 407 South Geodwin, University of Hiinois, Urbana, IL 61801, USA and
°Department of Inorganic Chemistry, University of Oxford, South Parks Road, Oxford OX1 3QR, England

Received 24 January 1985

Using data obtained from 'H-'H correlated spectroscopy and one- and two-dimensional NOE measure-

ments, we have determined the preferential solution conformation of the disaccharide unit Gal 8(1-3)Gal-

NAc in the antifreeze glycopeptide (Galfi(1-3)GalNAcal-Thr-Ala-Ala),, derived from the blood of the

antarctic fish Trematomas borchgrevinki. The disaccharide, which is a rigid unit, exists with a restricted ori-

entation about the GalNAc-a1-Thr linkage. Preliminary evidence indicates that the backbone (Ala-Ala-
Thr), lies in an extended helical conformation.

Antifreeze glycopeptide 'H NMR

1. INTRODUCTION

Certain marine teleost fish species have evolved
the ability to live in polar waters with a winter
temperature of —1,9°C, over 1°C lower than the
normal freezing point of water in a fish in
temperate waters (—0.8°C) [1]. These fish have an
increased level of electrolytes, but the colligative
contribution to the depression of the freezing point
of the body fluids remains inadequate by about
0.5°C to prevent ice formation and subsequent
death [2]. Over half the effect has been shown to
be due to a series of macromolecules with
molecular masses between 2400 and 34000 Da [3].
In most antarctic fish and many arctic species these
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are glycopeptides, although some arctic and nor-
thern temperate species have peptides. They have
been shown to depress the freezing point
200-300-times more than their molality would
predict on a colligative basis alone, although they
have no known effect on the melting point of ice
[4].

Antifreeze glycopeptides were first isolated from
the blood of Trematomus spp. 5] and shown to
contain 8 fractions; AFGP 1-5 having a repeating
sequence of the tripeptide alanyl-alanyl-threonine
with the disaccharide @-D-galactopyranosyl-
(1—3)-2-acetamido-2-deoxy-a-D-galactopyranose
glycosidically linked to the threonine [6]. These
AFGPs differ only in molecular mass; fractions
6—8 contain proline in place of the first amino acid
of each tripeptide from alanine residue 7 [7}. This
renders the fractions inactive in in vitro ex-
periments, although a cooperative effect in vivo
has been postulated [8]. The AFGPs are present at
a concentration of about 3.5% in the blood, urine
and cytosolic fluid of many species of antarctic
fish and also some, otherwise unrelated, arctic
species.
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We have noted the work of Bush et al. [9] on the
solution conformation of the AFGPs based upon
an NMR study of fraction 8. The spectrum of frac-
tions 3-S5 is significantly simpler than that of frac-
tion 8, since the former is homogeneous. This has
allowed the assignment of the majority of proton
resonances by omne- and two-dimensional spec-
troscopy and NOE measurements for the first
time.

Below we deduce from first principles, the solu-
tion structures of the saccharide moieties of the
major fractions of AFGPs from antarctic fish.

2. EXPERIMENTAL

2.1. Preparation of glycoprotein samples

The sample of AFGP was isolated from
Trematomas borchgrevinki by the method of
DeVries et al. [10] and consisted of fractions 3, 4
and 5, differing only in molecular mass, which was
23.5, 17.5 and 10.5 kDa, respectively. The sample
was exhaustively dialysed, dissolved in and
lyophilised from *H,O (99.96% Aldrich) to ex-
change adventitiously bound water and labile pro-
tons. The sample was finally dissolved in 2H,0 to
form a 35 mg-ml~! solution.

2.2. 'H NMR spectrometers and methods

Two-dimensional FT "H NMR was performed at
500 MHz at a probe temperature of 300 K using an
Oxford Instruments superconducting magnet with
the Oxford Enzyme Group Spectrometer, employ-
ing a pulsed deuterium lock, a Nicolet 1180
microcomputer and a Nicolet 293 B pulse pro-
grammer. Chemical shifts are given relative to
DSS.

2D-'H homonuclear correlation experiments
{11] were conducted with the basic pulse cycle 90°
(+ x)—t1—f(¢)-acquisition (2), where ¢ = +x, +y,
—Xx, —y and 4 = 90°. For each ¢, value 64 tran-
sients were collected. Coherence transfer echoes
[12] were selectively detected by the subtraction of
alternate scans of the form 90°—¢,—#°(#)~¢> and
90°—#,—0(¢ + 90°)—t2, where ¢ = 0 or 180°. 1024 x
2 K spectra (sweep width = +900 Hz) were col-
lected with a minimum evolution time (¢;) of 5 us
and an increment of 555 us to ¢; between spectra.
Prior to Fourier transformation, the time domain
matrix was multiplied in both the ¢, and ¢, dimen-
sions with phase-shifted sine-bell functions. The
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use of phase cycling to achieve quadrature phase
detection in both dimensions allowed the transmit-
ter frequency to be set to the middle of the spec-
trum and thus reduced the size of the data matrix.

One-dimensional NOEs were obtained at
300 MHz as described [13]. 2D NOE measure-
ments were performed at 500 MHz at a probe tem-
perature of 298 K using the following pulse
sequence:

90¢—f1-90¢—7'm'—90¢—f2

The phases of the first two pulses were cycled in
90° steps to cancel magnetisation arising from
double quantum coherence. In addition, the
phases of the first and third pulses were cycled in
90° steps to cancel both axial magnetisation and
transverse interference arising from relaxation dur-
ing the mixing period, rn. Finally, the phases of
the second and third pulses were cycled in 90° steps
to achieve quadrature phase detection in ;. In
total, 32 transients (sweep width + 1000 Hz, 2048
data points) were collected for each of 256 in-
crements in #; (500 xs). Prior to Fourier transfor-
mation, time domain signals were weighted with
phase-shifted sine-bell functions.

3. RESULTS

The 500 MHz 'H NMR spectrum of the an-
tifreeze glycopeptides, consisting of fractions 3, 4
and 5 (see section 2) is shown in fig.1. Typically,
the majority of the carbohydrate proton
resonances can be found in the region

T T — T T T
45 40 35 30 25 20 15 PPM

Fig.1. 500 MHz 'H NMR spectrum of antifreeze

glycopeptides (fractions 3—5; see text). The strong HOD

resonance (~4.7 ppm) and the Tris resonance
(~3.7 ppm) have been truncated.
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3.5-4.5 ppm but the anomeric (H1) protons are
found at low field. Thus, the well resolved
resonance at 4.92 ppm is assigned to GalNAc o
Hl1, by virtue of its chemical shift position and
multiplicity (determined by 3J;,). These are
characteristic of GalNAc in a-1-O linkage [14]. A
general strategy in the assignment of oligosac-
charide proton resonances is to correlate sequen-
tially the shift positions of all the ring protons
from the anomeric proton resonance using COSY
[15]. While in general, this strategy requires sup-
port from other spectral editing techniques, such
as multi-step relayed correlation spectroscopy [16]
or double-quantum NMR spectroscopy in the case
of oligosaccharide mixtures [17], the chemical shift
dispersion of the GalNAc ring protons were found
to be sufficient to obtain the majority of
assignments using COSY alone. Thus, by the usual
correlation of crosspeak vs diagonal peak shift
positions in the COSY spectrum of the glycopep-
tides (not shown) the H1-HS proton resonance
assignments were determined. These are shown in
table 1. Assignments of alanine «CH proton
resonances and threonine « and & CH proton
resonances were determined by correlation via the
resolved methyl resonances of these residues at
~1.4 ppm. Low-intensity doublets were obser-

Table 1

500 MHz 'H chemical shifts (§, ppm; relative to acetone,
S = 2.225 ppm at 25°C) of the antifreeze glycopeptides
from T. Borchgrevinki

Gal H1 H2 H3 H4  HS
448 3.52 3.63 3.93 ~3.67

GalNAc Hi H2 H3 H4 H5 CH;
492 426 4.04 423 4.08 2.0l

Thr oCH GCH 45CH;
434 449 1.30
Ala aCH GCH;
440 1.39
Ala aCH @FCHj3
444 1.42

(~) Approximate value due to overlap with Tris
resonance
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vable in the region ~1.4 ppm. These probably cor-
respond to the methyl proton resonances of ter-
minal Ala and Thr residues. These have not been
interpreted in the present study. Assignment of
Gal@ proton resonances was made by straightfor-
ward elimination of the crosspeaks belonging to
the residues described above, and by sequential
correlation of remaining crosspeaks using the low-
field GalSH1 proton resonance (4.48 ppm) as a
basis. It should be noted that it was not possible to
assign the H6 protons due to the complexity of the
spectrum in this region, together with the overlap-
ping Tris resonance at 3.73 ppm. The assignments
obtained using the above procedures are listed in
table 1. Despite heterogeneity in glycopeptide
molecular mass, the resonance positions of similar
protons in each population are degenerate. The in-
ference therefore, is that the magnetic en-
vironments of the protons in each population are
very similar if not the same. Furthermore, with the
exception of terminal Ala and Thr, intra-
population protons at similar locations within the
repeating sequence of the glycopeptide have
degenerate chemical shifts. These observations are
of importance in the determination of the overall
conformation of the molecule (vide infra).

Due to partial overlap of both disaccharide and
peptide backbone protons, it was not possible to ir-
radiate selectively a particular resonance in many
cases in one-dimensional NOE studies. According-
ly, a two-dimensional NOE spectrum was recorded
(not shown), and thus a qualitative map of proton
through-space connectivities was available with
which to screen the observed resonances in one-
dimensional NOE difference spectra for non-
specific NOEs.

Irradiation of the H1 resonance of aGal H1
shows small intra-residue NOEs to both Gal H3
and Gal HS5. In addition, a strong inter-residue
NOE is observed between Gal H1 and GalNAc¢ H3,
together with a weak NOE to GalNAc H4. The
relative magnitudes of those inter-residue and
intra-residue NOEs implies that the preferred solu-
tion conformation of the £1-3 linkage results in
close proximity (~3 A) of Gal H1 and GalNAc H3.
Irradiation of GalNAc H1, shows a strong intra-
residue NOE to GalNAc H2, together with strong
inter-residue NOEs to Thr «CH, #CH and yCHj.
Since there is no single conformation about the
GalNAc o-Thr linkage which could simultaneous-
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ly generate all 3 intra-residue NOEs, it is probable
that there is restricted motional averaging about
this linkage or that the conformations of the
distinct glycosidic linkages differ slightly. Finally,
we have observed NOEs which can only be satis-
factorily explained as inter-residue NOEs between
distinct disaccharide units. These, together with
NOE connectivities within the peptide backbone,
will be of importance in the determination of the
overall solution conformation of the molecule, and
are presently under investigation.

4. DISCUSSION

Determination of the solution structure of the
antifreeze glycoproteins from antarctic fish has
been attempted by several techniques [18,20] and,
most recently by "TH NMR [9]. The nature of the
glycoproteins isolated from fish means that the
choice of sample is vital for meaningful interpreta-
tion. The choice of fractions 3—5 for this study
produces a solution with glycoproteins of no more
than 23.5 kDa, which is important for the resolu-
tion of the spectrum and also to minimise the
spread of correlation times for an NOE study. The
fraction used also contains no AFGPs with pro-
line, such as fraction 8. The information from
fraction 8 is limited by the heterogeneity of the
sample; the prolines fit into different positions in
the backbone and the resulting mixture of iden-
tically sized glycopeptides cannot be separated.
The study of fractions 3—5 has enabled us to assign
the spectrum from first principles including the
methyl groups from the 3 different amino acid
positions and their corresponding «-CHs. These
unambiguous assignments have allowed us to use
NOE measurements with which to determine the
preferred conformation of the saccharide units.

The NOE results at room temperature do not
provide an unambiguous conformation of the
disaccharide unit relative to the peptide backbone;
preliminary results of NOEs at physiological
temperatures indicate that one conformation is
preferred, producing a structure in which the
alanines have different exchange times distinct
from the other residues, implying that they play lit-
tle part in the antifreeze function of the
glycoprotein.

The conformation of the #(1-3) linkage can be
determined by the strength of the NOE between
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BGal-H1 and GalNAc-H3, which may be affected
by conformational averaging, relative to that of
intra-residue NOEs from #Gal-H1 to #Gal-H3 and
-H35; the fact that the inter-residue NOE is larger
than intra-residue effect implies that there is little
or no averaging and that the two protons are adja-
cent (within 3 A).

The '"H NMR spectrum of fractions 3—5 implies
that the total structure of the glycopeptides is the
sum of the solution structure of its individual
units. This indicates that the AFGPs exist in an ex-
tended conformation in solution. Furthermore,
this conformation is possibly stabilised by inter-
disaccharide interactions, as evidenced by our
observation of inter-disaccharide NOEs. This
would imply a loose helical arrangement to align
the disaccharide units. Confirmation of this
postulate will require careful measurement of
NOEs within the Ala-Ala-Thr backbone in H,O.
These measurements are currently in progress.
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