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ABSTRACT

The hydroxy protons of p-D-Glc/>NAc-(l->4)-P-D-Glc/?NAc, P-D
(l-»4)-P-D-GlcpNAc-//-Asn, p-D-Gal/Kl-»3)-<x-D-GalpNAc-0-Me and of P
(1—»3)-oc-D-Gal/>NAc-0-Ser in aqueous solution have been investigated using 'H NMR
spectroscopy. The chemical shifts, coupling constants, temperature coefficients, exchange
rates and NOEs have been measured. The O(3)H proton of p-D-GlcpNAc-(l—>4)-P-D-
GlcpNAc and p-D-Glc/?NAc-(l->4)-P-D-Glq?NAc-/V-Asn, and the O(2')H proton of P-D-
GaI/>(l->3)-a-D-Gal/;NAc and P-D-Gal/>(l->3)-a-D-Gal/jNAc-0-Ser have values which
differ significantly from the other hydroxy protons. Both these hydroxy protons are
shielded when compared to those of the corresponding monosacchadde methyl glycosides.
This shielding is attributed to the proximity of these protons to the 0(5') oxygen and to the
2-acetamido group, respectively. In P-D-Glc/?NAc-(l—>4)-p-D-Glc/jNAc and p-D-
GlcpNAc-(l-^4)-P-D-Glc/7NAc-Ar-Asn, the O(3)H proton has restricted conformational
freedom with a preferred orientation towards the 0(5') oxygen, and is protected from
exchange with the bulk water through a weak hydrogen bond interaction with O(5'). In P-
D-Gal/5-(l->3)-a-D-Gal/jNAc-0-Me and P-D-Gal/?-(l->3)-oc-D-GalpNAc-0-Ser, the
O(2')H is protected from exchange with the bulk water by the 2-acetamido group. The
conformations of the disaccharides are not affected by the amino acid, and no interaction in
terms of hydrogen bonding between the sugars and the amino acid residue could be
observed.
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1292 KINDAHL ET AL.

INTRODUCTION

Glycoproteins constitute an important class of biopolymers and are involved in
many biological processes. Most oligosaccharide moieties of glycoproteins can be
categorized into one of two major classes based on the type of linkage between the
oligosaccharide and the protein. These two major linkages are: N-linkcd, where the
oligosaccharide is linked to the side chain amide group of an asparagine residue through an
N-glycosidic bond, and O-linked, where the oligosaccharide is linked to the side chain
hydroxyl group of a serine or threonine residue through an O-glycosidic bond. The core
structure of oligosaccharides attached to asparagine consists of the disaccharide P-D-
G1C/JNAC-(1—>4)-p-D-Glc/7NAc and the core structure of oligosaccharides linked to serine
or threonine consists of the disaccharide P-D-Gal/?-(l —»3)-oc-D-GalpNAc. Little is known
about the effect of the saccharides on the conformation of the peptide moieties, or how the
peptides affect the conformation of the saccharides. However, most of the biological
activities of the glycoproteins appear to be generated by the cooperation of the sugar and
peptide moieties, and the structural properties of the sugar-peptide linkage region are
considered to be important.12 Since the exchangeable amide and hydroxy protons of amino
acids and saccharides often are involved in intramolecular interactions such as hydrogen
bonding, it is important to be able to study these when investigating the conformations of
glycopeptides. The observation of amide protons by NMR in aqueous solution is possible,
but it is much more difficult to detect the hydroxy protons due to their rapid exchange with
the bulk water. However, when they can be observed, important additional .structural
information can be obtained.'12 In this work, we have investigated the hydroxy protons of
the disaccharide p-D-Glc/?NAc-(l-^4)-P-D-Glcp>NAc (1) and the glycoside P-D-Gal/j-
(1 -»3)-a-D-Gal/>NAc-(9-Me (3) in aqueous solution by NMR spectroscopy (Scheme I).
The data have been compared to those of their amino acid linked counterparts P-D-
Glc/;NAc-(l->4)-p-D-Glc/;NAc-JV-Asn (2) and P-D-Ga!/;-(l->3)-a-D-Gal/7NAc-0-Ser(4)

Conformational studies using NMR have already been reported for disaccharides
l l 3 l 4 and 31 5 1 6 and for glycopeptides structurally related to 213-14 and 4.1718 However, to
our knowledge, no information on the NMR of. the hydroxy protons has been reported for
these compounds. The goal of this work was: (i) To determine if new structural
information can be obtained from the hydroxy protons. More specifically, as part of a
general study on the chemical shifts of hydroxy protons, we are interested in finding out if
they can be used as additional structural probes in conformational analysis, (ii) To
determine if and how the conformations of the disaccharides are changed upon linkage to
an amino acid. For this, we have assigned the exchangeable hydroxy protons and amide
protons, and measured several of their properties such as chemical shifts, vicinal coupling
constants, exchange rates with water, temperature coefficients, NOEs and ROEs.

RESULTS AND DISCUSSION

To be able to observe signals from hydroxy protons by NMR, their rate of
exchange with water was reduced by a lowering of the temperature. Acetone-^ was added
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1294 KINDAHLETAL.

to give 85% H2O/15% (CD,)2CO solutions of 1 - 4 down to -12 °C without freezing. At
this temperature, the rate of exchange of the hydroxy protons was low enough so that they
could be assigned from two-dimensional DQF-COSY and TOCSY spectra on the basis of
scalar connectivities to the C-H protons.
p-D-GlcpNAc-(l->4)-P-D-GlcpNAc (1), P-D-GlcpNAc-(l->4)-P-D-GlcpNAc-N-Asn (2):

Figure la shows the NH and OH region of the 'H NMR spectrum of p-D-
GlcpNAc-(l—>4)-D-Glc/?NAc (1) where signals for both the hydroxy protons of the a and
P anomers can be observed. The signal of the hydroxy proton 0(1 P)H of the equatorial
hydroxy group is deshielded by 0.65 ppm compared to 0(1 a)H of the axial hydroxy
group. The long range effect of the configuration at C( 1) is also seen on the chemical shift
of the 0(3)H signal [0(3P)H is deshielded by 0.13 ppm from 0(3a)H]. For comparison
with compound 2 (Fig. lb), only the P form of P-D-G1C/JNAc-( 1 —A)-D-GlcpNAc will be
discussed.

Inspection of Figure 1 and Table 1 shows that each hydroxy proton signal has
similar chemical shift in 1 and 2. Table 1 also shows that all hydroxy proton signals of 1
and 2, with the exception of 0(3)H, have chemical shifts very similar (IA51 < 0.14 ppm)
to those measured for signals from the corresponding monosaccharide methyl glycosides.
The O(3)H signal, on the other hand, is shielded by 0.459 and 0.415 ppm in 1 and 2,
respectively. Previous studies'°"'2on saccharides have shown that such large upfield shifts
are observed for signals of hydroxy protons close to the 0(5) oxygen of a neighboring
sugar. Distance measurements on energy-minimized conformations show that in both 1 and
2, such a short distance exists between O(3)H and 0(5'). It should be noted that this short
O(3)H-O(5') distance is a common feature for all 1,4-linked disaccharides having the same
geometry and glycosidic bond conformation.

All hydroxy protons (Table 1) of 1 and 2, with the exception of O(3)H, have
"VH0CH-values around 5 Hz, characteristic of free rotation of the hydroxy group around
the C-O bond.19 The small VH0CH-values for O(3)H of 2.2 Hz in 1 and 2.6 Hz in 2
indicate a more restricted rotation around the C(3)-O(3) bond with a preference for a
gauche orientation of the O(3)H and C(3)H protons. The gauche orientation places O(3)H
at a distance and orientation favorable for hydrogen bonding with 0(5'). Thus, the
restricted rotation might be caused by hydrogen bonding to 0(5').

Hydroxy protons that are protected from contact with the solvent should have
lower exchange rates than hydroxy protons in contact with the solvent. The rate of
exchange for the hydroxy protons in 1 and 2 with the bulk water was measured at -12 °C
from a series of eight chemical exchange experiments recorded with mixing times between
3 and 24 ms (Fig. 2a and 2b). In both 1 and 2, 0(3)H has the lowest rate of exchange with
water supporting its participation in hydrogen bonding. Hydroxy protons involved in
strong hydrogen bond interaction should have low temperature coefficients (d5/dT < -3
ppb/°C). The dependence on temperature of the chemical shifts of the exchangeable
hydroxy and amide proton signals in 1 and 2 was measured from a series of one-
dimensional spectra obtained at different temperatures. Table 1 shows that all protons have
temperature coefficients between 8.8 and 13.5 ppb/°C in 1, and between 7.4 and 12.1
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Figure 1 One-dimensional 'H NMR spectra of the NH and OH resion of (a) 1. and (b)
2, recorded at -12 °C in 85% H2O / 15% (CD,)2CO.

ppb/°C in 2, the amide protons having slightly lower coefficients than the hydroxy protons.
The fact that O(3)H has a temperature coefficient similar to that of the other hydioxy
protons suggests that the hydrogen bond interaction with 0(5') is weak. The NOEs and
chemical exchanges involving the exchangeable NH and OH protons are listed in Table 2.
Most of the interactions are within a sugar residue. It is only O(3)H which shows inter-
residue NOEs to C(1')H and C(5')H, and N(2')H to one of the C(6)H protons.
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The preferred conformation of the 2-acetamido group was determined from the
- and "VN(2)HCP)H-values. The large values measured for 1 and 2 indicate a

preferred anti conformation around the C(2')-N(2') and C(2)-N(2) bonds. For both 1 and
2, the amide proton of GlcNAc has stronger NOEs to C(2)H and C(3)H and a weaker
NOE to C(1)H, indicating that the average conformation of the acetamido group is not
restricted by the introduction of Asn. NOESY experiments on 2 showed that N(1)H has a
strong NOE to C(2)H and a very weak NOE to C(1)H. These NOEs and the large
VNmHC(,)H-valueof7:8Hz (Table 1) indicate an anti orientation of the C(1)H proton relative
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Table 2. NOEs and ROEs observed for the exchangeable NH and OH protons in 1" and
2 at -12 °C (mixing time 100 ms for NOESY and 100 ms for ROESY).

N(1)H

N(2)H

N(2')H

O(3)H

O(6)HD

O(3')HC

O(6')H°

1

C(1)H
C(2)H
C(3)H
C(4)H
C(5)H
C(Ac)H
O(3)H
C(1')H
C(2')H
C(3')H
C(4')H
C(Ac')H
O(3')H
C(6)H
C(2)H
C(3)H
C(4)H
C(5")H
C(1')H
C(6)H
C(2')H
C(3')H
C(4')H
C(5')H
-
C(5')H
C(6')H

weak
medium
strong
weak
weak
strong
weak
medium
medium
strong
weak
strong
weak
weak
medium
strong
strong
weak
weak
weak
medium
medium
medium
weak
-
weak
weak

2
C(1)H
C(2)H
HaAsn
HpAsn
Hp'Asn
C(1)H
C(2)H
C(3)H
C(4)H
C(5)H
C(Ac)H
O(3)H
C(1')H
C(2')H
C(3')H
C(4')H
C(Ac')H
O(3')H
C(6)H
C(2)H
C(3)H
C(4)H
C(5')H
C(1')H
C(6)H
C(2')H
C(3')H
C(4')H
C(5')Hd

C(4')H
C(5')Hd

C(6')H1'

weak
stron
weak
strong
medium
weak
medium
strong
weak
weak
strong
medium
medium
strong
strong
weak
strong
weak
medium
medium
strong
strong
medium
medium
medium
weak
medium
medium
weak
weak
weak
weak

a. Only the data for the p-anomer are given, b. The signals for O(6')H and O(6P)H of I
are not well separated in the two-dimensional-NMR spectra, c. The signals for O(3')H
and O(4')H of 1 and 2 are overlapping, d. The signals for C(5')H and C(6')H of 2 are
overlapping.

to the N(1)H proton. The strong NOE between N(1)H and the P protons of Asn together
with the absence of NOE between C(1)H and the p protons of Asn suggest that the Asn y-
amide bond which connect the disaccharide to the amino acid is in the anti conformation.
fl-D-Galp-(l->3)-a-D-GalpNAc-O-Me (3), P-D-Galp-(l->3)-a-D-GalpNAc-O-Ser (4)
All hydroxy proton signals have |A5| < 0.150 ppm, with the exception of the O(2')H
signal, which has a large A5 of -0.387 ppm in 3 and -0.420 ppm in 4 (Table 3).
Inspection of the minimum energy conformations of 2 and 3 shows that O(2')H is close
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Table 4. Experimental NOEs and ROEs observed for the exchangeable NH and OH
protons in 3 and 4 at -12 °C (mixing time 100 ms for NOESY and 200 ms for ROES Y).

3 4
N(2)H C(1)H

C(2)H
C(3)H
C(Ac)H

weak
medium
medium
strong
weak

C(2)H
C(3)H
C(Ac)H

weak
medium
strong
weak

O(4)H"

0(6)H0c

O(2')H

O(4')H

O(6')HC

C(2)H
C(4)H
C(6)H
C(5)H
C(6)H

C(2')H
C(3')H
C(2')H
C(3')H
C(4')H
C(6')H
C(2')H
C(4')H
C(6')H
C(6')H

weak
medium
weak
weak
weak
weak
medium
weak
medium
medium
weak
weak
weak
medium
weak
weak

C(2)H
C(4)H

C(6)H

C(2')H
C(3')H
C(2')H
C(3')H

C(6')H

C(4')H

C(6')H

weak
medium

weak
weak
medium
weak
weak
weak

weak

weak

weak

a. The signals for O(3')H and O(4)H of 4 are overlapping, b. The signals for O(6)H and
O(3')H of 3 are not well separated in the two-dimensional NMR spectra, c. The signals
for O(6')H and O(6)H of 4 are overlapping.

to the 2-acetamido group of the neighboring sugar residue. In disaccharides of similar
geometry such as 2 and 3, but with a 2-hydroxy group instead of a 2-acetamido group,
the O(2')H proton has either a very small A5 or a positive A8.20 The upfield shift
experienced by 0(2')H is thus probably due to the influence of the 2-acetamido group.
The V0HCH-values are all in the range 4 - 6 Hz indicating conformational averaging. All
temperature coefficients are in the range -9.8 to -16 ppb/°C suggesting that no hydrogen
bond interaction exists in the disaccharides. Table 3 shows that in 3 and 4, the exchange
rate of 0(2') with the bulk water is lower than that of the other hydroxy protons. The
lower rate of exchange of 0(2')H with water in 3 and 4 is probably due to a limited
accessibility of water because of the proximity to the 2-acetamido group of the neighboring
sugar, and not to hydrogen bonding. As in 1 and 2, the large VN(2)HC(2)H-value of 9.9 Hz
measured in 3 and 4 indicates a preference for the cinti conformation around the C(2)-N(2)
bond. Only intra-residue NOEs were observed between OH and CH protons of 3 and 4
(Table 4), with the exception for the NOE between N(2)H and C(1')H.
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CONCLUSION

Hydrogen bond interactions between the peptide and sugar moieties have been
shown to exist in DMSO solution of small glycopeptides.2' No such interaction is observed
in the compounds investigated in the present study, and the presence of one amino acid
does not affect the conformations of the disaccharides. These results are not .surprising
since the introduction of a single amino acid is not expected to affect significantly the
conformational flexibility of the disaccharide.

In both p-D-Gic/;NAc-(l-H>4)-p-D-Glc/;NAc and P-D-G1C/JNAC-(1H>4)-[3-D-

GlcpNAc-/V-Asn, the O(3)H proton is shielded relative to that in the corresponding
monosaccharide. This shielding, attributed to the proximity to 0(5'), together with the
small V0HCM-value, which indicates a restricted rotation around the C(3)-O(3) bond, and
the lower exchange rate of O(3)H with water, suggest the presence of hydrogen bonding
between O(5') and O(3)H. However, the high value of the temperature coefficient of
O(3)H indicate that the hydrogen bonding is weak. MD studies have shown1'1 that this
hydrogen bond exists in vaciio, but is replaced by hydrogen bonds with the solvent water
molecules in aqueous solution. The present work shows that some transient hydrogen bond
interaction must, however, be present. In P-D-Gal/j-( 1 —»3)-a-D-Gal/?NAc-0-Me and p-D-
Galp-(l->3)-a-D-Gal/;NAc-O-Ser, the 0(2')H proton is shielded relative to the same
proton in the corresponding monosaccharide methyl glycoside and in p-D-Gal/>(l—>3)-a-
D-Gal^-0-Me. This shielding is attributed to the proximity to the 2-acetamido group. In the
two disaccharides 1 and 3, and in their amino acid linked counterparts 2 and 4, the
hydroxy proton, which experiences an upfield shift, also shows a lower rate of exchange
with water. It is possible that the steric interference caused by the oxygen ring in 1 and 2,
and by the 2-acetamido group in 3 and 4, competes with solvation and leads to the upfield
shift of the hydroxy proton resonances. This work agrees well with previous studies'"1220

where we have shown that when the chemical shift of a signal from a hydroxy proton in a
saccharide substantially differs from that in the monosaccharide methyl glycoside, it is an
indication of a particular conformational feature. It also confirms the potential use of
hydroxy proton chemical shifts in structural analysis. Since the question on the value of
using low temperature for conformational studies can arise, it is important, to note that the
conformation of the disaccharides (1) and (3) determined in this work is very similar to the
conformations reported for higher temperature in aqueous solution.'3"'6 This work is now
being extended to larger glycopeptides where interactions between the sugars and the amino
acids are more likely.

EXPERIMENTAL

Compounds 1 and 2 were purchased from Sigma and compound 3 was available in
the laboratory. Compound 4 was synthesized as previously reported.22 Additional
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purification of compound 4 was performed on a Bio-Gel P-2 gel filtration column (BIO-
RAD, USA). All NMR experiments on samples 1 - 4 were performed on a BRUKER
DRX-600 spectrometer operating at 600.13 MHz for proton observation. Compounds I -
4 were dissolved in a mixture of 85% H2O/15% (CD,),CO. The pH for 1 and 2 was 5.5,
and the pH for 3 and 4 was 5. A microprobe was used, which allowed the use of volumes
of 150 nL to give sample concentrations of 25 mM, 25 mM, 17 mM, 34 mM for 1, 2, 3
and 4, respectively. (CD3)2CO was added to the samples to allow lowering of the sample
temperature to -12 °C without freezing. All spectra unless specified were recorded at
-12 °C except for the temperature coefficients, which were measured by variation of the
temperature from -10 °C to 25 °C in steps of 5 °C. 'H NMR spectra were referenced by
setting the residual acetone-J, signal to 8,, = 2.204 ppm. One and two-dimensional
'H NMR spectra were acquired using the WATERGATE pulse sequence21 for water
suppression. The 2D TOCSY and NOESY spectra were recorded in the phase-sensitive
mode using the TPPI method.24 The 2D DQF-COSY and ROESY spectra were recorded in
the phase-sensitive mode using the state-TPPI method.25 NOESY spectra were recorded
with mixing times (xm) of 100, 200 and 300 ms. ROESY spectra were recorded with a
mixing time of 100 ms for 1 and 2, and 100 and 200 ms for 3 and 4. Repetition delays of
1.5 s and 256 or 512 spectra of 2K data points were used. The data were zero-filled to 2K
x IK before applying a 7i/4 shifted sine-square bell window function in both dimensions.
The rates of exchange of the hydroxy protons with water were calculated from 2D phase-
sensitive chemical exchange experiments.26 Mixing times of 3 to 18 (or 24 ms) ms in steps
of 3 ms were used. 128 FIDs of 2K data points were acquired and a recycle delay of 1.5 s
was used. A polynomial baseline correction was applied in both dimensions. The volumes
of theNOE cross-peaks and diagonal peaks were measured using the program AURELIA
(Bruker, Germany). The initial build-up rates of the exchange cross-peak volumes were
determined from the spectra, and the volumes of the hydroxyl proton diagonal peaks at zero
mixing time were obtained by extrapolation from the volumes of the diagonal peaks in the
spectra. The exchange rate constants were calculated as the ratio of the initial build-up rates
of the exchange peaks over the volume of the diagonal peaks at zero mixing time. The 3D
structures of 1 - 4 were visualized using the Chem3D plus version 3.5 for Macintosh.
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