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Abstract—The 1H chemical shifts, coupling constants, temperature coefficients, exchange rates, and inter-residual ROEs have been
measured, in aqueous solution, for the hydroxy and amine/amide proton resonances of a set of b-DD-Galp-(1!4)-b-DD-GlcpNAc-
(1!2)-a-DD-Manp-(1!O)(CH2)7CH3 analogues. From the structural data, a few significant structural features could be ascertained,
such as a preferential anti-conformation for the amide protons of the N-acetyl and N-propionyl groups. The introduction of system-
atic modifications at Gal 2-C and Gal 6-C resulted in alterations of the Gal 4-OH, Gal 3-OH, and GlcNAc 3-OH areas, since vari-
ations in chemical shifts and temperature coefficient were observed. In order to verify the possibility of hydrogen bonds, molecular
dynamics simulations in the gas phase and explicit solvent were performed and correlated with the experimental data. A network of
hydrogen bonds to solvent molecules was observed, but no strong intramolecular hydrogen bonding was observed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, the consideration of hydroxy protons in
the conformational analysis of carbohydrates by 1H
NMR spectroscopy has shown to be a valuable addition
to the study of the carbon-bound ring and exocyclic pro-
tons. The assignment of the resonances of the carbon-
bound protons is quite often hampered by several factors:
(i) the relatively narrow dispersion of their chemical shifts
(3.0–4.5 ppm) leading to overlapping signals; (ii) the
limited number of inter-residual distance constraints ob-
tained from NOE-type experiments (nuclear Overhauser
0008-6215/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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effect) observable in D2O; (iii) the frequently high flexibil-
ity of oligosaccharides generating ensembles of conform-
ers in solution. Taking into account the importance of
hydrogen bond interactions in carbohydrates,1,2 the use
of the exchangeable hydroxy protons in H2O in confor-
mational studies has given new insights into the 3D struc-
ture of carbohydrates in solution. Typical 1H NMR
examples comprise the conformational analysis of poly-
saccharides,3–8 synthetic and isolated oligosaccha-
rides,9–17 and glycopeptides.18–20 To obtain structural
information in terms of stereochemistry, inter-proton
distances, hydrogen bonding, and hydration, hydroxy
protons are usually studied at low temperatures in a solvent
mixture of 85% H2O and 15% deuterated acetone.12 Such
conditions, derived from the ‘water in supercooling con-
ditions’,11,21,22 are applied to reduce the rate of exchange
with water. They are used in association with the pulse
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sequences that efficiently suppress the water signal with-
out affecting the resonances of the exchangeable protons.

Recently, we have investigated the substrate specificity
of four different recombinant sialyltransferases, namely,
two a-2,3-sialyltransferases (rST3Gal III and hST3Gal
IV) and two a-2,6-sialyltransferases (hST6Gal I and
hST6Gal II), toward synthetic b-DD-Galp-(1!4)-b-DD-
GlcpNAc-(1!2)-a-DD-Manp-(1!O)(CH2)7CH3 1 and a
set of 11 synthetic trisaccharide analogues 2–12 (Fig. 1),
carrying modifications at Gal 2-C or 6-C, in addition to
an alternative N-acyl group at GlcNAc 2-C.23 It turned
out that replacing the N-acetyl group of GlcNAc by an
N-propionyl group increased the catalytic activity (Vmax)
of both ST3Gal and ST6Gal (ST3Gal, a-2,3-sialyltrans-
ferase for galactose; ST6Gal, a-2,6-sialyltransferase for
galactose). In addition, both ST6Gal’s show a greater tol-
erance toward modified substrates, as they are active on
both Gal and GalNAc terminal residues.23

Here, we present chemical shifts (d), chemical shift
differences (Dd) between 1 and the methyl glycosides of
the three constituents, chemical shift differences (Dd 0)
between 1 and 2–12, temperature coefficients dd/dT,
vicinal coupling constants 3JOH,CH or 3JNH,CH, rates of
exchange with water Kex, and ROEs (rotational nuclear
Overhauser effect) for the hydroxy and amide protons of
1–12. Furthermore, we performed molecular dynamics
simulations in the gas phase and explicit solvent to study
the stability of the intramolecular hydrogen bonding
network and the influence of solvation.
 Structure 
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Figure 1. Structures of synthetic trisaccharide octyl glycosides 1–12 used in
2. Results

2.1. Assignment of hydroxy and amide proton resonances

The structures of b-DD-Galp-(1!4)-b-DD-GlcpNAc-(1!2)-
a-DD-Manp-(1!O)(CH2)7CH3 1, derived from glycopro-
tein N-glycans containing type II chains, and of its
analogues 2–12, are summarized in Figure 1. Hydroxyl
functions of the terminal Gal residue were modified at
2-C (3–4, OH!H; 5–6, OH!NHAc; 7–8, OH!NHPr)
or at 6-C (9–10, OH!H; 11–12, OH!NH2), and the N-
acyl function of the subterminal GlcNAc unit in half of
the structures was replaced by an N-propionyl group (2,
4, 6, 8, 10, 12). 1H NMR spectra were recorded for the
samples in 85% H2O/15% (CD3)2CO at pH � 7 for
1–10, and at pH � 6.4 for 11–12. The selected pH values
made it possible to observe all hydroxy protons. Mea-
surements were carried out at 268 K, a temperature
low enough to slow down the exchange of the OH pro-
tons with the solvent. Making use of the scalar connec-
tivities between OH and ring/exocyclic protons, proton
assignments were obtained from two-dimensional (2D)
DQF-COSY (double quantum filtered-correlated spec-
troscopy) and TOCSY (total scalar correlation spectro-
scopy measurements). As a typical example, the 2D
DQF-COSY and TOCSY spectra of 2 are depicted in
Figure 2. In Tables 1–3, the OH/NH 1H chemical shifts
(d, ppm) of the monosaccharide constituents, the chem-
ical shift differences Dd between 1 and b-DD-Galp-OMe,
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Figure 2. 2D DQF-COSY (a) and 2D TOCSY (b) 1H NMR spectra
at 268 K of b-DD-Galp-(1!4)-b-DD-GlcpNPr-(1!2)-a-DD-Manp-
(1!O)(CH2)7CH3 (2). The 1H NMR data for the ring protons were
previously reported.24
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b-DD-GlcpNAc-OMe, or a-DD-Manp-OMe, and the chem-
ical shift differences Dd 0 between 1 and 2–12 are pre-
sented. The OH/NH 1H NMR data of the reference
monosaccharide methyl glycosides have been reported
earlier.13,14,19 The Dd values give insight into the differ-
ence in chemical environment of the OH/NH protons
when present in monosaccharides or as constituent in
trisaccharides, whereas the Dd 0 values reflect the effect
of systematic modifications on the hydration of hydroxy
and amine/amide protons in the modified trisaccharide
structures. Additionally, the tables include temperature
coefficients dd/dT, vicinal coupling constants 3JOH,CH

or 3JNH,CH, and rates of exchange with water Kex, for
the OH/NH protons of the Gal constituent (Table 1)
for nonmodified Gal (1–2), 2-deoxy-Gal (Gal2d in
3–4), GalNAc (Gal2NAc in 5–6), GalNPr (Gal2NPr in
7–8), 6-deoxy-Gal (Gal6d in 9–10), and 6-amino-Gal
(Gal6NH2 in 11–12), as well as for hydroxy and amide
protons of GlcNAc/GlcNPr (Table 2), and hydroxy
protons of Man (Table 3), respectively.

2.2. Chemical shifts d and chemical shift differences

Dd and Dd 0

To illustrate the resolution of the hydroxy proton reso-
nances, the NH and OH regions of the 1H NMR spectra
of b-DD-Galp-(1!4)-b-DD-GlcpNAc-(1!2)-a-DD-Manp-
(1!O)(CH2)7CH3 1, and of some GlcpNPr analogues
with terminal Gal (2), 2-deoxy-Gal (4), GalNPr (8),
and 6-deoxy-Gal (10) are shown in Figure 3.

Comparison of the chemical shifts of the OH/NH sig-
nals of 1 with those of the three methyl glycosides, b-DD-
Galp-OMe, b-DD-GlcpNAc-OMe, and a-DD-Manp-OMe,
shows some remarkably large Dd values (Tables 1–3).
The 2-OH, 3-OH, 4-OH, and 6-OH resonances of the
terminal Gal unit in 1 showed somewhat higher dOH val-
ues than the corresponding signals from b-DD-Galp-OMe,
reflecting a slightly higher deshielding; the Dd values
amount +0.09, +0.14, +0.14, and +0.05, respectively
(Table 1). Comparing the dOH/NH values of b-DD-
GlcpNAc-OMe with those of the internal (1!4)-linked
GlcNAc residue in 1 demonstrated a strong shielding
effect on GlcNAc 3-OH (Dd �0.23 ppm), and minor
effects on GlcNAc 2-NH (Dd +0.08 ppm) and 6-OH
(Dd +0.13 ppm) (Table 2). The shielding of 3-OH is
due to the presence of a Gal residue on GlcNAc 4-O that
might restrain the interactions between GlcNAc 3-OH
and the solvent. Positioning of the 3-OH proton in close
proximity to the Gal ring and the glycosidic O has been
found to provide a shielding effect.15 In lactose and com-
pounds with similar stereochemistry and conformation
around the glycosidic linkage, such a close proximity
renders possibly the formation of a hydrogen bond
between Gal 5-O and Glc 3-OH.22 The effects observed
for GlcNAc 2-NH and GlcNAc 6-OH are weaker.
Finally, compared with Man 6-OH of a-DD-Manp-OMe,
the Man 6-OH signal of the reducing end Man unit in
1 showed an upfield shift of �0.17 ppm, whereas for
Man 3-OH and 4-OH, the Dd values were +0.05 and
+0.08, respectively (Table 3). The shielding of Man 6-
OH in 1 might be attributed to the spatial proximity
of the N-acetyl group of GlcNAc. This shielding is
slightly increased in the case of N-propionylated struc-
tures 2, 4, 6, 8, 10, and 12, as reflected by higher Dd val-
ues than in the corresponding N-acetylated structures.

The conversion of Gal into Gal2d (1!3 or 4) obvi-
ously affects the Gal 4-OH environment as is evident
from Dd 0 values of around �0.20 ppm (Table 1). This
is a remarkable feature since Gal 2-H and Gal 4-OH



Table 1. 1H NMR chemical shifts (d in ppm), chemical shift differences (Dd) between 1 and b-DD-Galp-OMe, chemical shift differences (Dd 0) between 1

and 2–12, temperature coefficients (dd/dT in ppb deg�1), 3JOH,CH or 3JNH,CH coupling constants (J in hertz), and exchange rates (Kex in s�1) for the
different hydroxy and amine/amide protons of the (modified) Gal residue in compounds 1–12 (Fig. 1)

OH/NH (5–8) protons at Gal 2-C OH protons at Gal 3-C

d Dd or Dd 0 dd/dT J Kex d Dd or Dd 0 dd/dT J Kex

1 6.57 0.09a �11.1 n.d. n.d. 6.18 0.14a n.d. n.d. n.d.
2 6.55 �0.02 �11.5 5.0 n.d. 6.15 �0.03 �11.1 5.5 n.d.
3 — — — — — 6.17 �0.01 �11.7 n.d. n.d.
4 — — — — — 6.16 �0.02 �11.4 n.d. n.d.
5 8.58 b �8.6 9.7 n.d. 6.20 b �11.6 n.d. n.d.
6 8.59 b �8.5 9.7 n.d. 6.21 b n.d. n.d. n.d.
7 8.46 b �8.7 9.7 n.d. 6.10 b �10.8 6.8 n.d.
8 8.46 b �8.6 9.7 n.d. 6.14 b �10.9 7.0 n.d.
9 6.53 �0.04 �11.5 5.5 27 6.09 �0.09 �10.9 4.6 32

10 6.53 �0.04 �11.6 5.3 27 6.11 �0.07 �11.0 5.1 32
11 6.62 0.05 �12.1 5.0 n.d. 6.29 0.11 �11.2 n.d. n.d.
12 6.62 0.05 �11.6 4.8 n.d. 6.29 0.11 �10.0 n.d. n.d.

OH protons at Gal 4-C OH protons at Gal 6-C

d Dd or Dd 0 dd/dT J Kex d Dd or Dd 0 dd/dT J Kex

1 5.99 0.14a �11.4 4.4 n.d. 6.13 0.05a n.d. n.d. n.d.
2 5.97 �0.02 �10.8 5.5 n.d. 6.12 �0.01 �12.0 4.8 n.d.
3 5.80 �0.19 �12.0 4.6 60 6.09 �0.04 �14.9 n.d. 43
4 5.78 �0.21 �8.3 5.5 133 6.09 �0.04 �12.1 n.d. 53
5 6.08 b n.d. n.d. n.d. 6.09 b n.d. n.d. n.d.
6 6.08 b �11.5 5.3 n.d. 6.10 b �14.9 n.d. n.d.
7 6.06 b �11.9 5.7 n.d. 6.11 b �13.5 5.3 n.d.
8 6.05 b �12.9 n.d. n.d. 6.11 b �12.5 4.2 n.d.
9 5.98 �0.01 �11.7 5.3 n.d. — — — — —

10 5.98 �0.01 �11.8 4.5 n.d. — — — — —
11 6.30 0.31 n.d. n.d. n.d. — — — — —
12 6.30 0.31 n.d. n.d. n.d. — — — — —

n.d.: Could not be determined due to spectral overlap (Kex and dd/dT) or poorly resolved signals (3JOH,CH or 3JNH,CH).
a Dd was determined by comparison with reference b-DD-Galp-OMe.13,14

b Not calculated since Gal (1) and GalNAc/GalNPr (5–8) should not be directly compared.

Table 2. 1H NMR chemical shifts (d in ppm), chemical shift differences (Dd) between 1 and b-DD-GlcpNAc-OMe, chemical shift differences (Dd 0)
between 1 and 2–12, temperature coefficients (dd/dT in ppb deg�1), 3JOH,CH or 3JNH,CH coupling constants (J in hertz), and exchange rates (Kex in
s�1) for the hydroxy and amine protons of the GlcNAc/GlcNPr residue in compounds 1–12 (Fig. 1)

NH protons at GlcNAc/GlcNPr
2-C

OH protons at GlcNAc/GlcNPr 3-C OH protons at GlcNAc/GlcNPr 6-C

d Dd or Dd0 dd/dT J d Dd or Dd 0 dd/dT J Kex d Dd or Dd0 dd/dT J Kex

1 8.50 0.08a �7.8 9.2 6.17 �0.23a n.d. n.d. n.d. 6.12 0.13a n.d. n.d. n.d.
2 8.37 �0.13 �7.9 9.5 6.10 �0.07 �12.2 3.7 n.d. 6.13 0.01 �11.6 5.8 n.d.
3 8.51 0.01 �7.7 9.7 6.27 0.10 �12.6 3.1 21 6.14 0.02 �10.7 n.d. 33
4 8.38 �0.12 �7.7 9.5 6.21 0.04 �11.8 3.3 33 6.16 0.04 �11.5 n.d. n.d.
5 8.50 0 �8.1 7.7 6.07 �0.10 n.d. n.d. n.d. 6.17 0.05 �12.3 n.d. n.d.
6 8.37 �0.13 �8.1 8.6 6.04 �0.13 �10.9 n.d. n.d. 6.19 0.07 �11.5 n.d. n.d.
7 8.50 0 �7.7 8.6 6.10 �0.07 �11.0 n.d. n.d. 6.17 0.05 �12.7 5.3 n.d.
8 8.37 �0.13 �8.0 9.2 6.06 �0.11 �11.1 n.d. n.d. 6.19 0.07 �13.2 5.9 n.d.
9 8.51 0.01 �7.8 9.4 5.88 �0.29 �8.2 n.d. n.d. 6.10 �0.02 �12.5 5.5 n.d.

10 8.39 �0.11 �8.1 9.5 5.86 �0.31 �8.2 n.d. n.d. 6.13 0.01 �12.5 5.1 n.d.
11 8.53 0.03 �7.6 9.5 6.65 0.48 n.d. n.d. n.d. 6.13 0.01 �11.8 n.d. n.d.
12 8.40 �0.10 �7.9 9.7 6.60 0.43 n.d. n.d. n.d. 6.16 0.04 �12.0 n.d. n.d.

n.d.: Could not be determined due to spectral overlap (Kex and dd/dT) or poorly resolved signals (3JOH,CH or 3JNH,CH).
a Dd was determined by comparison with reference b-DD-GlcpNAc-OMe.13,14,19
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are not very close in space. The conversion of Gal into
Gal6d (1!9 or 10) has only a small influence on Gal
3-OH (Dd 0 �0.08 ppm). On the other hand, when the
Gal 6-C hydroxy group is replaced by an amino function



Table 3. 1H NMR chemical shifts (d in ppm), chemical shift differences (Dd) between 1 and a-DD-Manp-OMe, chemical shift differences (Dd 0) between
1 and 2–12, temperature coefficients (dd/dT in ppb deg�1), 3JOH,CH coupling constants (J in hertz), and exchange rates (Kex in s�1) for the hydroxy
protons of the Man residue in compounds 1–12 (Fig. 1)

OH protons at Man 3-C OH protons at Man 4-C OH protons at Man 6-C

d Dd or Dd0 dd/dT J Kex d Dd or Dd 0 dd/dT J Kex d Dd or Dd0 dd/dT J Kex

1 6.10 0.05a �14.4 7.2 n.d. 6.34 0.08a �11.7 5.9 n.d. 5.76 �0.17a �13.5 n.d. n.d.
2 6.05 �0.05 �15.3 7.7 n.d. 6.31 �0.03 �11.9 5.9 n.d. 5.70 �0.06 �14.2 5.0 n.d.
3 6.07 �0.03 �14.8 n.d. n.d. 6.32 �0.02 �11.7 5.5 31 5.75 �0.01 �13.9 3.5 83
4 6.05 �0.05 �14.3 6.9 74 6.31 �0.03 �11.7 5.9 32 5.70 �0.06 �13.9 4.3 n.d.
5 6.09 �0.01 n.d. n.d. n.d. 6.32 �0.02 �12.0 5.9 n.d. 5.75 �0.01 �14.0 n.d. n.d.
6 6.09 �0.01 �15.9 n.d. n.d. 6.31 �0.03 �11.8 n.d. n.d. 5.72 �0.04 �13.9 n.d. n.d.
7 6.09 �0.01 �12.2 7.3 n.d. 6.31 �0.03 �11.7 n.d. n.d. 5.74 �0.02 �13.6 5.3 n.d.
8 6.07 �0.03 �12.8 7.5 n.d. 6.30 �0.04 �12.0 5.3 n.d. 5.69 �0.07 �14.4 5.3 n.d.
9 6.06 �0.04 �14.8 7.7 n.d. 6.31 �0.03 �11.9 5.3 23 5.73 �0.03 �13.7 5.5 n.d.

10 6.06 �0.04 �15.0 7.7 n.d. 6.31 �0.03 �11.6 5.5 22 5.71 �0.05 �14.1 4.8 n.d.
11 6.14 0.04 �15.6 n.d. n.d. 6.33 �0.01 �11.7 5.7 n.d. 5.78 0.02 n.d. n.d. n.d.
12 6.13 0.03 �15.5 7.7 n.d. 6.33 �0.01 �11.6 n.d. n.d. 5.75 �0.01 �14.0 n.d. n.d.

n.d.: Could not be determined due to spectral overlap (Kex and dd/dT) or poorly resolved signals (3JOH,CH).
a Dd was determined by comparison with reference a-DD-Manp-OMe.13,14
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(Gal! Gal6NH2 ; 1!11 or 12), Gal 3-OH and Gal 4-OH
are deshielded by +0.11 and +0.31 ppm, respectively.
These downfield shifts might be attributed to the
deshielding effect of the positive charge of the NH3

þ

Figure 3. Resolution-enhanced 600 MHz 1D 1H NMR spectra
obtained at 268 K of the hydroxy and amide proton regions of b-DD-
Galp-(1!4)-b-DD-GlcpNAc-(1!2)-a-DD-Manp-(1!O)(CH2)7CH3 (1)
and its analogues 2 (GlcNAc!GlcNPr), 4 (Gal!Gal2d, Glc-
NAc!GlcNPr), 8 (Gal!GalNPr, GlcNAc!GlcNPr), and 10

(Gal!Gal6d, GlcNAc!GlcNPr).
group, since the value of Dd 0 reflects the distance from
the charged group.

The GlcNAc 6-OH chemical shifts were very similar
in 1–12 (Table 2). The persistent shift of GlcNAc 2-
NH from �8.51 to �8.38 ppm, when replacing the N-
acetyl group (1, 3, 5, 7, 9, and 11) by an N-propionyl
group (2, 4, 6, 8, 10, and 12), reflects the increased steric
hindrance of the hydration of the more bulky and more
hydrophobic N-propionyl group. Compared with 1, the
chemical shift of GlcNAc/GlcNPr 3-OH is seriously
affected by structural changes at Gal 6-C. When replac-
ing Gal by Gal6d (9–10), a large upfield shift is observed
for GlcNAc/GlcNPr 3-OH (Dd 0 � �0.30 ppm). As men-
tioned above, an upfield shift can reflect a reduced
hydration. In comparison to 3-OH in 1, such a reduced
hydration might either be due to a closer proximity to 5-
O of Gal as a result of a change in the glycosidic confor-
mation occurring upon substitution of Gal 6-OH by Gal
6-H, or to a significant modification of the solvation
shells caused by the hydrophobic methyl group in Gal6d.
On the other hand, the large downfield shift in the Glc-
NAc/GlcNPr 3-OH (Dd 0 ca. +0.45 ppm) resonance,
when Gal is replaced by Gal6NH2 (11–12), may indicate
(i) a change in the interresidual hydrogen bond network;
(ii) the existence of a transient hydrogen bonding
between GlcNAc 3-OH and Gal 6-NH; (iii) modifica-
tions in the nearby water structure; or (iv) an influence
of the positive charge. Per pair of compounds (1–2,
3–4, etc.), replacing the N-acetyl group by an N-propio-
nyl group causes very small upfield shifts for GlcNAc/
GlcNPr 3-OH (ca. 0.03 ppm).

Comparison of the Man 3-OH, Man 4-OH, and Man
6-OH signals of 1 with those of 2–12 shows only small
Dd 0 values (Table 3), indicating that the structural modi-
fications in the Gal and GlcNAc units of 1 have no
influence on the hydration or hydrogen bonding proper-
ties of the Man residue. Notably, the Man 6-OH



602 P. F. Rohfritsch et al. / Carbohydrate Research 342 (2007) 597–609
protons resonate systematically at somewhat higher d
values for the GlcNAc units than for the GlcNPr units.

2.3. Temperature coefficients dd/dT

The temperature dependency of chemical shifts of
hydroxy protons can clearly be seen in compounds
1–12. As an example, the OH/NH proton regions of
10 at different temperatures between 265 and 273 K
are depicted in Figure 4. Going from lower to higher
temperature, a clear line broadening is observed for
most of the OH signals. Generally, low absolute temper-
ature coefficients (about �3 ppb deg�1) are correlated
with strong hydrogen bonds.9 For 1–12, all hydroxy
protons, except for three, have dd/dT < �10 ppb deg�1

(Tables 1–3), illustrating that strong interactions do
not occur for this series. It has been noticed earlier that
amide protons have lower temperature coefficients than
hydroxy protons.19,20 The dd/dT values of GalNAc/
GalNPr 2-NH in 5–8 (Table 1) and of GlcNAc/GlcNPr
Figure 4. Resolution-enhanced 600 MHz 1D 1H NMR spectra of the
hydroxy and amide proton regions of 6-deoxy-b-DD-Galp-(1!4)-b-DD-
GlcpNPr-(1!2)-a-DD-Manp-(1!O)(CH2)7CH3 (10) at different temper-
atures ranging from 273 to 265 K.
2-NH in 1–12 (Table 2), confirm this finding (dd/dT

around �8 ppb deg�1). Interestingly, the three excep-
tions mentioned above, Gal2d 4-OH in 4 (Table 1) and
GlcNAc/GlcNPr 3-OH in 9 and 10 (Table 2), have also
dd/dT around �8 ppb deg�1, which can be indicative of
the involvement in weak hydrogen bonds, when associ-
ated with Kex and Dd 0 variations.

2.4. Vicinal coupling constants 3JOH,CH and 3JNH,CH

From the Karplus equation25 applied to hydroxy pro-
tons, a free rotation around the C–O bond is reflected
by vicinal coupling constants (3JOH,CH) of about
5.5 ± 1 Hz. The higher values indicate a preference
(about 70%) for an anti-conformation of the H–C–O–
H structural element.26 Such a behavior is observed
for all Man 3-OH protons (3JOH,CH 6.9–7.7 Hz; Table
3). Here, the proximity of a GlcNAc or GlcNPr unit
(1!2)-linked to the adjacent Man residue may restrain
the free rotation, and forces Man 3-OH protons to
adopt this anti-conformation. In the monosaccharide
methyl glycoside where no rotational restrictions occur,
3-OH of Man has a 3JOH,CH-value of 5 Hz. The N-pro-
pionyl group at 2-C seems also to constrain the motion
allowed for GalNPr 3-OH protons in 7 and 8 (GalNPr;
3JOH,CH � 6.9 Hz; Table 1). Lower 3JOH,CH values
reflect a syn-conformation of the H–C–O–H structural
element, suggesting a restricted rotation that can be
associated with the involvement in hydrogen bonding
interaction as observed for Glc 3-OH of lactose22 or
GlcNAc 3-OH of N,N 0-diacetyl-chitobiose.19 Typical
examples are seen for GlcNAc/GlcNPr 3-OH in 2–4

(Table 2). For the 3-OH of GlcNAc/GlcNPr in the other
compounds, 3JOH,CH could not be measured, due to the
small linewidths that suggested values below 3 Hz (Figs.
3 and 4).

anti-Conformations have also been reported for
amide functions.13,18–20 Indeed, all GlcNAc/GlcNPr 2-
NH signals show large 3JNH,CH values (1–4 and 6–12,
8.6–9.7 Hz; 5, 7.7 Hz; Table 2), as well as the GalNAc/
GalNPr 2-NH signals in 5–8 (9.7 Hz; Table 1).

2.5. Rates of exchange with the solvent Kex

Strong signal overlapping in the 2D NOE/EXSY spectra
of 1–12 at 268 K, hampered accurate determination of
exchange rates for most compounds. Only some signals
in 3–4 (Gal!Gal2d) and 9–10 (Gal!Gal6d) generated
exchange rate values (Tables 1–3). The high Kex values
observed for Gal2d 4-OH in 3–4, Man 3-OH in 4, and
Man 6-OH in 3, reflect significant accessibility to the sol-
vent, and thus likely an outermost location on the mole-
cule. On the other hand, low Kex values (Man 4-OH in
3–4 and 9–10; Gal2d 6-OH, GlcNAc/GlcNPr 3-OH in
3–4; GlcNAc 6-OH in 3; Gal6d 2-OH, and Gal6d 3-OH
in 9–10) indicate limited exchange with the solvent that
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may originate either from the presence of hydrogen
bonds14,15 or from the proximity with some nearby
bulky groups,19 which limits the access to the solvent.
However, since only very few Kex values could be calcu-
lated, no solid conclusions can be drawn from these
data.

2.6. ROESY experiments

Though space interactions can be detected by NOESY
(nuclear Overhauser effect correlation spectroscopy)
experiments, but discrimination between signals from
chemical exchange and from dipolar relaxation can only
be achieved via ROESY experiments (rotating-frame
exchange spectroscopy). ROE cross-peaks originating
from chemical exchange have the same sign as the diag-
onal peaks, while cross-peaks originating from dipolar
relaxation have the opposite sign. In Table 4, the inter-
residual and long-distance intraresidual (more than
three covalent bonds) cross-peaks, specific to ROESY
spectra, are listed for Gal variants and GlcNAc/GlcNPr
of the b-DD-Galp-(1!4)-b-DD-GlcpNAc-(1!2)-a-DD-Manp-
(1!O)(CH2)7CH3 analogues (1–12). Only ROEs origi-
Table 4. Inter and long distance intraresidual ROEs observed with OH and N
DD-GlcpNAc-(1!2)-a-DD-Manp-(1!O)(CH2)7CH3 analogues (1–12). Cross-p
experiments are not reported

Gal residue and its variants in 3–12

OH protons at 3-C OH/NH protons at 2-C OH p

1

2 Gal 1-H
GlcNPr 6-H

3

4

5 GalNAc 1-H Ac CH3

GalNAc 1-H
6 Ac CH3

GalNAc 1-H

7 Pr CH2

Pr CH3

GalNPr 1-H
8 Pr CH2

Pr CH3

GalNPr 1-H
9 GlcNAc 6-H GlcNAc 6-H 6-Deo

10 GlcNPr 6-H 6-Deo

11 GlcNAc 6-H 6-Am
12 6-Am

No cross-peaks were detected for Man 3-OH, Man 4-OH or Man 6-OH.
nating from dipolar relaxation, and not from chemical
exchange, were detected. None of the hydroxy protons
of the Man residue gives ROE cross-peaks.

Intraresidual ROEs between GlcNAc/GlcNPr 2-NH
and GlcNAc/GlcNPr 1-H were observed for 1–10. For
5–8 (replacement of Gal by GalNAc or GalNPr), intrare-
sidual ROEs were detected between GalNAc/GalNPr

2-NH and GalNAc/GalNPr 1-H. When N-acetylated,
GlcNAc 2-NH (1, 3, 5, 7, 9, 11) or GalNAc 2-NH (5–6)
showed ROE cross-peaks with methyl protons of the
N-acetyl groups. In a similar way, with N-propionylated
GlcNPr 2-NH (2, 4, 6, 8, 10, 12) or GalNPr 2-NH (7–8),
ROE cross-peaks were formed with the methylene and
methyl protons of the N-propionyl group.

Interresidual ROEs were observed between Gal/
GalNAc/GalNPr/Gal6d 1-H (2, 6–10) and GlcNAc/
GlcNPr 3-OH, suggesting a spatial proximity of these
protons regardless of the modifications introduced in
the analogues. The structures in which Gal has been
replaced by Gal6d (9–10) or Gal6NH2 (11–12) showed
cross-peaks between GlcNAc/GlcNPr 6-OH and
Gal6d/Gal6NH2 2-H, and for 2 and 9–11 between Gal/
Gal6d/Gal6NH2 2-OH and GlcNAc/GlcNPr 6-H.
H protons for Gal variants and GlcNAc/GlcNPr of b-DD-Galp-(1!4)-b-
eaks from less than three covalent bonds and detected by TOCSY

GlcNAc/GlcNPr

rotons at 6-C OH protons at 3-C NH protons at 2-C

Ac CH3

GlcNAc 1-H
GlcNPr 1-H Pr CH2

Gal 1-H Pr CH3

GlcNPr 1-H
Ac CH3

GlcNAc 1-H
Pr CH2

Pr CH3

GlcNPr 1-H
Ac CH3

GlcNAc 1-H
GalNAc 1-H Pr CH2

Pr CH3

GlcNPr 1-H
GalNPr 1-H Ac CH3

GlcNAc 1-H

GalNPr 1-H Pr CH2

Pr CH2 Pr CH3

GlcNPr 1-H
xy-Gal 2-H 6-Deoxy-Gal 1-H Ac CH3

GlcNAc 2-H GlcNAc 1-H
xy-Gal 2-H 6-Deoxy-Gal 1-H Pr CH2

Pr CH3

GlcNPr 1-H
ino-Gal 2-H Ac CH3

ino-Gal 2-H Pr CH2

Pr CH3
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2.7. Molecular dynamics simulation

In order to gain deeper insight into the three-dimen-
sional structure and the ability of the molecules to form
intramolecular hydrogen bonds, molecular dynamics
(MD) simulations of the trisaccharide fragments con-
tained in 1, 3, 9, and 11 have been performed in gas
phase and in solvent. Solvation was accounted either
by the implicit generalized born/surface area (GB/SA)
model27 or by the TIP3 water model using periodic
boundary conditions. Even if intramolecular hydrogen
bonding is overemphasized when no explicit solvent is
present, gas phase or GB/SA simulations of appropriate
length (in the nanosecond range) can give an overview of
the possible intramolecular hydrogen bonds. Such simu-
lations do not represent the situation in solvated sys-
tems, but give information on the hydrogen bonds that
the systems can possibly form.

Two 30 ns MD simulations of 1 using AMBERAMBER* at
300 K revealed two frequently occurring hydrogen
bonds: GlcNAc(3-OH)-Gal(5-O) (90%) and Man-
(3-OH)-GlcNAc(5-O) (55%) (Fig. 5a). Two weaker
interresidual hydrogen bonds between GlcNAc(3-OH)-
Gal(6-OH) (30%) and GlcNAc(6-OH)-Gal(2-OH)
(20%) (Fig. 5a) are predicted, but practically disappear
when a continuum solvent model is included in the sim-
ulation. Using the GB/SA model, all hydrogen bonds
probabilities decrease (Fig. 5b). When using an explicit
solvent during the simulation, most of the intramole-
cular hydrogen bonds vanish (<1%) (Fig. 5c). As
expected, the two previously highly populated hydrogen
Figure 5. Analysis of intramolecular hydrogen bonds and interactions in gas p
solvent (c) on compound 1. The geometric criterions required for hydrogen b
>120�. Only hydrogen bonds that occur >5% were considered. Two interresi
Gal(5-O) and Man(3-OH)-GlcNAc(5-O) (7%) (percent values in explicit solv
bonds.
bonds see their probability significantly reduced, drop-
ping from 90% to 33% for GlcNAc(3-OH)-Gal(5-O)
and from 55% to 7% for Man(3-OH)-GlcNAc(5-O).
Instead of forming intramolecular hydrogen bonds with
the ring atoms of the adjacent residue, the GlcNAc 3-
OH and Man 3-OH groups are now predominantly
forming hydrogen bonds with the solvent molecules. It
can be shown that both ring and glycosidic O are signif-
icantly less exposed to the solvent.

From autocorrelation analysis, the lifetimes of the
GlcNAc(3-OH)-Gal(5-O) and Man(3-OH)-GlcNAc-
(5-O) hydrogen bonds have been estimated to be about
7 ps. This number has to be taken with care since
the estimation of the lifetime is very sensitive to the
sampling interval and criterion used for the existence
of a hydrogen bond. GB/SA simulations of compounds
3, 9, and 11 reveal no significant differences in the
orientation of the glycosidic bonds (Fig. 6). In com-
pound 9, a hydrogen bond between Gal 2-OH and Glc-
NAc 6-OH occurred for about 20% of the time. In
compound 11, in contrast to the other compounds,
the hydrogen bond between GlcNAc 3-OH and Gal
5-O is significantly reduced (about 35% in contrast to
70% for 9). The NH3

þ group of 11 forms a hydrogen
bond to Gal 4-OH (65%) and, to a lesser extent, to
GlcNAc 3-OH (17%). Compound 3 behaves in a very
similar way to 1. However, several transitions to the
anti / conformation of the b(1!4) linkage are ob-
served, meaning that replacing the 2-OH group with
an H atom lowers the transition barrier of the /
torsion.
hase (a), using a continuum solvent model (GB/SA) (b), and in explicit
onding are: H-acceptor distance <2.5 Å and donor–H–acceptor angle

dual H bonds displayed a population higher than 5%: GlcNAc(3-OH)-
ent). The areas inside the red rectangles correspond to intraresidual H



Figure 7. Histograms of the H–C–O–H torsions derived from the MD simulations in explicit solvent. The Gal 3-OH group shows no preference in
orientation, whereas GlcNAc 3-OH preferably adopts a gauche (�60�) and Man 3-OH a trans (180�) orientation.

Figure 6. Examples of interresidual hydrogen bonds for GB/SA simulations of 1, 3, 9, and 11.
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As experimental proof for the existence of hydrogen
bonds, temperature coefficients, exchange rates, or unu-
sual 3JOH,CH values are generally used. Exemplified for
the 3-OH groups, a histogram of the H–C–O–H torsions
derived from the solvent simulations, is shown in Figure 7.
The torsion values for Gal 3-OH are evenly distrib-
uted between the three staggered orientations and
should result in 3JOH,CH values around 5.5 Hz. For Glc-
NAc 3-OH, a gauche preference is observed and should
lead to a smaller coupling constant. For Man 3-OH, the



Figure 8. Radial distribution (rdf) of water molecules in the vicinity of GlcNAc 3-OH. The solvent density in the second solvation shell is significantly
reduced when b-DD-Galp is linked at position GlcNAc 4-O. Highly ordered water in the first solvation shell is still present as shown by the intense peak
at 2.7 Å. Reduction of the Gal 6-OH group has some effect on the solvent shell of GlcNAc 3-OH. For comparison, the rdf for Gal 5-O is included.
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trans orientation has the highest population, resulting in
an increased 3JOH,CH value. These predictions derived
from the MD simulations, are in excellent agreement
with the experimental values (Tables 1–3).

The influence of the substitution on the solvation
of the GlcNAc 3-OH group has been investigated by
comparing MD simulations of trisaccharide 1 with
simulations of the corresponding b-DD-GlcpNAc-
(1!2)-a-DD-Manp-OMe and 6-deoxy-b-DD-Galp-(1!2)-
b-DD-GlcpNAc-OMe disaccharides. To measure the
extent of solvent ordering near GlcNAc 3-OH, radial
distribution functions have been calculated for these
compounds using the GlcNAc 3-O atom as coordinate
center (Fig. 8). The disaccharide b-DD-GlcpNAc-(1!2)-
a-DD-Manp-OMe served as a reference. Connecting a
monosaccharide to position 4-C of GlcNAc (compound
1 GlcNAc 3-OH in Fig. 8) slightly decreases the water
density in the first solvation shell (until 3.4 Å). The aver-
age number of water molecules, determined from inte-
gration of the curve, drops from 3.0 to 2.5 only. In the
second solvation shell (between 3.4 and 4.5 Å), the water
density around GlcNAc 3-OH is more pronouncedly
reduced in the intact trisaccharide 1 as well as in the
6-deoxy-b-DD-Galp-(1!2)-b-DD-GlcpNAc-OMe disaccha-
ride (Fig. 8). Remarkably, a significant ordering is still
present in the first solvation shell of all compounds. This
can possibly originate from tightly bound water mole-
cules on the surface of the carbohydrate molecule close
to the GlcNAc 3-OH group. For comparison, the radial
distribution function of Gal 5-O in 1 shows a completely
different pattern (compound 1 (Gal 5-O) in Fig. 8).
3. Discussion

In this study, the hydroxy proton resonances of a set of
synthetic type II trisaccharides modified at 2-C or 6-C
of the terminal Gal unit and at 2-C of the subterminal
GlcNAc residue24 were investigated. Structural data
including chemical shifts, vicinal coupling constants,
temperature coefficients, rates of exchange with the sol-
vent, and ROEs are reported for the Gal, GlcNAc, and
Man units of the b-DD-Galp-(1!4)-b-DD-GlcpNAc-(1!2)-
a-DD-Manp-(1!O)(CH2)7CH3 variants 1–12, as well as
results derived from molecular dynamics simulations
performed on compounds 1, 3, 9, and 11.

For all structures, GlcNAc/GlcNPr 2-NH shows a
preferential anti-conformation and has intraresidual
ROEs with either CH3 protons of N-acetyl groups (1,
3, 5, 7, 9, 11) or CH2 and CH3 protons of N-propionyl
groups (2, 4, 6, 8, 10, 12), as well as with GlcNAc/
GlcNPr 1-H. Similar results are found for the b-DD-
Galp-(1!4)-b-DD-GlcpNAc-based analogues 5–8, where-
in GalNAc/GalNPr 2-NH shows an anti-conformation



Figure 9. Snapshot of the hydrogen bonding network formed between
water molecules, and Gal and GlcNAc residues of 1.
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and ROE cross-peaks with either CH3 (5–6) or CH2–
CH3 (7–8) protons of the N-acyl groups. Previously, it
has been shown for a 13C-enriched N-acetyllactosamine
disaccharide,21 that GlcNAc 3-OH and Gal 1-H, as well
as GlcNAc 6-H and Gal 2-OH are close enough (<3 Å)
to generate cross-peaks in ROESY experiments. The
occurrence of ROE cross-peaks between Gal/Gal6d/
Gal6NH2 2-OH and GlcNAc/GlcNPr 6-H for 1–2 and
9–11 is in good agreement with the average structure
found in the MD simulations. The hydroxymethyl
group remains mainly in the gg or gt conformation
and no hydrogen bond between 6-OH and 2-OH is
formed in this orientation. Since ROEs between
GlcNAc 6-OH and Gal6d/Gal6NH2 2-H (9–12) could be
detected, as well as lower Kex values for Gal6d 2-OH in
9 and 10, the occurrence of a weak hydrogen bond
between the Gal 2-OH and GlcNAc 6-OH in the b-DD-
Galp-(1!4)-b-DD-GlcpNAc-(1! element was observed
during the MD simulations of 9. The NMR data show
that modifications at Gal 6-C (Gal6d/Gal6NH2 ) signifi-
cantly affect the interaction between GlcNAc 3-OH
and Gal 1-H, previously described.22 Replacing the
hydroxyl group by an amino group at Gal 6-C (11–12)
deshields the Gal6NH2 3-OH and 4-OH signals, as well
as the GlcNAc/GlcNPr 3-OH signal. ROEs between
GlcNAc 3-OH and Gal6NH2 1-H could not be detected,
which points either to some steric hindrance or to mod-
ification of the solvation shell originating from the
Gal6NH2 6-NH group.

In general, the unusual 3JOH,CH coupling constants
measured for GlcNAc 3-OH and Man 3-OH could be
explained without the assumption of persistent hydro-
gen bonds. From MD simulations, the role of intra-
molecular hydrogen bonds has been described to be of
minor importance in explicit solvent, as OH groups pre-
dominantly form hydrogen bonds to surrounding water
molecules. These findings are in agreement with the
results on methyl b-cellobioside,4 where the interresidue
3-O–5-O hydrogen bond was reported to be insignificant
in H2O–CD3OH. Using radial distribution functions,
the analysis of the GlcNAc 3-OH solvation revealed a
significant ordering of water molecules in the first solva-
tion shell and the accessibility of the 3-OH group to the
solvent. As a result, the OH groups are heavily involved
in a relatively ordered network of water molecules cov-
ering the carbohydrate molecule surface, and form
bridges which can extend across the glycosidic linkages
(Fig. 9). A similar observation was recently reported
for a-linked carbohydrates.28

To summarize, the upfield shifts of the GlcNAc 3-OH
group are probably caused by the nearby ring and glyco-
sidic O atoms as described for structures with a similar
structural arrangement.11–16 The shielding of Gal 4-
OH when reducing the 2-C atom in 3 and 4 can only
be attributed to a significant change in the water net-
work covering the carbohydrate, since no direct interac-
tion between 2-OH and 4-OH is possible. In addition,
the large downfield shift introduced to some OH groups
when introducing a NH3

þ group at Gal 6-C (11 and 12)
is likely to be caused by the positive charge, since the
effect is only observed on adjacent groups and decreases
with the distance.
4. Experimental

4.1. NMR measurements

The trisaccharides 1–12 have been synthesized previ-
ously.24 Compounds were dissolved in 0.5 mL 85%
H2O/15% (CD3)2CO to a final concentration of
25 mM for 2, 4, 5, and 7–12, and of 15, 20, and
20 mM for 1, 3, and 6, respectively. For all compounds,
the pH was adjusted to 7.05 ± 0.1 using 30 mM HCl,
with the exception of 11 and 12 where the pH was
set at 6.40 ± 0.05. In order to minimize the absorption
of impurities from the glassware, NMR tubes were
soaked for 24 h in 50 mM sodium phosphate, pH 7.3
1H NMR spectra were generally recorded at 268 K on
a BRUKER DRX-600 spectrometer, operating at
600.13 MHz for proton observation. For the determina-
tion of temperature coefficients, the temperature was
lowered from 283 to 268 K in steps of 5 K, and from
268 K until the freezing point in steps of 1 K. One-
and two-dimensional 1H NMR spectra were acquired
using the WATERGATE pulse sequence29 for water
suppression, and were calibrated by using acetone as
internal standard (dH = 2.204 ppm). The 2D DQF-
COSY, TOCSY, NOESY, and ROESY spectra were
acquired in the phase-sensitive mode using the state-
TPPI method (time-proportional phase incrementation)
with standard pulse sequences from the BRUKER
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library. The rates of exchange of hydroxy protons with
water were calculated from 2D NOESY/EXSY phase-
sensitive chemical exchange experiments performed at
268 K. Mixing times of 3–21 ms in steps of 3 ms were
used. The volumes of the signals stemming either from
the NOEs or from the diagonals were measured using
the program AURELIAAURELIA (Bruker, Germany).

4.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations of the oligosac-
charides 1, 3, 9, and 11 were realized in the nanosecond
timescale. The AMBERAMBER* force field implemented in
MacroModel 8.1 was used with standard parameters
on isolated molecules for the gas phase and continuum
solvent (GB/SA) model simulations.30 MD simulations
of 1 and the disaccharides b-DD-GlcpNAc-(1!2)-a-DD-
Manp-OMe and 6-deoxy-b-DD-GlcpNAc-(1!2)-a-DD-
Manp-OMe were performed in explicit solvent using
periodic boundary conditions, the particle-mesh Ewald
electrostatics, and the TIP3 water model. The sander

module of the AMBERAMBER suite of programs31 calculated
the trajectories, and Tleap was used to connect the
appropriate GLYCAM building blocks and build the
starting structures.32 The GLYCAM-04 parameters
and charges were used for calculations on oligosaccha-
rides. The 1–4 electrostatic (SCEE) and nonbonded
(SCNB) scaling factors were set to unity as recom-
mended by the developers. All MD simulations were
performed at 300 K. Prior to sampling of snapshots, a
two-step equilibration period was applied to the sol-
vated system as follows. First the system was heated
over a period of 20 ps from 10 to 300 K at constant
volume, then the pressure and density of the water were
adjusted during a 80 ps simulation period at constant
temperature. The equilibration time for the simulations
without explicit solvent was 10 ps. Simulations were
performed over a production time of 30 ns (1) and
6 ns (3, 9, 11) for the gas phase/continuum solvent
system and 10 ns when explicit solvent was present.

All trajectory data were analyzed using Conforma-
tional Analysis Tools (CAT).33 Depending on the length
of the simulation, 10,000–60,000 snapshots were imple-
mented. To determine the possibility of hydrogen bonds,
the following geometric criterions were employed: a
H–A distance shorter than 2.5 Å and a D–H–A angle
larger than 120�. Igor Pro (www.wavemetrics.com) gen-
erated the scientific plots.
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