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The stable structures of a-N-acetyl-D-neuraminic acid (Neu5Aca) in the gas phase were
studied at the B3LYP level of theory using 6-31G(d,p) and 6-31þþG(d,p) basis sets.
They are classified into five types according to the patterns of the intramolecular
hydrogen bond formations. One of the stable structures had intramolecular hydrogen
bond network of O9HO9

. . . O8HO8
. . . O55C1-O1HO1 and O7HO7

. . .O55CHN-C5 similar
to the crystal structure of Neu5Ac-a-methyl glycoside methyl ester. The stable struc-
tures of Neu5Aca are reasonable for the following sialooligosaccharide ligand studies
with respect to the relationship between OH group orientations and intramolecular
hydrogen bond formations. The barrier heights for isomerizations between the stable
structures were computed to be 2.8 to 6.7 kcal/mol at the B3LYP/6-31þþG(d,p)//
B3LYP/6-31G(d,p) level, which are basic factors for the conformational behavior of

Received February 20, 2006; accepted April 16, 2006.
Address correspondence to Toshihiko Sawada, The United Graduate School of
Agricultural Science, Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan. E-mail:
tsawada@cc.gifu-u.ac.jp, and Makoto Kiso, Department of Applied Bioorganic
Chemistry, Faculty of Applied Biological Sciences, Gifu University, 1-1 Yanagido, Gifu
501-1193, Japan. E-mail: kiso@cc.gifu-u.ac.jp

Journal of Carbohydrate Chemistry, 25:387–405, 2006
Copyright # Taylor & Francis Group, LLC
ISSN: 0732-8303 print 1532-2327 online
DOI: 10.1080/07328300600778801

387

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
5
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



Neu5Aca before its interactions with receptors. We also calculated Neu5Aca–4 or
5-water complexes to take account of the solvent effect on the intramolecular
hydrogen bonds in the stable structures. Consequently, the structures of Neu5Aca in
the complexes are similar to each other, which is consistent with the known NMR
data. Thus, the optimum Neu5Aca-water complexes are some of the reasonable
pseudohydrous Neu5Aca.

Keywords N-acetylneuraminic acid, Conformation, Density functional theory,
Hydrogen bond

INTRODUCTION

Sialylglycoconjugates such as gangliosides, sialic acid polymers, and mucin-
type oligosaccharides on glycoproteins interact with various receptors in
vivo. Sialyl Lewisx (sLex) gangliosides[1] behave as ligands for E-, P-, and
L-selectin belonging to a family of cell-adhesion molecules (C-type lectin).[2]

The sLex-selectin interactions are concerned with gathering leukocyte and
thrombocyte into inflammation site, permeation and metastasis of malignant
cell, and so on.[3] Recently we reported the novel immune control system
participated 6-sulfo-sLex (active),[4a,b] 6-sulfo-de-N-acetyl-sLex (super
active),[4c–e] and 1,5-lactamized 6-sulfo-sLex (inactive)[4f–g] by human
L-Selectin.[4h] Di- or tri-sialogangliosides GQ1ba, GT1aa, and GD1a are high
reactive ligands for Siglec-4: sialic acid binding Ig like lectins-4 such as
myelin-associated glycoprotein and schwann cell myelin protein.[5] a2-8 Poly-
sialylated NCAM (neural cell adhension molecule) exists in a large quantity
in the embryonic brain and active sites of adult brain.[6a] In adults, the
polymerization degree drops off to a2-8 sialic acid dimer.[6b] Influenza A
viruses strictly recognize nonreducing terminal disaccharide of sialylparaglo-
boside, in particular the sialic acid species and the difference in sialic
acid-galactose linkage.[7a–b] Human influenza A virus hemagglutinin (HA)
preferentially binds N-acetyl-D-neuraminic acid-a2! 6-D-galactoseb 1
(Neu5Aca2! 6Galb), but human HA mutation of Leu226 to glutamine binds
Neu5Aca2! 3Galb 2 stronger than Neu5Aca2! 6Galb 1 (Fig. 1).[7c]

Moreover, mutation of the Ser228 to glycine changes the specificity from
Neu5Aca2! 3Galb to N-glycolylneuraminic acida2! 3Galb.[7d]

Figure 1: Nonreducing terminal disaccharides Neu5Aca2-6Galb 1 and Neu5Aca2-3Galb 2
recognized by influenza virus A hemagglutinin.
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Recently the sialooligosaccharide-receptor interactions have been
chemically elucidated by experimental methods such as X-ray crystal structure
analysis[2c,8] and NMR experiments.[8a,9] These studies reported the inter-
actions of sialooligosaccharide ligands with receptors in the crystal structures
and experimental differences in sialooligosaccharide conformations between
saccharide-bound receptor state and free state. But there is room for theoreti-
cal explanation of the interaction mechanisms. Our approach to quantitative
clarification of sialooligosaccharide-receptor interaction mechanism is by two
steps: Step 1: conformational studies of both a receptor and corresponding
ligand before the interaction by theoretical calculations (reactant), and Step
2: a theoretical study of corresponding ligand-receptor complex based on the
crystal structure (product).

Computational studies of sialooligosaccharide ligands were performed by
molecular mechanics[8a,9d] and semi-empirical molecular orbital methods.[10]

Hartree-Fock calculations were applied to monosaccharide a-N-acetyl-D-
neuraminic acid (Neu5Aca) in order to discuss the interaction between the
stable structure of Neu5Aca with neuraminidases or sialyltransferases.[11]

However, we are interested in the hydrophilic and lipophilic interactions like
the lectin-carbohydrate interaction, because electron correlation will be very sig-
nificant to our sialooligosaccharide study. Besides, it is necessary to study the
conformational behavior of Neu5Aca residue in terms of the relationships
between the stable structures and several hydrogen bond formations before its
interactions with receptors. Since oligosaccharides are too big and flexible for
DFT studies, it is preferentially efficient to divide a sialooligosaccharide into
monosaccharide units, optimize each unit, combine the optimum structure of
nonreducing terminal unit and the optimum second unit, reoptimize a nonredu-
cing terminal disaccharide, and repeat thismethod until making a target ligand.

In this paper, we report the stable structures in the gas phase and
potential energy profile for isomerizations between the stable structures of

Figure 2: a-N-acetyl-D-neuraminic acid (Neu5Aca) 3.
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Neu5Aca 3 (Fig. 2) at the B3LYP level of theory using 6-31G(d,p) and
6-31þþG(d,p) basis sets. We focus our attention on the relationships
between the hydroxy group orientations in Neu5Aca and several hydrogen
bond formations, which are assumed to be concerned with the sialooligosac-
charide-receptor interaction as a part of ligand. Since Neu5Aca is practically
hydrated in vivo, Neu5Aca can interact with solvent water molecules. We
treat Neu5Aca-H2O complexes as the pseudohydrous structures to investigate
the effect of water molecules on the intramolecular hydrogen bonds in the gas
phase structures.

METHODS

Eighty-one idealized C-OH bonds rotamers at the positions 4, 7, 8, and 9 of
Neu5Aca 3 were studied by density functional theory calculations to search
the relationships between the hydroxy group orientations and intramolecular
hydrogen bond formations in the stable structures, since it is difficult to inves-
tigate hydroxy proton orientations of carbohydrates in aqueous system by
experiments. First, we constructed the common structure of Neu5Aca 3 for
the calculations referring to reported studies as follows[8a,12]: The six-
membered ring conformation was set to be 2C5 in our study because the exper-
iments showed that the 2C5 conformation was themost stable in water solution,
and which was kept even after the interactions with selectins, influenza virus
hemagglutinin, and siglecs. Dihedral angle of H5-C5-N-HN was set to be 1808
(Fig. 2). Glycerol side chain conformation was oriented to gauche-gauche (gg)
at C6-C7 bond, trans (t) at C7-C8 bond, and gaucheþ (gþ ) at C8-C9 bond,
respectively (Sch. 1). The carboxy proton HO1 at position 1 was simply put on
the oxygen atom O1 referring to the crystal structure of Neu5Ac-a-methyl gly-
coside methyl ester (Neu5Aca-OMe CO2Me).[13] Finally, anti (a), gaucheþ (gþ),
and gauche- (g-) orientations of the hydroxy protons at the positions 4, 7, 8, and
9 with this basic structure gave the 81 initial rotamers for calculations
(34 ¼ 81, Sch. 2).

All initial rotamers were optimized at the RHF/3-21G(d) level in terms of
all geometric parameters. Next, the optimum 14 structures within 4.0 kcal/mol

Scheme 1: Initial orientations at C6-C7, C7-C8, and C8-C9 bonds of Neu5Aca 3 for DFT
calculations.
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from the most stable structure were re-optimized at the B3LYP/6-31G(d,p)
level[14] to take into account of electron correlation. Since previous works[15]

have shown that diffuse functions are important for hydrogen-bonded
systems in carbohydrates, some optimized structures at the B3LYP/6-
31G(d,p) level were compared with those at B3LYP/6-31þG(d) level. The
difference between them was not significant for our system. For example, the
hydrogen bond distances at the B3LYP/6-31þG(d) level were about 0.04 Å
longer than the corresponding B3LYP/6-31G(d,p) distances. Thus, we
adopted 6-31G(d,p) set for the geometry optimizations for computational
efficiency. Single-point energy calculations were also performed at the B3LYP
level of theory using 6-31þþG(d,p) basis sets. These methods are usual
manners in comparison with those in the conformational study on methyl
D-aldopentofuranosides by Houseknecht et al.[16] Vibrational frequency
calculations were carried out at the B3LYP/6-31G(d,p) level with thermo-
chemical corrections at 310 K and 1.0 atm. Consecutive isomerizations with
respect to hydrogen bond conversions at one position between the stable
conformers were also investigated at the B3LYP/6-31þþG(d,p)//B3LYP/6-
31G(d,p) level. Each transition state (Fig. 5) had one suitable imaginary
frequency mode at the B3LYP/6-31G(d,p) level. In order to discuss the
solvent effect on the stable structures, we intentionally put water molecules
around the intramolecular hydrogen bonds in the stable structures and
investigated the Neu5Aca-water complexes by the same theoretical methods,
since some calculations with self-consistent reaction field models did not
converge. The water molecules are considered to be the pseudo first
hydration sphere here. All calculations were performed using GAUSSIAN
98[17] registered at Gifu University and Research Center for Computational
Science, Okazaki Research Facilities, National Institutes of Natural
Sciences. MOLDA[18] and MOLEKEL[19] were used to visualize the calculated
results.

Scheme 2: CX22OXHOX (X ¼ 4, 7, 8) and C9-O9HO9 bonds rotamers of Neu5Aca 3 for DFT
calculations. � The lobe is a lone pair on oxygen atom.
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RESULTS AND DISCUSSION

Stable Structures of Neu5Aca
14 stable structures of Neu5Aca 3 at the B3LYP/6-31G(d,p) level almost

kept the initial 2C5 ring conformation and glycerol side chain conformation.
Instead, the dihedral angle of H5-C5-N-HN was changed to form intramolecular
hydrogen bond with the OH group at the position 4 or 7, leading to more stable
structures in the gas phase. The stable structures were classified into 5 types
A–E according to the position of intramolecular hydrogen bond formations
as described later. Figure 3 shows the most stable structures in each type,
which are labeled as A_4a, B, C_4a_9g1, D_9a, and E_9a, respectively.
Relative stabilities of the stable structures are summarized in Table 1.

Type A structures had hydrogen bond network HO9
. . . O8HO8

. . . O1’ and
HO7

. . . OCN. The O4HO4 did not form intramolecular hydrogen bond. We
labeled the type A structure having anti-orientation at 4-OH as A_4a,
gaucheþ as A_4g1, and gauche- as A_4g2. Structure A_4a was the most
stable structure, and each hydrogen bond distance was HO9

. . . O8 ¼ 2.212 Å,

Figure 3: Stable structures A_4a, B, C_4a_9 g1, D_9a, and E_9a in the gas phase of
Neu5Aca 3 at the B3LYP/6-31G(d,p) level. The red dotted lines are hydrogen bond
interactions, which represent at angstrom (Å). Carbon, oxygen, nitrogen, and hydrogen
atoms are represented as green, red, blue, and gray balls, respectively.
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HO8
. . . O1’ ¼ 2.071 Å, and HO7

. . . OCN ¼ 1.846 Å. Besides, hydroxy proton HO2

weakly interactedwith the ring oxygenO6 by the distance of 2.315 Å. Structures
A_4g1 andA_4g2 were less stable than anti-conformerA_4a by 0.6–0.7 kcal/
mol at the B3LYP/6-31þþG(d,p)//B3LYP/6-31G(d,p) level (entry 2, 3).

Structure B had hydrogen bond network HO9
. . . O8HO8

. . . O1’ similar to
structure A_4a. The HO9

. . . O8 bond was longer by 0.05 Å than the correspond-
ing bond in A_4a, while the HO8

. . . O1 bond length was almost the same. The
carbonyl oxygen OCN on acetamide group at position 5 formed a hydrogen bond
with the hydroxy proton HO4. The HO4

. . . OCN bond length was 1.808 Å, which
was shorter by 0.04 Å than the HO7

. . . OCN bond in the A_4a. However, struc-
ture B was less stable than structure A_4a by 1.5 kcal/mol (entry 4). Hydroxy
protons HO2 and HO7 weakly interacted with the ring oxygen O6 with
HO2

. . . O6 ¼ 2.360 Å and HO7
. . . O6 ¼ 2.370 Å.

Type C structures had three hydrogen bonds HO2
. . . O1’, HO8

. . . O9, and
HO7

. . . OCN. The last one was common in both the type A and C, and the
bond distances in these structures were similar. In the type C, the O4HO4

and HO9 were not related with the hydrogen bond formations. Hydroxy
proton HO9 preferred gaucheþ or anti-orientation (entry 5–10). The most
stable structure in this type was designated as C_4a_9g1, which had anti-
orientation at 4-OH and gaucheþ at 9-OH, and was less stable than structure
A_4a by 0.6 kcal/mol at the B3LYP/6-31þþG(d,p)//B3LYP/6-31G(d,p) level
(entry 5). The hydrogen bond distances were HO2

. . . O1’ ¼ 2.122 Å,
HO8

. . . O9 ¼ 2.161 Å, and HO7
. . . OCN ¼ 1.840 Å.

Table 1: Relative stabilities in kcal/mol for the stable structures of Neu5Aca 3.

RHF/3-21G(d)
B3LYP/6-
31G(d,p) B3LYP/6-31þþG(d,p)//

B3LYP/6-31G(d,p)
Entry Structure DE DE DG310

a DE

1 A_4a 0.00 0.00 0.00 0.00
2 A_4g1 1.55 0.95 1.14 0.70
3 A_4g2 0.86 0.91 0.91 0.61
4 B 2.05 1.46 0.61 1.53
5 C_4a_9g1 2.16 1.34 1.09 0.60
6 C_4a_9a 2.17 2.51 2.58 1.19
7 C_4g1_9g1 3.68 2.57 3.28 1.57
8 C_4g1_9a 3.71 3.55 2.80 1.84
9 C_4g2_9g1 3.39 2.48 1.80 1.48

10 C_4g2_9a 3.43 3.41 2.52 1.67
11 D_9a 1.33 2.03 0.78 0.93
12 D_9g1 1.92 1.64 0.53 1.16
13 E_9a 21.89 1.82 0.87 1.23
14 E_9g1 21.20 1.47 0.80 1.58

a Thermochemical corrections were carried out at 310 K and 1.0 atm.
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Type D structures had four hydrogen bonds HO2
. . . O1’, HO8

. . . O9,
HO4

. . . OCN, and HO7
. . . O6. The first two were common with the type C, and

the third was common with the type B. Hydroxy proton HO9 did not form an
intramolecular hydrogen bond, so that the HO9 preferred gaucheþ or anti-
orientation similar to the type C (entry 11, 12). Structure D_9a was the most
stable in the type D whose hydrogen bond distances were HO2

. . . O1’ ¼ 2.070
Å, HO8

. . . O9 ¼ 2.142 Å, HO4
. . . OCN ¼ 1.809 Å, and HO7

. . . O6 ¼ 2.040 Å.
The first two bonds were shorter than the corresponding bonds of C_4a_9g1
by 0.02-0.05 Å. In spite of four hydrogen bond formations, structure D_9a

was less stable than structures A_4a and C_4a_9g1, having three hydrogen
bonds at the B3LYP/6-31þþG(d,p)//B3LYP/6-31G(d,p) level (entry 11).
Hydroxy proton HO7 was clearly interacted with the ring oxygen O6, which
caused orientation change at C6-C7 bond from the initial gg: /H6-C6-C7-H7¼

2608 to 2808.
Type E structures were brought about by interaction of HN with O8HO8 in

the D type structures. In structure E_9a, hydrogen bond network
HN

. . . O8HO8
. . . O9 was generated to afford dihedral angles / H5-C5-N-

HN ¼ 21208 and/H6-C6-C7-H7¼ 21198, which caused the strong interactions
HO4

. . . OCN ¼ 1.771 Å and HO7
. . . O6 ¼ 1.852 Å. However, structure E_9a was

less stable than structureD_9a by 0.3 kcal/mol at the B3LYP/6-31þþG(d,p)//
B3LYP/6-31G(d,p) level (entry 13).

Table 1 shows that the order of relative stabilities of the most stable struc-
tures in each type is A_4a . C_4a_9g1 . B, E_9g1 . D_9g1 at the
B3LYP/6-31G(d,p) level. Since the relative stabilities at the RHF/3-21G(d)
level are quite different from the corresponding stabilities at the B3LYP
level, taking into account of electron correlation is very significant to our
Neu5Aca study. The enlargement of the basis set to 6-31þþG(d,p) reduced
the energy gaps from the most stable A_4a except for B and E_9g1, and
changed the order to A_4a . C_4a_9g1 . D_9a . E_9a . B. Therefore, the
diffuse functions strongly influenced 9a-type structures than 9g1 type,
leading to the reverse of the most stable structures in the type D and E.
Table 1 also shows the relative Gibbs free energy at 310 K and 1.0 atm. Ther-
mochemical correction did not change the most stable structure in each type,
but the order was changed to A_4a . D_9g1 . B . E_9g1 . C_4a_9g1.
The reduction of the DG mainly came from the entropy effect, which was the
largest in the type D.

Lenthe et al. reported the stable structure of Neu5Aca at the HF/6-31G(d)
level in order to discuss interaction of Neu5Aca with neuraminidases or
sialyltransferases, which had intramolecular hydrogen bond network O9

HO8O8
. . . HO1OC1 and HO7

. . . OCN.
[11] We were able to obtain this structure

by migration of carboxy proton HO1 from O1 to O1’ in structure C_4a_9g1
followed by interacting HO1 with O8HO8

. . . O9 at the B3LYP/6-31G(d,p)
level, so we labeled this one as C_4a_9g1’ (Fig. 4). The distance of the
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HO7
. . . OCN bond was 1.785 Å, which was shorter than the corresponding bond

in A_4a by 0.06 Å. The hydrogen bond network HO9O9
. . .HO8O8

. . . HO1O1’C1

in C_4a_9g1’ consisted of HO9O9
. . .HO8O8 ¼ 2.133 Å (A_4a;

O9HO9
. . . O8HO8 ¼ 2.212 Å) and HO8O8

. . . HO1O1’C1 ¼ 1.856 Å (A_4a;
O8HO8

. . . O1’C1 ¼ 2.071 Å). Therefore, structure C_4a_9g1’ was more stable
than structure A_4a by 0.65 kcal/mol at the B3LYP/6-31þþG(d,p)//B3LYP/
6-31G(d,p) level, and especially the hydrogen bond O8

. . . HO1 contributed to
the stabilization. However, these kinds of structures were not included in our
initial target, because the position of the carboxy proton HO1 in structure
C_4a_9g1’ is different from the corresponding position of methyl group on
CO2Me in the crystal structure Neu5Aca-OMe CO2Me.

Comparison between theoretical structure A_4a and crystal structure of
Neu5Aca-OMe CO2Me crystallized from methanol-ether[13] is summarized in
Table 2. Structure A_4a was similar in hydroxy proton orientations and
hydrogen bond distances to the crystal structure except for HO4 orientation
and HO9

. . . O8 interaction. The O4HO4 in the structures was not associated
with intramolecular hydrogen bond formation, and the barrier height of the
C4-O4HO4 bond rotation in structure A_4a was only 1.43 kcal/mol at the
B3LYP/6-31þþG(d,p)//B3LYP/6-31G(d,p) level. The distance of HO9

. . . O8

interaction in theoretical structure A_4a was shortened by 0.5 Å than
corresponding distance in the crystal structure. The complex of Neu5Aca
(A_4a) and water molecules designated as wA_4a had HO9

. . . O8 ¼ 2.789 Å
and / C8-C9-O9-HO9 ¼ 2758, which were similar to the corresponding
parameters in the crystal structure.

These stable structures of Neu5Aca at the B3LYP/6-31G(d,p) level are
reasonable for the following sialooligosaccharide ligand studies with respect
to the relationship between OH group orientations and intramolecular
hydrogen bond formations.

Figure 4: Stable structureC_4a_9g1’ in the gas phase of Neu5Aca 3 at the B3LYP/6-31G(d,p)
level.
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Isomerization Between the Stable Structures of Neu5Aca
The potential energy profile for the consecutive isomerizations between the

structures E_9a and B in the gas phase at the B3LYP/6-31þþG(d,p)//B3LYP/
6-31G(d,p) level is shown in Figure 5. The transition state TS1 for the isomer-
ization between E_9a and D_9a (isomerization E_9a: O9

. . .HO8O8

. . . HNN$ D_9a: O9
. . . HO8O8, HNN) was located 0.02 kcal/mol above

Table 2: Comparison between theoretical structure of Neu5Aca (A_4a) and
crystal structure of Neu5Aca-OMe CO2Me.

Theoretical structure
(B3LYP/6-31G(d,p)) Crystal structure

Neu5Aca (A_4a) Neu5Aca-OMe CO2Me

Dihedral angle (degree)
O2-C2-C1-O10 84 108
H4-C4-O4-HO4 2178 110
H5-C5-N-HN 134 142
H7-C7-O7-HO7 239 252
H8-C8-O8-HO8 238 241
C8-C9-O9-HO9 247 267

Distance (angstrom)
O8HO8

. . . O10C1 2.071 1.999
O9HO9

. . . O8HO8 2.212 2.705
O7HO7

. . . OCNCNNHN 1.846 1.881

Figure 5: Potential energy profile for the isomerizations between the stable structures of
Neu5Aca 3 at the B3LYP/6-31þþG(d,p)//B3LYP/6-31G(d,p) level. a Carboxy proton HO1

migrations between O1 to O1’ required about 35 kcal/mol in the gas phase. The migrations
can take placemore easily in aqueous phase thanC1-C2 bond rotations. Wewere not able to
find corresponding transition states for the C1-C2 bond rotations. b Isomerization between
[O9

. . . HO8O8, HO1O1’C1] and [O9
. . . HO8O8

. . . HO1O1’C1: C_4a_9g1’]. c Isomerization
between [C_4a_9g1’: HO9O9

. . . HO8O8
. . . HO1O1’C1] and [O9HO9

. . .O8HO8
. . .O1’(HO1)C1].
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structure E_9a; thus, this isomerization was easier to take place in comparison
with the others. It is known that density functional theories tend to underesti-
mate barrier heights. In this work, this tendency was observed especially for
TS1, which was computed to be 0.39 kcal/mol higher than E_9a at the
B3LYP/6-31G(d,p) level. TS1 had dihedral angles / H5-C5-N-HN¼21218
and /H6-C6-C7-H7¼2958, and distances HN

. . . O8 ¼ 2.570 Å, HO4
. . . OCN ¼

1.787 Å, and HO7
. . . O6 ¼ 1.935 Å.

The conversion from hydrogen bond HO4
. . . OCN to HO7

. . . OCN (isomeriza-
tions D_9a! C_4a_9g1 and A_4a B) required 4.41 kcal/mol at TS2 and
2.77 kcal/mol at TS3, while the opposite conversions D_9a C_4a_9g1
and A_4a! B needed 4.74 and 4.30 kcal/mol. TS2 and TS3 had
HO4

. . . OCN ¼ 2.437 Å, 2.660 Å, HO7
. . . OCN ¼ 3.164 Å, 3.049 Å, and / H5-

C5-N-HN¼ 21758, 21798.
The isomerizations between structure C_4a_9g1, C_4a_9g1’, and A_4a

related to the carboxy proton HO1 migrations via 2 intermediates. These inter-
mediates were stable structures at the B3LYP/6-31G(d,p) level; however, they
were not found from the 81 initial structures. Carboxy proton HO1 migrations
between O1 and O1’ can take place more easily in the aqueous phase. The tran-
sition state for isomerization between [O9

. . . HO8O8, HO1O1’C1] and [O9

HO8O8
. . . HO1O1’C1: C_4a_9g1’] was located 6.51 kcal/mol above structure

C_4a_9g1’. The transition state for isomerization between [C_4a_9g1’: HO9

O9
. . .HO8O8

. . . HO1O1’C1] and [O9HO9
. . . O8HO8

. . . O1’(HO1)C1] was located
6.74 kcal/mol above stable structure C_4a_9g1’.

The main intramolecular hydrogen bonds conversions required 2.8 to
6.7 kcal/mol. This result is a basic factor for conformational behavior of
Neu5Aca before its interaction with receptors in terms of the relationships
between the stable structures and the hydrogen bond formations. The
barrier heights will become lower in hydration system.

The Effect of Water Molecules on the Intramolecular
Hydrogen Bonds in the Stable Structures of Neu5Aca
In order to discuss the effect of solvent water molecules on the intramole-

cular hydrogen bonds in the stable structures A_4a, B, C_4a_9g1, D_9a,
E_9a, and C_4a_9g1’, each Neu5Aca-water complex was optimized at the
B3LYP/6-31G(d,p) level. The optimized structures are shown in Figures 6
and 7. The complex wA_4a means the optimized structure obtained from the
gas phase A_4a with solvent water molecules and others are designated in
the same way. The complexes almost kept the 2C5 ring conformation and
glycerol side chain conformation. Instead, the intramolecular hydrogen
bonds in the original gas phase structures were decomposed by insertion of 4
or 5 water molecules. The complexes wD_9a and wC_4a_9g1’ had 4 solvent
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water molecules, while others had 5. They were assumed to be some of the
pseudohydrous structures with pseudo first hydration sphere.

In complex wA_4a, water molecules interacted with the intramolecular
hydrogen bonds HO9

. . . O8HO8
. . . O1’C1 and HO7

. . . OCN in structure A_4a.
One H2O molecule was inserted into HO9

. . . O8 interaction to change the
dihedral angle of C8-C9-O9-HO9 from 2478 to 2758 and HO9

. . . O8 distance
from 2.212 Å to 2.789 Å. These values were close to the corresponding par-
ameters in the crystal structure of Neu5Aca-OMe CO2Me. Complex wA_4a
also had hydrogen bonds network HO8

. . . OH2
. . . O1’C1, which supported the

longhyphenrange interaction between HO8 and O1’C1 in polar solvent such as
D2O and Me2SO-d6 observed by nuclear overhauser effect. [8a,9c,20] By water
molecules insertions, dihedral angles of H5-C5-N-HN, H7-C7-O7-HO7 and
H8-C8-O8-HO8 were changed from 1348, 2398, and 2388 in the original struc-
ture A_4a to 21778, 2148, and 2108, respectively. Similar tendency was also
seen in the other complexes wB-wE_9a and wC_4a_9g1’ as shown in
Figure 7.

The orientations of the carboxy group at position 1 in the theoretical
structures and crystal structure of Neu5Aca-OMe CO2Me are summarized
in Table 3. Complexes wA_4a and wB had almost the same orientations as
the crystal structure, and these dihedral angles of O2-C2-C1-O1’ were
almost the same as those of the original gas phase structures A_4a and B.
One of the solvent water molecules interacted with O6, O1’, and HO2 atoms
in wC_4a_9g1 and wE_9a, and the orientations of the carboxy group
became closer to the corresponding orientation in Neu5Aca-OMe CO2Me.
In these four complexes having the similar orientation to the crystal

Figure 6: Optimum Neu5Aca-5 water complex wA_4a came from structure A_4a at the
B3LYP/6-31G(d,p) level.
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Figure 7: Neu5Aca-water complexes wB, wC_4a_9 g1, wD_9a, wE_9a, and wC_4a_9g1’ came from the gas phase structures B, C_4a_9 g1,
D_9a, E_9a, and C_4a_9g1’ at the B3LYP/6-31G(d,p) level.
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structure, both O10 and HO1 atoms in the carboxy group interacted with the
same solvent water molecule. On the other hand, complex wD_9a did not
have these kinds of hydrogen bonds, and the deviation of the dihedral
angle from the crystal structure was still large. Comparing the dihedral
angles in the complex wC_4a_9g1’ and the gas phase C_4a_9g1’, the
latter orientation was much closer to the corresponding orientation in
Neu5Aca-OMe CO2Me.

Hydration energies in the Neu5Aca-water complexes were 13.3 to 14.3
kcal/mol per one water molecule at the B3LYP/6-31G(d,p) level. The struc-
tures of Neu5Aca in the complexes became similar to each other by the inter-
actions of Neu5Aca with four or five water molecules. This result related to
the NMR observation that there were few signals for the structural Neu5Aca
isomer in water under normal condition.[8a] Besides, vicinal coupling constants
based on the optimum Neu5Aca-water complexes are similar to corresponding
experimental data (Table 4).[20a,21] Therefore, the optimum Neu5Aca-water
complexes are some of the reasonable pseudohydrous Neu5Aca.

CONCLUSIONS

Eighty-one idealized C-OH bond rotamers of Neu5Aca were studied at the
B3LYP level of theory using 6-31G(d,p) and 6-31þþG(d,p) basis sets to afford
14 stable structures. According to intramolecular hydrogen bond or hydrogen
bond network, they are classified into five types. The stable structure A_4a
is similar to crystal structure of Neu5Aca-OMe CO2Me. Since the relative stab-
ilities of the stable structures at the RHF/3-21G(d) level are quite different
from the corresponding stabilities at the B3LYP/6-31G(d,p) level, electron cor-
relation has a large influence on the conformational study of Neu5Aca. The
stable structures are reasonable for the following sialooligosaccharide ligand
studies with respect to the relationship between OH group orientations and

Table 3: Comparison between theoretical structures
and crystal structure of Neu5Aca-OMe CO2Me at
dihedral angle of O2-C2-C1-O1’.

Structure

Dihedral angle
(degree)

O2-C2-C1-O10

Neu5AcaOMe CO2Me 108
A_4a// wA_4a 84// 83
B// wB 89// 92
C_4a_9g1// wC_4a_9g1 23// 72
D_9a// wD_9a 16// 31
E_9a// wE_9a 18// 76
C_4a_9g1’// wC_4a_9g1’ 85// 55
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Table 4: Vicinal coupling constants (3JH, H) in hertz for Neu5Aca.

Experimental data Calculated datac

3JH,H Neu5Aca A_4a wA_4a wB wC_4a_9g1 wD_9a wE_9a wC_4a_9g1’

3ax,4 11.8a 9.1 9.2 9.2 9.1 9.0 9.2 8.8
3eq,4 4.7a 2.4 2.0 1.6 2.5 2.6 2.0 3.4
4,5 10.4a 9.2 9.1 9.2 9.2 9.1 9.2 7.7
5,6 10.4a 9.2 8.6 8.5 9.2 9.2 9.1 7.7
6,7 0.8a ,2b 2.9 0.7 1.0 0.3 1.5 0.0 3.5
7,8 9.2a 8.5b 9.0 8.5 9.1 9.0 8.6 9.2 8.6
8,9S 2.5a 2.4b 2.2 0.8 0.8 0.4 0.5 0.6 0.4
8,9R 6.3a 5.9b 9.2 9.1 9.1 8.7 8.8 8.9 8.8

a Neu5Aca in D2O.[21]
b Neu5Aca residue in GM1 ganglioside anchored in mixed D2O/dodecylphosphocholine-d38 micelles.[20a]
c The data are given theoretically by the Karplus equations.
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intramolecular hydrogen bond formations. The barrier heights of intramolecu-
lar hydrogen bond conversions between the stable structures of Neu5Aca were
calculated to be 2.8 to 6.7 kcal/mol at the B3LYP/6-31þþG(d,p)//B3LYP/6-
31G(d,p) level, which are the basic factors for conformational behavior of
Neu5Aca before its interactions with receptors. The Neu5Aca-water complexes
were studied for a primary discussion of the solvent effect on the intramolecu-
lar hydrogen bonds. In the Neu5Aca-water complexes, four or five water mol-
ecules were inserted into the intramolecular hydrogen bonds. The structures
of Neu5Aca in the complexes are similar to each other, which is consistent
with the known NMR data. Thus, the optimum Neu5Aca-water complexes
are some of the reasonable pseudohydrous Neu5Aca.
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