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Abstract—Complex carbohydrates are implicated in many important biological processes, and have a strong interaction with water.
This close interplay with molecular water through multiple hydroxyls may be an integral part of their emergent structure and
dynamics, as selected during evolution. Using molecular dynamics simulations with explicit water the interactions at the linkages
within a variety of oligosaccharides are investigated and contrasted, in order to establish correlations between linkage orientation,
sugar epimerization, and water interaction. In particular, interactions at o linkages, and between mannose and glucose residues, that
are common in oligosaccharides are considered. Sugars joined by o linkages at the 2-, 3-, and 6-position were found to interact via a
combination of weak hydrogen-bonds and water-bridges, which is dependent on the epimerization state of the sugars. Due to their
three-dimensional structure, they are also likely to interact with noncontiguous sugar residues in an oligosaccharide, which can lead
to ordered structures through the exclusion of water. On the other hand, f linkages (to 3- and 4-position) maintain strong hydrogen-
bonds, have a limited ability to be involved in water-bridges, and predominantly interact with the directly attached sugars. There-
fore, sequences of a-linked sugars form compact, branched structures that have conformational flexibility, and B linkages form
extended, relatively rigid structures, suitable for structural molecules, and at the termini of protein bound oligosaccharides. These
results provide further tentative ties between chemical structure, water interactions, and the emergent form and function of specific
sugars and linkages in oligosaccharides.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Complex carbohydrates are integral components of the
mammalian extracellular matrix. They are not usually
found free, but are conjugated to other molecules to
form glycoproteins, glycolipids, and proteoglycans.
Although they are synthesized in the cell, their functions
are almost exclusively restricted to the outside of the
cell, either at the outer cell surface, or in the extracellular
space. Unlike DNA and proteins, the biological roles of
carbohydrates are not easy to define.' It has been postu-
lated that they are involved in multivalent signaling pro-
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cesses, provide a way of identifying self, and a method of
modulating the function and physical properties of pro-
teins without modifying the genome. What is clear,
though, is that complex carbohydrates are fundamental
to many important biological processes including fertil-
ization, immune defense, viral replication, parasitic
infection, cell growth, cell-cell adhesion, degradation
of blood clots, and inflammation.”> From a physical
point of view oligosaccharides occupy large volumes
for their molecular weight, and vastly more so than
globular proteins. This is exacerbated by their dynamic
flexibility and ability to form branched structures.
Therefore, even small oligosaccharides may shield and
modify relatively large portions of the surfaces that they
are attached to.

As is the case for all biological molecules, the three-
dimensional structure of oligosaccharides partly dictates
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their interactions with other molecules.® Although the
experimental analysis of carbohydrate three-dimen-
sional structure can potentially improve the understand-
ing of oligosaccharide function, it is fraught with
difficulties; the majority resist crystallization and their
NMR spectra are highly overlapped and frequently con-
tain second-order line-shapes.* It is therefore necessary
to use theoretical techniques to augment and help inter-
pret the experimental data that can be gathered. How-
ever, there are complications in using theoretical
approaches because oligosaccharides, unlike many pro-
teins, are not thought to form ordered structures and
their dynamic structures are highly dependent on inter-
actions with water.” The close proximity of many hydrox-
yl moieties suggests that the molecular properties of
water is central to an understanding of their structure
and dynamics—rather than a mean-field approximation
to water, such as inclusion of an enhanced dielectric. In
some cases, the first shell water molecules may form
integral parts of the dynamic conformation, and it is
likely that the linkages and epimerization of sugars have
been selected to take advantage of this interaction with
water. Currently, however, little is known about these
interactions. Molecular dynamics approaches using
molecular mechanics force-fields are suitable for per-
forming simulations of carbohydrates with inclusion of
explicit water molecules, from which suitable analysis
can extract the important water interactions.

Previous studies have used molecular dynamics tech-
niques to investigate how water interacts with the sur-
face of carbohydrates.”! These simulations have
underlined how the presence of molecular water influ-
ences the conformational population at carbohydrate
linkages and therefore overall structure and dynamics.
However, few studies have compared and contrasted
water interactions across a variety of linkages and envi-
ronments found in oligosaccharides. It is therefore
uncertain as to whether conclusions made for individual
linkages have any general basis. Previously we analyzed
water structure, and compared the linkage dynamics, of
oligosaccharides extracted from polysaccharides using
molecular dynamics.'? It was found, particularly at
B-(1—4) linkages, that hydrogen-bond and water inter-
actions could be correlated to dynamic behavior. How-
ever, no o-linkages, often found in oligosaccharides
from glycoproteins, were considered in that analysis.

Recently we have performed molecular dynamics sim-
ulations of the oligosaccharides shown in Figure 1, using
the TIP3P explicit water model. Simulations of oligosac-
charides 1, 2, and 4 have been published previously;'* '
the others have not. Also, simulations of oligosaccha-
rides 1, 2, 4, 5, and 6 have been subjected to extensive
experimental testing against NMR (NOESY cross-
peaks, scalar, and residual dipolar couplings), X-ray
fiber diffraction, and hydrodynamic data.'>'® These
molecular dynamics simulations, using explicit water,
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Figure 1. Schematic showing the monosaccharide composition and the
linkage geometry of the oligosaccharides considered in this article.

were found to be largely in agreement with the demand-
ing experiments, which suggests that the simulations are
not only providing realistic models of oligosaccharide
conformation and dynamics, but also of the microscopic
interactions with water.

By analysis of aqueous molecular dynamics simula-
tions, the hydrogen-bonding dynamics and water struc-
ture at the linkages of oligosaccharides listed in Figure 1
are investigated, and then compared and contrasted.
The analyzed structures contain a wide variety of sugar
residues, linear and branched chains, and both o and 8
linkages. It is anticipated that from this comparison a
correlation will begin to emerge between chemical struc-
ture, water interaction, and dynamic structure. Ulti-
mately, based on work of this kind, it may be possible
to understand the dynamics at carbohydrate linkages
in terms of predicted microscopic interactions with
water, and uncover the factors, which may have led to
the evolution of oligosaccharide sequences.

2. Results and discussion
2.1. Rationale

Simulations were performed on oligosaccharide se-
quences that are found in glycoproteins, glycolipids,
and proteoglycans (see Fig. 1 and the Experimental for
details). These sequences contain both linear and
branched chains, o and P linkages, and the sugars:
mannose, glucose, galactose, and fucose. Some of the
simulations have previously been compared against
experimental data,'> ' and their overall molecular con-
formations reported previously. Although it is theorized
that dynamics of intramolecular hydrogen-bonds and
water in the first solvation shell are important determin-
ers of molecular conformation, no detailed analysis of
hydrogen bonds and water structure has been performed
on these oligosaccharides. Where strong water interac-
tions are present, deviations may occur between predic-
tions made in the presence of explicit water and those
made on the basis of mean-field descriptions of water.
In this case the TIP3P model for water was used, which
has no explicit lone-pairs (as found in TIP5P, for exam-
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ple) or polarizability.'” The TIP3P water model is there-
fore one of the most basic, consisting of three point
charges with an intrinsic bulk-water dipole moment. It
is well-known that it exhibits less structuring than other
models, and thus may underestimate hydrogen-bond
strength and directionality.”® However, since carbohy-
drate force-fields suitable for performing relatively long
molecular dynamics simulations of oligosaccharides
have not typically taken into account lone-pairs or
polarizability, the TIP3P model, while not ideal, is
currently the most suitable level of approximation.

A methodological step forward presented here is to
compare these interactions in a variety of chemically dis-
tinct oligosaccharides. Using techniques that we have
developed previously?! (described in the Experimental)
intramolecular hydrogen-bonds, single and dimer
water-bridges across the linkages were extracted from
each simulation; an aqueous simulation of glucose sim-
ulation concluded that water correlation only extends
significantly for two shells.'’ In this current analysis, a
hydrogen-bond was recorded if it was present for more
than 2% of the simulation, while a water-bridge was
considered if it was present for more than 10% of the
time. Where an interaction was likely to be an important
determiner of conformation, the equilibrium between
hydrogen-bonded and water-bridged states was
investigated.

2.2. a-Linked mannose

The core regions of glycans that are constituents of gly-
coproteins are often elaborated with a-linked mannose
residues.”” The first set of simulations were performed
on model oligosaccharides containing mannose residues
joined by a-(1—2), a-(1—3), and a-(1—6) linkages. Due
to their importance in oligosaccharide structures,’ for
example, in N-linked glycans, these linkages will be
discussed in detail. The first simulation to be analyzed
was the pentasaccharide: Mano(1—3)Mana(l—3)Man
o(1—3)Mano(1—2)Mana. Results from this simulation
have been compared against experimental residual
dipolar couplings and relaxation measurements,'> and
the basic parameters used to perform the simulations
are shown in the Experimental. For the present pur-
poses, initial analysis will be restricted to the fragment
Mana(l—3)Mana(l—2)Mana, since it contains exam-
ples of both the important o-(1—2) and o-~(1—3) link-
ages. The linkages will also be treated in isolation for
simplicity, but the validity of this approach will be ques-
tioned by investigating longer range interactions. Figure
2 shows the chemical structure of this fragment, and
interactions encountered frequently involving water
molecules.

Analysis of the pentasaccharide simulation suggested
that when the mannose a-(1—2) linkage is in its princi-
pal minima the direction of the sugar chain is changed

20 OH

o
9/0//L ' \‘

, p

'Q/ , i Yo
}& 0 | /

Figure 2. Hydrogen-bonds (shown by broken arrows, with percentage
occupancy) and water-bridges predicted to exist at a Mano(1—3) Man
linkage.

by almost 90°. This is because both bonds in the linkage
are axial to the sugar ring planes, and leaves little possi-
bility for direct interaction between adjacent mannose
sugars residues. Therefore, no strong intramolecular
hydrogen-bonds or water-bridges were observed across
this linkage, indicating that there is little steric restric-
tion to librations of the a-(1—2) linkage within its major
minima, but as a consequence of the geometry, large
rotations of the y angle to 180° (see the Experimental
for definitions) are energetically unfavorable. Within
the global minimum there are two closely separated lo-
cal minima,'® at (¢, ) = (—=50°,—20°) and (—40°,50°).
The lack of direct interactions across this linkage ex-
plains why the a-(1—2) linkage can move rapidly be-
tween these two sub-minima, as reported previously,'’
and the simulation trajectory follows the in vacuo en-
ergy surface closely in water. Analysis of water struc-
ture, however, shows that the a-(1—2) linked mannose
residue can interact with its next-nearest neighbor
through hydrogen-bonds and single water-bridges,
which happens to be an a-(1—3) linked mannose in this
case. It is apparent that due to the directional change
introduced by the o-(1—2) linkage, interactions are
more likely possible beyond the nearest neighbor than
with the adjacent neighbor. Analysis of these simula-
tions suggested that interactions are mediated via the
OH-3 hydroxyl of the a-(1—2) linked mannose to O-6
of the next-nearest neighbor, where both a hydrogen-
bond (4% of the total simulation time) and a water-
bridge (18%) are possible. Also, the reducing terminus,
OH-1, is far from the linkage region, and thus the local
water interactions at the linkage would not be expected
to change significantly if the o-(1—2) linkage were to
occur within the middle of an oligosaccharide, rather
than at the reducing end.

In contrast, the relative orientation induced by the a-
(1—3) linkage permits interactions between adjacent
sugar residues. This is geometrically more favorable
because the o-(1—3) linkage puts the two sugars in
closer relative contact than the a-(1—2) linkage. It also
permits the o-(1—3) linkage to flip into an alternative
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conformation at i = 180°, which has been shown to be
relatively unstable in simulations.'”> In what follows,
the sugar closest to the nonreducing end will be identi-
fied by superscript (i), and then (i + 1), etc. for sugars
that are successively toward the reducing end of the oli-
gosaccharide. The predicted intramolecular hydrogen-
bonds were from OH-2? to O-5"D with a frequency
of 9%, and to O-6"*" with a frequency of 7%; Table 1
details the frequency of all persistent interactions ob-
served at this a-(1—3) linkage, and the plot in Figure
3 shows the relative orientation OH-2 and O-5 over
the whole simulation. Within Figure 3 (top) three areas
can be identified: the direct hydrogen-bond, a water-
bridge, and water structure that corresponds to no effec-
tive interaction between the groups. Comparing confor-
mational plots of the a-(1—2) and a-(1—3) linkages
(Fig. 3 (middle and bottom)) shows that the conforma-
tional region at (¢,y) = (—40°,50°), present at the o-
(1—2) linkage, is shifted and weaker at the o-(1—3).
The new region corresponds to the interaction between
OH-2 and O-5, and is not present on the in vacuo adia-
batic surface;'> similar changes to the explored confor-
mational space due to the effects of molecular water
have been predicted for dixylose.”® As we discussed pre-
viously, the equilibrium between hydrogen-bonds and
water-bridges at carbohydrate linkages is, at present,
not intuitive. It was proposed that this is because the fa-
vored configurations are not solely due to the molecular
potential energy, but are also consistent with maximum
rotamer and water degrees of freedom (configurational
entropy).'?> The minima at = 50° is therefore less pop-
ulated than in the a-(1—2) case because the OH-2 to O-5
hydrogen-bond is strained, and water-bridges, for some
reason, are not stable at this position. Thus the equilib-
rium is between groups that are either hydrogen-bonded
or decoupled (i.e., bridged by three or more water mol-
ecules)—the latter being favored in this case. The insta-
bility of water-bridges is not immediately apparent, but
may be due to clusters of (nonpolar) CH groups that are
located nearby. As a consequence, the sub-minima at (¢,
) = (—50°,—-20°) is predicted to be more highly popu-
lated than at the o-(1—2) linkage, making the a-(1—3)
linkage less dynamic locally. No strong single water-
bridges were predicted at this linkage, but the distance

Table 1. Percentage occupancy of hydrogen-bonds and water-bridges
at a Mano(1—3)Man linkage

Sugar (i) Sugar Hydrogen-bond Water-bridge Dimer

i+1) (%) (%) water-bridge
(%)
0-2 0O-5 9 1 0
0-2 0-6 7 4 5
0-2 0-4 0 2 20
0-4 0-2 0 0 11
Sugars i, i+ 1 are successively toward the reducing end of the
oligosaccharide.
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Figure 3. Top. Relative orientation of the OH2 and OS5 moieties
across the Mano(1—3)Man linkage. Middle. Predicted exploration of
the Mana(1—3)Man linkage in water. Bottom. Predicted exploration
of the Mana(1—2)Man linkage in water.

between groups is suited to dimer water-bridges (Fig.
2). Table 1 shows that interactions can occur between
several hydroxyls via two water molecules. These inter-
actions, however, have many permutations and have lit-
tle effect on the dynamic conformation at the linkage. In



A. Almond | Carbohydrate Research 340 (2005) 907-920 911

common with the a-(1—2) linkage interactions are pos-
sible between next-nearest neighbors, and was investi-
gated by considering another fragment from the full
pentasaccharide, namely the trisaccharide Mano(1-
3)Mano(1—3)Mana. The most probable water interac-
tions were between OH-2" and OH-4? to O-6/*?
with frequencies of 11 and 16%, respectively. Therefore,
0-(1—3) linked mannose residues are likely to make
interactions between both nearest and next-nearest
neighbors, and potentially longer range interactions in
branched structures.

The branch points that form the antennae of oligo-
mannose structures often involve o-(1—6) linkages,
and they are therefore of fundamental importance to
understanding N-linked glycans. A previous simulation
of the branched trisaccharide Mano(1—3)[Man-
o(l—6)]Mana was used to investigate water interac-
tions at the a-(1—6) linkage. Analysis suggested that
no significant interaction occurred between the mannose
residues in the two branches, which may not be the case
in larger oligosaccharides.>® Therefore, the o-(1—6)
linkage was considered in isolation (Fig. 4). Previous
studies using residual dipolar couplings had indicated
that both the gg and the g¢ conformation are possible
at the o-(1—6) linkage with almost equal populations.'*
In a 50 ns simulation examples of both the gg and gr
conformations were found, and were stable for sufficient
periods of time to allow their individual analysis. Rota-
tion around this linkage causes large changes in overall
conformation, and each conformer is predicted to pos-
sess a distinct water structure. In the gg conformation
no intramolecular hydrogen-bonds were observed.
However, a water bridge was observed with a frequently

OH

Figure 4. Hydrogen-bond (shown by a broken arrow) and water-
bridges predicted to exist at a Mana(1—6)Man linkage in two different
predicted conformations, the gg (top) and gt (bottom).

of 12% between the 0-2*D and 0-6” moiety (see Fig.
4); in this case (i + 1) represents the terminal a-(1—06)
linked mannose. Even more frequently (20%) a dimer
water-bridge was observed between these groups, indi-
cating that they are, on average, relatively distant from
one another. Therefore, it is anticipated that predictions
of the conformational space explored made in vacuo will
be similar to those made with water present, for the o-
(1—6) linkage in the gg conformation. In the gz confor-
mation a weak direct hydrogen-bond was found be-
tween O-47"D and 0-6 for 2% of the total time. The
hydrogen-bond could be bridged by both single (18%
of the time) and pairs of water molecules (28% of the
time). Another water-bridge was predicted between O-
47D and 0-4 with frequencies of 13 and 28% for sin-
gle and dimer water-bridges, respectively. Longer range
interactions that could maintain only dimer water-
bridges were also found from 0-27"" to 0-3?” (17% of
the time) and to 0-4? (13% of the time). Therefore, it
is the gr conformation that possesses the largest number
of intramolecular hydrogen-bonds and ordered water
molecules, and is more dependent on the effects of
molecular water than the gg conformer.

Oligomannose structures with a-(1—2) and a-(1—3)
linkages are key components of N-linked glycans. Previ-
ous simulations of the biosynthetic precursor of mature
N-linked glycans,25 ManygGlcNAc,, combined with
NMR data suggested that the conformation of the o-
(1—2) linkages were inconsistent with a single confor-
mation.”®?” Similar results were obtained for a-(1—3)
linked mannose sugars.'*?® However, based on simula-
tions and NMR analysis of a penta-antennary glycan
it was concluded that linkages in the core of the oligo-
saccharide had a limited overall torsional oscillation,
with the a-(1—6) linkage being a notable exception.”’
In that study, and one of a related bi-antennary glycan,
the linkages were predicted to be in their global minima
but had a further restriction as a direct result of steric
restriction due to the other substituents.’® Therefore,
simulations show that interactions can occur between
noncontiguous residues in regions of a-linked mannose
residues, and that deriving oligomannose conformations
based on the conformational preferences of the constit-
uent disaccharide fragments will not always yield correct
results.>' Based on the simulation data presented here an
attempt can be made to rationalize these results. Firstly,
due to the prevalence of long-range water interactions,
the a-(1—2) linkage is predicted to rapidly explore large
regions of its conformational space, but only within its
primary minima. Secondly, the a-(1—3) linkage is pre-
dicted to have a more restricted exploration of its major
minima, due to water structuring around a single hydro-
gen-bond, but has the possibility to explore a secondary
minima,'> which was not investigated here. Thirdly, the
o-(1—6) linkage was predicted to be highly solvated
with many weak water-bridges and hence should explore
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its conformational space rapidly, and in a similar fash-
ion to that expected on the basis of in vacuo calcula-
tions. Finally, these simulations suggest that o-linked
mannose residues have a high propensity to interact
with noncontiguous residues, and particularly when o-
(1—2) and a-(1—6) linkages are present.

2.3. a-Linked glucose

The oligosaccharide transferred en-bloc to recipient
asparagines in nascent glycoproteins within the endo-
plasmic reticulum is GlcsMangGIcNAc,. The terminal
glucosyl residues are subsequently trimmed and provide
important recognitions motifs for membrane bound
proteins such as the molecular chaperone calnexin.>> A
simulation of Glca(1—2)Glca(1—3)Glco(1—3)Mana
was performed to investigate water interactions in these
glucose oligosaccharides, and in this case the results
have not been published previously. Figure 5 shows
the a-(1—3) linkage between Man and Glc. Here the
epimerization state of the sugars is different to the a-
(1—3) linkage studied above and this is reflected in the
predicted hydrogen-bonding interactions. In common
with the Mana(1—3)Man linkage the hydrogen-bond
from OH-2"Y to 0-5? is a geometric possibility, and
is observed with a low frequency of 4%. The orientation
of this hydrogen-bond over the whole simulation is
shown in Figure 6. Comparison with Figure 3 shows
that similar water dynamics exist around this hydro-
gen-bond, and it is most commonly in an orientation
where no hydrogen-bond or water-bridge exists; thus
the two groups are largely decoupled. On the other side
of the linkage a hydrogen-bond, between OH-4""" and
0-2 is orientationally possible. However, it is pre-
dicted to have a low probability (5%), and inspection
of Figure 6 shows that it favors the singly water bridged
orientation (for 33% of the time), similar to that seen in
xylan,'? and also dimer water-bridges (for 21% of the
time). Although this is one of the most stable single
water-bridges yet observed in simulations, exchange
can still occur relatively freely. Figure 7 shows a graph
of water molecules that bridge the linkage over a

Figure 5. Hydrogen-bonds (shown by broken arrows, with percentage
occupancy) and water-bridges predicted to exits at a Glcoa(l—3)Man
linkage.
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Figure 6. Top. Relative orientation of the OH2(Man) and O5(Glc)
moieties across a Glca(1—3)Man linkage. Middle. Relative orientation
of the OH4(Man) and O2(Glc) moieties across a Glca(l—3)Man
linkage. Bottom. Predicted exploration of the Glca(1—3)Man linkage
in water.

0.5 ns period; no water molecule is in residence for more
than 0.1 ns. It is proposed that this water-bridged situa-
tion is consistent with both the conformationally acces-
sible space at the a-(1—3) linkage and the most likely
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Figure 7. Top. Residence times of particular water molecules between
04(Man) and O2(Gle) at the Glco(l—3)Man linkage, over a 0.5 ns
section of a simulation in aqueous solution. Bottom. Stereo image
showing a typical water bridging the Glca(1—3)Man linkage.

conformation at the OH-2 to O-5 hydrogen-bond, which
has less flexibility because it cannot form single or dimer
water-bridges. The occupancy of hydrogen-bonds and
water-bridges at this linkage are presented in Table 2,
and Figure 7 shows a stereo representation of the
water-bridge between OH-4 and O-2. Water-bridges
were also found between O-2¢*D and 0-2? with a fre-
quency of 24%, and dimer water bridges with frequency
18%. Also water-bridges are observed between O-3¢+D
and 0-2 with frequency 20%, but in this case dimer
water-bridges have a low probability, 3%. Therefore,
the conformational exploration of this linkage is similar
to the fully mannose case—compare Figures 3 and 6.

Table 2. Percentage occupancy of hydrogen-bonds and water-bridges
at a Glco(1—3)Man linkage

Sugar Sugar Hydrogen-bond Water-bridge Dimer
) i+1) (%) (%) water-bridge (%)

0-2 0-5 4 0 0
0-4 0-2 5 33 21
0-2 0-2 0 24 18

Sugars i, i+ 1 are successively toward the reducing end of the
oligosaccharide.

In the triglucosyl cap structure examples are found of
both a-(1—2) and a-(1—3) linked glucose. As can be
seen in Figure 8 formation of this structure, and epimer-
ization of the O-2 groups from mannose to glucose, has
a dramatic effect on the exploration of the individual
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Figure 8. Top and middle. Predicted exploration of the Glca(1—3)Glc
and Glco(1—2)Gle linkage within an oligosaccharide containing the
triglucosyl motif Glco(1—3)Glea(1—2)Glc. Bottom. Overlay of a
50 ns simulation of Glca(1—3)Glca(1—2)Gle in aqueous solution.
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linkages. In this case the sub-minima at (¢,¥)=
(—40°,50°) is virtually excluded (Fig. 8). Interestingly,
analysis of hydrogen-bonds shows that they are rarely
predicted between neighboring residues. Also, water
bridges are infrequently observed between neighboring
sugars residues, the interaction between O-3“*" and
0-2 across the o-(1—3) linkage being a minor excep-
tion, with a frequency of 11%. Dimer water-bridges
are more probable, due to the relatively large distance
between donors and acceptors. Across the a-(1—2)
linkage O-2*Y can interact with O-2?, frequency
18%, and O-4, frequency 22%, whilst across the o-
(1—3) linkage 0-4? to 0-2"*" occurs with a frequency
of 26%.

The result of these interactions is a relatively tight
structure, and further investigation reveals that the
two next-nearest neighbors in the trisaccharide almost
stack together to exclude water. Therefore, in this case
it is not possible to treat the two linkages in isolation,
because interactions between next-nearest neighbors
are prevalent. In particular, hydrogen-bond interactions
are consistent with the tight conformation adopted,
namely: OH-4"*? to 0-2? (frequency 10%), and OH-
2D to 0-4"*? (frequency 3%); see Figure 8 (bottom)
for a dynamic overlay of the trisaccharide. It should
be noted that for these interaction to occur, O-2 has to
have an equatorial configuration—so they would not oc-
cur in a mannose trisaccharide with the same sequence
of linkages. Water-bridges (single and dimer) were also
found to connect O-2” to the next-nearest sugar residue
through 0-20"2, 0-3*? 0-47*?_ and 0-6"?. Based
on this analysis it is clear that O-2 on the terminal glu-
cosyl sugar residue has a pivotal role in determining
the water structure and conformation of the triglucosyl
cap.

Previous NMR experiments observed only one NOE
at each glycosidic linkage of the triglucosyl cap,** com-
pared to three or four typically across mannose linkages.
The absence of NOEs was interpreted as a single rigid
conformation at each of the linkages, and is consistent
with the molecular dynamics simulation analyzed here
(Fig. 8), which indicates a crucial role for the O-2” to
0-4"2 hydrogen-bond. Also, the rigidity of these resi-
dues is probably essential for their biological function,
as there would be a minimal entropic penalty for forma-
tion of the ordered protein bound state. A similar rigid-
ity was found in simulations of fucosylated epitopes,'?
which are also involved in binding to proteins. In both
of these cases stacking of the sugar rings, resulting in
exclusion of water, may be involved in driving the struc-
ture toward an ordered conformation.

2.4. a-Linked fucose

Fucose sugars, distinct in being the L-enantiomers, are
often found as part of oligosaccharide sequences and

are essential components of the Lewis blood group epi-
topes.>® Their biological importance has led to many
previous studies of conformation using molecular
dynamics simulations, but without explicit solvent.’*38
Human milk is unique in containing large amounts of
these fucosylated complex oligosaccharides, which act
as protection for nursing infants against pathogens.*
Structurally they consist of lactose elaborated with ter-
mini similar to those present on glycoconjugates.*’ Sim-
ulations were performed on the lactose-containing
trisaccharide Fuco(1—2)GalB(1—4)Glc, which has been
subjected to experimental testing using residual dipolar
couplings and relaxation.'® Analysis of the simulation
revealed that no hydrogen bonds, and only weak
water-bridges, could be formed between the first and last
sugar residues. In the three-dimensional structure the
sugars are in close proximity, and form a pocket, that
is, essentially excluded from water. This region is demar-
cated by the H-1/H-3/H-5 face of the Glc together with
the H-5 and methyl of the Fuc sugar, all nominally non-
polar groups. Analysis of the B-(1—4) linkage reveals
that an extremely strong hydrogen-bond is predicted
to bridge it, namely OH-3(Glc) to O-5(Gal), with a fre-
quency of 58%. Here single and dimer water-bridges had
a persistence of 19 and 4%, respectively. This is a much
larger hydrogen-bond frequency than was observed
across o linkages, where the value is predicted to be less
than about 10%. The a-(1—2) Fuc linkage is a case in
point, where a hydrogen-bond is predicted between
OH-3(Gal) to O-2(Fuc) with a frequency of 10%, and
OH-2(Fuc) to O-3(Gal) with a frequency of 5%; com-
pared to other o linkages studied the interaction is actu-
ally relatively strong. Table 3 details the frequency of
hydrogen-bonds and water-bridges at this linkage. The
0-2 moiety is also involved in single and dimer water-
bridges to O-3(Gal) with frequencies of 13 and 15%,
respectively, and are similar in occupancy to the intra-
molecular hydrogen-bond; a methyl group on the fucose
residue ensures that water interactions are restricted to
the O-2 side of the linkage. These interactions, together
with the potential at the glycosidic linkages, result in an
o-(1—2) linkage that is confined to a single region of
conformational space, as proposed previously.*'** Fig-
ure 9 displays a plot of the geometry at the hydrogen-
bond between OH-2 and O-3, showing the equilibrium
between directly hydrogen-bonded and water-bridged
states, and a comparison with the hydrogen-bond be-

Table 3. Percentage occupancy of hydrogen-bonds and water-bridges
across a Fuco(1—2)Gal linkage

Sugar 1 Sugar 2 Hydrogen-  Water-  Dimer
bond bridge water-bridge
(%) (o) (%)
O-2(Fuc) O-3(Gal) 15 13 15
0-3(Gle) 0-5(Gal) 58 19 4
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Figure 9. Top. Hydrogen-bonds and water-bridges predicted to exist
at a Fuco(1—2)Gal linkage. Middle. Relative orientation of the
OH2(Fuc) and O3(Gal) moieties across a Fuco(l—2)Gal linkage.
Bottom. Relative orientation of the OH3(Glc) and O5(Gal) moieties
across a GalP(1—4)Glc linkage.

tween OH-3 and O-5 across the B-(1—4) linkage. Figure
10 shows a stereo image of the fucose trisaccharide with
a hydrogen-bond at the B-(1—4) linkage and a water-
bridge at the a-(1—2). From this it is clear that the
dynamics of water around the p-(1—4) linkage is signif-
icantly different to that around the fucose a-(1—2) link-
age. The former favoring a direct hydrogen-bond while
the latter prefers a water-bridge. It is proposed that

these differences are determined by the geometry (and
potential energy) associated with the linkage and water
interactions that maximize total rotational degrees of
freedom.

2.5. Glycosaminoglycans

Oligosaccharides that are components of glycoproteins,
and are thought to have predominantly recognition
roles, often contain many o linkages (to 2-, 3-, and 6-po-
sition). However, the glycosaminoglycans hyaluronan
and chondroitin, considered to be primarily structural
molecules, are made up exclusively from B linkages (to
3- and 4-position).***** Both glycosaminoglycan molecules
are ubiquitous components of the mammalian extracel-
lular matrix; hyaluronan is normally found free and
chondroitin (sulfate) is attached to protein as a compo-
nent of proteoglycan molecules. It has been alluded to
already that B linkages are predicted to have strong
intramolecular hydrogen-bonds between the neighbor-
ing sugar residues, whereas o linkages prefer water-
bridges. To investigate whether there could be a correla-
tion between P linkages and three-dimensional structure,
simulations were performed on the glycosaminoglycans
hyaluronan and chondroitin. In order to compensate
for the intrinsic charge of these molecules, charge bal-
ancing sodium ions were added to each simulation.
Chemically the glycosaminoglycans are repeats of a
disaccharide consisting of an N-acetylated and a uronic
acid sugar residue, and thus the interactions at the link-
ages are repeated throughout the structure. In the case
of hyaluronan, a simulation was performed on the tetra-
saccharide GIcAB(1—3)GlcNAcB(1—4)GIcAB(1—3)-
GIcNAcp; the dynamic conformation of similar
oligosaccharides, and testing against experimental data,
have been reported previously.!”'® Analysis of the cur-
rent simulation revealed that at the p-(1—3) linkages
there are hydrogen-bonding interactions from GIcNAc
OH-4 to GlcA O-5 (frequency 40%), and from GIcA
OH-2 to GIcNAc O-7 (frequency 28%). Similarly, at
the B-(1—4) linkage the prominent hydrogen-bonding
interactions are GIcNAc HN to GIcA O-6 (frequency
22%), and GIcA OH-3 to GIcNAc O-5 (frequency
49%); Table 4 details these results. The strongest interac-
tions at both linkages are from a hydroxyl to an adja-
cent ring oxygen, as observed in the lactose
disaccharide, and in other polysaccharides,'”> where a
reductionist explanation based on water molecules was
proposed. Clearly, these are much stronger interactions
that those typically found at o linkages, and again are
suggestive of vastly different water dynamics at the
two types of linkages. Figure 11 shows the chemical
structure of the hyaluronan oligosaccharide, and the
most likely water and hydrogen-bond interactions.
Two interactions involving water-bridges were found
at the B-(1—3) linkage: between GlcNAc O-7 and GIcA
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Figure 10. Stereo image of the trisaccharide Fuco(1—2)Galp(1—4)Glc, showing a water molecule bridging a-(1—2) linkage and the direct hydrogen-

bond bridging the pB-(1—4) linkage.

Table 4. Percentage occupancy of hydrogen-bonds and water-bridges
across the GIcAB(1—3)GIcNAc and GlcNAcB(1—4)GIcA linkages in
hyaluronan

Sugar 1 Sugar 2 Hydrogen- Water Dimer

bond bridge water-bridge

(%) (%) (%)
0-2(GlcA) O-7(GlcNAc) 28 24 23
0-4(GlcNAc) 0O-6(GlcA) 0 19 74
0-4(GlcNAc) O-5(GlcA) 35 8 4
N(GIcNAc)  O-6(GlIcA) 23 58 49
0-3(GlcA) O-5(GIcNAc) 49 14 4

O-2 (single 24%, dimer 23%), and from GIcNAc O-4 to
GIcA 0O-6 (single 19%, dimer 74%). It is noted that the
latter interaction has an extremely high residence of di-
mer water-bridges at 74%, being present virtually all of
the time. At the B-(1—4) linkage strong water-bridges
were predicted between GIcNAc N and GIcA O-6 (single
58%, dimer 49%), and GlcA O-3 to GIcNAc O-5 (single
14%, dimer 4%). Therefore, both hydrogen-bonds and
water-bridges are more frequent at the B-(1—4) link-
ages. A water-bridge has previously been proposed to
exist between the amide and carboxyl on the basis of
NMR and molecular modeling,*> and a typical frame
extracted from the simulation where this is the case is
shown in the stereo image of Figure 11.

In chondroitin the GlcNAc residues are epimerized to
GalNAc, and the structure is also often sulfated, but this
will not be considered here. Epimerization is predicted
to affect the hydrogen-bonding patterns and water struc-
ture at the B-(1—3) linkage, which may be key to under-
standing why hyaluronan and chondroitin have a
similar backbone chemistry, but very different biology.
In chondroitin hydrogen-bonds were predicted at the
B-(1—3) linkage. However, they changed their frequency
of observation, compared to hyaluronan. The GalNAc
OH-4 to GIcA O-5 hydrogen-bond had a frequency of
9%, down from 40% in hyaluronan. Conversely, the

GlIcA OH-2 to GalNAc O-7 hydrogen-bond, with a fre-
quency of 43%, is less probable in hyaluronan, where it
was found only 24% of the time; compare Tables 4 and
5. Figure 11 shows the chemical structure of the chon-
droitin tetrasaccharide and the likely hydrogen-bonds
and water interactions. It can be seen that strong
water-bridges were observed at the B-(1—3) linkage,
for example, from GalNAc O-7 to GIcA O-2, and Gal-
NAc O-4 to GIcA O-2. In general the B-(1—4) linkage
was found to have similar hydrogen-bonding dynamics
in both hyaluronan and chondroitin. For example, the
hydrogen-bond from GIlcA OH-3 to GalNAc O-5 had
a frequency of 48% in chondroitin as compared to
49% in hyaluronan, and water interactions across the
B-(1—4) were similar to those in hyaluronan, in agree-
ment with the linkage exploration being the same in
the two cases. However, at the B-(1—3) linkage water-
bridges between 0-4(GalNAc) and O-6(GlcA) had a
reduced intensity, with single and dimer water bridges
having frequencies of 1 and 13%, respectively. There-
fore, the GalINAc OH-4 and GIcA O-5 become decou-
pled from one another, and the B-(1—3) linkage is
dominated by the interaction between GIcA O-2 and
GalNAc O-7, whereas in hyaluronan it also accommo-
dates the GalNAc OH-4 and GlcA O-5 hydrogen-bond,
and this results in a conformational shift at the linkage,
as was observed in previous studies.'® Figure 12 shows
the orientation of the O-4 hydrogen-bond and also the
effect on the conformation of the B-(1—3) interactions.
Therefore, epimerization of the OH-4 moiety changes
the water dynamics at the B-(1—3), resulting in a break-
ing of the OH-4 to O-5 hydrogen-bond, and a strength-
ening of the hydrogen-bond on the other side of the
linkage. This produces a shift in conformation, but not
a large change in the amount of conformational explora-
tion at the linkage, and suggests that the strong hydro-
gen-bonds between hydroxyl and ring oxygen often
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Figure 11. Top. Hydrogen-bonds and water-bridges predicted to exist in the hyaluronan tetrasaccharide: GlcAB(1—3)GlcNAcB(1—4)GlcAPB(1
—3)GlcNAc. Middle. Stereo image of a water molecule bridging amide and carboxyl at the pB-(1—4) linkage of the hyaluronan molecule. Bottom.
Hydrogen-bonds and water-bridges predicted to exist in the chondrotin tetrasaccharide: GlcAB(1—3)GalNAcB(1—4)GIcAB(1—3)GalNAc.

Table 5. Percentage occupancy of hydrogen-bonds and water-bridges
across the GIcAB(1—3)GalNAc and GalNAcB(1—4)GIcA linkages in
chondroitin

Sugar 1 Sugar 2 Hydrogen- Water Dimer

bond bridge water-bridge

(%) (%) (7o)
0-2(GlcA) 0-7(GalNAc) 43 22 19
0-4(GalNAc) 0O-6(GIcA) 0 1 13
0-4(GalNAc) O-5(GIcA) 9 3 4
N(GalNAc)  O-6(GlcA) 29 61 47
0-3(GlcA) 0O-5(GalNAc) 49 25 7

found at B linkages are a feature of equatorial hydr-
oxyls. The fact that OH-4 is no longer involved in intra-
molecular interactions is consistent with it being a target
for sulfation in chondroitin sulfate.

2.6. Summary
The equilibrium between water excluded regions such as

hydrogen-bonds and hydrophobic pockets, partially sol-
vated water-bridges, and freely solvated groups has been

studied here. An understanding of these water-depen-
dent properties is key to determining the conformation
and dynamics at glycosidic linkages, is central to the
function of oligosaccharides and polysaccharides, and
may help to explain why certain sequences of sugars
have been selected during evolution at the expense of
others.

When mannose is a-(1—2) linked there are virtually
no interactions between contiguous residues via hydro-
gen-bonds or water-bridges, and hence the energy sur-
face is explored rapidly within the primary minima,
almost reproducing the in vacuo behavior. Interactions
may, however, occur between nonadjacent sugar resi-
dues, even within linear chains. In contrast, when the
mannose residues are linked by an a-(1—3) the linkage
is more constrained because of specific water and hydro-
gen-bond interactions between adjacent sugars, not
present at the o-(1—2) linkage and not predicted in
vacuo. Also, there is additional possibility for large con-
formational changes to y = 180°, but these conformers
are predicted be unstable.'”> Substitution of one of the



918
180 — . .
Hydrogen-bond
150 F E
w
Q
3
210 E
<
o
Q
290 E
=
<
60 - E
30 + E
0 1 1 1 . 1
2 3 4 5
Distance O4 to O5 (Angstroms)
180
150 :
wv
Q
S0t .
T
<
o)
o 90 [ B
)
z Decoupled
60 o SRR .
30 .

0 L L L L

2 3 4 5
Distance O4 to O5 (Angstroms)

v angle (C1-03-C3-H3)

180 L 1 L

180 L L L L L

v angle (C1-O3-C3-H3)

A. Almond | Carbohydrate Research 340 (2005) 907-920

180 T T T T T

Tight minima due to
OH4 to OS5 hydrogen-bond

N

60

-60 | 1

Hyaluronan

-120 -60 0 60 120 180

¢ angle (H1-C1-03-C3)
180 T T T T T

Change in y angle
due to loss of

OH4 to O5 hydrogen-bond
60 - i

Chondroitin

-120 -60 0 60

¢ angle (H1-C1-O3-C3)

120 180

Figure 12. Top. Relative orientation of the OH4(GIcNAc) and O5(GlcA) moieties across the B-(1—3) linkage in hyaluronan, and the predicted
exploration of this linkage. Bottom. Relative orientation of the OH4(GalNAc) and O5(GlcA) moieties across the B-(1—3) linkage in chondroitin,

and the predicted exploration of this linkage.

mannose residues (toward the nonreducing end) for
a glucose leaves this dynamic behavior unaltered, and
sequences of sugars linked by a-(1—2) and o-(1—3)
linkages are likely to interact with each other via non-
contiguous residues. At mannose o-(1—6) linkages,
few interactions were observed between adjacent sugars,
indicating that the linkage exploration would be similar
to that predicted in vacuo. However, more water inter-
actions are predicted in the gz conformation, which is
the least extended, and is also the most likely to interact
with nonadjacent sugar residues in oligosaccharides.

In the triglucosyl cap, found in nascent glycoproteins,
interactions occurred between nonadjacent sugar resi-
dues to exclude water and form a tight conformation.
At the terminal glucose an important hydrogen-bonding
and water structuring role was found for the equatorial
02. Similarly, in a-(1—2) linked fucose the O2 hydr-
oxyl was predicted to be involved in hydrogen-bonds
and water interactions to the oligosaccharide core resi-
dues. The opposite side of the a-(1—2) fucose linkage
has a methyl moiety, and is predicted to form a hydro-
phobic pocket involving the nonpolar planar faces of
nearby sugar residues.

The glycosaminoglycans hyaluronan and chondroitin
are fully B linked, and form strong hydrogen-bonds
across their linkages. These are OH3 to O5 and amide
to carboxyl at B-(1—4) linkages, and OH2 to carbonyl
at B-(1—3) linkages. However, hyaluronan was pre-
dicted to have an additional strong hydrogen-bond
involving equatorial OH4, which is not present in chon-
droitin because the OH4 group is axial. This hydrogen-
bond is not replaced by water-bridges, and results in
conformational change at this linkage.

In conclusion, it was found that o linkages in oligosac-
charides maintain weak hydrogen-bonds across their
linkages, and possess many water bridges, with inherent
conformational mobility. Due to their geometry they
also have a tendency to interact with noncontiguous res-
idues, and perhaps form compact secondary structure by
packing and excluding water. Therefore, it may not be
sufficient to model these linkages in isolation. On the
other hand, B-linkages were found to have strong hydro-
gen-bonds across the linkages. Hydrogen-bonds involv-
ing equatorial hydroxyls and ring oxygens are persistent
and have water structure around them that is depen-
dent on nearby substituents. The resultant secondary
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structures were found to be extended and explore rela-
tively small regions of conformational space.

The observations made for the linkages investigated
here appear well correlated with their biological func-
tions. The o linkages from oligosaccharides were
involved in many water interactions, resulting in
dynamic mobility; taken together with their ability to
form compact, branched structures this allows mannose
containing oligosaccharides to partake in multivalent
interactions with proteins. However, the B linkages con-
sidered here formed extended, and relatively rigid, struc-
tures suitable for structural molecules, and are only
found at the attachment site of oligosaccharides to pro-
teins (e.g., in N-linked glycans) where the oligosaccha-
ride needs to clear the protein surface, and at their
nonreducing termini. These results therefore begin to
provide a relationship between chemical structure, water
interactions and the function of specific sugars and
linkages.

3. Experimental
3.1. Molecular dynamics simulations

Simulations were performed on the six oligosaccharides
shown schematically in Figure 1. All simulations were
performed with a force-field suitably modified for carbo-
hydrates,*® and using the molecular dynamics simula-
tion software CHARMm.*” In all cases the TIP3P
model for water was used, which uses three point
charges.'” In simulations 1 through 4 water was modeled
using periodic boundary conditions tessellated in the
face-centered cubic arrangement with the relevant Wig-
ner—Seitz cell unit (a rhombic dodecahedron). Non-
bonded interactions were cut-off using the switching
function between 0.8 and 1.2 nm, and the dielectric
was maintained at the vacuum value (gp). Simulations
were run in the NVT ensemble (since no change in vol-
ume is expected) using the leap-frog modification of the
Verlet algorithm with a time-step of 2 fs, and a temper-
ature of 298 K by weak coupling to a heat-bath (cou-
pling constant 5ps~'). Prior to the production
dynamics run 200 ps of equilibration was performed,
by strong coupling to a heat bath. Nonbonded lists
and images were updated frequently (every five steps)
to maintain energy conservation. The size of the central
unit cell and number of water molecules for each simu-
lation was: (1) 3.9964 nm, 1500 waters, (2 and 4)
3.4912 nm, 1000 waters, (3) 4.50 nm, 2141 waters. In
each case water molecules were discarded to make room
for the solute and to maintain correct volume and pres-
sure, as described previously.? For simulations 5 and 6
rhombic dodecahedral periodic boundary conditions
were used, and the central unit cell had a size of
4.0 nm, which initially contained 1504 water molecules

and two sodium ions (to achieve charge neutrality). To
take account of the increased simulation complexities
of introducing carboxylic acid moieties and sodium ions,
the long range electrostatics were calculated using the
particle mesh Ewald (PME) summation, and pressure
(NPT ensemble), rather than volume (NVT ensemble)
was kept constant; the incompressibility of water
ensures that the two approaches produce comparable re-
sults. The simulations of 5 and 6 employed the leap-frog
Verlet algorithm, with a time-step of 2 fs, and the pres-
sure (1 atm) and temperature (298 K) were kept con-
stant using the Nosé-Hoover algorithm with suitable
masses. The PME parameters were x = 0.33, an order
of 6, and an fft size of 64 in each dimension. Simulation
1 was performed for 20 ns, and all the others for 50 ns.
Coordinates were output at 0.2 ps intervals in simula-
tions 1 through 4, and 0.5 ps intervals in 5 and 6.

3.2. Analysis of simulations

Analysis of hydrogen-bonds and water structure was
performed in the following way. As used previously®’
a hydrogen-bonds was defined to exist when the donor
H to acceptor O distance was less than 0.35 nm and
the angle OH to O was less than 60° from linear. Hydro-
gen-bonds were calculated for every frame in each sim-
ulation, and the average occupancy calculated for each
interaction; those with a frequency less than 2% were
discarded. Hydrogen-bonds involving water-bridges
were calculated in the same way. A water-bridge was
counted when a water molecule was hydrogen-bonded
to more than two distinct polar groups. All possibilities
of donor/acceptor were considered the same, and again
the percentage occupancy was calculated for each simu-
lation. Any water bridges with a frequency less than 10%
were discarded.

The conformation at glycosidic linkages was described
by the notation used in the NMR literature, rather than
that of [UPAC. This uses the hydrogen atoms as a basis;
thus ¢ = HI-C1-Ox—Cx and y = C1-Ox—Cx-Hx. At
(1—6) linkages the major conformers are defined using
the standard chemistry notation gg, gt, and tg, which
have been described previously.'*
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