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. Introduction

The term “glycobiology”, introduced in 1988, fo-
cused attention on the role of oligosaccharides in the
context of the proteins to which they were attached.?
Inspection of the protein databases suggests that as
many as 70% of proteins have potential N-glycosy-
lation sites (Asn—X—Ser: X not proline) and O-
glycosylation may be even more ubiquitous.

Glycans attached to proteins can have a wide
variety of roles; there is no single unifying function
for glycosylation.?3 Some of the functions of glycans
depend on the bulk of the glycan rather than its
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detailed three-dimensional structure. Simply because
of their large size and hydrophilicity glycans can alter
the behavior of proteins, making them more soluble,
protecting them from proteolysis, covering antigenic
sites, altering the orientation of the protein on a
membrane, etc. The presence of glycans can also alter
the structural properties of a protein. The presence
of individual glycans can alter the conformation of
peptides. It also appears to reduce the backbone
flexibility, although not the conformation, of folded
proteins leading to increased protein stability.* Mul-
tiple glycosylation, as found in heavily O-glycosylated
mucin like domains, results in the whole chain
becoming more rigid and extended.® To explore these
functions, it is only necessary to know the overall
size, shape, and charge of the glycan rather than the
detailed structure. Another major function of protein-
linked glycans is to provide additional recognition
epitopes for protein receptors.® Such recognition
events are involved in a wide range of processes
including protein folding and trafficking, host de-
fense, and inflammation. These recognition phenom-
ena depend on the precise three-dimensional shape
of the glycan.

This review will concentrate on the available
techniques for determining the conformation and
dynamics of oligosaccharides and glycoproteins, dis-
cuss their advantages and limitations, and show how
the complementary data from NMR spectroscopy,
X-ray crystallography, and molecular modeling can
be used to address these problems.

Il. Methods for Determining Oligosaccharide
Conformations

Monosaccharides are usually assumed to have a
rigid ring structure. This is a good approximation for
hexapyranoses with up to one axial group, which
includes the majority of residues found in biological
oligosaccharides. Thus, determination of the confor-
mation of an oligosaccharide structures reduces to
characterizing the glycosidic linkages between the
rigid monosaccharide units. In practice, this involves
determining either two or three torsion angles for
each glycosidic linkage (Figure 1). Although this
sounds simple, it is difficult to do in practice for two
main reasons.

The first problem in characterizing the conforma-
tion of a glycosidic linkage is that the majority of
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linkages are not rigid but flexible. This can include
large scale vibrations of a single well-defined linkage
conformation and/or transitions between two or more
distinct conformations. The degree of flexibility dif-
fers from linkage to linkage, six-linkages usually
being the most flexible. This variable flexibility of
oligosaccharides makes linkage conformational analy-
sis more difficult,” complete characterization of a
given glycosidic linkage requiring knowledge of (a)
the number of conformers adopted by the linkage, (b)
the time spent in each conformer, and (c) the flex-
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Figure 1. Schematic diagrams of a 1—4 linkage (upper)
and 1-6 linkage (lower) showing the torsion angles that

need to be determined to characterize the linkage confor-
mation.

ibility of each conformer. The problem becomes even
more complex if the different linkages in an oligosac-
charide do not behave independently but conforma-
tional transitions in different linkages are correlated.

The second problem is that the standard experi-
mental techniques that are used to provide atomic
level structural information about biological macro-
molecules, X-ray crystallography and nuclear mag-
netic resonance (NMR) spectroscopy, have consider-
able limitations when applied to oligosaccharides.
X-ray crystallography does not work well on highly
flexible systems and NMR only provides time-aver-
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Figure 2. Plots of relative energy versus ¢ torsion angle for the a- and S-anomers of a model compound calculated using
a restricted Hartree—Fock model.1° (a) a-anomer (b) -anomer.

aged conformational data. This has led to the wide-
spread use of molecular modeling in determining
linkage conformations; however, theoretical calcula-
tions are limited by the accuracy of the theory used.

In the past few years, more systematic use has
been made of the crystallographic information that
is available, more accurate and extensive data are
being obtained from NMR experiments, and the
theoretical models used to calculate oligosaccharides
conformations have improved. The results of these
techniques are complementary, and the combination
of such results is giving a much clearer picture of the
conformational properties of oligosaccharides.

The nomenclature used in this paper for these
torsion angles is for a 1-x linkage ¢ = Os—C;—0—Cy
and yp = C;—0O—Cy—Cx—y and for a 1-6 linkage o =
O—Cg—Cs—Cy (Figure 1).

A. Molecular Modelling

To predict the conformation of a molecule, it is
necessary to be able to calculate the total energy of
the molecule as a function of the conformation. It is
then possible to determine the conformation with the
lowest energy, the most stable conformation, and also
the conformations that can be adopted at any given
temperature. By applying Newton’s Laws of motion
to the individual atoms, it is also possible to simulate
the dynamic behavior of the molecule. A molecular
force field is simply an equation with terms for
calculating the energies of all the different inter-
atomic interactions (bond stretching, bond bending,
bond rotation, electrostatic, hydrogen bonding, etc.),
the total energy of the molecule in a given conforma-
tion being given by a summation of all the inter-
actions. Many force fields have been developed for a
range of molecules. To use such calculations for
oligosaccharides, it is necessary to modify these force
fields to include the interactions that are important
in determining the conformations of glycosidic link-
ages.

The ¢ torsion angle of a glycosidic linkage is
determined largely by the exo-anomeric effect.8® This
is a stereoelectronic effect involving the lone pairs
on the linkage oxygen. Figure 2 shows the calculated
effect of altering the ¢ angle on the energy of a model
compound for both o and S anomers,’® and this
energy term needs to be included in the force field

e
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Figure 3. Schematic representation of the three sterically
allowed rotamers for the w torsion angle in mannose,
looking along the Cs—Cg bond. The tg rotamer is not
observed in solution.

used. The vy torsion angle is determined largely by
steric interactions and hydrogen bonding between
residues and with the solvent. The w torsion angle
for 1—6 linkages can adopt three staggered rotamers
based on steric interactions, referred to as gauche—
trans (gt, g referring to the O5—C5—C6—06 and t to
the C4—C5—C6—06 arrangements), gauche—gauche
(gg), and trans-gauche (tg) (Figure 3). For six-
substituted saccharides with an equatorial 4-hy-
droxyl (such as mannose and glucose) the tg rotamer
(w = —60°) is not stable,'* referred to as the gauche
effect.’? The instability of the tg rotamer is proposed
to result from repulsive interactions, particularly syn-
periplanar repulsion between the O4 and O6 oxygen
atoms. However, this interaction is only dominant
when water is present to disrupt any favorable
intramolecular hydrogen bonding.'® Thus, simula-
tions of oligosaccharide should ideally be done in the
presence of water molecules, or additional energy
terms need to be added to the force field to model
the gauche effect.

Protocols for modeling oligosaccharide structures
are well developed and have been recently re-
viewed!*1%> and so will not be discussed any further
here.

B. Crystallographic Studies

X-ray crystallographic analysis has the potential
advantage over NMR and theoretical methods that
it can provide a complete oligosaccharide conforma-
tion from experimental data. The major limitation
of this technique is that it requires regular crystals.

Few underivatized oligosaccharides crystallize.
This is probably due to the inherent flexibility of most
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Figure 4. X-ray structures of two glycoproteins. Figures
were prepared using the Molscript program.”® (a) The
crystal structure’” of mouse MHC Class | H-2KPt™1, The
glycans (yellow) point away from the protein surface.
Density for the glycans can be seen at low resolution, but
only a few residues are visible after crystallographic
refinement!” due to the flexibility of the glycans in the
crystal. (b) The crystal structure!® of 1IgG Fc. The glycans
(yellow) are immobilized by interactions with the surface
of the protein and so are well resolved in the electron
density map.

oligosaccharides, flexible structures being less likely
to pack in a uniform way to give crystals. X-ray
crystallography has been used to determine the
structure of very small, relatively rigid glycans, such
as the Lewis-X trisaccharide!® where stacking of the
fucose and galactose rings reduces the flexibility of
the glycosidic linkages.

It is much easier to produce crystals in which
glycans are covalently attached to proteins or bound

Wormald et al.

to proteins, the formation of regular crystals being
dominated by the protein interactions. However, in
most cases part or all of the glycan is not observed
in the high-resolution electron density map. For
instance, in MHC class I crystals electron density for
the N-linked glycans can be observed at lower resolu-
tion but only a few residues of the glycan can be seen
after crystallographic refinement'’ (Figure 4a). Again
this is likely to be due to inherent flexibility, the
glycans adopting different conformations in different
unit cells and hence leading to averaged electron
density. In a very few cases, such as IgG Fc!&1°
(Figure 4b), well-resolved structures of an entire
glycan can be obtained. The whole glycan can be seen
in cases where the glycan is immobilized either by
interactions with the surface of the protein, as is the
case with 1gG Fc, or by crystal contacts. These
structures may be distorted by being immobilized and
so may not be representative of the normal solution
structure of the glycan.

The lack of X-ray structures for complete glycans
has been used to demonstrate the flexibility of most
oligosaccharides. Recently, we have adopted a more
systematic approach to using the large amount of
X-ray data that is available.?® While there are few
intact glycan structures available, there are a large
number of incomplete structures in the crystal-
lographic databases in which glycosidic linkages can
be observed. Any one structure will not give much
insight into the solution conformation of particular
glycosidic linkage; however, a statistical analysis of
the all the examples of that linkage will give a give
an indication of the range of conformations that the
linkage can adopt. This is equivalent to generating
experimental “Ramachandran-type” plots for glyco-
sidic linkages. Tables 1 and 2 and Figures 5—7 give
the current results of this statistical analysis (up-
dated from Petrescu et al.?%) for linkages found in N-
and O-linked glycans.

X-ray data on linkage conformations can be used
in a number of ways. The range of observed conform-
ers can be used to validate the results of molecular
models, comparing the observed and predicted be-
havior (for example, see ref 15). Distorted or unusual
linkage conformations can be identified by compari-
son of experimental results on a specific glycan with
the average data for that linkage (for example, see
ref 20). In addition, the average linkage conforma-
tions can be used to quickly construct approximate
models of specific glycans for modeling glycoproteins
(for example, see ref 21).

C. NMR Studies

NMR has been a major technique for the identifi-
cation?? and the determination of the covalent struc-
ture of oligosaccharides, being the only available
technique that can determine both the anomericities
and linkages of a novel glycan.?® Advances in this
area have been recently reviewed.?* In addition to
providing information about the covalent structure,
NMR has been the main experimental technique to
provide conformational information for oligosaccha-
rides (summarized in Table 3).

The major source of conformational information
comes from the nuclear Overhauser effect (NOE or
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Table 1. Public Domain Crystal Structures at a Resolution Better than 3.0 A Containing Oligosaccharides with

Glycosidic Linkages Found in N- or O-Linked Glycans?

no. of linkages no. of incorrect
no. of crystal no. of glycan between undistorted linkages or linkages
type of structure structures structures saccharides? between distorted saccharides
unmodified oligosaccharides 9 {9} 10 {10} 11 {11} 0 {0}
glycoproteins with N-glycans 228 {110} 503 {208} 1091 {441} 292 {134}
glycoproteins with O-glycans 2{2} 2{2} 2{2} 0 {0}
proteins with glycan ligands 29 {23} 74 {64} 200 {185} 1{0}

aValues in {italics} are the values reported in 1999. P Six linkage structures do not meet the criteria for inclusion in Table 2,
which are one example each of Arabal—2Man, Fucal—4GIcNAc, Galal—4Gal, Galgl—4Man, Glcal—3Glc, and Manal—4Man.

Table 2. Average Torsion Angles and Standard Deviations for all Distinct Conformers? of Glycosidic Linkages

Found in Either N- or O-Linked Glycans

glycosidic total number average linkage torsion angles for distinct conformers conformer
linkage of structures ¢ P ) population
Linkages for which there are at least 10 examples from at least five different crystal structures:

Fuc a1—3 GIcNAcP 46 —71.9 4+ 8.0 —-98.7+7.1 40
Fuc a1—6 GIcNAc 34 —75.7 £ 13.7 204.9 +24.0 63.4 +£12.3 24
Gal f1—4 GIcNAc® 44 —71.4 £ 10.9 1322+ 7.4 28
GlcNACc 1—-4 GIcNAc 398 —75.9+11.6 119.0 £ 154 376
GIcNAC f1—-2 Man 70 —80.1 +£12.6 —97.6 £ 22.3 53
58.3+9.4 —87.2+ 152 8

Man 1—4 GIcNAc 240 —86.5+11.6 110.7 £ 19.4 197
Man o1—2 Man 94 63.3+55 —179.6 £ 4.2 26
70.9 + 12.3 —106.2 £ 15.1 59

Man a1—3 Man 163 715+8.38 —120.6 + 16.8 130
Man al—6 Man 145 594 +75 94.0 £ 17.5 188.5 + 12.3 29
67.0 £ 10.5 178.5 + 13.7 186.0 +12.8 29

64.7 +£10.4 181.6 + 10.0 59.7 +£14.0 38

Xyl f1—2 Man 20 —86.8 £ 11.5 —106.1 £ 8.5 19

Others (for which there are examples from at least two different crystal structures):

Fuc al1—2 Gal 8 —97.8 +23.7 103.9 +27.7 8
Gal 51—-3 GIcNAc 12 —74.3+10.0 —131.5+18.3 12
GlcNAc f1—-4 Man 2 —170.0 + 10.7 94.7 £ 6.1 2
NeuAc a2—3 Gal 14 68.7 + 13.6 —125.1 £ 155 14
NeuAc a2—6 Gal 8 1443 +25 188.6 £ 1.9 51.3+4.8 3
44.0 £ 13.0 1594 + 14.1 186.6 + 13.5 3

148.7 130.4 158.5 1

294.5 122.2 30.1 1

a See ref 20 for discussion. For definitions of ¢, v, and w see Figure 1. ° Includes both core and outer arm fucose linkages.
¢ Includes four structures with sulfated galactose at the 3- or 4- position. These all have conformations within a distinct conformer

region.

ROE). The NOE between two nuclei depends on the
distance between them (O r%). This enables the
distance between two protons across a glycosidic
linkage to be determined (assuming a rigid structure,
see below). A given distance between two protons is
frequently consistent with a range of conformations,
usually displayed as allowed regions on a ¢/yp map
(Figure 8) and termed a conformational constraint.
If enough of these constraints are available, then a
single structure consistent with all these constraints
can be obtained.

There are three problems with using NOEs to
determine the conformation of oligosaccharides. The
first problem is that frequently there are not enough
constraints available to define the conformation of a
linkage.?® One NOE is consistent with a large region
of conformational space (Figure 8b). A second NOE
will reduce this considerably (Figure 8c), but there
are still usually two or more regions that are consis-
tent with two NOEs. Three or more NOEs may be
needed to unambiguously define a conformation.

The second problem is that the NOE is very short
range (up to about 4 A) and so is usually only

observed between nuclei within a monosaccharide or
across a glycosidic linkage, no long range information
is available. It may be possible to define the confor-
mation of one glycosidic linkage reasonably ac-
curately, if enough constraints are available. How-
ever, determination of the overall structure of a large
oligosaccharide relies on adding together the local
conformations of the individual linkages. Any uncer-
tainties or errors in the local structures will then add
cumulatively when trying to determine the large
scale structure, unless long range as well as sequen-
tial NOEs are observed.

The third and biggest problem is that the NOEs
are measured on a 50 ms to 1 s time scale. This does
not matter if the molecule is rigid, but if it is flexible
or converts between several conformations then an
average NOE will be measured. These cannot even
be easily interpreted in terms of an average confor-
mation because of the r=% dependence of the NOE.

The first of these problems, the uncertainty in
conformation from too few NOEs, can be addressed
to some degree by obtaining additional conforma-
tional constraints. These include using the absence
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space to be excluded because those conformations
would give rise to NOEs which are not seen. Scalar

of NOEs to place lower limits on internuclear dis-
tances.?® This allows regions of ¢/ conformational
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linkage.

coupling constants (J values) can be used to deter-
mine torsion angles,?”?® although there may be
several torsion angles that give the same J value.
Determination of ¢ and y requires the measurement
of three-bond carbon—proton coupling constants ((Jc),
which can be very difficult if insufficient sample is
available to give a sufficient carbon signal. Three-
bond proton—proton couplings (3Jun) have been used
to determine o in 1-6 linkages.?® More recently
residual dipolar couplings have been used to give the
relative orientations of CH bonds in a saccharide 303!
This requires partially orienting the saccharide by
using bicelle or phage solutions.

The second problem, that the only information
available is very short range, is also a problem with
using scalar couplings. However, residual dipolar
couplings overcome this to some degree because the
accuracy with which the relative angle of two CH
bonds to the magnetic field can be measured is
independent of the distance between the two units.

The third problem, that only average structural
constraints are measured, is a problem with all data
obtained by NMR. The different NMR parameters are
averaged on different time scales, and all these time
scales are long compared to the internal motion of
the saccharide.

Thus, NMR can be used to measure a large number
of parameters that are sensitive to the conformation
of the molecule. For rigid molecules, it is relatively
straightforward to interpret these in terms of a single
structure. However, for flexible molecules this is not
possible because all the parameters measured are
average values.

D. Oligosaccharide Flexibility

Evidence for oligosaccharide flexibility comes from
the fact that in most cases any attempt to determine
a unique structure for a given glycan from experi-
mental data does not produce a meaningful result.
X-ray crystallographic analyses of the same glycan
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the linkage conformations for b-Man and L-Fuc.

Table 3. Conformational Information Available from NMR

NMR parameter

Nuclear Overhauser effect (NOE or ROE)
one and three bond scalar coupling constants (J)
residual dipolar coupling

structural information (all information is averaged)

distance between two nuclei (up to 4 A)

bond torsion angle

distance between two nuclei and the angle between the inter
nuclear vector and the applied field

mobility (bulk tumbling and internal motion)

degree of hydrogen bonding

accessibility of an exchangeable proton to the solvent

relaxation rates
temperature variation of amide resonances
1H/?H solvent exchange rate

structure in different glycoprotein crystals give dif-
ferent results, and NMR conformational data is

NMR relaxation measurements can be used to study
glycan dynamics, giving an estimate of the flexibility

frequently inconsistent with a single conformation.
Molecular dynamics simulations, of course, provide
a detailed prediction of the dynamic behavior, as well
as the average conformer(s), of a glycan. However,
obtaining experimental information about the degree
of flexibility is much more difficult. The X-ray ¢/y
plots give a range of conformations that a linkage can
adopt, but this can only be taken as a maximum
range; the range adopted in a specific glycan may be
smaller than this. NMR conformational analysis,
based on NOEs and scalar couplings, of a single
glycan will give the minimum range of conformations
necessary to fit the experimental data, but will not
give the time scales of any conformational changes.

on the ns time scale.323 A combined approach is to
use interproton distances determined by simulation
and experimental NOE intensities to calculate the
dynamic behavior of specific linkages in an oliogosac-
charide.?

[Il. Conformation of ManyGIcNAc, and GlcsMang-
GIcNAC;

The oligomannose oligosaccharide MangGIcNACc;
(Figure 9) is the least processed N-glycan found on
mature glycoproteins. The glucosylated glycans,
Glci—sMangGIcNAc,, are not normally found on ma-
ture proteins and are involved in a number of
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Figure 9. A schematic diagram of MangGIcNAc, showing
the glycosidic linkages.

important steps during glycoprotein biosynthesis and
folding, including initial N-glycosylation of the na-
scent polypeptide and the chaperone-dependent fold-
ing of the glycoprotein in the endoplasmic reticu-
lum.%
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Oligomannose oligosaccharides, and their frag-
ments, have been the subject of humerous experi-
mental and theoretical investigations of their con-
formational properties both as free glycans in solution
using a wide variety of techniques?®:31.36-40 and when
attached to a protein using NMR.*! The structure of
the Glc; cap found on glucosylated glycans has been
determined in DMSO* and the structure of Glcs-
Man;GIcNAc, has been determined in water,*3 both
by NMR.

We will start by considering the conformational
analysis of some of the separate linkages present in
these structures before going on to what we know
about the structures of the molecules as a whole.

A. Manal-2Man Linkages

Typical results of a molecular dynamics simulation
for a Manal—2Man linkage in MangGIcNAC,* are
shown in Figure 10a. This shows the linkage to exist
in two flexible conformations, both with similar ¢
values (~80°) in line with the exo-anomeric effect and
with different 3 values (—60° and —160°), which
interconvert relatively slowly. The X-ray ¢/y plot
(Figure 10b) also shows two distinct conformations
with ¢ values of ~65° and different i angles (—100°
and —180°). It is interesting to note that the ¢ value
obtained from the crystal structure of the Manal—
3Mana-OMe disaccharide (¢/yp = 115°/—102°) is
significantly different from the average values ob-
tained, suggesting that crystal contacts in the dis-
accharide have a significant effect on the conforma-
tion. The NMR ¢/y plot for a typical Manal—2Mana
linkage®® is shown in Figure 10c. In this case, there
are four NOEs observed across the glycosidic linkage.
There are more than sufficient constraints to com-
pletely determine the conformation if the linkage
adopted a single conformation. In fact, the NMR
constraints are not consistent with any single con-
formation, and thus the linkage must either be highly
flexible or adopt more than one conformation. A
range of conformations with ¢ ~ 60° and v in the
range —80° to —180° is the smallest range of con-
formers that would satisfy the constraints. Thus, all
three independent analyses are consistent with this
linkage adopting two interconverting conformations
(Figure 10d).

B. Mana.1-3Man Linkages

The Manal—3Man linkages in MangGIcNAc; show
different conformational properties. As for the
Manal—2Man linkages, the NMR conformational
constraints are not consistent with a single rigid
structure but could be satisfied by a range of confor-
mations with ¢ ~ 60° and vy between —60° and —180°.
The X-ray data (Figure 6e,f) suggest that there is a
single, fairly flexible conformation with ¢ ~ 70° and
1 ~ —120°. The molecular dynamics results on Mang-
GIcNAc, suggest that the linkage adopts two con-
formers, with ¢/y of 75°/—130° and 110°/—170°, which
interconvert very rapidly. NMR and modeling studies
on a small oligomannose fragment, Manal—3-
(Manal—6)Manoa-OMe, give similar results.*
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Figure 10. Conformational study of a Manal—2Mana glycosidic linkage, the D1-C linkage in MangGIcNAc,. Panels (a)
to (c) show ¢ versus y plots. (a) Results of an unrestrained molecular dynamics simulation of MangGIcNAc,39. Each dot
represents a snapshot of the structure at one pico-second intervals. (b) The crystallographic structures for the discrete
conformers (as in Figure 6¢c, except that the statistically nonsignificant structures have been removed). (c) Distance
constraints obtained from NOE data.®® Four interproton distance constraints can be obtained from the solution NMR
data, which would be sufficient to define completely a glycosidic linkage that adopted a single conformation. Each set of
contours on the ¢/y plot shows the region of conformational space consistent with a single observed NOE. (d) Molecular
models of the two distinct conformations for the Manal—2Mana linkage, left (¢p/y = +70°/—105°), right (¢/yy = +65°/—
170°). These are in dynamic equilibrium, the equilibrium lying slightly more to the left. Each distinct conformer is not
static but shows limited oscillations for both ¢ and .

C. Mano.1-6Man Linkages a b
The Manal—6Man linkage presents rather more ESWW 180 L e
of a problem. The X-ray ¢/ylw plot (Figure 7a,c) gives o % o w130
a constant ¢ value of ~ 60°, but two values for both §183 Q 8 H1-He
the y and o torsion angles, 90° and 180° for the 5120W8 %
former and 60° and 180° for the latter. ® = —60° is 2% v
'_

u
(=]

not expected because of the gauche effect. The y/w -
combination of 90°/60° is only observed in six struc- GOWM’\MM - (\
tures, but the other three y/w combinations are all 0 8] 120

seen with similar frequency (Table 2). The molecular ° Simulation time (ps) | Bsciocs °

d%/R/?mIC(_S;ISIRKIaUﬁnS for the rl:/lanal—6l\t/la_lntllé1ka1g:]e? Figure 11. Conformational study of a Manoal—6Man
oF Mlanet5ICINAC, Show a much more restricted Set o linkage, the B-4' linkage in MangGIcNAC,.3° (a) Results of
conformers, with the y = 90° conformer only tran- an unrestrained molecular dynamics simulation of Mane-
siently observed for one linkage (the B-4' linkage, GIcNAC,. Torsion angle is plotted versus simulation time.
Figure 11a) and not for the other (the 4'—3 linkage). (b) ¢ versus y plot showing the distance constraints
Both @ = 60° and 180° conformers are observed for obtained from NOE data. Two interproton distance con-
the B-4' linkage (Figure 11a), but only the » = 60° straints can be obtained from the solution NMR data,

which is not sufficient to define completely a glycosidic

conformer for the 4'—3 linkage. In this case, there linkage that adopted a single conformation.

are too few NMR constraints to be able to define the

structure even if it is rigid. The NMR ¢/y plot (Figure surement of residual dipolar couplings constants has
11b) shows two regions consistent with both NOEs. indicated significant motion.3!

The conformer populations for the o torsion angle Thus, the X-ray data suggest that the Manal—
have been determined by measuring scalar coupling 6Man linkage adopts three major and one minor
constants.?® This suggests that both linkages adopt discrete conformations. NMR and molecular model-
both the w = 60° and 180° conformers, and both have ing of a small trisaccharide in solution indicates that
a much higher population in the v = 60° conformer, the linkage only adopts two of these major conforma-
also consistent with the NOE data.*®* NMR and tions. For ManygGIcNAc,, molecular modeling sug-
modeling studies on a small oligomannose fragment, gests that both linkages adopt one major conforma-
Manol—3(Manal—6)Mana-OMe, suggest that the tion that are different; the NOE analysis is not
six linkage adopts two major conformations with conclusive because of too few constraints, and the

¢lylw of 64°/180°/60° and 64°/180°/180°,4° and mea- scalar coupling data suggests that both linkages
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Figure 12. Molecular dynamics results on MangGIcNAC,.%° (a) Overlay of individual snapshots taken at 100 picosecond
intervals. The glycan arms are color coded (dark blue: ManzGIcNAc; core; light blue: 3-arm; green and yellow: two 6-arms).
The overall topology of the molecule is well preserved given the high degree of flexibility for each individual linkage. (b)
Two structures of MangGIcNAc, showing the range of conformations that could be adopted by the 3-arm and the core on
the basis of the flexibility of the individual linkages. (c) Single snapshot of MangGIlcNAc, showing the positions of water
molecules (red spheres) involved in interarm hydrogen bonding, together with their occupancies based on the molecular

dynamics results.

convert between two o conformers. The apparent
discrepancy between the molecular dynamics results
and the experimental data could be due to inadequa-
cies of the theoretical model or it could be due to the
simulation time being too short to adequately sample
the whole of the available conformational space.

D. Overall Structure of MangGIcNAC;

The overlay of the structures produced by the
molecular dynamics simulation of MangGIcNAC; is
shown in Figure 12a. Each linkage is very flexible,
but the overall shape is remarkably well conserved.
Figure 12b shows two extreme structures that have
been generated by adjusting the ¢/y values for the
linkages in the chitobiose core and the three-arm (the
six-arms have not been altered) within the range of
values for each linkage observed during the simula-
tion. These models give equally good fits to the X-ray
¢ly plots and to the experimental NMR data for
ManyGIcNAC; as the structures shown in Figure 12a.
The molecular dynamics simulations suggest that the
overall structure is much better defined than that
suggested by a model based on independent behavior
of the linkages, that the rotation around the linkage
bonds is correlated. There are currently no experi-
mental data to test this theoretical prediction, be-
cause the techniques available only provide short
range conformational constraints.

If this prediction is correct, that the overall topol-
ogy is less flexible than the linkages,® the explana-
tion probably lies with the solvent. The simulation
shows the presence of a number of water-mediated
hydrogen bonds between the arms of the oligosac-
charide (Figure 12c), which would hold these arms
closer together. The overall shape of the glycan may
also be constrained by the surrounding solvent shell,

Figure 13. Molecular model of the GlcsMan unit deter-
mined by NMR studies on GlczMan;GIcNAc,.43 The arrows
show all the observed interresidue NOEs.

providing a well-defined “hole” within which the
molecule can move.

E. Structure of GlcsMangGIcNAC,

The triglucosyl cap of GlcsMangGIcNAc, shows
distinctively different conformational properties from
those of the flexible oligomannose part of the struc-
ture. Only one NOE is seen across each of the
glycosidic linkages of the cap*® as compared to three
or four for the oligomannose linkages. This absence
of NOEs is very unusual for a glycan. There are very
few linkage conformations that result in only one
proton on each side of the linkage being close enough
to give an NOE, and this indicates that each linkage
adopts a single rigid conformation. The solution
structure of the cap has been solved by a combination
of NMR and molecular modeling (Figure 13). A rigid
structure has advantages for the recognition events
in the endoplasmic reticulum that involve the triglu-
cosyl cap, minimizing the loss of entropy on binding.
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IV. Linking Glycans to Peptides

The study of small glycopeptides presents even
more problems than that of oligosaccharides. The
peptide components tend to be even more flexible
than the glycan components, with far more degrees
of conformational freedom. Each peptide linkage has
two torsion angles (similar to the glycosidic linkage)
and there are additional torsion angles associated
with the side chains. This flexibility makes X-ray
crystallography impossible unless the glycopeptide is
immobilized by some means. NMR results on small
peptides are less conclusive than for glycans because
averaging of NMR parameters occurs over a wider
range of conformations. NMR can still provide con-
siderable conformational information, but it is much
more difficult to interpret this in terms of detailed
conformers. Molecular modeling is also more difficult
for peptides than oligosaccharides, because the much
greater degree of freedom means that it takes much
longer to adequately explore the conformational
space. In practice, instead of using NMR and molec-
ular modeling as independent techniques to deter-
mine conformation and then comparing the results
(as for glycans above), NMR results are used as
constraints during the molecular modeling. The
models produced should be viewed more as an
exploration of the experimental data than as full
theoretical predictions.

A. Conformation of the Glycan-peptide Linkage
and the Effect on the Glycan Conformation

The conformational behavior of the linkage be-
tween an N-glycan and its asparagine side chain has
been well characterized by NMR studies of glycopep-
tides in solution***5 and by a statistical survey of
crystallographic data.*®¢ These show the linkage be-
tween the glycan and the Asn to be relatively rigid,
planar, and extended. The rest of Asn side chain,
rotation around the Ca—Cp and CS—Cy bonds, shows
the same conformational preferences as unsubsti-
tuted Asn residues.

The large majority of studies have shown that
attaching glycans to either small peptides or proteins
has little effect on the glycan conformation. For
example, the conformation of oligomannose glycans
has been studied attached to the IgM tailpiece** and
to domain 1 of CD2.%! In both cases, the same pattern
of NMR constraints is observed as for the free glycan
(discussed above). Thus, the presence of the peptide
does not appear to significantly alter the average
glycan structure, although it does appear to reduce
the flexibility of the core GIcNAc residues in CD2.4
Similarly, NMR studies on isotopically *C,>N-
enriched o-chain in the intact hCG dimer have shown
that the glycans appear to extend into the solvent
having similar conformational properties to the free
oligosaccharides,*” while NMR studies on the free
a-subunit have shown extensive contacts between the
first two GIcNAc residues of the glycan at Asn 78 and
the peptide hydrophobic core,*84° leading to a reduc-
tion in mobility of the core glycan residues.

Wormald et al.

B. Effect of the Glycan on the Peptide
Conformation

There have been many studies of the conforma-
tional effects of N-glycosylation on the peptide in the
vicinity of the glycosylation site.**597%5 The general
conclusions from these studies are that N-glycosyla-
tion does not induce any permanent secondary struc-
ture in unstructured peptides but does alter the
conformational preferences of the peptide backbone,
leading to a higher probability of more compact
conformations. These effects only appear to involve
the first few residues of the glycan and are probably
mediated by steric and hydrophobic/hydrophilic in-
teractions between the core glycan residues and the
neighboring amino acid side chains. For example,
calcitonin is a membrane spanning peptide with an
N-glycosylation site near the N-terminus. The struc-
tures of the aglycosyl peptide, the peptide glycosy-
lated with a single GIcNAc residue, and the peptide
glycosylated with MangGIcNAc, have been deter-
mined in SDS micelles by NMR spectroscopy. The
overall conformation of the peptide in these micelles
was not affected by the glycosylation, whereas amide
exchange experiments in water suggest that glyco-
sylation reduces fluctuations in the membrane span-
ning helix.%®

Multiple O-glycosylation can have a very pro-
nounced effect on peptide conformation. The exten-
sive O-glycosylation of mucins leads to peptide chain
extension and increased rigidity of the backbone.5":%8
This observation is confirmed by another study that
showed a significant decrease in end-to-end distance
and radius of gyration upon removal of carbohydrate
from the mucin-like glycopeptide by stochastic dy-
namic simulations.>® Similar results are also obtained
for multiply glycosylated model peptides.®® Multiple
O-glycosylation can also result in the formation of
tertiary structure. CD and NMR conformational
studies of a model 30 residue collagen-based peptide
have shown that multiple O-glycosylation is required
for the formation of a stable triple helix.®!

As with N-glycosylation, single site O-glycosylation
frequently has little or no effect on the conformation
of peptides, although it may alter the conformational
preferences slightly.5263 For example, O-glycosylation
of drosocin, a 19-amino acid peptide, does not effect
the conformational properties of the peptide in water
but does have small effects on some of the folded
conformers observed in TFE/water.®* The effect of
O-glycosylation on peptide conformation also appears
to depend on whether glycosylation occurs at a serine
or threonine residue.®®

In some cases, single site O-glycosylation appears
to have a larger conformational effect. O-Glycosyla-
tion of a 24-residue peptide epitope (residue 308—
331, containing the immunodominant tip of the V3
loop) from the HIV-1lllg isolate, has been shown to
stabilize a reverse turn and rigidify the backbone
conformations proximal to the glycosylation site.%¢ In
another study, a 23-residue peptide derived from the
C-terminus of a leucine zipper domain was shown by
CD spectroscopy to adopt a beta-sheet conformation
in water, whereas the singly O-glycosylated peptide
assumes a helical structure.®”
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C. Conformational Studies on Glycopeptides
Recognized by MHC

The conformational study of peptides involved in
MHC recognition provides a good example of how
X-ray crystallography, NMR spectroscopy, and mo-
lecular modeling can be combined to address a
specific biological problem, in this case the affinity
of modified peptides for MHC.

The immune response to foreign antigens is trig-
gered by T lymphocytes recognizing complexes of
foreign peptides bound to major histocompatibility
complex (MHC) molecules on the cell surface. MHC
class I molecules present small peptides generated
in the cytosol. Modification of such peptides by
glycosylation has been shown to affect both peptide
binding to MHC class | molecules and recognition of
the peptide/MHC complex by T lymphocytes.®® A
significant population of peptides presented by MHC
class | in vivo are glycosylated, mostly by cytosolic
O-f-GIcNAc.®°

Peptides bind to MHC class | in a deep, narrow
groove on the protein surface. In most cases, glyco-
sylation results in either unchanged or reduced
binding to MHC class |. However, we have found a
case where peptide glycosylation increases peptide
binding to the murine MHC class | molecule H-2DPb.7°
In an in vitro binding assay, the analogue peptide
K2 (FAPGSYPAL, Figure 14) based on an antigenic
peptide from Sendai virus nucleoprotein (residues
324—332, denoted wild type in Figure 14) showed no
detectable binding to H-2DP. This is presumably due
to replacement of the anchor residue Asn-5 with Ser.
Addition of an O-linked GIcNAc to Ser-5 (to give the
glycopeptide K2G, Figure 14) partially restored bind-
ing to H-2DP, although K2G still binds with low
affinity (100-fold lower than for the wild-type pep-
tide).

It was initially thought that the restoration of
binding might be due to the glycan occupying the
anchor residue pocket in the MHC binding site.
Crystallographic studies™ show that the wild-type
peptide, K2 and K3G (with a nonanchor residue
modified, Figure 14) bind to MHC class | in fully
extended backbone conformations (K3G shown in
Figure 15a). K2G also binds in a chiefly extended
conformation, although the peptide backbone has to

Binding to H-2D"

* *

Wildtypewt) F A P G N Y P AL v
K2 FAPGSYPAL x
K2G FAPG |S Y PAL )
GlIcNAc
K3G F AP |S NYPAL v
GIcNAC

Figure 14. Amino acid sequences of Sendai Virus Nucle-
oprotein (SEV-9, residue 324—332, wild type) and ana-
logues K2, K2G, and K3G. * — anchor residue for binding
to H-2Db.
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Figure 15. Crystal structures of MHC/glycopeptide com-
plexes.”r MHC — gray, peptide backbone — dark blue,
peptide side chains — light blue, glycan — yellow. (a)
Structure of the H-2D"/K3G complex. The glycan is shown
in one of its crystallographic positions (it is also found
flipped by 180° while retaining the stacking with Tyr-6,
with equal occupancy to the conformer shown). (b) Struc-
ture of the H-2DP/K2G complex. The glycan is seen as a
diffuse crown of electron density in the crystal structure
pointing away from the binding site, indicated by the
ellipse.

bulge somewhat around residue five to allow the
saccharide to project out of the binding groove (Figure
15b). The GIcNAc residue can be clearly seen in the
K3G/MHC complex, stacking against Tyr-6, whereas
only blurred electron density is seen for the GIcNAc
in the K2G/MHC complex. The peptide backbone of
K2G does not fit as well in the groove of MHC as does
K2 because of the steric bulk of the GIcNAc residue
and the GIcNAc of K2G is mobile in the crystal
showing no interactions with the protein, and yet
K2G binds with much higher affinity to MHC than
does K2.

K2 and K2G in solution have very similar NMR
parameters, typical of random coil structures.’? In
both K2 and K2G, Pro-7 is found in both the cis and
trans forms in similar ratios, as expected for a proline
preceded by an aromatic residue,” while Pro-3 only
adopts the trans form. However, there are significant
differences between the NMR results for K2 and
K2G. Interside chain NOEs are observed for K2G
involving Phe-1, Pro-3, Tyr-6, Pro-7, and the GIcNAc
residue (Figure 16), indicating that these residues are
clustered together for at least a significant part of
the time. The solvent exchange of NH protons can
be monitored by presaturating the water resonance
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Figure 17. Amide proton region of the 1D NMR spectra
of K2 and K2G, pH = 6.5, showing the effects of solvent
presaturation. (t) — resonance from the Pro-7 trans isoform,
(c) — resonance from the Pro-7 cis isoform. The assignment
of Tyr-6 in (b) was confirmed by a COSY spectrum. (a) K2
with 1.0 s solvent presaturation. (b) K2G with 1.0 s solvent
presaturation. (¢) K2 without solvent presaturation. (d)
K2G without solvent presaturation.

and observing the decreased intensity of the NH
resonances, the smaller the decrease the slower the
exchange with solvent. The Leu-9 backbone NH is
protected from solvent exchange relative to the
majority of backbone amide protons in both K2 and
K2G, the GIcNAc NH is protected from solvent
exchange in K2G, and the Tyr-6 backbone NH is
protected from solvent exchange in K2G but not in
K2 (Figure 17). This indicates that the peptide
backbone in the region of residues five and six is less
accessible to solvent and thus probably less flexible.

The pattern of interside chain NOEs, with Phe-1
giving an NOE to GIcNAc H2 and Tyr-6 giving NOEs
to GIcNAc H3 and H6, places Phe-1 on one side of
the GIcNAc ring and Tyr-6 on the other, all three
residues being on the same side of the peptide chain.
This hydrophobic environment for the GIcNAc is
consistent with the slow solvent exchange rate of its
NH proton and the hydrophobic clustering of the Phe,
Tyr, and GIcNAc together with the reduced flexibility
of the backbone would also explain the reduced
solvent exchange of Tyr-6 NH.

The restrained simulated annealing results for K2
and K2G show very different behavior for the amino
acid side chains. In K2, there is a random distribution
of the side chains relative to the peptide backbone,
whereas in K2G (Figure 18c) the hydrophobic resi-
dues cluster around the GIcNAc. The stacking be-
tween the GIcNAc and Tyr-6 is similar to those seen
in the crystal structure of K3G (Figure 18a). Inter-
molecular hydrophobic interactions between monosac-
charides and aromatic amino acid side-chains have
been found to be important in glycan recognition by
proteins.”®

The interactions between Phe-1, GIcNAc, and Tyr-6
in K2G may provide the explanation for the restored
binding of K2 to MHC on glycosylation. Although the
peptide backbone remains quite flexible, the cluster-
ing of these side chains would greatly reduce the
configurational entropy of the peptide in solution, and
so there would be a much smaller loss of configura-
tional entropy on complex formation. Indeed, these
three residues all are found on the same side of the
peptide chain pointing out of the binding groove in
the K2G/MHC complex (Figure 18b), in a similar
arrangement to that given by the restrained simu-
lated annealing results (Figure 18c).

V. Conclusions

The combination of experimental and theoretical
techniques gives considerable insight into oligosac-
charide conformation. It is now relatively straight-
forward to characterize the conformational properties
of individual glycosidic linkages. Different types of
linkages show different types of conformational be-
havior, one or more conformers, and different degrees
of flexibility. A single type of linkage can show
different behavior in different environments, the
conformational freedom being further reduced by the
surrounding residues. However, the problem of de-
termining the overall shape of a large oligosaccharide
remains, with molecular modeling suggesting that
the flexibility of the overall shape is less than would
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Figure 18. Conformational analysis of MHC binding
glycopeptides. Crystallographic results from the glycopep-
tide/MHC complex” and NMR results from solution. (a)
K3G peptide from the crystal structure of the K3G/MHC
class | complex. The backbone is almost fully extended with
residues 5 and 9 pointing down into the MHC binding
grove. Phe-1 and Tyr-6 (blue) point out of the grove, as does
the GIcNAc residue (yellow). (b) K2G peptide from the
crystal structure of the K2G:MHC class | complex. The
backbone bulges out of the MHC binding grove at position
5 (as compared to K3G). Phe-1, Tyr-6, and the GIcNAc
residue all point out of the binding grove. (c) Overlay of
the six best structures of K2G (Pro-7 trans isoform)
generated by restrained simulated annealing. Only the
backbone trace and residues 1, 5, 6, and the GIcNAc are
shown. The backbone is more compact than in the complex.
The backbone and side-chains are flexible, but residues
Phe-1, Tyr-6, and the GIcNAc are positioned on the same
side of the peptide chain.

be predicted from the flexibilities of all the separate
linkages. This cooperative internal flexibility may
well depend on the properties of the solvent.

The conformational study of glycopeptides is more
difficult and generally leads to a less precise struc-
tural interpretation. In general, the addition of a
glycan to a peptide does not alter the glycan confor-
mation. However, it does reduce the flexibility of the
peptide backbone in the vicinity of the glycosylation
site and can result in some conformations of the
peptide backbone becoming more favorable. This has
implications not only for the solution properties of
glycopeptides but also for the early stages of the
unassisted folding of glycoproteins.
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