NMR studies of carbohydrate—protein interactionsin solution
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This review provides an overview of the current methods of
NMR spectroscopy that may be used to obtain information
about the conformational aspects, forces, and structural
motifs that govern the interactions between proteins and
carbohydrates in solution.

1 Introduction

Carbohydrates differ from the other classes of biomoleculesin
that their constituting moieties (monosaccharides) may be
connected to one another by a great variety of linkage types. In
addition, they can be highly branched, thus alowing oligo-
saccharides to provide an almost infinite array of structural
variations. The decoding process of the existing information in
oligosaccharide structures involves their recognition by other
biomolecules. Thus, they are most often specifically recognized
by proteins (so caled lectins) and these interactions may
mediate a particular biological response, such as host—parasite
interactions, fertilization, autoimmune disorders and cellular
differentiation.® Therefore, the study of how oligosaccharides
are recognised by the binding sites of lectins, enzymes and
antibodies is a topic of major interest. It is evident that
knowledge of the three dimensional structure of these bio-
molecules (proteins and carbohydrates) could assist in the
design of new carbohydrate-based therapeutic agents. Current
technical facilities and biophysical techniques, mainly X-ray
crystallography, have allowed access to detailed information on
the three dimensional structure of protein—carbohydrate com-
plexes.2 These data, complemented mainly by those obtained
through titration microcal orimetry, have allowed postul ates on
the magjor factors involved in these interactions to be made.3
Hydrogen bonds and van der Waals forces, often including
packing of a hydrophobic sugar face against aromatic amino
acid side chains are the usual factors invoked (Scheme 1). The
relative importance of each type of force depends on the
particular protein and this issue remains a topic of discussion.
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Scheme 1 Schematic view of van der Waals and hydrogen bond interactions
between amino acid residues of a protein and a monosaccharide

On the basis of crystal structures of a variety of complexes,
the amino acids most commonly involved in hydrogen bonds
with carbohydrates are known to be: Asp, Asn > Glu > Arg,
His, Trp, Lys > Tyr, GIn > Ser, Thr. On the other hand, those
most usually observed in van der Waals interactions are Trp,
Phe, Tyr, Leu, Va and Alg; that is, those with aromatic or
aiphatic side chains (Scheme 2). The ability to bind any one
type of sugar has evolved independently in diverse lectin
frameworks. In turn, families of lectins that share common
structural features often contain members that recognise
different groups of sugars. Although lectins bind monosac-
charides rather weakly, these proteins employ common strate-
gies for enhancing both the specificity and the affinity of their
interactions for more complex oligosaccharide ligands. Thus,
by using different lectin subsites and/or subunitsit is possible to
uncover these enhancements (Scheme 3), as several contacts
between a given lectin and severa carbohydrates or vice versa
may take place. In addition, adramatically increased affinity for
oligosaccharides may result from clustering of simple binding
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Scheme 2 Lateral chains of the different amino acid residues more frequently encountered in the binding sites of protein—carbohydrate complexes. (a) Amino
acid residues involved in hydrogen bond interactions. (b) Amino acid residues involved in van der Waals interactions.

sites in oligomers of lectins. Apart from the direct interactions
between atoms of both the protein and carbohydrate, other
molecules are often involved in the formation of the complex.
Water molecules, either located in the binding site or at the
surface of the protein have aso been shown to provide
additional interactions which help to stabilize the complex and
to achieve higher selectivity.2 In addition, different ions have
also been shown to be of crucial importance for the establish-
ment of protein—carbohydrate molecular complexes. Calcium
and manganese are encountered in the legume lectins, while the
animal C-lectins are also calcium-dependent.24

Until very recently, the large size of carbohydrate-binding
proteins (lectins, antibodies and enzymes) has precluded direct
study using NMR. However, in the last few years, researchers
have begun to apply NMR to the study of the molecular
recognition processesinvolved at different levelsof complexity.
Although it has already been mentioned that X-ray crystallog-
raphy has achieved many results in this field, oligosaccharides
often present on glycoproteins or on protein—carbohydrate
complexes are less amenable to crystallography due to their
intrinsic flexibility. Moreover, carbohydrates also exhibit
greater dynamic fluctuations than proteins and, therefore, NMR
measurements may well offer new insights into the conforma-
tion of bound oligosaccharides and/or the corresponding
dynamic timescales.
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Thus, using NMR (Table 1), it is possible to deduce the
specificity and affinity of binding, association constants and
equilibrium thermodynamic parameters (titration experiments).
It may also be possible to deduce which amino acid residues are
involved in binding (titration, NOESY, CIDNP experiments),
even the three dimensional structure of the bound carbohydrate
and/or the protein (NOESY experiments). From the dynamic
point of view, it could also be possible to say something about
the ligand exchange timescale and the size of the complex
(relaxation measurements).

Table 1 NMR protocols to study protein—carbohydrate complexes. The
information provided from these studies is also shown

-
Titration * *

CIDNP *

TR-NOE *

Relaxation * ) ¢ *
3D Structure * * *




Scheme 3 Schematic view of the different waysin which carbohydrate binding proteins enhance the affinity towards their ligands. (a) Existence of different
subsites. (b) Different domains of a given lectin may be involved in the binding of the same sugar. (c) Different domains of a given lectin may be involved
in the binding of different sugars. (d) Different lectin molecules may bind different regions of a multivalent oligosaccharide. (e) Clustering of lectins and

oligosaccharides.

Many questions concerning protein—carbohydrate interac-
tions are therefore associated with conformational behavior. In
many cases, not all of the required information can be obtained
directly by experimental studies, so theoretical molecular
modeling is usually required to supplement experimental data,
both in solution and in the solid state. Different modeling
protocols have recently been proposed to locate protein binding
sites. Some of them can be used to calculate the interaction
energies between ligand and receptor. Other methods are
designed to explore systematicaly al the positions and
orientations that the sugar may adopt within the binding site.

Whenever the experimental 3D structure of a protein—
carbohydrate complex is known, this information may be
employed to derive the structures of other complexes which
present structural homology. This so-called knowledge-based
model building approach, has been used with successfor several
legume lectins.® From the point of view of the force fields used
in conformational analysis of carbohydrates and in protein—
carbohydrate interactions, there is no general force field at
present although a variety of them have been shown to provide
satisfactory agreement between experimental and modeled
data.” Force fields specifically developed for sugars are HSEA
and PFOS. General molecular mechanics programs adapted for
carbohydratesare MM 3, CHARMM, AMBER, GROMOS, and
TRIPOS.5-7 A general force field which has also been shown to
be useful for deriving three dimensional structures of free
carbohydrates is CVFF. In severa cases, different modifica-
tions of a given force field are present in the literature.”

2 NMR investigations of protein—carbohydrate complexes

Different examples of the study of the structural events that
mediate the molecular recognition processes between proteins
and carbohydrates have recently been presented, using NMR
spectroscopy, to examine interactions involving lectin-, anti-
body-, and enzyme-type receptors. Specific comparisons of the
differential binding of natural and modified analogues have also
been reported. In some cases, protein-induced conformational
changes in the oligosaccharide ligand have been observed

(Scheme4). Nevertheless, in other casesthelectin selects one of
the conformers present in solution or a structure close to the
major one existing in solution. Finally, there are also cases in
whichtheligand retainsat least part of theflexibility it hasinthe
isolated state.
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Scheme 4 (a) Schematic view of the glycosidic torsion angles which define
the three dimensional shape of an oligosaccharide. (b) Schematic view of

putative conformational changes around the ¢ glycosidic torsion angle of a
disaccharide.

In principle, different types of information may be deduced
for protein—carbohydrate complexes in solution by NMR.
Although different types of clasification could be envisaged, we
have decided to distinguish between those methods which
permit us to deduce (a) structura information on the protein
residues involved in the interaction; (b) information on the
bound carbohydrate; and (c) information on the entire protein—
carbohydrate complex.

Chemical Society Reviews, 1998, volume 27 135



Table 2 Summary of the studies described in the text, showing the method
used by their authors

System Method Ref.
WGA/Sidic acid Titration 8
Hevein/GlcNAc-containing oligosaccharides Titration 9
UDA/GIcNAc-containing oligosaccharides Titration 10
Ac-AMP2/GIcNAc-containing

oligosaccharides Titration 11
CBD C. fimi Cen C/cello oligosaccharides Titration 12,13
CBD T. Reesei/cello oligosaccharides Titration 14
Tripeptides/heparin disaccharide Titration 16
Macrophage mannose receptor/mannose Titration 15
Hevein, pseudohevein, UDA,

WGA /chitooligosaccharides CIDNP 17

TR-NOESY 20
TR-NOESY 19
TR-NOESY 21
TR-NOESY 22
TR-NOESY 25

Ricin-B/galactose derivatives

IgA X24 antibody/fluorinated disaccharide
Galectin/galactose disaccharide
AAA/fucose disaccharide
Antibody/Salmonella trisaccharide

Ricin/C-lactose TR-NOESY 27
Strep-9 antibody/GIcNA c-containing

trisaccharide TR-NOESY 18
E-selectin/SLeX TR-NOESY 18

P-,L-selectin/SLeX

Dolichos biflorus lectin/Blood group A
trisaccharide

Dolichos biflorus lectin/Forsmann
pentasaccharide

Lentil lectin/sucrose

Acidic fibroblast growth factor/sucrose
octasulfate

A. niger glucoamylase/N,
S-heteroanal ogues of maltose

Polyclonal 1gG/GD1a ganglioside

CBD T. Reesei/cello oligosaccharides

TR-NOESY 23
TR-NOESY 6

TR-NOESY 24
TR-NOESY 18

TR-NOESY 26
TR-NOESY 18

Relaxation 33
Relaxation 14

Immunoglobulin G glycoforms (glycoprotein) Relaxation 1
HCG« glycans (glycoprotein) Relaxation 29, 30
Hevein/GlcNAc-containing oligosaccharides complete 3D 9
CBD C. fimi/cello oligosaccharides complete3D 12, 13

Verotoxin VT-1/globotriaosyl ceramide

RNAse B glycoforms (glycoprotein)

Adhesion domain of human CD2
(glycoprotein)

Human granulocyte colony stimulating
factor (glycoprotein)

Fucosylated peptide (glycoprotein)

HCG « subunit (glycoprotein)

complete3D 35
complete 3D 1

complete3D 18
complete3D 31

complete3D 32
complete3D 29, 30

2.1 Methods which allow usto obtain information on the
protein residues involved in the interaction

2.1.1 Titration experiments

NMR is the prevalent method used to study molecular
conformation and dynamics in solution, in contrast to X-ray
crystallography methods. NMR spectroscopy provides detailed
information on the chemical surroundings of a given nucleus
through chemical shifts and therefore, titration NMR experi-
ments may provide an adequate meansto analyse sugar-induced
perturbations of proteins and vice versa. Usually, the specific
binding of carbohydrates to a lectin is monitored by recording
the 1H NMR spectra of a series of samples with variable sugar
concentration (six to eleven different concentrations). The
concentration of the protein during the experiments is held
constant. A first sampleis used to obtain the tH NMR chemical
shifts of the free-sugar lectin sample (8free). A Second sampleis
prepared by dissolving a large amount of the corresponding
sugar in asimilar protein solution. Thetitration curveisbuilt by
adding small aliquots of the sugar-concentrated protein solution
over the free-sugar protein sample. This protocol is a way to
verify the existence of complexes between agiven lectin and the
corresponding carbohydrates, and, in addition, the alterationsin
the chemical shifts of the amino acid proton resonances may be
used to determine the equilibrium association constant, K,
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considering the equilibrium egn. (1)—(3) where dpoung COrre-
sponds to

Protein + Sugar < Protein sugar Q)
_ _[Protein [(Sugar] @
& [Protein] x [Sugar]
_ [Protein CBugar] 3)
Oups = Ofree T (O = Oree) 3
obs free ( bound free) [Protei n] T [Protein [Sugar]

the NMR chemical shifts of the sugar-bound form of the lectin.
Thevalues of K, and dpoung May be obtained by non-linear least-
squares fitting of the observed NMR chemical shifts dgps Of
different selected protons of the lectin as afunction of the total
sugar concentration. d¢,ee May be introduced as an adjustable
parameter to control the goodness of fit by comparing its value
with that obtained experimentally.

Moreover, provided that the protein resonances have been
assigned, this methodology may be used to locate, at least
qualitatively, the sugar binding site around certain protein
residues. Thus, either qualitative or quantitative estimations of
binding affinity and specificity can be derived by using 1D or
2D spectroscopy. Kinetic and thermodynamic parameters may
aso beinferred, at least qualitatively, by running these titration
experiments at different temperatures and following a van't
Hoff type of analysis, using a representation of R log K, vs.

T

2.1.1.1 GlcNAc-binding proteins The pioneering work in this
field was performed by Kronis and Carver,8 who analysed the
interaction and thermodynamics of the binding of sialyl
oligosaccharides by the lectin wheat germ agglutinin (WGA).
As a recent example of the application of this protocol,
Asensio et al.® have recently reported the determination of the
binding site of hevein by using NM R spectroscopy and different
N-acetyl glucosamine-derived (GIcNAC) ligands. The GIcNAcC,
chitobiose, and chitotriose (Scheme 5) specific binding con-
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Scheme 5 Structure of N-acetyl glucosamine (GICNAc) containing sugars.
From top to bottom: GIcNAc, chitobiose, chitotriose.

stants were also determined by 1D NMR spectroscopy. These
constants increase by one order of magnitude when passing
from the mono- to the di- and to the tri-saccharide. In addition,
the thermodynamic parameters for chitotriose-hevein and
chitobiose-hevein interactions were obtained from avan't Hoff
analysis, indicating that the association process is enthalpy
driven, while entropy opposes binding. This behaviour is
usually observed for protein—carbohydrate interactions.13 The
deduced negative signs indicated that hydrogen bonding and/or
van der Waals forces are the major interactions stabilizing the
complex. The differences in binding constants were explained
in terms of the three-dimensional structure of the complexes,



also obtained from NOESY NMR spectroscopy (see below in
Section 2.3).

A similar study has also been performed to deduce the
chitotriose-induced perturbations in Urtica dioica agglutinin
(UDA), which contains two homologous hevein domains. The
data confirmed the presence of two binding sites of non-
identical affinities, since sugar induced perturbations occur in
one domain of the lectin at sugar concentrations below
equimolar. Residues in the second domain are shifted at higher
trisaccharide concentrations.1° The interaction between chito-
triose and a related antifungal and antimicrobial peptide, Ac-
AMP-2, has aso been studied by *H NMR, showing that, as
observed for hevein and UDA, three aromatic residues are
involved in binding.11
2.1.1.2 Cellulose-binding proteins The binding specificity of
the interaction of different glucans with the 152 amino acid
N-terminal cellulose binding domain (CBD) of Cellulomonas
fimi CenC has also been studied by *H NMR, showing that at
least four B-(1— 4) linked glucopyranosides (Scheme 6) are

OH OH .
Q HO
* o (o)
HO d
OH
n
OH

p1—4 linkage
n=2 cellotetraose
n=3 cellohexaose
Scheme 6 Structure of B-(1— 4)-linked glucose oligomers, n = 2,
cellotetraose, n = 3, cellohexaose

required to detect binding.12 The cellulose binding domain
spans five glucosyl units. Using an NMR model of the protein
(see below in Section 2.3), it was deduced that the interaction
takes place primarily through hydrogen bonding and van der
Waals stacking.

Titration experiments of a related binding domain with
cellohexaose allowed it to be established that Trp54 and Trp72
participate in cellulose binding. Using an NMR derived
structure of this polypeptide it was deduced that both residues
are adjacent in space and exposed to solvent, forming a ligand
binding cleft, which is a feature common to the cellulose
binding domains of the same family.13

The identification of the functionally relevant amino acids of
the cellulose binding domain from Trichodermareesei cellobio-
hydrolase | has been performed by recording the NMR spectra
of synthetically modified peptides. Although in genera, the
structural effects of substitutions were minor, in some cases
decreased binding could clearly be ascribed to conformational
perturbations. At least one glutamine and two tyrosine residues
were found to be essentia for tight binding (see below in
Section 2.3).14
2.1.1.3 Other examples One recent example of the application
of titration NMR experiments has focused on the mechanism of
calcium and sugar binding to a C-type carbohydrate recognition
domain of the macrophage mannose receptor. The authors
varied the nature of several key amino acid residues of the
protein using site directed mutagenesis. Titration NMR experi-
ments were performed for every mutant and from the corre-
sponding magnitudes of the affinity constants, it was possible to
deduce that a stacking interaction between mannose and Tyr729
contributes about 25% of the total free energy of binding.15

13C NMR has also been used for titration experiments. For
instance, the interaction of the heparin disaccharide with
tripeptides has been studied by titration and 3C NMR
relaxation measurements. Relaxation rates (see below under
2.2.2) for the disaccharide are significantly higher in the
presence of the peptide. The analysis of the data in terms of
molecular diffusion constants indicated that the peptide is
oriented proximal to the uronic acid ring.16

2.1.2 Chemically induced dynamic nuclear polarization
(CIDNP)

In many cases sugar recognition by proteins involves the side
chains of tryptophan, tyrosine and histidine moieties (Scheme
2), so the photo CIDNP method may profitably be applied to
monitoring the effect of ligand binding on the receptor. These
aromatic moieties are able to produce CIDNP signals after |aser
irradiation in the presence of a suitable radical pair-generating
dye. Elicitation of such a response in lectins implies accessi-
bility of the respective aromatic groups to the light-absorbing
dye. Therefore, this protocol may be suitable for monitoring
surface properties of a protein receptor and the effect of sugar
binding provided that CIDNP-active amino acid residues are
involved in the recognition site. Experimentally, the intensity
and the shape of the CIDNP signals are therefore determined in
the absence and in the presence of different carbohydrate
ligands.

This method has been elegantly applied recently by Siebert
et al. to study the complexation of GIcNAc-containing
oligosaccharides to a series of plant lectins of increasing
structural complexity.17 In particul ar, the binding of chitosugars
(Scheme 5) to hevein, pseudohevein, Urtica dioica agglutinin
(UDA), wheat germ aglutinin and its B domain were investi-
gated. When the sugar is bound, CIDNP signals of the aromatic
moieties of Tyr, Trp, or His are altered with respect to those of
the free protein: they may be broadened, appear with reduced
intensity, or even disappear completely. Thus, their involve-
ment in sugar binding may be deduced. The results obtained
were in agreement with those previously reported.910 In
addition, a conformational change of an indole ring of a Trp
residue was also detected for UDA.

2.2 Methods which allow us to obtain structural
information on the bound carbohydrate

2.2.1 Transferred nuclear Overhauser enhancement
(TR-NOE) studies

It is obvious that knowledge of the recognised conformation of
abiologically active carbohydrate presents considerable impli-
cations for rational drug design. From the three dimensiona
point of view, TR-NOE may allow the assessment of the
conformation of protein-bound oligosaccharides.l8 NOESY
experiments provide information about which protons are close
in space and, therefore, they may be used to deduce conforma-
tiona information. The TR-NOESY is a regular NOESY
experiment, but it is applied to a proteinigand system in
dynamic exchange in which the ligand is present in excess. For
ligands which are not bound tightly and exchange with the free
form at a reasonably fast rate, as usualy observed for
carbohydrates, TR-NOE provides an adequate means to deter-
mine their bound conformation (Scheme 7). In complexes
involving large molecules, cross relaxation rates of the bound
compound (0B) are opposite in sign to those of the free one (oF)
and produce negative NOEs. Therefore, the existence of binding
may be easily deduced by visua inspection, since NOEs for
small molecules are positive (Scheme 8). The conditionsfor the
applicability of this approach are well established, considering
the well known equilibrium and the molar fractions of free and
protein bound sugar egn. (4)—(6)

Protein + Sugar excess) < Protein sugar 4
_ [Protein [Bugar] 9

& [Protein] x [Sugar] 2

Pppo® > proF ©)

K1 > oB (6)

where p, and pr are the fractions of bound and free sugar ligand
and oB and oF the cross relaxation rates for the bound and the
free ligand, respectively. K_; is the off-rate constant.

Under these conditions, it can be considered that egn. (7)
holds.
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Scheme 7 Schematic representation of the facts which take place during
TR-NOESY experiments. (1) Initial state: free sugar. (2) Formation of the
complex: bound sugar. NOEs between protons closein space are devel oped.
(3) Dissociation of the complex. The free sugar maintains the information
acquired in the bound state for a given period of time, which depends on its
relaxation times. After this time, the system reverts to the initial state.

OObS = pbOB + pfOF (7)

TR-NOESY experiments are usually performed at different
mixing times and ligand—protein ratios and produce strong,
negative NOEs on ligand binding. However, one of the mgjor
drawbacks of this experiment is the possible existence of spin
diffusion effects, which are typical for large molecules. In this
case, apart from direct enhancements between protons close in
space, other spins may mediate the exchange of magnetization,
thus producing negative cross peaks between protons far apart

in the macromolecule. Thus, protein-mediated, indirect TR-
NOE effects may lead to interpretation errorsin the analysis of
the ligand bound conformation. As a prime example, one of the
first reported applications of TR-NOE experiments was to the
derivation of oligosaccharide bound conformations, which
concluded that a fluorinated Gal-p-(1 — 6)-Gal-p-OMe disac-
charide underwent major conformational changes around the
glycosidic linkages when bound to a specific antibody. The
conclusion was based on the detection of an NOE cross peak
between two protons located on two different pyranoid
moi eties. However, the reevaluation of the problem by the same
authors, using TR-NOEs in the rotating frame (TR-ROESY)
experimentst® demonstrated that this cross peak was dominated
by an indirect effect, mediated by a protein proton. In TR-
ROESY, spin-diffusion (three spin) effects appear as positive
cross peaks and therefore, the application of this experiment
permits one to distinguish direct from indirect enhancements,
and thus complements those measured under regular conditions,
providing conformational information which is less contami-
nated by artifacts (Scheme 9). Different examples which have
focused on the study of the structural events that mediate the
molecular recognition processes between proteins and carbohy-
drates have recently been presented, through examples of
lectin-, antibody- and enzyme-type receptors. Specific compar-
isons of the differential binding of natural and modified
analogues have a so been reported.

2.2.1.1 Recognition of the global minimum conformation
Although there is not any genera rule, in many cases, protein
binding sites are well preorganized to recognise a conformation
of the oligosaccharide which is located close to the its global
minimum energy region. Several TR-NOE studies on protein—
carbohydrate interactions have studied the complexes between
Ricin-B chain and different oligosaccharides.2® Ricin is a

NOESY TR-NOESY
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Scheme 8 Left. Schematic representation of a NOESY spectrum for a free sugar. Cross peaks and diagonal peaks have different signs. Right. Schematic
representation of a TR-NOESY spectrum recorded for an exchanging sugar—protein system. Cross peaks and diagonal peaks have the same signs, as expected
for a large molecule, thus indicating binding to the protein. The relative sizes of the peaks and the appearance of new ones may be used to detect

conformational variations.
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Scheme 9 Schematic representation of TR-ROESY (left) and TR-NOESY (right) spectra for an exchanging sugar—protein system. In TR-ROESY spin
diffusion (three spin) cross peaks (i.e. a/c) and diagonal peaks have the same signs. On the other hand, direct cross peaks (a/b) show different sign to diagonal
peaks (a). In TR-NOESY, al direct and spin diffusion-mediated cross peaks have the same sign as diagonal peaks.

dimeric (A and B chains) galactose-binding lectin seeds which
has been shown to be 10-100 fold more toxic to some
transformed cell lines than to normal cells and has therefore
been considered as a potential antitumor agent.

The first NMR study of Ricin-B/disaccharide complexes
used monodimensional (1D)-TR-NOE experimentsto study the
binding of Ricin-B by methyl p-lactoside. In this example, it
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was demonstrated, by using a selectively deuterated substrate
that there were minor changes in the conformation of free
methyl B-lactoside (Scheme 10) upon binding to Ricin-B. In a
second example, the Ricin-B-bound conformation of melibiose
[Gal-B(1— 6)-Glc] was deduced and compared to its con-
formation in free solution demonstrating that only one of the
two solution conformations of melibiose was recognized by the
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Scheme 10 Structure of different galactose-containing disaccharides and analogues
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lectin. Therefore, the protein causes a shift in the solution
equilibrium towards the bound conformation during the recog-
nition process. Docking studies indicated that the protein chain
excluded binding of certain ligand conformations on the basis of
unfavorableinteractions between the protein surface and remote
parts of the carbohydrate. However, since Ricin-B preferen-
tially binds 3-gal actosides rather than «-gal actosides and, since
the orientation of the glucose residuein «-substituted gal actosyl
glucosides is very different from that existing in their
[-anaogues, the conclusions reached for the melibioside could
not be extrapolated in a general way. Thus, in an attempt to
generalise this structural problem, the conformational changes
that occur when methyl «-lactoside was bound to the Ricin-B
chain in agueous solution were then studied.2® The observed
data indicated that the protein causes a slight conformational
variation in the glycosidic torsion angles of methyl «-lactoside,
although the recognized conformer was still within the lowest
energy region. Molecular modeling using molecular dynamics,
minimization, and docking of the disaccharide within the
binding site of Ricin B strongly suggested that, apart from the
expected contacts between the galactose moiety and different
amino acid residues, there were also van der Waals contacts
between the protein and the remote glucose moiety, as
previousy deduced from binding studies using modified
lactoside derivatives. Thus, both van der Waals contacts and
hydrogen bonding contribute to the stability of the complex.20
Aswith RicinHactose, there are other casesinwhichthereare
no major variations in the conformational behavior of the
oligosaccharide upon protein binding. For instance, the TR-
NOESY study of the binding of Galf-(1— 2)Galp-(1—R) to
the galectin of chicken liver showed that the conformation of the
disaccharide in the bound state isvery closeto its global energy
minimum state in solution.2t
2.2.1.2 Smultaneous recognition of different conformations
There are examplesin which the protein does not select asingle
conformer. The Aurelia aurantia agglutinin (AAA) lectin
recognises, simultaneously, different conformations?2 of Fuc-
«(1— 6)GICNACS-(1— OMe). This disaccharide, which is
fairly flexible when free in solution, appears to remain, to a
certain extent, flexible around the glycosidic linkage within the
lectin binding site. An ana ogous case has been reported for the
complex between methyl p-allolactoside [Galf(1— 6)Glcp-
OMe] and Ricin B.20 |n this case, and contrary to the
observations for lactose, different conformations around the ¢,
vy, and o glycosidic bonds of methyl $-allolactoside were
recognized by the lectin. In fact, for this complex, only the TR-
NOESY cross-peaks corresponding to the protons of the
galactose residue were negative, as expected for amolecule in
the slow motion regime. In contrast, the corresponding cross
peaks for the glucose residue were ca. zero, as expected for a
molecule whose motion is practicaly independent of the
protein.
2.2.1.3 Protein-induced conformational selections Lectins and
antibodies may select just one of the conformers present in the
conformational equilibrium for the free state. The quest for the
active conformation of the Lewis X oligosaccharide has
stimulated different research groups. Thesialyl Lewis X (SLeX,
{oeNeuNAc-(1— 3)p-Gal(1— 4)[«Fuc-(1— 3)]CGlc} tetrasac-
charide existsin solution as an equilibrium of several conforma-
tions, which are mainly characterized by the orientations of the
N-acetylneuraminic acid residue. Perhapsthe pre-eminent study
on thistopic has been reported by Peters and coworkers!8 using
spin-locked filtered NOESY and Metropolis Monte Carlo
calculations. The most relevant conclusion is that E-selectin
complexes exclusively to a conformation of sialyl Lewis from
the conformational equilibrium in agueous solutioninwhichthe
sialic acid shows an orientation, defined by (¢/: 76/6), already
reported to be present in free solution. On the other hand, the
orientation of the fucose residue (¢,y: 38/26) differs from that
preferred in aqueous solution. This work clarified previous
discussions on the conformational changes of sLeX upon
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binding to E-selectin. Recently, the bound conformation of
sLeX bound to E-selectin was aso compared to those
recognised by P- and L-selectin23 In al cases, it was
demonstrated that the conformation of the branched trisacchar-
ide remained close to the conformation of the free ligand.
However, E- and P-selectins recognised a different conforma-
tion around the sialic acid glycosidic linkage than L-selectin.

The blood group A trisaccharide { «GalNAc-(1 — 3)[aFuc-
(1— 2)]p-Gal} existsin solution asan equilibrium between two
families of low energy conformers. Comparison between
experimental and simulated TR-NOESY volumes, lead to the
conclusion that only one conformation of the trisaccharide was
bound®é by the GalNAc-specific lectin isolated from Dolichos
biflorus. Spin diffusion NOEs were detected by means of TR-
ROESY experiments. The proposed bound conformation wasin
agreement with one of the two deduced from previous modeling
studies. As with other lectins, complementary forces emanate
from hydrogen bonding and van der Waals forces including
hydrophaobic interactions.

A second report on the application of TR-NOE experiments
to the molecular recognition of oligosaccharides by the seed
lectin of Dalichos biflorus has been completed.24 TR-NOESY
and TR-ROESY experiments collected for a mixture of this
lectin and the Forssman pentasaccharide GalNAcu-(1 — 3)Gal-
NACB-(1— 3)Gaa-(1— 4)Gap-(1— 4)Glc reveded close
contacts between the non-reducing disaccharide moiety of the
carbohydrate and the lectin binding site. In addition, and using
an elegant protocol of recording experiments at different
lectin:sugar ratios, the authors deduced two distinct classes of
NOE cross peaks which reflected the size of the carbohydrate
epitope and thus also of the binding pocket of thelectin. In order
to detect contacts between the protein and the carbohydrate
chain, To-filtered TR-NOESY spectra were performed which
permitted the detection of NOEs between the terminal disaccha-
ride fragment and protein protons, most likely belonging to Leu
residues, in agreement with the previously reported molecular
modeling study of the complex.
2.2.1.4 Protein-induced conformational variations Severa
cases of protein-induced major conformational changes have
also been reported. Bundle and coworkers?s have presented TR-
NOESY evidences which show that a branched trisaccharide
{«-Galp(1— 2)[«-Abep(1— 3)]-Manp-1— OMe}, related to
the antigenic determinant of a Salmonella polysaccharide,
undergoes an antibody-induced conformational shift about one
glycosidic linkage (Gal-Man) when bound in solution. Previous
data have demonstrated that only this trisaccharide portion of
the complete polysaccharide was bound by the antibody.
Although the TR-NOESY distance constraints were compatible
with two different bound conformations, one of them was
shown to be consistent with the X-ray structure of the same
molecular complex, but none with the free solution conforma-
tion of the oligosaccharide.

The Strep 9 antibody-bound conformation of a branched
trisaccharide, namely, GlcNAc-B-(1 — 3)-a-Rha-
(1— 2)-«-Rha-OMe has been8 investigated by TR-NOESY
and TR-ROESY experiments and Metropolis Monte Carlo
calculations. It was deduced that the monoclonal antibody Strep
9 selects only one defined conformation of the carbohydrate
hapten. This bound conformation, which is a local energy
minimum on the potential energy maps of the free ligand,
undergoes a change in the orientation of one glycosidic linkage
when compared to the global minimum conformation in thefree
solution state. It was also necessary to include repulsive
constraints, derived from the absence of NOESs, to deduce the
three dimensiona structure of the trisaccharide in the binding
site of the antibody.

The conformational features of one of the most important of
the food industry-relevant sugars, sucrose, in the combining site
of lentil lectin in solution have been recently characterized
through TR-NOESY experiments and molecular modeling.18
The experimental NMR data, which indicated that the bound



sucrose has a unique conformation for the glycosidic linkage,
were in agreement with the results obtained for the complex
using X-ray crystallography. It is important to mention that
major differenceswith respect to the hydrogen bonding network
of free sucrose were found, since none of the two inter-residue
hydrogen bonds detected in crystalline sucrose were conserved
in the complex with the lectin. Stacking interactions between a
Phe residue and the hydrophobic face of the glucose residue as
well as between the same Phe and H-4 and H-6 of the fructose
moiety were deduced both experimentally (X-ray) and by
modeling. A variety of protein—sugar hydrogen bonds were also
detected. In addition, the NMR study provided insight into the
residual conformational flexibility of sucrose in the lectin
binding site. On the other hand, it has also been shown that free
sucrose octasulfate appears to assume a conformation sig-
nificantly different from any of the X-ray conformations
determined for sucrose when bound to the acidic fibroblast
growth factor. In this case, strong electrostatic interactions
between guest and host may be the dominant factor in the
deformation of sucrose octasulfate.26

2.2.1.5 Use of structurally modified carbohydrate analogues
Obvioudly, not only natura ligands, but also structurally-
modified oligosaccharides may be used as lectin ligands or as
inhibitors of carbohydrate-processing enzymes, and thus, these
analogues may be employed to deduce enzymatic mechanisms.
Moreover, conformational differences between free and pro-
tein-bound natural carbohydrates and synthetic analogues may
aso be assessed by TR-NOE experiments.

Ricin B has aso been used as a model to study the bound
conformation of potential glycosidase inhibitors such as C-
glycosides.2” Although many reports have usually assumed that
the conformation of free C-glycosides was the same as that of
the corresponding O-analogues, it has recently been reported
that, at least for O- and C-lactoses, this is not the case.2”

Thus, 2D TR NOESY experimentswere recorded to study the
complexation of C-lactose by Ricin B. The conformational
study of C-lactosein thefree state showed that the exo-anomeric
conformation around the C-glycosidic bond was adopted.
However, the conformation around the aglyconic bond was
rather different to that of the natural compound. For O-lactose,
ca. 90% of the population was located around the so called
minimum syn, ¢/1p: 54/18 and ca. 10% of population around
minimum anti, ¢/+p: 36/180.2° However, C-lactose was shown
to exhibit much higher flexibility than its O-analogue and three
conformational regions (syn, anti and gauche-gauche) were
significantly populated in solution (Scheme 4). The comparison
between the NOESY and ROESY spectra of C-lactose,
recorded in the absence and in the presence of the lectin,
indicated that conformers syn and gauche—-gauche were not
bound. Therefore, the experimental results indicated that Ricin
B sdlects different conformers of C-lactose, (anti), and its
O-analogue, (syn).2° In order to estimate the relative binding
affinities of the C- and O-glycosides, competitive TR-NOES,
with different O-lactose/C-lactose ratios, were aso performed.
It was demonstrated that both ligands compete for the same
binding sites of the lectin and that the affinity constant of
C-lactose is smaller than that of its O-analogue. Although
merely speculative, and since the flexibility of C-lactosein the
free state is much higher than that of O-lactose, the cause of the
recognition of different conformations could be of entropic
origin.

Other modified carbohydrates have been employed to study
the structure of enzyme-inhibitor complexes. Mario Pinto and
coworkers'8 have investigated A. Niger glucoamylase. This
enzyme catalyzes the hydrolysis of maltose-type molecules
with inversion of configuration. In an elegant manner, and using
novel heteroanal ogues of maltose containing sulfur in the non-
reducing ring and nitrogen in the interglycosidic linkage, they
have recently demonstrated that methyl 5'-thio-4-N-«-malto-
side is a potent enzyme inhibitor and that it is bound by the
enzyme in a conformation close to its globa minimum. The

characteristic NOEs observed for a second conformer which is
also present in free solution, as aminor form, were not detected
in the presence of glucoamylase G1. It is noteworthy that the
crystal structure of acomplex of aclosely related glucoamylase
with dihydroglucoacarbose indicated that the bound conforma-
tion of this ligand resembles the global minimum and that an
existing local minimum conformer cannot be readily accommo-
dated by the enzyme because of adverse van der Waals
interactions.

2.2.1.6 Other developments TR-NOESY experiments have aso
been recently applied to the identification and characterization
of biologically active molecules from a mixture.28 As already
stated above, the sign of transferred NOEs is opposite to that of
NOEs of small moleculesthat do not bind to aprotein and, thus,
an unequivocal and fast identification of moleculeswith binding
properties is possible.

2.2.2 NMR relaxation measurements

NMR relaxation properties depend on the spectral density
functions [J(w)], which in turn are sensitive to molecular
motion. Spectrometer frequency, molecular size, and inter-
nuclear distances are also important parameters. In fact, spectral
densities are related to the motional correlation times (t.),
which measure the rate of molecular tumbling. The functional
form of the basic longitudinad (T;) and transversal (Ty)
relaxation times are given below in egn. (8)—(11).

Tyt = (Q120) [Hon — 00 + 3 w) +6) 0+ o] (8)
Tt = (Q/20) [43(0) + J(wn — ) +3](0xc)

+6J(wn) +6J(wh + 0c)] 9)
2T

Inw) = — e
() 1+ (nar,)? (10)
Q= NDVCV';hD (11)
21y

Exchange and dynamic processes affect heavily theserelaxation
parameters. Since T, vaues are directly related to linewidths,
(T* = Umvyp) the simple measurement or estimation of
linewidths (v1/2) may serve as a basis to deduce the occurrence
of a dynamic process (such as binding or recognition) in the
vicinity of a given nucleus (Fig. 1). Therefore, for instance,
provided that the NMR signals of the protein have been
assigned, 1N and/or 13C NMR relaxation measurements at one
or several magnetic fields may be used to probe the change of
mobility of specific amino acid residues of carbohydrate-
recognizing proteins upon sugar binding. However, to the best
of our knowledge, this aproach has not yet been used.
Nevertheless, it is obvious that the relaxation properties of the
oligosaccharide will aso be affected upon protein binding, due
to their dependence on molecular motion. Therefore, provided
that the 1H or 13C NMR signal s of the sugar have been assigned,
NMR relaxation measurements may be used to probe the
change of mobility of specific carbohydrate moieties upon
binding.

As an example of this application, the interaction between
cellohexaose and cellul ose binding domains from Trichoderma
reesel cellulases has been studied by T, relaxation analysis of
the oligosaccharide resonances. In addition, and using an NMR
derived structure of the polypeptide, a model for the molecular
complex has been proposed in which three aligned aromatic
residues (tyrosines) with a precise spatial arrangement stack
onto every other glucose ring of the cellulose polymer.14 The
glycoproteins approach has recently been used by Dwek and
coworkers! to probe the relative mobility of different glyco-
forms of immunoglobulin G, observing that mobility is
dependent on the primary sequence of the glycan. Homans and
coworkers have analysed line widths and tH and 13C chemical
shift changes of the glycan moieties on isotopically 13C, 15N
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H3a+ , H5B +
H3' + HE'

Ha'+Hep HE+HE

43 42 41 40 39 38 3.7 36 35 3.4 33 32
ppm

H4'+Hep H3a+ H5p +
H6 + He), :

43 42 41 40 39 38 37 36 35 34 33 3.2
ppm

Fig. 1 Comparison between the tH NMR spectrum recorded for a free
disaccharide (top) and that recorded for the same sugar in the presence of a
specific lectin (bottom). In the case of the spectrum of the bottom part
(sugar/protein, 20/1 ratio), the change in linewidths indicates that an
interactionistaking place, sincethe relaxation properties of the disaccharide
are heavily affected in the bound state.

enriched recombinant human chorionic  gonadotropin
«-subunit.2® They have shown that the biologically relevant
glycan at Asn 52 appears to extend into solution both in the
isolated o subunit and in the complex with the  subunit.
Similar conclusions have been deduced by the group at Utrecht,
in this case, using a natural abundance sample.3° Other studies
of the mation of the glycan moieties in different glycoproteins
have been performed, using either relaxation measurements or
line width analysis. These include the adhesion domain of
human CD2,18 the human granulocyte-colony-stimulating fac-
tor,31 afucosylated peptide,32 severa glycoforms of RNAseB.1
In all cases, the overall mobility of the glycan chain is reduced
as compared to that of the corresponding small glycopeptides or
oligosaccharides. The results obtained also suggest that the
carbohydrate moiety reduces the loca mobility around the
glycosylation site. In addition, the carbohydrate provides more
kinetic and thermodynamic thermal stability to the protein.
The influence of 9-O-acetylation of GDlaganglioside on the
recognition by a natural human antibody has been analysed by
molecular dynamics simulations and NM R.33 Although acetyla
tion did not influence the overall conformation of the ganglio-
side, the NMR spectrum of the acetylated GD1ain the presence
of the polyclonal 1gG showed the disappearance of the
9-O-acetyl signal, indicating a variation in the value of Ty, thus
its involvement in an exchange process, and consequently that
the interaction with the human protein takes place on this site.

2.3 Complete determination of the 3D structure of
protein—car bohydrate complexes

In afew favorable cases, dealing with protein receptors small
enough to be amenable to direct analysis to NMR methods, *H
NMR techniques have been used to deduce the three dimen-
sional structure of protein—carbohydrate complexes. Very
recently, and following the impressive development in NMR
methodology and in molecular biology methods (allowing the
obtention of 15N- and 13C-labelled molecules), detailed struc-
tural information on the 3D structure of carbohydrate—protein
complexes and glycoproteins in solution has become available
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by using modern NMR pul se sequences especially designed for
NMR active heteroatoms.2®

Hevein® is a protein of 43 amino acids, whose structure has
independently been solved by X-ray at 0.28 nm resolution, and
by NMR methods. Interestingly, athough the structure of
hevein in water—dioxane and water solutions differs signifi-
cantly from that observed in the crystal, it closely resemblesthe
solid state structures of the domains of wheat germ agglutinin
(WGA). Asensio et al.? have recently reported on the determi-
nation of the structure of the complex of hevein with chitobiose
(Scheme 5, see above in section 2.1.1.1), by using NMR
spectroscopy. Using NOESY spectroscopy and restrained
molecular dynamics, they also presented a refined NMR
structure of free hevein in water. The structure of the complex
of hevein with methyl p-chitobiose has aso been derived
recently (Asensio et al., in press).

Protein—carbohydrate NOEs measured for the hevein—chi-
tobiose and hevein—-methyl -chitobiose complexes (Asensio
et al., submitted) allowed the deduction of the conformation of
these complexes. Obviously, the presence of NOESY cross
peaks between certain protons of the sugar and the protein
permit one to infer that these atoms are close in space and
therefore, to derive the three dimensiona structure of the
complex. No important changes in the protein NOEs were
observed, indicating that carbohydrate-induced conformational
changes in the protein are small. The N-acetyl methyl signa of
the non-reducing GIcNAc moiety of p-chitobiose displayed
NOE contacts with Tyr30 and Trp2l residues and appeared
strongly shielded. From the inspection of the model, ahydrogen
bond between Ser19 and the non-reducing N-acetyl carbonyl
group was suggested as well as one between Tyr30 and HO-3 of
the same sugar residue. The previously mentioned N-acetyl
methy! group of the non-reducing GIcNAc displayed non polar
contacts to the aromatic Tyr30 and Trp21 residues. Moreover,
the higher affinities deduced for the p-linked oligosaccharides
with respect to GIcNAc and GlcNAcw-(1— 6)-Man could be
explained by favorable stacking of the second 3-linked GIcNAc
moiety and Trp2l. The final 3D structures derived by NMR
were compared to those of WGA, Ac-AMP Il (which isaso a
GIcNAc-binding protein) recently solved by NMR, Martins
et al.34 and to the crystal structure of hevein. The corresponding
average rmsd are 0.060 nm (B domain of WGA, residues
16-32), 0.100 nm, (Ac-AMP2, residues 12-32), and 0.269 nm
(crystal of hevein, residues 16-41). The structure of the 152
amino acid N-terminal cellulose binding domain of Cellulomo-
nas fimi CenC has also been derived by multidimensional
heteronuclear NMR, in the presence of saturating concentra-
tions of cellotetraose (Scheme 6).12 The polypeptide is
composed of ten beta strands, folded into two antiparallel beta
sheets with the topology of a jellyroll beta sandwich. These
strands form the face of the protein previously determined by
titration experimentsto be responsiblefor cellulose binding (see
abovein Section 2.1). Thereisabinding cleft, which containsa
central strip of hydrophobic residues that is flanked on both
sides by polar hydrogen bonding groups. The existence of this
cleft provides a structural explanation for the selectivity of this
binding domain.

Recently, the solution structure of the carbohydrate-binding
B-subunit homopentamer of verotoxin VT-1 from E. coli
complexed to globotriaosylceramide [«Gal-(1— 3)pGal-
(1— 4)BGlc— R] has been deduced by Homans and cowork-
ers,35 using a 13C/15N doubly labelled protein sample. Unlike
the crystal structure, in solution, there is no evidence of
anomal ous associ ation between two of the subunits, which may
be an artifact of crystallization. TR-NOEs obtained for the
complex compare satisfactorily with those predicted from a
previous molecular modeling study of the complex.

Although they are not protein—carbohydrate complexes, it has
to be noted that recently, several glycoprotein structures in
solution along with their structure-related properties have aso
been derived by NMR. These have been mentioned in Section



2.2.2. and are the adhesion domain of human CD2,18 the human
granulocyte-colony-stimulating factor,3! a fucosylated pep-
tide,32 several glycoforms of RNAseB,! and human chorionic
gonadotropin.29.30

3 Per spectives

With no doubt, present and future developments, including
expression systemsfor glycoproteins,2® will alow usto produce
these biomoleculesin the required amountsfor detailed analysis
of NMR data. Current NMR methodol ogies,29-35 which permit
one to deduce dynamic parameters through relaxation measure-
ments will also find their application in the derivation of
differential flexibility of the protein binding site before and after
complex formation. A similar methodology may be applied to
the ligand molecule, provided it is also 13C-labelled. Moreover,
the use of new methodsto detect long lived protein-bound water
molecules by NMR, in combination with other biophysical
techniques, will surely allow us to dissect the relative
contribution of van der Waals, hydrogen bond, water-mediated
and entropy contributions to the stabilization of the carbohy-
drate—protein supramolecule.
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