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ABBREVIATIONS

AMBER, assisted model building with energy refinement, package of molecular
simulation programs; AutoDock, automated docking, a molecular modeling simula-
tion program; B3LYP, Becke, 3-parameter, Lee—Yang—Parr, hybrid exchange-
correlation functional; B3LYP/6-31+G*, Becke, three-parameter, Lee—Yang—Parr,
hybrid exchange-correlation functional using 6-31+G* Pople split-valence double-
zeta basis set; BiOligo, a database of three-dimensional structures of bioactive
oligosaccharides; CBM, cellulose-binding module; CC, coupled clusters; CCSD(T),
coupled clusters calculations, using double substitutions both single and double
substitution, in which the triples contribution is calculated approximately;
CHARMM, Chemistry at Harvard Molecular Mechanics program; COMFA, Com-
parative Molecular Field Analysis; CPMD, Car—Parrinello molecular dynamics; CV,
collective variable; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-
3-grabbing nonintegrin; DFT, density-functional theory; DFT-D, density functionals
with Grimme’s corrections for van der Waals interactions; DOCK, docking program;
EHiTs, a software for molecular docking; ELLA, enzyme-linked lectin assay; ESP,
electrostatic potential; FGFs, fibroblast growth factors; FimH, fimbriae protein;
FlexX, software package to predict protein—ligand interactions; GAG, glycosamino-
glycan; GBSA, generalized Born and surface area solvation; GGA, generalized
gradient approximation; GH, glycoside hydrolase; Glide, docking program from
Schrodinger; GLYCAMO6, a generalizable biomolecular force field; GOLD, software
package to predict protein-ligand interactions; GPI, glycosylphosphatidylinositol;
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GRID, force field and associated software with main application in medicinal
chemistry; GROMOS-45A4, Groningen Molecular Simulation computer program
package; GT, glycosyltransferase; HBGAs, human histo-blood group antigens; HF,
Hartree—Fock; HIA, inhibition of hemagglutinin assay; ITC, isothermal titration
calorimetry; [IUPAC-IUBMB, International Union of Pure and Applied Chemistry—
International Union of Biochemistry and Molecular Biology; KIE, kinetic isotope
effect; LecB, Pseudomonas aeruginosa lectin II; LgtC, lipopolysaccharide
B-1,4-galactosyltransferase C; LSDA, local spin-density approximation; M05-2X,
empirical exchange-correlation functionals developed by Zhao and Truhlar; MOS-
SO, empirical exchange-correlation functionals developed by Zhao and Truhlar;
MES, major facilitator superfamily; MM3, molecular modeling force field; MOL-
CAD, a software package; MP, Moller—Plesset; MPW1K, exchange-correlation
functionals developed by Zhao and Truhlar;, MPWBIK, exchange-correlation
functionals developed by Zhao and Truhlar; NA, viral neuraminidase; NMR, nuclear
magnetic resonance; NOESY, standard nuclear Overhauser effect spectroscopys;
NVE, the microcanonical ensemble, in which the system is isolated from changes
in moles (N), volume (V), and energy (E); NVT, the canonical ensemble, in which
the system is isolated from changes in moles (V), volume (V), and temperature (T);
OGT, O-linked p-N-acetylaminyltransferase; OPLS-AA, optimized potentials for
liquid simulations force field; OPLS-AASEI, an improved version of the original
OPLS-AA force field for carbohydrates; OtsA, trehalose-6-phosphate synthase;
PA-IL, Pseudomonas aeruginosa lectin I; PARM94, AMBER force-field parameters;
PBSA, molecular mechanics/Poisson—Boltzmann surface area method; PES, potential
energy surface; PM3CARB, parameterized model number 3 is a semiempirical
method parameterized for carbohydrates; POPE, phosphatidylethanolamine (PE)
and phosphatidylglycerol (PG) bilayer; QCI, quadratic configuration interaction;
QM, quantum mechanics; QM(DFT)/MM, quantum mechanics (DFT)-molecular
mechanics; QM/MM, quantum mechanics—molecular mechanics; QPLD, quantum
method-polarized ligand docking; QSAR, quantitative structure—activity relation-
ship; RESP, restrained electrostatic potential method; RMSD, root mean-square
deviation; RSL, Ralstonia solanacearum lectin; SCF, self-consistent field; SPR,
surface plasmon resonance; STDR-NMR, saturation transfer difference NMR;
SWEET-II, SWEET is a program for constructing 3D models of saccharides from
their sequences using standard nomenclature; SYBYL, software package of TRI-
POS; TI, thermodynamic integration; TIP3P, three-site water model for molecular
dynamics simulations; TrNOE, transferred nuclear Overhauser effect; UDP, uridine
5'-diphosphate; UDP-GIcNAc, uridine 5'-(2-acetamido-2-deoxy-a-D-glucopyranosyl
diphosphate)
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I. INTRODUCTION

In Nature, carbohydrates form an important family of biomolecules. Carbohydrates,
in the form of polysaccharides, glycopeptides, glycolipids, glycosaminoglycans
(GAGs), proteoglycans, or other glycoconjugates, have long been known to participate
in many biological processes. Most of the earlier studies on carbohydrates focused on
such plant polysaccharides as cellulose, starch, pectins, and the like, largely because of
their wide range of functionalities and subsequent applications. Living cells, from
bacteria to mammals, are covered with a carbohydrate coating (glycocalyx) that pre-
sents the first information about the cell to the outside environment. Carbohydrate—
carbohydrate, carbohydrate—protein, and carbohydrate—nucleic acid interactions con-
stitute the molecular basis of viral entry, signal transduction, inflammation, cell—cell
interactions, bacteria—host interactions, fertility, and development, among other pro-
cesses. The discovery that a large part of the biological information is encoded in
carbohydrate structures (or glycocode) rapidly became a central concept in glycobiol-
ogy, promoting the beginning of the modern biological discipline termed glycomics,
which explores the role of carbohydrates in biological processes. Deconvoluting the
importance of sugars in these biological events is a major challenge, owing to various
factors. These include the structural complexity of the glycans, the complex biosyn-
thesis of the sugar component of glycoproteins (a pathway not under direct gene
control), the multivalent nature of biological recognition of the glycan, and the subtle
phenotypes of glycan manipulation that often require multicellular environments to
manifest. Of particular interest are the carbohydrate-mediated recognition events that
are important in biological phenomena, and this accords a central role to the study of
protein—carbohydrate interactions. The binding partners of carbohydrates encompass a
wide range of macromolecules, involved in such functions as recognition, biosynthe-
sis, modification, hydrolysis, and others (Fig. 1). The interactions between proteins
and carbohydrates play a role in numerous biological processes, such as protein
specificity in antibody—antigen recognition, cell-cell adhesion, enzyme—substrate
specificity, molecular transport, and others. They play an essential role in the onset,
detection, and, potentially, also the prevention of such human diseases as cancer,
inflammation, diabetes, neurodegenerative diseases, and bacterial and viral infections.
The interactions between proteins and carbohydrates are also involved in the biosyn-
thesis and biodegradation of the principal polysaccharide raw materials on Earth.

Determination of the three-dimensional (3D) structural and dynamical features of
complex carbohydrates, carbohydrate polymers, and glycoconjugates, along with an
understanding of the molecular basis of their associations and interactions, constitute
the main challenges in structural glycoscience.'
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Elucidation of the 3D structures and the dynamic properties of oligosaccharides is a
prerequisite for a better understanding of the relationships between structure and
function, involving the biochemistry of recognition processes and the subsequent
rational design of carbohydrate-derived drugs. It is evident that elucidation and
understanding of the different structural levels of polysaccharides are required to
relate structure to properties. Furthermore, some polysaccharides are also carriers of
biological information that can be deciphered only if their interactions with other
biological macromolecules are understood. Unfortunately, oligosaccharides, either in
their free form or as components of glycoconjugates, are inherently difficult to
crystallize, and therefore structural data from X-ray studies are limited.>> In solution,
the flexibility of individual glycosidic linkages leads to multiple conformations that
coexist in equilibrium. Application of various spectroscopic methods, with proper
time resolution, is required for analysis of the conformational behavior of such
molecules.”” As regards polysaccharides, they differ from other biological macro-
molecules because the diffraction data that can be obtained from them are not
sufficiently detailed to permit crystal structure elucidation based on the data alone.
Hence, procedures for molecular modeling of carbohydrates and carbohydrate poly-
mers have been devised as important tools for structural studies of these compounds.
The 3D structures of polysaccharides established from various experimental methods
(X-ray, neutron, and electron diffraction, molecular modeling, and high-resolution
NMR spectroscopy) have been incorporated into an annotated database, Polysac3DB.°
Various methods for molecular modeling have been developed’ and have been widely
used for the determination of oligosaccharide and polysaccharide conformations.”*
The progress made in algorithms and computational power allows for the simulation of
carbohydrates in their natural environment, namely, solvated in water or in an organic
solvent, in concentrated solution. These developments along with their applications
have been thoroughly reviewed in a previously published article.’

Experimental assessment of carbohydrate—protein interactions by X-ray crystallog-
raphy is impeded by difficulties of cocrystallizing proteins and carbohydrates. Nev-
ertheless, highly resolved protein—carbohydrate complexes gathered by using X-ray
synchrotron techniques have accumulated to the point where it has been possible to
compare the experimentally derived structures with those predicted from computa-
tional methods. Some general features governing the protein—carbohydrate interac-
tions have been delineated, and computational tools have evolved and been improved
accordingly. These tools provide efficient ways to increase our understanding of the
various contributions to the binding energy. These developments allow efficient
searching of the conformational space and yield reliable estimates of the binding
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FIG. 2. The interplay between experimental and theoretical methods required to decipher the structural
basis of protein—carbohydrate interactions.

free energy. They allow exploring in silico examples where the experimental data are
lacking, and provide sound structural information for the rational design of bioactive
carbohydrates or carbohydrate mimetics.

In this article, we survey the significant contributions to, and the current status of,
the application of computational methods to the characterization and prediction of
protein—carbohydrate interactions. It takes into account the interplay between several
experimental and theoretical methods, as is required for unraveling the structural basis
underlying the diverse biological roles of carbohydrates (Fig. 2).

II. SPECIFIC FEATURES OF CARBOHYDRATE MODELING

1. Nomenclature and Structural Representation

Carbohydrates may be divided into several categories: monosaccharides, oligosac-
charides, polysaccharides, and compounds derived from monosaccharides. The
monosaccharides are the monomeric constituents of glycan chains. Oligosaccharides
were once defined as carbohydrates that comprise 2—10 monosaccharide units, linked
together in a linear or branched way, while the term “polysaccharide” was used for
glycan chains built up from more than 10 monosaccharides. Nowadays the term
oligosaccharide generally denotes a single defined structure, while a polysaccharide
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may be a polymer-homologous series of structures based on a particular repeating
unit, but no discrete molecular weight. The collective term glycoconjugate covers a
large family of substances the main types being glycoproteins, glycopeptides, pepti-
doglycans, proteoglycans, GAGs, glycolipids, and lipopolysaccharides. Glycopro-
teins are proteins bearing covalently attached glycan chains that result from a
cotranslational or posttranslational modification. In the N-glycoproteins, the glycan
chain is attached through the amide nitrogen atom of the side chain of asparagine,
whereas O-glycoproteins have the glycan chain attached to oxygen of the hydroxyl
group on the side chain of hydroxylysine, hydroxyproline, serine, or threonine.
Glycolipids are glycosyl derivatives of such lipids as acylglycerols, ceramides, and
prenols. The term glycome may be defined as the entire set of glycans in an organism,
which may vary from mono- to poly-saccharides, either free or linked to such
aglycone moieties as proteins or lipids.

Carbohydrates have a potential information content that is several orders of mag-
nitude higher than any other biological macromolecule (Table I). This variety of
carbohydrate structures results from the wide range of different monosaccharides
(>100 if all variations are considered) from which they are composed, and the
different ways in which these monomers can be glycosidically joined. Thus, even a
small number of monosaccharide units can provide a large number of different
oligosaccharides (also termed glycans), including branched structures (a unique
feature among biomolecules). For example, the number of all possible linear and
branched isomers of a hexasaccharide exceeds’ 10'2.

The mechanism of carbohydrate recognition depends on (i) the nature of the
individual monosaccharides in the glycan (thus glucose versus mannose), (ii) the
configuration at the anomeric centers (thus o or ), and (iii) the inter-residue linkage
positions (thus 1—3 versus 1—4), and (iv) chemical modifications of the

TABLE I
Comparison of the Possible Structural Isomers for Nucleic Acids, Polypeptides, and Carbohydrates
Found in Mammals®

Size Nucleotides Peptides Carbohydrates
1 4 20 20
2 16 400 1360
3 64 8000 126,080
4 256 160,000 13,495,040
5 1024 3,200,000 1,569,745,920

“ The numbers are calculated considering both the o and B configurations for the 10 most common
mammalian monosaccharides, in their pyranose form.
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monosaccharide components (amination, oxidation, sulfation, phosphorylation, meth-
ylation, acetylation, and others).

The strength of this interaction is also determined by the conformation of the
carbohydrate and its orientation with respect to the binding site.

Various methods have been formulated to depict carbohydrate sequences in a linear
code format.'”"? For a text-based representation of such sequences, an earlier
tentative 1971 TUPAC document'® has evolved into the currently accepted 1996
IUPAC-IUBMB recommendations.'” The latter document provides a “standard” or
“extended” version that employs three-letter abbreviations for the monosaccharide
components, along with ring-size designators, anomeric and configurational symbols,
and the inter-residue linkage positions. An alternative “short” form compresses the
sequence by omitting configurational symbols and ring-size designators; the latter
have to be understood within the context.

These forms are widely adopted within the carbohydrate community and are
satisfactory for describing complex sugar sequences. The recommendations are also
applicable for the depiction of polysaccharides, glycoproteins, and other glycoconju-
gates, but become unwieldy for the depiction of large structures. For the latter, various
“cartoon”’-type representations for the individual monosaccharide components have
been proposed.'®'” These are well accepted in the glycoprotein field, where the
number of individual monosaccharide types is small, but extension to such areas as
bacterial polysaccharides, where a large range of monosaccharide constituents is
encountered, presents significant difficulties. An [IUPAC-IUBMB panel working on
an update to the 1996 recommendations is expected to address both the use of iconic
symbols in depicting saccharide sequences as well as encoding procedures for such
sequences applicable in the field of glycoinformatics.

Various ways of depicting saccharide sequences in complex carbohydrates are
shown in Fig. 3.

2. Stereoelectronic Effects

Carbohydrate molecules are considered to be especially difficult to model because
of their highly polar functionalities and the differences in electronic arrangements,
such as the anomeric and exo-anomeric effect and gauche effects that occur during
conformational changes and configurational variation. The tendency of electronega-
tive substituents at the anomeric carbon atom, C-1, of an aldopyranose ring to
populate the axial position more highly than could be expected from analogy with
cyclohexane derivatives is termed the anomeric effect.'® The name had been extended
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FIG. 3. Nomenclature and popular schematic representations of oligosaccharides.

to describe the preference of the C—X dihedral angle of R—X—C—Y fragments for
synclinal (gauche) over antiperiplanar (trans) orientation, when X=N, O, or S and
Y=Br, Cl, F, N, O, or S, and it has been termed the generalized anomeric effect.'”
The orientational preference of the aglycon around the glycosidic C-1—O-1 glyco-
sidic bond was called the exo-anomeric effect”’ and the reverse anomeric effect”'.
Similarly, the gauche effect was defined”” as the tendency for a molecule to adopt the
structure with a number of synclinal interactions between adjacent electron pairs or
polar bonds in a molecular segment X—C—C—Y, where X and Y are electronega-
tive atoms (Fig. 4). The primary hydroxymethyl group in hexopyranoses is a typical
example of such a segment (O-5—C-5—0-6—C-6). The exo-anomeric and gauche
effects are of prime importance because of their impact on conformations around the
glycosidic linkage of oligo- and polysaccharide structures. General aspects of these

23-28

stereoelectronic effects have been discussed in several reviews, and here we

briefly discuss results from the molecular modeling of carbohydrates.



CARBOHYDRATE-PROTEIN INTERACTIONS: MOLECULAR MODELING INSIGHTS 19

A
No (o]
HO/‘ﬁ/H - Ho%/x
X H
(oe anomer, more stable) (B anomer, less stable)
B o) o
N N
Ho/‘/ﬂ/H R HO/"ﬁ/H
0. o
'l/,I/R \R
(O-R bond oriented gauche (O-R bond oriented trans
to C—-0 bond, more stable) to C—0 bond, less stable)
R N /Y e R N
C X—-¢C - X——¢C
~
Y
(gauche orientation around (trans orientation around
X~C bond, more stable) X—C bond, less stable)

FIG. 4. Tllustration of stereoelectronic effects. (A) The anomeric effect, (B) the exo-anomeric effect, and
(C) the gauche effect.

a. Origin of the Anomeric Effect.—There have been different rationalizations of
the origin of the anomeric effect. It is clear that any explanation should clarify both
the conformational preference and variations in geometrical parameters. Two of the
most accepted rationalizations are electrostatic'® and delocalization (hyperconjuga-
tion).”” In the first, the anomeric effect is explained in terms of electrostatic repulsions
between a carbon-heteroatom dipole and the resulting dipole of electron lone pairs.
These electrostatic concepts predict the stability of conformers in qualitative agree-
ment with experimental data. For example, in 2-methoxytetrahydropyran having the
methoxy group equatorial, the dipoles are oriented nearly parallel. In contrast, in the
axial conformer, the dipoles are oriented quasi antiparallel. As a consequence,
electrostatic repulsion is larger in the equatorial conformer. This interpretation is
supported by experimental observations that polar media decreased the magnitude of
*Y However, electrostatic rationalization fails to explain the
equilibrium of conformers quantitatively and, more importantly, the characteristic
geometrical changes between the axial and equatorial conformers.

the anomeric effect.
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In the second interpretation, a stabilization of the gauche orientation is attributed to
delocalization (or hyperconjugation) of the lone-pair orbital on oxygen to antibonding
orbital 6, x of the carbon—heteroatom (C-1—X) bond.””*! This delocalization inter-
action is maximized when the lone pair at oxygen is aligned in an antiparallel
geometry with the antibonding orbital. In such an orientation, the C-1—X bond is
elongated, and the O—C-1 bond shortened. It has been shown that delocalization
interactions in the C—O—C—O—C moiety are conformationally dependent.’”
There is clear structural and spectroscopic evidence for delocalization interactions.
For example, the C-1—H-1 equatorial bond in saccharides is shorter than the axial
one, because of the better orientation of an oxygen lone pair with antibonding orbital
o6& 1. Therefore, the C-1—H-1 equatorial bond has a larger '/ coupling constant by
10 Hz as compared to C-1—H-1 in the axial position.””** The structural aspects are
manifested in variations between the o- and p-glycosides and have been attributed to
the lone-pair interactions associated with the anomeric effect.”**> An important role
of hyperconjugation in the anomeric effect has been nicely documented by laser
spectroscopy and DFT calculations.’® Since neither the electrostatic or delocalization
explanations account for all aspects of the anomeric effect alone, it was suggested that
both contribute to the anomeric effect,”’ and the balance of both contributions
depends on the character of the atoms in the C—O—C—X moiety. Recently, other
rationalizations have been proposed.”® ™!

b. Calculation of the Anomeric Effect.—The first QM calculations on the anome-
ric and exo-anomeric effects consisted of conformational studies on small acyclic
models for the glycosidic linkage, using ab initio methods,*”>** and acyclic and cyclic
models using semiempirical methods (see, for instance, Refs. 24,25). Later, a variety
of ab initio and DFT calculations were performed on the axial and equatorial anomers
of the cyclic carbohydrate models, to assess the energy of the anomeric, exo-anomeric,
reverse anomeric, and gauche effects.”®*° In the majority of studies, 2-substituted
tetrahydropyran (2-oxane) derivatives were used to avoid ‘“contamination” of the
stereoelectronic effects by interactions of hydroxyl groups present in saccharides.

The calculated energies showed that magnitude of the anomeric effect*"*’
decreases in the order: CI>F>OCH;>SCH;>0OH; and the reverse
anomeric effect increases in the order NHCH; > CH,CHj > NH, * CH;. Similarly,
calculations predicted that the exo-anomeric effect decreases in the order: OCH; >
NHCH; > OH > SCH;_ while the NH, * CH3 group did not show an exo-anomeric
effect. It is necessary to emphasize that QM-calculated conformational energies refer
to isolated molecules in vacuum. The solvent effect on conformational equilibrium
can be substantial; thus, more than 77% of 2-methoxytetrahydropyran exists in the
axial form in nonpolar solvents, but only 52% in water.”’ The calculations
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predicted, 7 in agreement with experimental data, that a population of the axial

conformer decreased with increasing solvent polarity as determined by the dielectric
constant. Similarly, a population of the trans conformation around the glycosidic
linkage C-1—O-1 was increased with increasing solvent polarity. Since an overall
dipole moment of the C—O—C—O—C moiety decreases with a number of C—O
bonds in the gauche conformation, this effect is predictable.

The calculations predicted distinct geometrical changes with rotation around the
glycosidic linkage for both anomers. The C—O—C and O—C—O bond angles varied
by up to 11° and the C-1—0O-1 and C-1—0-5 bond lengths varied by up to 0.04 Ao
These variations can be rationalized by a perturbation analysis of hyperconjugation
interactions of lone-pair orbitals.”> The energy and geometrical parameters of con-
formers calculated for 2-substituted tetrahydropyran derivatives provided appropriate
values for parameterization of force-field methods for carbohydrates (see, for exam-
ple, Refs. 58-60).

3. Conformational Flexibility

Carbohydrates and their derivatives possess many hydroxyl groups and thus a
large number of rotatable bonds. Due to the many hydroxyl groups, these compounds
are usually water soluble and their log P values are often negative. The surface
of carbohydrates and their derivatives is composed of hydrophobic and hydrophilic
patches formed by nonpolar aliphatic protons and polar hydroxyl groups. This leads
to anisotropic solvent densities around carbohydrate molecules. In aqueous
environments, favorable interactions of water molecules with the hydrophilic
patches result from electrostatic interactions and hydrogen bonding. Conversely, the
interaction of water with hydrophobic patches on the surface is unfavorable. An
equilibrium between hydrophobic and hydrophilic patches forms the basis for such
properties as carbohydrate solubility in water or such functions as molecular
recognition.

Another essential feature of carbohydrates is their conformational flexibility.?' As
compared to conventional drug-like molecules, carbohydrates are typically much
more flexible. The relative orientation of two contiguous monosaccharides, linked
by a glycosidic bond in a disaccharide, is characterized by the @ and ¥ torsion angles.
In the so-called Heavy Atom Definition commonly used in crystallography, @ is the
torsion angle @ =0-5—C-1—0—C-x and ¥ is the torsion angle ¥ =C-1—O—C-
x—C-x+1, where x is the number of the carbon atom of the second monosaccharide
with which the 1 —x glycosidic bond is formed. An alternative definition, of use in
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NMR spectroscopy, refers to the hydrogen atoms about the glycosidic bond in a way
such as: @y=H-1—C-1—O—C-x and ¥ =C-1—O—C-x—H-x. For two mono-
saccharides linked by a 1 — 6 linkage, another parameter (w) is required to describe
the orientation about the exocyclic bond C-5—C-6. Its orientation is usually described
by the torsion angles O-5—C-5—C-6—0-6 and C-4—C-5—C-6—0-6, which
combination defines the so-called gauche—trans (gt), gauche—gauche (gg), and
trans—gauche (tg) conformations.”” The energetically favorable conformations of a
carbohydrate dimer may be easily shown on energy plots termed (@, ¥) maps (Fig. 5),
which are quite similar to the Ramachandran plots used to visualize the backbone
dihedral angles of the essential amino acids in proteins. These plots feature multiple
minima, with the separating energy barriers being over 1015 kcal mol ™",

However, carbohydrates in complexes have been found to adopt conformations
belonging to different minima. Figure 6 depicts the distributions of glycosidic
torsion angles within two disaccharide segments: aManp-(1— 3)-Manp and
PGIcNAcp-(1 —2)-Manp, as experimentally observed in crystal structures of
protein—carbohydrate complexes. These observations emphasize the necessity for
careful sampling of the conformational space of carbohydrate oligomers during
docking. While this may be possible for glycosidic bonds, the number of degrees of
freedom increases rapidly when, in addition to this, the orientation of the hydroxyl
groups is taken into account.

III. EXPERIMENTAL DATA ON PROTEIN-CARBOHYDRATE INTERACTIONS

1. Crystallography

It is estimated that over 50% of all eukaryotic proteins are glycosylated,’” but only
5% of the 3D structures deposited in such structural databases as Protein Data Bank®*
include proteins having N- or O-linked carbohydrates. Only around 7% of all PDB
entries contain information on protein—carbohydrate systems (with the carbohydrate
being covalently or noncovalently bound to the protein). There are even fewer
examples of high-resolution structures where the associated carbohydrate components
have been fully resolved.®” Despite there being such a limited amount of experimental
information, some general features of protein—carbohydrate complexes can be
established. In general, carbohydrate-binding sites are at the surface of proteins and
form cavities or grooves. Most of the amino acids participate in binding to carbohy-
drates, although there is a frequent overrepresentation of amino acids having polar,
charged, and aromatic side chains linking the carbohydrate (Fig. 7). In particular,
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FIG. 5. Molecular representation of the disaccharide aGlcp-(1 — 4)-Glcp along with the torsion angles @
and ¥ at the glycosidic linkage. The potential energy surface shows conformational energy with respect to
the @ and ¥ torsion angles. The favored low-energy @/¥ combinations are shown in light color, whereas
the high-energy regions are shown in red and the inaccessible regions are shown in white. The surface of the
disaccharide is composed of hydrophobic (green) and hydrophilic (red) patches, formed by nonpolar
aliphatic protons and polar hydroxyl groups.

hydrophobic interactions, typically between the aromatic residues of Tyr and Trp side
chains and the hydrophobic faces of carbohydrate rings, contribute to the affinity of
carbohydrate—protein interactions through the CH—x effects (see Section IV.2).

Two common topologies of binding sites have been repeatedly observed in the
crystal structures of protein—carbohydrate complexes: an end-on insertion and a
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FIG. 6. Isoenergy contours of three disaccharide segments as calculated with the MM3 program, along
with the glycosidic conformations observed in crystalline complexes with lectins. (A) aManp-(1 — 3)-
Manp; (B) BGlcNAcp-(1 —2)-Manp; and (c) aNeuAcp-(2— 3)-Galp. In the case of the aManp-(1 — 3)-
Manp segment, the observed conformations are essentially located around a @ value of 80°, with an
excursion of ¥ in the vicinity of 330°. More interesting is the observation that a remote low-energy area
(located at @ =90° and ¥ =310°) can be occupied, as observed in the crystalline complex between Lathyrus
ochrus and a biantennary glycan.**> The study of the dispersion of conformations observed for the
disaccharide segment PGIcNAcp-(1 — 2)-Manp provides another illustration of the occurrence of confor-
mations in remote energy wells of the potential energy surfaces. The location of this well is 120° away from
what would correspond to the stable conformation driven by the exo-anomeric effect in the case of an
equatorially oriented linkage. Such examples are observed in the crystalline complexes involving the
isolectin II of L. ochrus, complexed with high-molecular-weight oligosaccharides, such as a biantennary
octasaccharide,*”> a glycopeptide, or an N2 fragment of lactotransferin.*’> The aNeuAcp-(2— 3)-Galp
offers an extreme case of conformational flexibility, as it can be 10-fold more flexible than the other
disaccharides. Here again, the conformation corresponding to the establishment of the exo-anomeric effect
@ =060° is adopted in several cases, but such a stabilizing influence can be easily overridden, as exemplified
by the occurrence of several low-energy conformations having @ in the vicinity of —60°, for the GM1
pentasaccharide interacting in the combining site of cholera toxin.*”*

groove-like binding. In the groove-type binding, proteins can interact with internal
carbohydrate moieties, a situation most commonly found for glycosyl hydrolases. The
terminal groups of the carbohydrate ligands (frequently the nonreducing residues)
enter first and most deeply into the combining site. Two major types of anchored
binding are those that are metal ion mediated (typically by calcium) and those by
charge neutralization or compensation of terminal sialic acid residues. This charge
neutralization occurs through the creation of ion pairs between the sialic acid carbox-
ylate group and basic residues of the carbohydrate-binding proteins. The role of water
in protein—carbohydrate interactions is critical in terms of carbohydrate binding
contributing to the specificity of the interaction within the carbohydrate-binding
pocket. There are well-documented examples wherein key water molecules are
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16 Human genome (based on codon usage in
coding sequences)

% 10 <

Leu Gly Ser Ala Glu Pro Val Thr Lys Arg Asp GIn lle Asn Phe Tyr Cys His Met Trp

residues closer than 4 A from p-D-Manp in
structures with resolution better than 3 A.

% 10 4

Trp Asp Tyr Asn GIn Arg Gly Phe Glu Leu Thr Ala His Ser Lys lle Val Pro Met Cys

residues closer than 4 A from a-D-ManQ in
structures with resolution better than 3 A.

Asp Gly Asn Tyr Glu Ala GIn Phe Leu Ser Arg Thr Trp Val His lle Pro Lys Cys Met

FIG. 7. Occurrence of spatial interactions between aromatic residues (Phe and Trp) and carbohydrates.
(A) Occurrence of aromatic residues in the human genome, as based on codon usage coding sequences;
(B) occurrence of amino acid residues at a distance closer than 4.0 A from B-p-mannose residues in crystal
structures of proteins having resolution better than 3.0 A; (C) same as in (B) for a-pD-mannose residues
(http://www.glycopedia.eu/Maltoporin).***

maintained in what appears to be a preconfigured binding site ready to engage
carbohydrate ligands. Mimicking the carbohydrate ligands, water molecules clearly
occupy the same location as oxygen atoms in the bound carbohydrate ligands and are
displaced upon entry of the carbohydrate into the binding site.

In the case of GAG-binding proteins, the interaction is established via salt bridges
between basic groups of amino acid side chains and sulfated or acidic groups of the
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ligand. The involvement of bridging calcium ions that is frequently observed in
several lectins occurs very rarely. Only the annexins, a family of calcium-dependent,
membrane-binding eukaryotic proteins, require calcium for binding to heparan sul-
fate. In other cases, examples are observed where the calcium does not interact
directly with the ligand, but induces the conformation of protein loops necessary for
binding.®®

For antibodies and lectins, there appears to be a modular type of assembly and a
capacity for protein subunits to associate as in a multimeric fashion (ranging from 2 to
12). The multivalency of carbohydrate—protein interaction (Fig. 8) results in high
“avidity,” and it is a way to overcome the low to moderate affinities of most
carbohydrate interactions with individual binding sites. The resulting interaction is
thus a combination of several sequential, or almost simultaneous, binding effects. The
overall binding is significantly greater than the simple combination of the
individual binding events, that is, the “whole” of the interaction is greater than the
sum of its parts. With reference to carbohydrate interactions, this effect is referred to
as multivalence or the cluster glycoside effect. It is well documented for lectin—
carbohydrate interactions.®” %’ Such a propensity for carbohydrate-binding proteins
to form oligomers is thought to correspond to some requirement for biological
functions.

2. Nuclear Magnetic Resonance

NMR spectroscopy is a powerful technique for investigating protein—carbohydrate
interactions. It possesses the unique ability to address systems with weak and transient
interactions as well as tight complexes. Four main methods include (i) chemical shift
perturbation studies, (ii) saturation transfer difference NMR (STDR), (iii) transferred
nuclear Overhauser effect (TrNOE), and (iv) standard nuclear Overhauser effect
spectroscopy (NOESY) experiments. Several reviews have been written in this
field'”’""7 that cover the four approaches that are the most frequently used.
A brief summary of the NMR methods used for the characterization is provided in
Table I1.7%

3. Thermodynamics and Other Biophysical Methods

A wide range of assays has been used to characterize protein—carbohydrate inter-
actions, allowing access to various types of quantitative information, including such
thermodynamic data as stoichiometry of binding, binding constant, enthalpy of
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FIG. 8. The multivalent binding of carbohydrate to lectins from X-ray crystal structures. (A) Monovalent
E-selectin with bound sialyl Lewis X: aNeuAcp-(2 — 3)-pGalp-(1 — 4)-[aFucp-(1 — 3)]-GlcNAcp (PDB
1G1T).*® (B) Linear dimeric Burkholderia cenocepacia lectin (Bc2la) bound to aManp-(1 — 6)-[aManp-
(1—3)]-Manp (PDB 2WRA).4% (C) Trimeric lectin from Erythrina corallodendron, complexed with
N-acetyllactosamine [BGalp-(1 —4)-GlcNAcp] (PDB 1K12).*°7 (D) Tetrahedral tetrameric Pseudomonas
aeruginosa PA-TIL lectin bound to isogloboside [aGalp-(1— 3)-pGalp-(1 —4)-Glcp] (PDB 2VXJ).*°
(E) Pentameric cholera toxin B subunit (CTB5) bound to pGalp-(1 — 3)-pGalNAcp-(1 — 4)-[aNeuAcp-
(2—3)]-pGalp-(1 —4)-Glcp (PDB 3CHB).*”® (F) Hexameric B. cenocepacia lectin complexed with H-type
2 trisaccharide aFucp-(1 — 2)-pGalp-(1 —4)-GlcNAcp (PDB 377V).**° (G) Decameric rattlesnake venom
lectin complexed with lactose [BGalp-(1— 4)-Glcp] (PDB 1JZN).°" Courtesy: Dr. Anne Imberty, http:/
lectin3d.cermav.cnrs.fr.

binding, and also kinetics and mechanistic information. Careful control of experi-
mental conditions is necessary in order to avoid misinterpretation, because of the
complexity of carbohydrate—protein interactions as an inherent consequence of mul-
tivalent interactions. Historically, the strength of these interactions, as for instance
with sugar—lectin interactions, has been quantified by inhibition of hemagglutination
assay (HIA),”” and enzyme-linked lectin assays (ELLA),*" although various spectro-
scopic techniques (NMR,*'#? UV spectroscopy,*” and fluorescence polarization™**)
have also been utilized. Finally, among the advanced methods, isothermal titration
calorimetry (ITC) and surface-plasmon resonance (SPR) constitute two
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TABLE II
NMR Methods Used for the Characterization of Protein-Carbohydrate Interactions’®

Exchange Carbohydrate Protein Protein Size Isotope
Scheme Detection Site Affinity Range Regime to Protein Ratio Concentration (pM) (kDa) Labeling
CSP Protein nM-mM Fast and >1 >50 <40 Yes

slow
TrNOE Carbohydrate pM-mM Fast 10-50 <10 The larger No

the better

STD-NMR Carbohydrate nM-mM Fast >50 >1 - No
NOESY Both nM-mM Slow 1-2 >500 <40 Yes
Water LOGSY Carbohydrate pM-mM Fast 10-50 1-10 - No

Diffusion Carbohydrate pM-mM Fast >5 50-100 <40 No
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complementary and powerful techniques. Elucidation of the mechanism whereby
sugar binding takes place is being slowly unraveled by the design of well-
characterized synthetic glycoconjugates® > which, apart from giving insight into
the binding parameters that govern these complex processes, offer considerable
interest for diagnostic and therapeutic applications.

IV. FEATURES OF PROTEIN-CARBOHYDRATE INTERACTIONS

As with other types of macromolecular interactions, the formation of a complex is
driven by favorable changes in enthalpy (AH) and entropy (AS). Thermodynamic
measurements have indicated that the free energy of binding of monosaccharides to
proteins is relatively small. The AG value increases significantly whenever disaccha-
rides or higher oligosaccharides interact with proteins. Whenever such proteins
interact with carbohydrates, a high “avidity” is observed as a consequence of a
multivalent effect. The binding free energy (AG) between a carbohydrate molecule
and a protein partner is indeed the variable of interest to be assessed. It is assumed to
be composed of independent contributions from van der Waals forces, electrostatic
interactions (with or without encompassing hydrogen bonding), the hydrophobic
effect, and other factors.

1. van der Waals and Electrostatic Interactions

The large number of hydrogen-bond donors and acceptors present in carbohydrates
leads to complex and dense networks of hydrogen bonds with proteins. The complex-
ity of such networks is augmented by competition for hydrogen bonds from the water
molecules present. The overall enthalpic gain from hydrogen bonding may be coun-
terbalanced by some entropic cost.

2. CH/x Interactions

These interactions characterize the enthalpy of binding of carbohydrates to pro-
teins. They involve a type of hydrogen bond between a hydrogen atom attached to a
carbon atom and the & systems of arenes. Typically, this effect is weaker than other
interactions. Despite the full recognition of this effect, its computational treatment
requires a high level of theory and is not fully taken into account in conventional
computational procedures.’*”*
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In many crystal structures of protein—carbohydrate complexes, aromatic residues of
the proteins are often observed stacked against certain faces of the carbohydrate
molecules. Such an arrangement results from dispersion/hydrophobic interactions
wherein small hydrophobic moieties of the solute induce an ordering of the water
molecules at the solvent interface. The resulting decrease of the hydrophobic surface
area induces a decrease in solvent ordering and a consequent favorable change in
entropy. Alternatively, a nonclassical hydrophobic effect has also been documented to
occur in lectin—carbohydrate complexes. Here the complex formation is driven by
enthalpy because of favorable interactions between the solute forming the complex as
well as favorable interactions between the solvent molecules.”””

3. Solvation—-Desolvation

The docking of carbohydrates onto proteins is considered to maximize the number
of atomic contacts between ligand and protein, and the subsequent structure shows
that the carbohydrate lies more or less flat on the protein surface.”” However, X-ray
crystal structures frequently show contradictory features, with carbohydrate residues
extending into the surrounding solvent. These structures might be accurately com-
puted if the impact of solvation and desolvation on the binding free energy were
properly taken into account.

V. COMPUTATIONAL TOOLS FOR DOCKING CARBOHYDRATES ON PROTEINS

1. Force Fields Designed for Carbohydrates

The study of carbohydrate structures and properties by molecular modeling tech-
niques requires molecular mechanics potential energy functions and parameters
specific for this class of molecules. Appropriate force fields for carbohydrate systems
have been developed, for the purpose of reproducing those specific effects that affect
their overall structural properties in solution.”®

To simulate the behavior of carbohydrates in vacuo or in solution (for instance, to
study ring-puckering’” or rotational barriers in oligosaccharides), either established
force fields or special parameterizations (Fig. 9) may be used.'""'** Such force fields
permit investigation of the deformation of carbohydrate rings as well as predicting
their behavior.
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FIG. 9. Parameterization protocol comparison between the carbohydrate force fields: GLYCAMO6,
GROMOS 45A4, CHARMM, and OPLS-AA-SEIL

These special force fields (as well as already established ones) have been employed
regularly for molecular dynamics simulations of protein—carbohydrate com-
plexes.'”'% In some instances, the simulations were successfully used for estimating
binding free energies.'”’ """

Despite the many potential advantages of established force fields, they were not
designed to predict binding free energies or enthalpies in protein-ligand docking.
Since solvent molecules are usually modeled explicitly, force fields do not need to
include additional terms for hydrophobic effects. The special CH/r interactions are
not taken into account.''"'"?

Some force fields do model explicitly for hydrogen bonds, while others consider it
as part of the electrostatic interactions. Irrespective of the approach, displacement of
water molecules competing for hydrogen bonds is not taking into account.

Some force fields correlate well with ab initio calculations for ab initio-optimized
geometries.''” A recent comparison of the results of ab initio and force-field calcu-
lations underlines the difficulties in predicting binding enthalpies in protein—
carbohydrate complexes using existing force fields. For example, the stabilizing
interaction energy for the interaction between fucose and tryptophan is seriously
overestimated by the AMBER force field."''
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GLYCAMOG is a force field widely used for modeling carbohydrates, glycopro-
teins, glycolipids, and also protein—carbohydrate complexes.'*'"
describe the physicochemical properties of complex carbohydrate derivatives, and it
is fully compatible with the AMBER force field. Parameters have been developed that
take into account a test set of 100 molecules from the chemical families of hydrocar-
bons, alcohols, ethers, amides, esters, carboxylates, molecules of diverse functional
groups, as well as simple ring systems related to cyclic carbohydrates, and fit these to
quantum-mechanical data. GLYCAMO06 may be used in simulation packages other
than AMBER through the utilization of appropriate file-conversion tools.

To facilitate transferability of the parameters, all atomic sequences have an explic-
itly defined set of torsion terms, with no generic terms, and PARM94 parameters, the
same ones used in AMBER, are used for modeling the carbohydrate van der Waals
terms."'® No scaling factors for treating 1,4 interactions are introduced for reprodu-
cing the gauche effect on rotamers about the  angle.'"’

In GLYCAMOG6, the stereoelectronic effects that influence bond and angle
variations at the anomeric carbon atom are included in a unique anomeric atom
type. This feature permits it to mimic the ring inversion (flipping) observed in
glycosidic monomers that occur, for example, during catalytic events.''® Comparison
with experimental data confirmed that the force field is able to reproduce correctly
the rotational energies and carbohydrate features if combined with an appropriate
charge set. This is true, except for highly polar molecules, for which empirical terms
have been introduced to correct energetic torsion errors.'"’ The atomic partial charges
are calculated residue by residue. For each residue, 50-100 ns MD simulation is
performed, 100-200 snapshots are extracted, and charges are calculated by fitting to
the averaging quantum mechanics molecular electrostatic potential (ESP). This strat-
egy is adopted for incorporating the dependence of molecular conformations on
partial charges. Restraints are employed in the ESP fitting procedure (RESP) to ensure
that the charges on all aliphatic hydrogen atoms are zero, since C—H aliphatic
hydrogen atoms are not significant for reproducing dipole moments.''*-'* An optimal
RESP charge-restraint weight of 0.01 is applied, based on simulations of carbohydrate
crystal lattices.'”’

The orientation of the exocyclic hydroxymethyl group is defined by the w-angle
(O-5—C-5—C-6—0-6) and its preference for gauche states can be reproduced by
introducing scaling factors that slightly modify the 1,4 nonbonded interactions.'"’
The 1,4 nonbonded interactions define the influence, in terms of electrostatic and van
der Waals potentials. These 1,4 nonbonded interactions are not treated in the same
manner in all force fields, and this could be a problem when simulating complex

It can be used to
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systems in which two different force fields have to be used. In these cases, the separate
treatment of 1,4 nonbonded interactions can assure full compatibility among the force
fields. The potential consequences of choosing the 1,4 scaling factors often become
irrelevant when glycans bind to proteins, because their freedom in the binding site is
usually diminished. The literature has several reviews that describe and compare the
performance of carbohydrate force fields used in glyco-modeling.”®'**

The alternative carbohydrate force fields GROMOS-45A4, CHARMM, and OPLS-
AA are used in computational chemistry, together with GLYCAMO6, to describe
conformational properties of carbohydrates. The GROMOS force field was earlier
developed for MD simulations of proteins, nucleotides, or sugars in aqueous or apolar
solutions or in crystalline form, but later it was modified to include the anomeric
effects for mono- and oligoglucopyranoses.'** As in GLYCAMO6, quantum mechan-
ics (QM) methods are used for calculating bond-angle force constants, whereas
derivation of dihedral parameters and van der Waals terms are taken directly from
previous GROMOS versions.'?*'*> An ESP fitting procedure, with restraints on
aliphatic hydrogen atoms and averaging over atom types, is chosen for reproducing
the ESP, using a trisaccharide as a model for charge development.'** No distinction is
made between a and  monomers in terms of charges and type of anomeric atom,
and electrostatic—van der Waals 1,4 scaling factors are not introduced, so that the
gauche effects on @ angles are correctly reproduced. A 20-ns-long MD simulation
in explicit water'*° was used for validating the force field, demonstrating the ability
to predict the stereoelectronic effects and the most stable ring conformations cor-
rectly, but sometimes failing to reproduce their correct energies. Recently,
GROMOS was proposed as the most adapted force field to mimic the transition
from 4C1 chair to skew conformations of the iduronic acid residues in MD simulations
of heparin.'?’

The CHARMM force field has been extended to glucopyranose and its aldohex-
opyranose diastereomers.'”* Several revisions for carbohydrates have been proposed
in order to extend this force field to five-membered sugar rings and oligosaccha-
rides.'””""*" The same hierarchical parameterization procedure and treatment of 1,4
nonbonded interactions are used to ensure full compatibility with other CHARMM
131152 preliminary parameter sets are created using small-
molecule models corresponding to fragments of pyranose rings, and these are then
successively applied to whole pyranose monosaccharide structures. Missing dihedral
parameters are developed by fitting over 1800 quantum-mechanical conformational
energies for hexopyranoses. Both partial atomic charges and Lennard—Jones param-
eter values, taken from previous CHARMM versions, are adjusted to reproduce scaled

biomolecular force fields.
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quantum-mechanical carbohydrate—water interaction energies and distances. These
are further refined to reproduce experimental heats of vaporization and molecular
volumes for liquids. The force field, with different atom types for o and § anomers,
was shown to be valid, as it reproduces calculated quantum-mechanical and experi-
mental properties using MD simulations with TIP3P water molecules.

The OPLS force field has been expanded to include carbohydrates.'*” In the OPLS-
AASEI (Scaling Electrostatic Interactions) force field, 1,4, 1,5, and 1,6 scaling factors
are introduced to enhance the prediction of @/¥ conformational properties, as well as
anomeric effects and relative energies.'”* Unique charge sets and atom types for a and
p anomers are used. All nonbonded parameters are imported directly from the parent
force-field OPLSAA.'** Charges are derived, as was done for previous force-field
versions, **'* from standard alcohols and acetals to simply reproduce consistent
energetic properties, and these are then transferred to carbohydrates.

Other force fields are employed to understand carbohydrate properties in silico. In
particular, MM3, a force field originally meant for hydrocarbons, is now considered
appropriate for a wide range of compounds. The MM3 force field for amides, poly-
peptides, and proteins'*®'?” is widely used for the construction of adiabatic maps of
disaccharides. The TRIPOS molecular mechanics force field is designed to simulate
both peptides and small organic molecules, ** but parameter development for oligo-
saccharides has included sulfated GAG fragments and glycopeptide—carbohydrate
interactions.'*”"'*” The TRIPOS force field is implemented in the molecular package
Sybyl'*" and commonly used for geometry optimizations. These computational and
graphical tools are used to calculate and display different properties on molecular
surfaces. The most common are (i) the lipophilicity potential [evaluated as the
partition coefficient (log P) in polar/apolar heterogeneous systems]; (ii) the ESP;
(iii) the ESP as evaluated from the Poisson—Boltzmann equations; and (iv) the
hydrogen-bonding sites. The exploration of the (macro)molecular surface can be
also performed using a GRID-type procedure,'** which can be used to locate the
positions near a molecular system (the target) at which a small chemical entity or
molecule (the probe) would interact favorably.

Complex carbohydrates is generally difficult to crystallize in the form of single
crystals, and the number of X-ray crystallographic structures for protein—carbohydrate
complexes that have been resolved is still limited. As a consequence, molecular
modeling methods have been extremely helpful and widely used to describe the
conformation of complex carbohydrates. Developments of sustainable methods and
tools, accompanied by significant advances in computing performance, are opening
the way to high-throughput molecular modeling, where hundreds of complex
glycan structures can be investigated during the course of time-limited investigations.
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Web-based tools have been developed to build preliminary 3D structures, starting
from a sequence as implemented in SWEET-II'*’ and the GLYCAM carbohydrate
builder. The outcome of using such tools has shown significant success. About 250
glycan determinants (bioactive oligosaccharides) have been subject to systematic
conformational sampling and their conformational preferences determined.'** They
originate from a wide variety of sources, including blood group antigens, core
structures, fucosylated oligosaccharides, Lewis antigens, sialylated oligosaccharides,
GPI anchors, N-linked oligosaccharides, globosides, and others, and have been
systematically organized into an open-source database (http:/glyco3d@cermav.
cnrs.fr). The constituent disaccharides and monosaccharide entries (currently ~120
and 80 entries, respectively) of these bio-oligosaccharides have also been character-
ized and made available through a subset within the database.

2. QM Methods
A vast number of QM methods'# %% are available, and their detailed description is
beyond the scope of this article. Many of them have been successfully applied to
carbohydrates. A brief overview is presented here, but without a claim to complete-
ness. The selection of citations is also biased by the authors’ experiences.

a. Molecular Orbital Methods.—In contrast to force fields, the ab initio or
nonempirical QM methods do not use empirical parameters. Until recently, the
Hartree—Fock (HF) method [also known as the self-consistent field (SCF) approxi-
mation] was assumed as a suitable ab initio approximation and was used in QM
computations. A variational character of the HF method suggests that an improvement
of the basis set of atomic orbitals provides, within the HF approximation, significantly
better results. In the end, the procedure converged to the basis set limit of the method.
However, this method does take into account mutual correlation of electron motions.
In contrast, empirical force field and semiempirical QM methods may behave in
unpredictable ways when they are applied for the systems different from those
considered for their parameterization.

In general, two factors affect the quality of ab initio QM calculations: (i) the quality
of the atomic orbitals used to build the molecular orbitals and (ii) the inclusion of
electron-correlation effects. To achieve high-quality results, a basis set of high quality
together with inclusion of electron correlation are required. Various post-HF methods
were developed to include electron correlation, such as the perturbation Moller—
Plesset (MP, usually second-order MP2), coupled clusters (CC), and quadratic con-
figuration interaction (QCI) methods.'*® Unfortunately, although they lead to
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improved results for the structure and behavior of molecules, their use for large
systems is restricted by the requirement for extremely large computer resources.
The application of QM methods to carbohydrates lagged behind that for other
biomolecules because of their structural complexity. In fact, the first QM calculations
on saccharides dealt with conformational studies of small model compounds repre-
senting the glycosidic linkage, using ab initio"> " and semiempirical methods.'*’
These and other early QM calculations were focused on understanding the stereo-
electronic effects,
parameterization force-field methods for carbohydrates.
Semiempirical QM methods are founded on the same HF theory as ab initio

and the results obtained provided appropriate values for
58-60

methods, but some interactions are approximated or entirely omitted. To adjust for
the inaccuracy from neglecting some interactions, parametric forms are introduced for
some aspects of the calculations. The parameters involved are chosen by fitting the
experimental or ab initio results. Semiempirical methods provide a significant advan-
tage as they are significantly faster than ab initio QM methods, but their reliability in
the carbohydrate field is severely limited.'”" In spite of their limitation, semiempirical
QM methods clearly showed that mono- and oligosaccharides are flexible molecules
and their conformational behavior is affected by the solvent used.”®®"'*! Recently,
the PM3CARB semiempirical method was developed for carbohydrate
modeling.' >

Although the ab initio-calculated structures'”* for disaccharide analogues lacking
hydroxyl groups were in close agreement with the conformations observed in crystals,
it soon became obvious that orientations of hydroxyl groups play a key role in
determining the conformations of mono- and oligosaccharides. This was documented
by extensive QM calculations on p-D-glucopyranose'™ and also on a number of
various mono- and oligosaccharides.'”*'”” During the past decade, density-
functional theory (DFT) methods have replaced standard HF methods for calculations
of carbohydrates.

The role of ring distortion of glycosides in the mechanism of their hydrolysis has
been investigated by using MP2 ab initio calculations.'®”'®" The calculations showed
that protonation of the 'C, chair conformation leads to a stable oxocarbenium ion,
whereas all other conformations studied formed oxocarbenium ion—water complexes.
It was suggested that ring distortion decreases the energy for stretching the glycosidic
bond, thereby lowering the transition-state energy for bond cleavage.

b. DFT Methods.—During the past two decades, the DFT method has become one of
the most widely used techniques in investigations of biomolecular systems. The reason-
able performance and low cost as compared to post-HF methods are behind its wide-
spread popularity. The DFT method describes many-electron systems by means of the
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electron density as the basic variable, instead of the wave function used in molecular
orbital methods.'®® The accuracy of a DFT calculation depends upon the quality of the
exchange-correlation functional, and part of the success of DFT lies in the remarkable
progress made in development of new, more reliable functionals.'® ' The simplest
functionals, which used the local spin-density approximation (LSDA), were not useful
for chemical problems. The generalized gradient approximation (GGA) uses more
complex functionals that depend on density and their gradients. The GGA functionals
have provided surprisingly reasonable predictions, but have shortcomings in modeling a
chemical reaction; in particular they underestimated energy barriers and the transition-
state geometries. Development of hybrid functionals that mix certain portions of the
local GGA functionals with nonlocal HF exchange permitted considerable improve-
ment; these functionals are usually termed hybrid functionals.

In particular, the B3LYP functional'®"'*® became the most popular functional for
calculation of conformational properties of mono- and oligosaccharides, and many
articles have been published in recent years on this subject (see, for example, Refs.
156,157,159,169-182). It is beyond the scope of this article to consider all of the results
in detail, and we just mention here some methodological aspects. The conformational
sampling and optimization of geometry is usually performed at the B3LYP/6-31 +G*
level, followed by single-point calculations of the final set of conformers at the B3LYP/
6-311++G** level. Solvation corrections are then usually added to the energy, by
various continuum models.'* The results obtained at this level of theory describe
ground-state properties of carbohydrates, quite satisfactorily, but it has been clearly
documented that diffuse functions must be used to provide reliable conformations.'**'**
The DFT calculations were used to obtain a mechanistic insight into the glycosylation
reaction.'®'”? These calculations found the 'S5 transition state for a reaction pathway
connecting the most stable D-glucopyranosyl oxocarbenium ions, namely conformers
“H and °S;. The calculations also showed that glycosylations are dissociative, with the
scission glycosidic linkage being greater than 2 A before any nucleophilic attack, and
that nucleophilic attack required some preassociation of the nucleophile.

In spite of the great success of the B3LYP functional, there are reports questioning
its consistency. It was noted that B3LYP underestimates reaction barriers'**'">
inadequate for describing noncovalent complexes.'”*'”” A variety of different spe-
cialized empirical functionals have been developed'®*'**2°" that offer more reliable
results. The ability to predict both the reaction barrier and transition-state structure is
of greatest importance for modeling reaction mechanisms.

Standard functionals fail to describe dispersion interactions accurately. > There-
fore, various empirical correction schemes were developed to account for noncovalent
interactions.'”*'*” Such interactions contribute significantly to carbohydrate—protein

and is
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interactions and were investigated by using the DFT-D method.'”® Comparison of
DFT-D and CCSD(T) calculations showed that the DFT-D method described inter-
action energies reasonably well, and it can be used for calculations of carbohydrate—
aromatic residue interactions.”’>*"*

A variety of databases were used to determine the performance of functionals. Several
hybrid functional, such as M08-SO,”” M06-2X,'” M05-2X,'* MPWIK,”” and
PWB6K,”” were recommended for calculating barrier heights and transition-state
geometry.'°*'”> Four different structural models of the a-glycosidic linkage in sugar
nucleotides were applied to predict the structure and dissociation of the C—O glycosidic
linkage.zo7 A comparison with the MP2 results showed that M05-2X, MPW1K, and
MPWBIK predicted the thermochemical kinetic parameters reasonably well. Based on
calculations of the geometries of 19 transition states and using 12 different
functionals,””” a strategy for large systems was recommended. In this procedure, hybrid
GGA functionals, such as B3LYP, are used in geometry optimization and then single-
point calculations are performed using more expensive hybrid meta-GGA functionals.
The DFT calculations are less basis set sensitive than the electron-correlated ab initio
methods, but have a similar basis set requirement as HF calculations. On the other hand,
the use of polarization functions is a must, and diffuse functions are recommended.

3. QM/MM Methods

While MM methods have been widely used in the description of complex
carbohydrates and protein—carbohydrate interactions,” they are unable to describe
bond-forming or bond-breaking processes. In contrast, QM methods consider the
electronic structure of a system and, therefore, provide a description of a chemical
reaction. Unfortunately, good quality QM methods are computationally extremely
demanding, and their use is still limited to relatively small systems. Therefore, for
modeling the active sites of enzymes using QM methods, a relatively small but
carefully selected region of the enzyme must be chosen and treated by the QM
method. This so-called cluster approach has provided valuable insight into enzymatic
reactions.””’ However, these models obviously ignore the effect of the enzyme’s
surroundings. Also, a slow convergence was observed for the cluster approach with
respect to the size of the cluster.”'’*'" The calculated energies can still vary more than
10 kcal mol™" for models of size up to 230 atoms.”'” Clearly, a more realistic
description of a reaction mechanism requires the inclusion of a full enzyme environ-
ment into the computations. The combined quantum mechanics—molecular mechanics
(QM/MM) approach, first outlined by Warshel and Levitt,”'* provides a solution to
the limitations of MM and QM. These QM/MM methods combine reliable
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MM

FIG. 10. Illustration for the QM/MM method: (A) the system is divided into QM and MM regions and
(B) the MM region of the overall structure of human OGT-UDP-GIcNAc—CKII peptide complex is shown
in ribbon representation and residues included in the QM region are shown in stick representation. For
clarity, water molecules are not shown. Reprinted with permission from Ref. 329. Copyright 2012 American
Chemical Society.

calculations of electronic structure with a realistic description of the enzyme envi-
ronment at the atomic level. Thus, large system can be described by methods that
combine the precision of a QM description and the low cost of MM. In QM/MM
methods, the relevant part of the system, such as the active site of an enzyme, is
described at the electronic level with the QM method, whereas the remaining part of
the system is described at the atomic level using the MM method. Recent studies have
demonstrated that the QM/MM treatment converges faster to the “full QM limit” than
the pure QM treatment.”'**'"*'* The development and application of QM/MM
methods have been presented and discussed in a number of recent reviews,”'” **' to
which readers should refer for further details.

The general idea of the QM/MM method is illustrated in Fig. 10. The QM/MM
methods divide the whole system into two (or more) localized regions that are treated
at different levels of theory. In studies of enzymatic reactions, the QM region usually
describes the active site, where a chemical reaction proceeds, and relevant amino acid
residues nearby. This region is treated with QM methods. The surrounding MM
region is calculated at the MM level and influences the QM region by electrostatic
and steric constraints. The total internal energy of the QM/MM system can be
formally written as:

Eqmmm = Eqm + Emm + Equ-Mm (D

In this Eq. (1), the Eqy term represents the QM energy of the QM region and the
Env term is the MM energy of the MM region. The Eqyvomm term describes the
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interaction energy between the QM and MM regions. Two different schemes, known
as the additive and subtractive approaches, were developed to calculate the total
energy (Eqommm) of the QM/MM system.217 Subtractive and additive schemes are
equivalent in principle, differing only in the technical details of their implementation.
Various combinations of QM and MM methods can be used in the QM/MM method.
In the past, semiempirical methods were generally used for QM calculations, but DFT
methods are currently employed more frequently. Force fields used for the calculation
of the MM region ignore such nonadditive effects as polarization of atoms in the
electric field from the surroundings. Some attempts have been made to develop
polarization force fields for carbohydrates®*” but their employment in QM/MM
calculations remains to be seen.

The critical points in the QM/MM approach are the size of the QM region and
treatment of the boundaries between the QM and MM. The accuracy of the calculation
is considerably affected by both of them, and the size of the QM region and its
boundaries must be selected carefully.”'* In studies of large biomolecules, the bound-
ary between the QM and MM region frequently passes through covalent bonds. This is
the well-known and difficult problem of QM/MM methods, and it has been exten-
sively discussed.”'**!7-*20

Various QM/MM schemes have been developed, and the boundary region
may contain additional atoms (link atoms) that cap the QM system and are not part of
the entire system, or it may consist of atoms with special features that are calculated
by use of both the QM and MM methods.””**** Another approach’” ?*’ uses
localized orbitals (frozen orbitals) between the QM and MM regions that are deter-
mined by calculations made on small molecules. Nevertheless, both link atoms and
frozen orbitals significantly perturb the system under study. It is, recommended,”"’
therefore, to move any QM/MM boundary at least one residue away from all active-
site residues.

Another key point of QM/MM calculations is the description of interactions
between the QM and MM regions, often termed QM/MM coupling. Various
approaches have been developed to handle the interactions between the QM and
MM regions. In general, both bonded (bond stretching, bond bending, and torsion
terms) and nonbonded (van der Waals and electrostatic) interactions contribute to the
coupling energy term. Bonded interactions are relevant in cases when a covalent
bond crosses through the boundary region. The electrostatic interactions between the
QM charge density and the atomic charges in the MM region constitute the crucial
part of coupling. Based on the treatment of these interactions, there are three basic
approaches for QM/MM methods: mechanical embedding, electrostatic embedding,
and polarized embedding. These differ, fundamentally, by the amount of mutual

218,219
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polarization of two regions. In the mechanical embedding approach, electrostatic
interactions between the QM and MM regions are treated at the MM level, with the
same charge model being applied to the QM region. Mechanical embedding consti-
tutes the simplest, but also the most approximate QM/MM coupling. The QM
calculation of the QM region is performed in the entire absence of its MM surround-
ing, and thus the polarization of the QM wave function is totally neglected. This
neglect might cause a problem, especially when charge distribution of the region
varies considerably, as during a reaction. In the electrostatic or electric embedding
approach, the MM charges are included into QM Hamiltonian as one-electron terms.
Thus, the QM calculations are performed in the presence of MM charges that polarize
the QM wave function. The charge distribution of the MM region is usually repre-
sented by a set of the atom-centered point charges. However, since the electrostatic
interactions between the QM and MM regions in this approach are treated at the QM
level, the computational demands are substantially increased. This polarization might
be significantly overestimated if the simplified atom-centered MM point charges are
positioned close to the QM wave function. To avoid significant inaccuracies, an
enlargement of the QM region should be utilized in such a case. Moreover, current
investigations have demonstrated”'” that the best results were obtained with mechan-
ical embedding.

The QM/MM methods provide the energy for a given structure and can be com-
bined with any technique that can scan the configuration space available to large
biomolecules. This can be any optimization, molecular dynamics (MD), metady-
namic, or Monte Carlo method. When properly applied, the QM/MM calculations
have a high potential for elucidating fundamental atomistic details of the mechanisms
involved in the catalysis. However, QM/MM results must be considered with caution
because of the limitations of sampling and accuracy. Cooperation of experimentalists
and theorists is, therefore, highly desirable.

4. MD Methods

In MD simulations, an ensemble of configurations is generated by applying the
laws of motion to the atoms of the molecule. The concept behind MD simulation
involves calculating the displacement coordinates in time (trajectory) of a molecular
system at a given temperature. Integration of Newton’s equation of motion in time
yields the location of the positions of a set of particles, along with their velocities, as a
function of time. Molecular simulations can be performed either as a microcanonical
(constant NVE) or as a canonical (constant NVT) ensemble. Consequently, all other
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thermodynamic quantities must be determined by ensemble averaging. In a classical
system, Newton’s equations of motion conserve energy and thereby provide a suitable
scheme for calculating a microcanonical ensemble. A canonical ensemble can readily
be performed by coupling the molecular system to a constant temperature bath, which
rescales the atomic velocities according to the desired temperature. In a similar
manner, constant pressure simulations can be performed by scaling through coupling
to a constant temperature position, as the pressure can be calculated from the virial
theorem.

Several algorithms have been developed for MD simulations. Such simulations
monitor a system for a limited time. Physically observed properties are computed as
the appropriate time averages through the collective behavior of individual molecules.
For the results to be meaningful, the simulations must be sufficiently long so that the
critical motions are statistically well sampled. Experimentally accessible spectro-
scopic and thermodynamic quantities can be computed, compared, and related to
microscopic interactions. It should be noted that MD is severely limited by the
available computer power. With currently available computers, it is possible to
perform a simulation with several thousand explicit atoms for a total time of up to a
few hundred nanoseconds. To explore the conformational space adequately, it is
necessary to perform many such simulations. In addition, it may be possible that
carbohydrate molecules undergo dynamical events on longer timescales. These
motions cannot be investigated with standard MD techniques. Another way is to use
high-temperature dynamics to allow the molecule to assume high-energy conforma-
tions. Caution has to be taken while using this approach, as the molecule may acquire
“nonphysiological” conformations. A microsecond timescale is becoming accessible
through the development of novel simulation algorithms and specialized hardware. It
must be noted that the longer the simulation, the higher the possibility of force-field
imperfections to appear.

Recent examples of the use of MD to study carbohydrates and carbohydrate—
protein interactions have been discussed and properly illustrated (Fig. 11).°” Among
these applications are the validations of binding modes obtained from automated
molecular docking. In conjunction with NMR experiments (primarily NOE- and
residual dipolar coupling-based experiments), MD can also be used to generate
probable carbohydrate structures that undergo dynamical events as a result of their
high conformational flexibility. In such cases, ways may be found to create penalty
functions with respect to violations of measured NOE:s in the generation of structures
consistent with NMR data. The so-called time-averaged restrained molecular dynam-
ics simulations (tar-MD) add to the energy of the system (Eyqem) an artificial term
(Epenaiy) in the force field in such a way that the total energy (Egysiem*Epenalty)
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FIG. 11. MD simulation of HIV gp120 glycoprotein.’”' Complete N-glycans were modeled at 13 glyco-
sylation sites, based on the X-ray crystal structure (PDB 2BF1).°"> The macromolecular system has more
than 100,000 atoms: 4832 protein atoms, 3432 carbohydrate atoms, 30,665 water molecules, and 4 chloride
ions. (A) Solvation shell of a selected N-glycan on the protein surface. (B) A significant surface area of the
protein is shielded by the N-glycans. Reprinted with permission from Ref. 501. Copyright 2010 Springer.

increases as do the violations. This methodology”** *** has been extensively and
successfully applied for studying different molecular systems,”** in particular for the
investigations of iduronate-containing carbohydrates”

5. Free-Energy Calculations

The absolute energies of ligand—-receptor interactions can be obtained by perform-
ing average MM-PBSA calculations on an ensemble of uncorrelated snapshots in an
implicit water environment, collected from an equilibrated MD simulation.
MM-PBSA is a method (Fig. 12) that approximates the average free-energy of
binding (AG) between the ligand L and the receptor R in an implicit aqueous
environment as:

AG = AGrL — AGRr — AGL 2)
Each term of Eq. (2) is further broken down as follows:
AGRrL = AEym + AGpsa — TASMm 3
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FIG. 12. MM-PBSA calculations determine the absolute free energy of binding of a ligand to a receptor
(AGyy) in an implicit solvent environment, whereas thermodynamics integration methods calculate the
difference in free energy of binding between receptor-ligand complexes (AAG=AGc—AGp=
AG A — AGg), where only the ligand is changed.

AGRr = AEyv + AGpsa — TASvv 4)

AGL = AEym + AGppsa — TASvm 5)

where AEy\py is the average molecular mechanical energy incorporating the bond
angle, torsion angle, van der Waals, and electrostatic energy terms described in the
force field.

The solvation free-energy term AGpgsa incorporated the electrostatic and nonpolar
solvent contributions:

AGpgsa = AGH; + AGgh. (6)

The Poisson-Boltzmann equation is solved for determining the solvent polar
effects”*® AGEs, whereas the solvent-accessible surface area is used to determine
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the nonpolar energetic term”’ AG®. Finally, TASyy defines the entropic term due
to the loss of degrees of freedom upon association. Evaluation of this term raises an
issue in computational chemistry; it is commonly performed by using a quasi-
harmonic method or by normal-mode analysis.”** **" The high computational cost,
combined with a very slow convergence and the approximations, introduces signifi-
cant uncertainty in the result. Thus, the entropy contribution can be neglected when a
comparison of states of similar entropy is desired, such as in a series of similar ligands
binding to the same protein receptor.”*!

Thermodynamic integration (TI) calculations determine the free-energy difference
between two closely related systems A and B by gradually transforming the initial
state A to the final state B. The two states are coupled via a parameter A that serves as
an additional, nonspatial coordinate. This parameter describes the transformation
from the reference system A to the target system B and allows the free-energy
difference between the states to be computed as:

1
AGy = L w5V (1) /5(2)), %
In this equation, A represents the coupling parameter that corresponds to the
potential energy V(A) for A=0 and V(B) for A=1. The integration is carried out
over the average of the A derivative of the coupled potential function at given 4 values.
Thus, MD simulations in explicit water at different discrete A points are performed,
and the value of the integral is calculated numerically. For TI calculations, the system
should not undergo significant conformational changes during the transformation;
otherwise, MD simulations will most probably not sample sufficient phase space for
obtaining converged results.”*”

6. Metadynamics Calculations

The major disadvantage of MD simulation is that the timescales accessible by
standard MD simulations are usually much shorter than those of interest. In principle,
it is possible to determine free-energy differences by MD simulations. However,
transitions between structural families of carbohydrates are often too slow to be
observed in a reasonable timescale, and their populations usually cannot be measured
within an acceptable degree of accuracy. Metadynamics is a recently developed
technique for free-energy modeling that enhances sampling of configuration space
within a molecular dynamic simulation. Metadynamics belong to a class of
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computational methods commonly referred as enhanced sampling techniques.”*****

Since its introduction,”*” metadynamics has evolved significantly, and an overview of
these developments can be found elsewhere.”** %%’

In metadynamics, the system is treated using a standard MD simulation to which an
external history-dependent bias potential is added to the Hamiltonian of the system.
The bias potential is a function of the collective variables (CVs) and is typically
written as the sum of Gaussian hills along the trajectory:

Viias(q) = Z wa' exp ( ) i ) (8)

L<t j 25

where g are CVs (parameters that describe the development of the process studied), X
are the Cartesian coordinates of the system, and w and Jq are the height and width of a
Gaussian hill, respectively. This bias potential accumulates during the simulation; it
drives the system out from configurations already explored and moves the system
to visit unexplored regions by the crossing of free-energy barriers. Moreover, an
estimate of the free-energy surface of the system can be obtained from the sum of bias
potentials accumulated over the entire simulation. The main advantage of the meta-
dynamics algorithm is that it automatically searches for the biasing potential without
any a priori knowledge about the free-energy profile.”* %>

The choice of the appropriate CVs is the critical factor for obtaining meaningful
result from metadynamics simulation. For example, the CVs should be able to
distinguish between reactants, transition states, intermediates, and products when
studying reaction mechanisms. Metadynamics requires a set of CVs (typically one
to three). The bias potential then allows efficient exploration of the space of these
variables. The resulting free-energy surface is also the function of these variables. The
selection of CVs tested in metadynamics included distances,”*”*""**" dihedral
angles,”***" coordination numbers,”””*"* and ring-puckering coordinates.””**>"*

The great enhancement in conformational sampling by metadynamics permits the
study of processes where changes in the electronic structure play fundamental roles,
such as chemical reactions.”*® The processes are described by means of the first-
principle dynamics, in ab initio molecular or Car—Parrinello molecular dynamics
(AIMD or CPMD).” Development of the hybrid Car—Parrinello QM/MM metady-
namics”*’ which combines CPMD with classical force-field methods opened an
exciting area of application on biomolecular systems, particularly in the field of
enzyme catalysis.

Although metadynamics is a relatively new technique, it has found application in
carbohydrates. Metadynamics using the force-field method has been applied in
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modeling the solvent effect on conformational equilibrium of the primary hydroxy-
methyl group in hexopyranoses,””®
acid®’ and iduronic acid,”® and for an evaluation of the carbohydrate force field to
the conformations of the glucopyranose ring.””* Car—Parrinello metadynamics has
been applied in the modeling of ring puckering of pyranose sugars in a vac-
uum”*?*?7?%? and the ring-puckering coordinates.””**>* It contributed significantly
in the understanding of the catalytic mechanism of glycosidases**” and glycosyltrans-

ferases (GTs)** (see Sections VI and VIII for details).

in the modeling of free-energy surface of sialic

7. Molecular Robotics

Because macromolecular structures are dynamic rather than static, information
regarding their dynamics is required to establish the link between structure and
function. A number of simulations have been performed to date using MD calcula-
tions. Current computational power permits MD simulations of only a few microsec-
onds which, as already noted, is insufficient, since many processes occur over the
range of seconds. Because these simulations are usually performed on short time-
scales, they allow modeling of the dynamic properties of equilibrium states, but do not
allow the capture of an entire conformational event, especially with explicit simula-
tion of solvent. Alternative methods are being developed with the aim of simulating
molecular motions that can occur on larger spatial and temporal scales. Among them,
normal-mode analysis has reemerged and has been successfully applied in structural
biology, following the observation that the predicted collective motions for folded
structures are highly robust and bear fundamental significance. Normal-mode analy-
sis has been successfully applied to enhance conformational sampling selectively
along specific directions of motion.”®’
motions that may occur in the protein upon binding to a ligand. Application to the
field of GTs involved in the biosynthesis of blood group antigens has pioneered this
important field of research.”*®

Among the alternative methods that are being developed, some are inspired by the
field of robot motion planning, with a proper extension to compute molecular
motions. Robotics-based algorithms have been applied to the study of such different
problems as ligand docking and accessible pathways in flexible receptors, or confor-
mational changes of proteins due to loop motions and domain motions.

The so-called molecular robotics separates the search for conformational pathways
into two stages. In the first stage, the robotics-based approach is performed to explore
geometrically realistic motions. The second stage uses molecular mechanics for

The analysis can identify large collective
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FIG. 13. Illustration of the molecular robotics approach for investigating the role of substrate accessi-
bility to the active site on Burkholderia cepacia lipase and its enantioselectivity. (A) Conformational
exploration of the active-site pocket, using Path-Planning algorithms in order to search exit paths of the
ligand from its catalytic position. (B) Exit paths are computed for the R- and S-enantiomers (50 paths for
each enantiomer). The distribution obtained for the R-enantiomer (blue) clearly appears larger and less
constrained than for the S-enantiomer (white). (C) Histogram representing for each enantiomer the relative
frequency of interatomic contacts (averaged among the 50 paths) with amino acid residues This automated
analysis of ligand—protein contacts permits highlighting the amino acid hindering the displacement of
enantiomers, and thus providing target residues for engineering enantioselectivity.”®” Reprinted with
permission from Ref. 157. Copyright 2011 Wiley-VCH Verlag GmbH & co, KGaA.

evaluation of solutions found in the previous stage, while taking into account the
explicit simulation of solvents. Large molecular motions can be handled in a contin-
uous way and within very short computing times.

The key advantage of the robotics-based approach (Fig. 13) is that it enables fast
exploration of high-dimensional conformational space, thanks to the combination of a
geometrical treatment of the key molecular constraints together with the performance
of path-planning algorithms. Combined with methods in computational physics, such
as normal-mode analysis, or by using appropriate multiscale molecular models, "’
robot path-planning algorithms relying on a mechanistic modeling of (macro)mole-
cules are able to compute large-amplitude conformational transitions in proteins with
several orders of magnitude faster than such standard simulation methods as
MD.”**?*’ These robotics-inspired methods have also been developed with very
low computational cost to simulate ligand displacement inside an active-site pocket
of a protein, considering both partners as flexible molecular models.”***"%-"!
Another novel feature lies in the possibility for estimating the “escape path” and
“escape time” for the ligand to escape from the “funnel of attraction” at the
binding site.
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Such methods, which can predict binding sites and compute access/exit ligand
pathways, have already been successfully applied for rational enzyme engineer-
ing.”’**" They show the effectiveness and the potential of molecular robotics methods
to guide the engineering of enzyme mutants having enhanced activity, selectivity, and
specificity. New developments are being made wherein these robotics-inspired methods

. . . . 274
are combined with coarse-grained normal-mode analysis.

8. Molecular Docking

Molecular docking is a computational procedure that aims to predict the favored
orientation of a ligand to its macromolecular target (receptor), when these are bound
to each other to form a stable complex.”’> Although each docking program operates
slightly differently, they share common features that involve ligand and receptor,
sampling, and scoring. Sampling entails conformational and orientational location of
the ligand within the constraints of the receptor-site binding. A scoring function
selects the best ligand conformation, orientation, and translation (referred to as
poses), and classifies ligands in rank order. A successful docking exercise must
accurately predict either or both ligand structure (pose prediction) and its binding
propensity (affinity prediction). Available docking programs differ essentially in
ligand placement in the “combining” site, exploration of conformational space, and
scoring or binding estimate. The interaction with the ligand relies both on the protein
backbone fold in the region of the binding site and on the orientation of the side chains
in that binding site. One of the most significant limitations in docking is that it is
typically performed while keeping the protein surface rigid, which prevents consid-
eration of the effects of induced-fit within the binding site.

Difficulties in molecular docking are largely due to the high number of degrees of
freedom characterizing a protein—ligand system, and this increases the computational
cost of the calculations. Thus, several approximations concerning the flexibility states
may be introduced in molecular docking experiments. The simplest approximation
(rigid docking) considers only the three translational and three rotational degrees of
freedom of protein and the ligand, treating them as two separate rigid bodies. The
most widely used algorithms at present allow the ligand to fully explore its confor-
mational degree of freedom in a rigid-body receptor.”’**"’

The docking algorithms can be grouped into deterministic and stochastic
approaches. Deterministic algorithms are reproducible, whereas stochastic algorithms
include random factors that do not allow full reproducibility. Incremental construc-
tion algorithms involve the division of a ligand into rigid fragments. One of the
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fragments is selected and situated in the protein binding site. The reconstruction of the
ligand is then performed in situ, adding the remaining ligand fragments. The program
DOCK,’”® for example, is based on this algorithm. A genetic algorithm is a stochastic
searching approach that uses techniques inspired by evolutionary biology for obtain-
ing reliable results. It mimics the process of evolution by manipulating a set of data
structures called chromosomes. AutoDock”’” uses this algorithm for obtaining reli-
able docking results. A variety of other sampling methods have been implemented in
docking programs. Some of them include simulated annealing protocols and Monte
Carlo simulations. The algorithm used in Glide,”®° for example, can be defined as a
hierarchical algorithm. It uses an exhaustive systematic search for discovering the
most favored ligand conformations in the combining site of the protein, with a
screening based on progressively decreased energetic cut-offs. Energy-scoring func-
tions are required to evaluate the free energy of binding between proteins and ligands.
Some sophisticated techniques for predicting free energies of binding are currently
too slow to be used in molecular docking of large sets of compounds.

Consequently, fast scoring functions have been developed. Empirical scoring
functions use a set of parameterized terms describing properties known to be decisive
in protein—ligand binding to formulate an equation for predicting affinities. Multi-
linear regression is used to optimize these terms, using a set of known protein-ligand
complexes. These terms generally describe polar—apolar interactions, loss of ligand
flexibility (entropy), and desolvation effects. The Glide Score”* is a regression-based
scoring function. Force field-based scoring functions (AutoDock, DOCK) are based
on the nonbonded terms of the force fields of classical molecular mechanics.
A Lennard—Jones potential describes van der Waals interactions, whereas the Cou-
lomb energies describe the electrostatic interactions. Several developed docking
approaches use knowledge-based scoring functions based on statistical observations
of intermolecular close contacts in protein—ligand X-ray databases, which are used to
derive potentials of mean force. This method assumes that the amount of close
intermolecular interactions between individual ligand and protein atoms contributes
favorably to the binding affinity. In this approach, no fitting to experimental affinities
is required and solvation and entropic terms are treated implicitly.”®’

It has been recognized that various docking programs and scoring functions behave
differently for different targets”****" as well as for different ligand types.”®" In this
situation, docking studies, for such ligands as carbohydrates, provide novel ways for
examining mechanisms of ligand interactions with proteins and furnish some impetus
for development of scoring functions to be established for these systems. There are
some peculiarities to protein—carbohydrate interactions, as compared to typical
ligand—protein interactions, which make carbohydrate docking particularly
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challenging. The extreme flexibility, large number of hydroxyl groups, extensive
hydrogen-bonding networks, and the formation of CH-x contacts''* may be inappro-
priately accounted for by widely used docking programs and docking functions.
Carbohydrate-specific scoring functions”*”*** and docking algorithms aim to address
these specific issues associated with carbohydrate—protein docking.”®”*** Existing
software and functions need to be evaluated for these systems before they can be used
reliably and routinely,”*’
does not yet exist. Results of molecular docking are often considered in conjunction
with MD and simulation or NMR-based approaches.

and with the understanding that a perfect docking program

VI. CARBOHYDRATE BIOSYNTHESIS AND GTs

A myriad of glycan structures found in nature is derived from the enzymatic
formation and the breakdown of glycosidic linkages achieved by carbohydrate-
processing enzymes, such as glycoside hydrolases (GHs) (glycosidases) and GTs.
Glycosylation proceeds in a stepwise manner, and therefore, the expression and
specificity of the enzyme constitute key regulatory factors in defining the repertoire
of biosynthesized glycans. The covalent addition of glycan to proteins and lipids
comprises not only the most abundant posttranslational modification but also by far
the most structurally diverse. Structural changes in cell-surface glycans accompany
many physiological and pathological cell processes. The functional significance of
these changes is still not fully understood. The understanding of the mechanisms
utilized by these enzymes is, therefore, of a great interest.

GTs (EC 2.4.x.y in the Enzyme Classification system) are carbohydrate-processing
enzymes that transfer glycosyl residues from a donor to other molecules.””’ "
The glycosyl donors are mostly sugar nucleotides, such as UDP-GIcNAc, UDP-Gal,
and GDP-Man. However, lipid-linked sugars, such as glycosyl dolichol phosphates
and unsubstituted glycosyl phosphates, are also utilized. Acceptor substrates are
carbohydrates, proteins, lipids, and DNA, as well as antibiotics, or other small
molecules. The GTs dependent on sugar nucleotides are often referred to as Leloir
2% and they have recently been
classified into 90 families, GT-1 to GT-90, based on amino acid sequence similarities
of over 87,000 GTs.>>>?°° Based on the large number of GT families and their
functions, it might be expected that there are, as in the case of glycosidases, many
different GT folds. Surprisingly, the 3D architectures of Leloir-type GTs are remark-
ably conserved, and their X-ray structures exhibit only two general types of folds,
termed GT-A and GT-B. The number of folds was recently extended by the prediction

enzymes. GTs display low sequence homology,
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FIG. 14. Schematic diagram of overall reaction catalyzed by glycosyltransferases.

of a GT-C fold,” 7 and the first structure with this fold>”® has been solved. The
chemistry of the catalytic reaction can be regarded as a nucleophilic displacement
of the substituted phosphate leaving group (such as the UDP group) at the anomeric
carbon atom (C-1) of the transferred saccharide residue of a donor by a hydroxyl
group of a specific acceptor. The formation of a new glycoside linkage during this
reaction can proceed mechanistically with either inversion or retention of stereo-
chemistry at the anomeric carbon (C-1) of the donor sugar (Fig. 14). Thus, GTs can be
classified into either retaining or inverting enzymes, depending on the stereochemical
outcome.

Several detailed reviews of mechanistic and structural studies of GTs have been
published.”””*"" Experimental data and theoretical calculations support an Sy2-like
direct displacement reaction for inverting GTs (Fig. 15), with the amino acid side
chain at the active site functioning as a catalytic base that deprotonates the attacking
nucleophile of the acceptor. For retaining GTs, both a double-displacement mecha-
nism involving a covalent glycosyl-enzyme intermediate, and an alternative Syi-like
mechanism for GTs lacking an appropriately positioned nucleophile in the active site
were suggested (Fig. 16).

1. Inverting GTs

a. Cluster Models.—The first applications of modeling methods to explore the
catalytic mechanism of GTs were performed by using a cluster model of active

sites.”’”*'7 The basic idea of the cluster approach for modeling the catalytic
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FIG. 15. Schematic representation of the reaction mechanism proposed for inverting glycosyltrans-
ferases. The reactions proceed in a single-displacement Sy2-like mechanism, with formation of an oxo-
carbenium ion transition state. A catalytic amino acid (B) serves as a general base that deprotonates the
nucleophile hydroxyl group of the acceptor (HOX).
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FIG. 16. Schematic representation of reaction mechanisms proposed for retaining glycosyltransferases.
Double-displacement mechanisms involve two successive Sy2-like steps with nucleophilic attack of an
amino acid of a glycosyltransferase on the anomeric center of the donor substrate, leading to the formation
of a covalent glycosyl-enzyme intermediate. In the second step, the glycosyl-enzyme intermediate is
attacked by a hydroxyl group of the acceptor (HOX), facilitated by its deprotonation by a catalytic base,
resulting in net overall retention of configuration. For the Syi-like mechanism, front-side nucleophilic
attack proceeds in a single step with the formation of an enzyme-stabilized oxocarbenium ion. The
deprotonation of the acceptor nucleophile is facilitated by interaction with the departing phosphate and
the incoming acceptor nucleophile.
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mechanism of enzymes is to select a relatively small part of the enzyme and treat it
with quantum chemical methods as accurately as possible.”””
X-ray structures of GTs, the early investigations’'*~' used the arrangement based
on the crystal structures of GHs. The active-site models were quite large for that time
(86 atoms) and consisted of all the essential molecules or their fragments implicated
in the catalytic reaction. Various possible mechanisms for the reaction were inves-
tigated by calculating energy as a function of predefined reaction coordinates that
represent the formation of a new glycosidic linkage, cleavage of the glycosidic
linkage of the donor, and transfer of a proton from the acceptor hydroxyl group to
a catalytic base. Potential energy surfaces (PESs) calculated using high-accuracy
electronic structure methods (from HF/6-31G** to B3LYP/6-311++G**) revealed
19 transition states and 9 intermediates related to various reaction pathways. Sur-
prisingly, it was found that even these crude models reproduce rather well many of
the experimental features of the catalytic mechanism. In particular, the prediction
that the enrollment of only a catalytic base (in contrast with GHs) is required for the
catalytic reaction of GTs was unexpected and is supported by all experimental data
up to now. Furthermore, the calculations provided the first structures of the
transition-state models for these reactions.

These results were quite optimistic, however, and a subsequent investigation”'
using a more complex model based on the X-ray structure of UDP-N-acetyl-
glucosamine:a-3-p-mannoside -1,2-N-acetylglucosaminyltransferase 1 (N-acetyl-
glucosaminyltransferase I, GnT-I, EC 2.4.1.101) showed some limitations of this
approach. These studies have been already reviewed,’”****"* but a few comments
as background may be useful. There are several factors that influence the calculated
relative energies and, as a consequence, the predicted mechanism. The first one
is associated with the quality of the quantum chemical method used for calculations,
as discussed in a previous section. The second is associated with the cluster
approach. The environment of the enzyme that is not explicitly included can affect
the model by imposing steric constraints on various regions of the model. The protein
environment can also provide long-range polarization, which can affect the computed
energies. In the following example, we illustrate how the number of atoms and their
arrangement in a model can influence the predicted mechanism.'

Because of the lack of

!The names assigned in this article to individual monosaccharides, oligosaccharides, and sequences in
polysaccharides are in conformity with the 1996 IUPAC-IUBMB Nomenclature of Carbohydrates recom-
mendations.'” The names used for individual enzymes are, for the most part, those coined by authors and are
not necessarily officially recommended names.
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FIG. 17. Schematic diagram of the enzymatic reaction catalyzed by GnT-1.

GnT-I catalyzes the transfer of GIcNAc from the donor UDP-GIcNAc [uridine
5'-(2-acetamido-2-deoxy-a-D-glucopyranosyl diphosphate)] to the acceptor, which is
the 2-hydroxyl groups of a mannose residue of the trimannosidic core of the Mans.
GlcNAc, oligosaccharide, and is the first step in the biosynthesis of hybrid and
complex N-glycans. This reaction occurs in the cis-Golgi apparatus and can be
regarded as a nucleophilic displacement of the UDP group at the anomeric carbon
atom (C-1) of the UDP-GIcNAc donor by a 2-hydroxyl group of the oligosaccharide
acceptor (Fig. 17). The enzymatic reaction of GnT-I leads to inversion of the
anomeric configuration.

The first model was based on analogy with X-ray structures of GHs™ =~ and
consisted of a complete sugar-donor molecule, a hydroxyl group of the oligosaccha-
ride acceptor modeled by methanol, a divalent metal cofactor represented by Mg, as
well as the essential parts of the catalytic acid and catalytic base as modeled by acetic
acid and acetate molecules, altogether 86 atoms. The second, more-elaborated model
of 127 atoms’'* was based on the crystal structure of GnT-I complexed with UDP-
GIcNAc’'® and contained (i) the complete sugar-donor molecule, UDP-GIcNAc,
(ii) the oligosaccharide acceptor modeled by monosaccharide derivatives, (iii) a
divalent metal cofactor modeled by Mg>* chelated by three water molecules and
glutamate, (iv) the essential fragment of another glutamate, which was assumed to be
the catalytic base (B), and (v) the essential fragments of glutamate and aspartate that
interact with the uridine part of the donor. All of these were also included in the

312
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model. In this model, the relative positions of the a-carbon atoms representing the
GnT-I were constrained to their X-ray positions. However, side-chain fragments were
allowed to relax. Figure 18 shows the PES calculated in terms of the distance between
C-1 and the oxygen atom (Oy) of the attacking hydroxyl-group nucleophile (forma-
tion of the glycosidic bond) and the distance between the Hy proton of the nucleophile
and the oxygen atom (Opg) of the catalytic base (proton transfer). Clearly, the
calculated PES for two reaction-site models differs and implies a different reaction
mechanism. The PES given in Fig. 18A shows the presence of two distinct pathways
that accord with the stepwise mechanism. Both pathways lead to the product complex
(P), but differ in the order of the individual steps. The pathway (yellow dashed line)
with the attack (along the horizontal axis) of the nucleophilic oxygen Oy on the
anomeric carbon C-1 of UDP-GIcNAc as the first step and the proton (Hy) transfer
(along the vertical axis) to the catalytic base (B) as the second one was found to be
energetically favorable. The overall energy barrier predicted for this mechanism was
approximately 15 kcal mol !, which was in reasonable agreement with experimental
data. In contrast, the PES for the second model given in Fig. 18B shows the presence
of one transition state (T'S) and two maxima at corners of the map and implies a Sn2-
like concerted mechanism. The energy barrier (42 kcal mol ") calculated for this
mechanism is considerably higher than the range (15-25 kcal mol ') of experimen-
tally determined barriers for GTs. The authors explained this difference by the loop
structuring and long-range electrostatic interactions, which were not considered.”'
An estimate of these effects decreased the calculated energy barrier to a more

HN-OB
HN-OB

T4 1.6 1.8 20 2.2 24 26 28 3.0
C1-ON

FIG. 18. PES-calculated level, using distances rc.on and ryn.op as reaction coordinates for GnT-I using
two different cluster models. (A) Structure of the 87-atom model was based on X-ray structures of glycoside
hydrolases.”'" (B) The structure of the 127-atom model was based on the X-ray structure of GnT-1.>'* The
yellow dashed line from the bottom left corner to the upper right corner indicates (a) the stepwise reaction
pathway from the ES to the P via intermediate INT; (b) the Sn2-like reaction pathway from the ES to the

P via the B13.
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reasonable 2025 kcal mol~'. However, it is worth mentioning that the C-1—O-1
bond progressively dissociates with the creation of the new glycosidic bond between
the anomeric carbon and nucleophilic oxygen.

Several relevant conclusions can be drawn from these results. First, it is evident that
these cluster models clearly neglect the effects of the protein environment, and the
calculated energies must be treated with caution. Another intriguing observation came
from the simultaneous occurrence of the nucleophilic attack by Og, and the dissoci-
ation of the leaving group. Interestingly, the geometry of the transition state was quite
similar in both models. Here, it is particularly important to emphasize that arrange-
ment of molecules in the model, and geometry optimization, is a key factor of the
cluster approach. In spite of these limitations, the cluster approach has been quite a
useful tool in the study of the GT reaction. However, to understand all mechanistic
aspects of the catalytic mechanism of GTs, it is essential to take into account effects
imposed by a whole protein environment, as by using QM/MM methods. These
investigations will be surveyed next.

b. N-Acetylglucosaminyltransferase I.—This enzyme was the first GT studied
using a QM(DFT)/MM method.”"” In QM(DFT)/MM calculations®'” of the catalytic
mechanism of GnT-I, the trimannosyl core aMan-(1 — 3)-[3,6-OMe-aMan-(1 — 6)]-p
Man of the MansGIlcNAc,-Asn-X oligosaccharide was used as the acceptor. This
oligosaccharide comprises the minimal acceptor-binding determinant’'® and was
docked into the X-ray structure of GnT-I in complex with UDP-GIcNAc.”'® In the
QM/MM approach, the entire ternary complex of GnT-I, with donor, acceptor, and
metal cofactor (Mn?"), consisted of 5721 atoms and was divided into QM and MM parts
(Fig. 19). The QM reaction-site region consisted of 88 atoms and included (i) the
DP-GIcNAc portion of the sugar-donor molecule, (ii) the aMan-(1 — 3)-mannose res-
idue of the trisaccharide acceptor, (iii) the catalytic base (aspartate D291), and (iv) the
divalent metal cofactor Mn** fully coordinated by three water molecules and aspartate
D213. The remaining part of the substrates and the enzyme, altogether 5633 atoms,
was included in the MM region and treated by the AMBERYS all-atom force field.
The reaction path calculated supported a concerted Sy2-type mechanism with the
activation barrier of 19 kcal mol ' and correlated well with available experimental
data. The QM/MM model provides a reasonable activation barrier without any correc-
tion that was necessary in the truncated cluster model of the GnT-I complex. This result
further supports the importance of including the protein environment in calculations of
the enzymatic reactions. It was observed that the energy contribution from the surround-
ing enzyme decreased the reaction barrier by 9 kcal mol'. A low-barrier hydrogen
bond between the O, hydroxyl group and the carboxylate oxygen atom of the catalytic
base D291 was found to be crucial for the mechanism by facilitating nucleophilic attack.
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FIG. 19. Schematic diagram of the partitioning of the entire GnT-I complex into QM and MM regions.

A negative charge developing on the p-pyrophosphate was stabilized by the
HO-6—-phosphate oxygen interaction. The importance of these interactions supported
the experimental data. They show that deletion of the C-6 hydroxyl group diminished
the catalytic activity, and that an acceptor methylated at O-6 was not active, although it
was a substrate.’'

c. P-1,4-Galactosyltransferase-1.—The inverting enzyme [-1,4-galactosyl-
transferase-1 (f4Gal-T1; EC 2.4.1.38), in the absence of a-lactalbumin, catalyzes
the transfer of the Gal residue from UDP-Gal [uridine 5'-(2-acetamido-2-deoxy-o-D-
galactopyranosyl diphosphate)] to the O-4 oxygen atom of GlcNAc in the presence of
a Mn>" metal ion (Fig. 20). Experimental data support an Sy2-type direct displace-
ment mechanism, with Asp318 serving as the catalytic base.”'” The structure of
B4Gal-T1 was extensively investigated,’'”** and the crystal structures of the cata-
lytic domain of p4Gal-T1°***** were used recently to produce the structural model for
a QM(DFT)/ MM investigation.325 The structural model of the active-site domain was
built by superposing two crystal structures of f4GalT-1. The resulting model was
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FIG. 20. Schematic diagram of the enzymatic reaction catalyzed by p4Gal-T1. Reprinted with permis-
sion from Ref. 325. Copyright 2009 American Chemical Society.

divided into two parts, the QM region with 253 atoms and the MM region having 4274
atoms. The QM region consisted of the acceptor and donor substrates, the metal
cofactor, and the side chains of 11 amino acids implicated in binding the substrates.

The catalytic reaction was investigated by using the reaction coordinate describing
the nucleophilic attack of the acceptor oxygen on the anomeric carbon of the donor.
The QM/MM calculations suggested a concerted Sy2-type mechanism. The
C-1—O0-1 distance of 2.092 A and the C-1—O-4 distance of 2.703 A together with
a distorted ring shape of the donor, are representative of the TS structure. It is
noteworthy that a rotation of the diphosphate group was found, similar to that
observed in GnT-I. Whether this is characteristic for the concerted Sy2 mechanism
of inverting GTs remains to be seen. The calculated barrier of 15 kcal mol™" is in
agreement with the experimental barriers. The QM(DFT)/MM calculations revealed a
low-barrier hydrogen bond between the nucleophilic hydroxyl group of the acceptor
(O-4) and the catalytic-base oxygen atom O(D318), supporting nucleophilic attack.
The developing charge on diphosphate is stabilized, as with GnT-I, by the primary
hydroxyl group (HO-6) of the acceptor. However, in the case of p4GalT-1, this
interaction is mediated by water molecules.
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d. O-GlcNAc Transferase.—GT p-N-acetylaminyltransferase (uridine diphospho-
N-acetylglucosamine:polypeptide, OGT) transfers N-acetylglucosamine from UDP-
GlcNAc onto the hydroxyl group of a serine or a threonine residue on protein
substrates (Fig. 21). OGT is an inverting and metal-independent GT. It is noteworthy
that the O-linked GlcNAc residue is not further modified into complex oligosaccha-
ride structures.’”® The posttranslational modification of serines or threonine residues
on proteins by O-linked GlcNAc is emerging as one of the most important cellular
glycosylation processes. There is considerable evidence™’*?* to suggest that
O-GIcNAcylation regulates a wide range of cellular processes and is implicated in
several diseases, including diabetes, cancer, and neurodegeneration.

The catalytic mechanism of OGT has been studied by using QM/MM calcula-
tions.”” The crystal structure of a truncated human OGT containing 4.5 tetratrico-
peptide repeats and in the complex with UDP™*” was used to build the structural
model of the active site. Histidine 498 positioned between the acceptor hydroxyl and
donor groups was suggested as the catalytic base.””” The entire enzyme—substrate
system (OGT-UDP-GIcNAc-CKII peptide ternary complex), containing 11,524
atoms, was divided into the QM and the MM subsystems. The QM region, consisting
of 198 atoms, contained the donor substrate (UDP-GIcNAc), three residues of the
acceptor (CKII peptide), the side chains of the catalytic base His498, and six amino
acids relevant for catalytic activity. Also, three water molecules in the neighborhood
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FIG. 21. Schematic diagram of the enzymatic reaction catalyzed by OGT.
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of the donor were included into the QM region. The MM region consisted of 11,326
atoms from the remaining atoms of the complex. The enzymatic reaction was mon-
itored by means of three reaction coordinates. They described the formation of a new
glycosidic linkage between the serine acceptor and the anomeric carbon atom (C-1) of
the donor GIcNAc, cleavage of the donor glycosidic linkage between GlcNAc and
UDP, and a transfer of the proton from the acceptor hydroxyl group to a catalytic base.
The reaction coordinates are given in Fig. 22, which shows only the QM region. The
examination of PES required rather extensive calculations, and more than 600 struc-
tures were optimized to generate the three PES.

The PES, calculated as a function of the distance between C-1 and the Og,, oxygen
atom (rq) and the distance between the Hg,, proton and Ny;s nitrogen atom (73), is
given in Fig. 23. The horizontal axis represents the formation of the C—O glycosidic
bond while the vertical axis represents the proton transfer to histidine. The calculated
PES indicated the existence of only one reaction pathway, with a single transition
barrier (B13) between the Michaelis complex (ES) and the products (P). This infor-
mation pointed to a concerted, Sy2-like mechanism, in which the nucleophilic attack
by the serine hydroxyl group and the dissociation of the leaving group all occur almost
simultaneously. The nucleophilic attack is facilitated by the proton transfer to the
histidine residue. The reaction barriers of 15.6, 19.6, and 15.5 kcal mol ™' calculated
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FIG. 22. View of the QM region of the OGT-UDP-GIcNAc—CKII peptide complex in stick represen-
tation. The QM region contains complete UDP-GIcNAc (in magenta), three whole residues, namely Val20,
Ser21 (acceptor), and Ser22 of the CKII peptide (in cyan), and side chains of amino acids crucial for the
catalytic activity: H498 (suggested catalytic base, in green), His558, GIn839, Lys842, Lys898, His901, and
His920 (in tan). There are also three water molecules in the vicinity of UDP-GIcNAc (not shown for clarity).
The QM region consists of 198 atoms. The reaction coordinates ry, r,, and r3 are depicted as arrows.
Reprinted with permission from Ref. 329. Copyright 2001 American Chemical Society.
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FIG. 23. PES calculated at the B3LYP/6-31G* level using distances r; and r3 as reaction coordinates.
The yellow dashed line from the upper right corner to the bottom left corner indicates the Sy2-like reaction
pathway from the ES to the P via the B13. Reprinted with permission from Ref. 329. Copyright 2012
American Chemical Society.

at the BABLYP, MPW 1K, and M06-2X level, respectively, are in reasonable agreement
with the experimentally estimated activation barrier””' of 21 kcal mol .

The calculations also revealed that OGT employs the donor substrate acetamide to
assist in cleavage of the glycosidic linkage. The stabilization of developing negative
charge on the phosphate group (Fig. 24A) by the donor acetamido group in the
catalytic process was observed for the first time with GTs. It is striking that a GH
(OGA) involved in O-GlcNAcylation cycling uses an acetamido group as a nucleo-
phile to cleave GIcNAc from serine/threonine.”” Two independent groups have
recently shed some light on the mechanism of OGT*'*** by solving the structures
of the complexes of OGT with the peptide acceptor and the slowly reacting
UDP-GIcNAc analogue UDP-5-thioGIcNAc. Both articles support the role of the
substrate acetamide in the enzymatic catalysis, as predicted by QM/MM calcula-
tions.”*’ Interestingly, the two articles, regardless of the similarity of the structures
solved, proposed quite different mechanisms. One group™” proposed a mechanism
wherein the a-phosphate group serves as the base catalyst (Fig. 24B). In contrast, the
second group™ explicitly rejects a-phosphate as a candidate base. Instead, a mech-
anism is favored in which a proton is transferred, probably to Asp554, via a chain of
water molecules in a Grotthuus type of mechanism (Fig. 24C). In contrast, the role of
Asp554 was rejected by the first group. There are some indications that 5-thio donors
may influence the catalytic mechanism of inverting GTs.”** The question is whether
5-thio donors may also influence the mechanism with OGT. Currently, thus, there are
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FIG. 24. Schematic diagram of the three proposed mechanisms for the enzymatic reaction catalyzed by
OGT. (A) Histidine 291 as the catalytic base.”* (B) The a-phosphate as the catalytic base.’** (C) The
Grotthuus water “wire” shunting mechanism.**'

three different mechanisms that have been proposed, and further experimental and
theoretical studies are certainly needed to solve this puzzle.

e. Core 2 Transferase.—The Golgi enzyme UDP-GIcNAc:GalB1-3GalNAc-
(GIcNAc to GalNAc) p1,6-GlcNAc-transferase (C2GnT) transfers GIcNAc to the
core 1 structure on PGal-(1 — 3)-pGalNAc-O-Ser/Thr glycoproteins and forms
the core 2 structure, PGIcNAc-(1 — 6)-[pGal-(1 — 3)]-pGalNAc-O-Ser/Thr. The
QM/MM calculations performed on this inverting, metal-ion-independent, enzyme
with GT-A fold support the substrate-assisted Sy2-like mechanism.”* In the calcu-
lations, the entire enzyme—substrate system (C2GnT-UDP-GlcNAc—pGal-(1 — 3)-
GalNAc ternary complex) was partitioned into the QM region containing 206
atoms and the MM subsystem consisting of 5914 atoms. The PESs calculated
clearly revealed three simultaneous processes, namely the nucleophilic attack, the
dissociation of the C-1—O-1 glycosidic linkage, and the transfer of a proton from the
nucleophile oxygen to the catalytic base. As with the inverting GT OGT,*” a metal-
ion-independent enzyme with GT-B fold, it was found that the hydrogen-bond
interaction between the Hya. proton of GlcNAc and the glycosidic oxygen O-1 of
the donor facilitates breaking the glycosidic linkage and the withdrawal of the leaving
group (UDP). The transition state for the proposed reaction mechanism at the M06-
2X/6-31G** level was located at C-1—0-6=1.74 A and C-1—0-1=2.86 A. The
reaction barrier of between 20 and 29 kcal mol™! was calculated for the C2GnT
catalysis, depending on the functional used.

2. Retaining GTs

In contrast to inverting GTs, our understanding of the catalytic mechanism of
retaining GTs is still a matter of debate.”””~"” Some retaining GTs have been
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proposed to proceed via a double-displacement mechanism.”**

**7 For retaining GTs
that lack a suitably positioned nucleophile to form a glycosyl-enzyme intermediate,
such as lipopolysaccharyl a-1,4-galactosyltransferase C (LgtC)**® and trehalose-6-
phosphate (OtsA),”*”**" an Syi-like mechanism was proposed. Theoretical ana-
lyses’”” of truncated cluster models have shown that both pathways are accessible,
and that the Syi-like mechanism is favorable as the consequence of active-site
geometrical constraints. Up to now, there have been few theoretical stud-
ies? 0413319341735 651 the catalytic mechanisms of retaining GTs, and they are
discussed next.

a. a-1,3-Galactosyltransferase.—The enzyme UDP-galactose:N-acetyllactosami-
nide 3-a-D-galactosyltransferase (a-1,3-galactosyltransferase, a3GalT, EC 2.4.1.151)
transfers galactose from UDP-Gal to the terminal N-acetyl-lactosamine component of
glycans, with retention of the anomeric configuration, producing the aGal-(1 — 3)-pGal-
(1 —4)-GlcNAc oligosaccharide structure present in most mammalian glycoproteins
(Fig. 25).

The crystal structures of the catalytic domain of bovine a3GalT (substrate-free and
substrate-bound complex) have been solved.”****” These structural data show that
a3GalT has a GT-A fold. The conserved residue E317 was proposed to function as the
catalytic nucleophile involved in a double-displacement mechanism.’*®**/**¢ The
role played by E317 in both possible mechanisms was investigated by constrained
QM/MM MD simulation along predefined reaction coordinates, describing formation
of a new glycosidic linkage and dissociation process, respectively.”*” The system

studied contained 12,694 atoms and was divided into QM and MM regions. The QM
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FIG. 25. Schematic diagram of the enzymatic reaction catalyzed by a3GalT.
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region consisted of 84 atoms and included two galactose residues, the diphosphate
group, side chains of the catalytic base, metal, and side chains of amino acids
coordinating the metal cation. In the calculations, the active-site region (2089
atoms) was allowed to relax while the rest of complex was fixed. Random snapshots
from 20 ps QM/MM MD simulation were selected for subsequent optimization of
stationary points along the reaction paths. For the double-displacement mechanism,
the results are in qualitative agreement with previous calculations using the cluster
model”'” and support the role of UDP in deprotonating the nucleophile. For the Syi-
like mechanism, the calculations supported a TSi character of the transition state, and
UDP was found as the catalyst in the front-side attack. Interestingly, the authors,
encountering similar barriers, did not reach a conclusion as to which mechanism is the
dominant one. To deduce this would require more extensive calculations and
ensemble-averaged energies. Another relevant conclusion to be mentioned is that
E317 plays a crucial role in both mechanisms and, therefore, the interpretation of
E317 mutation experiments is not simple.

b. a-1,4-Galactosyltransferase C (LgtC).—Lipopolysaccharide a-1,4-galactosyl-
transferase C (LgtC) from Neisseria meningitides is a retaining galactosyltransferase
possessing a GT-A fold. LgtC is responsible for the transfer of a-galactose from a
UDP-Gal donor to a galactose residue of the terminal lactose moiety in the bacterial
lipooligosaccharides (Fig. 26). The X-ray structure of LgtC**® with Mn®* and a
nonreactive donor was solved in the absence and presence of the acceptor analogue.
Both of these X-ray structures revealed a catalytic site in which the only functional
group appropriately placed to serve as the catalytic base is GIn189. However, the
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FIG. 26. Schematic diagram of the enzymatic reaction catalyzed by LgtC.
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mutation experiments did not support its role. Furthermore, other electronegative
groups located in the active site in the vicinity of the UDP-Gal donor were consid-
ered”*® as possible catalytic nucleophiles, but analysis of the results was inconclusive.
The difficult identification of a catalytic base, as well as the absence of convincing
evidence for the existence of a glycosyl-enzyme intermediate, led to the suggestion™*
that this enzyme might instead proceed through a single front-side displacement

315,341,349
7 were used

reaction, thus an Syi process. Extensive theoretical calculations
to shed some light on mechanistic details of the catalytic reaction of LgtC. The DFT
calculations of the truncated cluster model (136 atoms) predicted3 15 that the favored
mechanism is a one-step process in which the acceptor oxygen attacks the anomeric
carbon atom of the donor UDP-Gal from the side of the leaving group (UDP), with
synchronized proton transfer to a phosphate oxygen atom.

The calculations also showed that GInl89 is involved in stabilization of the
transition state by hydrogen bonding to the donor. The predicted structure of the
transitions state was unique and characteristic for the Sni mechanism. It is noteworthy
that recent experimental data showed that retaining GTs of this kind use the leaving-
group phosphate oxygen as the catalytic base to deprotonate the acceptor nucleophilic
oxygen.””**” The QM/MM calculations™" of the full LgtC supported the foregoing
findings. In the calculations, the authors used the ternary complex of LgtC with UDP-
Gal and lactose based on X-ray structures,’ 8 solvated with a 24 A radius sphere of
water molecules. The manganese ion was modeled by Mg®*, and the whole system
consisted of 6728 atoms, with 101 atoms in a QM region. Reaction paths were
scanned by performing constrained optimization along the reaction coordinate,
which was defined as r=d(O-1—C-1) —d(On—C-1), where d(O-1—C-1) repre-
sented dissociation of the donor C-1—O-1 bond and d(On—C-1) represented the
bond being formed. The calculations supported an Syi-like mechanism with highly
dissociative character of the TS. Umbrella-sampling molecular dynamic simulations
were used to estimate the free-energy barrier. The predicted barriers were in a
reasonable agreement with the experimental value of 16 kcal mol ', *#%*

c. Trehalose-6-Phosphate Synthase (OtsA).—The GT OtsA is a retaining GT of
the GT-B fold. This enzyme catalyzes the transfer of a glucosyl residue from a donor
substrate, UDP-Glc, to the 1-hydroxyl group of the acceptor substrate (glucose
6-phosphate), yielding the product a,a-trehalose-6-phosphate (Fig. 27). The catalytic
mechanism of OtsA has been investigated by using QM/MM metadynamics simula-
tions.”** The Michaelis complex and the products of this reaction were generated by
using the X-ray structure of the ternary complex of OtsA with UDP and validoxyla-
mine 6-phosphate.””” QM/MM calculations were performed by a method”* that
combines Car—Parrinello DFT molecular dynamics®
molecular dynamic. The QM region contained 72 atoms and included the donor

with classical force-field
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FIG. 27. Schematic diagram of the enzymatic reaction catalyzed by OtsA.

UDP-Glc, the acceptor Glc 6-phosphate, and the side chain of Arg262. Two CVs were
employed to investigate glucose transfer by a metadynamics simulation. The first
variable described the cleavage of the C-1—O-1 glycosidic linkage of the donor and
the formation of the new glycoside linkage, while the second described the proton
transfer from the acceptor to the phosphate group. These simulations supported the
Sni or Syl-like reaction, in agreement with recent experimental studies on
OtsA.**”#" The calculations also showed an important role of the donor phosphate
group that serves as the catalytic base for the acceptor proton, which assists in
cleavage of the glycosidic bond of the donor.

d. Others.—The retaining enzyme polypeptide UDP-GalNAc transferase (ppGal-
NACT2) has been studied by two different research groups.”***** This enzyme
catalyzes the transfer of a GalNAc residue from the donor UDP-GalNAc to threo-
nine/serine as a first step in mucin biosynthesis. The ppGalNAcT?2 transferase is the
metal dependent of the GT-A fold. In the QM/MM calculations,”* the QM region
consisted of 80 atoms, and the natural metal cofactor (Mn*) was modeled by Mg>*.
The calculation revealed that the PES in the region corresponding to the energy
maximum was very flat. The calculations using QM/MM method at the M05-2X/
TZVP/BP86/SVP level supported a front-size attack mechanism with the estimated
reaction barrier of 20 kcal mol~'. However, the transition state for this mechanism
was not found.
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The mechanism of this enzyme was also studied by a combination of two different
QM/MM-based approaches, namely a PES scan in two distance difference dimen-
sions and a minimum-energy reaction path optimization using the nudged elastic band
method.”** The QM region was defined to include the essential parts of the substrates
and those residues experimentally known to be crucial for reactivity, and it contained
252 atoms. It was found that ppGalNAcT2 catalyzes a same-face nucleophilic sub-
stitution with internal return (Syi). The optimized transition state for the reaction was
13.8 kcal mol ' higher in energy than the reactant, whereas the energy of the product
complex was 6.7 kcal mol " lower. The presence of a short-lived metastable oxocar-
benium intermediate was likely, as indicated by the reaction energy profiles obtained
using high-level density functionals. The transition states for the proposed reaction
mechanism were located at C-1—O-1=2.35 A and C-1—0,=2.97 A for TS1 and at
C-1—0-1=3.60 A and C-1—0, =2.33 A for TS2, respectively. It is noteworthy that
the C-1—0, distance in TS2 is almost the same as the distance of the cleaving
C-1—0-1 bond in the TS2. This observation supports the previously proposed
concept”**?” of the two transition states involving each glycosidic bond being very
similar, being almost “mirror images” of each other.

A catalytic mechanism of a-1,2-mannosyltransferase Kre2p/Mntlp in the presence
of Mn** and other ions (Mg**, Zn?*, and Ca®*) was modeled at the two hybrid DFT-
QM/MM (M06-2X/OPLS2005 and B3LYP/OPLS2005) levels.”* Kinetic and struc-
tural parameters of transition states and intermediates, as well as kinetic isotope effects,
were predicted and compared with available experimental and theoretical data. The
catalysis in the presence of the metal ions is predicted as a stepwise Syi-like nucleo-
philic substitution reaction (DﬁmAiDhAxh) via oxocarbenium ion intermediates.

3. Transition-State Structures

Transition states of catalytic reactions are high-energy intermediates on reaction
paths between reactants and products. They have lifetimes of ~10~'%s, and their
structure and location in catalytic sites can be only estimated. Although X-ray crystal
structures of GTs are now available,”'" transition-state analogues that could provide
information about the nature of the transition states are rare.’?’-3%-331:352 Thus, the
modeled structures of transition states constitute important outcomes of the calculated
PESs. The structures of transition states assist in understanding fundamental infor-
mation about the interactions crucial for enzymatic reactions. Furthermore, the
resulting structures of the transition states offer a blueprint for the design of
transition-state inhibitor analogues.”””*>* In principle, the “entire” transition state
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for a GT should contain a deformed nucleotide sugar and acceptor oligosaccharide
that are linked in a specific orientation, along with amino acids involved in the
catalytic reaction or in binding substrates, and for metal-dependent enzymes, also a
metal cofactor. The following discussion focuses on a narrower concept of a transition
state, dealing with only the structures and arrangement of donor and acceptor parts.
Investigations of the catalytic mechanism for GTs revealed”®*?!?—319-317.325.329.341-345
the following general features of the transition-state models: (a) the transferred
monosaccharide ring is flattened and its conformation resembles a deformed chair/
envelope conformation having oxocarbenium character at the sp>-hybridized anome-
ric carbon; (b) the C-1—O-1 bond is elongated as compared to the standard C—O
bond length; (c) the length of a new glycosidic linkage is also longer than the standard
bond length; and (d) both the forming and breaking bonds are oriented almost
perpendicularly with respect to the plane defined by the C-2—C-1—0-5—C-5
atoms. It is also clear that the role of the acceptor to the character of transition state
is significant. Therefore, the acceptor part of the transition-state structure should be
incorporated in the design of stable transition-state analogues as potent inhibitors
of GTs.

For GTs using the concerted Sy2 mechanism, calculations led to
more than 20 different transition-state models. The analysis of their structures pro-
vided information on possible structural variations of transition states. It was found
that variations in the C-1—O and C-1—O0-1 bond lengths can be as large as 1.3 and
1.7 A, respectively. The sugar ring in the transition states is distorted from the
standard 4C1 conformation, and it adopts a half-chair form. The optimized TS
structures were clustered into three groups using the values of the C-1—O and
C-1—O0-1 distances as structural geometrical criteria.’’* The clusters obtained char-
acterize canonical models of transition-state structures for inverting GTs and are
illustrated in Fig. 28. Long C-1—O bonds in the range of 2.4-2.7 A and short
C-1—0-1 distances between 1.5 and 2.1 A characterize the first group (Fig. 28A).
The geometrical parameters of this transition-state model resemble the structure of
reactants, and this canonical form has been termed as the “early transition state.” The
“intermediate transition-state” structures represent the second canonical form
(Fig. 28B). In this group, both C-1—0 (2.1-2.4 A) and C-1—0-1 (2.5-2.7 A) dis-
tances are elongated as compared to their standard values, but the structures did not
yet reach values representing the products. This type of TS corresponds to the
so-called dissociative transition state. The geometrical characteristics of the third
canonical form are similar to that of final products and therefore were named as the
“late transition state.” For this group, short C-1—O bonds within the range of
1.4-1.6 A and long C-1—O0-1 distances between 2.8 and 32 A are typical. The

311,314,317,325,329,335
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FIG. 28. Schematic representation of canonical forms of the transition states for glycosyltransferases.
Canonical forms are defined by similarities in their C-1—0-1 and C-1—O distances. (A) Early transition
state, (B) intermediate transition state (dissociative), and (C) late transition state.
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FIG. 29. Schematic representation of the transition state for retaining glycosyltransferases.

three canonical structures might represent a range of variations occurring in
transition-state structures of GT reactions. Of course, the transition-state structure
varies according to the structural circumstances of the catalytic site of a particular
enzyme that imposes constrains on substrates.

The transition-state structures of GTs proceeding by the Syi mechanism clearly
differ from those employing the Sy2 mechanism, and their geometry is unique
(Fig. 29).204313:315:341345 Thjg structure is characterized by C-1—O-1 and C-1—O
distances of about 3.0-2.4 and 2.3-3.0 A, respectively. They indicate a weak bond
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order to both the nucleophile and the leaving group. The main difference with the SN2
transition-state structure is that both the nucleophilic attack by the acceptor oxygen
O and departure of the leaving group occur on the same face of the transferred
monosaccharide. The ring conformation of the transferred monosaccharide is a dis-
torted “E envelope. Another interesting and unique feature of this transition state is the
location of the transferred proton. The nucleophile proton is sandwiched between the
oxygen atom from the phosphate group and the nucleophile. The H proton is located
at the O—H and O-1—H distances of about 1.09 and 1.38 A, respectively. The
distance between the O and O-11 oxygen atom in the TS is about 2.4 A.

VII. RECOGNITION

1. Lectins

Lectins are proteins of nonimmune origin that bind to specific carbohydrates
without modifying them. According to current knowledge, they act like molecular
readers to decipher sugar-encoded information. They play biologically important
roles in recognition processes involved in fertilization, embryogenesis, inflammation,
metastasis, and parasite—symbiote recognition, in microbes and invertebrates to plants
and vertebrates. In the plant kingdom, lectins have been demonstrated to play a role in
defense against pathogens or predators and are hypothesized to be involved in
establishing symbiosis with mushrooms and bacteria of the Rhizobia species.
Among the proteins that interact noncovalently with carbohydrates, lectins bind
mono- and oligosaccharides reversibly and specifically.

More than 1200 crystal structures of lectins have been solved, among which about
60% occurs in interactions with carbohydrate ligands.””” These are fully documented
in a 3D lectin database (www.glyco3D.cermav.cnrs.fr). Inspection of the database
content indicates that most crystal structures have, up to now, been obtained for plant
and animal lectins. Nevertheless, the number of structural investigations dealing with
viral and bacterial materials has been increasing rapidly. Legume lectins and those
intracellular animal lectins that are involved in quality control of glycoprotein syn-
thesis share the same protein fold. The wealth of experimental data obtained from the
crystallographic studies of oligosaccharide—lectin conjugates has provided character-
ization of the binding sites; these are usually relatively shallow, located near the
surface, and therefore accessible to solvent. In several lectin families of different
origins, one or two calcium ions are involved in the carbohydrate-binding site with
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FIG. 30. Application of docking techniques to the prediction of lectin—oligosaccharide interactions as
exemplified by the Maackia lectin. The Maackia lectin was built using the COMPOSER program’”* within
the SYBYL software package.'*' A library of 3D crystallographic structures was created, containing
14 different legume lectins solved at high resolution. The several steps of the homology modeling procedure
included 3D alignment of the 14 structures, sequence alignment of Maackia amurensis hemagglutinin
(MAH) with these lectins, building of the structurally conserved regions, and building of the loops. Most of
the MAH structure was built from Maackia amurensis leukoagglutinin (MAL). Five water molecules that
are known to be conserved in all legume lectin structures®”* were incorporated in the model, together with
Ca®* and Mn** cations. Finally, hydrogen atoms were added and charges were calculated. A validation of
the model stereochemistry was performed using the PROCHECK program.™”

direct coordination to the hydroxyl groups of the sugar. These data were essential
driving forces in the development of molecular modeling methods of complex
oligosaccharides in their interactions with proteins.””® They confirmed the flexible
conformational behavior of oligosaccharides that had been anticipated from earlier
calculations.

A wide variety of plant, mammalian, bacterial, and fungal lectins have been studied
using molecular docking (for a review of earlier studies, see the study in Ref. 357).
Accurate determination of carbohydrate—lectin complexes remains a nontrivial prob-
lem because of the shallow and multichambered binding sites of many lectins
(Fig. 30). Selected examples dealing with carbohydrate—lectin recognition are
discussed here.

One of the most comprehensive studies on the validation of carbohydrate—lectin
interaction has been reported”® in the course of an investigation comparing the
abilities of AutoDock, DOCK, and Glide to reproduce the carbohydrate-binding
modes of seven calcium-dependent lectins. On the one hand, Glide was found to
perform best, in terms of pose (candidate binding mode), as assessed by values of



CARBOHYDRATE-PROTEIN INTERACTIONS: MOLECULAR MODELING INSIGHTS 73

RMSD in comparison with the crystal structure. However, AutoDock was found to
reproduce calcium-binding geometry most accurately. AutoDock and DOCK were
also compared with respect to their performance in docking monosaccharide ligands
to the calcium-dependent bacterial lectin PA-IL (from Pseudomonas aeruginosa) and
its in silico mutants.””

The comparison was conducted to examine whether the programs could predict
changes in lectin affinity and specificity resulting from minor mutations of the
residues at the binding site that are essential to host recognition by the bacterial lectin.
AutoDock and DOCK were evaluated in terms of both pose prediction and accuracy
of binding energy prediction. The performance of each program was assessed by
comparing the docked structures, and scoring function-based estimated binding
energies, with the experimental data. AutoDock outperformed DOCK on both counts.
Subsequently,”” a protocol was set up such that AutoDock was followed by MD
simulation. The selected example dealt with the recognition of aGal-(1—4)-
Gal-terminating glycosphingolipids by lectin I of P. aeruginosa (PA-IL). The docking
method was validated by docking aGal-(1 — 3)-Gal into the PA-IL binding site and
demonstrating successful comparison with the results obtained.”°' The binding mode
of several a-galactosyl disaccharides was investigated further by following the same
protocol.”*

The reliability of five docking programs, AutoDock3, AutoDock4, AutoDock Vina,
DOCK (standard score and MM-GB/SA secondary score), and ICM Dock, in calcu-
lating binding affinity in mono and trisaccharide complexes with the lectin of
Ralstonia solanacearum, has been evaluated and compared with experimental
values.”®*%" Only AutoDock3 gave values within the range of experimental binding
energies. None of the docking programs tested were able to separate clearly the
nonbinders from weak- and high-affinity binders. The results of this study indicate
that a contrived conversion of binding energies to apparent equilibrium constants, and
the subsequent calculation of binding potencies can make the distinction of binders
more visible. In a follow-up studyf)'/1 R. solanacearum lectin—carbohydrate complexes
were chosen as model systems to quantify the CH/r interactions, using a combined
experimental approach, creating with a high-level computational method, single- and
double-point mutants. The results suggest that the interaction between the lectin and
monosaccharide (methyl a-L-fucopyranoside) is strongly driven by the dispersion
interaction, whereas polar interactions of sugar hydroxyl groups in the combining
site of the protein assist in counterbalancing the effect of carbohydrate desolvation.
The prediction of binding free energies to lectins for monosaccharides and higher
oligomers remains a subject of investigation. Models based on linear interaction
energy show good performance for instances where no metal is part in the combining
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site. However, systems where ligand binding involves two calcium ions still present
considerable challenges.’®”

The recognition of the prominent role played by sialic acid-terminating glycans in
their interactions with lectins provided the basis for investigating the ability of
AutoDock, FlexX, and Glide to determine the binding mode. The example chosen
concerned the lectin SHL-2.7** The best poses obtained using Glide were in excellent
agreement with the NMR data. A set of 15 high-resolution (<2.0 A) human-derived
carbohydrate—lectin complexes was selected to evaluate the pose-prediction perfor-
mance of Glide, GOLD, AutoDock, and DOCK.?®> In each test case, the four
evaluated programs were generally able to identify reasonable carbohydrate poses.
However, the top ranked pose was rarely found to be the best one obtained by any of
the programs. The best results were generated by the DOCK program, which correctly
ranked the best pose in 6 out of the 15 cases. Glide was the second-best program in
that comparison. The present imperfection of the scoring functions may explain this
inability to rank the poses correctly. The best poses were generally found within the
best 10 ranked poses as predicted from Glide and GOLD. The program AutoDock
generally failed to identify the correct pose accurately. In terms of pose-prediction
accuracy, regardless of scoring/ranking, GOLD was clearly the best program, show-
ing an average RMSD for the best poses of 1.4 A, as compared to 2.2-2.7 A for the
other three programs. This comparison of the application of docking programs to
lectin—carbohydrate interactions has highlighted the fact that consideration of only the
top-ranked docking pose is not suitable. Alternative and/or complementary
approaches are required and need to be developed.

Adhesion of bacteria to glycosylated cells and their surfaces is typically facilitated
through adhesive organelles protruding from bacterial surface. These are called
fimbriae. The most important fimbriae protein, FimH, mediates adhesion in the
o-mannoside mode. Mimics of a-mannosides for binding to FimH have been inves-
tigated and docked into the carbohydrate-recognition domain, using FlexX.’*®
The structures obtained were used to optimize ligand interactions with FimH made
by the pendant groups attached to mannose. It has recently been suggested that FimH
contains multiple carbohydrate-binding sites. In a subsequent study,’®’
modeling was used to optimize the spacer length of bivalent glycopeptides, which
targeted two putative carbohydrate-binding sites on FimH. However, it was found that
the developed glycopeptide did not provide any significant enhancements in activity.
Most recently, mannosides linked via squaric acid were evaluated for their ability to

molecular

act as covalent inhibitors of FimH.>®® The assay results, in combination with docking,
indicated that these compounds did not act as covalent inhibitors.
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The DC-SIGN is a calcium-dependent (C-type) lectin that binds to Lewis X and
high-mannose glycan. Pathogens that exhibit these carbohydrates on their surface
utilize DC-SIGN to develop infection, making it a potentially valuable target for anti-
infective agents. A mannobioside mimic of Man-al-2-Man was generated and its
complex with DC-SIGN was determined using QPLD.*” The procedure gave rise to
several poses having glycosidic torsion angles @ in a conformation different from
exo-anomeric conformations. In a subsequent study,”’"
charides was docked to DC-SIGN using FlexiDock. The study showed the importance
of multiple binding modes in carbohydrate complexes with DC-SIGN. A collection of
mannobioside mimics with varying amide substituents on the second residue was
prepared’’" and docked to DC-SIGN using FlexX. The docking model highlighted the
importance of hydrophobic substituents in generating mannoside mimics.

Blood-group antigens on human erythrocytes are either carbohydrate-dependent or
protein-dependent. The ABH(O) and Lewis blood group carbohydrate antigens, along
with their interactions with monoclonal antibodies and lectins, have been the most
widely studied. 3D-QSAR studies by comparative molecular field analysis (ComFA)
have provided some insights about the features involved in the recognition.”’” Nev-
ertheless, the number of docking studies between these antigens and lectins has been
relatively sparse. As in the area of protein structural biology, incorporation of the
heavy atom selenium in place of oxygen in selenoglycosides helps solve the phase
problem in X-ray crystallography. In addition, the potential of selenoglycosides as
active ligands for lectins is being explored. The effects of such a replacement in
derivatives of the histo-blood group ABH antigens on their binding to anti-ABH
lectins has been investigated,3 73 based on the availability of experimental data for
unmodified glycosides. Glide XP, with the OPLS2005 force-field parametrization for
selenium, was used to dock eight test examples of selenoglycosides as lectin ligands.
This docking protocol was evaluated by comparing the docked selenoglycosides to
their unmodified counterparts, and docking scores to experimental binding energies.
Examples were observed where docking failed to predict the bound poses. In such
instances, a semi-manual approach was implemented in which the crystallized ligands
were used as starting points for modification. The selenoglycosides were accommo-
dated at the same site as their natural counterpart and, in most examples, the
orientation of the key residues was conserved. Some instances were found where
the conformations and/or orientations of key and remaining residues differed from the
natural ligands. In such instances, the differences in the mode of binding were found
to be compensated by more favorable interactions with proteins. Such a type of
accommodation is found with PA-IL, where the terminal o«-galactose residue of

a series of mannosyl trisac-
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most ligands docked in a manner similar to that in the crystal structure, whereas other
carbohydrate residues assumed different orientations. This illustrates the ability of
PA-IL to bind a variety of carbohydrates having a terminal a-galactose residue. This
mechanism of specificity for a terminal anchor residue, combined with a diverse
tolerance for the rest of the ligand, is similar to the mechanism proposed for the
recognition of carbohydrate xenoantigens by anti-Gal antibodies.”’* This study’’”
indicated that selenoglycosides are biologically active as lectin ligands, with a
potential for enhanced affinity. Therefore, they can serve as nonhydrolyzable mimics
of the histo-blood group ABH determinants and prove therapeutically useful.

The recognition that such viruses as noroviruses interact with the Secretor, Lewis,
and ABO families of human histo-blood group antigens (HBGAs) in a strain-specific
manner has established the relevance for understanding the evolution of virus-binding
specificities and for in silico design of future antiviral therapeutics. Computational
studies on the interaction of ABO-active carbohydrates with the norovirus VA387
capsid protein have been performed using MD simulations, with both explicit and
implicit solvent models.””” The modeling of the complexes with the histo-blood group
A-active structures indicated some contacts, which provide insight into mutational
data and opening some perspectives in structure-based design of adhesion inhibitors
of noroviruses. Subsequent computer simulations suggested the possibility of two
receptor binding modes, which could explain for the evolutionary changes that
norovirus may have undergone to recognize Lewis antigens and non-Secretor
saliva.”’®

The ability to distinguish between self and nonself carbohydrates confers to lectins
a prominent role in the innate immunity systems of many invertebrates. Deciphering
the molecular basis underlying such a crucial role has been attempted via molecular
docking and site mapping.”®® The applicability of four popular molecular docking
programs (Glide, GOLD, AutoDock, and DOCK) was checked on high-resolution 3D
crystal structures of lectin—glycan complexes. Despite the fact that GOLD generated
the most accurate binding modes, these could not be correctly ranked by the scoring
functions. Alternatively, the site-mapping method, which takes into account multiple
alternative modes, could identify the key amino acids of the lectins that were involved
in the glycan recognition. The prediction was found to be of improved accuracy as
compared to the top poses obtained from molecular docking.

High-resolution structures of human lectins cocrystallized with carbohydrates were
used to verify the techniques. Four popular molecular docking programs (Glide,
GOLD, AutoDock, and DOCK) were evaluated for their ability to reproduce the
crystal-bound conformation of the carbohydrate in each instance. It was found that
GOLD generated the most accurate binding modes; however, these generally could
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not be ranked accurately by the scoring function. This observation highlighted the
need for alternative scoring functions when considering carbohydrate—lectin interac-
tions. The site-mapping technique (discussed in more detail later), which considers
multiple alternative binding modes, was able to identify key lectin residues involved
in carbohydrate recognition with improved accuracy over the top pose obtained from
molecular docking.

Recent advances in glycobiology are revealing the essential role of lectins for
deciphering the glycocode by specific recognition of carbohydrates. Integrated multi-
scale approaches are needed for characterizing lectin specificity: combining on the
one hand high-throughput analysis by glycan array experiments and systematic
molecular docking of oligosaccharide libraries, and on the other hand detailed anal-
ysis of the lectin—oligosaccharide interaction by X-ray crystallography, microcalo-
rimetry, and free-energy calculations. The lectins LecB from P. aeruginosa and
BambL from Burkholderia ambifaria are part of the virulence factors used by the
pathogenic bacteria to invade the targeted host. These two lectins are not related, but
both recognize such fucosylated oligosaccharides as the histo-blood group oligosac-
charides of the ABH(O) and Lewis epitopes. A docking protocol of bioactive oligo-
saccharides that would be common to fucose-binding lectins was investigated so as to
structurally rationalize large amounts of experimental affinity data, such as those
arising from glycan array experiments.”’’ Several computational protocols were
evaluated for molecular docking. One of them used Glide (in standard precision) to
generate the ligand poses and the Emodel scoring function for ranking them. Starting
from several conformers derived from the BIOLIGO database (www.glyco3D.
cermav.cnrs.fr) greatly enhanced the conformational sampling, as up to four con-
formers for each molecule were introduced in the docking procedure. This approach
predicted the bound conformation of the oligosaccharide to the lectin, as well as the
network of nonbonded contacts involved in stabilization of the complex. This proce-
dure helped in rationalizing the preference of LecB for Lea oligosaccharides. The
approach was also very efficient in predicting twisted or strained conformations of
Lewis oligosaccharides in their interaction with BambL. Because of their branched
structures on position 3 and 4 of GIcNAc, Lea and Lex are unusually rigid oligosac-
charides, a feature that has been proposed to be important in understanding the
recognition by antibodies. No other conformation has been observed in available
crystal structures of lectin—Lewis oligosaccharide complexes (see www.glyco3D.
cermav.cnrs.fr). BambL is therefore the first observed protein that binds the Lewis
oligosaccharide in conformations that are very different than their shape in solution.
The particular localization of one tryptophan residue excludes the low-energy con-
formation of Lewis oligosaccharide from the binding site. The strong stacking
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interaction that fucose establishes with this tryptophan residue in the binding site of
RSL, a lectin closely related to BambL, was recently quantified.”* Solving the crystal
structure of BambL—-Lewis X complex demonstrated that indeed the fucose is bound
with stacking to Trp, but that either the adjacent glycosidic linkages or the GlcNAc
ring is distorted in order to adjust. The MM-GBSA rescoring calculations strongly
increase the correlation between theoretical data and quantitative thermodynamic
data. Even though lectin—oligosaccharide interactions are generally enthalpy-driven,
incorporation of a solvation energy term, including polar component and surface area
accessibility, is necessary for obtaining a reliable order of binding energies of
oligosaccharides, on account of some entropy contribution in binding. The best
correlation was achieved for LecB, for which the parameters used in the calculations
were developed. The procedure selected for LecB was rather successful when applied
to BambL, demonstrating that the procedure is valid for binding sites having different
characteristics (local charges, solvent exposure). Deviations between glycan array
data and MM-GBSA calculations are expected, and among the numerous sources of
discrepancies may be cited the fact that the glycans are methylated and conforma-
tionally restricted because they are immobilized on a surface, usually through cova-
lent interactions. In contrast, the oligosaccharides used in the microcalorimetry
experiments have a free hydroxyl group at C-1 and can exchange dynamically
between an open-chain form and a closed form, with either an axial or equatorial
hydroxyl group at the anomeric position, while only the equatorial structures were
considered in the calculations. Also, it should keep in mind that trisaccharides were
used for docking studies, whereas experimental affinities were mostly performed on
their tetrasaccharide analogues. Even though MD simulations in explicit water envi-
ronment are better suited for estimating the binding free energies, the combined use of
a database of oligosaccharide conformations and fast docking procedure appears as a
medium-throughput screening approach for the analysis of glycan array data. This is
the first study combining theoretical calculations and glycan array data in the expec-
tation of dealing with a huge flow of information, such as that anticipated in the
coming “Omics” era.

2. Antibodies

Many pathogens and aberrant malignant cells express unique carbohydrates on
their surface, thereby presenting attractive targets for vaccine design. Novel
carbohydrate-based vaccines have been identified, and some have reached clinical-
phase studies. The success of several licensed carbohydrate-based vaccines against
such bacterial pathogens as Haemophilus influenza type b, N. meningitides, or
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Streptococcus pneumoniae demonstrates the great potential. As such, they offer
promising or already successful vaccine components against various pathologies, or
new opportunities toward cancer immunotherapy. Carbohydrate antigens recognized
by preformed and elicited antibodies are also essential in blood transfusion and organ
transplants. These carbohydrate determinants recognized by antibodies are expressed
on the cell surface as glycolipids and glycoproteins. In many instances, the minimum
carbohydrate epitopes are located at the terminal end of more complex carbohydrate
chains, presenting a wide range of contexts, surface densities, and surroundings.
Therefore, antibodies having similar specificities for individual carbohydrate epitopes
can exhibit different selective cell profiling, depending upon the unique presentation
of the carbohydrate on the target cells. This is typically the case of many tumor-
associated carbohydrate antigens, which are expressed at very high densities on the
cell surface of primary and metastatic tumors, but can be found at much lower levels
in a few cells in healthy tissues. Progress is being made in addressing challenges
posed by targeting the surface carbohydrates of bacteria, protozoa, helminthes,
viruses, fungi, and cancer cells for vaccine purposes, as the identification and eval-
uation of unique carbohydrate epitopes present on a plethora of pathogens and
malignant cells becomes available.””

Characterization of the structures of oligosaccharide antigen—antibody complexes
is performed by such experimental techniques as NMR spectroscopy and X-ray
diffraction. They can provide detailed insight at the atomic level; however, these
studies are typically limited to systems involving antibody fragments, such as the
antigen-binding fragment (Fab) or variable fragment (Fv), and to small oligosaccha-
rides. These experimental techniques have yet to permit characterization of the
structure of complexes involving large oligo- or polysaccharides, such as the capsular
polysaccharides from bacterial surfaces. The conformational flexibility of carbohy-
drates in their unbound state is a common feature; it cannot be ruled out that part of an
oligosaccharide may sustain significant flexibility in antibody—carbohydrate com-
plexes. Elucidation of the molecular basis of the formation of the complexes also
requires consideration of the balance between the enthalpic and entropic contribution
involved in the binding. At present, only an appropriate combination of computational
and experimental methods will help in establishing these features, which are needed
to develop vaccines having broad serotype coverage. In comparison with the large
number of docking studies carried out on carbohydrate—lectin and carbohydrate—
enzyme recognition, there are relatively few computationally aided carbohydrate—
antibody recognition studies published.

The major role of carbohydrates in blood-group transfusion and organ transplants
dramatically highlights the importance of carbohydrate—protein interactions in key
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biological processes. The two main histo-blood group carbohydrate determinants®’”
are the antigen families, the so-called ABH(O) groups and the Lewis determinants.
The majority of the ABO antigens are expressed on human erythrocytes, at the ends of
long polylactosamine chains, while a minority of the epitope is expressed on neutral
glycosphingolipids. Despite the key role played by these determinants, the description
at the molecular level of the interactions occurring between the antigens and the
antibodies is only beginning to be resolved and characterized, for instance, with the
crystal structures of Fab against Lewis determinants.”®’ %

Exhaustive investigation of the cross-reaction patterns on 9 antibodies against
12 carbohydrate antigens has been conducted throughout by computationally based
372383 31y descriptors of the molecular properties of the carbohydrate anti-
gens were used in comparative molecular field analysis (COMFA). Processing of
the QSAR data gave indications as to the carbohydrate epitopes necessary for
antibody recognition, while yielding insights into the nature of the molecular
recognition.

Transplantation of pig organs into humans (xenotransplantation) is not successful
because of the occurrence of carbohydrate antigens on the surface of pig organs that
are recognized by xenoreactive antibodies in the human bloodstream. The major
carbohydrate xenoantigens terminate in aGal-(1 — 3)-Gal epitopes. An in silico pro-
tocol aimed at analyzing the interactions between these xenoantigens and the anti-
bodies has been developed™* and applied to the determination of the structures of
these terminating carbohydrate antigens in their complexes with a panel of xenor-
eactive antibodies. An initial docking investigation was performed on an o-Gal
disaccharide and a-Gal-terminating trisaccharides in the binding site of the anti-a-
Gal monoclonal antibodies mAb 8.17 and mAb 15.01 using DOCK.****® The large
size of the antibody binding site was found able to accommodate aGal-(1 — 3)-fGal—
GlcNAc/Glc trisaccharides by end-on insertion with the complementary-determining
region residues participating in interactions with all three monosaccharide units.
Subsequent investigations, using site-mapping techniques (combining both receptor-
based and ligand-based in silico mapping techniques), were developed to further
explore the antibody—carbohydrate interaction.”’* The favored conformation at
the aGal-(1 — 3)-Gal linkage varies, depending on topography of the antibody bind-
ing site. The possibility that some of the antibodies recognize more than one aGal-
(1—3)-Gal conformation may not be excluded. The binding modes determined
indicate that each antibody may use different mechanisms in recognizing the target
antigen. These results provide a confirmation and an extension of the conclusions
provided by the molecular modeling investigation of the recognition of aGal epitope
by a human xenoreactive antibody (IGHC3-11) induced in human patients mounting

methods.
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an immune response to a bioartificial liver.”®’ As an a-Gal epitope is recognized
similarly by both mouse and human antibodies, the mouse antibodies constitute a
viable model for the human immune-response xenoantigen.

Brucella is a genus of Gram-negative bacteria which cause brucellosis through
ingestion of infected food or direct contact with an infected animal. These bacteria
carry a smooth polysaccharide, a surface macromolecule that is a serious virulence
factor and the most important serodiagnostic antigen. The O-polysaccharide
(or O-antigen) section is a homopolymer of N-formyl-perosamine (D-Rha4NFo) in
a-(1—2) and a-(1—3) linkages. The specificity of the monoclonal antibody
(YsT9.1) against this repeating internal motif was the first attempt to model carbo-
hydrate—antibody recognition®® by performing a manual docking to a homology
model of YsT9.1.

A majority of life-threatening cases of septicemia, meningitis, and pneumonia
occur from the deleterious action of surface capsular polysaccharides on bacteria.
Although these polysaccharides may have similar carbohydrate sequences, they may
differ markedly in immunogenicity, antigenicity, virulence, and geographical disper-
sion. This is, for example, the situation with Group B Streptococcus agalactiae and
S. pneumoniae. Generation of the antibody—carbohydrate antigens was performed
through a combination of comparative antibody modeling and automated ligand
docking. Subsequently, several 10-ns molecular dynamic simulations, within explicit
hydration, were performed using the molecular mechanics—generalized Born surface
area method, augmented by conformational entropy estimates. While providing
detailed insight into the molecular details and the energy components involved in
the formation of the complexes, the analysis offered a comprehensive interpretation of
a large body of biochemical and immunological data related to antibody recognition
of bacterial polysaccharides.”®’

Shigella flexneri is the primary causal agent of the endemic form of bacillary
dysentery. The O-antigen is the polysaccharide moiety of the lipopolysaccharide; it
is the major target of the serotype-specific protective humoral response elicited upon
host infection by S. flexneri. The repeating unit of the O-antigen is a pentasaccharide.
The availability of the X-ray structure of the Fab/[AB(E)CD], complex, resolution
1.80 A,*" along with a sufficient amount of well-characterized pentasaccharides, and
IgG monoclonal antibody, allowed a thorough analysis of the complexes by STD-
NMR experiments and extensive MD simulations. The study brought to light infor-
mation on the dynamics of the corresponding antibody:carbohydrate complexes that
is not available from the X-ray structure nor from the NMR analysis (Fig. 31).”"' The
proposed protocol uses MD simulations and STD-NMR. Such a combined approach
facilitates the design of either ligands or carbohydrate-recognition domains, with the
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FIG. 31. Features of the Shigella flexneri O-antigen interacting with monoclonal antibody. (I) Primary
structure of the Shigella flexneri SF2a O—Ag,‘w’ common AB(E)CD linear backbone repeat unit. (II) CFG
representation of Shigella flexneri, common AB(E)CD linear backbone repeat unit, where the green
triangles represent rhamnose, the circle denotes glucose, and the blue square denotes N-acetylgalatosamine.
(IIT) Crystal structure of synthetic O-antigen decasaccharide from serotype 2a Shigella flexneri (PDB 3BZ4)
in complex with a protective monoclonal antibody Fab F22-4. (IV) @, ¥ maps of MD simulations for the
glycosidic linkages of two repeat units of the bound conformation of the Shigella flexneri O-antigen Dy,
AB(E)CD pentasaccharide. (V) Comparison between the predicted saturation transfer difference (STD)
values of the two repeat units of the truncated crystal structure of F22-4 and the measured STD-NMR
intensities and the predicted values of the 50 MD simulation snapshots of AB(E)CD. Reprinted with
permission from Ref. 491. Copyright 2013 CRC Press, Taylor & Francis.

aim of enhancing the binding properties displayed by the original carbohydrate—
receptor interaction.

The limited number of antibody—carbohydrate docking studies is a reflection of the
paucity of crystal structure complexes at high resolution. Analysis of the available
structural data indicates some general trends about how such antibodies recognize
different types of carbohydrates. Those antibodies that recognize a terminal carbohy-
drate motif display a cavity-like binding site, reminiscent of the combining sites found
in lectins, where the insertion of one or more monosaccharide residues occurs in an
“end-on” manner. Antibodies that recognize an internal carbohydrate motif (a single
or several repeat units) of a polysaccharide generally display groove-like binding
sites, or unusually large cavities which are “open” at both ends of the sites, allowing
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for “side-on” entry of the antigen. While displaying some structural similarities with
the catalytic sites of GHs, these features allow the carbohydrate to be recognized as a
“conformational epitope” as it has been shown to occur in the case of a-(2 — 8)-linked

. 1 . . 392
sialic acid residues.

3. GAG-Binding Proteins

The GAGs comprise a class of complex anionic polysaccharides which through
their linkage to a core protein are components of macromolecules (proteoglycans) that
are more complex. The GAG families include (1) glucosaminoglycans (heparin and
heparan sulfate), (2) galactosaminoglycans (chondroitin sulfate and dermatan sul-
fate), and (3) hyaluronic acid and keratan sulfate. Assembled from disaccharide
repeating units, GAGs manifest diverse patterns of sulfation. Among this group,
hyaluronic acid is unique in not being attached covalently to a core protein, and it
lacks sulfation. In addition to their participation in the physicochemical properties of
the extracellular matrix, GAG fragments are specifically recognized by protein
receptors, and they play a role in the regulation of many processes, such as hemosta-
sis, growth factor control, anticoagulation, and cell adhesion.””? Given the importance
of protein—-GAG interactions, oligosaccharide fragments are prime targets for drug
design. GAG mimetics are soon likely to have clinical applications as modulators of
cytokines, growth factors, or enzymes functioning in various diseases and
pathologies.

Docking of GAG oligosaccharides or polysaccharides in protein—receptor binding
sites presents several serious difficulties: (1) both the ligand and the protein display a
high flexibility of side chains; (2) because of their negatively charged nature, GAGs
require accurate consideration of electrostatic and water-mediated interactions; and
(3) the binding site does not generally adopt a pocket or crevasse shape that would
allow for easy identification. Furthermore, the development of proper conformational
tools suffers from the paucity of structural data on GAG—protein complexes.

Analysis of the projection of the ESP on the Connolly surface of a protein, for
example, with the MOLCAD (1985) program, which allows prediction of the most
energetically favorable region (included in SYBYL, Tripos Associates), has proven to
be useful. The GRID program'** for binding of small probes on the protein surface is
very successful in identifying sulfate-binding regions. For predicting the orientation
of the oligosaccharide on the protein surface, the AutoDock program,”’’ which
considers flexibility at glycosidic linkages and pendant groups (hydroxyl groups,
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hydroxymethyl, and so on), can be used for charged oligosaccharide fragments. Such
an approach generally yields several families of conformations.

The conformational behavior of a pentasaccharide sequence in heparin responsible
for high affinity to antithrombin IIT has been the subject of several investigations. This
study is complicated by the fact that a conformational change occurs in the protein
upon binding.””**”> The first model obtained using homology modeling for the
protein and hand-docking of the pentasaccharide allowed the determination of those
basic amino acids involved in recognition of the sulfate and carboxylate groups.’”®
A study making use of several newly developed docking programs arrived at the same
prediction for the binding site.””” In the crystal structures of the complex between
antithrombin III and the pentasaccharide,3 o8
demonstrated to interact with the oligosaccharide’s sulfate and carboxylate groups.
The conformation of the bound pentasaccharide is also subjected to induced-fit upon
binding. At the present time, both X-ray crystallographic studies and NMR data
coupled with molecular modeling®” agree that the binding is accompanied by
variations in the dihedral angle of two glycosidic linkages and conformational shift
of the 2-O-sulfated iduronic residue.

Fibroblast growth factors (FGFs) are among the numerous proteins that bind
heparin. They have received special attention because of their role in the control of
cell proliferation, migration, and differentiation. Two FGFs and their coreceptors—
FGFRs—have been cocrystallized with heparin fragments, and the minimal binding
sequences could be determined.”” Analysis of the crystal structures, together with
molecular modeling, demonstrated that upon binding, the regular helical shape of
heparin is distorted. A kink is formed at one point by both modifications of the
conformation of one glycosidic linkage and the ring shape of one iduronate residue.*"!
Such “induced-fit” of the ligand as a result of its interaction with a protein is very
probable, as it is classically observed in lectin—glycan interactions. The vascular
endothelial growth factor (VEGF) that plays a role in angiogenesis binds to heparan
sulfate. Molecular modeling studies demonstrated that a highly sulfated heptasacchar-
ide is the optimal binding sequence required for high-binding affinity.

Chemokines, derived from chemoattractant cytokines, constitute a large family of
small proteins (8—12 kDa in their monomeric form). Based on their physiological
features, they have been classified as “inflammatory” (or inducible) or “homeostatic”
(or constitutive).*"” Their roles include events as diverse as development, angiogen-
esis, neuronal patterning, hematopoiesis, viral infection, wound healing, and metas-
tasis. Given the importance of protein—-GAG interactions (Fig. 32), oligosaccharide
fragments are important targets for drug design. Chemokines interact with GAGs in
general and with heparan sulfate in particular. This binding is thought to create a local

a cluster of basic amino acids has been
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FIG. 32. General GAG—chemokines interactions. Orthographic representation of the lowest energy-
binding mode of heparin with the chemokines IL-8, SDF-1a, and CDF.>"’

concentration, or a gradient, of chemokines on tissues where some GAGs are specif-
ically expressed. Despite the large number of binding studies, crystallization of
chemokine—oligosaccharide complexes has proved difficult, and the number of avail-
able crystal structures is limited.

Modeling studies have therefore been used for describing the interaction between
chemokines and heparan sulfate. One intriguing structural feature is that chemokines
may exist in solution as monomers or dimers (sometimes tetramers), but they bind
GAG:s in the dimeric or tetrameric state. Depending on the dimerization mode and the
positions of basic amino acids in the peptide sequences, chemokines will exhibit
positively charged clusters on their accessible surfaces that define several possibilities
for binding heparan sulfate.*’**"*

As seen from the previous examples, the docking of GAGs has long been a very
impractical task, and modeling of their complexes with proteins was usually per-
formed in conjunction with other methods.*”>*°” A method for the de novo placement
of explicit water molecules has been developed with the purpose of improving the
outcomes of docking studies.””® A dataset of 11 protein complexes has been selected,
based on high-resolution structures (no greater than 2.2 ;\) containing ligands no
higher than tetrasaccharides. The performance of these programs was found to be in
the order of FlexX < MOE < eHiTs < AutoDock3. All of them produced better poses
when coupled with explicit water molecules. This is a significant finding, as most
docking programs, including the four tested ones, already include solvation effects
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implicitly in their scoring functions. The program AutoDock 3 performed signifi-
cantly better than the other three programs in the validation experiments. Specifically,
it produced top poses with average 1.94 and 1.60 A RMSDs for the binding sites
without and with explicit water molecules, respectively. However, it failed to repro-
duce correctly those binding-site residues experimentally known (by site-directed
mutagenesis) to be important for binding IL-8 to heparin/heparan sulfate disaccha-
rides. The program FlexX performed significantly worse than the other three pro-
grams when tested with FlexX type 3 water molecules, but its performance was
enhanced almost to the level of that of eHiTs when combined with crystallographic
or GRID-generated water molecules.

Further simulations, including MD in the presence of explicit water and counter
ions, have to be envisaged for a thorough investigation. To this end, a novel targeted
MD-based protocol has been developed to address ligand and receptor flexibility, as
well as the inclusion of explicit water molecules in local molecular docking. When
applied to the protein—-GAG system, this method exhibits high predictive significance
for systems dominated by electrostatic interactions, and demonstrates its capacity to
identify the receptor residues contributing most to the binding.*"’

4. Transport

Such carbohydrates as glucose, sucrose, lactose, malto-oligosaccharides, raffinose,
fructo-oligosaccharides, L-fucose, trehalose, oligoalginate, oligogalacturonate, and
others constitute a source of carbon for many organisms. These molecules have to
be transported across the membrane channel and pores. Their motion is critically
important for understanding the mechanism of many cellular processes. At the protein
level, this is achieved by a family of proteins, collectively referred to as transporters.
They constitute a wide group of transmembrane proteins that allow permeation of
sugars and facilitate their transport. Their structures, along with the mechanistic
transport model, are the subject of intense current research. The high-resolution
structural elucidation of as yet only a limited number of transporters is enabling
investigation into the MD of fundamental transport processes.

Transport across the membrane is mediated by channel-forming proteins, of
which maltoporin has been the most extensively studied. Elucidation of the first
high-resolution structure of maltoporin®'" revealed the general model of specific
channel-forming membrane proteins: a f-barrel with 18 antiparallel strands. Like
the general diffusion porins, the functional unit of maltoporin is a trimer with long
loops exposed to the cell exterior and short turns exposed toward the periplasm.



CARBOHYDRATE-PROTEIN INTERACTIONS: MOLECULAR MODELING INSIGHTS 87

A striking feature is a continuous stretch of aromatic residues in the channel arranged
along a left-handed helical path, which has been described as the “greasy slide.”

The translocation mechanism of malto-oligosaccharides across the maltoporin
membrane channel has been investigated by MD calculations®'' (see the movie
at  http:/www.iwr.uni-heildelberg.de/groups/biocomp/fischer/research/maltoporin.
html). The first event is the binding of a sugar (such as a malto-oligosaccharide) to
the first residue of the “greasy slide,” and this occurs via van der Waals interactions to
the hydrophobic face of the glucosyl ring. Deeper penetration into the channel occurs
through guided diffusion of the oligosaccharide along the “greasy slide.” A gradual
dehydration of the malto-oligosaccharide favors the establishment of transitory hydro-
gen bonds between the hydroxyl groups of the sugars and the surrounding amino acids.

This is made possible by the conformational flexibility available at the glycosidic
linkages and the primary hydroxyl groups. The presence of the charged side chains
(referred to as “polar tracks’’) mimics the lost hydration shell to the sugar by providing
hydrogen bonds to the hydroxyl groups of the carbohydrate. The polar tracks are
divided into donor and acceptor lanes all along the greasy slide. The movement of the
carbohydrate residues to the next binding site of the greasy slide, in combination with
a rearrangement of hydrogen bonds, is referred to as the “register shift.” The contin-
uous making and breaking of hydrogen bonds induces motion of the oligosaccharide
through the porin in a capillary-like fashion (Fig. 33).

An illustration of the architecture that governs the sliding of glucose throughout the
GLUTT1 transporter has been obtained throughout the application of AutoDock3 onto
a 3D template model (Protein Data Bank code 1SUK). The study revealed nine
hexose-binding clusters spanning the entire “hydrophilic” channel. Five of these
cluster sites are within 3-5 A in the vicinity of the location of 10 missense mutations
of the glucose transporter-1 deficiency syndrome. Another three sites are within 8 A
of two other missense mutations. b-Glucose binds to five sites in the external channel
opening, with increasing affinity toward the pore center, and then passes via a narrow
channel into an internal vestibule containing four lower-affinity sites. An external
site, not adjacent to any mutation, also binding phloretin but recognizing neither
p-fructose nor L-glucose, may be the main threading site for uptake of glucose."'”

Within the superfamily of carbohydrate transporters exists the major facilitator
superfamily (MFES) that facilitates movement of small solutes across cell membranes
in response to chemiosmotic ion gradients. These transporters are thought to use an
alternating access mechanism to upload and download substrates. The elucidation of
the 3D structure of a fucose transporter’'* opened the way to MD simulation of an
L-fucose residue complexed to the transmembrane protein inserted into a POPE
bilayer to mimic the bacterial membrane. Structural, biochemical, and computational
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FIG. 33. Three-dimensional features of maltoporin structures (A—C), along with snapshots of the

interaction of maltotetraose within the channel (D-F), showing the conformational changes undergone by

maltotetraose during its journey through the “greasy slide”.”"®

analysis provided insights into the function of the transporter, with the identification
of key amino acids that play a vital role in the active-transport path.

As the structures of other unique transport systems are revealed, the power of
computational methods in analysis and prediction of the transporter process is
expected to grow.
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VIII. GLYCOSIDE HYDROLASES

The hydrolysis of glycosidic bonds in carbohydrates, polysaccharides, glycopro-
teins, glycolipids, and other glycoconjugates is effected by GHs. These enzymes are
classified into endo and exo types. Exo-type glycosidases attack and hydrolyze simple
glycosides into the free sugar and the aglycon. When acting on oligo- or polysaccha-
rides, they liberate a monosaccharide unit from the nonreducing (upstream) end of the
chain. Endo-type glycosidases act on oligo- and polysaccharides and catalyze the
hydrolysis of an internal glycosidic linkage in the chain, thereby liberating two
carbohydrate moieties or releasing an oligosaccharide (or polysaccharide) and a
simple glycoside released from the reducing (downstream) end. Some glycosidases
are capable of acting as both exo and endo types. The reactions resulting from the
catalytic action of glycosidases can also be characterized by the anomeric configura-
tion of the glycosidic bond of the substrate that the enzyme attacks, namely with
retention or inversion of the anomeric configuration.

1. GHs on a Single Carbohydrate Chain

Glycosidases are enzymes that transfer glycosyl residues from their donor to water
(Fig. 34). The glycosyl transfer can occur with either retention or inversion of
configuration. Based on the similarities in their primary sequences, glycosidases
have been grouped into over 110 families,””® and for more than 75 families at least
one structure has been solved. It appears that the members from the same family share
the same general fold and function by a similar catalytic mechanism. Moreover, 3D
structures are more conserved than primary sequences and, therefore, different fam-
ilies having similar structures have been clustered into superfamilies known as GH
clans. Currently, there are 14 clans; each contains at least two families.

Two canonical mechanisms were proposed*'* for the catalytic cleavage of glyco-
sidic linkages by GH (Fig. 34). Both mechanisms involve oxocarbenium ion-like
transition states, and a pair of carboxylic acids that promote the departure of the
aglycone as a leaving group and attack of water at the anomeric center.

0} o
o\ + H—OH —  » HO/‘V,/\\H&
(donor) VLL'O/R (acceptor) O/H

FIG. 34. Schematic diagram of a general reaction catalyzed by glycosidases.
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FIG. 35. Scheme of single-displacement mechanism of inverting glycosidases shown for attack on an
a-D-glycoside. The hydrolysis reaction proceeds in a single step via direct displacement of the aglycone, and
the transition state has oxocarbenium ion-like characteristics. One carboxylic acid (B) acts as the general
base and activates a water molecule for nucleophilic attack at the anomeric center of the substrate. At the
same time, the second carboxylic acid (B;) facilitates the departure of the leaving group via general acid
catalysis. Two key catalytic residues are typically separated by a distance of 6—12 A

In inverting glycosidases (Fig. 35), the active site contains a pair of carboxylic
acids typically separated by a distance of 6-12 A2 One of the carboxylic acid
groups functions as a general acid catalyst and facilitates departure of the aglycone.
The second functions as a general base catalyst, deprotonating the nucleophilic water
molecule. The reaction is the nucleophilic attack of a water molecule to the saccharide
substrate, activated by the catalytic base, with simultaneous protonation of the
saccharide by the catalytic acid. The reaction is completed by release of the reducing
subunit and by the inversion of configuration at the anomeric center of the glycosidic
linkage that is hydrolyzed. The reaction proceeds in a one-step concerted mechanism.

For retaining glycosidases, a two-step, double-displacement mechanism has been
proposed (Fig. 36). In retaining glycosidases, two carboxylic acid groups are sepa-
rated by approximately 5 A" The shorter distance between the carboxyl groups than
is seen in inverting glycosidases reflects their different modes of action. One carbox-
ylic acid residue functions as the nucleophile and attacks the anomeric carbon atom
directly. In this glycosylation step, a covalent glycosyl-enzyme complex is formed by
a displacement reaction. The additional carboxylic acid functions as a general acid
catalyst which protonates the departing glycosidic oxygen. The first step (glycosyl-
ation) corresponds to the attack of nucleophilic oxygen of the nucleophilic carboxyl-
ate to the substrate, activated by simultaneous protonation of the substrate by the
catalytic acid, thus creating an enzyme—substrate complex and releasing the nonredu-
cing subunit of the glycosidic linkage R. In the second, deglycosylation step, the
reaction is completed by the general base-catalyzed attack of water at the anomeric
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FIG. 36. Scheme of a double-displacement mechanism of retaining glycosidases shown for attack on an
a-D-glycoside. Two nucleophilic displacement steps are required for hydrolysis. In the first glycosylation
step, a covalent glycosyl-enzyme intermediate is formed via an oxocarbenium ion-like transition state. In
the second deglycosylation step, the general acid catalyst is deprotonated and acts as a general base, by
activating a water molecule for nucleophilic attack at the anomeric center of the glycosyl-enzyme
intermediate. This step also proceeds via an oxocarbenium ion-like transition state. The two carboxylic
acid residues (B, B;) are usually separated by a distance of approximately 5 A

carbon with replacement of the enzyme’s carboxylate group. The reaction is com-
pleted by release of the reducing saccharide with its anomeric configuration retained.

A majority of glycosidases act by these two mechanisms. Major exceptions are
those that act on 2-acetamido sugars, where the oxygen atom of the acetamido
carbonyl group functions as an intramolecular nucleophile in the so-called
substrate-assisted mechanism.”**'” In this mechanism, the acetamido group of the
substrate plays the role of the enzyme nucleophile, attacking the anomeric carbon and
forming an oxazolinium ion intermediate (Fig. 37).
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FIG. 37. Scheme of a substrate-assisted mechanism of retaining glycosidases operating via an oxazoline
ion intermediate.

Advances in research on glycosidases and their mechanisms have been repeatedly
reviewed.”?? 7023114167420 Thig section offers an overview of modeling contributions
to our understanding of the catalytic reaction of glycosidases at the atomic-detail
level.

a. Reaction Coordinates of GHs.—One of the distinctive features in the catalytic
mechanism of glycosidases is that the pyranose ring at subsite-1 is in a distorted
conformation instead of the most stable *C; conformation. This distortion was first
4217423 and later observed in several com-
1417424429 Computational methods
significantly contributed to the understanding of this substrate preactivation. It was
suggested, based on a QM study of the model compound 2-oxanol,'®” that saccharide
distortion determines the pathway of the glycosidase reaction. This proposal is
supported by recently reported calculations of conformational free-energy surfaces,

proposed for lysozyme of hen egg white

plexes of retaining and inverting glycosidases.”®
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which allowed a description of the catalytic itineraries used by
glycosidases, 253239261262

The hybrid QM/MM CPMD”**** study of the enzyme—substrate complex of
Bacillus 1,3-1,4-p-glucanase””**” showed that upon binding to the enzyme the
substrate glucopyranose ring at the —1 subsite favors a distorted '*B/'S; skew-boat
conformation over the *C; chair conformation. As compared to the *C; ring form, the
'S5 conformation possesses a longer C-1—O-1 linkage, a shorter C-1—O-5 linkage,
and a higher positive charge on the anomeric carbon atom. All of these changes occur
during the enzymatic reaction on going from the Michaelis complex to the transition
state.”' " Therefore, it was suggested that the enzyme accelerates the catalytic reaction
by distorting the substrate to a structure closer to that in the transition state.

The free-energy surfaces for p-p-glucopyranose,”” a-L-fucopyranose,”*’ and f-p-
mannopyranose,”*” were calculated by using metadynamics simulation. The metady-
namics simulations were performed using CPMD formalism and the Cremer—Pople
puckering coordinates™*' as two CVs.””* The calculated free-energy maps are shown
in Fig. 38, and qualitative differences among them are obvious. The low-energy
regions (the most stable minima) are located on one side of the diagram, but are
shifted from southwest (p-D-glucopyranose) to northeast (a-L-fucopyranose) and
northwest (B-pD-mannopyranose). Comparison with the X-ray structures of complexes
showed that experimental structures were located in low-energy regions (for example,
see Fig. 38A) and suggested that corresponding glycosidases evolved to select
preferentially those conformations that required less energy for distortion of the ring.

—//f\’ N i (‘ 3 16.0

WeC, C
\.)\\\ Ui \ U /] <) 8.0
P T ] 2

FIG. 38. Distribution of the canonical conformations on the computed free-energy surface of (A) p-b-
mannopyranose,”®> (B) p-p-glucopyranose,” and (C) a-L-fucopyranose”®” (southern hemisphere). Rep-

rinted with permission from Ref. 262. Copyright 2010 American Chemical Society.
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The authors also defined”®” the preactivation index &, and the highest value of &
represents ring conformations that are the most likely candidates to be in Michaelis
complexes. Based on the analysis, they concluded that, for p-p-glucosidases, o-L-
fucosidases, and f-D-mannosidases, the most suitable ring conformers are 2So and ]S3,
'C,, and 'Ss, respectively (Fig. 39). In these ring conformations, the arrangement at
the anomeric carbon allows an in-line nucleophilic attack into the antibonding orbital
of the breaking glycosidic linkage. This could also explain why p-pD-glucosidases
favor a 'S3;—*H;—*C, or 2So—*°B—"°S, itinerary. Similarly, these calculations
justified the preference of o-L-fucosidases and p-pD-mannosidases for a
', —3H,—"'C4and 'Ss —By5— %s, itinerary, respec:tively.424

It is surprising that molecular modeling of the conformational preferences of isolated
pyranosides successfully described potential conformational itineraries used by glyco-
sidases. However, this correlation might suggest that the intrinsic conformational
properties of the free hexopyranose residue are the main factors responsible for the
distortion of the saccharide residue at the —1 subsite in glycosidases, and that active-site
structures of the enzyme may have evolved to meet criteria for an efficient catalysis.

B
B-p-Mannopyranose B-p-Glucopyranose

Ring conformation Ring conformation

a-L-Fucopyranose

90

75
60

30
15

Ring conformation

FIG. 39. (A—C) Variation of the values of the preactivation index £°°% as a function of ring conformation
obtained for P-bD-mannopyranose, f-bD-glucopyranose, and o-L-fucopyranose. (D) Experimentally pre-
dicted*'” catalytic conformational itineraries for retaining p-p-mannosidases (blue), p-p-glucosidases
(orange), and a-L-fucosidases (green). Reprinted with permission from Ref. 262. Copyright 2010 American
Chemical Society.
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2. Retaining GHs

The majority of the retaining glycosidases employ the canonical mechanism given
in Fig. 36. This double-displacement mechanism proceeds through two transition
states and a covalent intermediate. The retaining enzymes possess two essential amino
acids, the catalytic nucleophile that forms a covalent glycosyl-enzyme intermediate
and a general acid/base catalyst that in the first step assists departure of the leaving
group and in the next step assists nucleophilic attack of water. Both catalytic residues
are usually carboxylate groups.

a. Glucosidases.—The rate-limiting step of the hydrolysis of a tetrasaccharide
catalyzed by bacterial 1,3-1,4-p-glucanases, namely formation of the glycosyl—
enzyme intermediate, has been studied by means of QM/MM metadynamics.*’” The
free-energy surface reconstructed from the metadynamics simulation is given in
Fig. 40 as a function of two CVs. Stationary points on the free-energy surface showed
that the reaction pathway itinerary can be described as '“B/'S; (Michaelis com-
plex) — Es/*H5(TS) —*C1(P). The predicted reaction barrier of 35 kcal mol ! is
similar to the values obtained for other retaining glycosidases.””>**” The transition
state had oxocarbenium ion features, with sp* hybridization of C-1, the ring C-1—0-5
linkage shortened to 1.28 A, and the C-2, C-1, O-5, and H-1 atoms lie in one plane. It
is intriguing that, while the glycosidic linkage C-1—O0-1 was increased to 3.39 A, the
nucleophile oxygen atom was still 3.61 A away. This indicated a dissociative type of
transition state.

b. Galactosidases.—The catalytic mechanism of the E. coli p-galactosidase was
studied recently by various approaches.”****° This retaining enzyme catalyzes the
hydrolysis of f-D-galactosides, the natural substrate being lactose. The 3D structure of
B-galactosidase was determined, and it was found that the enzyme requires divalent
Mg>* cation for full catalytic efficiency.*’’ The cluster approach was used to examine
both steps of the double-displacement mechanism.”**** The small model systems
contained the methyl f-p-galactopyranoside molecule, and the two catalytic residues
were modeled by propanoic acid. The initial structure of the model was the crystal
structure of E. coli P-galactosidase complexed with 2-deoxy-a-D-lyxo-hexopyrano-
side.**” The structures calculated by DFT/B3LYP of the transition states showed a
dissociative character. In the first step, the TS| was characterized by a distorted ring
conformation; the length of the C-1—O-1 glycosidic linkage was 1.98 A, the proton
was transferred to the glycosidic oxygen, and the C-1—O-5 linkage was shortened to
1.30 A. The next transition state had a more dissociative feature, with the glycosidic
linkage being extended to 2.56 A and the distance between the anomeric carbon and
the attacking water oxygen being 1.94 A. DFT calculations lead, depending on the
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FIG. 40. Free-energy surface for the formation of the covalent glycosyl-enzyme intermediate in 1,3-1,4-
f-glucanase. Reprinted with permission from Ref. 430. Copyright 2011 American Chemical Society.

functional used, to the activation barrier of 21-29 kcal mol " for the first step and
22-33 kcal mol ™" for the second step, respectively. The calculations support a role for
the hydrogen bond between the nucleophile and the C-2 hydroxyl group as facilitating
the first step. The results suggest that the deglycosylation step is rate-limiting in the
model studied.

Later, the catalytic mechanism of the E. coli B-galactosidase was studied using
QM/MM calculations and the extended model. The model consisted of 2707 atoms,
contained docked lactose, and has been divided into two layers. The QM/MM
calculations were performed using the ONIOM method in Gaussian software."*®
The higher-level layer contained 49 atoms and was treated at the B3LYP/6-31G(d)
level, the rest of the system being treated at the molecular level using the Glycam04
force field.**” The results of the QM/MM calculations differed from the cluster model
calculations and predicted hydrolysis as an exothermic reaction with an activation
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barrier around 15 kcal mol . The glycosidic bond lengths are 2.45 and 2.25 A in the
TS; and TS,, respectively. The calculations also supported stabilization of the TS by
the C-2 hydroxyl group. Moreover, they clearly showed the importance of the Mg>*
ion in the catalytic reaction and estimated that the Mg”* ion lowers the activation
barrier by 15 kcal mol ',

c. Hexosaminidases: Substrate-Assisted Mechanism.—In general, hexosamini-
dases describe enzymes that cleave the glycosidic linkage of 2-acetamido-2-deoxy-f-
D-glycosides. This group of enzymes includes, for example, lysozymes, chitinases,
chitobioses, hyaluronidases, O-GlcNAcase, and others. The majority of these retain-
ing enzymes operate by the substrate-assisted mechanism (Fig. 37), but some use the
classic mechanism. The catalytic mechanism of some enzymes has been investigated
by theoretical methods.**"~**°

The substrate-assisted catalytic mechanism of the enzyme P-hexosaminidase,
which cleaves GIcNAc from a GM2 ganglioside, has been studied using the cluster
model (48 atoms) of a substrate—enzyme complex and employing DFT and MP2/MP3
methods.”*' The calculation clearly showed that the rate-limiting step is the first step,
with the energy barrier of 35.4 and 33.1 (36.8) kcal mol ', as calculated using the
MO06-2X functional and MP2 (MP3) methods, respectively. The barrier for the second
step of 26.8 and 29.8 (34.0) kcal mol ! was calculated using the M06-2X functional
and MP2 (MP3) method, respectively. The B3LYP functional gave lower energy
barriers up to 11 kcal mol ', namely 24.4 and 19.0 kcal mol ~". The catalytic reaction
proceeded from the Michaelis complex in the 'S5 conformation through the transition
state in the *H; form to the intermediate in the *C; conformation. As the water
approached the intermediate, the ring adopted the *H; form in the TS, and then
back to the 'S5 conformation in the product. A similar structure of both transition
states is also documented by the lengths of glycosidic linkages. The distance between
the anomeric carbon C-1 and nucleophilic oxygen was 2.28 and 2.26 A in the TS, and
TS,, respectively. The distance between the anomeric carbon C-1 and the leaving
group was 2.21 and 2.38 A in the TS, and TS,, respectively. Comparison with the
classical double-displacement mechanism clearly shows that transition states in the
substrate-assisted mechanism are less dissociative. This difference is understandable,
considering the constraining influence of an intramolecular character of the nucleo-
philic attack.

The posttranslational modification of serine or threonine residues on the protein by
O-linked GIcNAc regulates a wide range of cellular functions™’*** and is balanced
by two enzymes O-GlcNAcase and OGT. O-GlcNAcase trims O-linked GlcNAc from
modified proteins and, together with OGT, controls the dynamic balance of cellular
O-linked GIcNAc levels.**’ The alternation of O-linked GIcNAc levels has been
associated with various diseases. Therefore, there has been considerable effort made
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to develop potent and specific inhibitors."'’ Potential biological applications have
generated interest in their mechanism. DFT calculations of a significantly larger
cluster model (168 atoms) have been used*® to support the substrate- assisted
mechanism proposed based on experimental data for O-GlcNAcase.”**** The cal-
culation provided detail about the structure of transition states and of the oxazoline
intermediate. Formation of this intermediate was found to be the limiting step of the
reaction, with the activation energy of 16.5 kcal mol . Interestingly, based on their
results, the authors pointed out that GIcNAc—thiazoline and PUGIcNAc inhibitors**’
could be considered as the mimetics of the oxazoline intermediate instead of the
transition-state analogue.

d. Chitinases.—Chitinases of the GH18 family hydrolyze chitin, a p-(1 —4)-
linked GIcNAc polysaccharide that is a major structural component of fungal cell
walls and exoskeletons of invertebrates, including insects and crustaceans.
A substrate-assisted mechanism has been proposed for these hydrolases,’'” and
various aspects of their enzymatic reaction have been studied by various QM
methods. " #4440 A1l calculations support the substrate-assisted mechanism.
A comparison of the transition state of the first step and the chitinase inhibitor
allosamidin suggested that allosamidin functions as a transition-state analogue of an
oxazoline intermediate.**” The first step of the enzymatic reaction has also been
studied by the QM/MM method.*** The semiempirical method optimized for carbo-
hydrates, PM3CARB, "°? was used for the QM region, which consisted of 73 atoms.
The calculated energy barrier (15.8—19.8 kcal mol™") was in agreement with the
experimental barrier of 16.1 kcal mol~'. The results revealed that proton transfer
from the catalytic acid to the glycosidic oxygen atom occurred concurrently with
the nucleophilic attack of oxygen from the N-acetyl group on the anomeric carbon.
The transition state had an oxocarbenium character. Interestingly, two stable inter-
mediates were found on the reaction pathway '“*B (Michaelis complex) — *Hs/*E
(TS) —*C, — B3 o (intermediate).

The lysozyme of hen egg white was the first enzyme structure solved by X-ray
crystallography.**” The enzyme cleaves the p-(1 —4) glycosidic linkage between
N-acetylmuramic acid and N-acetylglucosamine. Different mechanisms have been
proposed for the action of lysozyme *'***'**" and have been investigated at different
levels of theory.”'”****** The QM/MM calculations™*” do not support a mechanism
involving the creation of an oxocarbenium ion and suggest that the reaction with the
natural substrate proceeds via a covalent intermediate.

e. Others.—Golgi mannosidase II (GMII) is a carbohydrate-processing enzyme
that cleaves the (1 — 3)- and (1 — 6)-linked mannose residue from a complex oligo-
saccharide. GMII is the retaining glycosidase and plays a vital role in the biosynthesis
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of N-glycans.””” An observation that swainsonine, an inhibitor of GMIIL, led to
reduction of tumor growth and decreased the number of metastases’”” increased
interest in the catalytic mechanism of GMIL. It is noteworthy that this enzyme contains
the Zn** cation in the active site. The QM/MM metadynamics simulations were used
to examine the first step of the double-displacement mechanism of GMIL*** The
predicted free-energy barrier for the hydrolysis of a (1 — 6)-linkage is 23 kcal mol ™.
The calculations showed that GMII utilized an ©S 2/Brs— By 5(TS)— ) 5 itinerary for
the glycosylation step. The B, 5 TS had oxocarbenium ion character, with the glyco-
sidic linkage being hydrolyzed lengthening to 2.0 A. The nucleophilic oxygen of the
catalytic base was 2.93 A from the anomeric carbon atom, and the proton was
transferred from the catalytic base to the leaving O-6 group.

Another group of retaining glycosidases comprises the sialidases. They catalyze
cleavage of a sialic acid residue linked to glycoproteins, glycolipids, and polysaccha-
rides, and there are numerous biological functions linked to these enzymes."”* Despite
their importance, particularly in relation to the influenza virus, the details of their
catalytic mechanism have not been described. It was suggested” that the hydrolysis
of sialosides follows an Syl type of mechanism of inverting glycosidases that is
facilitated by a water molecule, and the final step is the mutarotation of the a anomer
to the more stable  anomer in solution. Comparison of the calculated kinetic isotope
effects (KIEs), using the semiempirical QM/MM methods, with experimental values
led to the suggestion that the ring conformation of sialic acid in the TS was *Hs.*>
Another semiempirical QM/MM study indicated that hydrolysis did not occur via a
covalent intermediate and supported an Sy1-type mechanism.

The action mechanism of endo-f1-4-xylanase that catalyzes the hydrolysis of xylan
and P-xylobiosides with retention of the anomeric configuration has been studied
using semiempirical QM/MM MD methods.”**” The system consisted of 16,476
atoms, with 86 atoms in the QM region. Calculations indicated a stepwise mechanism
for the glycosylation step. The rate-limiting step is the formation of the covalent
xylosyl-enzyme intermediate formed by nucleophilic attack of the catalytic base
without protonation of the leaving group. In the transition state TS, the bond lengths
for breaking and forming glycosidic linkage are 2.13 and 2.11 A, respectively.

3. Inverting GHs

As compared with retaining glycosidases, much less attention has been focused on
molecular modeling of the catalytic mechanism of inverting enzymes, and only two
of these enzymes have been subjected to detailed mechanistic analysis.”***
This situation is probably because of the relative simplicity of the catalytic
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mechanism, since all of the inverting glycosidases so far studied proceed via a single-
displacement mechanism (Fig. 35).

The reaction mechanism of the endoglucanase from family GH8 has been investi-
gated with DFT QM/MM methods. This inverting enzyme catalyzes the cleavage of
B-(1 — 4)-glycosidic linkages present in cellulose, chitosan, and xylan. The enzymatic
reaction was monitored by means of two predefined reaction coordinates, using the
metadynamics approach. The calculated free-energy surface for hydrolysis showed
four stationary points: Michaelis complex (reactants), the protonated glycosidic
oxygen atom, the transition state, and the product. The Michaelis complex showed
5% the glucose ring at subsite —1 favors a
distorted *So/*°B conformation. The minimal energy pathway, B-°So— >’B

that, in agreement with experimental data,

(TS) —>S,-a, proceeds through a transition state characterized by protonation of the
glycosidic oxygen atom and a lengthening of the hydrolyzed glycosidic linkage. The
calculations with the PBE functional®”’ predicted hydrolysis of cellulose as an
exothermic reaction with the reaction barrier around 36 kcal mol .

A similar computational strategy was used for analysis of the hydrolysis of the
B-(1 —4) glycosidic linkage in xylobiose catalyzed by the inverting p-xylosidase*’
(XynB3) that belongs to family GH43. In the Michaelis complex, the pyranosyl ring is
in the distorted 2SO conformation, and in the transition state the ring is close to the 25p
conformation. Thus, the conformational itinerary is similar to that found in an
endoglucanase of the GHS family. The predicted reaction barrier was almost
24 kcal mol~'. The transition-state structure is characterized by lengthening of
the hydrolyzed glycosidic linkage from 1.49 A in the Michaelis complex to 2.62 A,
and shortening of the ring C-1—O-5 linkage from 1.40 A in the Michaelis complex
to 1.28 A.

4. Beyond the Catalytic Mechanism

The identification of the active site of a protein is usually assessed through
systematic mutations of the amino acids suspected to play a role in the recognition
and catalytic events. Computational methods are then used to dock the respective
oligosaccharides or polysaccharides into the active site. The majority of investiga-
tions focus on unraveling the binding modes and catalytic mechanisms, with the
expectation of a providing a rational design for potential inhibitors. The proteins
and their carbohydrate ligands are considered in their energetically most stable
conformations. Usually, several models of interactions result from the docking pro-
cedure, and they are ranked according to the calculated energies of interactions. These
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models provide a way to localize the substrate in the protein and start explaining
conformer selectivity based on the dimensions of the active site. In many instances,
the docking of inhibitors and substrates helps to delineate the dimensions of the
binding site, which are usually large. They may extend over several monosaccharide
residues beyond and toward the site of cleavage. The key amino acids that may be
involved in the catalytic mechanism can be identified from these docking studies.
Such computational protocols have been applied to the study of various classes of
glycosidases.

Enzyme inhibitors can be classified into substrate analogues and transition-state
analogues. Both types of analogues inhibit the enzyme by effectively competing with
the substrate for binding to the active site of the enzyme, but are not affected by the
enzyme. Substrate analogues mimic the structural features of the substrates, whereas
transition-state analogues have some structural characteristics that are unique to the
transition state.

Some recent examples incorporating state-of-the-art modeling tools have been used
to investigate the features of heparanase interacting with heparin.*’”****** From
these docking studies, the substrate specificity of heparanase toward heparin could be
explained and could provide a way to the rational design of saccharide entities that
might inhibit the enzymatic action of heparanase. However, the most striking exam-
ples can be found in studies on influenza A, for which recent cases of avian influenza
HS5N1 and those of swine origin (HIN1) have caused a great deal of concern. Viral
transmission involves two critical interactions. The first step is the binding of hem-
agglutinin (HA), a glycoprotein on the viral surface, to the sialylated glycan receptors
that are terminated by N-acetylneuraminic acid (Neu5Ac) groups expressed on the
surface of the host cell. Glycans terminating in Neu5Ac that is a-(2—6) and
o-(2—3) linked to the penultimate galactose serve as receptors for the human- and
avian-adapted influenza A virus, respectively. The final stage of infection occurs
when viral neuraminidase (NA) cleaves neuraminic acid from the cell surface and
progeny virions facilitate release of virus from infected cells (Fig. 41). Structural
analysis of the neuraminidase of influenza virus,"®® and neuraminidase in a complex
with sialic acid,*®* led to the design of a potent inhibitor of neuraminidase activity,
termed zanamivir.** Based on the efficacy of zanamivir (Relenza™), another neur-
aminidase inhibitor has been developed, namely oseltamivir phosphate
(Tamiflu™).**° They are both potent and clinically effective anti-influenza
drugs.*®” Tt should be noted that Relenza is a carbohydrate-based drug, whereas
Tamiflu is a carbocyclic mimetic. Nevertheless, major concerns remain regarding
the development of resistance to these drugs, and this is already occurring. Point
mutations in the neuraminidase of the influenza virus have been reported that lead to a
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FIG. 41. Pictorial representation of the size and the interconnection of the reservoirs of influenza
A viruses, along with their subtypes, (left) based on two proteins of the surface of the virus, (right) the
hemagglutinin (H) and the neuraminidase (N), along with the structure of the oligosaccharides recognized
by human viruses [aNeuSAcp-(2 — 6)-pGalp-(1 —4)-GlcNAcp] and in birds [aNeu5Acp-(2 — 3)-pGalp-
(1 —4)-GlcNAcp] as recognized by avian viruses.
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FIG. 42. Computational studies of the resistance of HS5N1 influenza to neuraminidase inhibitors:
Attachment of the various inhibitors of neuraminidase at the binding site of the cocrystal (i) sialic acid
(PDB IMWE),”” (i) 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (DANA) (PDB 1F8B),'®!
(ili) Relenza® (4-guanidino-Neu5Ac2en, or zanamivir) (PDB INNC),”' and (iv) Tamiflu©
[5-acetamido-3-(1-propoxy)-1-cyclohexene-1-carboxylic acid, or oseltamivir] (PDB 2QWK). !

dramatic loss of activity for the known neuraminidase inhibitors cited here (Fig. 42).
A deeper elucidation of the molecular basis involved in such resistance is required for
developing improved next-generation drugs. Modeling the binding of ligands with
neuraminidase has been performed using explicit solvent all-atom MD simulations,
free-energy calculations, and residue-based decomposition. The simulations predicted
the effects of a known mutation at one amino acid (R292K) and provided clues as
to the origins of resistance to the mutant. The results provide further rationalization of
the experimental observations previously recorded.**®

The possibility of future influenza pandemics (including the advent of highly
pathogenic H5N1 strains) has highlighted the need for additional computational
methods. The binding properties of the neuraminidase of HS5N1 influenza virus
have been inferred from molecular modeling.*®” The investigation, using molecular
docking and MD simulations, aimed at characterizing the difference of the binding
properties between sialic acid, methyl 3'-sialyl-lactoside, methyl 6’-sialyl-lactoside,
and the neuraminidase of the HSN1 influenza virus. The results obtained indicate that,
in the complex, sialic acid undergoes a conformational transition of the ring. Mean-
while, methyl 3’-sialyl-lactoside establishes only weak interactions with a key loop
of the neuraminidase, in contrast to what is observed for the complex with methyl
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6'-sialyl-lactoside. The differences could be attributed to the existence of different
conformations about the glycosidic linkages. As these molecular modeling results are
consistent with available experimental data on the specificity of neuraminidase, they
provide reasonable structural information for the rational design of novel and specific
inhibitors of H5SN1 neuraminidase as potential therapeutics for the treatment of avian
influenza.

5. GHs on a Solid Substrate: The Cellulase Case

The enzymatic breakdown and degradation of cellulose require a complex of
enzymes working together, as the synergetic action of at least three types of enzymes
is required for efficient digestion of cellulose into glucose (Fig. 43). These enzyme
types are (i) endoglucanases (EG, EC 3.2.1.4), which cleave the cellulose chains
randomly; (ii) cellobiohydrolases (CBH, EC 3.2.1.91), which recurrently cleave
cellobiose from the chain end of cellulose; and (iii) p-glucosidases (EC 3.2.1.21),
which hydrolyze cellobiose. Other complementarities are found among these
enzymes, as exemplified by the synergistic action of two cellobiohydrolases namely,
Cel6A and Cel7A, from such organisms as Trichoderma reesei and Humicola inso-
lens. Cellulases also consist of a cellulose-binding modules (CBMs) which play a
fundamental role in the hydrolysis of the solid substrate. Even if the exact function of
this CMB is not totally elucidated, it is known to potentiate the action of cellulolytic
enzymes on insoluble substrates and plays a significant role in the degradation of
crystalline cellulose.”’’ The CBM has a specific planar binding surface that allows the
enzyme to adhere to the hydrophobic face of the sugar molecules, thus enhancing the
activity of the catalytic module toward crystalline cellulose. The core domain con-
tains an active center that hydrolyzes cellulose in a catalytic manner, together with
subsites that interact with the cellulose chain close to the active site. The aromatic
amino acids (tryptophan and tyrosine) provide strong binding to the cellulose chains
via van der Waals interactions. The occurrence of the CMB, which plays a dual
function of recognizing and adhering to the surface of the crystalline cellulose, is a
key factor in the ability of the enzyme to degrade the insoluble substrate. The tight
association of substrate with the enzymatic machinery (namely the catalytic module
linked to the CBM) provides an efficient way to keep all of the components in
proximity. Numerous studies have established that three aromatic residues are needed
for binding onto cellulose crystals, and that tryptophan residues contribute to higher
binding affinity than tyrosines. However, evidence has accumulated showing that
different binding sites for the same cellulose-binding domains could occur. After a
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FIG. 43. The enzymatic digestion of cellulose. The top panel depicts the three-dimensional structures of
the three main categories of enzymes (from Trichoderma reesei) that digest crystalline cellulose. The
central panel provides a visual depiction as to how the cellulose-digesting enzyme (shown here as
cellobiohydrolase T or Cel7A*"7>'%) interacts with the crystalline arrangement of cellulose and breaks
down cellulose into glucose, and it also illustrates a carbohydrate-binding module (CBM; PDB 1CBH). The
bottom panel shows the three faces of the cellulose Ia crystal models, in projection with the Miller indices of
their constituent crystal planes.’'* Reprinted with permission from Ref. 10. Copyright 2013 CRC Press,
Taylor & Francis.

first step of adsorption onto the microfibrils, the cellulolytic enzymes are then able to
leave cellulose chains, leading to morphological changes in the substrate. The reac-
tion rate decreases dramatically with the extent of conversion; a slowdown could be
explained by such enzyme-related factors as enzyme inactivation, product inhibition,
or changes in substrate reactivity.

The morphology of the native cellulose crystals is an essential feature in the
enzymatic degradation, and this is of profound concern, from both fundamental and
applied aspects.””! The binding of cellulose by GH enzymes (from Cazy family 6)
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from Hypocrea jecorina and Thermobifioda fusca has been investigated using
AutoDock 3.06. The results indicate that a B-glucopyranose residue binds most tightly
to the enzyme subsite approximately two carbohydrate residues away from the
glycosidic cleavage site (namely the so-called —2 subsite).*’” In a subsequent docking
investigation,”® the specificity of various GHs for f-glycosides was evaluated using
AutoDock. The outcome of the simulation pointed toward the existence of eight
active-site residues as being mainly responsible for carbohydrate specificity. The
way in which cellulose is recognized by the CBM of the Cel9 enzyme from T. fusca
has been explored through a docking study, using DOCKS in conjunction with MD
simulation. The results indicated the involvement of the CBM in the binding event, a
finding that explains why removal of the CBM results in a decreased turnover of the
hydrolysis of cellulose.”””

A systematic study of the CBM protein of Cel7A of T. reesei, with the cellulose Ia
crystal model has been performed using a combined Grid docking search and MD
calculations (Fig. 42).*”* Three types of crystal models of cellulose o with infinite
dimensions were constructed, each consisting of different crystallographic faces,
namely (1 1 0), (1 0 0), and (0 1 0). The (1 1 0) complex models exhibited larger
affinities at the interface than the other ones. It was found that the CBM was bound
more stably to the (1 1 0) surface when it was placed in an antiparallel orientation with
respect to the fiber axis of the cellulose. The predicted directional specificity of the
CBM at the optimal positions was consistent with the observed processing direction
of the Cel7A.*”> In the solvated dynamic state, the curved (1 1 0) surface resulting
from the fiber twist assisted somewhat in a complementary fit with the CBM at the
interface.

Much can be learned about the processivity by conducting carefully designed MD
simulations of the binding of the catalytic domains of cellulases having different
substrate configurations, solvation models, and thermodynamics protocols.”’® Pro-
cessivity describes the action of an enzyme that binds a polymeric substrate and
catalyzes a series of similar chemical reactions along that polymer before releasing
the fully modified polymer to solvent.)

The computational model of cellobiohydrolase I (Cel7A) from T. reesei on a
cellulose (1 0 0) surface displays a large catalytic domain (left), linker (middle single
strand), and CBM (right small domain). A cellodextrin strand is shown peeled out of the
surface of the cellulose and threaded into the catalytic tunnel of Cel7A. The solvating
water and the lower portion of the cellulose fiber are not shown in this visualization.*’’
The investigation requires the consideration of approximately 800,000 atoms. In order
to encounter such a computational challenge, most of the numerical simulations will
require significant modifications of existing code and algorithms.
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IX. CONCLUSION AND PERSPECTIVES

In the past few years, there has been an increase in the development and application
of computational methods aimed at establishing the molecular features characterizing
protein—carbohydrate interactions. Quite naturally, these computational methods rely
on earlier experimental studies for interpreting the structural and dynamics charac-
teristics in the broad field of glycoscience. Significant steps have been made, among
which the developments and implementations of force fields capable of taking into
account the specificity of carbohydrates (stereoelectronic effects, gauche effects, and
others), and their compatibility with the computational tools that have been developed
earlier for proteins. Recently, methods for handling the many rotatable bonds in the
flexible docking of conformationally mobile carbohydrates have been established. It
has been recognized that the surfaces of carbohydrates and their derivatives present
both hydrophobic and hydrophilic patches, and these remain a source of difficulty in
modeling. Nevertheless, a balance between hydrophobic and hydrophilic patches is
essential for the solubility of the carbohydrate and for molecular recognition. The
existence of such a feature, combined with the enhanced conformational flexibility, is
a unique aspect that explains how complex oligosaccharides can be transported
through transmembrane proteins in a capillary-like and yet selective manner.

The force-field calculations of binding free energies and enthalpies with the desired
level of accuracy remain to be improved and verified against well-characterized
experimental data. Certainly, calculation of free-energy perturbations is a promising
approach for the prediction of carbohydrate-receptor binding affinity. Such calcula-
tions cannot be performed without a full understanding of solvation. Progresses in this
area require a better handling of hydration and the significant role played by solvation
and desolvation of both carbohydrates and proteins, in their isolated states and also
during the course of their interactions.

Computational modeling of protein—carbohydrate complexes faces multiple chal-
lenges that arise from the extreme flexibility of the ligand, the occurrence of CH-n
interactions, the formation of an extensive network of hydrogen bonding (often
involving water molecules), and the lack of specialized scoring functions. Neverthe-
less, these computational tools are achieving recognition as being as valuable as the
other methods of structural investigation, and they have started to produce reliable
and insightful results. They can help in reconciling the experimental results gathered
from independent experiments under different conditions and environments, and in
extrapolating the results. The wealth of successful applications in many different
examples of protein interactions with carbohydrates is a testimony to the maturity of
the modeling methods and protocols that have been developed. These instances of
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success deal nevertheless almost exclusively with situations where proteins interact
with carbohydrates, without any further catalytic action. Even in these instances, very
few studies have been implemented that properly account for receptor flexibility in
the carbohydrate-binding site.

Complementary computational methods need to be developed and/or integrated to
allow the study of enzymatic reactions and the subsequent optimization of such
biocatalyts. These methods, based on molecular robotics algorithms, would be used
for an efficient virtual screening of high-dimensional configurational and conforma-
tional space. The ongoing developments of robotics algorithms are expected to
provide efficient tools for exploring the dynamic functionality of enzymes. These
are based on effective path-planning algorithms and fast geometric operators designed
for complex articulated chains. Their aim is to reduce, in a significant but relevant
way, the exploration of the combinatorial space of the enzyme sequences, based on
the geometric feasibility for a ligand either to access or to leave the catalytic site in a
“productive” way. The enhancement of the predictive performances of such algo-
rithms will require the use of simplified energy functions to prefilter those confor-
mations that are nonviable, and build the network of concerted motions while the
enzyme is interacting with the ligand.

Investigation of the catalytic mechanism of inverting and retaining carbohydrate-
processing enzymes requires high-level, DFT, and hybrid QM/MM calculations. The
modeling studies have provided valuable information about the reaction mechanism
of glycosidases and GTs. However, despite considerable progress in our understand-
ing of structure—function relationships of these enzymes, there are challenges remain-
ing. For example, the structure and action mechanism of GTs that are involved in the
biosynthesis of various polysaccharides need to be determined. Studies on the cata-
lytic reaction and the dynamic motions undergone by the enzymes are currently being
addressed only separately. Many GTs exhibit conformational changes upon binding to
the ligand and in the catalytic stage. For most enzymes, the nature and extent of these
changes have not been well defined. To understand fully the catalytic mechanism of
GTs, some questions therefore need to be answered: (i) Is the rate-limiting step
chemical bond cleavage/formation, or is it conformational motion? (ii) Do the con-
formational fluctuations occur only when substrates are present? (iii) Is the loop
closing a one-step process or are intermediates involved, and is there only one path
to this conformation? (iv) Do motions from fully equilibrated conformational
changes, as well as atomic vibration modes, contribute to and are they part of the
complex reaction coordinate? Obtaining the entire picture of the reaction mechanism
of GTs remains one of the major challenges for the rational design of specific and
potent inhibitors/drugs for this class of enzymes. Consequently, developments are
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required to set up “hybrid methods” of MD based on the principles of QM, with the
purpose of studying the dynamics of electronic effects and charge transfer within the
catalytic site. Such hybrid methods would include ab initio dynamics as developed by
Car and Parrinello (CPMD) and a “classical” MD force field. Applications of these
computational methods should allow further exploitation of the protein—carbohydrate
interactions, especially for therapeutic purposes. Design of inhibitors of GHs and
GTs that are transition-state analogues requires knowledge of the mechanism of
the enzymatic reaction, along with the geometry and charge distribution of the
transition state.

Biologically and technologically relevant questions are being identified and present
major challenges. Since most carbohydrate-binding proteins, particularly lectins and
adhesins, display rather low affinity and generally have narrow carbohydrate-
recognition domains (involving less than a tetrasaccharide residue), their intrinsic
specificities often reside in their valences, together with their various topologies. The
simultaneous presentation of several appropriate and identical glycoside units con-
verts relatively weak interactions into strong and specific recognition effects. This
specificity is frequently referred to as “Sugar Code,” deciphering of which may
require the full characterization of not only a single carbohydrate—protein interaction
but the interactions of several binding sites with multivalent carbohydrate ligands
being presented. This factor may be the impetus for designing multivalent inhibitors
in an anti-adhesion therapy and to understand how soluble lectins expressed as
virulence factors by opportunistic bacteria may bind to epithelial cells of the host
prior to invagination. Therefore, some physicochemical principles that underline their
associations need to be considered in modeling such systems, for example, patches of
glycolipids and glyco-surfaces. As the concept of a “glyco-landscape” becomes
recognized, new modeling protocols need to be developed. They require novel
computational tools capable of constructing the landscape resulting from the side-
by-side arrangements of such glycoconjugates as glycolipids. A new paradigm will
emerge, where attention will be given not only to the interaction of a protein with a
single carbohydrate unit (the so-called tree vision), but rather the interaction with
glyco-surfaces (the so-called glyco-canopy, a term coined by analogy to the “crown
canopy,” namely the uppermost layer in a forest formed by the crown of trees).

This concept is likely to progress as enhanced research on the solid-state degrada-
tion by enzymes of the polysaccharides of plant cell-walls offers major challenges and
the promise of important applications. Plant biomass is an alternative natural source
for chemical feedstocks, with a replacement cycle short enough to meet the demand of
the world fuel market. The enzymatic hydrolysis of cellulose is still considered as the
main limiting step in the production of biofuels from lignocellulosic biomass. This
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step involves the action of three types of cellulose-degrading enzymes acting syner-
gistically. For the design of a functional kinetic model, integrating the various
properties of each enzyme along with its synergies, much can be learned by conduct-
ing carefully designed computer simulations. These would include the binding of the
cellulose-binding domains and the catalytic domains of cellulases with various
substrates, along with solvation models and thermodynamics protocols. Such an
enormous computational challenge is delineating the new frontiers in the area of
protein—carbohydrate interactions.
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