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ABSTRACT

Protein-ligand docking is an essential technique in computer-aided
drug design. While generally available docking programs work well
for most drug classes, carbohydrates and carbohydrate-like compounds
are often problematic for docking. We discuss the peculiarities of
protein-carbohydrate interactions and their impact on protein-carbohy-
drate docking and review the state of the art in docking of carbohy-
drates to proteins. Finally, we give an overview of carbohydrate dock-
ing studies and present a new docking method specifically designed to
handle docking of carbohydrate-like compounds. BALLDock/SLICK
combines an evolutionary docking algorithm for flexible ligands and
flexible receptor side chains with carbohydrate-specific scoring and
energy functions. The scoring function has been designed to identify
accurate ligand poses, while the energy function yields accurate esti-
mates of the binding free energies of these poses. On a test set of
known protein-sugar complexes we demonstrate the ability of the ap-
proach to generate correct poses for almost all of the structures and
achieve very low mean errors for the predicted binding free energies.

http://www .beilstein-institut.de/glycobioinf2009/Proceedings/Kohlbacher/Kohlbacher.pdf
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INTRODUCTION

The interactions between carbohydrates and proteins are of special interest, because glyco-
proteins and glycolipids play numerous fundamental roles in biological processes such as
cell fertilization, differentiation, and development. Realizing the importance of carbohy-
drates has even led to the term “glycomics” to indicate a new era of carbohydrate research

[1].

One of the main reasons for the observed versatility of carbohydrates in transmitting in-
formation is the complex structure of carbohydrates. The huge number of possible carbohy-
drate structures, — glycospace — can encode huge amounts of information [2]. In mammals,
however, only a small part of glycospace seems to be used [3]. This potential for transmit-
ting information has been exploited by nature in various forms, where protein-carbohydrate
interactions are crucial for many biological processes including cell-cell recognition, prolif-
eration, and differentiation. A prominent example is the interaction of leukocyte L-selectin
with its endothelial ligand, which is crucial for initiating leukocyte recruitment to sites of
inflammation [4]. Glycosylation determines antibody activity, too, and is responsible for
mediating triggered inflammatory responses [5—7]. It has also been shown that the glyco-
sylation patterns differ between normal cells and cancer cells [8, 9].

While the protein-carbohydrate interaction may be used for defensive purposes, it has also
been hijacked by other organisms, bacteria and viruses [10— 12]. For example, Helicobacter
pylorus binds to carbohydrates expressed on gastric epithelial cells [13]. Bacterial toxins like
cholera toxin, Escherichia coli enterotoxin pertussis toxin, and tetanus toxin attach them-
selves to carbohydrates on cell surfaces and subsequently enter the cell.

Of course, the protein-carbohydrate interaction may also be exploited in novel therapeutic
approaches [14, 15]. In tumour therapy for example, galectins are promising targets [16]. In
the case of HIV, several proteins were reported to bind to the highly glycosylated envelope
protein gp120— an interaction which may be the basis for a vaccine [17—19]. More gen-
erally, protein-carbohydrate interactions may be used to enhance the efficacy of drug deliv-
ery systems [20, 21] or to define the specificity of drug targeting systems for certain,
possibly malignant, cells or tissues [22, 23]. The large potential of such approaches was
shown in several studies [24, 25].

A thorough understanding of the factors governing the affinity between proteins and carbo-
hydrates might help to design tailor-made carbohydrates or proteins to better exploit this
special type of interaction. However, experimental assessment of the carbohydrate-recogni-
tion by NMR spectroscopy or X-ray crystallography is impeded by difficulties of co-crystal-
lizing proteins and carbohydrates. Here, computational modelling might help to increase our
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understanding of the different contributions to the binding energy. Recent developments
allow searching the conformational space efficiently and yield reliable estimates of the
binding free energy.

PROTEIN-CARBOHYDRATE INTERACTION

Properties of Carbohydrates

While current docking methods are quite successful when dealing with drug-like structures,
they are having difficulties with carbohydrate-like structures due to their different physico-
chemical properties. The average log P(octanol/water) of drugs is around 2.5. They typically
have only few hydrogen bond acceptors or donors, and a small number of rotatable bonds
[26, 27]. In contrast, 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 highly water soluble and their log P is often negative (Tab. 1).

Table 1. Selection of carbohydrates, carbohydrate derivatives, and drug molecules with
high similarity to sugar molecules.

Compound/ XlogP3 #H-bond donors #H-bond acceptors
Generic Name

Glucose -2.6 5 6
Cellobiose -4.7 8 11
4-nitrophenyl-B-p-glucoside -0.4 4 8
Phenylglucoside -0.9 4 6
Acarbose -8.5 14 19
Ademoetionine -12.2 16 49
Anthelmycin -8.5 13 17
Digoxin 1.3 6 14
Paromomycin -8.7 13 19
Propikacin -8.0 13 17
Streptomycin -8.0 12 19

Tobramycin -6.2 10 14
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Figure 1. Electrostatic potential of B-p-glucopyranose. Color code: blue — positive
charge, red — negative charge.

The surface of carbohydrates and their derivatives is composed of hydrophobic and hydro-
philic patches formed by nonpolar aliphatic protons and polar hydroxyl groups (Fig. 1),
which leads to anisotropic solvent densities around carbohydrate molecules [28]. In aqueous
solution, favourable interaction of water molecules with the hydrophilic patches results from
electrostatic interactions and hydrogen bonding. At the same time, the interaction of water
with hydrophobic surface patches is unfavourable. The balance between hydrophobic and
hydrophilic patches is essential for carbohydrate solubility, but also for molecular recogni-
tion.
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Another essential property of carbohydrates is their conformational flexibility. Compared to
drug-like molecules, carbohydrates are typically much more flexible. Similar to amino acid
dimers, the energetically favourable conformations of carbohydrate dimers may be easily
shown by Ramachandran plots. Figure 2 shows the Ramachandran plots for a dipeptide
(with end caps) and cellobiose, a glucose dimer. At a cursory glance, both plots look very
similar featuring multiple minima, with the separating energy barriers being higher in the
case of cellobiose. However, carbohydrates in complex were found to adopt conformations
belonging to different minima. These observations underline the necessity for thoroughly
sampling the conformational space of carbohydrate oligomers during docking. While this
may be feasible for glycosidic bonds, the number of degrees of freedom increases rapidly
when additionally taking into account the orientation of the hydroxyl groups.

Carbohydrate Binding Proteins

The binding partners of carbohydrates encompass a wide variety of proteins including
periplasmic receptor proteins, antibodies, lectins and enzymes. Lectins are proteins which
bind carbohydrates with high specificity and which have been found both in plants and
living organisms. While the biological roles of plant lectins are not fully understood by now,
the functions of many lectins in higher organisms and especially in mammals have been
elucidated in detail giving rise to the following short definition: lectins are molecular tools to
decipher sugar-encoded messages [29].
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Figure 2. Comparison of peptide and carbohydrate flexibility. (A) Ramachandran plot
for ACE-VAL-VALNME. (B) Energy map for cellobiose. Energies were calculated
using MM3 and are relative to minimum energy found.

A variety of lectins is involved in the innate immune system: For example, the binding of the
mannose-binding lectin is one of the first steps in opsonization of pathogens. Galectins, -
binding animal lectins which are involved in intracellular signalling pathways, also play
important roles in immune and inflammatory responses [30]. Interestingly, galectins are not
only localized in the cell membrane or intracellularly, but have been detected in extracellular
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space, too — very probably exerting different biological functions. The binding sites of
lectins are usually rather shallow, located near the protein surface and thus accessible to
solvent, whereas the binding sites of periplasmic receptors are buried in these proteins [31].

In addition to the lectins, enzymes like isomerases, glycoside hydrolases and glycosyltrans-
ferases belong to the class of carbohydrate binding proteins, too. While glycoside hydrolases
(e.g., lysozymes and chitinases) catalyze the hydrolysis of the glycosidic linkage, glycosyl-
transferases catalyze the transfer of a monosaccharide unit to, e.g., a lipid or protein.

However, irrespective of its biological effect and in analogy to the surface of carbohydrates
the protein surface may be divided in patches which interact favourably with water mole-
cules and patches where rearrangement of the water molecules leads to an unfavourable
interaction.

Contributions to the Binding Free Energy

Macroscopically, the formation of complexes between carbohydrates and proteins may be
driven by favourable changes in enthalpy or entropy.

Usually, the binding free energies AG of carbohydrate monomers binding to proteins are
quite small. For dimers or higher oligomers, AG increases significantly [32], but usually
even these binding free energies are smaller than the binding free energies of other com-
plexes such as, e.g., MHC-peptide complexes [33]). In spite of the small binding free
energies, the interaction between proteins and carbohydrates plays a crucial role in biological
processes and may be used for pharmaceutical purposes, e.g. for modifying drug delivery
systems with lectins, due to the polyvalent effect which leads to a high avidity [34] (for a
single lectin molecule, there is a large number of possible interaction partners on a single cell
surface). In addition to this obvious statistical effect, the simultaneous binding of, e.g., two
or more lectins with a glycocalyx may anchor a drug delivery system to a cell.

When performing docking studies, however, the variable of interest is the binding free
energy between a single carbohydrate and a single carbohydrate binding protein. Usually,
AG is assumed to be composed of independent contributions. Typically, they include hydro-
gen bonding, van-der-Waals forces, and consequences of the hydrophobic effect.

The exact terms used to approximate AG or AH may differ, because they inherently depend
on the underlying model used for energy decomposition. In the following we will shortly
outline several contributions to the binding free energy.
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Hydrophobic Effect

Protein-ligand complexes may be stabilized by the so-called hydrophobic effect. In protein-
carbohydrate interactions, this effect often leads to the stacking of aromatic residues against
the faces of sugars. Two variations of the hydrophobic effect are discussed in literature: the
“classical” hydrophobic effect and the “non-classical” hydrophobic effect [35]. The classi-
cal hydrophobic effect results mainly from a highly favourable entropy of formation. Here,
small hydrophobic solutes induce an ordering of the water molecules at the solvent-surface
interface. Decrease of the hydrophobic surface area upon complexation leads to a decrease in
solvent ordering and hence to favourable changes in entropy. In the case of the “non-
classical” hydrophobic effect, the complex formation is mainly enthalpy driven due to
favourable interactions between the solute molecules forming the complex as well as favour-
able interactions between the solvent molecules.

Such non-classical hydrophobic effects have been reported for lectin-carbohydrate com-
plexes [36], where the solvent interactions may provide 25—-100% of the enthalpy of
binding [37].

CH/r Interactions

The enthalpy for carbohydrates binding to proteins is characterized by a special type of
interaction, the so called CH/r interaction. The CH/m interaction was defined as a hydrogen
bond formed between a hydrogen attached to a carbon atom and the 1 system of arenes.
Although much weaker than classical hydrogen bonds, CH/mt interactions may contribute
significantly to the enthalpy of binding. On the one hand, the presence of the electronegative
oxygens bound to the carbon atoms probably increases the enthalpy resulting from the
formation of a single CH/r interaction. On the other hand, multiple CH/mt interactions
may be formed already in the case of a methyl group interacting with a benzene. The
number of interactions may be even higher for the stacking of glucose or galactose with
aromatic sidechains.

The calculation of this effect using quantum mechanics is impeded by the high level of
theory necessary [38]. Apart from enhancing the affinity between carbohydrate and protein,
CH/r interactions probably determine the specificity of the carbohydrate binding proteins as
well.

Hydrogen Bonds
Hydrogen bonds may be established between polar hydrogen atoms and lone pairs of

hydrogen bond acceptors. Due to the large number of hydrogen bond donors and acceptors
present in carbohydrates, they tend to form hydrogen bonds when in complex with a protein.
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Here, both binding partners compete with water molecules for the hydrogen bonds. As a
result, the overall enthalpic gain from a hydrogen bond formed between carbohydrate and
protein may be small.

LS 5

éﬁ/ ﬂ/

Figure 3. Stacking of (A) B-pD-glucose and aromatic sidechains of the glucose/galac-
tose binding protein (PDB accession code: 2FVY) and (B) of N-acetyglucosamine and
tyrosine residues in wheat germ agglutinin (PDB accession code: 2UVO).

Although carbohydrates often displace all water molecules in the binding site, in a number
of cases conserved water molecules are observed in the binding site. These water molecules
mediate protein-carbohydrate interactions, especially if no or only few direct hydrogen
bonds are established [39, 40]. However, water molecules may also help in stabilizing
oligosaccharide conformations [41]. Although there exist some approaches for taking into
account solvent molecules in the binding site [42], calculating water mediated hydrogen
bonds of the carbohydrate with itself is still very difficult.

Electrostatic Interactions and van-der-Waals Interactions

Electrostatic interactions take place between partially charged atoms. The effects are higher
for charged molecules such as sialic acids, sulfatides or protonated or deprotonated protein
sidechains. Electrostatic forces are part of many force fields used in molecular modelling and
thus routinely computed using Coulomb’s law. The calculation of the necessary atomic
partial charges of carbohydrates for use in established force fields has been repeatedly
addressed in literature [43]. For docking purposes, often a reduced dielectric constant or a
distance-dependent dielectric function is employed.
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Figure 4. Example of a carbohydrate dimer extending into the solvent instead of
forming a closely packed complex (PDB accession code: 1UZY).

In contrast to electrostatic interactions, van-der-Waals forces are, roughly speaking, weak
attractive forces arising from the interactions between — not necessarily permanent — dipoles.
At short ranges, however, overlap between electron orbitals results in a strong repulsion
between atoms. The effect of both interactions on complex stability is often modelled using
the Lennard-Jones potential. While the energetic contribution of a single pair of atoms to the
total binding free energy may be small, summation over all pairwise interactions occurring
between protein and ligand may result in a comparatively high favourable interaction.

Solvation/Desolvation

A typical problem that arises in docking carbohydrate dimers and oligomers is the tendency
of docking programs to maximize atomic contacts between ligand and protein. This results
in structures with small volume, where the carbohydrate lies more or less flat on the protein
surface. However, several X-ray structures show contradictory structures with carbohydrate
residues extending well into the surrounding solvent (Fig. 4).
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Possibly, these structures might be correctly predicted, if the impact of solvation and deso-
lvation on the binding free energy was computed with sufficient accuracy. The more accu-
rate methods, in particular Poisson-Boltzmann methods, are unfortunately computationally
rather expensive. While they can be used in re-scoring of docking conformation, their use in
the inner loop of docking, the pose generation, is still prevented by large computation times.

PROTEIN-CARBOHYDRATE DOCKING

Force Fields and Scoring Functions for Carbohydrate Docking

To simulate the behaviour of carbohydrate in vacuo or in solution (e.g., to study ring
puckering [44] or rotational barriers of oligosaccharides), either established force fields or
special parameterizations may be used [45 —49]. Such force fields allow for investigating the
deformation of carbohydrate rings as well as predicting. These special force fields (as well as
previously established ones) have been employed repeatedly for molecular dynamics simu-
lations of protein-carbohydrate complexes [50, 51]. In some cases, the simulations were
even used for estimating successfully binding free energies [40, 52 —54].

Despite the many possible advantages of established force fields, they were not designed to
predict binding free energies or enthalpies in protein-ligand docking. Since solvent mole-
cules are usually modelled explicitly, force fields do not need to include extra terms for
hydrophobic effects. The special CH/mt interactions are not taken into account. Some force
fields do model for hydrogen bonds explicitly, while others regard it as part of the electro-
static interaction. Irrespective of the approach, displacement of water molecules competing
for hydrogen bonds is not accounted for.

Although some force fields correlate well with ab initio calculations for ab initio optimized
geometries [55], a scoring function for docking must be able to distinguish between decoy
structures and true hits. A recent comparison of the results of ab initio and force field
calculations underlines the difficulties in predicting binding enthalpies in protein-carbohy-
drate complexes using existing force fields: the stabilizing interaction energy for the inter-
action between fucose and tryptophane is heavily overestimated by the AMBER* force field
[56].

Search Algorithms and Docking Programs

A major problem in docking carbohydrates is the possibly large number of degrees of
freedom to be optimized during the docking calculation. In many force fields and conse-
quently in most docking programs, polar hydrogens are modelled explicitly, which leads to
many rotatable bonds and, hence, numerous degrees of freedom when docking carbohy-
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drates. Since well-established docking algorithms are able to handle only a limited number
of degrees of freedom with high efficiency, they may fail due to limited sampling of the
conformational space.

Case Studies

Structures of proteins in complex with carbohydrates or carbohydrate derivatives have been
available from the Protein Data Bank for some time and thus have been part of the data sets
used for developing docking algorithms and docking programs.

A protein that has been repeatedly investigated in this context is neuraminidase. Native
docking experiments of neuraminidase ligands performed with PRO_LEADS showed that
these ligands are more difficult to dock than others [57]. The failure was attributed mainly to
a failure of the energy function used: for two neuraminidase derivatives, decoy structures
were ranked better than the crystal structure. However, another interesting aspect is the small
size of the two top ranking clusters obtained in the docking experiments with sialic acid
(PDB code: 1NSC): only 6 of the 100 docking results populate the top ranked cluster located
in the binding site. For two of the complexes, experimental binding affinities are available
and can be compared with predicted energies: in one case, the binding energy is over-
estimated by 5 kJ/mol, whereas in the other it is underestimated by the same amount.

A complex very similar to INSC (pdb code: 2SIM) was successfully reproduced by the
program GOLD [58]. Like PRO_LEADS, the GOLD energy function honours the formation
of hydrogen bonds. Successful docking to the L-arabinose-binding protein (PDB codes:
1ABE, 1ABF) was reported repeatedly for several docking algorithms and energy/scoring
functions including AutoDock 3.0.5 and MOE 2004.03 [59-61].

For the hemagglutinin-sialic acid complex 4HMG, however, docking using AutoDock and
MOE 2004.03 failed [59]. Despite the success of AutoDock in identifying the binding pose,
it overpredicted the binding free energy by more than 10 kJ/mol [62].

In comparison to AutoDock, GOLD and ICM, the docking programs FlexX and DOCK,
which both use an incremental reconstruction algorithm, failed to identify the correct bind-
ing pose for some complexes of neuraminidase and L-arabinose binding protein [63]. This
hints at a problem of these algorithms with selecting and placing the first ligand fragments.
In a series of publications, the glucosyl saccharides were docked into the glucoamylase
active site using AutoDock [64, 65]. For the 9 investigated disaccharides, the solutions in
highest ranked cluster corresponded to the crystal structures. These results underlined the
potential of the AutoDock program and its scoring function in docking carbohydrates.
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In 1999, Minke et al. published a method to predict water interactions for use in carbohy-
drate docking studies [66]. The authors employed AutoDock 2.2 to develop their methodol-
ogy using known X-ray structures of heat-labile enterotoxin. Subsequently, they performed
docking calculations with a number of carbohydrate derivatives without water molecules and
with predicted water molecules. In some cases, inclusion of the predicted water molecules
enabled the program to better identify the binding pose in the blind docking tests. Despite
the partial success, the AutoDock scoring function was not able to rank true hits better than
decoy structures in all cases. In summary, the success of this scoring function seems to
depend on the properties of the protein-carbohydrate complex investigated.

Since most docking programs seem to neglect the peculiar interactions in protein-carbohy-
drate complexes, specific scoring functions for carbohydrate docking have been developed.

Starting from the AutoDock scoring function, Reilly and co-workers identified new coeffi-
cients as well as additional terms for use in carbohydrate docking with AutoDock 3.0.6. In a
first study, a training set of 30 protein-carbohydrate complexes was employed to fit the
coefficients and to investigate the effect of two different hydrogen bonding terms on the
calculated binding free energy. The test set consisted of 17 complexes with experimentally
determined binding free energies. The smallest error in predicted binding free energies was
obtained, when docking was performed using a molecular mechanics potential energy func-
tion and the results were re-evaluated using the newly developed free energy model [67]. In
a subsequent study, a much larger training set was used to re-fit the parameters and to further
extend the previous free energy model [68]. The best model featured a root mean squared
error less than 8.5 kJ/mol. However, the authors conclude that the solvation and entropic
terms are still partially poorly modelled.

Kerzmann et al. chose a similar approach [69, 70]. However, the authors used two different
functions throughout their studies: one function for (re-)scoring putative solutions (SLICK/
score) and another, much more elaborate function to calculate the binding free energies of
promising docking results (SLICK/energy). Both scoring and energy function contained
special terms for hydrogen bonding and CH/m interactions accounting not only for the
distance-dependence but also for the directionality of these interactions (Fig. 5).




Structural Glycomics — Molecular Details of Protein-Carbohydrate Interactions and their Prediction

Figure 5. The geometry of the CH/m interaction employed in SLICK. dcy is the
distance between aliphatic carbon and ring centre, O.cyx denotes the angle between
CH bond and the connection between the hydrogen atom and the ring centre. dy v is
the distance of H to the ring centre projected into the ring plane.

Van-der-Waals and electrostatic interactions were calculated essentially using the AMBER/
GLYCAM200a force field [71]. In addition, the energy function contained special terms to
take into account changes in AG due to solvation/desolvation of the ligand and protein.
Originally, scoring and energy function were trained on a set of 18 protein-carbohydrate
complexes. Re-scoring docking results for this training set showed the potential of the new
scoring function. For this purpose, the protein-carbohydrate complexes were first re-docked
using AutoDock 3. Then the average rank of the first true positive, that is the first hit
obtained during docking with a root-mean square deviation (RMSD) less than 1.5 A, was
calculated. The average rank for the AutoDock energy function and SLICK/score was 33.1
and 8.3, respectively. These results show that although AutoDock was able to generate
solutions close to the crystal structures, its energy function ranked decoy structures higher.
Using SLICK/score during docking with a genetic algorithm resulted in an average rank of
the first true positive of 1.2 for the training set and 3.6 for a test set consisting of 20 lectin-
carbohydrate complexes. Binding free energies were calculated with SLICK/energy for all
docking results of the training set. The Spearman rank correlation coefficients were
Psp=0.71 and p,,;,, =0.85 for the energies of the first true positives and of the hits with
minimal RMSD, respectively. This result shows that even small deviations from the crystal
structure may lead to deterioration of the calculated binding free energy and underlines the
necessity to thoroughly sample energy minima during docking. The quality of SLICK/
energy was further assessed by re-docking an external energy validation set. For these
structures, the free energy model by Kerzmann et al. featured a root mean squared error
for the binding free energy less than 4 kJ/mol. Although both training and test set used in the
studies by Kerzmann et al. were quite small, the results are very encouraging.
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In summary, in view of the good performance of the energy models presented here, the
modification of existing functions for application in carbohydrate docking is certainly
worthwhile. Although the number of groups active in this field is limited, the importance
of protein-carbohydrate interactions in biological processes will definitely stimulate further
research.

CONCLUSION

There exist already some promising approaches to protein-carbohydrate docking. However,
to calculate binding free energies or enthalpies with the necessary accuracy, increasing the
understanding of the interactions on an atomic level is crucial. Simple experimental models
in conjunction with high-level ab initio calculations will certainly help in gaining additional
insight and thus form the basis for future scoring function to be used in protein-carbohydrate
docking [72]. Finally, recently established methods for handling many rotatable bonds in
flexible docking will allow for docking even oligosaccharides with high efficiency [73, 74].
Ultimately, applications for carbohydrate-docking will allow for exploiting protein-carbohy-
drate interactions — especially for therapeutic purposes. Well-designed carbohydrate mi-
metics or lectinomimetics might be employed as new therapeutic agents. Similarly, the
effectiveness of drug-delivery systems and the specificity of drug-targeting systems may
be increased considerably.
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