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It is not the possession of truth, but the success 
which attends the seeking after it, that enriches 
the seeker and brings happiness to him.  
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ABSTRACT 

Carbohydrates are the most abundant class of biomolecules. Besides their 
roles as structural elements and energy storage, they are involved in signaling 
and recognition processes. Their functions and activities depend on their 
preferred conformations. The software GLYGAL was developed to perform 
conformational studies of oligosaccharides using a genetic algorithm tailored 
for carbohydrates. The new method was applied to the highly branched 
exopolysaccharide of Burkholderia cepacia. The results show that its 
heptasaccharide repeating units assume a well defined conformation, 
stabilized by steric interactions between consecutive units. Furthermore, 
GLYGAL was used to calculate favorable conformations of histo-blood group 
antigens. The compounds were then fitted in the binding site of the surface 
protein of the norovirus VA387 strain and their binding affinity was 
estimated by molecular dynamics and Glide scoring, giving insights into the 
interaction patterns involved in norovirus infection. Finally, the mimetic 
properties of thioglycosidic and selenoglycosidic derivatives of the ABH 
antigens were studied by conformational and dockings studies, indicating 
potentially bioactive derivatives with increased resistance to hydrolysis. 

In conclusion, the computational methodologies developed during this study 
were successfully used, together with existing methods, for the investigation 
of natural carbohydrates and the rational design of glycomimetics. 

Keywords: Burkholderia cepacia, histo-blood group antigens, saccharide 
conformations, genetic algorithms, norovirus, thioglycoside, selenoglycoside. 
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1 INTRODUCTION 

Saccharides linked to proteins and lipids cover a large fraction of the surface 
area of most cells. Many of these saccharides are involved in specific 
recognition processes. To understand their biological function it is necessary 
to have information about their three-dimensional structure (Varki et al. 
1999).  

This thesis starts with an introduction of the structural properties of sugars 
(section 1.1) followed by a short introduction of their importance (section 
1.2). Genetic Algorithms are then introduced (section 1.3) to give a 
background to their application to oligosaccharides described later (section 
3.4). In the methods chapter (3), the computational approaches used in this 
work for the prediction of three-dimensional structures are described. The 
results from the five papers are summarized in chapter 4, after which some 
conclusions are drawn in chapter 5 and future directions are suggested in 
chapter 6. 

1.1 Carbohydrate structures 
Carbohydrates, also known as sugars, saccharides and glycans, are 
biopolymers made of components called monosaccharides. The 
monosaccharide units can be connected through glycosidic linkages and 
molecules composed of two monosaccharides linked together are called 
disaccharides. Saccharides of 3 to around 20 units are called oligo-
saccharides. 

1.1.1 Monosaccharides 
Monosaccharides are constituted by carbon chains of 3 to 9 carbons, with 
CHOH internal groups, a CH2OH group at one end and an aldo (–C[H]=O) or 
keto (–C[=O]–, generally –C[=O]CH2OH) group at the other end. The carbon 
atoms are numbered incrementally from the aldo or keto group (Figure 1a) 
and a monosaccharide with a chain of length n is called n-ose, where n is a 
Greek number, e.g. treose for 3 carbons and pentose for 5 carbons. The 
different chiralities of the internal CHOH group specify the differences 
between monosaccharides. The chiral orientation of the hydroxyl of the last 
chiral carbon define the L (left) and D (right) configuration. The relative 
chirality of the other CHOH groups defines different sugar types (Table 1). 
For example, the D orientation of the hydroxyl of C5 and the right–left–right 
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(= ≠ =) orientations of the hydroxyls of C2–C3–C4 specify a D-Glc (Table 1, 
Figure 1a). 

Monosaccharides are generally not present as open chains, as they usually 
undergo intermolecular condensation between the double-bonded oxygen in 
the aldo or keto group and one of the CHOH groups. Monosaccharides with a 
5-membered ring are called furanoses (f ) and those with a 6-membered ring 
pyranoses (p). Similarly to the other nomenclature, the chirality assumed by 
the carbon (called anomeric) is called α if it matches the L/D chirality or β 
otherwise.  

Amino, acidic, and carboxy derivatives of monosaccharides are commonly 
found in nature. Furthermore, hydroxyls often undergo deoxygenation, 
methylation, acetylation, phosphorylation or sulfation. 

Table 1. Nomenclature of monosaccharides, ranging from treoses to hexoses. 
L/D indicates the L or D orientation of the monosaccharide. = indicates that 
the chirality is the same as the L/D carbon, ≠ indicates that the chirality is 
opposite.  

 

 

 

 aldoses ketoses 
 C2 C3 C4 C5 name C3 C4 C5 name 
Treose L/D 

     
 glycer- 

aldehyde 
   dihydroxy- 

acetone 
Tetrose ≠ L/D    threose L/D   erythrulose 
 = L/D    erythrose     
Pentose ≠ ≠ L/D  lyxose ≠ L/D  xylulose 
 = ≠ L/D  xylose     
 ≠ = L/D  arabinose = L/D  ribulose 
 = = L/D   ribose     
Hexose ≠ ≠ ≠ L/D talose ≠ ≠ L/D tagatose 
 = ≠ ≠ L/D galactose     
 ≠ = ≠ L/D idose = ≠ L/D sorbose 
 = = ≠ L/D  gulose     
 ≠ ≠ = L/D mannose ≠ = L/D fructose 
 = ≠ = L/D glucose     
 ≠ = = L/D altrose = = L/D  psicose 
 = = = L/D  allose     
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Figure 1. Monosaccharide structures: a) open chain D-Glc; b) 4C1 conformation of 
β-D-Glcp; c) 1C4 conformation of α-L-Fucp. The α and β positions of the anomeric 
carbon are shown in green. 

1.1.2 Conformational properties of pyranoses 
While the ring conformation of furanoses is rather flexible, pyranoses assume 
preferentially a chair conformation, where C5, O5, C2 and C3 form a plane 
and the relative positions of C4 and C1 define the 4C1 and 1C4 ring 
conformations. For example, β-D-Glcp assumes preferentially the 4C1 
conformation (Figure 1b), as most sugars do, while α-L-Fucp prefers the 1C4 
conformation (Figure 1c). The β position of the anomeric carbon is generally 
equatorial relative to the plane formed by C5, O5, C2 and C3, whereas the α 
position is axial (Figure 1). 

The three staggered conformations about the C5-C6 bond are named after the 
gauche (g ≈ ± 60°) or trans (t ≈ 180°) conformation assumed by the 
O5-C5-C6-O6 and C4-C5-C6-O6 torsion angles respectively, namely gg, gt, 
and tg (Figure 2b). One of these conformations is generally less favorable 
than the others due to unfavorable interactions of O4 and O6, for instance tg 
is unavailable for the β-D-Glcp (Hassel and Ottar 1947; Jeffrey 1990) as 
shown in Figure 2b. 
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The hydroxyl groups within a ring have a tendency to orient themselves in 
chains due to hydrogen bonds following a clockwise (C) or counter-
clockwise (R) orientation (Figure 2c). These conformations are generally 
energetically optimal, although a water solvent may favor other stable 
configurations involving hydrogen bonds with water or they may just be too 
ordered to be stable because of entropy reasons (Ha et al. 1988; Kräutler et 
al. 2007; Simons et al. 2009). 

Figure 2. 3D structure of the minimum energy conformation of β-D-Glcp obtained 
with MM4: a) side view; b) view along the C5-C6 bond to show the staggered 
positions of the C5-C6 torsion (in green);  c) view from above to show the 
counterclockwise arrangement of ring hydroxyls. 

1.1.3 Glycosidic linkages 
Glycosidic linkages are the result of a condensation (Figure 3) between the 
hydroxyl of the anomeric carbon of a monosaccharide and a hydroxyl of 
another saccharide. The oxygen atom of the glycosidic linkage is called 
glycosidic or bridge oxygen. Monosaccharides can be coupled to more than 
one monosaccharide and can give rise to branched structures. 
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Figure 3. Left: formation of the disaccharide β-D-Galp-(1→3)-β-D-GlcpNAc from its 
monosaccharide components; Right: GLYGAL/MM4 adiabatic energy map of the 
glycosidic linkage. Contour levels are drawn at steps of 1 kcal/mol with high- to low-
energy regions colored from red to blue gradually. 

Glycosidic linkages are rather flexible and account for most of the flexibility 
of oligosaccharide structures. The conformation assumed by a glycosidic 
linkage can be expressed by means of the torsion angles assumed by its 
rotatable bonds. Most glycosidic linkages have two torsions, namely phi (φ) 
and psi (ψ), but other linkages may involve extra torsions, e.g. the (1→6) 
linkage comprehends a third torsion angle called omega (ω). In the present 
work, torsions are measured using the heavy atom definition, which defines 
the angles of the (1→X) linkage as φ = O5-C1-O-C’X and 
ψ = C1-O-C’X-C’X+1. The three torsions of the (1→6) linkage are defined 
as φ = O5-C1-O-C’6, ψ = C1-O-C’6-C’5 and ω = O-C’6-C’5-O’5. 

The conformational properties of the glycosidic linkages can be studied 
through adiabatic energy maps (Figure 3), similar to Ramachandran plots 
used for proteins. The generation of adiabatic maps and the issues involved in 
conformational studies of oligosaccharide conformations are discussed in 
detail in section 3.3.  
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1.1.4 Methods for the study of the 3D structures 
of sugars 

NMR and X-ray crystallography are the most common experimental 
techniques for determining the three-dimensional structures of biomolecules.  

X-ray crystallography is an established technique for the determination of the 
3D structure of molecules, provided that they can be obtained as well ordered 
crystals. Most crystallized carbohydrate structures are monosaccharides or 
disaccharides because of difficulties in crystallizing larger structures (Pérez 
and Mulloy 2005). On the other hand, many carbohydrates are crystallized in 
the presence of protein, providing important information about their 
bioactivity. X-ray structures represent one of the most important sources of 
sugar 3D structures, although the conformations of the crystallized structures 
may occasionally differ from the preferred conformations of the free sugars 
(Jeffrey 1990). 

Nuclear magnetic resonance (NMR) is also routinely used to determine the 
structure of saccharides. Because of the flexibility of sugars, the quality of 
the data is generally not sufficient alone and Molecular Dynamics 
simulations are often performed to refine the predicted structures. Saturation 
Transfer Difference (STD) NMR can also be used to study the binding 
interactions of sugar ligands. 

Since both X-ray and NMR are relatively expensive and time consuming, an 
alternative, or complementary, approach for oligosaccharide conformational 
analysis is to computationally search the space of possible conformations to 
identify favorable low energy conformations. A detailed description of 
computational methods for the study of carbohydrate conformations is given 
in chapter 3. 

Online resources for carbohydrate 3D structures 
The largest collection of experimentally determined 3D structures is the 
Cambridge Structure Database (http://www.ccdc.cam.ac.uk/products/csd/), 
which contains over 4000 carbohydrate structures. GLYCO3D 
(http://www.cermav.cnrs.fr/glyco3d/) stores many sugar structures. Several 
entries in the Protein Data Bank (http://www.pdb.org/) contain 
carbohydrates, either as ligands or as glycoproteins. It is important to keep in 
mind that sugars in the presence of proteins may undergo conformational 
changes (French et al. 2001; Johnson et al. 2009) and that in many cases 
carbohydrates structures in the PDB are simply wrong (Lütteke et al. 2004; 
Lütteke and von der Lieth 2004). Oligosaccharide conformations predicted 

http://www.ccdc.cam.ac.uk/products/csd/�
http://www.cermav.cnrs.fr/glyco3d/�
http://www.pdb.org/�
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with SHAPE (Rosén et al. 2009) are stored in the 3D-BAO database 
(http://www.cermav.cnrs.fr/cgi-bin/bao/3D-BAO.cgi). 

1.2 Biological and medical importance of 
sugars 

Bacteria often synthesize and secrete large amount of saccharides also known 
as exopolysaccharides (EPS). The cell surface of Gram-negative bacteria is 
covered with saccharides for protective and mimetic purposes.  

Glycans are often coupled to other biomolecules, in particular to proteins and 
lipids. Many proteins are glycosylated, and sugars are covalently linked to 
oxygen atoms of serine, threonine, tyrosine, hydroxylysine or hydroxyproline 
(O-linked), or to the nitrogen atoms of asparagine or arginine side chains 
(N-linked). Glycolipids are composed of carbohydrates O-linked to lipids, 
e.g. glycosphingolipids (GSL) are linked to ceramide. 

Carbohydrate epitopes are recognized by bacteria (Hanada 2005) and viruses 
(Marsh and Helenius 2006). Furthermore, cancer cells express typical 
carbohydrate structures. Several carbohydrates and carbohydrate derivatives 
are drug candidates or marketed drugs (Ernst and Magnani 2009; Osborn and 
Turkson 2009).  

Epitopes of bacterial saccharides can be used for vaccine development 
(Astronomo and Burton 2010; Hecht et al. 2009). In order to increase the 
efficiency of the vaccines they are generally conjugated to proteins, thereby 
eliciting a lasting immune response. There are successful vaccines for 
Haemophilus influenza type b (Verez-Bencomo et al. 2004), Neisseria 
meningitides (Giebink et al. 1993), and Streptococcus pneumoniae (Whitney 
et al. 2003), and there is ongoing development for vaccines towards HIV 
(Wang 2006) and some types of cancer (Guo and Wang 2009). 

1.2.1 Human histo- blood group antigens 
The ABH blood group system has been studied for more than a century in 
transfusion medicine (Landsteiner 1900), where incompatibilities led to 
severe complications. The carbohydrate basis of the antigens involved was 
discovered half a century later (Morgan 1950).  These antigens are also 

http://www.cermav.cnrs.fr/cgi-bin/bao/3D-BAO.cgi�
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present in other tissues and are thus referred to as histo-blood groups antigens 
(HBGAs) (Clausen and Hakomori 1989). 

HBGAs define two important systems: the ABH (or ABO) system and the 
closely related Lewis system. Both systems can be present in the same 
sequence as they overlap both structurally and synthetically. The structure 
composition and the biosynthesis paths are shown in Figure 4. 

Figure 4. Biosynthetic pathways of the ABH and Lewis antigens on the chain types 
1/2 (left) and 3/4 (right). Antigen names and linkages of the different chains are, 
when differing between the chains in each figure, separated by a slash in the antigen 
notation (Rydell 2009). 

These antigens are found on four different carbohydrate chains: type 1 
(Galβ1-3GlcNAcβ1-R) and type 2 (Galβ1-4GlcNAcβ1-R) chains are found in 
N- and O- glycoproteins and in glycosphingolipids (GSLs). Type 3 structures 
(Galβ1-3GalNAcα1-R) are found in O-glycoproteins and in GSLs. Type 4 
structures (Galβ1-3GalNAcβ1-R) are present in GSLs (Ravn and Dabelsteen 
2000). 

The ABH system is defined by the presence of an α1,2-linked fucose 
connected to the Galβ moiety. H structures have no other monosaccharide 
connected to the galactose, while if a GalNAcα or a Galα is connected in 
position 3, the structure becomes A or B, respectively. 

Type 1/2 precursor Type 3/4 precursor

H type 1/2 H type 3/4

A type 3/4 B type 3/4

Lea / Lex

Leb / Ley

BLeb / BLeyALeb / ALey

B type 1/2A type 1/2

Gal

GalNAc

Glc

GlcNAc

Fuc

β3/4 β3 β4 R β3/4 β3 β4 R

β3/4 β3 β4 Rα3 β3/4 β3 β4 R α3 β3/4 β3 β4 R

β3 β4 Rβ3/4 β3 β4 R β3/4α3
α4/3α2α4/3α2

α3

α2 α4/3 α2

β3 α/β R

β3 α/β R

β3 α/β Rα3 β3 α/β R
α4/3α2α2 α2 α2 α2

α3

β3/4 β3 β4 R
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Compounds of the Lewis system contain either type 1 or type 2 chains where 
the central GlcNAc has a Fucα attached in position 4 (Lea) or 3 (Lex), 
respectively. If the structure is also part of the ABH system, they are denoted 
Leb or Ley instead. Lewis structures containing A- or B- trisaccharide 
moieties are denoted ALeb, BLeb, ALey, and BLey. 

Apart from their role in transfusion and transplantation medicine, histo-blood 
group epitopes are known to be involved in other interactions of biological 
and medical relevance. Bacteria and viruses have been shown to bind to 
HBGAs (Azevedo et al. 2008; Le Pendu 2004). Furthermore, normal and 
tumor cells interact with such antigens and in lung cancer this interaction has 
prognostic relevance (Kayser et al. 1994). A complete conformational study 
of the ABH and Lewis systems has been performed using CICADA and the 
MM3 force field (Imberty et al. 1995). Furthermore, the 3D structures of 
some HBGAs have been determined by experimental methods (Azurmendi 
and Bush 2002; Pérez et al. 1996).  

1.2.2 Sugar derivatives  
While small differences such as the N-acetylation in HBGAs of a 
monosaccharide can destroy the binding properties (Galanina et al. 1997; 
Teneberg et al. 2003), lectins often recognize several saccharide residues.  
Information about the binding site of the protein can be used for a rational 
design of derivatives with similar or superior binding affinity. Sugar 
derivatives obtained by the substitution of the glycosidic oxygens also yield 
interest as potential drug leads because of their increased resistance against 
hydrolysis. The present work concentrates on substitutions of the glycosidic 
linkages, although a similar approach can be used for modeling other kinds of 
derivatives. 

C-glycosides occur in nature (Haynes 1965). They have enhanced flexibility 
and can assume multiple conformations that would not be energetically 
favorable in the natural O-glycosides (Asensio et al. 1999; Jiménez-Barbero 
et al. 2000; Pérez-Castells et al. 2007; Poveda et al. 2000), while still 
retaining biological activity (Asensio et al. 1999; Pérez-Castells et al. 2007). 
N-glycosidic linkages are present at the attachment point of N-glycoproteins 
and have been thoroughly studied (Ali et al. 2009; Petrescu et al. 1999), 
while the more complex –N[OMe]– derivative has also showed  
conformational properties similar to the natural saccharide (Peri et al. 2004). 
Glycosyldisulfides have been synthesized (André et al. 2006; Rye and 
Withers 2004; Szilágyi and Varela 2006; Witczak 1999) and have 
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experimentally shown mimetic properties and even improved binding (André 
et al. 2006). The selenosulfo-glycosidic linkage has been shown to have 
similar properties to its corresponding glycosyldisulfide and to be more 
flexible than the natural disaccharide (Chakka et al. 2005).   

Paper IV and V focus on the study of S-glycosides and Se-glycosides.  

Thioglycosides 
Thioglycosides can be synthesized either chemically (Rye and Withers 2004; 
Szilágyi and Varela 2006; Witczak 1999) or enzymatically with mutated 
glycosidases (Jahn et al. 2003; Kim et al. 2006; Müllegger et al. 2005). Only 
a few studies on conformational properties of thioglycosides (Aguilera et al. 
1998; Mazeau and Tvaroška 1992; Saito and Okazaki 2009; Tvaroška 1984) 
have been reported in the literature, showing increased flexibility and 
accessibility of secondary conformers. 

Selenoglycosides 
Selenoglycosides are mostly used as intermediates for carbohydrate synthesis 
(Chakka et al. 2005; Witczak and Czernecki 1998). In crystallography 
applications, the selenium derivatization of oligonucleotides is used to solve 
the phase problem (Sheng and Huang 2008). In this context, oxygen to 
selenium substitutions of a carbohydrate ligand can be used instead of the 
selenomethionine substitution of the protein as shown in the case of the 
O→Se substituted GlcNAcβ1-Se-CH3, which was co-crystallized in complex 
with an Escherichia coli adhesin (Buts et al. 2003). Seleno-monosaccharides 
are present in humans apparently as urinary metabolites for excretion of 
excess selenium (Gammelgaard et al. 2005; Kobayashi et al. 2002; Ogra et 
al. 2002).  

1.3 Genetic algorithms 
Genetic Algorithms (GAs) are adaptive heuristic search algorithms based on 
the evolutionary ideas of natural selection and genetics. These ideas were 
first introduced in the 1960s by Rechenberg in his work on Evolutionary 
Strategies (Rechenberg 1965). GAs were introduced by John Holland (1975). 

The scheme of Holland (Figure 5) can characterize mathematically the 
evolution over time of the population within a GA. The search for an 
appropriate solution begins with an initial population of solutions 
(individuals). Individuals of the current population give rise to the next 
generation by means of operations such as random mutation and crossover, 
which are patterned after processes in biological evolution. At each step the 
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individuals are evaluated using a given measure of fitness, with the most 
fitted individuals selected probabilistically as seeds for producing the next 
generation (Mitchell 1997). The process iterates until the convergence criteria 
are met. 

Figure 5. Flowchart of a genetic algorithm. 

GAs have been applied successfully to a variety of learning tasks and other 
optimization problems in many areas such as bioinformatics, phylogenetics, 
computational science, engineering, economics, chemistry, manufacturing, 
mathematics, and physics. Furthermore, there are successful applications in 
molecular modeling with the docking programs AutoDock (Morris et al. 
2009) and GOLD (Jones et al. 1997). The popularity of GAs can be 
motivated by the following reasons: 

a) Evolution is known to be a successful method for adaptation 
within biological systems. 

b) GAs can search very complex search spaces. 
c) GAs do not require deep knowledge of the system being 

examined. 
d) GAs are relatively easy to code and parallelize. 
e) GA parameters and techniques can be ported easily across 

different systems. 
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The idea behind GA search methods is to mimic the biological processes 
known from genetics and evolution. The chromosomes existing in all living 
cells define the genotype of the organism. Each chromosome consists of 
genes that encode proteins, which in turn affect the appearance and the 
behavior of the cells. The ability to survive in the environment defines the 
fitness of an organism, and more fitted individuals have higher probability of 
reproducing and generating new offspring. 

During sexual reproduction, the recombination (crossover) process allows 
chromosomes from the parents to merge and create a new chromosome of the 
offspring. In both sexual and asexual reproduction, changes (mutations) in 
one or more genes can occur and they will be transmitted to the offspring. 

In order to apply GAs to solve a given problem, it is only necessary to have a 
mapping function that can encode a candidate solution into its genomic 
representation and a fitness function to evaluate its quality.  

1.3.1 Encoding 
In the original GA and in many applications the favorable encoding is a 
binary encoding where a chromosome is represented as a bit string. This 
representation allows a straightforward application of operators such as 
mutation and crossover on the chromosomes. Another encoding strategy 
which can be seen as more natural for some applications uses a so-called 
value encoding. In this case the chromosomes consist of an array of values. 
These values can be as simple as integers, real numbers, or characters, but 
they might even be electronic circuit components (Rudnick et al. 1994) or 
notes in jazz solos (Biles 1994). Specialized encoding methods have the 
advantage of modeling specific properties of a system, but they might require 
special crossover and mutation operators to be designed. 

1.3.2 Genetic operators 
The generation of offspring in a GA is determined by a set of operators that 
manipulate selected members of the current population. The most common 
ones are mutation and crossover.  

Mutation  
The mutation operator works on a single parent and produces a single 
offspring. If a binary representation is used, this operator chooses a single bit 
at random and changes its value. For example, given the parent represented 
by the bit string 1000110011 and by choosing randomly the fourth bit from 
the left to be changed, the offspring 1001110011 is generated. 
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Crossover 
The crossover operator produces two offspring from two parents, by 
exchanging selected bits between the parents. Figure 6 illustrates the single-
point crossover operator. The crossover operator can be extended in different 
ways, for example by choosing more than one crossover point, by choosing 
more than two parents, or by generating a different number of offspring. 

Figure 6. Single-point crossover. The parents are shown on the left and the offspring 
on the right. The underlined parts are the bits inherited from the first parent. 

1.3.3 Fitness function and selection 
The fitness function is used to rank individuals and to select them 
probabilistically for inclusion into the next generation.  

The standard GA uses a method called “roulette wheel selection” in which 
the probability that an individual will be selected corresponds to a normalized 
function of its fitness. Other selection methods have been suggested such as 
“rank selection”, “tournament selection” and “steady-state selection”. 

1.3.4 Variants of GAs 
The standard GA described above can be extended or changed to create 
slightly different genetic algorithms. Only the variants that have been 
implemented in GLYGAL (see section 3.4) are described here. 

Parallel GA 
In the parallel GA several populations evolve in parallel with individuals 
migrating between the different populations. This simulation resembles real 
life evolutionary processes. Using several different populations one can avoid 
the so-called “crowding problem” where an individual that is highly fitted 
quickly reproduces and takes over a large fraction of the population. Isolation 
can be a requisite for evolution, as pointed out by Darwin in his report about 
the evolution of finches in the Galapagos Islands (Darwin 1859). However, 
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by allowing some migration between the different populations, successful 
genes can spread to other populations.  

The algorithm itself changes only slightly with respect to the standard GA. 
For the most part, each population runs independently using the standard GA 
search. The only difference is that some individuals occasionally migrate to 
other populations. This migration can be done in different ways, and the most 
common way is that a fixed number of best individuals from each population 
moves to another population every fixed number of generations. Another 
advantage of parallel GA is the possibility of distributing the execution by 
running different populations on different machines in a cluster, thereby 
reducing the need for shared memory communication between the nodes. 

Lamarckian GA 
Most of the GA methods simulate Darwinian evolution and Mendelian 
genetics where an individual is evolving from one generation to the next. 
Another model of evolution, Lamarckian evolution, is based on the theories 
proposed by Lamarck (1809). His theory suggests that experiences of a single 
individual could directly affect the genetic material of its offspring. One 
example is the giraffe neck. According to Lamarck, since the giraffe had to 
stretch its neck to reach the higher branches for the leaves, its neck got longer 
and this feature was passed on to its offspring.  

Although the Lamarckian theory is not accepted as a valid model of 
biological evolution, it has been shown to improve the effectiveness of 
computerized GAs in some cases (Morris et al. 1998). Figure 7 illustrates the 
difference between the Lamarckian and the standard Darwinian approach.  
The Lamarckian GA has only one basic difference from the standard GA: the 
characteristics of an individual after local minimization and evaluation are 
directly inherited by the offspring. 
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Figure 7. The difference between Darwinian (squares) and Lamarckian (circles) GA 
approaches. Parents are shown in gray, offspring in black. The generation of the new 
offspring is represented by continuous arrows. In the Lamarckian approach, 
optimization steps (dashed arrows) are performed until a local optimum is reached. 
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2 AIMS 

The aim of the present thesis work was to develop and use computational 
methods for the study of medically relevant carbohydrate structures, as well 
as predicting properties of sugar derivatives.  

The main goals were: 

a) Development of a genetic algorithm based computational 
tool to predict oligosaccharide three-dimensional structures 
efficiently and accurately. 

b) Conformational investigation of a highly branched 
exopolysaccharide of Burkholderia cepacia in order to 
identify epitopes for potential glycoconjugate vaccines. 

c) Conformational studies of the binding of histo-blood group 
antigens with the VA387 strain of norovirus to elucidate the 
binding patterns and explain binding data. 

d) Rational design of glycomimetics resistant to hydrolysis 
using O→S and O→Se substitutions of the glycosidic 
linkages.  
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3 METHODS 

In this chapter, the methods used for conformational studies of 
oligosaccharide structures are discussed. After introducing ab initio 
calculations (section 3.1) which can be used to investigate in detail the 
properties of molecular fragments, the force fields to evaluate the energy of 
saccharides are discussed (section 3.2). Furthermore, methods to sample the 
vast conformational space are explained: systematic search (section 3.3), 
genetic algorithms (section 3.4) and molecular dynamics (section 3.5). 
Finally, the docking programs to study protein-carbohydrate interactions are 
described in section 3.6. 

3.1 Quantum mechanics  
In computational chemistry, ab initio methods comprehend the methods 
based solely on the principles of quantum chemistry. A complete description 
of quantum mechanics is beyond of the scope of this work, so only a brief 
introduction to the methods used in the rest of the thesis is given here. More 
comprehensive introductions have been given, e.g. by Davidson and Feller 
(1986), Henre (2003), and Pilar (2001). Several software packages for ab 
initio calculations exist, the most common are Gaussian (Frisch et al. 2009), 
GAMESS (Gordon and Schmidt 2005), Spartan (Hehre and Huang 1995) and 
Jaguar (Schrödinger Inc., Portland, OR, USA). 

The quantum mechanics approach defines the system as a collection of nuclei 
and electrons and the interactions are defined only by the Schrödinger 
equation, which in its simplest form is 

 

where  is the Hamiltonian operator (which can be seen as the sum of 
potential and kinetic energy), E is the electron energy and  is a function of 
the electronic coordinates describing their movements. 

The Schrödinger equation can be solved exactly only for the one-electron 
hydrogen atom. The resulting wave functions are the known s, p, d, f, and g 
atomic orbitals (Figure 8). The integral of the square of the amplitude of the 
wave function over a certain volume defines the probability of the electron of 
being in that volume and is referred to as electron density. 
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Figure 8.  Examples of s, p, and d orbitals (red and green indicate opposite polarity). 

Since all chemical systems more complex than the one-electron hydrogen 
atom cannot be solved exactly, many simplifications and models have been 
developed to make the problem tractable. 

3.1.1 Quantum mechanics theories 
The first simplification is assuming that nuclei do not move (Born–
Oppenheimer approximation), which is well justified by the fact that 
electrons have a smaller mass and move close to the speed of light. The 
addition of other assumptions generates different theoretical models. 

A commonly used simplification is the Hartree–Fock (HF) theory (Fock 
1930), in which all electrons are assumed to move independently of each 
other, thus dividing the problem into a group of independent one-electron 
sub-problems. The Møller–Plesset (MP) perturbation theory (Møller and 
Plesset 1934) is commonly used to correct the errors introduced by the HF 
simplification. Perturbation theory is a mathematical way to solve a complex 
mathematical problem (Schrödinger equation) by first solving a simple 
related problem (HF approximation) and then iteratively (the number of steps 
is the order of the model) adding correction terms (electron-electron 
interaction terms) to solve the original problem. The second-order model 
(MP2) is widely used, but third- (MP3) and fourth-order (MP4) models can 
also be used when higher precision is desired. 

Density functional theory (DFT) is an alternative theory where the energy is 
estimated using functionals (i.e. functions of functions) of the electron 
density instead of the wave functions. This makes the DFT approach 
computationally fast. Because of difficulties in modeling some intermolecular 
interactions accurately, hybrid approaches that borrow some terms from HF 
or MP theories have been developed. The B3LYP (Becke, three-parameter, 

s p d
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Lee–Yang–Parr) theory (Becke 1993; Kim and Jordan 1994; Lee et al. 1988)  
is one of the most commonly used DFT approaches. 

3.1.2 Basis sets 
It is generally assumed that the one-electron solutions for the hydrogen atom 
will resemble those for multi-electron atoms. Such solutions are commonly 
represented as a linear combination of atomic orbitals (the LCAO 
approximation): 

 

where  is the solution for electron i, the φμ are the functions contained in 
the basis set and cμi are the molecular orbital coefficients that describe the 
solution. This simplification turns differential equations into algebraic 
equations, which are much simpler to solve.  

There are several types of basis sets, which correspond to different 
requirements in the tradeoff between accuracy and computational complexity. 
For computational reasons, linear combinations of Gaussian functions are 
generally used instead of the Slater-type orbitals (STOs) that arise as 
solutions to the hydrogen atom; e.g. the common STO-nG family uses n 
Gaussian functions to represent each STO. 

Split-valence basis sets 
In order to model the atoms that do not have fully spherical properties, split-
valence basis sets include different models for core and valence orbitals and 
the valence orbitals are split into parts. They are generally named using the 
formula NC-NO1… NOkG, where NC is the number of Gaussian functions used 
to model the core orbitals, k is the number of parts in which the valence 
orbitals are split and each part is modeled by NOi Gaussian functions. The 
most common examples are 3-21G, 6-31G and 6-311G.  

The basis sets described so far are centered on the nuclei and thus cannot 
describe the displacements of the electron distribution (polarization). These 
effects can be modeled by the addition of d-type orbitals functions on main-
group elements (i.e. with valence orbitals of s- and p-type) and with the 
addition of p-type orbitals on hydrogen (which only have s-type orbitals). 
Basis sets modeling only main-group atoms are labeled *, while basis sets 
that also model hydrogens are labeled **. Polarization functions can also be 
labeled more explicitely by indicating the number and type of orbitals used 
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for main-group and hydrogen atoms, respectively. For example, ** is often 
implemented as two d orbitals for main-group elements and two p orbitals for 
hydrogens, i.e. (2d, 2p). 

Diffuse functions are often included in basis sets to model electrons that are 
loosely associated with specific atoms, e.g. in anions. Similarly to 
polarization, + indicates the presence of diffuse functions for main-group 
elements and ++ indicates also the presence of diffuse functions for hydrogen 
atoms. 

3.1.3 Common ab initio notations 
When describing ab initio calculations, the notation “Theory/Basis set” is 
commonly used: for example, MP2/6-311+G** indicates computation using 
the second order Møller–Plesset theory and a split-valence basis set 6-311G 
with polarization for all atoms and diffusion for atoms except hydrogen. If 
the calculation is preceded by geometry optimization with a different theory 
or basis set, the notation “Theory for energy/Basis set for energy//[theory for 
geometry]/[basis set for geometry]” is used instead. 

3.2 Molecular mechanics and force fields  
Molecular mechanics describes molecules as a set of bonded atoms whose 
interactions can be modeled using standard Newton mechanics instead of 
quantum mechanics. The interactions between atoms are modeled with 
simple parameterized functions based on experimental values or ab initio 
calculations. These functions define the so-called force field, which is used to 
easily calculate the potential energy of the system.  

Rather than a physical model, molecular mechanics is an elaborate 
interpolation strategy. It is based on the assumption that the geometrical 
properties of atoms can be transferred from one molecule to similar ones, in 
particular from small fragments to larger molecules. 

The most important bonded interactions concern bond lengths, bond angles 
and torsion angles. Bond lengths are modeled with a parabola parameterized 
by the equilibrium distance and a strain constant that penalizes stretched and 
compressed values. This model is physically equivalent to a spring. The 
strain of bond angles is defined similarly. The energy profile of torsion 
angles is more complex and is typically modeled with a Fourier series, 
generally a series of cosines. For example, the three-fold symmetry of the 
staggered conformations of C2H6 can be easily modeled by a third-order term 
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 Other bonded terms such as out-of-plane bending, anomeric 
corrections, as well as second order terms (e.g. bend-bend, stretch-bend, 
torsion-bend) are often defined. Some force fields also use higher order 
Taylor or Fourier series to model some interaction terms more accurately. 

The most important non-bonded interactions are the electrostatic and the van 
der Waals interactions. Electrostatic interactions are usually modeled by the 
Coulomb law, while van der Waals interactions are generally modeled as a 
Lennard–Jones potential consisting of a sum of a repulsive and an attractive 
term. Other common non-bonded interaction terms model hydrogen-bond 
and solvation effects. 

The energy function of a simple force field can be expressed as: 

 

where constants for specific atom types have been previously parameterized 
from experimental methods or ab initio calculations. 

The simple definition of the force fields makes them very useful for a rapid 
estimation of the molecular energy of molecules with over one hundred 
atoms. If some distance threshold is applied, energy evaluations scale linearly 
with the number of atoms of the studied molecule. The computational speed 
is several orders of magnitude higher than ab initio methods and the accuracy 
is similar whenever parameters with good quality are available. Furthermore, 
the simple formulation of the force field makes the calculation of gradient 
and Hessian relatively easy, which is very useful for optimization 
applications.  

Hybrid QM/MM (quantum mechanics / molecular mechanics) approaches 
can also be used to combine QM accuracy with MM speed, especially in 
cases where force field parameters are missing or where some interactions are 
difficult to model with force fields, e.g. interactions with metal ions.   
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3.2.1 Force fields for sugars 
Computational analysis on saccharide conformations became established in 
the late 1970s. Early methods such as the HSEA, Hard-Sphere Exo-Anomeric 
(Thøgersen et al. 1982) considered monosaccharide as rigid residues and 
could yield satisfactory results in most cases by providing account for the 
exo-anomeric effect (i.e. the predilection of the glycosidic φ torsion for 
values around ±60°). 

Nowadays the most common popular general-purpose force fields offer 
parameterizations for carbohydrates which are accurate and show comparable 
performances (Hemmingsen et al. 2004; Pérez et al. 1998; Stortz et al. 2009). 
The most commonly used are the CSFF parameter set (Michelle et al. 2002) 
for CHARMM, the GLYCAM06 parameter set (Kirschner et al. 2008) for 
AMBER, GROMOS (Lins and Hünenberger 2005), MM3 (Allinger et al. 
1989; Lii and Allinger 1989a; Lii and Allinger 1989b), its successor  MM4 
(Allinger et al. 2003; Langley and Allinger 2002; Lii et al. 2003a; Lii et al. 
2004; Lii et al. 2003b; Lii et al. 2003c; Lii et al. 2005), and OPLS 2005 
(Kaminski et al. 2001). 

As an alternative to standard force fields, the hybrid quantum mechanics 
approach PM3CARB-1 (McNamara et al. 2004) has also shown promising 
results (Stortz et al. 2009). Furthermore, coarse-grained force fields have 
been developed or parameterized for carbohydrates (Bathe et al. 2005; López 
et al. 2009; Molinero and Goddard 2004). Coarse-grain force fields consider 
monosaccharides as single units and parameterize the interactions between 
them, which results in a considerable gain in speed and allows the 
investigation of large polysaccharides.  

3.3 Computational approaches for the 
study of oligosaccharide conformations 

Force fields give the possibility of evaluating the energy of a given 
conformation. However, molecules have flexibility and assume several 
conformations with a probability that follows the Boltzmann distribution. In 
the discrete formulation, the probability that a molecule assumes a 
conformation i (out of n possible conformations) is given by: 
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where R is the molar ideal gas constant (i.e. 8.314472 J/(mol K)) and T is the 
temperature in degree Kelvin. It is thus very important to explore the 
conformational space of a molecule in order to know the conformations 
assumed by the compound. The exponential nature of the Boltzmann 
distribution ensures that only the conformations within a few kcal/mol from 
the global minimum are populated in relevant amounts. For example, at room 
temperature the probability ratios of two conformations differing 1, 2, and 3 
kcal/mol quickly drop to around 1/5, 1/30 and 1/160, respectively. 

It is often useful to cluster similar conformations. In this case, the probability 
for each conformer Ci can be formulated as: 

 

In most molecules, including saccharides, the conformational differences are 
mainly due to the different states assumed by the torsion angles. For example, 
the conformational space of monosaccharides (see 1.1.2) can be reduced to a 
few combinations of the staggered configurations assumed by the C5-C6 
torsion and possibly the ring conformations of the hydroxyls (Stortz 1999). 

3.3.1 Adiabatic disaccharide maps 
The conformational variation of a saccharide depends mostly on the 
conformation assumed by its glycosidic linkages, as even small variations of 
their torsion angles can produce large effects in the geometrical properties.  

The conformational properties of a glycosidic linkage are often summarized 
by adiabatic 2D φ/ψ maps (Figure 9), although plotting ψ can often be 
enough (Stortz and Cerezo 2002). In this context, adiabatic means that for 
each value of φ/ψ the energy values of the combinations of monosaccharide 
conformations are considered and that during each evaluation the structures 
are relaxed by local energy minimizations. The common way to generate 
such maps is to sample a grid of φ/ψ pairs with a step size of 5° to 30°. For 
each pair, several monosaccharide conformations are considered and energy 
minimizations are performed at each step while constraining the φ and ψ 
torsions. The lowest energy values for each φ/ψ pair is then saved and used to 
draw the maps (French et al. 1990; Stortz 1999).  
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Figure 9. Conformational analysis of the thio-disaccharide α-L-Fucp-(1-S →2)-
β-D-Glcp using GLYGAL/MM4R (see Paper IV). Adiabatic energy map, population 
contours and the minimum energy conformations from the A and B populations are 
shown. In the adiabatic map the contour levels are drawn at steps of 1 kcal/mol with 
high- to low-energy regions colored from red to blue gradually. 

Table 2. Description of the energetically favorable conformations of the thio-
disaccharide α-L-Fucp-(1-S →2)-β-D-Glcp (Paper IV). 

 

The data can be analyzed in several ways. GLYGAL generates 2D depictions 
of the energy landscape (Figure 9) by drawing the energy isocontours after 
identifying some points on grid lines using the marching square algorithm 
and  interpolating these points using cardinal splines (i.e. a segmented curve 
made of cubic Bezier segments which have the same direction in the 
connection points). 

Another common analysis is clustering populations. In Papers IV and V, 
neighboring conformations within 3 kcal/mol from the global minimum were 
clustered together using the union-find algorithm, which also identifies the 
optimal conformation in each cluster. The relative population for each 

Conformer φ/ψ Energy (kcal/mol) Population  
A -90°/-90°  62.4% 
B 90°/45° +0.03 35.1% 
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conformer was then calculated by summing the Boltzmann probabilities of 
the conformations within the population. Finally, conformers representing 
less than 1% of the population or with energy at least 2 kcal/mol higher than 
the global minimum were excluded.  

The conformational analysis for the thioglycosidic derivative of the histo-
blood group H antigen is illustrated in Figure 9 and Table 2. 

3.3.2 Filtered systematic searches 
Because systematic searches scale exponentially, a systematic study of 
oligosaccharides conformations quickly becomes infeasible. The 
combinatorial explosion can be limited by filtering out conformations of the 
glycosidic linkages that are unfavorable in the respective disaccharide 
moieties. Even a very conservative filtering of 12 kcal/mol can reduce the 
amount of needed calculations by 50–80%. 

Oligosaccharides often have conformational characteristics similar to those of 
their disaccharide moiety. This property can be used to rapidly build 
oligosaccharides from the preferred conformations assumed by the glycosidic 
linkages of their disaccharide moieties (Bohne et al. 1999; Engelsen et al. 
1996). This approach may fail for structures where steric hindrances and 
interactions between neighboring monosaccharides may require the 
systematic study of trisaccharide or larger moieties. For trisaccharide 
moieties, systematic searches are still feasible (e.g. with a 15° step size, 
331 776 conformations need to be sampled) and the time can be significantly 
reduced by pre-filtering conformations that are very unfavorable in the 
disaccharide moiety. This approach can be used to study oligosaccharides 
with branches (Rosén et al. 2002; Rosén et al. 2004) or kinks (Nyholm et al. 
2001). Systematic searches are also used in conjunction with NOE data and 
MD simulations in FSPS, the Fast Sugar Structure Prediction Software (Xia 
et al. 2007a; Xia et al. 2007b; Xia and Margulis 2009).  

The exponential complexity of such systematic searches can be avoided using 
stochastic methods. Such methods are considerably faster and, although not 
guaranteed to sample the conformational space sufficiently, they are able to 
identify the global energy minima efficiently in most cases. Several 
stochastic methods have been implemented for investigating the 
conformational space of oligosaccharides  (Frank 2009). CICADA, Channels 
in Conformational space Analyzed by Driver Approach (Koča 1994), 
implements a guided search approach that directs the searches in the potential 
valleys of the conformational space. Monte Carlo methods (Peters et al. 
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1993) and genetic algorithms (Rosén et al. 2009; Strino et al. 2005) have also 
been applied to oligosaccharide conformations and are discussed in the next 
section.  

3.4 GLYGAL: Genetic algorithms for sugars 
(Paper I) 

As introduced in section 1.2.1, genetic algorithms can be applied to a variety 
of different problems. The software GLYGAL (GLYcosidic bonds Genetic 
ALgorithm) is a Java implementation of GAs for the conformational analysis 
of oligosaccharides. GLYGAL was initially developed during a master project 
(Nahmany and Strino 2004) and has been significantly improved during the 
course of the present work. Several features described in this chapter are not 
included in Paper I, since they have been part of successive development 
done between 2006 and 2009. 

The basic ideas used to model oligosaccharide 3D structures using genetic 
algorithms are: 

a) Initial population of randomly generated conformations of 
the oligosaccharide. 

b) Evaluation using a fitness function based on molecular 
mechanics calculations using established force fields, in 
particular MM3 and MM4. 

c) A roulette wheel selection method. 
d) Standard genetic operators like mutation and crossover to 

generate offspring were adapted to oligosaccharide 
structures. Ad hoc operators were also created to improve the 
performance. 

e) Termination criteria satisfied either after a fixed number of 
generations or when no improvement has occurred during 
several generations. 

3.4.1 Encoding 
In order to avoid the steric clashes and the disruptions of the stereochemistry 
that come with jumps of Cartesian coordinates, it was chosen to represent the 
3D structure of an oligosaccharide through its torsion angles. In first 
approximation, the conformation of the structure can be described by the 
values assumed by the torsion angles of each glycosidic linkage. The model 
can be improved later by also including the torsion angles of all the other 
rotatable bonds.  



Francesco Strino 

27 

The torsion angles are then grouped together into units, which contain the 
conformational information about a glycosidic linkage or a monosaccharide. 
Using this approach, it is also possible to treat several dihedrals as a single 
item which enables some of the optimizations described later. The encoding 
of the torsion angles of a trisaccharide is shown in Figure 10.  
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Figure 10.  Encoding of the three-dimensional structure of a trisaccharide using a 
vector of all its rotatable bonds. 

3.4.2 Genetic Algorithm operators 
The above representation using a torsion angle vector makes it an easy task to 
apply the standard GA operators described in section 1.3.2. 

ψ2

φ2

ψ1

φ1

OH1

OH2

OH4

OH3

OH3

OH4

OH4

OH6

C5-C6

OH6

C5-C6

C5-C6

NAc1

NAc2

NAc3



Computational analysis of oligosaccharide conformations 

28 

Mutation 
The mutation operator simply changes the value of one or several torsion 
angles in a unit randomly. GLYGAL allows selecting the number of units to be 
mutated and the number of torsions to be mutated in each unit. 

For glycosidic linkage units, GLYGAL offers the possibility to filter out the 
conformations that would be highly energetically unfavorable based on the 
adiabatic map of the disaccharide moiety around the linkage in question. In 
addition to standard random mutations, GLYGAL implements coordinated 
mutations for monosaccharide units so that the hydroxyls assume C/R chain 
conformations (see section 1.1.2) with higher probability. 

Crossover 
The crossover operator merges the conformations assumed by some 
substructures in the different parents. In order to do this, two structures are 
selected to be the parent structures, then a crossover point is randomly chosen 
and the application of the crossover operation results in two offspring. For 
example, let the first parent be the vector [(38º, 19º), (-25º, -25º), (-41º, 29º)], 
the second parent be the vector [(39º, 25º), (-19º, -26º), (-47º, -11º)] and the 
crossover point be between the first and the second glycosidic bond. The 
result will be the two offspring [(38º, 19º), (-19º, -26º), (-47º, -11º)] and 
[(39º, 25º), (-25º, -25º), (-41º, 29º

3.4.3 Fitness function and selection 

)].  

As described in section 1.3.3, two important features of genetic algorithm 
methods are fitness evaluation and parent selection.  

The natural choice for fitness evaluation is the energy of a conformation, 
since the Boltzmann probability of a molecule being in a certain state 
depends on its energy. Force field methods are widely used for predicting 
favorable conformations and GLYGAL can interface with MM3, MM4 and the 
free TINKER/MM3 version (Ponder 2010). These programs implement some 
of the best force fields available today for saccharides (see 3.2.1) and the 
minimization capabilities provided by these programs constitutes the 
Lamarckian part of the GLYGAL algorithm. 

The construction of the next generation in a GA is straightforward after the 
structures have been evaluated using the fitness function and the GA 
operators have been applied to the present generation according to the 
selection criteria. The parents are chosen according to a roulette wheel 
selection in which the probability of being chosen is greater for energetically 
favorable conformers. The user can specify the probabilities of applying a 
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specific genetic operator to the parent structure(s), i.e. mutation, crossover, or 
just passing over an identical copy of the best structures (elitism). 

3.4.4 Weights and adaptive parameterization 
Since glycosidic linkages are more important to the overall conformation, 
GLYGAL provides the option to assign them a higher weight during GA 
searches. Such weights are used to bias the mutation and the crossover in the 
glycosidic linkages, avoiding less useful sampling of monosaccharide 
conformers, which can generally be adjusted satisfactorily by simple 
MM3/MM4 minimizations.  

When the glycosidic torsions of the best structure remain substantially 
unchanged for a predefined number of generations, GLYGAL reduces the 
weights of the glycosidic linkages linearly until it enters a refinement stage 
during which the glycosidic torsions are not mutated and the conformation of 
the secondary torsions are optimized. If a new low-energy structure with 
significantly different glycosidic linkage conformations is found during this 
process, the initial weights are restored and the adaptive process is restarted.   

3.4.5 Other features of GLYGAL 
Besides the more scientifically relevant algorithm aspects described above, 
GLYGAL takes care of many other aspects of oligosaccharide 3D structure in 
over 50 000 lines of Java code. The most important are 

- Input/output of MM3, MM4, TINKER xyz format files for 
communication with the force fields; PDB format for 
interfacing with the most common software; and its own 
compressed binary format to store millions of conformations 
efficiently. 

- Parallelization framework to run GLYGAL jobs on a cluster 
of computers. Any computer can be added dynamically to 
the cluster, provided it has an internet connection and the 
possibility to run Java and the force field executables.  

- Parsing of sugar molecules to identify the most common 
monosaccharide and linkage types. Such information is used 
to locate adiabatic energy maps of the disaccharide moieties 
relative to the glycosidic linkages specified or to create new 
ones before starting GA searches.  

- Generation of adiabatic energy maps for disaccharides using 
systematic search and for trisaccharides using filtered 
systematic search. Creation of 2D images of such maps. 
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- Checking to filter out minimized conformation with artifacts 
such as serious steric clashes and flips of pyranose rings. 
This is used to filter out obviously unnatural structures that 
might not be treated correctly by the force fields. 

- A viewer created by Ezzeddin K.B.M. Hashim during his 
master thesis (Hashim 2007) to visualize and cluster sugar 
conformers. 

3.5 Molecular Dynamics 
Molecular dynamics (MD) is a methodology to simulate the evolution over 
time for a molecular system in which the forces acting on the atoms are 
generally defined through the approximation of a force field (see section 3.2). 
The evolution is based on solving Newton’s second equation  with 
numeric methods. In particular, time steps in the femtosecond order are 
considered and at each step the forces in the system are calculated and the 
velocities are updated.  

Since snapshots of the MD simulation taken at sufficiently distant times 
behave like random samples of the Boltzmann energy distributions, MD 
simulations are routinely performed to estimate molecular flexibility, 
population densities of conformers and to estimate molecular properties 
dependent on the population distribution.  

Molecular dynamics simulations have also been successfully applied to the 
study of oligosaccharides. They can be set up remotely with an easy web 
interface in Dynamic molecules (Frank et al. 2003), or can be set up with 
general software that have special parameterization for sugars like AMBER 
(Case et al. 2005; Case et al. 2008; Kirschner et al. 2008), CHARMM 
(MacKerell et al. 1998) and GROMOS (Lins and Hünenberger 2005; Scott et 
al. 1999). 

3.6 Molecular docking 
Molecular docking predicts the preferred orientation of two molecules with 
respect to each other when they are in a bound state. Once the preferred 
interaction pose is known, the binding affinity can be estimated by evaluating 
the intermolecular interactions and possibly other environmental factors. The 
docking between a protein and a small molecule (ligand) is the most common 
form of docking. The first docking programs considered both protein and 
ligand as rigid bodies to speed up the computation, whereas today the 
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flexibility of the ligand is generally taken into account. Some conformational 
changes on the protein can also be considered, generally limited to the 
conformation of the side chains in the binding site. 

The most common docking programs today are AutoDock (Morris et al. 
1998; Morris et al. 2009), DOCK (Ewing and Kuntz 1997), GOLD (Jones et 
al. 1997), FlexX (Rarey et al. 1996), Glide (Friesner et al. 2004; Halgren et 
al. 2004), LigandFit (Venkatachalam et al. 2003), and Surflex (Jain 2007). A 
longer list and introduction to the methodologies used by these programs are 
given by Souza et al. (2006). The performances are difficult to compare 
(Jason et al. 2005) and many studies with different results exist, as shown in 
Table 1 of Xun et al. (2009). 

3.6.1 Glide 
In Paper III Glide (Friesner et al. 2004; Halgren et al. 2004) was used 
because it has shown to be the current state of the art in many cases (Xun et 
al. 2009) and has given good results for protein-carbohydrate dockings 
(Agostino et al. 2009; Blanchard et al. 2008). 

Glide (Grid-based Ligand Docking with Energetics) represents the shape and 
interaction affinities of the receptor on a grid defined by several components 
of interactions. It treats the ligands, but not the receptors, flexibly.  

Before a docking job can be started, Glide creates several grids representing 
geometries and properties of the binding site on the given receptor. During 
docking, an exhaustive sampling of the ligand torsional space is performed to 
generate ligand binding poses, while several hierarchical filters reduce the 
search space and avoid the evaluation of computationally expensive 
interaction terms for non-promising conformations. 

The two initial steps examine the steric complementarities between the ligand 
and the binding site and evaluate protein-ligand interactions in various poses 
with GlideScore (Friesner et al. 2004). During the third stage, the poses 
selected by the initial screening are minimized in situ with the OPLS-AA 
force field (Jorgensen et al. 1996). Finally, the resulting ligand binding poses 
are ranked according to a composite score which considers GlideScore, non-
bonded interaction energies, and internal steric energies. 

The extra precision (XP) mode of Glide implements a more thorough 
sampling procedure based on the results of the standard precision mode, as 
well as an improved scoring function (GlideScore XP) that includes 
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additional terms and a better treatment of some interaction terms with 
particular regard to lipophilicity and solvation effects. 

3.7 Other software  
Molecular visualization and editing was done using Sybyl 8.0 and Sybyl 
X1.1 (Tripos Inc., St. Louis, MO, USA). Solvent-accessible surfaces were 
generated using the MOLCAD (Heiden et al. 1993) module of Sybyl. 

Ab initio calculations were performed using Gaussian 09A (Frisch et al. 
2009). Molecular orbitals depictions were created with GaussView 5.0.8 
(Gaussian Inc, Wallingford). 

The initial three-dimensional conformations of several oligosaccharides were 
generated through the SWEET Web service (Bohne et al. 1999).  

Protein-ligand interactions were analyzed using LIGPLOT (Wallace et al. 
1995) diagrams obtained from the PDBsum Web site (Laskowski et al. 
1997). 



Francesco Strino 

33 

4 RESULTS AND DISCUSSION 

In this chapter, the results from the papers are summarized. First, a 
comparison of the GLYGAL program with other software is given in 
section 4.1. Furthermore, conformational studies on the exopolysaccharide of 
Burkholderia cepacia (section 4.2) and docking studies between the capsid 
protein of VA387 and several histo-blood group antigens (section 4.3) are 
described. Finally, conformational and mimetic properties of thioglycosides 
and selenoglycosides are reported (section 4.4). 

4.1 Performance of GLYGAL (Paper I) 
The use of a stochastic method reduces drastically the exponential 
complexity of systematic searches. A comparison is given in Paper I where 
the prediction of the conformation of the O-specific oligosaccharide of 
Shigella dysenteriae type 2 required only 3000 structures to identify the 
global minimum and 8000 to reach the termination criteria, in contrast with 
350 000 required by a systematic approach (Rosén et al. 2002). While GAs 
are not guaranteed to find all  energy minima, they generally do, as shown in 
the case of Shigella dysenteria type 4 which had also been investigated by a 
systematic search (Rosén et al. 2004). 

The program SHAPE (Rosén et al. 2009) also implements a GA approach for 
the study of oligosaccharides. The main difference is in the speed/accuracy 
tradeoff: SHAPE introduces a taboo search approach (i.e. the energy of a 
conformation is not evaluated if a similar conformation has previously been 
considered) to speed up the computation. This increase in speed can come at 
the cost of ending up somewhat outside the optimal energy conformations. 
For example, SHAPE computational studies on the exopolysaccharide of 
Burkholderia cepacia (see Paper II) completed in a fraction of the time of our 
study, although only a conformation 1.2 kcal/mol higher in energy was found 
(Rosén et al. 2009). Furthermore, SHAPE does not interface with MM4 yet, 
although the high similarity between MM3 and MM4 should make this an 
easy task. 

The major drawback of GLYGAL is that it does not model carbohydrate-
solvent interactions accurately. This can be done using MD studies, although 
they have problems in jumping energy barriers efficiently and thus may not 
sample the conformational space thoroughly. The approaches can be 
combined by running short MD simulations starting from the optimized poses 
found using other methods. This approach is implemented automatically in 
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the FSPS software (Xia et al. 2007a; Xia et al. 2007b; Xia and Margulis 
2009). A similar approach was used in Paper III to study the behavior of 
oligosaccharide ligands in the presence of protein. 

4.2 Conformational studies on an 
exopolysaccharide of Burkholderia 
cepacia (Paper II) 

Burkholderia cepacia (also known as the Burkholderia cepacia complex) is a 
family of very similar opportunistic bacteria that can cause serious lung 
infections and are the major cause of premature death in cystic fibrosis 
patients (Coenye and LiPuma 2003; Speert 2002). During the infection, they 
secrete large amounts of an exopolysaccharide, whose heptasaccharide 
repeating unit (Cescutti et al. 2000) is shown in Figure 11.         
          β-D-Galp-(1→2)-α-D-Rhap 
                                              ↓            
                                              4                                               
 [3)-β-D-Glcp-(1→3)-α-D-GlcpA-(1→3)- α-D-Manp-(1→]n 
                                              2                           6 
                                              ↑                           ↑ 
                α-D-Galp               β-D-Galp   
 

Figure 11. Sequence of the repeating unit of the exopolysaccharide of Burkholderia 
cepacia. 

Paper II describes GA searches on several structures of this EPS. For the 
repeating unit, a global minimum and two secondary minima were found. 
The first minimum has a different ω angle in the β-D-Galp-(1→6)-α-D-Manp 
linkage and has similar energy (only +0.1 kcal/mol), while the second has a 
different conformation of the α-D-Rhap-(1→4)-α-D-GlcpA linkage and is 
about 1 kcal/mol higher in energy. The 3D structures of the best conformers 
are shown in Figure 12a, with secondary minima shown in thin lines. 
Because of steric clashes, larger structures assume only the global minimum 
conformation of the repeating unit. A small epitope with this property is the 
upstream frame-shifted octasaccharide (Figure 12b).  

Because of the high branching of the GlcA moiety, a systematic search study 
would have been unfeasible. Moreover, the branching gives this 
oligosaccharide structure a certain rigidity, which had also been 
experimentally observed (Sist et al. 2003). In such cases, genetic algorithms 
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have a clear advantage, because the minima are relatively few and well 
defined, in contrast to linear polysaccharides which may have too many 
conformations to be exhaustively sampled with a stochastic search method. 

Figure 12. Favorable conformers of the exopolysaccharide of Burkholderia cepacia: 
(a) heptasaccharide; (b) frame-shifted octasaccharide. Secondary conformers are 
shown in thin lines. 
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Contemporaneously with our GA study, the EPS of Burkholderia cepacia 
was studied through MD (Sampaio Nogueira et al. 2005) in water, Me2SO, 
and a 30% water-Me2SO solution using GROMOS96 (Scott et al. 1999) with 
a specialized force field for carbohydrates (Pereira et al. 2004). The 
simulation in presence of explicit solvent gave similar results. Although the 
MD did not sample the less favorable secondary conformer of the 
Rhaα1-4GlcA moiety, the two most energetically favorable conformers were 
found. Nonetheless, there are minor discrepancies in the torsion angles, most 
likely due to differences in force field, similar to what can be observed on the 
superposition (Sampaio Nogueira et al. 2005) of the MD trajectories over the 
energy maps obtained with the Brant force field (Goebel et al. 1970).  

Successive NMR studies (Herasimenka et al. 2008) identified several 
intermolecular proton-proton interactions and the estimated distances are in 
good agreement with the predicted conformations. These NMR results, 
together with atomic force microscopy (Herasimenka et al. 2008), also show 
that the larger structures of the exopolysaccharide tend to form double 
stranded segments in water (but not in Me2SO). Such interactions are 
compatible with the topology of the solvent accessible surface (Figure 13) of 
our model of several repeating units, although the conformational aspects in 
large scale have not been thoroughly investigated yet. 

Figure 13. Orthogonal projections of the solvent-accessible surface of eight 
repeating units of the exopolysaccharide of Burkholderia cepacia colored according 
to lipophilicity (blue: hydrophilic, brown: lipophilic).  

4.3 Interactions between the VA387 strain 
of norovirus and HBGAs (Paper III) 

Noroviruses are the most common cause of winter gastroenteritis outbreaks 
in humans and are known to bind histo-blood group antigens. In Paper III the 
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interactions between eleven HBGA structures and the capsid protein of the 
VA387 strain of norovirus were studied.  

Conformational studies on the free saccharides were initially performed by 
generating adiabatic energy maps for the disaccharide moieties and finding 
the optimal conformations using GLYGAL with the MM4 force field.  

The initial structures were then fitted in the binding site of the VA387 capsid 
protein by superimposing the α1,2-linked fucose on the respective position 
assumed in the crystal structure with PDB id 2OBT (Cao et al. 2007). Later, 
molecular dynamics studies with implicit solvent were performed using 
AMBER 8 (Case et al. 2005) and the GLYCAM06 (Kirschner et al. 2008) 
force field. During the MD runs, the position of the fucose moiety was 
constrained. The binding energies of six snapshots were finally calculated for 
each saccharide using Glide XP (Friesner et al. 2004; Halgren et al. 2004) 
and the results are graphed in Figure 14. The constraint is well justified by 
the strong interaction between the α1,2-linked Fuc and the protein, which 
alone is responsible for more than half of the binding energy of tri- to 
pentasaccharide ligands. 

Figure 14. Estimated binding energies (in kcal/mol) between the capsid protein of 
VA387 and 11 HBGA saccharides. For definitions see section 1.2.1. 

The difference between type 1 and the related Leb structures also indicates 
that the addition of an α1,4-linked fucose increases the binding affinity of the 
saccharide ligands.  
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Furthermore, the MD simulations show that A structures, but not B 
structures, interact with the residues I389 and Q331, in agreement with 
mutational data (Tan et al. 2008). 

4.4 Conformational studies on 
thioglycosides and selenoglycosides 
(Papers IV and V) 

Sugar derivatives in which glycosidic oxygens are substituted are of 
pharmaceutical interest because of their enhanced resistance to hydrolysis.  
Sulfur and selenium substitution are a natural choice because they are in the 
same column of the periodic table as oxygen.  

Conformational properties of hetero- substituted linkages 
The first step of the investigation was to study the differences between the 
natural and the substituted glycosidic linkages. It can be seen that O→S, 
O→Se and, for comparison, O→C substitutions of the interglycosidic linkage 
substantially affect the geometrical properties, as shown in Table 3.  

Table 3. Geometric properties of the natural glycosidic linkage and its C-, S- 
and Se- derivatives. For each linkage type van der Waals radius of the 
central atom, length of the C-x bond, value of the C-x-C angle and distance 
between the two ends of the glycosidic linkage are listed. 

 

The substitution of the glycosidic oxygen can also affect the conformational 
properties of the glycosidic linkage, in particular the preferences of the φ 
torsion. The torsional profiles for φ (i.e. O-C-x-C) calculated at the 
MP2/6-311++G** level of theory (paper V and unpublished data) locking the 
C-O-C-x torsion at 60° and 180° are shown in Figure 15. In pyranoses where 
the anomeric carbon assumes the α conformation, the C-O-C-x ring torsion is 
constrained at around ±60° (the profile at -60° is the mirror image of that at 
60°), while in β-pyranoses the C-O-C-x torsion is constrained at around 180°.   

Linkage  vdW Radius C-x Bond C-x-C Angle C-x-C Distance 
O 1.5 Å 1.4 Å 115º 2.4 Å 
C 1.7 Å 1.5 Å 110º 2.5 Å 
S 1.8 Å 1.8 Å 95º 2.9 Å 
Se 1.9 Å 1.9 Å 95º 3.0 Å 
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Figure 15. Torsional profiles of the φ torsion of the glycosidic linkages containing C, 
O, S and Se.   

A comparison with the profile of the C-glycosidic linkage illustrates that O-, 
S- and Se- derivatives are subject to the exo-anomeric effect and prefer 
gauche conformations around ± 60°. The S- and Se- profiles are very similar 
and their main difference from the natural glycosidic linkage is in the profile 
with C-O-C-x fixed at 60°, where the secondary conformation at -60° has an 
energy difference from the global minimum of around 4 kcal/mol in the 
O-linkage and of 2 kcal/mol in the S- and Se- linkages.  

The ab initio data for the thioglycosidic and the selenoglycosidic linkages 
were used to derive new MM4 parameters (called MM4R), which have better 
performance than those obtained with its parameter estimator (Allinger et al. 
1994). The MM4R parameter set is attached as supplementary material in 
paper V and will be integrated in the next release of MM4. The results for the 
thioglycosides are in good agreement with similar parameters developed for 
use with AMBER (Saito and Okazaki 2009). 

Conformational properties of ABH derivatives 
After generating a proper force field parameterization for S- and Se- 
derivatives, the mimetic properties of the ABH blood group antigen 
derivatives were considered next.  

The conformational properties and population densities were studied by the 
generation of adiabatic energy maps through systematic and filtered 
systematic searches. As previously observed for a thio-disaccharide (Aguilera 
et al. 1998), the investigations on the disaccharide moieties indicated that S- 
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and Se- linkages have enhanced flexibility and can assume two different 
conformers, although they generally prefer the conformation assumed by the 
O-glycosidic linkage (Table 4).  

Table 4. Characterization of the energetically favorable conformations of the 
disaccharide moieties of histo-blood group ABH antigens and their 
derivatives. 

 

 

 

 

 

 

 

 

The studies on the trisaccharide derivatives predict a high variability in 
mimetic properties between the different derivatives. It can be noted that 
substitutions in the α-L-Fucp-(1→2)-β-D-Galp linkage do not seem to affect 
the conformational properties significantly, while fully substituted derivatives 
can generally assume several different conformers (Table 5 and Table 6).   

Compound φ/ψ Energy (kcal/mol) Population 
Fuc-(1→2)-Gal -90º/-120º   99.0% 
Fuc-(1-S→2)-Gal -90º/-90º  62.4% 
 -90º/45º + 0.03 35.1% 
Fuc-(1-Se→2)-Gal -75º/60º  45.3% 
 -75º/-90º +0.37 51.9% 
GalNAc-(1 →3)-Gal 75º/90º  93.4% 
GalNAc-(1-S→3)-Gal 75º/60º  77.3% 
 75º/-75º + 0.40 14.8% 
GalNAc-(1-Se→3)-Gal 75º/-75º  35.5% 
 120º/60º +0.24 58.0% 
Gal-(1 →3)-Gal 75º/90º  93.4% 
Gal-(1-S→3)-Gal 90º/75º  75.4% 
 75º/-60º + 0.43 19.2% 
Gal-(1-Se→3)-Gal 75º/-75º  49.5% 
 60º/75º +1.01 42.2% 
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Table 5. Characterization of the energetically favorable conformations of the 
histo-blood group A antigen and its derivatives. The first element of the 
A - x/x notation refers to the α-L-Fucp-(1-X→2)-β-D-Galp linkage, while the 
second refers to the α-D-GalpNAc-(1-X→3)-β-D-Galp linkage. 

 

 

 

 

 

 

Compound Fuc-(1-X→2)-Gal GalNAc-(1-X→3)-Gal Energy (kcal/mol) Population 
A - O/O -75º/-105º 90º/75º   90.9% 
A - O/S -90º/-120º 75º/-60º  89.0% 
 -90º/-120º 105º/75º +2.38 3.7% 
A - O/Se -105º/-165º 120º/150º  29.5% 
 -75º/-120º 75º/75º +0.12 56.6% 
 -90º/-150º 105º/-60º +1.48 4.3% 
A - S/O -75º/-135º 90º/90º  94.0% 
A - S/S -75º/-135º 90º/105º  42.3% 
 -75º/-120º 75º/-60º +0.31 19.6% 
 -120º/60º 60º/75º +0.86 12.8% 
 -90º/60º 75º/-60º +0.91 13.0% 
A - S/Se -75º/75º 120º/75º  57.9% 
  -120º/-165º 75º/-90º +1.07  4.7% 
  -75º/-120º 75º/90º +1.30 20.5% 
A - Se/O -75º/-120º 90º/90º  90.9% 
  -60º/75º 105º/75º +1.66 2.5% 
A - Se/S -60º/-120º 75º/-60º  30.5% 
  -60º/75º 105º/75º +0.37 38.9% 
  -75º/-105º 75º/90º +1.88 11.1% 
  -75º/60º 90º/-75º +1.88 2.7% 
A - Se/Se -75º/-135º 75º/-60º  40.0% 
  -60º/75º 120º/75º +0.95 7.9% 
  -75º/-135º 75º/90º +1.07 31.9% 
  -105º/-60º 45º/60º +1.90 2.6% 
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Table 6. Characterization of the energetically favorable conformations of the 
histo-blood group B antigen and its derivatives. The first element of the 
B - x/x notation refers to the α-L-Fucp-(1-X→2)-β-D-Galp linkage, while the 
second refers to the α-D-Galp-(1-X→3)-β-D-Galp linkage. 

 

The potential bioactivity of the derivatives was finally investigated through 
dockings with eight known carbohydrate-binding proteins for which crystal 
structures and in some cases experimental binding data were available, 
namely FcsSBP (Higgins et al. 2009), CGL2 (Walser et al. 2004), 
GH98CBM51 (Gregg et al. 2008), VAA (Jiménez et al. 2008), MOA (Grahn 
et al. 2009), PA-IL (Blanchard et al. 2008) and AAA (Bianchet et al. 2002). 
Although the results of such studies should be considered as semi-
quantitative and in-depth studies of the structure-activity relationship may be 
needed for each protein, the results suggested that the increased flexibility of 

Compound Fuc-(1-X→2)-Gal Gal-(1-X→3)-Gal        Energy (kcal/mol) Population 
B - O/O -75º/-105º 90º/75º   91.4% 
  -135º/-150º 150º/135º +1.24 1.6% 
B - O/Se -75º/-120º 60º/75º  65.3% 
 -105º/-165º 120º/150º +0.03 27.4% 
B - Se/O -60º/-105º 90º/90º  94.1% 
 -75º/75º 105º/90º +1.78 1.6% 
B - Se/Se -75º/-135º 60º/75º  60.3% 
  -75º/-135º 75º/-60º +0.21 19.4% 
  -105º/60º 45º/60º +0.76 7.4% 
  -75º/60º 75º/-60º +1.31 2.9% 
B - S/Se -120º/60º  60º/75º   31.9% 
  -75º/-120º 60º/90º +0.52 53.7% 
  -90º/60º 75º/-75º +1.87 1.6% 
B - Se/S -60º/75º 105º/75º  31.3% 
  -75º/-105º 75º/90º +0.57  41.6% 
  -75º/-120º 90º/-60º +1.06  6.9% 
 -75º/60º 90º/-75º +1.25 5.3% 
 -60º/-105º 120º/150º +1.29 1.9% 
B - O/S -75º/-135º 75º/-60º  60.4% 
 -75º/-120º 90º/75º +0.82 33.3% 
B - S/O -75º/-135º 90º/90º  90.4% 
B - S/S -75º/-135º 90º/105º  53.4% 
 -90º/-105º 75º/-60º +0.91 21.9% 
 -120º/60º 60º/75º +1.16 6.9% 
 -90º/60º 75º/-60º +1.55 4.4% 
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some derivatives may in fact improve the interactions with the receptor, as 
shown in Figure 16 for CGL2.  

Figure 16. Binding interactions of CGL2 with the blood group antigen A and its 
Se/S-derivative. The docking pose of A-Se/S and  the co-crystallized A structure (thin 
lines) are shown  above, with the solvent-accessible surface of the protein  colored 
according to hydrophilicity (blue: hydrophilic, brown: hydrophobic). 2D protein-
ligand interaction plots for A (left) and A-Se/S (right) are depicted below. 
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5 CONCLUSIONS 

During the present work, a methodology for the study of the conformations 
of oligosaccharides and some derivatives has been developed. GLYGAL has 
been shown to be able to predict the conformational properties of 
oligosaccharides and, after some ab initio studies, of some sugar derivatives.  

The conformational studies on the exopolysaccharide of Burkholderia 
cepacia suggests a rigid structure stabilized by several intramolecular 
interactions.  

The docking studies with the norovirus capsid protein give insights into the 
binding specificity of a series of histo-blood group type 1 and 3 antigens. 
Furthermore, the results can explain some mutational data on the binding site 
and provide a basis for structure-based design of new inhibitors. 

The work on thioglycosides and selenoglycosides suggests a novel class of 
glycomimetics that should have increased resistance to hydrolysis and may 
have enhanced binding activity.  
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6 FUTURE PERSPECTIVES 

After several years of development the GLYGAL methodology is now mature, 
although some improvements could be done. For instance, a method to 
estimate population densities from GA results (and possibly some reduced 
systematic searches) would be an interesting improvement.  

The work on norovirus could be extended to other histo-blood group 
antigens, to some sugar mimetics, and to other virus strains. 

The work on thioglycosides and selenoglycosides indicates a pharmaceutical 
potential for this class of compounds, but the quality of the structure-activity 
relationship models for specific proteins could be improved by the hybrid 
MD-docking approach used for the norovirus. The investigation could be 
expanded to other medically relevant carbohydrate epitopes. 

Finally, experimental testing of the in silico results could give validation or 
input for improvements to the methodology used and the predictions 
produced. 
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