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Abbreviations

Amino Acid codes

Glycine G Gly
Alanine A Ala
Leucine L Leu
Methionone M Met
Phenylalanine F Phe
Tryptophan W Try
Lysine K Lys
Glutamine Q Gln
Glutamic Acid E Glu
Serine S Ser
Proline P Pro
Valine v Val
Isoleucine I Iso
Cysteine C Cys
Tyrosine Y Try
Histidine H His
Arginine R Arg
Aspargine N Asn
Aspartic Acid D Asp
Threonine T Thr
Units

Angstrom A (0.1 nm)
degrees celsius °C

Kelvin K

kcal kilocalories
millimolar mM

micromolar uM

nanomolar nM
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Popular science summary

Cells are the smallest structural, functional and biological units of all multicellular
living organisms like us, humans. A human body has approximately trillion cells
that perform their functions to help in growth, immunity and survival. Cells are
composed of four different types of macromolecules (individual working units):
nucleic acids, lipids, carbohydrates and proteins Nucleic acids constitute the
genome (DNA) which carries genetic information, and RNA, which has a wide
variety of functions. Lipids form the cell membranes and act as structural unit.
Carbohydrates, also called polysaccharides, are made of sugar residues like glucose,
galactose etc. They act as an energy source, play role in signalling when bound to
proteins and can form cell walls. Proteins are the most versatile among all the
macromolecules, and they are the workforce of the cell. A human cell can have
atleast 20 000 types of proteins depending on its function. They perform diverse
roles in cells, like forming structural elements, e.g. the cytoskeleton (microtubules),
they are the catalysts of the cell and perform all the enzymatic processes, they act
as transporters and channels that help in movement of molecules in and out of cells
and they act as signalling/communication molecules by carrying information
between/within cells. Proteins are able to perform these functions because they
interact with the other macromolecules and numerous small molecules called
ligands. These protein-ligand interactions are very important for cellular functions
and the basic understanding of how the protein functions relies on studying such
molecular recognition.

Proteins are made up of amino acids arranged in specific orders (decided by the
genetic code) and folded into a three-dimensional functional unit. Each protein has
different combination of amino acids, which decides its structure, location and
function. Most proteins are found at specific locations like the cytoplasm, nucleus
or extracellular space and their expression is cell specific. Dysregulation of protein
expression and function can lead to imbalances in cellular processes like cell
division, cell death and cell differentiation. That can develop into diseases, hence
studying structure and function of proteins is important, and protein-ligand
interactions are the fundamental aspect to these studies.

All protein-ligand interactions are chemical in nature, as proteins are essentially big,
organized chemicals. Thus the interactions they make with other molecules are
purely chemical. They involve several weak non-covalent bonds (like hydrogen
bonds, hydrophobic interactions, electrostatic interactions etc.) between protein and
ligand atoms. The type and number of weak interactions define the thermodynamics
and affinity of binding. Hence one needs to understand the intricacies of these
chemical interactions to clearly elucidate the mechanism of binding.
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To achieve that end, specific tools are needed and there are various methods
available to perform the desired study. Proteins are very small molecules; their size
is defined in units called Angstroms (A) which is 10-10 meters and an average
protein has a size of about 100 A. Ligands are even smaller units. So how do we see
such small molecules? X-ray crystallography is one powerful method that allows us
to see the small molecules, it basically takes an atomic picture of them. X-ray
crystallography can give a complete atomic structure of the molecules and we are
able to see all the details of binding and the weak interactions involved.

A drawback to X-ray crystallography is that we cannot see hydrogens, and so we
cannot easily study hydrogen bonding between ligands, solvent (water) and protein.
To address this, neutron crystallography is used, in this method the protein is
labelled with deuterium (2H) which is an isotope of hydrogen but has one extra
neutron. The data form neutron crystallography allows us to see all the
hydrogens(deuterium) and the hydrogen bonding.

Neutron and X-ray crystallography are great complimentary tools to study
mechanisms of binding. However, this information is not sufficient alone, as the
interactions are not rigid, but are quite dynamic processes involving conformational
changes happening in both protein and ligand. Thus, we need more information like
binding affinity, thermodynamics (enthalpy and entropic contributions) and
conformational changes. Isothermal titration calorimetry (ITC) is an excellent
technique to find the affinity as well as thermodynamics of binding. Nuclear
magnetic resonance (NMR) is another powerful method to study conformational
changes and the entropy associated with protein-ligand binding. Theoretical studies
are also a very useful tool to understand the energetics of binding. These studies are
performed by complex simulation and calculations.

We have the tools and we have the idea, so next we need is a target, a model on
which to perform our experiments. In this thesis the target molecule is galectin-3, a
member of the galectin family of proteins that bind galactose-containing saccharides
on the surfaces of proteins. Galectin-3 is found everywhere in the cell as well as on
the extracellular surface. Galectin-3 interacts with a plethora of proteins and exert
its function. Galectin-3 is involved in various cellular processes like cell division,
immune response, cell death and cell differentiation. Thus one can assume if they
start misbehaving there will be bad implications. That is what it has been observed:
galectin-3 is involved in various diseases like cancer, immune disorders and
cardiovascular diseases. There has been lot of studies on this protein in order to
understand its mechanism of action,

Next we need ligands to perform binding studies, and they are synthesized from
complex organic reactions. To begin with galactose was chosen as the basic scaffold
as galectin-3 binds galactose. Several modifications were made and they were
studied using previously mentioned methods. This gave further insights into what
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changes to make, what atoms to use for substitution. So, it was a feedback process,
where new compounds were synthesized based on data accumulated from old
ligands.

To summarize, in this thesis we have used galectin-3 as the model to study basic
aspects of molecular recognition using tools like X-ray and neutron crystallography,
ITC, NMR and theoretical studies. The findings have been reported in several
papers, some of them has been published.
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Summary

In recent times, structure-based drug design has been the most preferred method to
find new drugs against possible or well-known drug targets. The method relies on
atomic structures of target-ligand complexes. X-ray crystallography has been at the
core of this revolution: no other structural methods give us the possibility to study
protein-ligand interactions and drug design at the atomic level. Each protein has a
defined expression level and any alteration can lead to differences in their activity.
Most diseases involve differential expression of particular proteins, hence making
them a drug target.

In this thesis we have tried to study basic protein-ligand interactions while also
contributing to find a high affinity inhibitor. The target is from a family of proteins
called galectins. They bind to B-galactoside-containing ligands. They are found
everywhere in the cell and they are involved in several key processes involving
signalling, apoptosis, and other immunogenic pathways. Their expression becomes
unregulated during diseases like cancer, cardiovascular disorders and their roles in
these diseases have been very well documented. My main target was galectin-3,
which is unique among galectins in having a N-terminal repetitive domain and a
highly conserved C-terminal carbohydrate recognition domain (CRD). We worked
mostly with the CRD as this domain recognises the carbohydrates. The structure of
the galectin-3 CRD has been reported previously in complex with ligands based on
-galactoside.

Protein-ligand interactions are fundamental and important for cells to function and
for their capacity to interact with their surroundings. These are complex chemical
and physical processes. Multiple weak non-covalent bonds and the thermodynamics
associated with them are the driving forces for protein-ligand interactions. However,
conformational entropy of protein is equally important, how the protein changes
conformation upon binding a ligand is key to such interactions. The ideal binding
involves several non-covalent bonds that compensate for the loss of ordered water,
and the enthalpy and entropy of the complex itself drives the binding to be
favourable or unfavourable.

In the current work we have focused on modifying the ligands at key places, like
introducing fluorines and also changing the position of these substitutions. Then we
determined structures of all these complexes to see the effect of the substitutions on
the binding. Binding affinities were determined to give an idea how these subtle
changes affect the protein-ligand interactions thermodynamically. The results add
not only to our current understanding of basic protein-ligand interactions but also
provide insights into making very high affinity and selective ligands against
galectins.
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1. Molecular recognition in protein-
ligand interactions

Proteins are the most versatile molecules present in living cells. They have several
critical roles, ranging from structure, signalling and catalysis to reproduction. They
help cells in carrying out almost all of the necessary tasks to function and survive.
Proteins are found everywhere in the cell, from the nucleus to cell membranes and
the extracellular matrix. Some are needed for maintaining structure, some are on the
cell surface and receive signals from the surroundings, while some are enzymes and
perform catalysis to generate energy or products needed for survival. Proteins
achieve their function by interacting with other molecules (proteins, lipids, sugar
and nucleic acids). The interaction usually involves binding a ligand, which can be
any small molecule like a sugar, an amino acid, a nucleic acid etc. These
interactions, which can be transient or long-lived, are mediated mainly by
noncovalent interactions, although there are examples where covalent bonding is
involved as well' .. These interactions are highly specific for each protein-ligand
complex. This, the protein-ligand interaction is the key to study the many basic
functions of proteins in general and it can give us insights into drug design as well.
Hence studying protein-ligand interactions is paramount to deciphering the basics
of molecular recognition as well as having a tremendous application in fighting
diseases”.

1.1. Interactions governing protein-ligand binding

Proteins are highly specific for the kind of ligand they bind and the affinities also vary from
the millimolar to the picomolar range depending on how well the ligand binds in the binding
pocket. This affinity and specificity of ligand binding to their target proteins are controlled
to some extent by weak noncovalent interactions, which are much weaker than covalent
interactions. The strength of a covalent single bond is usually in the region 80-100 kcal/mol,
but non-covalent interactions are much weaker, usually in the range of 1-3 kcal/mol. Hence
several weak interactions are required for successful binding of ligands, thus providing
differences in affinity and specificity. Apart from the weak interactions, other crucial
factors that can affect affinity and specificity are thermodynamic (enthalpic,
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entropic and desolvation) parameters. This means that water molecules are crucial
in the binding affinity and that the weak interactions affect thermodynamic
parameters. Steric clashes are another important parameter that can affect the
affinities greatly. Binding affinity is a function of two quantities, the binding
enthalpy and the binding entropy, which are affected by these weak interactions.
Studying these weak interactions is essential for rational drug design and lead
optimization’. We will look at these factors in following sections.

1.2. Thermodynamics of protein-ligand binding

Protein-ligand interaction is a highly flexible process, and binding is governed by
the energetic contributions of the noncovalent interactions and the dynamics of the
ligand and solvent. The precise elucidation of molecular recognition processes
involving protein-ligand interactions requires a complete characterization of the
binding energetics and correlation of thermodynamic data with the interacting
structures involved. Binding affinity is the strength of the reversible interaction
between the protein and ligand. It can be described as dissociation constant Kg:

[P]+[L]= [PL]
[P][L]
[PL]

4=

Where [P], [L] and [PL] are protein, ligand and protein-ligand complex
concentrations respectively. A quantitative description of the factors that govern
molecular associations requires determination of changes of all thermodynamic
parameters, including free energy of binding (AG), which depends on the enthalpy
(AH), and entropy (AS) of binding®’. Like any other spontaneous process, a
noncovalent binding event takes place only when it is associated with a negative
binding free energy (AG), which is the well-known sum of an enthalpic term (AH)
and an entropic term (-TAS). These terms may be of equal or opposite sign and thus
lead to various thermodynamic signatures of a binding event, ranging from enthalpic
to entropy-driven®. A detailed analysis of many protein ligand complexes show that
majority of the interactions are enthalpically favoured®. The Gibbs free energy
change (AG) of binding is the most important thermodynamic description of the
event, since it determines the stability of any given protein-ligand complex, and it
has been the greatest analytical tool for the characterization of structure—function
relationships. Isothermal titration calorimetry (ITC) is the best method to study the
thermodynamics of binding and gives quantitative measurements of binding
enthaply and entropy®.

AG°= —RTIn K4
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AG = AH —TAS

AG° is the standard binding free energy, R is the universal gas constant (1.987 cal
K" mol™") and T is the temperature in K. It can be deduced that binding affinity of a
ligand is not only dependent on the precise spatial disposition of interacting groups
and their contributions to intermolecular interactions but also by the dynamics of
these groups. Thus, consideration of both these factors is of utmost importance in
determining the correct binding affinity. Since entropic and enthalpic components
of binding are highly dependent on many system-specific properties, the practitioner
has to conclude that optimizing for free energy is still the only viable approach to
structure-based design®’.

Born-Haber cycle for ligand binding

AG;
L+P L+P
AGsf AGsb
L(H,0)+ P(H,0), LP(H,0),+ (HyO)pixsyss
+(H,0), AGey,

Figure 1: A Born-Haber representation of ligand binding®"". AGexp, AGsr, AGsp, are the experimental free energy,
solvation free energy for free ligand and protein and protein-ligand complex respectively. P and L are protein and
ligand respectively. AGi is the intrinsic free energy of binding. They are related by the following equation:

AGexp = AGi + AGsb - AGsf

1.2.1. Enthalpic (AH) and entropic (AS) components

In simple words, AH represents the changes in noncovalent bond energy occurring
during the interaction. The enthalpy change of binding reflects the loss of protein—
solvent hydrogen bonds, formation of protein—ligand bonds, salt bridges and other
weak contacts, and solvent reorganization near protein surfaces. These individual
components may produce either favourable or unfavourable contributions. The
dissection of each noncovalent interaction is not feasible since the net heat effect of
a particular bond is the balance between the reaction enthalpy of the ligand to the
protein and to the solvent. Also, structural alterations at the binding site due to the

binding event may contribute to the binding enthalpy®'2.
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Binding entropy represents one of the major driving forces. The main factor
contributing to AS of complex formation is solvation and desolvation effects. Since
the entropy of solvation of polar and hydrophobic groups is large, the burial of
water-accessible surface area on binding results in solvent release which often
makes a large and positive contribution to the total entropy of interaction. Another
important, unfavourable contribution reflects the reduction of rotational degrees of
freedom around the torsion angles of protein and ligand side-chains®. Entropy is
commonly regarded as a problem for larger and more flexible ligands, since
presumably more conformational degrees of freedom would be lost upon binding.'?

A widely observed feature of protein-ligand binding thermodynamics is the seeming
tug-of-war between enthalpy and entropy. In general, enthalpic interactions improve
selectivity due to their geometric specificity, and they are inherently more efficient
since they tend to be larger in magnitude than entropic effects'*'%. Protein-ligand
complexes that exhibit more negative enthalpies of binding, mostly do so at the cost
of more positive -TAS terms and vice versa. This enthalpy-entropy compensation
effect is clearly evidenced in protein-ligand complexes. The ligands with the most
favourable entropies of binding actually have positive enthalpies of binding.
Conversely, the most favourable enthalpies have very unfavourable entropies of
binding". Rigid ligands reduce the entropic penalty and improve affinity. Although
recent studies have shown that most flexible ligands have the entropically most
favored binding. These flexible ligands trap water molecules more efficiently prior
to binding and release them after binding, resulting in favourable entropic binding"’.

1.2.2. Solvation and desolvation: Role of waters

Water plays a crucial role in protein structure and function, while also governing
the ligand binding. Water is unique as a solvent: it can act as both H-bond donor
and acceptor and can bridge H-bonds between atoms. However, their contribution
to ligand binding is not only limited to H-bonding: they have major implications for
the thermodynamics of binding. Structured water molecules in ligand binding sites
are crucial, and replacing them with ligands (desolvation) favours increase of
entropy, which can lead to a thermodynamically favourable process, depending on
its relationship to enthalpy'®'®. Binding is a two-step process involving desolvation
and asociation'. Thus, if the energy required to desolvate both ligand and binding
pocket is greater than the stabilisation energy gained by binding, then the ligand
may be ineffective'®**?!. Increased stabilization of water molecules results in
enthalpically more favourable binding and enhanced affinity?’. Also, there is an
enthalpic penalty for removing water molecules that are important for the protein.
Therefore, careful analysis and design are necessary to fully utilise the water
network. The desolvation process is crucial to other intermolecular interactions like
hydrophobic interactions, electrostatic interactions (salt bridges) and halogen
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bonding. These are all governed by water displacement and increase in entropy'*'".

It is possible to gain direct information on the role of solvent molecules in protein
ligand complexes using X-ray crystallography, as solvent molecules that are in fixed
positions relative to the protein can often be identified. Paper III in this thesis
addresses the importance of desolvation and role of waters in the affinity of binding
in context of galectin-3 inhibitors.

1.3. Non-covalent interactions

In 2017 Schapira et al. performed a systematic analysis of 11000 protein-ligand
complexes to find out what weak interactions are involved and which weak
interactions are most prevalent. They found seven most common interactions™+*,
namely hydrophobic, hydrogen bonds and n- & stacking, although other less frequent
interactions like cation-n , amide-n and halogen bonds are also quite important in

protein-ligand interactions.

1.3.1. van der Waals interactions

Van der Waals interactions are a general and broad category of relatively weak
interaction (0.5-1 kcal/mol) and are non-ionic in nature. They happen when two
atoms come close enough and their electron clouds touch, resulting in charge
dispersion and formation of weak dipoles. They are general atomic interactions and
are always present between atoms if they are close enough. They are non-specific
and nondirectional, so we will focus on only specific interactions governing protein-
ligand binding.

1.3.2. Hydrophobic interactions

These are most common interactions in protein-ligand complexes®. These
interactions are based on the hydrophobic effect, which is basically an energetically
favourable process that brings hydrophobic groups together in aqueous solutions by
displacing water molecules. The single best structural parameter correlating with
binding affinity is the amount of hydrophobic surface buried upon ligand binding.
On the magnitude of the hydrophobic effect was estimated to be around 0.7
kcal/mol, or a 3.5-fold increase in binding constant for a methyl group®. These
interactions dominate the free energy of protein-ligand binding and are pivotal to
protein-ligand
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Figure 2: Diagrammatic representation of hydrophobic interaction and role of water

recognition and drug design’. Several types of hydrophobic interactions occur when
a ligand binds a protein, like aromatic-aromatic, aliphatic-aromatic, aliphatic-
aliphatic etc. Hydrophobic interactions add mostly to the entropy of ligand binding.
Proteins have several hydrophobic residues that add to the hydrophobic interactions,
like Val, Leu, Ile, Phe, Trp, Tyr etc. Ligands have alkyl groups and aromatic groups
as well. Other interactions like the sulfur atom in Met with aromatic groups in
ligands are also prevalent.

Aryl-Aryl interaction/ w-Stacking interactions

This is the most common form of hydrophobic interaction®. Most drug candidates
have at least one aromatic ring. These groups can form n- & stacking interaction with
other hydrophobic residues in the protein (Trp, Phe and Tyr). These interactions can
be edge to face or face to face. This « stacking can also happen between pyranose
rings in ligands and aromatic amino acids in proteins, which is common for sugar
binding proteins.
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Figure 3: Aryl-aryl stacking interactions shown in cartoon form. Face to face, edge to face and edge to edge stacking
is shown. mi system is represented by yellow disc.

1.3.3. Hydrogen bonds

These are the second most frequent interactions in protein-ligand complexes and
one of the most important ones””’. These bonds have a donor and an acceptor.
Donors are N, O and F and the acceptor is an electronegative atom with lone pair of
electrons. They are denoted as Donor-H....Acceptor, where Donor is covalently
bound to H. These interactions are directional and distance-dependent and are the
predominant contributor to molecular recognition and specificity. There are
multiple hydrogen bonds involved in binding of ligands, so they are the most
important for specificity. The energy of a hydrogen bond can be between 0.2—40
kcal/mol*®, and the donor-acceptor distance is less than 3.5 A%.

N-HO interactions are most common, followed by O-HO and N-HN (ref. %*).
These are classified as strong hydrogen bonds and the distances are close to 3 A,
whereas weak hydrogen bonds involving C atoms, mostly C-H O, have a distance
of around 3.5 A. The angular preference of these bonds are quite pronounced, the
angle for Donor-HAcceptor is generally above 150°. The direction of hydrogen
atoms and angles define specificity. Given the prevalent role of H-bonds in ligand
affinity and specificity, as well as the importance of their geometry and
directionality, their structural elucidation becomes necessary. However, X-ray
crystallography is mostly unable to see hydrogens, so that leads us to use neutron
crystallography where we are able to see the hydrogens clearly.
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Figure 4: Pictorial representation of H-bond between donors and acceptors. The orbital representation shows the
sharing of electrons.

1.3.4. Electrostatic interactions

This is a type of charge-based interaction involving two oppositely-charged groups.
Electrostatic interactions always involve charged residues, in proteins (Asp, Glu,
Lys, Arg, His) and in ligands it could be phosphate, sulfate, amine etc. This
interaction is mostly between a positively charged nitrogen and negatively charged
oxygen, and either could be from protein or ligand. Arg acts as the cation in most of
these interactions23. The binding energy gained from forming a salt bridge is not
always sufficient to compensate for the energetic penalty of desolvating charged
groups27. However, the strength of these interactions relies heavily on the
environment.

Ionic bond
(Salt bridge)

Figure 5: Cartoon representation of salt bridges between charged groups of protein and ligand
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1.3.5. Cation- & interactions

These have been extensively studied in protein structures, especially in galectin-
ligand structures. These interactions occur between a positively charged group and
an electron-rich aromatic group. The cation can be a positively charged N in
Arg/Lys, with Arg being the most favoured one. An analysis of structures deposited
in the Protein Data Bank (PDB) showed that the aromatic ring is almost always from
a ligand and the cation is from a protein. These interactions can be described as a
type of electrostatic interaction. The free energy for these interactions is around 5
kcal/mol?®,

Significant cation- © interactions are rarely buried and prefer to be exposed to the
solvent. Engineering a surface exposed cation- 7 interaction can drastically improve
protein stability and affinity of ligand binding?®***°.

Protein

Cation

-y -
MN-system

Figure 6: Cation-r interaction depicted in this image, where cation is a charged residue and the m-system is an
aromatic group from a ligand

1.3.6. Amide- & stacking

These interactions are canonical to aromatic © stacking interaction, where the 7-
surface of an amide bond stacks against the n-surface of an aromatic group. These
can be also face to face or edge to face kind of interactions, although there is no
preference to one like in aromatic 7 stacking interactions*. Most common amides
were from Gly and Trp for face-to-face, whereas Gly and Leu form edge to face
stacking interactions with the ligand aromatic groups®.
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1.3.7. Halogen interactions

These are one of the most important interactions found in recent studies on inhibitor
design. Halogens are introduced into ligands as a strategy to enhance affinity and
selectivity. The halogen X(Cl, Br, I) in a C-X bond can interact with electrophiles,
nucleophiles, waters and other halogens®'**. Fluorines are highly electronegative
and the least polarizable of the halogens, whereas the heavier halogens have unique
electronic properties when bound to aryl or alkyl groups. They show an anisotropy
of electron density with a positive area of electrostatic potential on the halogen
opposite to the C-X bond”*' called the 6-hole. Halogen bonding occurs between the
positive electrostatic potential of a covalently bonded halogen atom that acts as a
Lewis acid and an electron rich atom (N, O and S) that acts as a Lewis base. The
halogen atom acts as electron acceptor (halogen bond donor) and the electron rich
atom acts as electron donor (halogen bond acceptor)®>. In biological systems,
halogen atoms not only form short C—X---O-Y interactions with the protein (O-Y
is a carbonyl, hydroxyl, charged carboxylate, or phosphate group), but can also
accept hydrogen bonds from hydroxyl groups or water molecules and form halogen—
water—hydrogen (XWH) bridges, C—X---H—O. The X...O distance is shorter than or
equal to sum of the van der Waals radii (3.27 A for Cl...0, 3.37 A for Br...O and
3.50 A for 1...0)". Strength of halogen bond increases with the size of halogen,
although these interactions are significantly weaker than hydrogen bonds, their
energies are similar to weak H-bonds (2.5 kcal/mol) and they have lower
desolvation cost’. Halogen bonding has been the main focus for paper V, where we
have established their role in improving binding and specificity for galectin ligands.

Frrrrrn rmm

6+
i B

B= nucleophile
E= electrophile
X=Cl, Br, |

Figure 7: Representation of halogen bond c-hole represented in green colour which is positively charged.
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1.3.8.  Orthogonal multipolar fluorine interactions

These are multipolar interactions between a halogen (mostly fluorine) and an
electrophilic group like the amide bond in protein backbone and side chain. Fluorine
is a small (van der Waals radius 1.47 A) but highly electronegative atom and can
easily be used as a substitute for hydrogen (van der Waal radius 1.20 A) without
causing steric clashes. Recent studies have shown that introducing a fluorine at key
positions in ligands enhances affinity, beside affecting physicochemical properties
of ligands in a positive way like improved metabolism and solubility®>. Distinct
fluorophilic groups in proteins include the abundant peptide bonds, which form
multipolar C—F---H-N, C-F---C=0, and C—F---H-Ca interactions, as well as the
side-chain amide groups of Asn and Glu and the positively charged guanidinium
group of Arg***. A “fluorine scan” conducted for a class of highly preorganized
inhibitors of thrombin has helped to identify favourable interactions of organo-
fluorine such as orthogonal dipolar interactions with backbone C=0O residues®.
Unlike the head-to-head interactions in halogen bonds, the interactions happen more
or less orthogonally with the carbonyl groups®. Fluorines can interact with both
polar and hydrophobic groups in proteins®*°, C-F unit is a poor H-bond acceptor as
organic fluorine has very low proton affinity and is weakly polarizable. C-F---H-N
(backbone amide) interactions are energetically favourable hence abundant in
protein-ligand structures, and the distance between F and N is approximately 3.5 A.
But the main interactions are orthogonal multipolar C-F...C=0 interactions.

Figure 8: Fluorine atoms interacting with the carbonyl groups in gal3gal3 CRD. The angles a1 and a2 are distance
d1-dependent

The C-F bond is generally inclined to the F-C axis with angles adopting values
typically between 100°—160°, but rarely 180°, at short to middle-range contact
distances®®*’. The combination of X-ray crystal-structure analysis of a protein—
ligand complex, small-molecule X-ray crystallography and database mining has for
the first time shown that H-Ca....C=0 fragments provide a pronounced fluorophilic
environment. The high frequency of H-Ca......C=0O units in the active sites of
proteins suggests that such F interactions could be effectively exploited for
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enhancing ligand affinity or selectivity in structure-based inhibitor design®’. At
shorter F---C=0 distances (< 3.0 A), the F---C=0 angle tends towards 90°, while at
longer distances, the angular dependence is weaker. The C—F---C=0 angle is more
variable®. In apolar environments, the orthogonal multipolar fluorine—amide
interaction with backbone amides can contribute —0.2 to —0.35 kcal/mol in binding
free energy (AAG)*. These interactions are the main focus of papers II and IV in
my thesis, where we have shown that number and position of fluorines can be a
strategy in drug design, although other factors like desolvation and energetics play
arole as well.

1.4. X-ray crystallography as a powerful tool for drug
design

Macromolecular X-ray crystallography has been at the forefront of modern rational
drug design. Recent advances in crystallography, like tuneable X-ray beams,
synchrotrons and automation of structure solution have further revolutionized the
field. This has been the only method for a long time to provide an atomic view of
protein-ligand complexes. Although NMR and cryo-EM have improved with time,
crystallography is still the method of choice for drug design. The method involves
producing crystals of proteins/protein-ligand complexes and then exposing them to
X-rays. The resulting diffraction pattern is recorded and then an electron density
map is generated through complex mathematical calculations (Fourier transform).
The better the resolution, the more detailed is the map. Then the protein/ligand
model is optimised to fit the data in a process called model building and refinement.

1.4.1. Brief history

Crystallography is a fairly old method: the first protein to be crystallized was
haemoglobin in 1851 by Funke®. X-rays were discovered in 1895 by W.C.
Roentgen who was awarded the Nobel Prize for this discovery in 1901. In 1912,
Max von Laue did the first diffraction studies using X-rays. W.L. Bragg did a
diffraction studies on a chemical crystal in 1913 to obtain its structure and postulated
Bragg’s law of diffraction, which is still used to solve the diffraction data®®. Pepsin
crystals were the first made to diffract X-rays by Northrop in 1930. The first protein
structure ever to be determined was that of myoglobin in 1958 by Kendrew*.
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Figure 9: The yearly growth in structures solved by X-ray crystallography. The first breakthrough was recombinant
protein expression that happened around early 1980’s. The second major revolution happened in the mid-1990s
when synchrotrons began to be used for protein crystallography. (Source: Protein Data Bank)

1.4.2. Synchrotrons

In the early days of crystallography, data were collected with home X-ray sources
that were small machines that generated low intensity X-rays. Data collection
typically took days. It was a low throughput process. The synchrotrons arrived in
1950s, but started to be used for crystallography in the 1970s. Synchrotrons
produced X-rays that were very intense and data collection was reduced to a few
hours. A synchrotron is an extremely powerful source of X-rays. The X-rays are
produced by high energy electrons as they circulate around the storage ring. A
synchrotron accelerates electrons to extremely high energy and when they change
direction periodically in a magnetic field they lose energy in the form of radiation.
The resulting X-rays are emitted as well-collimated beams, each directed toward a
beamline next to the accelerator. The X-ray beams emitted by the electrons are
directed toward beamlines where the experiments are carried out. Further
improvements over the years have seen tremendous improvements in the brilliance
of the X-ray beams and the possibility to tune the energy and wavelength of the
radiation to suit the experiments. The beams have become more brilliant and one
data collection takes now only a few seconds. It is now possible to collect hundreds
of data sets in one day, which is of immense help in the field of drug discovery.
Other improvements that have made remarkable impact are better detectors,
software, and automation like using robots to mount crystals. I have collected all
my data at synchrotrons like the ESRF (France), DESY (Hamburg, Germany) and
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the MAX IV Laboratory (Lund, Sweden). MAX IV is a next-generation synchrotron
and it produces the most brilliant X-rays in the world*'.

1.4.3. Basic theory

Protein crystallography involves three distinct steps. First you need to produce
crystals from your target protein, the second step is to collect data, usually at a
synchrotron, by exposing the crystals to X-rays and the final step involves data
processing, solving the phase problem, refinement and model building. The first two
steps require a lot of lab work to get good data and the final step requires a lot of
computer work to get a complete atomic model. The detailed methodology used for
my work has been included in methods section. We will focus more on the principle
behind the method, the results and its implications in rational drug design. For
detailed theory one can refer to excellent crystallography books such as those from
Gale Rhodes*, Bernhard Rupp*, Tom Blundell and Louise Johnson*.,

Crystallization

Crystals are repetitive ordered arrays of molecules in three dimensions governed by
symmetry. A unit cell is the smallest unit of volume that contains all the structural
and symmetry information and its repetitive translation along the principal axes can
generate the whole crystal. The asymmetric unit is the smallest unit of volume that
contains the structural information. A unit cell can have one or more asymmetric
units, and the asymmetric unit can have one or more protein molecules. The protein
crystals have voids even when tightly packed because of their irregular shapes, and
these voids are occupied by disordered solvent (mostly water). Getting a good
crystal is major bottleneck. To get the structure of a target protein one needs to
express and purify the protein in large amounts, ideally 10 mg or more. The purified
protein is then subjected to vapour diffusion methods , where the protein is mixed
with a precipitant solution and is allowed to equilibrate with the same precipitant
solution in a well so that the precipitant concentration becomes similar to the well,
to get well-diffracting crystals. One often has to screen hundreds of conditions to
get the crystals, which are then further optimized, and this is a time-consuming
process. For drug design purposes ideally we choose a target that is already
crystallized, but one can always decide on a new drug target. As the conditions for
crystallization are already known, the next task is to incorporate the ligands in the
crystals, which can be achieved either by soaking the apo protein crystals in ligand
solution or by pre-mixing the protein with ligands and then crystallizing them
together.
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Data collection

When data are collected at a synchrotron the crystals are typically cooled to 100K
to avoid radiation damage®, although room temperature data collection is possible
as well. Crystals are exposed to X-rays of the desired energy and the diffraction
pattern is recorded on a detector. There has been tremendous development in
detectors, starting from film to CCD detectors and then pixel-based detectors that
are highly sensitive, have fast readout time and can record very small signals. The
fast readout time has helped in making the data collection shutterless, which means
the shutter can remain open while the crystal is being rotated and data collection is
going on***’. This has dramatically improved the data collection time and data
quality. The crystal is rotated along an axis that is perpendicular to the x-ray beam,
and the reason is to collect multiple parts of different reciprocal planes. As the
crystal is rotated other set of planes are exposed to x-ray and we see new diffraction
spots; this is how full coverage of reciprocal space is obtained. The rotation range
for collecting a complete data is dependent on the crystal space group.

The diffracted beams are recorded, and their intensity of diffraction depends on the
crystal packing. The spacing between spots indicates the size of the unit cell. The
larger the unit cell the closer the spots and vice-versa. Data collection needs a
strategy like exposure time, number of images, and degree of rotation. These factors
are experiment- as well as crystal dependent and depend on the diffraction pattern.

Figure 10: A diffraction pattern for a galectin-3 CRD crystal recorded on a Pilatus detector.
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Diffraction and data processing

Crystals diffract X-rays and the intensity of diffraction can be recorded. The diffraction is
governed by Bragg’s Law as shown in the equation. It assumes crystals are made of lattice
planes and the diffraction is governed by the interplanar distance and angle of incidence.

Figure 11: Diffraction by lattice planes separated by distance d with incident and diffracted ray at an angle 6

When the diffracted waves are in phase, they produce constructive interference, and
these reflections are related by following equation:

niA = 2dsinf

0 is the angle of incident and reflected X-rays, A is the wavelength of X-rays used,
d is the distance between the planes and n is an integer/order of reflection. This law
also defines the resolution of the data and the maximum resolution achievable is A/2
when 0 = 90°.

Why do we need X-rays to obtain the structures of molecules? The reason is that X-
rays have wavelengths that are in the range of atomic distances (A) and hence can
provide accurate information about the atoms and bonds. X-rays interact in an
elastic manner with electrons in the molecule and are scattered. This means the
wavelength is unchanged after scattering.

Each spot on the detector is called a reflection and comes from interaction of X-rays
with atoms in the crystal unit cell. The so-called structure factor is calculated from
these spots. The structure factor Fyu is a mathematical function that describes
amplitude and phase of a diffracted wave from a set of lattice planes characterized
by Miller indices (h,k,I). The intensity Inx of reflections is proportional to the square
of the structure factor Fuy. It can be represented as a summation of waves scattered
from every atom in the unit cell by the following equation:

36



n
Fo = Zf] e2milhx + ky + Iz]

j=1

where f; is the atomic scattering factor, n is the number of atoms in unit cell, and
xyz are the positional co-ordinates of the atoms. The electron density can be derived
from structure factors using a Fourier transform (FT). The FT relates functions in
mutually reciprocal domains (in crystallography, real and reciprocal space) in
unique and invertible form. So structure factors can be transformed into electron
density and vice -versa. Electron density p(xyz) can be represented by following
equation:

1 .
p(xyz) = VZ' Fyqle—2milhx + ky + lz] — ¢ (hkl)
hkl

where V is the volume of unit cell. The structure factors from known atomic
structure can be represented by vectors in an Argand Diagram (amplitudes and
phases) and their numerical values in an Argand diagram. The phase (¢) information
is missing from the experimental data and that creates a phase problem which needs
to be solved in order to get the structure. The phase problem is generally solved by
using a homologous structure as template (called molecular replacement) or by
phasing methods using heavy atoms or anomalous scattering using intrinsic atoms
in protein like sulfur. The phases are very important as they carry most of the
information, so they dominate the maps and are more important than amplitudes.

Once the data is collected it is processed to get information about space group and
unit cell dimensions. The data reduction and processing consist of several steps. The
first step is to index the strong diffraction spots and deduce unit cell constants, space
group, crystal orientation and mosaicity information. Next step is to integrate all the
images while also refining crystal orientation and detector parameters. In
mathematical terms we are trying to measure intensities of diffraction spots to obtain
structure factor amplitudes. The final step is to “reduce” the data by merging and
scaling the intensities of multiple observations of a reflection. The data processing
statistics are critically assessed to make sure data is of good quality, completeness
is acceptable, there is no radiation damage and the resolution has been determined
correctly. There are several statistical terms that can give this information like
CC1™, casRmeas, 1/0 (signal versus noise) * etc. To get a good electron density map,
accurate data processing is indispensable.

Refinement and model building

Once the electron density map and the model are ready, the model is iteratively
refined to make the model fit to the experimental data better. In the process the map
and phases are improved and atomic co-ordinates are adjusted to fit the diffraction
data. The model is further build to correct for any stereochemical anomaly and to
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better fit the electron density. The overall fit between diffraction data and model is
represented by a statistical term called R value between the scaled structure factor
amplitudes Fops and Fearc,

_ Z IFobs - Fcalcl
Z F obs
Rywork and Ry are the two statistical terms that show how well the data is refined and

how good the model is. Ry is the R-value of a small subset of data that is kept aside
during refinements (generally 55%) to cross-validate the refinement process.

R

Role of resolution

The resolution of the final model is dependent on how well the crystals diffracted
and how well the electron density has been resolved and refined. The resolution of
the final model is important for drug design purposes. A high-resolution structure
gives more information and hence is ideal for drug design. Ideally one would want
a structure of 2.5 A resolution or higher for SBDD. But the size of the target protein
is also relevant, if a protein is big then even a low-resolution structure (3.5A) can
give some useful insights. To comprehend what the resolution offers, the following
images provide a hint:

Figure 12: Part of a ligand (aromatic ring with three fluorines) showing the detail and shape of electron density
associated with resolution. Better resolution (lower value) leads to unambiguous and distinct electron density. As one
can see the low-resolution map (3 A) is mostly a blob and it will be difficult to tell what group it fits. The phases for
each panel are same and are calculated from the same model.

Thus, with higher resolution you get better and accurate information, and the drug
design process is more precise. In this thesis, all the structures are of very high
resolution (1.0-1.3 A), which provide most accurate atomic description of all the
interactions and precisely distinguishes the moieties in ligands.
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1.4.4. Structure based drug design (SBDD)

As the name implies, this kind of drug design is based on the structure of the target
protein. The drug design process involves target identification, lead identification,
and lead optimization. SBDD forms important part of lead discovery and lead
optimization process where the protein structure and ligand scaffold are known, and
the focus is to further modify the existing ligand scaffold to achieve
thermodynamically favourable and high affinity and selectivity inhibitors. A
desirable end result is a successful drug candidate. SBDD has accelerated the
process of drug discovery, because the target is known and the binding pocket is
well defined so designing of well binding ligands is quite rapid.

X-ray crystallography has been the principal method to achieve this and with the
development of synchrotrons and detectors, data collection speed and quality has
improved drastically. The quality of the target structure matters: a better and high-
resolution structure is ideal for drug design. Once the structure is known and binding
site is identified, the search for a lead compound begins. Ideal way is to start with a
natural ligand for the target, which is galactose in case of galectins. This is where
Lipinski’s Rule of Five® comes in. This rule states that a good ligand to begin with
should be under 500 Da, have less than 5 H-bond donors, less tham 10 H-bond
acceptors and an octanol-water partition coefficient (logP) of less than 5. Although
variations of these rules occur, these are generally good while starting on a ligand
candidate.

Then the process of lead optimization begins. The optimization process takes into
consideration the binding pocket, the residues involved and the scaffold of the
natural ligand, if available. Medicinal chemists use following strategy for lead
optimization:

e Vary substituents

e Elongate the scaffold

e Expand/contract rings

e Vary ring type

e Structure simplifications

e Rigidification

e [sosters: moieties having similar size and chemical properties

Combining the above information gives a fair idea about the modification of the
scaffold, but numerous substitutions, extensions and introduction of different
chemical moieties are necessary. All this is governed by the chemical properties of
the binding pocket; for example, in a hydrophobic pocket, methylation of the ligand
could be good idea. In a similar way, if there are charged residues, introducing
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oppositely-charged moieties in the ligand is beneficial. Basically, the goal is to
optimize every possible interaction. Then the task is to find the binding affinities of
the ligands, which is achieved by some high throughput assay such as fluorescence
polarization, which has been used in this thesis. ITC also plays a major part, not
only in finding affinities but the enthalpic and entropic contributions. However, ITC
is low-throughput and used for selective inhibitors showing potential. This gives
more data to work with and helps in identifying ligands that not only bind with high
affinity but are also thermodynamically favourable. Lead optimization is initially
assisted by computer-aided docking, which gives scores of the ligand fit. Based on
good scores, certain ligands are selected and synthesized, then X-ray
crystallography and ITC are performed. The X-ray structure gives an exact picture
of how the ligand binds and ITC gives information of the affinity and
thermodynamics. With the onset of high-throughput screening and fragment-based
drug design, it is possible to scan a plethora of drug candidates and analyse them.
SBDD has been a really successful approach and it continues to grow. There are
numerous drugs on the market that were designed using this approach. Drugs against
HIV protease are mostly from SBDD’'2. The drugs against thymidylate kinase
involved in cancer were one of the first from this method®'. There is a huge potential
for more drugs against G-protein coupled receptors (GPCR). These proteins are
involved in several diseases and several conventional drugs on the market are
targeted towards them. With advancement in the crystallography and reporting of
several GPCR structures, one can hope that more efficient drugs will come soon’".
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2. @Galectins

Lectins are a superfamily of proteins that bind to various carbohydrates attached to
proteins and lipids. Galectins are a sub-family of soluble lectins that specifically
bind to B-galactoside-containing carbohydrates®=*. They are highly conserved
evolutionarily and are found in all classes of multi-cellular living beings from
nematodes to mammals**.

Galectins have a highly conserved carbohydrate recognition domain CRD***, At
present there are 15 different kinds of galectins in mammals>. They are divided into
three proto-types based on their domain organization. They have either one or two
CRDs>*%, Type I or prototype galectins include galectin-1, -2, -5, -7, -10, -11, -13,
-14 and -15 with only one CRD; type II or chimera type galectins (galectin-3) have
one CRD and a N-terminal repetitive domain; type IIl or tandem-repeat type
galectins include galectin-4, -6, -8, -9 and -12. These galectins have two
homologous CRDs connected by a linker™. Type I can be either monomers or
dimers, and each monomer can bind carbohydrates. Type III has two carbohydrate
binding-sites formed by two CRDs. Galectins are expressed in all cell types,
sometimes at cytosolic concentrations as high as 5 pM, although expression varies
among cell types’’. Their expression is highly regulated and tissue-specific. They
are synthesized in the cytosol and function mostly in the cytoplasm and nucleus, but
they are also secreted extracellularly by a non-classical pathway as they lack a
classical secretory signal sequence™®”. Galectins perform a plethora of cellular
processes, and years of research have established their roles in tumour development
and progression, immune and inflammatory responses, neural degeneration,
atherosclerosis and diabetes™®. In this thesis we will mostly discuss human galectins.
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Type Structure Galectin
Prototype (one CRD) 1,2,5,7,10,11,13,14,15
monomer dimer

Chimeric type f(ﬁ 3

Tandem Repeat (Two CRD ) I“ # 4,6,8,9,12

monomer dimer

Figure 13: Classification of galectins.

2.1. Carbohydrate recognition domain (CRD)

CRDs from galectins are highly conserved among mammals and are composed of
about 130 residues™. The first structure of a galectin-CRD was solved in 1993 (PDB
id 1SLT)%, a bovine galectin-1. The first human galectin CRD structure was solved
in 1998 (PDB id 1A3K), a galectin-3 CRD®'. The structure is composed of a
sandwich of two B-sheets, one with five and another with six B-strands. This
structure is quite conserved in all the galectin structures solved to date. The six-
stranded sheet is concave, and the groove called the S-site has the binding pocket
for the sugar. The other side is called the F-site on the five B-strands that binds other
CRDs and proteins®®>. The carbohydrate binding site can accommodate adjacent
saccharides as well as galactose®. The carbohydrate binding site can be divided into
5 subsites A-E>°, as represented in Fig. 13. C is the site where galactose binds; the
subsites on either side (A-B & D-E) can fit other sugar molecules that are part of an
oligosaccharide. Binding of galactose in subsite C involves a highly conserved
amino acid sequence. Binding in subsite D is the second most conserved and the
structural requirement in this subsite is flexible for the interactions, which can be
fulfilled by different disaccharides. This provides the variation in specificity among
different galectins. Site E is poorly defined and it binds to moieties attached to the
reducing end of the ligand in site D. These moieties could be another saccharide,
lipids or proteins®. Binding sites for non-carbohydrate ligands have also been
identified on the CRD, for example the F-site on the CRD of galectin-8 has specific
affinity for NDP52 (nuclear domain 10 protein)®*®,
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Figure 14: S-site showing the 6 strands (S1-S6) and the five binding pocket subsites (A-E). F-site showing 5 strands
(F1-F5). This representation image is from galectin-3 CRD.

2.2. Ligand binding and valency

The functions of galectins are determined by what targets they bind (intracellular or
extracellular) and how they bind. Most of the galectins known are either bivalent or
multivalent in binding their ligands. They are known to form ordered arrays of
protein lattices upon binding their targets®>*®. Galectin CRDs bind galactose with
millimolar affinity, they bind common disaccharides with mid-micromolar affinity
and can bind their target glycoconjugates with sub-micromolar affinity>. Thus, their
binding affinity increases if galactose is attached to other saccharides®’.

2.3. Galectin functions

Galectins have a diverse array of functions in a cell. They are found in intracellular
as well as extracellular compartments. Their functions are governed by their
localisation: they perform different sets of functions when inside the cell compared
to when outside the cell. They are synthesized in the cytosol by ribosomes and have
no signal peptides®®®®. However, some galectins are secreted by the cell through
non-classical secretory pathway into extracellular compartments®® that bypasses the
Golgi-ER vesicular transport’”. These non-classical pathways may involve
accumulation of galectins on the cytoplasmic side, which are then either secreted
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through exosomes or direct transport through the plasma membrane’’. Most
galectins are found in multiple kinds of tissues while some are restricted to specific
tissues. Their expression is regulated in normal tissue. They are involved in the
regulation of inflammation and immunity, progression of cancer and cell
differentiation®®. They are unique in many ways: for example, same galectins can
have roles in the nucleus as well as regulation of cell adhesion and signalling outside
cells®. In the following sections, we will focus on important functions of galectins
in several cellular processes and their implications in diseases.
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Figure 15: A pictorial representation of some of the functions associated with all the galectins.

2.3.1. Intracellular and extracellular functions

As mentioned earlier, galectins can be found both intracellularly and extracellularly
and they have different functions depending on the location. Galectins on the outside
are able to interact with cell surface glycoproteins, they can also interact with
glycoconjugates in extracellular matrix like laminin, fibronectin etc.”"”2. They can
bind bivalently or multivalently and cross-link the glycoproteins. This can lead to
either receptor endocytosis and regulation or a signalling cascade. These have
effects on cellular processes such as mitosis, apoptosis and cell-cycle progression®*.

While inside the cell, galectins can move between cytoplasm and nucleus and are
involved in mRNA splicing, apoptosis and cell growth regulation™. Galectins
interact with several proteins within the cell and these are mostly carbohydrate-
independent protein-protein interactions’*%¢,
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3. Galectin-3

Galectin-3 is the most studied galectin. It is the only member of the chimera type
galectins, with a CRD and an N-terminal domain that is involved in
oligomerization®’>7¢, It is coded by the LGALS3 gene in humans. It was first
identified as cell surface antigen Mac-2 on macrophages’’. Galectin-3 is synthesized
in the cytosol but is found to function in the nucleus and outside of cells. It performs
a plethora of important cell functions because of its diverse set of interactions with
both extra and intracellular targets. Its expression is finely tuned and highly
regulated’®. Galectin-3’s role in numerous biological processes such as cell—cell and
cell-matrix interactions, growth, proliferation, differentiation, and inflammation are
well documented. Its involvement in such crucial processes makes it important in
several human diseases such as cancer, fibrosis, chronic inflammation and
cardiovascular diseases’” ™.

3.1. Galectin-3 structure

As mentioned, galectin-3 is the only member of chimera type galectins. Apart from
the conserved CRD, it has an atypical non-carbohydrate binding N-terminal domain
of 100-150 residues®®”. This domain helps in the oligomerization of the protein
upon binding to carbohydrates and formation of lattices. There is still no clear
evidence about the mechanism of oligomerization”’¢. The N-terminal domain (ND)
is highly flexible and is important for biological activity of galectin-3. The ND
sequence is also conserved among galectin-3s from different species®***. It contains
7-9 homologous repeats of Pro-Gly-Ala-Tyr-Pro-Gly-X-X-X, but lacks any charged
or hydrophobic residues”. The sequence of the ND has some similarity with
collagen o1 chain®®. The first structure of a galectin-3 CRD was solved in 1998 by
Seetharaman et. al®'. Since then, many structures of human galectin-3 CRD have
been solved with various ligands, 65 in total to date, including our own
contributions. The structure of the CRD is quite similar to that of other galectins and
has conserved residues at the key binding site, as discussed in the previous chapter.
Here, we will discuss more specific interactions and the residues involved. The main
binding site C where galactose sits is lined by an NWGR motif with Asnl180,
Trp181, Gly182 and Argl83 (and other residues His158, Asn160, Asnl174) which
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is also found in anti-apoptotic Bcl2 proteins™®*’. The NWGR motif is not only
responsible for self-association of the CRD in the absence of saccharides but also
plays a role in the interaction with other proteins®®®. The full-length structure of
galectin-3 has not been solved yet because of the highly flexible and intrinsically
disordered ND, but it has been shown that the ND interacts with the CRD in some
cases’*”??, Recently there has been a successful attempt to crystallize parts of the
ND separately as well as with the CRD, but still the complete picture is lacking®.
The ND is also supposed to play a role in non-classical secretion of galectin-3
outside the cell®. The ND is susceptible to proteolysis by matrix-
metalloproteinases, which regulates their function in extracellular compartment®”.

\ Glu165
Arg162/ \ )
y Argl44/| [

KAsn160

Glu184\
Asn]‘74 Argl83

Figure 16: CRD of galectin-3 showing the binding site with key residues and the binding subsites (A-E) shown. The
NWGR motif is at the bottom right of the domain.

3.2. Cellular ligands and valency

As we know, the binding pocket in the CRD recognises galactose, although the
affinity is in the millimolar range. Introducing a glucose at the reducing end of
galactose to make lactose increases the affinity for galectin-3 50-fold”®®’. The
exchange of the hydroxyl group to acetamide group makes for the even higher
affinity ligand N-acetyllactosamine (LacNac). Adding another galactose group on
3’-OH to this LacNac further increases the affinity 23 times in comparison to
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lactose’”. With most of its biological ligands, galectin-3 interacts via LacNac
residues present on the glycan moieties. However, not all LacNac-containing
glycoproteins are galectin-3 targets because of poorer binding affinity compared to
other galectins”. Galectin-3 possesses bivalent as well as multivalent binding
properties despite having only one CRD. The reason is the presence of the ND
which multimerizes when the CRD binds its ligand™®.

3.3. Functions

Galectin-3 is found in the cytoplasm, the nucleus and extracellular spaces and
interacts with several targets, which influences a plethora of cellular processes. It
performs specific functions according to its location. Therefore, it is best to sort
these functions by their compartmentalization.

3.3.1. Intracellular functions

Galectin-3 is found both in the cytoplasm and the nucleus’. It shuttles through the
two compartments depending on the requirements; in some cell types it is found
mostly in the cytoplasm whereas in others it is found mostly in the nucleus®?*1%%,
In the cytoplasm it interacts with Bcl-2 and inhibits apoptosis. Galectin-3 acts as an
activator of oncogenic K-Ras proteins that promote cell proliferation'®. They also
interact with Akt (protein kinase B) proteins that regulate cell cycle'™. They interact

with synexin in mitochondria and regulate apoptosis'®.

In the nucleus, it interacts with gemin-4 that is involved in pre-mRNA
splicing™7#!%_ It also interacts with the Wnt pathway protein B-catenin that is
involved in inhibition of apoptosis, cell cycle regulation and transcription regulation
of several tumour associated genes'’"'%.

3.3.2. Extracellular functions

Galectin-3 binds to several glycosylated membrane proteins like integrins and
extracellular matrix components like laminin, fibronectin etc. and regulates
processes like cell-cell adhesion, immune-regulation, angiogenesis and
metastasis’"">'!"! It binds B1 integrins and regulates their endocytosis, resulting
in immune reactions'!!. Based on these findings one can see how important this
protein is, which make it a great drug target. Figure 15 gives an overview of its
functions.
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Figure 17: Major functions of galectin-3 (denoted by 3) in the cells based on their location.
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4. Aims of the thesis

The aim of my thesis was to study protein-ligand interactions using the galectin-3
CRD as the model. Galectin-3, owing to its important cellular functions, presents
itself as a wonderful target, as evident from previous sections. Besides, the structure
of galectin-3 CRD was already known, so it makes it a great template for studying
molecular recognition in protein-ligand interactions as well as SBDD?*"*!. The work
published by Saraboji ez. al.*' showed the binding pocket in great detail at very high
resolution. The work also established the detailed water network in the ligand
binding pocket. Based on these structures, several subsites were identified, as
described previously. More work by Hakon Leffler and Ulf Nilsson et al. showed
the binding modes of mono-thiogalactosides and di-thiogalactosides and established
how certain substitutions and extensions increased affinity**''*'">. In this thesis I
have utilized those subsites to design ligands and study the effect of different
substitutions on the binding affinity and thermodynamics. I have also utilized the
information gathered from previous galectin-3 CRD-ligand complexes to build on
the knowledge on how to improve affinity and selectivity by tinkering with the
ligand scaffold and the thermodynamics of binding.

This thesis work is a part of a bigger project involving diverse groups from synthesis
to biology to structure to theoretical studies. I was involved with the structural part.
The primary goal of my thesis was to solve X-ray and neutron structures of different
sets of compounds against galectin-3 CRD. The compounds synthesized were varied
with one or more substitutions to make several series. For example, in paper I the
compound series was varied at only one position, giving subtle changes in binding
affinity. Similarly, the compounds in paper II varied in position and amount of
fluorination. The compounds were also divided into two categories based on mono-
or di-thio-galactosides. Di-thio-galactosides are of higher affinity as they have more
weak interactions than the ones with one galactose. The affinities are determined by
fluorescence polarization which has been the high-throughput method for this
project''®. The thermodynamics of ligand binding were studied with ITC, the most
powerful and sensitive method to elucidate enthalpy and entropy of protein-ligand
binding. Theoretical studies were done on the structures to study dynamics and
water networks. QM calculations, molecular dynamics simulations and free energy
perturbations were the common methods used. To summarize the goal was to
understand the subtle changes in binding upon simple changes in the ligand using
subatomic X-ray structures and other biophysical methods. The term ligand and
compound have been used interchangeably and they mean the same thing.

49






5. Methods

5.1. Cloning

Cloning is basically the process of transferring a gene from one genome /plasmid to
another genome/plasmid. The gene of interest is identified, in our case a human
galectin-3 CRD gene (LGALS3). Then with the use of restriction enzymes the gene
is cleaved from the source DNA and then pasted in the desired plasmid or vector
DNA. The recombinant DNA is then transformed into desired expression cells. The
galectin-3 CRD wild type gene was previously cloned in pET9a plasmid using
Ndel/BamHI1 restriction sites'!”. Full length galectin-3 is 250 residues; the CRD is
residues 113-250. Four mutant gene fragments were ordered from GeneArt,
Invitrogen. Mutants Argl44 to Lys/Ser, and Argl86 to Lys/Ser were then sub-
cloned into the same pET9a vector using the same restriction sites. Sequencing was
done to confirm the positive clones. These positive clones were then transformed
into E. coli BL21(DE3) expression cells.

5.2. Recombinant protein purification

Both the wild type and mutants were expressed and purified the same way. The
expression bacterial cells were grown at 37 °C and kanamycin was used for
antibiotic selection. Isopropyl thio-galactoside (IPTG) was used to induce the
expression and the cells were further grown for four hours and then pelleted. The
purification process was same as previously described®"!'"!®  Affinity
chromatography was used to purify the protein. A lactosyl-sepharose''® column was
used to purify the proteins from the lysate. Further purification was done by size-
exclusion chromatography. Phosphate buffered saline (PBS) was used as the buffer
for purification and storing the protein.
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5.3. Crystallisation

Crystallization of the galectin-3 CRD was first reported in 1998°'. There has been some
optimization to the crystallization condition to achieve very well diffracting crystals as
reported in several papers?!3°. A precipitant solution with 0.1 M Tris pH 7.5, 20% PEG4000,
0.4 M sodium thiocyanate, 5 mM B-mercaptoethanol was used. The hanging drop or sitting
drop vapor diffusion methods were used to produce crystals. Crystals appear in 1-2 days and
grow to full size in 4-5 days.

Figure 18: Well-formed crystals of galectin-3 CRD with lactose

5.4. Crystal manipulations

To obtain good data, just getting a crystal is not enough: one needs to manipulate
the crystals according to the needs of experiments. While dealing with ligands one
needs to soak the crystals in ligand solution. Also, if one needs bigger crystals for
room temperature or neutron data collection, seeding methods are used. I will
discuss few of the methods I used in my work.

5.4.1. Micro-seeding

Micro-seeding is a process where very small seeds are made from a few big crystals
(mostly from apo protein crystals). Then these seeds are diluted and used to provide
nucleation, which will result in either a few big crystals or several/many small
crystals, depending on the dilution. I used this method to get crystals of protein-
ligand complexes where spontaneous nucleation was not present because of the
DMSO (di-methyl sulfoxide) that the ligands are usually dissolved in. The galectin-
3C-lactose crystals were transferred to 50 pl of reservoir solution and crushed with



a Seed Bead from Hampton Research. This seed stock was frozen and stored. I used
1:100 dilution from the seed stock to seed new drops.

5.4.2. Macro-seeding and feeding

This method was used to grow very large crystals for neutron crystallography. The
galectin-3C-lactose crystals were washed with the crystallization buffer and then
transferred to a larger drop (ideally 20 pl or more) with lower precipitant
concentration. Then the crystals were monitored, and the drop was fed with fresh
protein solution every week. The crystals kept growing, and sometimes nucleation
occurred, in which case the crystals were washed and moved to new drops. This
worked really well to get large crystals for the neutron data collection.

5.4.3. Soaking

Ligands were provided in powder form from our synthesis colleagues. They were
dissolved in DMSO to make a stock of 50—100 mM depending on the amount. Most
of them were insoluble in water so DMSO was necessary, e.g. the compounds in
papers I-1II. The compounds in papers IV, V, VII and VII were soluble in water, so
they were dissolved in the same buffer as the protein. Soaking is the process of
transferring protein crystals to concentrated ligand solution (usually 5-10 mM
mixed with reservoir solution) or transferring the ligand solution into the drops
having crystals. As a result, ligands can enter the crystals and bind to the proteins.
Soaking was usually done for 12-15 hours to get protein-ligand complexes. PEG400
was used to increase solubility for the ligands in papers I and I1.

For soaking big crystals for neutron data collection, the crystals were transferred to
dialysis buttons (Hampton Research) with protein and reservoir solution, which
were covered with a semi-permeable membrane (molecular weight cut-off 10 kDa).
The button was then transferred to a well with ligand-reservoir solution (10 mM).
This soaking was performed for at least a couple of weeks to fully saturate the
proteins with ligands.

5.5. X-ray Crystallography

This was the principal method used for my work. Almost 50 successful cryogenic
temperature data sets for unique protein-ligand complexes were collected. Some of
them have been used in manuscripts in this thesis. Others need more work in
addition to the structural analysis. They have been included in the last chapter.
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5.5.1. Synchrotrons

The data collection was done at MAX IV Laboratory (MAX II and the new MAX
IV), ESRF (European Synchrotron Radiation Facility), Grenoble and DESY
(Deutsches Elektronen-Synchrotron) in Hamburg. Beamline 1911 at MAX II was
used mostly for data collection of the structures in papers I and II. The data
collection time was usually 60 minutes with a CCD-detector. The beamlines used at
the ESRF were 1D23 and ID30, and at DESY the EMBL beamlines P13 and P14
were used. Papers I and IV have data collected from these sources. The BioMAX
beamline at MAX IV was used for data collection for papers III and VI. All these
beamlines had pixel-based detectors and the data collection time was a few seconds,
because of advanced detectors and shutterless continuous rotation method*’.

5.5.2. Data collection

Strategies for data collection are experiment and beamline-dependent. One has to
consider several factors for collecting a good and complete data set. Soaked crystals
generally diffracted poorly during most of my data collection. Thus, one may have
to test multiple crystals to get a good dataset. Technical factors to consider are
exposure time, transmission, number of images and wavelength/energy of the beam.
Exposure times generally used at DESY and ESRF were 0.02 seconds, whereas at
MAX 1V it was 0.008 seconds or higher. The combination of exposure time and
radiation intensity is important to optimize; higher values produce radiation damage,
so one has to choose the optimal combination. Transmission was selected according
to suggestions made by characterisation; higher transmission gives intense spots but
can cause radiation damage. Thus, optimal values of exposure time and transmission
are necessary to get damage free high-resolution data. Choosing the right
energy/wavelength is also necessary and depends on how the crystals diffract.
Galectin-3 CRD crystals generally diffract very well (around 1 A). So, choosing a
high-energy beam is necessary.to go lower in wavelength. In paper III, ligands were
prone to radiation damage because of halogen atoms (Br, 1), so multiple datasets
were collected with varying exposure times and transmission values to get a dataset
without radiation damage. The number of images to collect depends on the space
group and experiment (anomalous data needs higher number of images). To get
complete data sets, 0.1° oscillation and 1800-3600 images were collected.

Cryo data collection

Data collection done at 100 K is called cryo-data collection. The crystals are frozen
in liquid nitrogen and then mounted by the sample changer. A jet of liquid nitrogen
keeps the crystals at 100 K, thereby reducing the radiation damage. One has to use
a cryoprotectant to avoid ice formation, which can produce its own diffraction
pattern. In this work PEG400 (20%) was used as cryoprotectant.
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Room temperature data collection

Room temperature data is somewhat tricky to collect, as the chances of radiation
damage are high. Thus, one has to adopt several strategies to minimize the damage,
e.g. choosing a bigger crystal so that dose of radiation can be spread over a larger
area by using helical data collection strategy. However, using a large, defocussed
beam is the best way to achieve low damage. Dehydration could be a problem as
well, so the crystals are mounted in a loop, which is sealed with the help of a plastic
cap with reservoir solution at one end. The room temperature kit from MiTeGen
(MicroRT™) was used for this purpose.

5.5.3. Data Processing

Diffraction data processing was done with XDS'"”. Since the space group of
galectin-3 CRD crystals are known (P2:2,2,, space group number 19), the input file
was modified to have those values before the start of processing. The output
CORRECT.LP file was analysed to review several statistical parameters. Most
important ones are CC;p, I/c (signal to noise ratio), completeness of data, and
Rmeas'?. CC);, is the most important statistic values to consider. CC, is a special
case of Pearson correlation coefficient (CC); rather than determining the correlation
between two independent datasets, a single dataset is randomly divided into two
subsets and CC is calculated from these. CCy, is mathematically explained by
following equation:

i =N =N
VI (= (X)) 22 (v — () 2

CC 1/2 =

Where x and y are random subsets of a complete data. CC is correlated to CCy. by

following equation:
2CC
cc= |—22
1+CCqp
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RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA  R-meas CC(1/2)
LIMIT OBSERVED UNIQUE POSSIBLE OF DATA  observed expected

.76 6788 798 802 99.5% 7.3% 6.8% 6784  24.59 7.8% 99.7x%
.38 12443 1334 1334 100.0% 8.2% 7.6% 12442  23.58 8.7% 99.7x%
.76 15679 1703 1704 99.9% 13.2% 12.3% 15674 14.09 14.0% 99. 4%
.39 17984 1991 1991 100.0% 22.5% 19.7% 17982 8.42 23.9% 97.9%

.95 22406 2447 2447 0% 39.9% 34.0% 22404 4.13 42.48% 0%
.81 22860 2659 2661 - 9% 55.9% 50.5% 22855 2.22 59.4% 5%
.69 23812 2842 2842 0% 76.2% 77.7% 23805 1.06 81.0% .1k
.60 23687 3005 3017 6% 94.9% 2% 23665 0.50 1% <1k
total 166041 19002 19022 - 9% 16.45% 15.1% 165993 6.65 17.45% « Tk

4
3
2
2
2.14 20382 2223 2224 100.0% 30.1% 25.5% 20382 6.29 31.9% 96.2%
1
al
1
i,
0

Figure 19: Snapshot of data processing statistics from CORRECT.LP, showing important parameters to consider.

Completeness of data should be as high as possible; more than 90% completeness
is desired. I/c should be ideally higher than 1 for the highest resolution shell but
one has to consider CCy, value as well. So, the resolution cut-off is based on
combination of CCy,, and I/c. CC values should be above 0.3* for the data to be
relevant. As one can see here, the resolution cut-off was at 0.5 for I/o since the CCj .,
values were 99%, which means the data are still relevant. The processed data were

scaled using Aimless from the CCP4 suite'*'.

5.5.4. Refinement and model building

Refinement and model building were done using the Phenix suite'**'** and

COOT'*. Molecular replacement or Fourier synthesis were used for solving the
structure. The lactose-galectin-3 CRD structure was used as the template and water,
ligand and hydrogens were stripped. Fourier synthesis was performed by doing rigid
body refinement at lower resolution then gradually increasing the resolution and
finally switching to real space refinement. Ligands were built with eLBOW in
Phenix'?* or Acedrug'?® in CCP4 by using SMILES strings or drawing a 2D structure
in COOT ligand builder. The structures were further refined until the R-factors
converged. Individual anisotropic B-factors option was selected (except for
hydrogens), as the data were of higher resolution than 1.5 A. The B-factor, atomic-
displacement parameter or Debye-Waller factor quantitates the uncertainty for each
atom'?”"'?, The higher the B-factor, the higher is the mobility and hence uncertainty.
It is an important parameter in analysing the structure and its dynamics. Highly
flexible parts have higher B-factors and vice-versa. The B-factor also gives
information about errors in model building'?’. The B-factor is given by following
equation:

lgi = 87T2l]i2

Where U;? is mean square displacement of atom i.
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Occupancy of ligands is important, and complete occupancy of the ligand is
desirable. If the occupancy is very low, it is important to recollect data with longer
soaking times. I had to re-collect several datasets to get complete occupancy.

Model building was done in COOT, each residue was checked for geometry and
electron density. The final structures were checked for quality by PDB_REDO'*
before deposition. 24 datasets have been deposited in the Protein Data Bank so far,
with many more remaining.

5.6. Neutron crystallography

The major limitation of X-ray crystallography is inability to see hydrogens in most
cases. This is where neutron crystallography comes into play. X-rays interact with
electrons and give electron density maps. Therefore hydrogens (H) with one
electron or protons (H") with none have poor or no scattering power and will be
almost impossible to see, except at very high resolution X-ray structures (e.g. PDB
id: 5D8V), where still all the hydrogens are not visible'*"'*2. Neutrons on the other
hand interact with nuclei giving nuclear scattering length density maps. Particularly
when 'H are replaced by “H, also known as deuterium (D), the higher neutron
scattering power of D makes it easier to visualize'*"'**"1*. Coherent scattering from
D is similar to C and O. 'H has the additional disadvantages of a high incoherent
scattering cross-section — giving rise to noise — and a negative scattering length
leading to negative peaks in the maps.'**

X-rays interact with electrons and give electron density maps. Therefore hydrogens
with one electron (H) or protons (H") with none have poor or no scattering power
and will be almost impossible to see'®!. Neutrons, on the other hand, interact with
nuclei, giving nuclear scattering length density maps. Particularly when 'H are
replaced by °H, also known as deuterium, (D) in the proteins the higher scattering
power of D makes it easier to visualize'*'"'>*'¥’. The coherent scattering from D is
similar to C and O. 'H has the additional disadvantages of a high incoherent
scattering cross-section — giving rise to noise — and a negative scattering length,
leading to negative peaks in the maps'**'*® Data from neutron diffraction helps us
see hydrogen bonds, protonation states and directionality of the bonds as well'®.
This is a great complementary method to X-ray crystallography, and given how
important H-bonding, water networks and protonation states are in ligand binding,
catalysis efc., the importance of this method is even greater. We have utilized this
technique to answer certain questions involving key H-bonds between solvent and
the ligands, while also looking at the direction of the bonding.
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5.6.1. Deuterated protein production and crystallization

For neutron crystallography, perdeuterated protein is very helpful. The labelling is
achieved by growing cells that overexpress the protein using heavy water D,O
instead of H20 and deuterated d7-glucose or d8-glycerol is used as an energy
source. In our work, the cells were gradually adapted to increasing concentrations
of D>0O using M9 minimal media. Expression of the protein was carried using IPTG
prepared in D»O. The cells were pelleted and then the purification was carried out
as described previously using non-deuterated buffers. The purified protein was then
exchanged to deuterated buffer and stored at -80 °C. The detailed protocol of
perdeuteration and crystallization of galectin-3CRD is explained in paper VII. The
macro-seeding method was used to produce big crystals, as described in section
5.4.2. Lactose was added to protein as it helped with crystallization.

5.6.2. Data collection and data processing

Neutron sources have a low brilliance, so the data collection times are longer (a few
days or weeks), but fortunately there is no radiation damage. One needs large
crystals to measure diffraction patterns because the diffracted beam intensity is
directly proportional to volume of crystal and incident beam intensity'**'*°. The
reason for the less intense neutron beam is low flux (number of particles (neutrons
or photons) cm™s™) compared to X-rays. For comparison, neutron sources have a
flux of 10° to 10® while X-rays at synchrotron sources have a flux of 10'°.!*, This
is the primary reason for high data collection times. There are very few neutron
instruments available, and one data collection can take up to two weeks, so the
planning of experiments is crucial. We collected data at LADI (Institut Laue-
Langevin, Grenoble)'*', BioDiff'** (Heinz Maier-Leibnitz-Zentrum, Munich) and
MaNDi'* (Oak Ridge National Laboratory, Oak Ridge, TN). The crystals are
mounted in appropriately-sized quartz capillaries and some reservoir solution is
added at both ends to avoid dehydration. The capillaries are sealed at both ends by
using wax. The exposure time can be anywhere between 30-90 minutes at BioDiff,
and a few hours (up to 24 hours) at LADI and MaNDi. At LADI or MaNDi the
number of images collected is much smaller compared to X-ray data collection, as
these instruments use the quasi-Laue method'**. BioDiff is the only monochromatic
source of neutron among the mentioned sources. For example, at LADI one
typically collects images by rotating 7° between images.

Data processing involves similar steps to X-ray crystallography, like indexing of
spots, integration and scaling of intensities. Lauegen and LSCALE in the Daresbury
Laue Suite'* are specialized software for that purpose. Typically, we were provided
with scaled data files by the beamline scientists, which is common in the field of
neutron crystallography. Data processing involves similar steps to X-ray
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crystallography, like indexing of spots, integration and scaling of intensities.
Lauegen and LSCALE in the Daresbury Laue Suite'* are specialized software for
that purpose.

5.6.3. Joint X-ray/neutron refinement

Once the neutron data are collected, the same crystal is used to collect X-ray data,
as there is no radiation damage from neutron beam. The X-ray data are then
processed and the model is refined against X-ray data first (at similar resolution to
neutron data). Neutron data were of slightly lower resolution (1.7 A or lower). Then
the neutron data file is added to the refinement and the model is jointly refined
against X-ray and neutron data. Phenix was used for refinement of models'**'*%.
Deuterium atoms were added to the model including the solvent and all the
deuteriums were chosen to be individually refined with restraints'*. Deuterium was
added to the model, including the solvent and ligand. Ligands were not deuterated
so aliphatic carbons were manually modified to delete deuteriums. Waters that were
clearly visible in the neutron map were added. After few refinement cycles, the rest
of the high-resolution X-ray data was added, and the model was refined with
anisotropic ADPs.

5.7. Other methods used in papers

Apart from the crystallography methods, several other methods were used to
complete the study, like fluorescence polarization (FP), isothermal titration
calorimetry (ITC), NMR studies, and theoretical calculations (Quantum Mechanical
(QM), Molecular Mechanics (MM) and Grid Inhomogeneous Solvation Theory
(GIST) calculations). These experiments were mostly performed by collaborators.
FP was used to find the binding affinity of all the synthesized compounds. ITC was
measured on selected compounds to illustrate their binding thermodynamics. NMR
was used to investigate the protein-ligand dynamics. Theoretical studies were
performed with the crystal structures to study dynamics, entropy and role of water
in binding. All these data were analysed together to give a complete picture of
protein-ligand binding.
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6. Results and Discussion

In the following sections, I have summarized my results paper wise. These
discussions mostly cover aspects of paper that involves my work. Papers I and 11
involve FP data, X-ray structures and theoretical calculations to show the effects of
substituting at single positions in the ligand. Papers III and IV include FP data, X-
ray structures, ITC and theoretical calculations. Papers V and VI include, FP data,
X-ray structures, ITC and biological data. Papers VIII and IX include FP data and
X-ray structures only; the ITC data is incomplete so not included here. Paper VII
includes expression, purification and crystallization of perdeuterated galectin-3
CRD.

In the final section 6.10, I have included neutron data for two series of compounds
in this section and not as manuscript, as the data is either negative or incomplete. I
have explained the results obtained by neutron diffraction and role of H-bonding
between ligand and protein. For the second series of compounds, only one neutron
structure is available, hence the story is incomplete.
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6.1. Paper I

Substituted polyfluoroaryl interactions with an arginine side chain in galectin-3 are
governed by steric-, desolvation and electronic conjugation effects

F
: F
OH oH OH oH
Ng 5 STol F NQN,N S STol

1
2 R=OH

9 R=NMe,
10 R=pyrrolidine

Figure 20: Schematic view of the compounds used in this work

In this paper we have explored the binding subsite A (for nomenclature, refer to
Section 3.1) close to Argl44.

Nine 3-(4-(2,3,5,6-tetra- fluorophenyl)-1,2,3-triazol-1-yl)-thio-galactosides with
different para substituents were synthesized, as shown in the image on the left. Their
affinities were determined with FP. X-ray structures for five of them were solved
and analysed.

Binding affinities were explained using the structures and quantum mechanical
(QM) calculations. The larger substituents at para position had poorer affinity
because they were too large for the binding pocket near Argl44. Compound 3, with
fluorine at the para position, had the highest affinity because fluorines interact with
the backbone of Ser237-Gly238. For other compounds the affinity is governed by
the desolvation penalty, which disfavours polar substituents, and cation-xt
interactions between Argl44 and the fluorophenyl triazole group.
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Figure 21: Structures of compounds 2-5 and 8, showing key residues and polar contacts
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6.2. Paper II

Structure and energetics of ligand—fluorine interactions with galectin-3 backbone and
side-chain amides — insight into solvation effects and multipolar interactions

OH oH

i o)
b) =\ S/@/
°N OH
F
Q. O QO
1 2 3 4
e F F F
0, 0 O o
~ F ~~ S F ~
5 6 7 8
Figure 22: Schematic view of the compounds used in this work

In this paper, we explored multipolar fluorine-amide interactions with protein
backbone and side chain amides. These interactions are thought to play an important
role in the potency of protein-ligand interactions. The fluorine position was varied
in the phenyltriazole group of the ligands. The affinity data showed fluorine at the
meta (3) and para (4) positions enhanced affinity, while ortho fluorine had poorer
affinity. Having fluorines at two positions in 5 and 8 further enhanced the affinity.
We solved eight high-resolution X-ray structures to elucidate the interactions. The
structures showed fluorines forming orthogonal multipolar interactions with nearby
backbone amides and side chain amides (in 2). Fluorine-backbone amide
interactions were stronger compared to fluorine-sidechain amide.

This was further confirmed by quantum mechanics calculations. However, these
calculations also showed that the affinity enhancement is not primarily associated
with the predicted fluorine-amide interactions, but that desolvation and dispersion
effects play a larger role in case of multi-fluorine containing ligands.
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Figure 23: Structures of the compounds 2 (cyan), 3 (yellow), 4 (green), 5 (brown), 6 (magenta) and 7 (purple),
showing fluorine-amide interactions.
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6.3. Paper III

Structural and thermodynamic studies on halogen-bond interactions in ligand—
galectin-3 complexes: electrostatics, solvation and entropy effects

OH
HO
Y
F = ©
N
HO
s
F
F
R
R=H, F, Cl, Br, |

Figure 24: Schematic view of the compounds used in this work

In this work, we have explored the structure and energetics of halogen-bond
interactions in protein-ligand binding. Halogens, owing to their anisotropic electron
distribution, have a so-called ¢-hole that is positively charged. Thus, halogens can
act as electron acceptors and interact with electron donor groups like carbonyl
oxygen, with interaction distances that are shorter than the sum of the van der Waals
radii of the atoms. Five compounds were synthesized, with H, F, Cl, Br and I at the
position R shown in the image. The idea for synthesizing these compounds came
from recent studies that identified a novel halogen bond to the carbonyl oxygen of
Gly182 in the galectin-3 CRD'**.The affinity as determined by FP showed an
increase in affinity with increasing size of halogen. However, fluorine does not have
a o-hole and hence does not show halogen bonding capabilities because of its small
size and high electronegativity.

X-ray structures of all five compounds were obtained in complex with the galectin-
3 CRD. Structural analysis showed the halogen atoms forming halogen bonds with
the carbonyl oxygen of Glyl82 in all the structures. The distance between the
halogen atoms and the carbonyl oxygen remained the same, and the phenyl group
moved slightly to compensate for the increasing size of the halogen atom. The
distances, as expected, were shorter than the sum of their van der Waals radii at 3.1
A. Structural analyses also showed two water molecules present in the complex with
the unsubstituted compound that moved away gradually in the other structures, with
one water completely displaced by all the halogens, while the second water
molecule was displaced gradually as a function of the halogen size. In I the water
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molceules is displaced completely. Halogen atoms are also able to bridge water
molecule which is simultaneously H-bonded to a residue. Here Cl, Br and I formed
such interaction by bridging a water molecule to carbonyl group of Gly182.

Figure 25: Structure of the ligand-galectin-3 CRD complexes showing the halogen-carbonyl oxygen distance and the
water molecules. Panel F shows a superimposed view, and the water molecules are coloured the same as their
respective ligands.

67



6.4. Paper IV

Entropy—entropy compensation between the conformational and solvent degrees of
freedom fine-tunes affinity in ligand binding to the galectin-3 CRD

Figure 26: Schematic view of the compounds used in this work

This paper is continuation of Paper II. Here we synthesized soluble versions of the
ortho(O), meta(M) and para(P) fluorinated compounds from Paper II by adding a
glucose, which helped to perform ITC on these compounds. X-ray structures were
solved for all three ligand-protein complexes. The binding of the fluorophenyl
triazole group is identical to that of compounds 2, 3 and 4 from paper II. They bind
near Argl44 and the fluorine atoms form very similar multipolar interactions with
backbone or side chain amides as in the monosaccharides. Our main goal was to
understand the thermodynamics associated with these interactions, for which NMR
and ITC was performed.

Asp239

Asp239

Ala146

Ser237
His158

Figure 27: Image showing a closeup view of M(blue), P(red) and O(green) near Arg144
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Figure 28: ITC data for the three compounds. Entropy(red), enthalpy (blue) and free energy change (gray) are
plotted. The table below the graph shows the values.

The ITC data show that the binding is mostly enthalpically driven. O shows a
slightly lower enthalpic contribution. Entropic contributions are similar, but the data
show a trend towards enthalpic-entropic compensation. Overall the ligands show
similar thermodynamic signature. However, NMR data and theoretical calculations
(refer to paper IV) suggest entropy-entropy compensation.
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6.5. Paper V

Systematic tuning of fluoro-galectin-3 interactions provides thiodigalactoside
derivatives with single-digit nM affinity and high selectivity

Optimized for galectin-3 affinity Increased galectin-3 selectivity o o)
OH Increased galectin-3 affinity F
O“ F F Z
sm OH OH OH _oH OH

Kd Galec(n1 180 ¢ MF
Galectin-3 = 5.2 MF OH on . \ OH ~ N
Kd: Galectin-1 = 0.34 uM NYY
&y J\ﬁ/ et g, N on
36 R=3-Fluorophenyl (e, 19%)

Ko Galectin-1 -~ 0.069 37 R=3,4,5-Trifluorophenyl (e, 62%)
Galectin-3 = 0.0023 uM

Figure 29: Schematic view of the compounds used in this work

In this work, we showed how changing certain parts of the ligand scaffold provides
specificity and/or affinity. As seen in the image above, adding a trifluorophenyl
group near subsite A increases affinity for both galectin-3 and galectin-1, while
adding a coumaryl group near binding subsite E enhances selectivity for galectin-3
over galectin-1. The two compounds were high affinity binders, 36 with 27 nM and
37 with 4 nM affinity. X-ray structures were solved for the two ligand-galectin-3
CRD complexes. Structures showed that the asymmetric ligand 37 with a
trifluorophenyl group at one end always binds in single conformation near Argl44
(Fig. 23), while compound 36 with a monofluorophenyl group binds in two
conformations. In one conformation the monofluorophenyl group binds near
Argl44, while in second conformation it binds near subsite E. This suggests that
having multiple fluorines near Argl44 selects for single binding conformation while
also providing increase in affinity. Addition of a coumaryl group enhances
selectivity, as shown by FP data, but it does not provide any conformational bias
towards a single binding mode.
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Figure 30: Structures of 37 (left) and 36 (right). 36 shows a single binding conformation because of three fluorines
interacting with peptide bonds. Compound 36 is in two conformations because of its single fluorine.

6.6. Paper VI

A non-permeable high-affinity sulfated ligand for selective extra-cellular galectin-3
inhibition

Figure 31: Schematic view of the compounds used in this work

In this paper, we used thiodigalactoside ligands that exhibit nanomolar affinity for
galectin-3. Earlier studies'>' showed that the amide linker pulls Argl44 closer to
galactose 2°-OH. A sulfate group was introduced to exploit this interaction between
Argl44 and the ligand. Compound 3 had affinity of 18 nM and 4 had 6 nM, as
calculated from FP data. X-ray structures for the two ligand-protein complexes were
solved. Structural analyses showed how the additional sulfate group pulled Argl44
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by forming an electrostatic interaction, while also making H-bonds with water
molecules.  The tetrafluoro-benzamide group bound near Argl44 while the
phenyltriazole group bound near Argl86 in subsite E. Compound 3 has dual
conformations near Argl86 while 4 has only one, which indicates that the sulfate
group restricts the change in binding orientation.

ITC data suggest enthalpic binding with little or no entropic contribution. The K4
from ITC is higher than FP, but the correlation between 3 and 4 is similar.

The addition of a sulfate group also
AH (kJ/mol) <LAS N K makes the ligand imp?rmeable to the
(kJ/mol) (M) cell membrane and it can thus be
used to target extracellular galectin-
3 |-385%11 0.0£0.7 1.03 | 210231 3.
4 |-39.4%11 -1.130.6 1.04 | 9517
Glu1sa \ G"‘% °
144 \
; ? Ag162 o )\ 1ss ©
N . ®

Figure 32: Image showing binding of 3(magenta) and 4(cyan) in the galectin-3 CRD binding pocket. Key residues and
polar contacts are shown.
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6.7. Paper VII

Perdeuteration, crystallization, data collection and comparison of five neutron
diffraction data sets of complexes of human galectin-3C

In this paper, we describe expression of deuterated galectin-3 CRD and its
crystallisation to produce bigger crystals for neutron diffraction. For expression of
deuterated protein, minimal media was used to grow the bacterial cells, which were
gradually adopted to increasing concentrations of deuterium oxide (D20). The
energy sources used were deuterated d7-glucose or d8-glycerol. Cells were adapted
to D,0 using methods similar to those published previously. M9 minimal medium
was used for protein expression. A single colony of E. coli BL21(DE3) cells
containing the gal3CRD pET9a plasmid was grown overnight on M9 agar plate.
This was used to inoculate 50 ml of 20% D>O M9 medium (with nondeuterated
glycerol/glucose) to an OD600 of 0.1, which was then grown for 24 h. The 20%
D;O culture was used to inoculate 50 ml 100% DO M9 medium (with
nondeuterated glycerol/glucose) to an OD600 of 0.1, and the culture was grown for
24 h.

The 100% D,O culture was used to inoculate 200 ml 100% D,O M9 medium with
glycerol-d8/glucose-d7 to an OD600 of 0.1. To avoid transfer of medium without
glycerol-d8/glucose-d7, the cells needed for inoculation were pelleted and the
medium was discarded. The cell pellet was then used for inoculation and the culture
was grown overnight.

The 200 ml 100% DO /glycerol-d8 culture was used to inoculate 2*1 1 of 100%
D,0O +glycerol-d8/glucose-d7 M9 medium to an OD600 of 0.1. At an OD600 of 0.5,
IPTG (prepared in D,O) was added to a final concentration of 0.5 mM and induction
was continued for 12 h. Cells were harvested at 8000g for 20 min at 20°C. Each
pellet (from 1 1 culture) was resuspended in 10 ml MEPBS and stored at -80°C.

The purified protein was used to produce larger crystals for neutron diffraction.
Dgal3CRD-lactose protein was crystallised, and the crystals were transferred to new
drop with low PEG concentration to avoid new nucleation. This drop was then
provided with 3-5 ul of protein every week, which lead to growth of existing crystal.

Some of these crystals were used to soak with compounds 3 and 4 from paper VI,
and neutron diffraction data were collected. Refinement and results for these data is
discussed in section 6.10.
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6.8. Paper VIII

Structural perspective of Argl44 mutants of galectin-3 CRD in ligand binding: Role of
Cation-I1 interactions

Ligand M P o
Protein Affnity(uM) | Affnity(uM) | Affnity(uM)

Gal3BWT 0.46 0.6 1.9
+0.06 +0.05 +0.09

Gal3R144K 2.05 1.67 9.02
+0.1 +0.25 +1.58

Gal3R144S 7.0 2.3 10.3
+0.23 +0.13 +1.31

This paper is continuation of Paper IV, where we showed binding thermodynamics
of three ligands O, M and P to wildtype galectin-3 CRD. In this paper we have
shown the structural aspects of binding of the same ligands to Argl44 mutants of
galectin3CRD. Argl44 was mutated to either Lys (R144K) or Ser (R144S). FP data
and X-ray structures were obtained for the mutant-ligand complexes. The binding
affinity and structural aspects were compared to wild-type galectin-3 CRD-ligand
complexes.

The binding affinity for the compounds decreased from wild-type to mutants, with
R144S mutant having lowest affinity for the ligands. The decrease in affinity was
not drastic but it was significant. This was expected, as Lys is chemically similar
to Arg so the effect is less pronounced for R144K mutants. The results suggest that
cation-T interactions between Argl44 and the fluorophenyl group are important for
binding.

For wild-type, M had the highest affinity but for mutants P has the highest affinity.
Also, M shows the most change in affinity between wild-type and mutants, up to a
14-fold difference between wild-type and R144S. This suggests that cation-mt
interactions affect the affinity for M more than for other compounds.
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Figure 33: Top panel shows Chemical structure of the ligands used for the study. Bottom panel showing closeup
images showing binding of the fluorophenyl group near Arg144 in the binding pocket. The structures for wild-type are

compared with mutants. As can be seen, binding of Lys mutant is identical to wild-type, only in Ser mutant there are
subtle changes to binding.
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6.9. Paper IX

Ligand sulfur oxidation states stepwise alter ligand-galectin-3 complex
conformations

55uM

OH.oH

N=N OH
\ O HO
AN &/s 2Z5oH
S OH OH
@ 4a

19uM
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\ O HO
o LTNEE0 w075 on
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S:ipo OH OH
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Figure 34: Compounds chemical structure and their affinity is shown.

In this paper, three variants of sulfide compounds were synthesized by stepwise
oxidation to study the interaction of sulfur oxidation state on the binding affinity
and thermodynamics in complex with galectin-3 CRD. We expected the
phenylsulfide group to bind near subsite A so that the phenyl group would extend
towards Argl44. The affinities of the compounds were determined by FP (shown
on left) and the affinity increased with the oxidation state of the sulfur atom.
Compound 4aaa (sulfone) with two oxygens attached to the sulfur atom has the
highest affinity. Sulfoxide moiety in compound 4aa has a chiral centre, so it is
supposed to bind in two configuration. X-ray structures were solved to analyse the
binding of these ligands. The structural analyses show the sulfide group binding
near the Argl44 with the phenyl group pointing towards solution.
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Figure 35: Binding of two enantiomeric configuration in 4aa

The Argl44 maintains cation-T interactions with the phenyl group even when the
phenyl group in compounds 4aa and 4aaa (sulfone) change binding conformation
as shown in images below. Oxidation of sulfur makes the phenyl group point
orthogonally to the sulfoxide or sulfone; this results in shift of Argl44 such that it
still forms cation-m interactions. Binding of 4aa is similar to 4aaa because of the
two enantiomeric configurations.

The oxygen in 4aa forms H-bond with a water that is also bound to Asp148 and the
oxygen in second enantiomer points towards Asnl160. In the 4aaa structure, one
oxygen has similar interaction to 4aa while the other oxygen interacts with Argl44
and Asnl60. The structural analysis show that that oxidation of the sulfur group
leads to more interactions with solvent and other residues.
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Figure 36: Closeup view of the binding of the compounds near Arg144 in the binding pocket.A) Comparison of 4a and
unsubstiuted phenyltriazole B) 4a (green) and 4aa (cyan)(both configurations together in the pocket.C) 4a (green) and
4aaa (magenta) superimposed. D) 4aa (cyan) and 4aaa (magenta) superimposed. Key polar contacts are shown and
colour-coded green for 4a, cyan for 4aa and magenta for 4aa
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6.10. Results not yet included in manuscripts

6.10.1. Neutron data

Elucidation of H-bonding and role of waters in Paper VI compounds

Neutron data were collected for compounds 3 and 4 from Paper VI. We wanted to explore
some key water molecules involved in binding, their interactions and orientations of H-
bonds. In Figure 28 below, key water molecules (in red circles) are coloured similarly to the
ligand complex they are bound to. As can be seen from the image, the water molecule in 3
(magenta) close to the ligand is displaced in 4 (cyan) because of the sulfate groups.

W

Figure 37: Cryogenic x-ray structures of 3 (magenta) and 4 (cyan) compared to show key water molecules involved.
Water molecules are also colour coded, magenta in 3 and cyan in 4 to provide the comparison.

Sulfate group makes another polar contact with a water molecule and Argl44
(coloured cyan). We wanted to see the direction of the H-bonding these water
molecules are involved in and if there is any change in the two ligand complexes.
The data collection for compound 3 is described in Paper VII. The data was
processed and refined as described previously in the Methods section. The protein
nuclear density map was very good for both the complexes, but ligand nuclear
density was better for 4 than for 3, as can be seen in the images below. Water
molecules have banana shaped nuclear density because the deuteriums were visible
clearly.
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Figure 38: Neutron density map for 3 (left) showing the density for ligand (red) and key water molecules (blue). The
water in question and other water molecules (black circle) were not visible in nuclear map, although it was visible in X-
ray map. On right nuclear density map for key residues is shown. The 2m|Fo|-D|Fc| map is contoured at 1.0c.

There was back exchange of the water molecules in the crystal for 3. In 4, the ligand
and protein density were very good, but the water molecules showed poor nuclear
density and lack of banana shape which is characteristic of water nuclear density
map, as shown in the image below.

Glu165

Trp181 2

Figure 39: Nuclear density map for 4 showing clear density for ligand (red). The water in question and other water
molecules (black circles) were not visible in the nuclear density map, although they were visible in the X-ray map.
Right: nuclear density map for key residues. The 2m|Fo|-D|Fc| map is contoured at 1.0c.

Unfortunately, the data were not good enough to analyse the water molecules and
H-bonding question. For compound 3 there was simple back-exchange, which could
have occurred during sample mounting, transport or data collection. For 4, there is
some other problem with the data, as the nuclear density did not show proper shape
characteristics for water molecules. Hence, a re-collection of data for both the
compound will be necessary to answer the question and analyse the binding.
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Refinement statistics

compound Resolution (A) X-ray Neutron
X-ray/neutron Rmodel/Riree Rmodel/Riree

3 1.30/1.85 0.154/0.168 0.190/0.232

4 1.15/1.80 0.122/0.140 0.142/0.186
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Role of amide vs. oxazole group in ligand binding

The structures of two related monogalactoside- ligands are shown in Figure XX.
Compound 1 has an oxazole group (red circle) attached to 1’-OH of galactose, while
compound 2 has an amide group (red circle) attached.

OH oOH
o

HO
OH

1 9ouM 2 460pn

Chemical structure of the two compounds. The chemical group of interest is
highlighted with red circle.

Binding affinities of these compounds were determined from FP. I solved 100K X-
ray structures of these ligands in complex with the galectin-3 CRD.

The compound 2 was modified to add
a phenyltriazole group (3), which
improved solubility and affinity as
well.

o, Results
N OH

The X-ray structures for 1 and 3 are
compared below. Compound 1 and its key water molecules are coloured green and
for compound 3 they are coloured magenta. All the water molecules that interact
with the ligand are shown. The galactose moiety is well defined in both structures,
while the naphthalene group has slightly poorer electron density. The phenyltriazole
group in 3 is also well defined, and it interacts with Argl44. A water molecule of
particular interest is circled in black. This water molecule sits between Glu184 and
Argl62. The hypothesis is that the amide bond in 3 donates an H-bond to the water
molecule in question. It is unclear if the oxazole group in 1 donates or accepts an H-
bond, and if this can influence the relative affinities of the two compounds. Or is
there a complete lack of H-bond for the oxazole group in 1, which leads to different
position compared to amide group in 3?
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Figure 40: X-ray structures of 1 (green) and 3 (magenta) in complex with the galectin-3 CRD. The key water molecule

in question, which was clearly visible in the structures, is highlighted by a black circle,. Water molecules are coloured
same as the ligands. The panel on the right depicts electron density of the ligands.

Asnl74

lulsqd

Figure 41: Comparison of the structures for 1 (green) and 3 (magenta). The water molecules are coloured similar to

ligands to differentiate. As can be seen, the water molecules are well conserved in both the structures. Arg144 is
moved by the phenyltriazole group in 3. The key water molecule is circled.
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To address the question, we needed neutron diffraction data for both the complexes.
I prepared large crystals (> 1mm?) of perdeuterated galectin-3 CRD and soaked
them with 10 mM of compound 1. The data were collected at the BioDiff instrument
of the FRM-II facility in Munich, Germany. 47 minutes exposure time and 0.4°
rotation per frame were used and 270 images were collected. Data were processed
by beamline scientists using a modified version of HKL2000, and a scaled and
merged data file was provided. The neutron data were of 1.85 A resolution and the
completeness was 90%. Rupeas and Rpim were 0.21 and 0.12 respectively. A room
temperature X-ray data set was collected on a different crystal soaked with 1, as the
crystal from neutron data collection dissolved during transport. The apo-galectin-3
CRD cryo structure was used as the model for joint refinement with water and
hydrogens stripped. The X-ray data were of higher resolution (1.2 A). Water
molecules were added to the model based on nuclear density. The refined model
was analyzed for the interaction of water molecule in question. As can be seen in
the image below, the ligand and some of the water molecules showed good nuclear
density. The water molecule in question had excellent density and showed the
characteristic banana shape. In the right-hand panel, the distance of the oxygen in
oxazole group to the deuterium in the water molecule is 2.9 A and the oxygen atom
is at 3.4 A. The Glul65 side chain forms an H-bond with the water molecule, and
the two deuteriums are 2.4 and 3.7 A away. Although, the water is not aligned
towards the Glul65 side chain, and oxazole group is also pointing away from the

water.
geng? : Trp181
R
84

V4

[%Glul >
T

Figure 42: Left: nuclear density for the ligand and water molecule (wheat colour). Right: close-up view of the water
molecule, residues involved and oxazole moiety of ligand as well as showing important distances.
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Conclusion

Current analysis is incomplete as we need the neutron data for compound 3 to see complete
picture. It is difficult to speculate anything conclusive from only one dataset. Although we
expect to see the water molecule in a different binding mode compared to 1 and the amide
mode is able to a H-bond as per our assumption.

Refinement statistics

compound Resolution (A) X-ray Neutron
X-ray/neutron Rmodel/Riree Rmodel/Riree

1 (cryo only) 1.01/N.A. 0.140/0.170 NA

1 (Joint_refinement) 1.19/1.85 0.139/0.165 0.260/0.310

3 (cryo only) 1.58/N.A. 0.150/0.193 N.A.

N.A.: not applicable
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