Studies of cyclophilin-ligand interactions and the search
for new cyclophilin inhibitors

Daphne Wei-Chun Kan

Ph.D. thesis

The University of Edinburgh
March 2007

Abstract
Cyclophilins are enzymes that belong to the peptidyl-prolyl isomerase (PPIase)
family. The main biological role of cyclophilins involves protein folding regulation.
The molecular structures of cyclophilins provide a good template for protein-ligand
interaction studies and the design of novel ligands. Cyclophilins are regarded as
potential drug targets for the treatment of several diseases such as AIDS and malaria.
In the present study, the binding of a series of Xaa-Pro dipeptide ligands to human
cyclophilin A (CypA) or C. elegans cyclophilin 3 (Cyp3) has been studied using
enzymatic activity assays and crystal soaking experiments. The binding energies and
dissociation constant (Kd) values of the dipeptide ligands are found to be essentially
identical in the crystal and in solution. Three Xaa-Pro:Cyp complex crystal
structures (Gly-Pro, Ser-Pro, Val-Pro) were solved and their ligand occupancies at
various soaking concentrations were determined in order to calculate their Kd values.
Because the binding modes of the dipeptide ligands are very similar, the contribution
of the functional group (CH3) to the energy of binding could be determined.
A set of 9 known CypA-ligand complex structures was used for docking and scoring
performance evaluation, which was carried out by our in-house virtual screening
suite LIDAEUS. The results indicate that with appropriate parameterization
LIDAEUS is competent in predicting correct poses. Re-docking and scoring were
more effective methods for the compound localisation compared with the energy
minimization function. When key waters were included in the receptor structure and
were taken into account for the calculation of the energy map and site point
construction, the docking accuracy was improved.

it

Docking and scoring parameters used in screening for novel CypA ligands with
LIDAEUS were optimized during the re-docking experiments. A composite

Sscreening

score which involved the high weighted PIP (Pose Interactions Profiles) score
combined with the low weighted energy score enabled us to identify hits for the
target protein from a large chemical database (ZINC database subset 3. 2 million
compounds). A post-screening filtering was performed by searching for conserved
interactions found in tight binding ligands. This enabled us to select 14 compounds
for protein-ligand testing. Six novel CypA ligands were identified by PPIase activity
assays and isothermal titration calorimetry competition assays (Kd to CypA in a
range of 1-120 jiM).
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Introduction

1. Introduction
1.1. Protein-ligand interactions

Proteins play key roles in various biological processes. In some cases, protein
functionality is mediated through ligand binding. A ligand is defined as any molecule
or ion that binds to a particular site on the surface of a macromolecule (Hendlich et
al., 2003). A typical example of a protein-ligand interaction is an enzyme-catalysed
reaction. An enzyme (protein) binds to a substrate molecule and enhances the making
or breaking of chemical bonds. Another case in which a protein-ligand interaction
takes place in biological systems is the human immune system. Antibodies, which
are secreted by B-cells, recognize ligands (polypeptides, glycoproteins, glycolipids)
in the structure of the pathogen or parasite (Chaplin, 2003). Finally, it is well known
that many drugs (or poisons) are designed to act on a protein-ligand mode of action.
That is they bind to a protein and prevent its normal action. Morphine for example,
which is a pain-killing drug, mimics a natural peptide (endorphin) which is found in
the brain and has mainly analgesic properties (Loh et al., 1976). Several
peptidomimetic HIV-protease inhibitors have also been designed with the aid of
X-ray crystallographic studies. These drugs which include nelfinavir, saquinavir,
ritonavir, indinavir and other commercially and clinically successful inhibitors are
typical cases of drug design based upon a protein-ligand mode of action (Davis et al.,
2003). Knowledge about these ligands and their target proteins will be valuable in
understanding the fundamental process of molecular recognition and assist the design
of novel ligands and potent drugs.
Ligand molecules bind preferentially to the protein in a particular conformation. The
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ligand-binding is known to, at least in some cases, promote a conformational change
to the receptor protein, such as the movement of loops (Hecht et al., 1992) or even
large domains (Lesk & Chothia, 1988). This can be a limitation to crystallographic
studies because the final structural model represents a time-averaged structure, where
details of molecular mobility remain unresolved. Thus, if there is no clear evidence
about any conformational change of the receptor molecule upon binding, several
approaches are based on the assumption that the protein dynamics of binding and the
structures of bound ligands in the crystal will be similar to those in the biological
system.

1.2. Ligand discovery

In drug discovery projects, 'lead discovery' or 'lead identification' is the step of
finding novel bioactive ligands for a protein. Experimental high-throughput
screening (HTS) and computational methods such as virtual (database) screening
have become the major tools in the lead-discovery process. High-throughput
screening allows rapid assay identification of thousands of compounds in the search
for biological activity and new potential drugs. This experimental method has been a
primary source for novel leads discovery over the past few decades and virtual
screening has become a complementary and alternative method to HTS in recent
years (Alvarez, 2004). Virtual screening allows the elimination of undesired
molecules from compound libraries and reduces the effective time and cost in drug
discovery projects.
In this project, virtual screening is employed for searching novel ligands of
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cyclophilin using the in house program LIDAEUS. One of the approaches involves
'virtual screenings by docking'. It requires knowledge of the 3D structure of the target
protein-binding site to prioritise compounds by their likelihood to bind to the protein.

1.2.1. Docking programs

Several docking packages are available, such as DOCK (Ewing
(Kramer

et al.,

1999), and LIDAEUS (Wu

et

et

al., 2001), FlexX

al., 2003b). The classical DOCK

program (University of California, San Francisco, California, USA) is one of the
most popular docking tools. The basic idea of DOCK includes generating a set of
spheres to fill the whole pocket of the receptor protein binding site. Then the
algorithm matches ligand atoms to the receptor sphere centres, allowing docking to
be scored by evaluation of the empirical AMBER force field energy (Duan

et

al.,

2003). The original DOCK program performs a rigid body docking and
superimposes the ligand into the binding pocket using a geometric matching
algorithm. Another docking tool is FlexX (Rarey

et

al., 1996) which is used for

flexible docking. The fragment-based incremental build-up strategy implemented in
FlexX effectively reduces the number of conformational possibilities. FlexX takes
into account the conformational flexibility of the molecule which is incorporated by
systematically generating numerous low energy conformations of the ligand. A key
strength of FlexX is that it is fast and robust enough to be applied to the docking and
scoring of small libraries of compounds, enabling prioritization of combinatorial
synthetic efforts.
The virtual screening program LIDAEUS (Ligand Design At Edinburgh University)

3

Introduction

was developed in house. LIDAEUS is designed to screen a large database of 3D
structures against a volume of likely binding sites (site points). The program
constructs a cubic grid of points in the putative binding pocket of the protein. It
models a molecule using a series of rigid domains linked by rotatable bonds. Initially,
the ligand orientations are obtained by fitting the ligand atoms onto the grid defining
the binding area. After the initial ligand placement, LIDAEUS attempts to check if
the rotatable groups attached to the fitted domain can be rotated to fit further site
points and provide a more favourable binding. The final step is the search for ligands
in a database which can fit in the above site points and select the best-fitting ligand.

Program

Ligand

Applications

database size

AutoDock

213 K

AICAR transformylase (Li etal., 2004)

DOCK

200 K
153 K

BCR-ARL tyrosine kinase(Peng etal., 2003)
Thymidine phosphorylase (McNally etal., 2003)
Phosphatase-IB (Doman etal., 2002)

FlexX

800 K
3500 K

tRNA-guanine transglycosylase (Brenk etal., 2003)
IM1PDH (Pickett etal., 2003)

1CM

153 K
153 K

Retinoic acid receptor (Schapira etal., 200 1)
HIV-1 RNA transactivation response element (Filikov etal., 2000)

LIDAEUS

50K

CDK2 (Wu etal., 2003b)

SANDOCK

ACD and
Cambridge
FKBP (Burkhard etal., 1999)
Crystallographic
Database

Table 1-1: List of some available docking programs and their discovery of novel
ligands
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1.2.2.

Scoring functions and post-docking selection

Docking is able to predict poses of the compounds during binding. After docking in
virtual screening, scoring functions are able to help evaluate and rank docked poses.
A useful scoring function needs to satisfy several requirements such as scoring
different compounds according to their binding affinities, distinguishing weak
binders from non-binders, indicating the most experimentally—alike docking poses by
generating higher scores (Ferrara et al., 2004). Furthermore, time efficiency is
another important factor to scoring function in order to deal with large compound
databases.
Scoring functions are generally classified into three types: Force-field-based scoring,
empirical and knowledge-based scoring functions (Ferrara et al., 2004; Kitchen etal.,
2004). Force-field-based scoring functions, such as GOLD (Verdonk etal., 2003) and
AutoDock (Morris et al., 1998), use classical molecular mechanics energy functions.
The binding free energy of a protein-ligand complex is described as the sum of the
contributions from different interaction energy types (van der Waals, hydrogen bond
and electrostatic energy terms). The advantage is force-field terms are well studied
and have some physical basis.
Empirical scoring functions were first proposed by Böhm (Böhm, 1994). This kind
of scoring function describes binding energy by approximating a sum of weighted
structural terms. The contributing terms include hydrogen-bonding and hydrophobic
interactions. Non-enthalpic contributions such as loss of external and configurational
entropy upon binding are also taken into account when possible. Two commonly
used empirical scoring function are LUDI (Böhm, 1994; Böhm, 1998) and
ChemScore (Eldridge etal., 1997).
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Böhm and Kiebe (Böhm, 1994; Böhm, 1998) described an empirical scoring function
which takes into account H-bonds, ionic interactions, the lipophilic contact surface,
the number of rotatable bonds in the ligand and additional non-covalent
protein-ligand interactions. It can be expressed mathematically according to the
following equation:

GbIfldI,

= AG O + AGhb I f(iR, a) + 8G 001

fR, a) +
Ionic int.

i-I—bonds

lAiipo

I+/

G mi

NROT

where AGO is reduction in binding energy due to loss of rotation and translation of
ligand, AGh,, is the contribution from ideal H-bonds, 6G10

1

is the contribution from

ionic interactions, AG, 0 is the contribution from lipophilic interactions, A,10 is the
lipophilic contact surface evaluated by a coarse grid of boxes, AG, ' is the
contribution from freezing roations within the ligand, NROT is the number of
rotatable bonds and f(AR,Au)

is a penalty function for large deviations of the

H-bonds from ideal geometries.
Knowledge-based scorings, such as Potentials of Mean Force Scoring Functions,
PMF (Muegge, 2000; Muegge, 2001; Muegge & Martin, 1999) and DrugScore
(Gohlke et al., 2000), generally perform efficient screening because of their
computational simplicity. These scoring functions consider the atom pair-wise
interactions that exist in known protein-ligand complex structures. The scores are
correlated with the weights of possible distributions, which vary from different
reference states. DrugScore, an example of knowledge-based scoring function
(Gohlke et al., 2000) calculates the specific interaction (binding score) between two
molecules land J as:
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AW 1

=AW,(r)
lEt JEJ

where A W(r) is the specific interactions between atoms of type i and j with a
distance of r and takes into account occurrence frequencies (N) of atom pairs with
types i and j and can be obtained from the normalized radial pair distribution
function gy (r) and the normalized mean radial pair distribution function g(r).
Njr)/4rr2
AW(r) = —In g(r) ; gfr)

U

tN(rW41ir2)

and

All scoring functions cannot perfectly calculate protein-ligand interactions. Some of
the scoring functions perform in a compromise of speed and accuracy or neglect the
possible conformational changes that occur during binding. The 'Consensus scoring
approach' was then introduced (Charifson et al., 1999) in order to balance the single
scoring function imperfection and improve the accuracy of the prediction. This
approach combines information from several scoring functions and only the docking
poses predicted by two or more scoring functions are considered favourable
(Charifson et al., 1999). A study (Huo et al., 2002) showed that combining two to
six different scoring functions (e.g. LUDI and LigScore) to a consensus scoring
scheme improved the process of identification of experimental conformations. The
success rate increased significantly (up to 80% improvement) as compared to success
rates (66%-76%) obtained from single scoring functions.
Earlier versions of LIDAEUS used a single force-field-based scoring function
(SCORE) that was taking into account van der Waals, hydrophobic and
hydrogen-bonding interactions. Recently, a new version of LIDAEUS was developed.
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It includes an extra function called 'PIP (Pose Interaction Profiles)', which is a
knowledge-based scoring function. PIP can be employed as a scoring function and a
post-docking molecular filter. The PIP algorithm differs from the traditional
energy-based scoring approaches. It is able to identify the ligand binding site
residues of the protein and then calculate the protein-ligand intramolecular,
non-covalent and hydrogen-bonding interactions. This method represents each
residue by a seven bit long string including the residue id and interaction type. Thus
the method converts 3D structural binding information of the protein-ligand complex
to a linear binary string. The details and an example of PIP strings are discussed in
Chapter 5. A related approach for directed docking using SIR (Structural Interaction
Fingerprint) has been reported (Deng et al., 2004). The SIR scoring function is able
to select binding modes with higher similarity to the experimental results.
Furthermore, a combination of SIR and another scoring function known as
ChemScore, gives a modest increase in lead selection (Deng et al., 2004). In this
work, we evaluated the performance of the two LIDAEUS built-in scoring functions
(and it is discussed in Chapter 5).

Furthermore, the optimized parameter settings of

LIDAEUS for the model protein cyclophilin were used for novel ligand search (and
this work is described in Chapter 6).

1.2.3. Chemical databases
Many large databases of small molecules have been developed for new ligand
searches. Numerous chemical and biotechnology companies develop databases of
compounds that can be purchased from them; however, they can be off-limits to
academic researchers because of their high cost. ZINC is a free database of
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commercially-available compounds for virtual screening (Irwin & Shoichet, 2005). It
includes compounds from more than 10 vendor catalogues. Users can search and
download the chemicals with desired molecular properties, such as molecular weight,
number of hydrogen-bond donors, and number of rotatable bonds. Downloadable
formats include the commonly used SMILES, mol2, and 3D SDF that can be easily
employed in numerous docking programs.
Another two commonly used databases are ISIS and CSD. ISIS (Integrated Scientific
Information System) is a client/server system providing comprehensive chemical
information management. ISIS provides scientists with a single interface to manage,
communicate, and analyze a variety of scientific data. It is used to search for ligands
with structural similarities.
The Cambridge Structural Database (CSD) is a repository of small molecule crystal
structures (Allen, 2002). In the current version of CSD (v5.25, update July 2004), the
total number of structures is 322,402. The major disadvantage of this database is that
the compounds cannot be ordered and tested quickly.
EDULISS database has been developed in house (Dr Andrew Hinton, PhD thesis,
University of Edinburgh, 2005). It includes 1.6 million compounds, all commercially
available. About 1600 descriptors of each compound have been calculated by the
program DRAGON (TALETE srl, Italy) and XLOGP (Institute of Physical
Chemistry, Peking University, China). Information regarding possible toxicological
risk for the compounds is provided by DEREK Software (University of Leeds, UK).
Currently, EDULISS has a Graphical User Interface on Linux platform that enables
users to search for compounds with preferred descriptors.
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1.3. Role of water in protein-ligand molecular recognition

Water molecules play important roles in biological systems. Most of the experimental
information regarding the interaction(s) of water molecules with various molecular
structures and their contribution energies is derived from X-ray crystallography,
neutron scattering and nuclear magnetic resonance spectroscopy (Caflisch & Karplus,
1995; Meyer, 1992; Teeter, 1991). These experiments reveal that water molecules
play a key role in protein folding; are capable of mediating intermolecular
interactions and affect the molecular flexibility which is required in several
biological functions.
Water molecules are involved in protein-ligand. recognition via two mechanisms:
either by mediating intermolecular interactions-or by being replaced by the ligand.
The 'bridging waters' which mediate protein-ligand interactions through hydrogen
bonding to both the ligand and the receptor, are demonstrated from high resolution
structures (Poornima & Dean, 1995). Recently, a useful tool has been developed
('HINT' force field) for mapping water mediated protein-ligand interactions.
According to HINT, the binding energy for the water molecules required for bridging
the ligand-protein complex was calculated -1.13 kcal.moV' (Amadasi et al., 2006),
which is considered a significant contribution to protein-ligand binding energy.
In addition, the process of ligand binding to a protein molecule involves competition
of the ligands with water molecules for interaction with the protein's active sites
(Böhm, 1996). When a ligand replaces tightly bound waters, the loss of part of the
solvation shell upon binding involves various enthalpic and entropic contributions. If
the interactions do not yield additional interactions, its binding affinity will be small.
The tightly bound water molecules in the active site can be used as a template for
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lead optimization. An example is the carbonyl oxygen of the cyclic urea inhibitors of
HIV-1 protease displacing and mimicking a conserved water molecule.
As the waters constitute a factor in protein-ligand recognition, the docking and
scoring process might be affected by the presence or absence of key waters that
mediate the process of protein-ligand recognition. Because there is no general rule
for handling water molecules in scoring, some scoring programs such as X-score
simply neglect all water molecules (at the moment). Several well-studied drug target
proteins have been complexed with a number of ligands and the structures are
available. It is possible to identify conserved waters in the binding pocket of all
complexes (Wang

et al.,

2003). The role of waters in the binding site can be

investigated by employing docking experiments, which enable us t6 identify the
waters either as structural (water) or as part of the hydration shell of polar inhibitors
(Bellocchi

etal.,

2005).

Consolv (Raymer

et

al., 1997) and WaterScore (Garcia-Sosa

et

al., 2003) programs

have been developed to predict whether the water molecules are replaced or
conserved during ligand binding. A different approach which aims to identify the role
of water molecules in the binding site is to perform docking, with or without the
water molecules, and with rotatable water orientations. This enables us to validate the
scoring and the docking performance under various water conditions (Verdonk

et

al.,

2005).

1.4. Characterisation of protein-ligand interactions

Numerous techniques for investigating protein-ligand interactions have been
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developed recently and others have been dramatically, improved over the last years.
Structural studies, spectroscopic techniques, hydrodynamic and calorimetric methods
are widely used today as diagnostic tools for protein-ligand interactions (Bruylants et
al., 2005; Miksovska etal., 2006; Talley et al., 2006; Velazquez-Campoy et al., 2004;
Velazquez Campoy & Freire, 2005).

These studies can be used as guides for

rational drug-design and protein engineering. Furthermore, they provide helpful
insight into protein folding and protein-protein interactions
The non-covalent interactions between a protein (P) and a ligand (L) can be
presented as follows:
P+ L

PL

eq. 1-1

The binding constant Ka corresponding to Equation 1-1 is defined as:
Ka

= IPLI I (1P1[L])

eq. 1-2

The commonly used 'molecular dissociation constant' Kd is simply the reciprocal of
Ka, so Kd can be expressed as below:

Kd = IPIsILI / [ FL]

eq. 1-3

The free energy change AGO of a reaction is related to the equilibrium constant Ka as
below:
AG O = RT In Ka = AH°-TAS°
-

and AGO can also be written as —RT In (1/ Kd).

The inhibition constant can be experimentally measured in the range between 10 2
and 1012 M, which corresponds to a Gibbs free standard enthalpy of binding of -10
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to -16.8 kcal.mol' at temperature 298 K (Böhm, 1996).
Furthermore, if the enzymatic ability of a protein is inhibited by a ligand, IC50 is a
value that indicates the concentration of the inhibitor that causes 50% inhibition.

1.5. Cyclophilins: function, structure and ligands

1.5.1.

Biological functions of cyclophilins

Cyclophilins are widely distributed in both uni- and multicellular organisms. The
human genome has 17 cyclophilin entries and is similar in number to other
eukaryotic organisms like C. elegans which has 19 proteins that contain a cyclophilin
domain. It has been shown that human cyclophilin A (hCypA) is at its highest
concentration in the brain, among the organs or tissues where hCypA is active
(Nahreini et al., 2001). This phenomenon indicates that CypA may play a role in the
nervous system.
Cyclophilins together with FKBPs (FK506 binding proteins) form the immunophilin
family of proteins. One of the two most important functional properties of
immunophilins is their peptidyl-prolyl cis-trans isomerase (PPIase) activity (Figure
1-1). The isomerization of peptidyl-prolyl amide bonds is a slow step in protein
folding. The PPIase activity effectively lowers the energy barrier for rotation about
the imide bond prior to proline residues and accelerates cis-trans isomerization steps
in the folding pathway.
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Figure 1-1: Schematic presentation of cis-trans isomerization of peptidyl-prolyl
bonds using Ala-Pro-Phe tripeptide as an example.

There are a number of examples showing that cyclophilins can enhance the rate of
protein folding in vitro for a number of proteins including collagen and creatine
kinase (Schonbrunner et al., 1991). Immunophilins may also act as chaperones or be
involved in more specific protein-protein interactions (Freskgard et al., 1992). The
other important functional property of cyclophilins is their ability to bind to the
immunosuppressive drug cyclosporin A (CsA), which is a cyclic undecapeptide
produced by the fungus Tolypocladium inflatum. CsA is widely used to prevent graft
rejection in organ transplant recipients. The significance of the tight binding,
interactions and biological effects of Cyp/CsA makes GsA a good template for
further ligand selection and modifications for the target proteins cyclophilins.
Human cyclophilin A was initially discovered as the cellular receptor of the
immunosuppressive drug cyclosporin A (Handschumacher et al., 1984). It has 165
amino acids in length and is found in the cytosol of all cell types. The human
immune system requires signalling cascades when activating T-cells in response to
antigens. When cyclophilin A binds to cyclosporin A, the CypA-CsA complex is able
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to inhibit the signalling mechanism by binding to the activated calcineurin protein in
human T cells. The formation of CypA-CsA-calcineurin complex inhibits the
function of calcinerin's dephosphorylating nuclear factor of the activated T cell
(NP-AT). Transcription of the interleukin-2 gene cannot be initiated in the absence of
dephosphorylated NP-AT and the signal transduction of immune response is blocked.

1.5.2.

Cyclophilins as drug targets

Cyclophilin can be a target for anti-HIV drugs. It has been shown that CypA
comprises about 10% of the HIV capsid coat (Vajdos etal., 1997). CypA binds to an
exposed proline-rich loop in the HIV-1 capsid protein (CA) domain of HIV-1 Gag
(Luban et al., 1993), which is capable of directing the assembly of virion particles
independent of other retroviral elements and plays an important role in the early
stages of the cell infection. Mutational deletion of CypA and inhibition of the
CA-CypA interaction by cyclosporin A (C5A) and analogues show that replication of
most HIV-1 strains decreases significantly (Franke & Luban, 1996; Yin etal., 1998).
In humans, the formation of a CypA complex with the capsid protein has been found
to inhibit recognition of the virion by the human restriction factor Refi (Towers et al.,
2003). The proven biological effects of CsA on HIV infected cells and the growing
understanding of the role of CypA in the Refi restriction mechanism strongly
suggest that non-immunosuppressive CypA inhibitors will provide a novel drug
therapy which should complement the existing antiretroviral treatments.
Moreover, cyclophilins from the human malarial parasite P. falctparum can be targets
for anti-malarial drugs. A number of cyclosporins, including CsA and certain
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non-immunosuppressive derivatives, are potent inhibitors of the human malarial
parasite Plasmodiumfalciparum (Bell etal., 1994). There are two abundant cytosolic
cyclophil ins of P. falciparum which are the major binding proteins for cyclosporin.

1.5.3.

Native cyclophilin structures

A number of crystal structures of cyclophilin isoforms, such as cyclophilin A, B,

c

have been documented in the literature (Huang et al., 2005; Mikol et al., 1994;
Picken et al., 2002; Schneider et al., 1994). Among the cyclophilin isoforms,
cyclophilin A (CypA) is the archetypal cyclophilin, which is present in relatively
high concentration in the cytoplasm of all mammals. The structure of CypA consists
of an eight-stranded antiparallel n-barrel with an a -helix sitting at each end (Figure
1-2). The centre of the n-sandwich in CypA is filled with closely packed aromatic
groups. The PPIase active site is mainly formed by residues located on one face of
the n-sheets. There is an obvious cleft on the surface of the CypA structure,
containing a hydrophobic pocket (Figure 1-4b) formed by hydrophobic residues; this
phenylalanine cluster is thought to account for the fast folding behaviour of CypA
(Zhao & Ke, 1996b). The active site is on an outer face of the barrel.
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Figure 1-2: Native human CypA structure consists of an eight-stranded
anti-parallel fJ-barrel with an a -helix sitting at each end. Side chains of the four
key residues (Arg55, G1n63, Asn102 and H1s126) involved in ligand binding are
shown in stick.
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CypA seems to be a rather rigid protein that does not undergo significant structural
changes upon ligand binding. CypA shows a well conserved conformation in many
different cases, e.g. unligated CypA, decameric and monomeric complexes of
CypAICsA, and even when binding to the very different peptide ligand,
N-acetyl-Ala-Ala-Pro-Ala-N-amidomethylcoumarin.
Cyclophilin 3 (Cyp3), one of the sample proteins in this project, is one of the most
abundant cyclophilin isoforms expressed in the free-living nematode C. elegans. It
has been established that similarly to human CypA (hCypA), little conformational
change occurs on the Cyp3 backbone when ligand binding occurs (Wu etal., 2001).
The structure alignment of human CypA (PDB code:

2CPL) and C. elegans

cyclophilin 3 (PDB code: 1DYW) is shown in Figure 1-3. It shows that the two
structures share 70% sequence identity with a RIvISD of 0.6

A,

and the Z-score is

33.1, which means the two sequences are definitely homologous.
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Figure 1-3: Structure alignment by DaliLite (Holm & Park, 2000) of human
cyclophilin A (2CPL.pdb) and C. elegans cyclophilin 3 (1DYW.pdb).
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1.5.4.

Structures of cyclophilin-ligand complexes

1.5.4.1. Cyclosporin and derivatives

The fungal metabolite cyclosporin A (CsA) binds to CypA with a K1 (enzyme
inhibition constant) of about 20nM (Kontopidis et al., 2004). The composite
CsAICypA surface binds and inhibits the serine/threonine phosphatase calcineurin,
preventing further transduction of the immuno-activation signal (Russell et al.,
1992).
A number of X-ray structures of CypAICsA-analogues have been determined (Kallen
et al., 1998). All structures show very similar conformations and share the same
binding mode. The CsA binding site is at the same position as the PPIase active site.
Five direct hydrogen bonds and a network of water-mediated contacts stabilize the
interactions between CsA and CypA (Mikol et al., 1993; Pflugl et al., 1993).
When CsA is bound to cyclophilin, the conformation is very different from the
dominant conformations of free CsA. In the cyclophilin-bound form all CsA peptide
bonds are trans and none of the intramolecular hydrogen bonds found in the native
(ligand-free) structure are present. A number of CsA analogues have been developed.
They bind strongly to CypA and have a significant effect on calcineurin inhibition
(Kallen et al., 1998). When the binding surface of CsA is modified (residues 9, 10,
11, 1, or 2), the binding affinity to CypA is decreased. In case the modifications
involve residues 4, 5, and 6, it can strongly affect the immunosuppressant activity
without substantially affecting the binding of cyclophilin (Kallen et al., 1998).
Residues Abu2 and MeVall 1 are important in CypA-ligand recognition as shown in
Figure 1-4.
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Figure 1-4: The free and bound conformations of CsA and bound form, picture
source (Taylor et al., 1996). Four H-bonds (dashed lines, Abu2INH-Va15/CO,
Val5/N H-Abu2/CO, AIa7INH-MeVal 11/CO and D-AlIa8/N H-MeLeu6/CO) are
formed in the free CsA structure. There are two important ligand binding sites of
hCypA discovered from the CsAICypA complex structure (PDB entry: 1CWA).
(a) The side chain of Abu2 (CsA) is near a concave of hCypA. (b) MeValil
residue of CsA has its side chain atoms (black spheres) sticking into the
hydrophobic pocket on the hCypA surface.
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1.5.4.2. Dimedone and derivatives

The program LIDAEUS was used to search possible ligands for CypA by providing
the 3-D structure of the cyclophilin active site. Dimedone (Table 5-1, ligand I), a
commercially available compound, was predicted by LIDAEUS as a potential ligand
of CypA and it wa's experimentally shown that the protein-ligand binding takes place
(Kontopidis, 1999; Kontopidis et al., 2004). Crystallographic work combined with
binding assay studies proved that dimedone can bind to CypA with a Kd of 22 mM.
Dimedone binds to the hydrophobic pocket of the hCypA, with the two methyl
groups pointing into the bottom of the hCypA hydrophobic pocket, where Phe133
resides, and one carbonyl oxygen atom forms a H-bond with the side chain of Arg55
(Figure 1-5). The structure shows that the dimethyl group of dimedone mimics the
key interaction of the methyl valine of CsA (Dr. George Kontopidis PhD thesis,
University of Edinburgh).
X-ray structures reveal that all dimedone derivative ligands bind to CypA in a similar
mode. The dimedone sites of all ligands are accommodated at the hydrophobic
pocket of CypA. All the dimedone derivatives partially occupy the "Abu pocket",
which is the pocket where Abu2 residue of CsA binds at. The dimethyl groups of the
dimedone part always occupy the hydrophobic pocket and mimic the valine side
chain of CsA[Valll] (Figure 1-4b and Figure 1-5). The residues of CypA that form
hydrogen bonds with the ligands are Arg55, His54, Gln63, Asn102 and His126 (Dr
Yuande Yang PhD thesis, University of Edinburgh).
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Figure 1-5: Overlay of the CypA-dimedone complex (dimedone carbon atoms are
coloured green) with CsA from the CypA-CsA (carbon atoms coloured salmon)
complex (pdb code 1CWA). The methyl carbon atoms of MeVal 11 are shown as
black spheres and are close to the dimethyl group of the bound dimedone in the
hydrophobic active site pocket. The ethyl group of the Abu-2 side chain points
into the cleft in the protein surface known as the 'Abu-pocket'.

1.5.4.3. Proline-containing peptides and immunosuppressive drug
Sanglifehrin A

The HIV capsid protein (CA) has been found to bind to human cyclophilin A (Yoo et
al., 1997). The X-ray structure of the hCypA/CA protein complex (PDB code: IM9E)
shows that an exposed proline-rich loop in the HIV-I capsid protein domain of HIV- I
Gag binds to human cyclophilin A at the PPIase active site (Momany et al., 1996).
The complex structure of human CypA binding to the fragment of hexapeptide
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( 87

HAGPIA92 ) derived from the HIV capsid domain was also determined by X-ray

crystallography. The structure shows that the peptides bind to the protein in trans
conformation. The binding mode of the hexapeptide to hCypA was compared to the
complex structure of hCypA bound with a larger fragment of the HIV capsid protein.
These structures indicate that only residues Ala88. G1y89 and Pro90 are involved in
the CypA-CA recognition, regardless of the remaining content of the longer
sequences (Vajdos etal., 1997).

cSCypA

I

Aftp

Capsid

Figure 1-6: Formation of HIV capsid comprised with cyclophilin A. The binding
mode of the hexapeptide of HIV capsid protein to hCypA is shown in the right
(PDB entry: 1M9E and 1AWQ)

Furthermore, the structures of recombinant hCypA complexed with the tetrapeptides
AAPF and A(D)APF, dipeptides (Gly-Pro, Ala-Pro. Ser-Pro, and His-Pro) and
ceCyp3-Ala-Pro complex have been determined through crystallographic studies
(Wu et al., 2001; Zhao & Ke, 1996b). All dipeptides are bound to CypA in a cis
conformation. For each cyclophilin molecule, one molecule of the dipeptides binds to
the hydrophobic pocket on the surface of the 0-barrel. Comparison of these structures
revealed that the four dipeptides bind to CypA through similar interactions and
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molecular conformations. The structures of CypA complexed with the dipeptides
show that the side chain of Xaa (any amino acid) in Xaa-Pro does not significantly
contribute to the binding of the dipeptides, implying that cyclophilin has a broad
catalytic specificity with respect to the side chain of Xaa in Xaa-Pro (Zhao & Ke,
1996b).
A new class of 20 compounds called sanglifehrins, derived from microbial broth
extract screening were found as new cyclophilin ligands (Fehr et al., 1999; Sanglier
et al., 1999). Sanglifehrins display potent immunosuppressive activity (1050 170

nM) in an in vitro immune response assay (Zenke et al., 2001). A high resolution
X-ray structure of hCypA and sanglifehrin A (SFA) complex has been determined
(PDB entry: 1YND) (Kallen et al., 2005). Similarly to another immunosuppressive
drug CsA, sanglifehrin A (SFA) binds to CypA at the active site. Like the pro line
rings of the proline-containing small peptides, the piperazic moiety of SFA is located
in the hydrophobic pocket, formed by the residues Phe60, Met6l, Phell3 and
Leu 122 of hCypA (Figure 1-7). The hydrophobic pocket is also the binding site of
the dimethyl group of MeVal 11 residue of cyclosporin A.
Because of the high affinity and high resolution complex structures, the CypA:SFA
and CypA:C5A structures provide information of favorable interactions for
cyclophilin A. The binding modes are applied in our structure-based lead discovery
where the key interactions found in these two complexes are used as templates for
our virtual screening template and post-screening filtering (see Chapter 6).
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Figure 1-7: Binding modes of three proline-containing peptides with human
cyclophilin A: hexapeptide HAPGIA(1AWQ) in salmon, dipeptdieAP(2CYH) in
cyan and SFA(IYND:A) in green. The proline rings of the two small peptides and
the piperazic moiety of SFA all reside in the hydrophobic pocket of hCypA with
slightly different orientations.
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1.5.4.4. (Other) non-peptidic ligands

Other non-peptidic ligands which bind cyclophilins include families of small
molecule ligands discovered by virtual screening (Guichou et al., 2006; Kontopidis
et al., 2004; Lie! al., 2006a; Wu et al., 2003c). The structures and docking modes of
the small molecule ligand families are compared and discussed in Chapter 6 with the
novel ligand found in this project.

1.6. Project aims

The work in this project involves a broad study of protein-ligand interactions and
focuses in particular on cyclophilin as a potential drug target. Part of the project
involves the study of the mechanism of dipeptide binding to cyclophilin and the
experimental determination of the microscopic energetic contribution of small
chemical groups. The other part of this work includes the utilisation of known
structures of Cyp-ligand complexes to discover and optimize the important factors
associated with the docking and scoring process performed by LIDAEUS for the
cyclophilin model and hopefully successfully identify novel inhibitors for cyclophilin
A.
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2. Protein production and purification
2.1. Introduction

Two homologous proteins have been produced and purified in the current work,
human cyclophilin A and C. elegans cyclophilin 3. The amino acid sequences and
structure alignment of the two proteins are shown in the Chapter 1.
High purity and quantity protein is needed for structural studies by X-ray
crystallography and ligand binding measurements such as PPIase activity assay, and
electrospray ionisation (ESI) mass spectrometry. Overexpression of gene in bacteria
is able to help us produce large amounts of protein. The commonly used
microorganism to over-express the protein which has been used in this project is
Escherichia coli.

2.1.1.

Protein purification strategy

Both human CypA and C. elegans Cyp3 exist in cytosol and proteins must be first
released from the cell to be purified. As a result sonication treatment and cell lysis
need to be carried out before purification. Proteins can be purified according to
solubility, size, charge, and binding affinity. Previous work undertaken by other
members of our research group showed that the specific proteins can be successfully
and conveniently purified according to their net charge and size. Therefore, our
methods of choice for purifying CypA and Cyp3 were cation exchange and gel
filtration chromatography.
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2.1.1.1. Cation exchange chromatography

A protein will have a positive charge and bind the cation exchanger when the buffer
pH is lower than the isoelectric point (p1) of the protein. Gradient elution is the most
common method of eluting proteins from ion-exchange columns. A high ionic
strength buffer including NaCI is able to provide salt gradient elution. Eventually,
the proteins are separated when the most weakly bound proteins will be displaced by
the Na in the buffer and eluted first, followed by the more strongly bound proteins
with higher net positive charge.

2.1.1.2. Gel filtration chromatography (size exclusion chromatography)

Protein purification can also be achieved by separating proteins according to their
molecular sizes. Gel filtration chromatography uses a column consisting of porous
beads made of an insoluble but highly hydrated polymer, such as agarose or
polyacrylamide. A sample containing proteins of different sizes is applied to the top
of the gel filtration column and is allowed to flow through the matrix. Small
molecules are distributed in the aqueous solution both inside the beads and between
them, whereas large molecules will only go through the gaps between the beads. As
a result, large molecules exit the column more rapidly and small molecules go
through the column more slowly because they take a longer tortuous path.

2.1.2. Protein purity and concentration determination

The purified protein solution needs to be examined to see if it contains the high
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purity target protein and this can be tested by various methods. The easiest and
reliable approach involves the use of SDS-PAGE to examine the purity of the
protein and ensure that we have purified our target protein. For our later
protein-ligand binding strength studies and protein crystallisation, it is very
important to know the accurate protein concentration in solution for calculating
precise inhibition rates of ligands. Thus, we employ the Bradford assay to determine
the protein solution concentration.
The Bradford assay is a cheap, easy, quick and relatively accurate method. It works
as the dye Coomassie blue binds to basic amino acid side chains to produce a
protein-dye complex with an absorption maximum of 595 nm, which is distinct from
the free dye which has an absorption maximum at 470 rim. A standard calibration
curve of a protein of known concentrations is required in order to calculate the
concentration of the unknown protein. Bovine serum albumin (BSA) is commonly
used as the calibration standard protein.

2.2. Materials and Methods
2.2.1. Human cyclophilin A production

The recombinant plasmids which contain the hCypA gene were constructed and
kindly provided by the Structural Biochemistry Group at the University of
Edinburgh. Recombinant plasmids which contain the human cyclophilin A gene
were transformed into competent BL21 Star (DE3) cells (Invitrogen) using a
standard protocol. Transformed cells were spread on LBamp agar plate and
incubated overnight at 37 °C.
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One single colony from the LB plate was inoculated into lOOmL fresh LB medium
(100igIml carbenicillin) and incubated overnight at 37 °C for large-scale cell culture.
The next day, the lOOmL cell culture was centrifuged (1,880g 10 minutes) and
re-suspended in lOOmL fresh LB with carbenicillin (100 jig!mL). Afterwards, the
cells were transferred into four litres of LBcarb at 37 °C until 0D600 reached - 0.5
(about 5 hours). Protein expression was induced by adding 1mM IPTG
(isopropyl-1-thio--D-galactopyranoside) and the cells were incubated for another
three hours. The culture was spun at 3,000g for 15 minutes; the supernatant was
discarded and the cell pellets were washed with lysis buffer (25mL buffer per litre
culture). The cells were stored at -80 °C before further purification.
Cell pellets were resuspended in lysis buffer (50 mM Hepes, pH7.5; 1 mM DTT; 2.5
mM EDTA; 1 mM NaN3) with Roche Complete Protease Inhibitor Cocktail Tablets
(2 tablets in 30m1 buffer per litre culture) and incubated at 40 °C for 30 minutes.
Sonication (Sanyo Soniprep 150) of cells was performed at 6 x 30 seconds at 30
seconds intervals. Then the sample was centrifuged at 50,000g for 1 hour and the
supernatant was dialyzed overnight against buffer (50 mM Hepes, pH6.8; 1 mM
DTT; 2.5 mM EDTA; 1 mM NaN3 ; 100 tM PMSF; 100 tM benzamidine) in a 1:100
ratio (vlv).

2.2.2.

Human cyclophilin A purification

Dialysed protein solution was filtered through a 0.2 tm filter. Protein purification
was carried using the AKTA Prime Chromatographic System (Amersham,
Pharmacia Biotech). Purification was firstly performed with a salt gradient elution
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method using SP Sepharose cation exchange chromatography (buffer A:

50 mM

Hepes, pH6.8; 1 mM DTT; 2.5 mM EDTA; 1 mM NaN3; 100 tM PMSF; 100 .LM
benzamidine; buffer B: buffer A-with 1 M NaCl). The SP sepharose column was
initially washed with buffer B and equilibrated with buffer A (120 mL) and the cell
lysate was loaded into the system with a flow rate of 1 mL/min. Human CypA and
all the other proteins that bound to the SP sepharose cation exchanger were then
eluted by increasing the percentage of the salt-containing buffer (Buffer B) in the
system. The fractions pooled were then concentrated to 2.3 mL (Vivaspin
Centrifugal Concentrator 5,000 mwco) and were loaded on to the Sepharcyl 200 HR
gel filtration column (volume 120mL, 1.6 x 60cm) pre-equilibrated in 25 MM Tris
(pH 7.5), 100 mM NaCl, 0.5 mM DTT, 0.5 mM EDTA, 1 mM NaN3 .

2.2.3.

C. elegans cyclophilin 3 production

The Cyp3 gene of C. elegans ceCYP3 is constructed on recombinant plasmids using
digested pET-5a expression vector (Promega) by Dr J. Doman at the Structural
Biochemistry Group, University of Edinburgh (Doman et al., 1999). Recombinant
plasmids which contain the C. elegans cyclophilin 3 gene were extracted (Plasmid
Kit, Qiagen) by following the standard protocol, transformed into competent BL2 1
(DE3) pLysS cells (Promega), and stored at -80 °C for subsequent recombinant
protein expression. Small scale cell culture (one colony grew in lOml LB broth +
ampicillin) was performed and SDS gel analysis indicated that the plasmids were
successfully transformed into BL2 1 cells and capable of expressing ceCyp3 protein.
A transformed BL2 1 (DE3) pLysS cell culture was grown in LB medium containing
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100 g/rnL Amp at 37 °C until an 0D600 of 0.4 - 0.6 was read. Then, the protein
expression was induced by the addition of 6.4 mM IPTG followed by continued
incubation for a further 4 hours. Cells were harvested by centrifugation (7,741g, 12
minutes, Avanti J-25 High-Performance Centrifuge Systems, Beckman) and cell
pellets were re-suspended on ice in lysis buffer (1% w/w) containing 50 MM HEPES,
5 mM benzamidine, 5 mM EDTA, 5 mM -mercaptoethanol, pH 7.5. Lysis buffer
containing cells were stored at —20 °C before adding lysozyme. E. coil cell walls
were then lysed by lysozyme treatment (0.1 % wlv) and incubated at 4 °C for 30
minutes, followed by sonication (lOs x 10 cycles, at 10-sec intervals) on ice. Lysate
was centrifuged (12,860g, ihour) and supernatant was saved and kept at —20 °C at
this stage.

2.2.4.

C. elegans cyclophilin 3 purification

The pH of defrosted lysate was 7.2 and adjusted with high concentration (2 M)
HEPES solution to a pH value of 6.5 - 6.8. Then the solution was filtered with 0.45
pm and 0.2 tm filters for liquid chromatography analysis. C. elegans Cyp3 protein
was purified in two steps: SP sepharose and resource S resin cation exchange
chromatography. SP sepharose cation exchange chromatography was carried with
the following buffers (A: 50 mM HEPES, 5 mM EDTA, 5 mM 2-mercaptoethanol,
pH 6.8, and B: Buffer A + 0.5 M NaCl (pH 6.8)).
Column fractions were tested on 15% SDS-polyacrylamide electrophoresis gels and
fractions containing the protein of interest were dialyzed overnight against Buffer A
(-30 ml sample against a litre of buffer A). Protein solution was filtered through a
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0.2 tm filter and applied to Resource 15 S resin (Amersham Pharmacia Biotech).
ceCyp3 was eluted from this resin with the following buffers: Buffer A, 20 mM
HEPES, pH 6.8, Buffer B: Buffer A + 0.5 M NaCl.

2.2.5. Protein concentration determination - Bradford assay

A Bradford assay was employed for protein concentration determination. A
calibration curve was constructed using protein solutions of know concentrations
from the pre-diluted protein assay standard: BSA set (Pierce Biotechnology, Inc.). 2
mL of Coomassie PlusTM protein assay reagent (Pierce Biotechnology) was added
to 20 pL of each protein solution. Three dilutions (20-fold, 50-fold, 50-fold) of each
protein sample were used for the Bradford assay.

2.3. Results
2.3.1. Transformation and expression of the proteins

The effect of IPTG induction time on the over-expression of hCypA and ceCyp3 was
investigated. Both target proteins were adequately overexpressed after being induced
by IPTG.
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Figure 2-1: SDS gels (15%) of E. co/i cells harvested after IPTG induction for
different times. (a) Proteins expressed by BL21(DE3) pLysS cells transformed
with hCypA-containing plasmids. (b) BL2I(DE3)pLysS cells with ceCyp3 gene
induced with IPTC (0.4mM). In both gels, lane 1: molecular weight standards,
lane 2: pre-induction cells, and lanes 3-6 are cells harvested for 1-4 hours after
induction.

34

Protein production and purification

2.3.2.

Human cyclophilin A purification

2.3.2.1. SP sepharose cation exchange

Two major peaks were revealed by SP sepharose chromatography. 20

from each

of the fractions were collected from the two peaks and SDS-PAGE was used to
examine whether hCypA existed in both fractions. Samples of the first peak only
were proved to contain hCypA.
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Figure 2-2: First step of hCypA purification: (a) SP Sepharose chromatography.
Red line indicates the percentage of buffer B going through the system. The
samples of the arrow-pointed peak were examined by SDS-PAGE (b) and
showed that hCypA was contained in these fractions. Thus, our target protein
(hCypA) was eluted when the buffer was composed of 10-25% buffer B (0.1 to
0.25M NaCl).
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2.3.2.2. Gel filtration chromatography

Gel filtration with Sephacryl 200 HR column was performed under 0.5mLlmin flow
rate that required more than four hours for equilibration. Human CypA was eluted
from the column in between 156 and 176 minutes (arrow at the right in Figure 2-3a).
The fractions were pooled and run on SDS-PAGE and the results showed that the
purity of hCypA is about 95%.
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Figure 2-3: Second step of hCypA purification: (a) Gel filtration (S200 HR)
chromatography. The dashed line indicates the moment of injecting the sample.
One hour after the sample was injected, various proteins started to flow through
the column. (b) SDS-PAGE of the fractions pooled from the right arrow pointed
peak.

2.3.3.

C. elegans cyclophilin 3 purification

The C. elegans Cyp3 purification process was commenced using SP sepharose
cation exchange chromatography. SDS-PAGE showed that ceCyp3 was eluted when
the buffer was composed of 10% buffer B (50 mM NaCI), and the protein purity was
estimated around 85% with some high molecular weight contaminants being
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Figure 2-4: First step of ceCyp3 purification. (a) Chromatography of SP
Sepharose cation exchange for ceCyp3. (b) SDS-PAGE of fractions collected
from SP Sepharose cation exchange of ceCyp3

Further purification was done using SOURCE

TM 15 S cation exchange

chromatography. Collecting a smaller volume (5 ml-) of fractions and using the
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SOURCE TM 15 S cation exchanger (Amersham Biosciences) enabled a better
resolution for separating the proteins. 15% SDS polyacrylamide gels confirmed that
the C elegans cyclophilin 3 was collected from the chromatographic column when
buffer was composed of 10 to 16% of buffer B, which corresponds to a salt
concentration between 50 mM and 80 mM.
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Figure 2-5: Second step of ceCyp3 purification. (a) Chromatography of
SOURCE 15 S cation exchange for ceCyp3. (b) SDS-PAGE of fractions collected
from 15 S cation exchange for ceCyp3.

2.3.4.

Protein concentration determination - Bradford assay

Figure 2-6 illustrates the 0D595 of the standard protein solution from the
commercially available pre-diluted protein assay standard: BSA set (Pierce
Biotechnology, Inc.) were determined. A Bradford assay calibration curve was
plotted according to the OD values of the standard proteins.
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Figure 2-6: Bradford assay calibration curve. The ODs at 595nm of seven
protein solutions of known concentrations were determined.

After the purified protein solutions were collected from the second column they
were concentrated for later crystallisation experiments.

0D595

readings of three

diluted (20-fold, 50-fold and 50-fold) ceCyp3 samples were recorded and the protein
concentrations were calculated from the Bradford assay calibration equation shown
in the figure above. Three values were calculated for the ceCyp3 sample 28.46,
30.56 and 29.81 mg/mL; that corresponds to an average concentration of 29.61
mg/mL. Three litres of cell culture concentrated to approximately 250 pL will give a
concentration between 10 and 15 mg/mL as calculated by the Bradford assay.
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2.4. Discussion

The transformation of hCypA and ceCyp3 was successful since the bacteria became
ampicillin resistant. Both expression systems for hCypA and ceCyp3 seemed to
perform satisfactorily as there were clear hCypA and ceCyp3 bands on the SDS gels
and also large amounts of target proteins were expressed by E. coli as is clearly
demonstrated in Figure 2-1.
Human cyclophilin and C. elegans cyclophilin have p1 values of 7.85 and 8.96
respectively. The pH6.8 buffer will give ceCyp3 a net charge of about 4.5
(calculated by EMBL WWW Gateway to Isoelectric Point Service) and a positive
charge of 1.5 for hCypA. Both proteins required two purification steps in order to be
obtained in high purity. After the first step of purification, only minor contaminants
remained (Figure 2-2 & 2-4). The protein samples obtained following the second
purification step are about 95% pure, as shown by the SDS gel.

2.4.1.

Protein production yield

A 200 tL concentrated ceCyp3 solution from a four litre cell culture (0D600 = 0.6)
of E. coli is estimated to have around 30 mg/mL protein. Thus the ceCyp3 protein
production yield is approximately 6mg per litre E. coli culture.
Four-litre cell culture of BL21(DE3)Star cells that carried hCypA-containing
plasmids produced 200 p.L of purified hCypA with a concentration of 20 mg/mL.
That makes in average 1 mg hCypA production per litre cell culture.

40

Cyp3 crystallisation and structure determination

3. C. elegans cyclophilin 3 crystallisation, X-ray
diffraction data collection and structure
determination
3.1. Introduction

The present study includes crystallisation of C. elegans cyclophilin 3, X-ray
diffraction of the crystals and structure determination of the complex structures with
a series of proline-containing dipeptides. The structures determined in this work
enable us to characterize the cyclophilin-ligand binding specificity and contribute to
our understanding for potential improvement of ligand design in the future.
Furthermore, this work demonstrates crystal soaking is an alternative method to
identify ligands for target proteins in addition to solution binding assays.

3.1.1.

X-ray crystallography

The available techniques for three-dimensional structure determination include
nuclear magnetic resonance (NMR), X-ray crystallography, cryo-EM and computer
molecular modeling. Among the above techniques, X-ray crystallography determines
the atomic structure and covalent chemistry and provides high resolution structural
information. The structures determined by X-ray crystallography are useful for
structure-based drug and ligand design (Collins et al., 2006; Deng et al., 2004;
Dragovich et al., 2002; Foloppe et al., 2005; Ghosh et al., 2006; Gottschalk &
Kessler, 2002; Haffner et al., 2004; Hoifren et al., 2001; Klebe, 2000; Lu et al.,
2006a; Manas et al., 2004; Mooij etal., 2006; Nienaber et al., 2000; Rao etal., 2002;
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Shaw et al., 2003; Verdonk & Hartshorn, 2004). Representative examples of this
approach include the inhibitor design for a severe acute respiratory syndrome caused
by the coronavirus main protease (Lu et al., 2006b), HIV-1 integrase (Rao et al.,
2002), HIV-1 protease (Ghosh et al., 2006) and protein kinase B (Collins et al.,
2006).
X-ray crystallography can also be applied to site—directed mutagenesis studies in
order to identify the inhibitor binding site or study the structure-function relationship
of the target protein (Al-Mawsawi et al., 2006; Ma et al., 2006; Rea & Fulop, 2006;
Shieh et al., 2006). Furthermore, X-ray crystallography is successfully employed to
determine the specificity of protein-ligand interactions and study the mechanism of
protein-ligand binding (de Azevedo et al., 2006; He et al., 2006).
The average atom size is approximately 1

A which is much smaller than the

wavelength of the visual light and therefore, atoms cannot be 'seen' using visible
light. X-ray radiation has a wavelength in the range of 0.02 A and 100 A (1

.A =

10- 10 meters) and can be used to visualize atoms. X-rays are photons of energy and
have both particle-like and wave-like aspects. When an electron meets an X-ray, it
can absorb the X-ray and is forced to vibrate at the same frequency as the incoming
X-ray. The electron then emits an X-ray identical to the absorbed in a random
direction. The emitted waves interfere with each other and waves are either added
together to produce stronger peaks or subtract each other to some degree. Eventually,
the resulting waves produce a diffraction pattern which can be recorded by a detector
or film (Blow, 2004; Rhodes, 2000; Smyth & Martin, 2000).
A protein crystal is composed of repeating units (the unit cells), which are stacked up
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in three dimensions. The unit cells are related through series of parallel planes
(lattice planes or Bragg planes) which can be thought of as mirrors that reflect X-rays.
The position of each diffraction spot is defined by the size and shape of the crystal
unit cell and the inherent symmetry.
The spacing in the crystal lattice can be determined using Bragg's law:

nA = 2dsin(0)

eq. 3-1

where n is an integer, X is the wavelength of X-rays, 0 is the 'glancing angle', which
is between the incident ray and the scattering planes and d is the spacing between the
places in the atoms lattice (Blow, 2004; Bragg, 1913).
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Figure 3-1: The X-ray scattering of objects in a lattice. Picture adapted from
Rhodes, 2000.

3.1.2.

Crystallisation

Crystal growth is a crucial step in protein crystallography. This is because a
well-ordered crystal that will strongly diffract x-ray is essential for data collection.
Crystallisation is a stable low energy state of a supersaturated solution caused by the
increase of solute concentration (Weber, 1991). When a solution of a biopolymer is
brought to supersaturation, the biopolymer may either form an amorphous precipitate
or crystals suitable for X-ray diffraction analysis. In some cases a state between
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these two extremes can be observed. Parameters such as pH and temperature, the
chemical composition of the crystallisation solution, and the rate of supersaturation
determine whether an amorphous precipitate or crystals are formed. Supersaturation
is often achieved by increasing the concentration of the precipitating agent in the
crystallisation solution (Figure 3-2). Aiding substances may decide whether
supersaturation leads to crystallisation and in some cases they may even improve
crystallisation.
During protein crystallisation, the factors that need to be considered include protein
purity and concentration, pH, temperature, and concentration of precipitants.
Precipitants, such as ammonium sulfate or polyethylene glycol, are compounds that
induce protein precipitation (Rhodes, 1993).
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Figure 3-2: Crystallisation is related to protein and precipitant concentrations.
(Schematic adapted from McPherson, 1999)
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Vapour diffusion is the most commonly used method to obtain protein crystals. A
very popular approach is known as the hanging drop set-up (lyaguchi et al., 2006;
Ku et al., 2004; Kumarevel et al., 2004; Lu et al., 2006c; Pesaresi & Lamba, 2005;
Xu et al., 2006). A drop containing protein, stabilizing buffers, precipitants and
crystallisation aids is allowed to equilibrate in a closed system with a large reservoir.
The reservoir is a solution which usually contains the same chemical composition
with the drop apart from the protein but at a higher concentration so that water
preferentially evaporates from the drop. When the conditions are optimal, a gradual
increase in protein and precipitant concentration takes place in the drop which
enables a few crystals to form.

- Siliconised cover slip

Grease
rotein solution
Reservoir with
recipitant

Figure 3-3: Setup of hanging drop vapour diffusion crystallisation technique.
The volume of protein drop is usually 1 - 20 FtL and the drop is a 1/1 (v/v) mixture
of the protein solution and the reservoir (well) solution.

3.1.'3. Complex formation

Protein and ligand complexes can be obtained from various stages of protein
production or during the crystallisation process. For example when a ligand is added
in a protein expression system, protein molecules can pick up the ligands and the
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(protein-ligand) complex structures are conserved during purification. This method is
especially useful when the protein is structurally unstable and the complex formation
stabilizes its conformation (Skarzynski & Thorpe, 2006).
When attempting to form a complex during a stage of the crystallisation process,
even if crystallisation conditions of the native protein are optimal, obtaining
protein-ligand complexes in crystals is not always straightforward. The most reliable
approach to determine the structure of a protein-ligand complex is either by
co-crystallisation or by soaking the ligand into the preformed crystal.
The soaking method requires apo protein crystals to be grown in the absence of
ligands or inhibitors. The fully grown crystals are then transferred into the ligand
solution at the appropriate concentration to obtain protein-ligand complexes (Butcher
et al., 2001; Chen et al., 1999; Kamitori et al., 2003; Karthikeyan et al., 2003;
Kerbarh etal., 2006). Soaking experiments may have several drawbacks, such as the
damaging of crystals and the alteration of the diffraction properties and the space
group (Skarzynski & Thorpe, 2006).
Soaking and co-crystallisation can be combined for studying the binding affinity
between a protein and a series of inhibitors. This method initially involves
co-crystallizing an inhibitor bound to the target protein and then soaking these single
inhibitor/protein crystals in another ligand solution. It can be applied for comparing
the binding strength of two different ligands. If the soaking ligands exhibit stronger
binding affinity, they will eventually replace the weaker inhibitor (Munshi et al.,
1998).
The ligand concentration required to form complexes can be calculated if the Kd or K1
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value is known. To maximize the complex formation, ligand concentrations should
be as high as possible. The ligand to protein concentration ratios are usually up to
10:1 (Danley, 2006). However, in some cases a very high ligand concentration may
lower the binding affinity at the active site of the protein or inhibit crystallisation.
For 90% ligand occupancy, ligand concentration has to be 10 times higher compared
to Kd (McNae et al., 2005).
When soaking is the method employed to produce a protein-ligand complex in
crystals, another factor we need to consider is the spatial limitation of crystal packing.
If the ligand binding site of a protein molecule is partially blocked by the adjacent
protein molecule, slightly larger ligands might not be able to get into the binding site.
Furthermore, the ionization state of the functional groups of the residues located on
the protein active site and the ligands may influence the binding affinity. Thus, the
pH environment during the crystallisation and soaking stages is a key factor which
may determine whether binding between the protein molecule and the ligand will
occur or not.

3.1.4. Data collection from synchrotron sources

The power of X-ray crystallography has increased tremendously in recent decades
because of the development of synchrotron light sources. Synchrotron radiation,
which is emitted when charged particles are forced to move in a circular orbit close
to the speed of light, was originally regarded as an unwanted by-product of high
energy particle accelerators (Blundell et at., 2002). While providing ultimate
resolution, X-rays are not suitable for recording direct images; therefore, X-ray
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crystallographers require highly ordered, crystalline samples whose diffraction
patterns provide a handle for structure determination. High amplitude X-rays
generated from the latest 3rd-generation synchrotrons enables us to deal with
extremely small crystals (Sorensen et al., 2006).
X-ray radiation can damage crystals during the data collection time. Thus a suitable
cryoprotectant solution (such as glycerol) has to be applied when flash-freezing the
crystals and the data are collected at cryogenic temperatures (lOOK in most cases).
The advantages of the low temperature strategy include minimization of the radiation
damage (prolonging crystal lifetime), reduced inherent molecular motion and
disorder, and often an increase in the resolution limit (Mitchell & Garman, 1994).
The data sets collected in this study were mainly from synchrotron radiation sources
at Daresbury SRS and EMBL and Hamburg which provide a focused, collimated,
monochromatic, X-ray beam with high energy resolution at wavelengths between
about 0.8 and 2.0 A.

3.2. Results and discussions
3.2.1.

C. elegans Cyp3 crystallisation

Initially, the effect of C. elegans Cyp3 concentration on crystallisation was examined.
If the protein concentration is as high as 30 mg.m1 1 , the volumetric ratio of protein to
precipitation solution needs to be below 1; i.e. 1 j.tL of protein is added to 3 .tL of
precipitation solution. Equal volume of protein and precipitation solution (2 [tL:2[IL)
is required when the protein concentration is around 15 mg.m1 1
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C. elegans cyclophilin 3 crystals were grown in 28-31% (w/v) MPEG 5000 and 0.1

M sodium citrate (pH 5.6) at 17°C. Crystals appeared 2-3 days after the onset of the
crystallisation process and formed approximately 0.2 x 0.3 x 0.3 mm tetragonal
bipyramid crystals. These crystals provided good diffraction and high resolution data.

e

Figure 3-4: C. elegans Cyp3 crystals in tetragonal bipyramid form.

3.2.2.

Cryoprotection

The Cyp3 and dipeptide ligands complexes were formed by soaking in a solution
containing ligand, 30% MPEG 5000 and 0.1 M sodium citrate. An additional
freezing solution containing 20% (v/v) glycerol was used to prevent crystallisation of
surrounding water and solvent during freezing. The results indicated that diffraction
patterns did not contain ice rings and high resolution data was collected.

3.2.3.

Structure and ligand occupancy refinement

3.2.3.1. Ala-Pro:ceCyp3 water refinement

The complex structure of Ala-Pro:ceCyp3 has been deposited on the Protein

ELI
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Databank (code: I E8K). In this project, the waters around the ligand binding site
were refined using REFMAC (Murshudov et al., 1997). One extra water molecule
(Wi

in Figure 3-5) was found for the I E8K structure, the electron density of which

can be clearly seen at 1 .5 o'. This water forms a hydrogen bond to Pro/O of the
dipeptides at a distance of 2.7 A. This water is conserved in all three Cyp3 and
dipeptide (Gly-Pro, Ala-Pro and Ser-Pro) complex structures. It does not directly
interact with protein atoms and therefore it is considered to be part of the ligand
hydration shell and not a structural water of Cyp3. Thus this water molecule was not
included in the structures used for calculating the complex solvent accessible surface
area (details in Chapter 4).

,

qL

Figure 3-5: Cyclophilin 3 and Ala-Pro recognition mode. The water (wi) forms a
H-bond to the proline oxygen atoms and is found conserved in all Cyp3/Xaa-Pro
structures.
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3.2.3.2. GIy-Pro:ceCyp3 and Ser-Pro:ceCyp3 structures and ligand
occupancy refinement

Native cyp3 crystals were grown at optimal conditions for the apo Cyp3 structure,
which are required for the Ala-Pro:Cyp3 complex structure determination, as
described by previous researchers (Doman et al., 1999; Wu et al., 2001). The
Gly-Pro and Ser-Pro soaking solutions contained the same buffer (0.1M sodium
citrate) and MPEG 5000 concentration (w/v 28-31%) as described in the Ala-Pro
soaking experiments. The crystal belongs to the space group P4 1 2 1 2 and the unit cell
size is essentially the same as the one for the apo Cyp3 crystals (Table 3-1 and 3-2).
The complex structure of Ala-Pro:Cyp3 with the ligand being deleted (PDB code:
1E8K) was used as the starting model for the structure determination of
Gly-Pro:Cyp3 and Ser-Pro:Cyp3. The positional parameters and B-factors of Cyp3
alone were initially refined using REFMAC (Murshudov et al., 1997), followed by
adding water molecules using the Arp/wARP program (Perrakis et al., 1997). The
density map was very clear and most of the residues were well defined in the map,
except some residues in the N-terminal and C-terminal regions. When binding to
Gly-Pro and Ser-Pro dipeptides, the Cyp3 molecule retains the apo structure which
has an anti-parallel 8-stranded 13-barrel capped by two a-helices. The binding site is
located outside the 13-barrel and on the surface of the protein, which is similar to that
of hCypA (Kallen et al., 1991; Ke et al., 1993). The only conformational change
occurs upon binding to the side chain of Arg62 which results in displacement of the
native water molecule Wd (Figure 3-6). This arginine side-chain conformational
change has been detected in several Cyp3 or CypA structures complexed with
ligands, such as the proline-containing dipeptide complexed with Cyp3 or CypA and
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the CypA and dimedone complex (Dornan et al., 1999; Wu et al., 2001; Zhao & Ke,
1996a; Zhao & Ke, 1996b).
The ligands were added after the Cyp3 and waters had been refined. Waters at the
binding site were deleted and the positional and B-factor refinement of ligand/water
atoms was performed by REFMAC. Three water molecules (W a

,

Wb,

and W)

present in the native structure are displaced by the binding of dipeptide ligands. The
(2Fo-Fc) electron density maps around the binding site of Cyp3 soaked in increasing
concentrations of Gly-Pro and Ser-Pro illustrate the conversion of native to
bound-state (Figure3-6). Similarly to many other proline-containing oligo-peptides
such as Ala-Pro, His-Pro and succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (AAPF),
which are known to bind to cyclophilins, both Gly-Pro and Ser-Pro bind to Cyp3 in
cis conformation (Wu etal., 2001; Zhao & Ke, 1996a; Zhao & Ke, 1996b).
When soaking a single crystal in a ligand solution, the ligand will diffuse to a
binding site on the protein surface and displace water molecules. The ratio of the
number of ligand-bound protein molecules to the total number of protein molecules
is known as the crystallographic 'occupancy' which can be conveniently determined
by programs like SHELX97 (Sheldrick, 1997). The ligand occupancy in the complex
structure depends on the ligand concentration (McNae etal., 2005; Timasheff, 2002).
The dipeptide occupancies of structures obtained from a series of soaking
concentrations are refined using the SHELX97 program and the relationship between
ligand occupancies and soaking concentrations is discussed below.
The (2Fo-lFc) maps around the binding site of the Gly-cis-Pro:Cyp3 complexed
structure (Figure 3-6A & B) at 2.88 mM and 5.38 mM are very similar to the one
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generated by the native molecule (Wu et al., 2001). This indicates that the electron
density of Gly-Pro is too weak to be seen and the only electron density contribution
"visible" in the binding site is the one generated by the water molecules. The
calculated occupancies of the ligand, which depend on the soaking concentrations,
are 0.139 for 2.88 mM and 0.203 for 5.38 mM.
The electron density of the ligand becomes detectable for complex structures
obtained at soaking concentrations as high as 48 mM Gly-cis-Pro (Figure 3-6A & B).
In addition, the density map shows the mixed-conformations adopted by Arg62
(Arg62N, Arg62L). Nevertheless, the shape is not well-defined, especially the
carboxyl group of Pro. The density map indicates that the Arg62 L conformation is
adopted less than that of the Arg62N conformation. The density map is consistent
with the calculated occupancy, while the occupancy of Gly-Pro (equal to Arg62L) is
0.47.
Increasing the concentration of Gly-Pro, makes the density map more interpretable.
As shown in the density map of the 72 mM Gly-cis-Pro:Cyp3 complex structure, the
map shows a highly occupied Gly-Pro and Arg62L conformation with an occupancy
of 0.696.
With respect to the Ser-Pro complexes, the lowest soaking concentration used in this
study (1.98 mM) has a ligand occupancy of 0.173 and an electron density map
similar to the native Cyp3 structure. The two highest concentrations (33 and 16.5
mM) chosen for soaking the Ser-Pro dipeptide demonstrate a clearly-occupied ligand
with occupancies 0.811 and 0.798 respectively. Both the binding site waters (W a Wc
and ligand density were determined in intermediate Ser-cis-Pro concentrations (9.24
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and 4.125 mM). The electron density of Arg62 in its native form is clearer than that
of Arg62L and the ligand occupancies are 0.438 and 0.395 respectively.
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228 mM
GIy-cr3-Pro
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Ser-cs-Pro
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Figure 3-6: The (2Fo-Fc) difference electron density maps (1) in the Cyp3
binding site at different soaking concentrations of Gly-Pro (A-D) and Ser-Pro
(E-1) dipeptides. (A), (B) & (E) illustrate the structures obtained from the lowest
soaking concentrations of Gly-Pro and Ser-Pro and the density shown concerns
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only native water. (C), (F) and (C) illustrate the density for both dipeptide and
native waters and correspond to intermediate soaking concentrations. (D), (H)
and (I) show predominately the dipeptide density and an alternate position for
the Arg side-chain.

The side chain of the serine residue of the dipeptide (Ser-Pro) appears to be
disordered. Two forms, namely the "in" and "out" form, are found and both fit on the
density map well. The "in" form has the OG atom pointing into the binding pocket
and interacts with HisI 33 of Cyp3 and two surrounding water molecules, whereas
the "out" form side chain is orientating towards the surface of the complex and forms
five H-bonds with the surrounding waters. The CB atom is slightly displaced and the
distance between the CB atoms in the two forms is 0.28 A. The occupancy
refinement of these two forms were calculated using SHELX97 suite (Sheldrick,
1997). The percentages of the 'in' and 'out' forms of the ligand are 30% and 70%
respectively.

H

I
S

00

00

0

Figure 3-7: Ser-Pro binding to ceCyp3 showing the doubly-disordered
serine-orientations. The (2Fo-Fc) difference electron density maps were
contoured at 1. Two orientations for the serine side-chain are calculated as: "in"
(left, 30%) and "out" (right, 70%) poses.
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3.2.3.3. Determination of the Gly-Pro and Ser-Pro binding constants to
Cyp3 by using ligand occupancies

The variation of occupancy with ligand concentration can be used to provide a value
for Kd (the crystal dissociation constant) as described in Materials and Methods
(section 3.3.7).
Previous work (Wu et al., 2001) suggested a Kd for Ala-cis-Pro as high as 9.1 mM.
According to the binding curve for the Ser-cis-Pro ligand, Kd has a value of 6.6 mM
(Figure 3.8). The calculated Kd c for these two dipeptides binding to Cyp3 crystals are
found to be similar with each other, with the binding of Ser-Pro being slightly tighter.
The calculated Kd c for Gly-cis-Pro is 36.1 mM. So the binding affinity is in the
following order: Ser-Pro > Ala-Pro> Gly-Pro.
The R2 values of the calibration curves obtained from the plot of ligand occupancy
(Qiig) versus cis conformer ligand soaking concentration are very high (R 2 = 0.9720
and 0.9945), which indicates that the experimental data fit the theoretical value very
well. The R and Rfree of each refinement stage and the final RMS deviations of the
bond length and angle distance are summarized in Table 3-1 and 3-2.
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Figure 3-8: Plots of refined fractional ligand occupancy (Qiig) versus Gly-cis-Pro
(a) and Ser-cis-Pro (b) concentration (in mM). The solid line represents the least
squares fit to equation 3-5 (see methods), giving the crystal equilibrium
dissociation constants (KdcS) values 36.1 mM and 6.6 mM for Gly-cis-Pro and

Ser-cis-Pro respectively.

3.2.3.4. Val-Pro:hCypA complex structure and ligand occupancy

The model used for building the Val-Pro:hCypA model structure is the native
human CypA structure (PDB entry 2CPL). In the highest soaking concentration of
Val-Pro (38.4 n4) used in this study, the electron density around the Arg62 side
chain reveals that the Arg62 has adopted a ligand-bound form. However, the electron
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density of the ligand does not clearly specify the location of the Pro/CB atom and the
bond formed between the Val/CB and Val/CG atoms. Besides, the density of the
proline carboxyl group is indefinite; thus, it is difficult to assign precisely the
location of the two oxygens.

A

B

Val-cis-Pro

Va t-Cis-pro
10.0 MM

48mM

:

A

C Val-cis-Pro

D

192mM

Val-cis-Pro
38.4mM

Figure 3-9: The (2Fo-Fc) difference electron density maps of native crystals of
CypA soaked with Vat-Pro at the indicated concentration. The positions of Arg55
(white and blue sticks) and the 6 water molecules (red spheres) are illustrated.
Electron density map was contoured at 1.0 i (Pymol).

There are six water molecules replaced by the Val-Pro ligand during binding (Figure
3-9A). Four soaking concentrations (4.8, 10.0. 19.2 and 38.4 mM) of Val-cis-Pro
provide evidence that ligand existence in the complex is concentration dependent.
The Val-Pro occupancies of the four complexes are 0.582, 0.416, 0.294 and 0.184
from the highest soaking concentration to the lowest. Similarly to the other three
dipeptide experiments, the fitted curve for the plot of Val-Pro occupancy vs.
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Val-cis-Pro concentration has a high R 2 value (R2 = 0.9924).
0.8
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Figure 3-10: Plots of refined fractional ligand occupancy (Qiig) versus Val-cis-Pro
concentration (in mM). The solid line represents the least squares fit to equation
3-4, giving a value for the crystal equilibrium dissociation constant (KdcCS) for
Val-cis-Pro of 18.6 mM. The proportion of the cis-conformer of Val-Pro in
solution is estimated to be 40%.

3.2.3.5. His-Pro, Thr-Pro and Pro-Pro soaking

Data sets of ceCyp3 crystals soaked in 100 mM His-Pro, 100 mM and 50 mM
Thr-Pro and 100 mM Pro-Pro solutions under standard conditions (pH5.6, 0.1 M
sodium citrate, 30% MPEG 5000) for two days were collected. For all the above
soaking experiments, the electron density of Arg62 side chain was found to adopt a
conformation consistent with the native (free) form, which indicates that more likely
binding does not occur or it does to a very limited extent. Further soaking
experiments for prolonged periods of time (1 week) using the His-Pro dipeptide (100
mM) (soaking) were also carried out. The electron density maps confirmed that
ligand-binding did not occur.
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It has been documented that the His-Pro dipeptide can bind to human cyclophilin A
and the emerging complex structure has been solved, PDB entry 4CYH (Zhao & Ke,
1996b). By overlaying the His-Pro:CypA and Ser-Pro:Cyp3 structures, it is evident
that these two dipeptides bind to cyclophilins in an identical fashion (Figure 3-11).
The CE atom on the irnidazole moiety of histidine has a distance of 1.51

A to the

Lys56/NZ atom of the adjacent molecule in the crystal. As a result, we may conclude
that the reason for the unsuccessful complex formation by soaking the slightly larger
ligand His-Pro, is because the packing of the Cyp3 crystals is restricted due to spatial
limitation.

1.51A
- Lys56/NZ
F

Figure 3-11: Overlay structures of His-Pro:CypA (4CYH.pdb, magenta) and
Ser-Pro:Cyp3 (white) with the Cyp3 symmetric molecule (yellow) adjacent to the
ligand binding site. The 11126/CE! atom would clash the Lys56INZ atom of a
symmetric molecule.
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3.2.3.6. Xaa-Pro:Cyp crystallography statistics

Gly-Pro
Soaking concentration

150mM

100mM

12mM

6mM

Gly-cis-Pro concentration

72mM

48mM

5.76mM

2.88mM

0.9795

0.9795

0.9330

0.9330

a=b= 62.7
c=122.8

a=b= 61.6
c=123.1

a=b= 60.9
c=123.3

a=b= 61.5
c=123.1

35.9 1.78
103431
(13246)
23790
(3131)
98.0
(90.0)
11.7
(0.9)
4.3
(4.2)
0.123
(1.424)

Rfree

0.20
(0.22)
0.24
(0.26)

35.56 1.72
117343
(14723)
25489
(3498)
98.5
(94.0)
13.5
(1.6)
4.6
(4.2)
0.088
(0.764)
0.19
(0.20)
0.23
(0.25)

43.44 1.60
185734
(12950)
31047
(4110)
98.6
(92.2)
20.2
(2.5)
6.0
(3.2)
0.070
(0.265)
0.20
(0.21)
0.23
(0.24)

43.44 1.60
191993
(13360)
29787
(3055)
93.4
(67.9)
23.5
(8.4)
6.4
(4.4)
0.051
(0.128)
0.26
(0.26)
0.29
(0.30)

RMS bond lengths (A)

0.007

0.008

0.009

0.007

RMS angle distances (A)

0.023

0.023

0.025

0.031

Cyclophilin 3

29.9

23.2

19.8

15.2

Dipeptide

21.0

17.0

14.0

11.0

Wavelength

(A)

Space group P41 2 1 2
Cell (A)

Resolution range

(A)

Number of observations
Number of unique reflections
Completeness ("°)
lIa(I)

Multiplicity
Rmerge(%)
R-factor

Average B-value (A2

)

Table 3-1: Crystallographic statistics of the Gly-Pro:ceCyp3 complex structures.
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Ser-Pro
Soaking concentration

100 mm

50 mm

25 mM

12.5 mM

6 mM

Ser-cis-Pro concentration

33 mM

16.5 mM

9.24 mM

4.125 mM

1.98 mM

Wavelength (A)

0.9821

1.4880

1.4880

0.9750

1.4880

Space group P4 1 21 2
Cell (A)

a=b= 62.1
c=121.9

a=b= 61.0
c122.5

a=b= 61.7
c=122.4

a=b= 62.2
c=123.9

a=b= 61.4
c=122.6

Resolution range (A)

43.85 - 1.67 35.35 - 1.75 43.44 - 1.50 34.50 - 1.20 40.83 - 2.02

Number of observations

197601
(28271)

166055
(5523)

311572
(12029)

420384
(17479)

144384
(18839)

Number of unique
reflections

25969
(3818)

20351
(1479)

37351
(4316)

70189
(7151)

16061
(2290)

Completeness (')

92.0
(94.0)

84.5
(43.8)

96.6
(79.1)

91.7
(65.8)

99.5
(100.0)

i
I! a()

23.7
(7.0)

17.6
(1.3)

25.7
(0.8)

11.7
(0.3)

32.6
(21.7)

Multiplicity

7.6
(7.4)

8.2
(3.7)

8.3
(2.8)

6.0
(2.4)

9.0
(8.2)

Rmerge( /o)

0.050
(0.281)

0.090
(0.602)

0.058
(1.084)

0.099
(5.723)

0.054
(0.102)

Rfree

0.19
(0.20)
0.22
(0.22)

0.18
(0.20)
0.22
(0.24)

0.22
(0.24)
0.25
(0.26)

0.20
(0.22)
0.22
(0.25)

0.18
(0.18)
0.22
(0.23)

RMS bond lengths (A)

0.008

0.007

0.010

0.015

0.007

RMS angle dist. (A)

0.024

0.022

0.025

0.031

0.023

Cyclophilin 3

20.9

24.6

22.2

18.9

15.7

Dipeptide

18.0

18.5

18.0

15.0

13.0

R-factor

Average 13-value (A2

):

Table 3-2: Crystallographic statistics of the Ser-Pro:ceCyp3 complex structures
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3.3. Materials and Methods

3.3.1. Data sources and relevant information

The X-ray diffraction datasets of the hCypA-Val-Pro and ceCyp3-Gly-Pro crystals
were collected by Dr. Alan Patterson (Ph.D. thesis, University of Edinburgh, 2006)
and Dr. Amir Rabu (Ph.D. thesis, University of Edinburgh, 2006) respectively.

3.3.2.

Crystallisation of native C. elegans cyclophilin 3

Purified ceCyp3 protein was concentrated to 15-20 mg/mL. Cyp3 was crystallized at
17 °C by the hanging drop vapour-diffusion method. The well solution consists of 0.1
M sodium citrate (pH 5.6) and 28 - 32% (w/v) methoxypolyethylene glycol 5000
(MPEG 5000) as precipitant. The hanging drops were made up of 2 pL well solution
and 2 IlL ceCyp3 protein solution (concentration 10-15 mg/niL). The designated
protocol followed previous work carried out in the lab (Dornan et al., 1999).

3.3.3. Soaking experiments

Four XaaPro dipeptides at a series of concentrations were prepared for the soaking
into ceCyp3; the dipeptides included His-Pro, Ser-Pro, Pro-Pro and Thr-Pro. Soaking
experiments were carried out at 17 °C. Initial conditions of each dipeptide soaking
experiment followed the previous work on Ala-Pro:ceCyp3 (Wu et al., 2001), the
details of which are described below. Native Cyp3 crystals (approximately 0.2 x 0.3
x

0.3 mm) were soaked in 10 1tL drops of well solution containing increasing

concentrations of either the Gly-Pro or the Ser-Pro dipeptide. Crystals were soaked
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from one hour to two days. The composition of the well solution was 20% glycerol,
30% MPEG 5000, and 0.1 M sodium citrate/citric acid (pH 5.6).

3.3.3.1. Ser-Pro

Cyp3 crystals were soaked in five 10 pL drops of Ser-Pro dipeptide solutions at 6,
12.5, 25, 50, and 100 mM for 48 hours (1.98, 4.125, 9.24, 16.5 and 33 mM in cis
form). The Ser-Pro stock solution had an initial concentration of 250 mM (in water)
and was diluted down to the concentrations of 6, 12.5, 25, 50 and 100 mM using the
well solution as solvent (diluting agent). The well solution was prepared as stated
above.

3.3.3.2. His-Pro, Thr-Pro and Pro-Pro

Initially, the composition of the soaking environment was made up of His-Pro in
20% glycerol, 30% MPEG 5000 and 0.1 M sodium citrate (pH 5.6) and soaking was
carried out for 30 mm, 2 days and 1 week. Moreover, higher pH (8.0) was tested
using 30% MPEG 5000 and 0.1 M Tris-base buffer (pH 8.0) without glycerol in
solution in order to decrease solution turbidity.

3.3.4. X-ray source and X-ray detector

Diffraction data for the Cyp3-AP complexes was collected on a 300-mm
MarResearch imaging plate system mounted on an ENRAF Nonius FR571 rotating
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anode generator operating at 40 kV, 80 mA, and producing CuK radiation from a
graphite crystal monochromator. X-ray diffraction data (90 - 120 frames of 10
rotation) for the Cyp3-SP and Cyp3-GP complexes was collected at the Daresbury
Synchrotron Radiation Source (SRS) and at the DESY, Hamburg.

3.3.5. Cryoprotection and mounting

Crystals were mounted in a 0.2 - 0.3 mm cryoloop (Hampton Research, Inc.),
and were allowed to freeze by plunging into liquid nitrogen. The frozen crystal was
then transferred to a magnetic goniometer head in a stream of nitrogen at 100 K.
With respect to the soaking experiments that did not include glycerol in the solutions,
an additional freezing solution consisting of glycerol was utilized to prevent ice
formation. The freezing solution contains 0.1 M sodium citrate, 20% glycerol, 30%
MPEG 5000. Crystals from the no glycerol soaking drops are picked up using the
loop and transferred to the cryoprotectant solution where it is held for a few seconds.
It is then picked up using the loop and plunged into liquid nitrogen.

3.3.6. Data processing protocol

Diffraction images were indexed and integrated with MOSFLM, and scaled, with
SCALA. 5% of reflections were assigned with Rfree flags. Data quality was
improved by removing frames that scaled poorly and were displayed high Rmer ge.
Resolution settings were adjusted accordingly so that the I/a for each resolution shell
was greater than 1. All data processing was conducted with the CCP4 suite.
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Mosfim:
The program Mosfim was used to autoindex the diffraction pattern and integrate the
diffraction images.
SCALA:
Following mosfim, the observations of the reflections need to be on the same scale
and the multiple observations need to be merged into an average intensity. To serve
this purpose, the program SCALA was used which scales together multiple
observations of reflections and merges multiple observations into an average
intensity.
Refmac:
Macromolecular refinement program Refmac is used for rigid-body and restrained
refinement for positional and atomic isotropic B-factor of the complex structures.

3.3.7. Ligand occupancy refinement

Positional refinement was firstly performed using REFMAC and B-factor refinement
was performed using SHELX97 as described previously (Wu et al., 2001) with minor
modifications. The coordinates of Arg62N, Arg62L, Xaa-Pro dipeptide, Wa, Wb, W c ,
and Wd were fixed during occupancy refinement. Arg62N represents the Arg62
conformation in the native (free) form of Cyp3 and Arg62L represents the Arg62
conformation with the Xaa-Pro dipeptide bound to Cyp3. The B-factors of Arg62N,
Wa , Wb, W, and Wd were fixed to the same B-factor values as those obtained from
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the native structure. Individual atomic B-factors for Arg62L and Xaa-Pro were
refined together with occupancy. The restraints applied in the occupancy refinement
are summarized below:

QArg62N + QArg62L = 1

eq. 3-2

QArg62L = Qiig

eq. 3-3

QArg62N = Qwa = Qwb = QWc = Qwd

eq. 3-4

Where QArg62N is the occupancy of the Arg62 conformation in the native (free)
protein, QArg62L is the occupancy of the Arg62 conformation with Xaa-Pro bound,
and Qiig is the occupancy of Xaa-Pro. If we assume that the crystal soaking
experiment may be represented by a simple equilibrium in which each protein
molecule in the crystal lattice can be bound or free, the ligand occupancy (Qiig) can
be related to the dissociation constant by equation 3-5;

eq. 3-5

Qtig = (Qm x [L]) I ([L] + Kd)

where Qiig is the occupancy of the ligand (fraction of the protein sites in the crystal
occupied by the ligand), Kd

is the crystal dissociation constant, [L] is the

concentration of the ligand (it is assumed that the concentration of the ligand in the
10 1.11 drop is constant throughout the soaking experiment and Q max is the maximal
fractional occupancy of the ligand at saturation (fixed at 1.0).
According to the literature, at equilibrium in aqueous solution the percentage of the
cis-confomers are 48% for Gly-Pro, 34 % for Ala-Pro and 33% for Ser-Pro
(Brandsch et al., 1999).
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4. Using proline-containing dipeptides and
cyclophilin to study protein-ligand interactions
4.1. Introduction
Cyclophilins provide a good template for the study of ligand binding, as there is
little change in their backbone conformation on binding (Burkhard et al., 2000;
Doman et al., 1999). The cyclophilins (Galat, 2003) have recently emerged as a
potential drug target for several diseases including HIV and malaria infection
(Gavigan et al., 2003; Towers et al., 2003). Previous work has characterised many
cyclosporin derivatives, proline containing peptides and a few examples of
non-peptidic compounds as CypA inhibitors (Baumgrass et al., 2004; Evers et al.,
2003; Hu et al., 1995; Kallen et al., 1998; Pahl et al., 2002; Wear et al., 2005;
Weiner etal., 1984b; Wu etal., 2003c).
Two approaches including an enzymatic and a crystallographic method are used to
investigate protein-ligand interactions using cyclophilins as a model system. The
experimentally determined binding affinity of two molecules in solution provides a
measure of the overall interaction energies involved in complex formation. However,
it tells us little about the three-dimensional specifics of the individual functional
groups involved in the interaction and their proportional energetic contributions to
the total binding energy. Attemptsto predict and assign contributions to individual
functional groups for protein-ligand dissociation constants have been made by
correlating the solution binding measurements with structural features from series of
protein-ligand X-ray crystal complexes (Baker & Murphy, 1998; Böhm, 1998;
Brooijmans et al., 2002; Eldridge et al., 1997; Huo et al., 2002; Kuntz et al., 1999;
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Schapira etal., 1999; Shoichet et al., 1999; Verkhivker, 1996). The above estimated
contributions to the binding energy are used in structure-based ligand design
approaches to predict the binding energies of new ligands. A typical example of
such an approach includes the use of knowledge-based scoring functions (Eldridge
et al., 1997; Muegge, 2000). The group binding values, estimated from experimental
equilibrium dissociation constants, are a composite of enthalpic and entropic
contributions which vary significantly depending on the conformational and
solvent-related changes that the system undergoes when the ligand binds. The
structural and enzymatic results presented in this work provide an experimental
method for identifying entropic and enthalpic components of chemical group
interactions.
This project presents the binding associations between proline-containing dipeptides
and cyclophilins. The side-chain of the Xaa moiety of the Xaa-Pro dipeptide ligand
(in this series) is shown in Figure 4-1. The proline moiety and the peptide bond to
the Xaa amino acid are common to all five different amino acids. Thus, any
differences in binding affinities, assuming the energetic contribution of proline in all
cases is equivalent and that the microscopic water structure around the binding site
is also equivalent, can be attributed to the addition of a CH2, CH3 or an OH group.
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Figure 4-1: Five Xaa-Pro dipeptides tested in this study. (a) Sketch of
Xaa-cis-Pro dipeptide. (b) The amino acid side chains of the Xaa-Pro dipeptides
tested in this project.

In this thesis, all the binding modes between Xaa-Pro and cyclophilins are compared.
The Kd values for all five dipeptide ligands in solution and for four dipeptides
(Gly-Pro, Ala-Pro, Ser-Pro and Val-Pro) in crystals are calculated. Furthermore,
the structural and binding data is used to investigate the energetic contributions of
the individual side-chains to the binding interaction. The proven conservation of
water structure in these complexes indicates that the differences in binding energies
(AAG values) between the ligands is predominantly enthalpic, providing the first
experimental data for non-bonded binding energies in a biologically relevant system.
In this study, in addition to human CypA, the isoform cyclophilin 3 from C. elegans
(ceCyp3) was selected as the template for testing three smaller dipeptides. C.
elegans Cyp3 and human CypA adopt a very similar 3D structure and the binding
affinities to CsA are almost identical (Doman et al., 1999). Thus, the two proteins
are closely comparable in the ligand binding studies. ceCyp3 provides high
symmetry, well-diffracting crystals which are amenable to ligand-soaking
experiments (Doman etal., 1999). Previous work on this system (Wu et al., 2001)
demonstrated that the binding constants for the dipeptide inhibitor Ala-Pro, as

70

Studies of cyclophilin and Xaa-Pro interactions

determined from solution experiments were essentially the same as the ones
obtained from crystal soaking data.
These observations provide helpful insight into protein folding and protein-protein
interactions and can be used as guides for rational drug design and protein
engineering.

4.2. Results and discussion
4.2.1. X-ray structures show that Gly-Pro, Ala-Pro and Ser-Pro adopt
identical poses in the Cyp active site and Val-Pro orients differently
from the three small dipeptides

The superimposed structures of cyclophilin bound to the four different Xaa-Pro at
the highest concentrations tested reveal the similarities of the binding modes. The
three smallerdipeptides (Gly-Pro, Ala-Pro and Ser-Pro) adopt identical poses in the
C. elegans Cyp3 active site and the protein shows the same conformation.
Moreover, the water molecules that interact with the ligands are conserved in all
three structures. Five water molecules form H-bonds with both the ligand and the
cyclophilin residues and thus, these water molecules can be considered as an integral
part of the ligand-protein interface (Figure 4-2a). The RMSDs of the five water
molecules in the three complex structures were calculated to be in the range of 0.24
to 0.42 A. These five waters are conserved and four (wl-4) of them bind to all three
ligands when the fifth water molecule binds to the OG atom of Ser-Pro. According
to the interactions studied between ceCyp3 and the three dipeptide ligands (Gly-Pro,
Ala-Pro and Ser-Pro), five waters are conserved and bridge the ceCyp3-dipeptide
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interactions. Furthermore, the microscopic water structure around the binding site
and the type and number of interactions mediated between the peptidyl-prolyl
moiety of the Xaa-Pro ligand and protein residues are conserved in all three of the
dipeptide:Cyp3 X-ray structures.
Valine is a slightly larger amino acid than serine. The occupancy refinement of the
Val-Pro/CypA complex structure at the highest soaking concentration (38.4 mM of
Val-cis-Pro) generates an occupancy value of 58%. The estimated dissociation
constant (Kdc) calculated for Val-cis-Pro:hCypA binding is 18.6 mM (assuming that
in solution the cis:trans ratio is 40:60, assumption was made based on several
Xaa-Pro in solution data (Brandsch et al., 1999)). Thus, Val-Pro binds to cyclophilin
stronger than Gly-Pro but weaker than Ala-Pro.
While Val-Pro binds to human CypA, the carboxyl group of the proline residue of
the ligand seems to be disordered. This is indicated by the indistinct electron
density observed around the two oxygen atoms (Figure 3-913). The crystal
structure reveals that the binding mode of the proline residues in the four dipeptides
(Gly-Pro, Ala-Pro, Ser-Pro and Val-Pro) are very similar while most atoms are
within 0.5

A. The distances from the atoms of Val-Pro to corresponding atoms of

Ser-Pro were calculated to quantify the movement in space (Table 4-I). The RMSDs
of the four dipeptide ligands are all within the range of 1

A, whereas the three

smaller dipeptides are almost identical and within the range of 0.2

A (Table 4-2).

However, the backbone of the valine residue does not align on the backbones of the
Gly, Ala and Ser of the other three smaller dipeptide ligands. The valine part has
moved slightly towards the outside the binding pocket during valine binding (Figure

72

Studies of cvclophilin and Xaa-Pro interactions

4-2b) and the carboxyl group of the proline moiety is slightly rotated.
Furthermore, the important binding residue Arg55 of CypA moves away from the
ligand Val-Pro. This is possibly due to the R55/NHI atom which forms a H-bond to
a symmetric water molecule (w68) located at a distance of 3.13

A (Figure 4-2c) and

this water molecule is hydrogen bonded to the G124/O atom of the symmetric CypA
molecule.

(a)
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R55(62)

9124/

-

Figure 4-2: Binding modes of cyclophilin with four dipeptides Gly-Pro, Ala-Pro,
Ser-Pro and Val-Pro. (a) Overlay structures of ceCyp3 complexed with Gly-Pro
(white), Ala-Pro (green) and Ser-Pro (salmon and yellow) in the highest soaking
ligand concentrations. Five waters (wI-w5) are considered as part of the protein
structure. The RMSD values of the five waters in the three complex structures
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are 0.28, 0.43, 0.24, 0.33 and 0.39

A

for waters 1 to 5 respectively. (b) Overlaid

Val-Pro:hCypA (carbon atoms in white) and Ser-Pro:ceCyp3 (yellow) complex
structures. The Arg55 side chain of Val-Pro:hCypAis slightly pushed away from
the binding site. The Xaa part of the ligands orients differently. (c) A water
molecule (w68) of the adjacent symmetry molecule has at a distance of 3.13

A to

R55INH1 and this water molecule is hydrogen bonded to the G124/0 atom (3.38

A) of the symmetric CypA molecule.

Ser-Pro atom

Val-Pro atom

Distance (A)

SER

N

VAL

N

1.05

SER

CA

VAL

CA

0.53

SER

CB'

VAL

CB

0.59

SER

CB'

VAL

CB

0.69

SER

VAL

CG1

1.44

SER

0G 2
1
OG

VAL

CG2

0.93

PRO

C

VAL

C

0.37

PRO

0

VAL

0

0.55
0.22

PRO

N

PRO

N

PRO

CA

PRO

CA

0.14

PRO

GB

PRO

GB

0.27

PRO

CG

PRO

CG

0.37

PRO

CD

PRO

CD

0.45

PRO

C

PRO

C

0.28

PRO

OT1

PRO

0

0.22

PRO

012

PRO

OXT

0.52

Table 4-1: List of distances between Val-Pro and Ser-Pro observed in overlaid
Val-Pro:hCypA and Ser-Pro:ceCyp3 structures. Superposition was performed
by fitting two cyclophilin molecules. The CB and OG atoms of Serine show two
locations in the complex structures, the marks (1) and (2) indicate the Ser/OG
atom is pointing inwardly and outwardly to the binding pocket.
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arpIe

Ala-Pro

Ser-Pro (in) Ser-Pro (out)

Val-Pro

Gly-Pro

0.20

0.18

0.16

0.39

Ala-Pro

-

0.19

0.13

0.57

Ser-Pro (in)

-

-

0.12

0.99 (CG.1)
0.58 (CG2)
0.66 (CG1)
Ser-Pro (out)

-

-

0.68 (CG2)

Table 4-2: The R1VISD fits (A) of the Gly-Pro, Ala-Pro, Ser-Pro and Val-Pro
dipeptide ligands. Each fit uses all of the atoms of the reference compound.

4.2.2. The binding energies (and Kd values) of the dipeptide ligands
are essentially identical in the crystal structure and solution

The dissociation constants (Kd) which indicate the binding affinities between
cyclophilins and five dipeptides have been measured. The crystal binding constants
(Kd)of the Gly-Pro, Ala-Pro and Val-Pro dipeptide ligands were measured using a
crystal-soaking method (Wu et al., 2001). The crystals of native ceCyp3 or hCypA
were equilibrated against various concentrations of Gly-Pro, Ala-Pro, Ser-Pro or
Val-Pro and the individual X-ray structures were refined (details of the methodology
in Chapter 3). The Kd

values for Gly-cis-Pro, Ala-cis-Pro, Ser-cis-Pro and

Val-cis-Pro are 36.1 mM, 9.1 mM (Wu et al., 2001), 6.6 mM and 18.6 mM
respectively.
In solution, dissociation constants of the dipeptide ligands against cyclophilins are
measured using PPIase activity assays at 4 °C. Each reaction mixture (1 ml) contains
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an appropriate concentration of AAPF-pNA as a substrate. After hCypA (10 nM)
pre-incubated with 2, 4, 6, 8, 16, 24, 40 and 80 mM Ile-cis-Pro (estimated 40% of
Ile-Pro exists in cis form (Brandsch et al., 1999)) for more than 30 minutes, the
spectral curves of A400 were recorded (Figure 4-3a). Inhibition of PPIase activity can
be clearly seen to increase with the amount of Tie-Pro added. The fitting curve gives
a mean 1050 of approximately 87.5 mM for Ile-cis-Pro. So the Tie-Pro dipeptide acts
as a weak inhibitor to hCypA's PPIase activity with a solution equilibrium
dissociation constant (Kd) of 75.4 mM for the cis-confomer; reactions were carried
out in the 1 - 120 mM range of Tie-cis-Pro concentration.
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Figure 4-3: Inhibition of PPIase activity of CypA with increasing concentrations
of lie-Pro and Vat-Pro. (a) Representative spectral progress curves showing the
hCypA catalyzed isomerization of the tetrapeptide substrate in the presence of
various concentrations of Ile-cis-Pro. The non-catalysed rate (no hCypA) is
labelled Blank. The spectral curves were obtained following pre-incubation with
2, 4, 6, 8, 16, 24, 40 and 80 mM Ile-cis-Pro (estimated 40% of lie-Pro exists in cis
form). Time is shown in seconds on the x-axis. Plots (b) & (c) illustrate the initial
reaction rate, V. (iM's') versus Ile-cis-Pro and Val-cis-Pro concentration (in
mM), background subtracted. The solid line is a least squares fit to equation 4-1
(see methods 4.3.2.) giving a mean IC 5 0 of approximately 87.49 mM for
Ile-cis-Pro and 7.55 mM for Val-cis-Pro. Correction for competition with the
substrate (equation 4-2, see methods) gives a solution equilibrium dissociation
constant (Kd,) of 75.42 mM for Ile-cis-Pro binding to hCypA.
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Remarkably, the above Kd values, along with the bne reported for Ala-Pro binding
to Cyp3 (Wu et al., 2001), are within experimental error, the same as those Kd
values determined in solution with the PPIase assay (Table 4-3). The rank order of
the binding affinities is also the same (weakest to tightest, Gly-Pro, Ala-Pro and
Ser-Pro). Thus, we determined a series of binding affinities using two experimental
methods (in the crystalline and solution states), which are in agreement with each
other. This suggests that the binding interactions observed in the crystal are similar
to those found in solution. The structural data from the protein crystal structures
provide detailed snapshots of the actual inter-atomic interactions that are
contributing to the measured binding affinity in the crystal and in solution.
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Crystal data

Solution data
Dipeptidel
Structure

Kd .

AG,

A A G.rly

A A G,AU

0

-

Ks,,

AG,

A A G,°"

-

36.1

-1.92

0

A A G,'

'A l.

AA

Gly-Pro
49±11.5

-

1.68

o-

o

Ala-Pro
0

7.8 ± 1.5

-2.70

-

1.02

0

-

91

-2.69

-0.77

0

5.9 ± 1.7

-2.85

-

1.17

-0.15

-

6.6

-290

-0.98

-0.21

-7.4 ± 3.5

-2.71

-1.03

-0.01

-

18.6

-23

-0.38

+039

-75.4 ±
421.3

-1.43

+0.25

+1.27

+1.28

-

-

-

0

Ser- Pro

00
0

Val- Pro

O

0

N

He- Pro
NH

~0

Table 4-3: Equilibrium dissociation constants and free energies for Xaa-cis-Pro
Val
Ala
dipeptides binding to Cyp3 or CypA. KdsCiS, AG,, AAGSGIY, AAGS ,
Kd', AG, AAG CGIY, AAG Ma , AAGC" values are shown for the Xaa-Pro
dipeptides, determined from solution assays. KdsS values are the mean ± SE, n =

9. AG values were calculated using the equation AG, = 1.28 x Logio(1 /K d,) and
1.33 x Log io(1 / Kd), where Kdy is the corresponding equilibrium
AG =
-

-

dissociation constant determined from the respective solution or crystal
experiments. AAGXCIY values are the difference between the AG x values of other
four dipeptides compared to that of Gly-Pro and AAGX' values are the
difference between the AG x values of Ser-Pro, Val-Pro or Ile-Pro compared to
that of Ala-Pro, determined from the respective solution or crystal experiments.
The dissociation binding constant value for Ala-Pro in crystal was taken from
(Wu et al., 2001) and corrected for the concentration of the cis-confomer (35 %
for Ala-Pro (Brandsch et al., 1999)). *E stimate d 40% cis form of Val-Pro and
Ile-Pro in solution.
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4.2.3. The contribution to the energy of binding of the Alanine methyl
group is - 0.99 kcal.moi 1

One approach towards the prediction of ligand binding energy has been made by
parameterising the energetics of protein-ligand binding using a number of discrete
linearly related energy terms (Caflisch & Karplus, 1995; Luque & Freire, 1998;
Morton et al., 1995; Morton & Matthews, 1995). The major terms in most of these
approaches comprise van der Waals, hydrophobic, hydrogen bonding and
electrostatic interactions between ligand and protein (Böhm, 1998; Klebe & Bohm,
1997; Rejto & Verkhivker, 1997; Verkhivker, 1996; Williams et al., 2004).
The structural and binding data generated in this work provide insight into the
energetics of ligand binding and go some way to providing relative contributions of
individual functional groups to the binding interaction. As the prolyl-moity of
Gly-Pro and Ala-Pro makes equivalent interactions with the protein, the entropic and
enthalpic losses and gains for this portion of the dipeptide ligand are the same for all
three complexes (Gly-Pro, Ala-Pro and Ser-Pro complesed with Cyp3). Thus, the
only differences in the binding affinities lie in the side-chain interactions of the Xaa
amino acid.
According to the data obtained from the solution experiments and crystallographic
studies, the mean AAG value for Ala-Pro binding to Cyp3 compared to Gly-Pro
is —0.99 kcal.moi'. This is a little higher than the value of— 0.8 kcal.mof' deriving
from systematic analysis of the binding affinity of a number of protein-drug
complexes and correlating this to the type and number of functional groups
(Andrews et al., 1984). The methyl group energetic contribution to the binding was
calculated using the fully occupied structure and force field parameters. Thus, the
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interactions of the methyl group of Ala-Pro and ceCyp3 with five conserved waters
shown in Figure 4-2a) were found when distances are less than 4A.

Lig
Cyp3 residue
atom
1HB
1HB
IHB
1HB
1HB
1HB
1HB
1HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB
2HB

.

HOH
HOH
HOH
HOH
ASN
ALA
HOH
HIS
HOH
HOH
HOH
HOH
HOH
HOH
ASN
ASN
ASN
ASN
ALA
GLY
HOH
HOH
HOH

W
W
W
W
A
A
W
A
W
W
W
W
W
W
A
A
A
A
A
A
W
W
W

HIS
HIS
HIS

A
A
A

-

atom

Distance (A)
2#
1*

HOl
H02
0
HOl
0
HA
HOl
HE1
HOl
H02
0
HOl
H02

2.53
2.33
2.84
3.96
3.57
3.90
3.35

0
C
H
0
OD1
HA
H
HOl
H02
0
5
133 CE1
133 HEI
133 HE2

3.42
3.46
3.21
2.55
3.32
3.59
3.74
3.31

3
3
3
4
109
110
5
133
3
3
3
4
4
4
109
109
109
109
110
111
5
5

-

2.64
3.15
3.32
3.42
-

-

-

3.40
2.56
3.54

2.37
2.49
2.84
3.81
3.09
3.46
3.56
3.83
2.88
3.24
3.48
3.44
3.91
3.31
3.79
3.25
2.93
3.34
-

3.99
2.97
3.70
3.67
3.01
2.21
3.07

Lig
Cyp3 residue
atom
2HB
3HB
3HB
3HB
3HB
3HB
3HB
3HB
3HB
3HB
3HB
3HB
3HB
3HB
CB
CB
CB
CB
CB
CB
CB
GB
GB
GB
GB
GB

HIS
HOH
HOH
HOH
HOH
HOH
HOH
HOH
HOH
HOH
HIS
HIS
HIS
HIS
HOH
HOH
HOH
HOH
HOH
ASN
ASN
HOH
HOH
HIS
HIS
HIS

A
W
W
W
W
W
W
W
W
W
A
A
A
A
W
W
W
W
W
A
A
W
W
A
A
A

-

atom

133
3
3
3
4
4
4
5
5
5
133
133
133
133
3
3
3
4
4
109
109
5
5
133
133
133

NE2
HOl
H02
0
HOl
H02
0
HOl
H02
0
CE1
HE1
HE2
NE2
HOl
H02
0
HOl
0
H
0
HOl
0
GEl
HEI
HE2

Distance (A)
2#
1*
3.85
3.22
2.91
3.49
3.88
3.98
3.67
2.22
3.43
3.06
3.48
2.93
2.79
3.44
2.95
2.94
3.39
3.96
3.93
3.91
3.30
3.08
3.93
3.84
3.07
3.59

3.40
3.14
2.66
3.33
3.89
-

-

2.36
3.68
3.27
3.98
3.40
3.21
3.90
2.95
2.94
3.39
3.96
3.93
3.91
3.30
3.08
3.93
3.84
3.07
3.59

Table 4-4: van der Waals interactions between ceCyp3 (including the five
conserved waters) and the methyl group of ligand Ala-Pro. Atomic distances
within 4 A are considered. The distances of set 1 (*) were calculated using the
hydrogen-added complex structure generated by Witnotp. The best interactions
and distances of set 2 (#) were observed when the methyl group of Alanine was
rotated 300 by Insightil (Acceirys Software Inc.).
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4.2.4. The buried surface contribution of the methyl group of Ala-Pro
to van der Waals energy

The free energy attributed to the —CH3 group is equivalent to —0.17 kcal.mol' .A 2 of
buried surface area and provides the first experimental determination of an
essentially purely van der Waals energy of interaction in a macromolecular system.
- The value of —0.166 kcal.moL' .A 2 (enhancement of binding energy), which is
presented here and derives from structural work corresponds to a "microscopic"
phase of ligand binding where no change in protein surface or water structure is
required to accommodate a slightly larger ligand.
A simple and computationally very efficient scoring function, which also gives a
good estimate of ligand binding energies has been developed by Böhm (Böhm, 1994;
Böhm, 1998). This function, which is implemented in the program LUDI (Böhm &
Klebe, 1996; Böhm, 1992) correlates well with the observed dissociation constants.
In this scheme, the free energy of a neutral hydrogen bond contributes between
—0.41 and —1.05 kcal.mol' and the free energy contribution from the interaction
between lipophilic surfaces contributes - 0.024 kcal.mol 1 .A 2 (Böhm, 1998).
The smaller empirical value of— 0.024 kcal.moF'.A 2 in Bohm's work (Bohm, 1998)
is only one out of the three terms which account for liphophilic interactions. A
higher value of - 0.048 kcal.moF' .A 2 for the lipophilic Interaction energy has been
estimated based on an analysis of vapour pressure measurements of hydrocarbons in
water (Sharp etal., 1991a; Sharp etal., 1991b).
Ser-Pro and Ala-Pro deviate from the "microscopic" phase and changes in the water
structure generate two orientations and different H-bonding patterns. It is difficult to
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dissect out individual interactions.
In a study of small ligand molecules binding to FK506 binding protein a similar
comparison of solution dissociation constants of the four available crystal structures
provides an estimated van der Waals contribution to the binding energy of —0.12
kcal.mol*k2 for non-polar interactions between ligand and protein (Burkhard etal.,
2000). The increase in buried surface area between Gly-Pro and Ala-Pro is 5.98 A2

,

corresponding to a value of— 0.17 kcal.mol'k 2 for CH,. This value is close to the
upper end of the range, - 0.08 to - 0.2 kcal.moi 1 .A 2, calculated as the average
ligand contribution, for non-hydrogen atoms, to protein-complex stability in a range
of macromolecular complexes (Brooijmans et al., 2002; Horton & Lewis, 1992;
Kuntz et al., 1999). It is also in the range obtained by the deletion of methyl groups
in binding sites, both within proteins or drug/receptor complexes (-0.17 to —0.26
kcal.moYk
'

2 , (

Serrano etal., 1992; Williams etal., 2004))

4.2.5. The restricted rotation of —CH 3 and —CH 20H side chains may
serve to reduce the free energy of ligand binding

With respect to the van der Waals forces calculation, there is no consideration of
entropy. Therefore, restriction of the internal rotation of the -CH3 group needs to be
taken into account. We may assume the non-common solvent waters in the crystal (5
of them) to be equivalent in aqueous environment. The complete restriction of an
internal rotation has a free-energy cost of about 1.2 kcal.mor' at room temperature
(Page & Jencks, 1971). As a result, the internal rotors, although proscribed from
undergoing full rotation, are able to undergo wagging motions in the bound state.
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0.5 kcal.mol' is the entropic free-energy cost of completely restricting a methyl
rotor in ethane at room temperature (Reusch, 1999). So if we consider a
value of - 0.99 kcal.mol 1 , then the calculated, and likely maximal, enthalpic
free-energy from the van der Waals force field will be - 1.53 ± 0.1 kcal.mol*
(Orientations of the CH3 hydrogens optimized to give lowest energy). Assuming
the methyl internal rotation is completely restricted, then the entropic cost lies
somewhere in between 1.2 kcal.mol' and 0.5 kcal.moi' ( + 0.54 kcal.mol'). As a
result, the entropic cost of binding the methyl group is + 0.54 kcal.niol*

4.2.6.

Modelling analysis of Ile-Pro indicates the dipeptide behaves

as a very weak inhibitor to cyclophilin

The inhibitory ability of lie-Pro to cyclophilin's PPIase activity is estimated to be
very low in solution. If we assume that the proline part of the lie-Pro binding to
hCypA is the same as in the Val-Pro:CypA complex, we are able to model possible
Ile-Pro:CypA binding modes by mutating the valine side chain to isoleucine from
the hCypA-Val-Pro complex structure. Five possible side chain rotamers are
generated according to the backbone independent side chain library, a built-in in
COOT program developed by Roland Dunbrack and his co-worker (Dunbrack &
Cohen, 1997). All conformers in the library have been found with greater than 1%
probability in the available 3D structures.
Furthermore, isoleucine has an aliphatic and a hydrophobic side chain and it prefers
to be buried in protein hydrophobic cores. The predicted five conformations of the
residue have 50.3%, 53.1%, 30.5%, 54.7% and 59.3% solvent accessible surface
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area, as calculated by the GETAREA 1.1 web service (Fraczkiewicz & Braun, 1998).
Thus, only when the conformation is close to rotamer 3 is isoleucine possibly buried
(cut-off: 50% suggested by GETAREA program).

L

(1)

14

r
.-

(4)

f

102

HI 102

K

(5) q 102

I

HIZ.

Figure 4-4: Five modelled conformations of lie-Pro while binding to hCypA. The
calculated occurrence of the five rotamer conformations of the isoleucine are
61.58%, 15.57%, 12.02%, 6.15% and 2.67%, from 1-5. The yellow dashed lines
indicate the possible clashes between the isoleucine side-chain and the CypA
atoms of residues His126 and/or Asn 102.
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4.3. Materials and Methods

4.3.1. Data sources and relevant information

For X-ray diffraction datasets see Chapter 3. The inhibitory activity of the four
dipeptides (Gly-Pro, Ala-Pro, Ser-Pro and Val-Pro) against cyciophilin PPIase
activity was measured by Dr. Martin A. Wear (member of the group).
The molecular weights of CypA and Cyp3 are 18,012 Da. and

18,550 Da.

respectively. The molecular weights of the dipeptides Gly-Pro, Ala-Pro, Ser-Pro,
Val-Pro and lie-Pro are 190.02 Da., 204.22 Da., 220.22 Da., 250.73 and 228.29
respectively.

4.3.2.

Determination of Xaa-Pro inhibition to hCypA PPlase activity by

PPIase activity assay

The inhibition of the lie-Pro dipeptide to human CypA PPIase activity was measured
by the PPIase activity assay as described by Fischer and co-workers (Fischer et al.,
1989).. The prolyl imide bond can adopt cis and trans conformations. This assay
determines the rate of the cis to trans conversion of the peptidyl-prolyl amide bond
in the peptide substrate N-succinyl-Ala-Ala-Pro-Phe-p-nitroanil ide (AAPF-pNA)
(BACHEM). Selective enzymatic hydrolysis of AAtransPF-pNA by ct-chymotrypsin
(Fischer et al., 1984) results in the formation of pNA (p-nitroaniline), the
accumulation of which is monitored by its absorbance at 400 nm. AAPF-pNA was
dissolved in 470 mM LiC1 in 2,2,2-trifluoroethanol (TFE) at 200 mM, was diluted to
4 mM in LiCl/TFE immediately before use. Reactions were conducted at 4 °C in 50
mM HEPES, pH 8.0; the concentration of NaCl was 100 mM, in a total reaction
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volume of I ml, as described by the methods of other researchers (Dornan et al.,
1999; Fischer et al., 1989; Kofron et al., 1991) with minor modifications. 10 nM
(final concentration) of purified human CypA (in 50 mM HEPES, pH 8.0; 100 mM
NaCl) was incubated for no less than 30 minutes on ice in the absence or presence of
the appropriate ligands (dissolved in 50 mM HEPES; 100 mM NaCl, with the pH
re-adjusted to 8.0 using small amount of NaOH if necessary). a-Chymotrypsin
(Sigma) was then added to 0.6 mg/ml, the solution was mixed and added to 30 j.il of
4 mM AAPF-pNA (in TFE/LiCl). The reaction mixture was rapidly mixed and the
A400 nm was recorded using a thermostated Perkin Elmer Lambda 20 UV/VIS
spectrophotometer at 4 °C for 120 s. Measurements were recorded every 100 ms,
with a lag time of - 2 s. The final total concentration of AAPF-pNA was 120 j.tM.
The initial linear portion of the slopes (0 - 1 s) were converted to rates in .tMs'
using the absorbance at 400 nm and the extinction coefficient e400nm = 10,050
M'cm'.
The concentration of the inhibitor causing 50 % inhibition, namely the IC 50 , was
determined by the least squares fit of equation 4-1 to plots of the initial reaction rate
(background thermal isomerisation rate subtracted), V 0 (in j.tM's) versus the cis
concentration of dipeptide using the SigmaPlot 9.0 software (SYSTAT Software
Inc.).
Vo = Vc0

+ ( Vzero -

V4 / [(1 + ([Ile-cis-Pro] / IC50)b0Pe)]

eq. 4-1

Where V is the reaction rate at infinite inhibitor concentration (fixed at 0),

Vzero

is

the initial velocity in the absence of inhibitor, [Xaa-cis-Pro] is the concentration of
the added inhibitor,

IC50

is the concentration of the inhibitor that causes 50 %
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inhibition and Slope is the Hill number (fixed at 1 for a 1:1 stoichiometric
interaction). In order to estimate the solution equilibrium dissociation constant (Kd)
of the Xaa-cis-Pro dipeptide, the competition with the AAFP-pNA substrate was
taken into account and calculations were corrected using equation 4-2;
eq.4- 2

Kd=IC5o/(l +[SUb]/Km)

where [Sub] is the initial AAcisPF-pNA concentration (between 45 - 68 p.M) and
Km is the Michaelis constant of the substrate for hCypA. Km and kcat values for

hCypA were determined using a range of substrate and enzyme concentrations. The
initial reaction rates, V 0 (in .tM.s'), were plotted against the concentration of
AAcisPF-pNA and the data least squares fit to equation 4-3;
V. = (k cat x [hCypA]) x [Sub] 0 / ([Sub] 0 / Km)

eq. 4-3

where [hCypA] is the concentration of hCypA, [Sub] 0 is the initial concentration of
AAc1sPF-pNA and Km is the Michaelis constant. For hCypA the mean (± SE, n = 5)
Km, kcat and kcat/Km values are 746 ± 98 i.LM, 600 ± 20 s_ I and 8.1 x 10 6 M's'

respectively, which are in agreement with literature values of Cyp3 (Dornan et al.,
1999). All dipeptides tested showed no inhibition of chymotrypsin over similar
concentration ranges. These results are in agreement with previous data showing
that Xaa-Pro dipeptides do not inhibit a-chymotrypsin in the mM concentration
range (Boduszek etal., 1994).

4.3.3. Solvent accessible surface area calculations

Calculating the solvent accessible surface area (Connolly, 1983a; Connolly, 1983b)
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of the ligand isolated from the complex structure; the protein alone extracted from
the complex and the complex molecules. In the Gly-Pro, Ala-Pro and Ser-Pro
complex structures with ceCyp3, there are five conserved water molecules found in
the binding site and they are defined as part of the protein. The buried surface is
calculated by the difference between these values. A probe radius of 1.5

A was used

in the calculation of the Connolly surfaces. The buried surface is calculated using an
implementation of Connolly's algorithm in the modelling program WITNOTP
(Widmer, 1997).
Buried surface = SASAprotein + SASAiiganci SASAcompiex

eq. 4-4

4.3.4. The calculated energy of interaction for the methyl side chain

Hydrogen atoms were added to the CB atom of alanine (Ala-Pro dipeptide) in ideal
calculated positions with C-H bond lengths of 1.08 A and tetrahedral angles. The
torsion angle N-CA-CB-H was rotated to a staggered conformation. A table of
non-bonded distances was generated for all distances between the methyl group and
the protein and solvent atoms within 4

A. Five conserved water molecules are

considered as part of the protein structure. The total interaction energy between the
CH3 atoms and all non-ligand atoms to within 4

A was calculated using the non

bonded van der Waals parameters (R*: vdW minimum and : vdW well depth) listed
in the Table 4-1 (Weiner et al., 1984a).

vdW=

eq. 4-5

R,' 2 RU 6 j
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+ Rj*)12, and B = 2,j77(R, + Rf)6

where Aj =

Atoms types in
force field

.

R*

Residue

Atoms in crystal
structure

ALA

CB

CT

1.8

0.06

ALA

1HB, 21-lB. 3HB

HC

1.375

0.038

HOH

HO1,H02

HO

1

0.02

HOH

0

OH

1.65

0.15

ASN

0

0

1.6

0.2

ASN

H

H

1

0.02

ASN

OD1

0

1.6

0.2

ASN

C

C

1.85

0.12

ALA

HA

H

1

0.02

ALA

HA

H

1

0.02

GLY

H

H

1

0.02

HIS

HE1

H

1

0.02

HIS

HE2

H

1

0.02

HIS

CE!

CC

1.85

0.12

HIS

NE2

NA

1.75

0.16

2

(it)

(kcal/mol)

Table 4-5: List of atom types and non-bonded parameters used for calculating
van der Waals contacts made by the methyl group of Ala-Pro. R* and C represent
the van der Waals minimum and van der Waals well depth respectively.
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5. Assessment and parameter optimization of virtual
screening program LIDAEUS
5.1. Introduction

Virtual screening programs are tools for discovering novel ligands that bind to drug
targets (Abagyan etal., 1994; Burkhard etal., 1999). They can be powerful, efficient
and enhance traditional wet lab screening methods (Alvarez, 2004). The aim of
virtual screening is to discover compounds that bind to the target protein with a high
affinity, thus, the prediction of binding modes and the scoring functions are most
important when developing new virtual screening programs. Several
experimentally-proven virtual screening programs are available, such as Dock
(Ewing et al., 2001), the incremental fragmentation method FlexX (Rarey et al.,
1997; Rarey et al., 1996), GOLD (Jones etal., 1995; Jones etal., 1997) and GLIDE
(Schrödinger Inc., New York, 2003). They have the ability to dock ligands into a
protein binding site and generate multiple protein-ligand configurations usually
called poses (Ferrara et al., 2004).
We developed our program in order that we could have the flexibility to experiment
with pose generation and scoring functions. LIDAEUS (Ligand Design At Edinburgh
University), our virtual-screening program, evolved from a previous program
SANDOCK (Burkhard et al., 1998), which has been used for finding several novel
inhibitors for FKBP (Burkhard et al., 1999). One successful database-mining
experiment carried out using LIDAEUS was the search for a new chemical family of
CDK inhibitors that was experimentally proved as a novel class of inhibitors for the
CDK2 protein (Wu etal., 2003a).
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Apart from predicting the accurate poses of ligands into a binding pocket, scoring
functions have been very important when developing virtual screening. Good scoring
functions should calculate scores efficiently and effectively. Many previous studies
have assessed commonly used scoring functions (Ferrara et al., 2004; Perola et al.,
2004; Wang et al., 2003). Scoring functions basically calculate the binding affinity
between the receptor and the ligand for each pose (Wang et al., 2002). It was noted
that double or triple scoring functions would increase hit rates between 30% and 65%
relative to single scoring (Jorgensen, 2004). In this project, LIDAEUS was employed
with both of the built-in scoring functions; one function SCORE is a
force-field-based scoring approach. The other function, which is called PIP (Pose
Interaction Profiles), is able to compare a reference receptor-ligand binding mode
with the predicted interactions. This study attempts to utilize and combine the two
scoring functions to give the best correlation to experimentally observed structures.
The work was performed in conjunction with our experimental research program on
human cyclophilin A (CypA) and ligand interactions, and aims at evaluating the
program LIDAEUS and optimizing parameters of virtual screening for the specific
model: human CypA. CypA is the receptor of the immunosuppressive drug
cyclosporin A (CsA) (Handschumacher et al., 1984), a cyclic undecapeptide
produced by the fungus Tolypocladium inflatum. Subsequently, CypA has been
discovered in the viral capsid of HIV and is of interest as a putative target for
anti-HIV therapy. The program LIDAEUS found possible ligands for CypA using the
3-D structure of the cyclophilin active site. Early work with LIDAEUS produced a
number of experimentally verified CypA ligands and from these dimedone was
proposed as a possible starting point for ligand development (Kontopidis, 1999;
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Kontopidis et al., 2004). Crystallographic work combined with binding assay studies
(PPIase assay) proved that dimedone can bind to CypA at micro-molar level.
Dimedone is the starting point for synthesizing a family of similar ligands. All
ligands in this family bind to CypA in a similar mode with the key interaction being
between the dimethyl group and the protein.
Furthermore, it has been reported in several studies that water-mediated
protein-ligand interactions is an important factor in the docking process. The
presence of key water molecules significantly improved docking performance
(Pospisil et al., 2002; Yang & Chen, 2004). In our project, we examined how
water-mediated protein-ligand interactions affect docking accuracy in LIDAEUS.
When the docking calculation was performed in the absence of all the crystal water
molecules, some key interactions involved in the complex were not predicted. In this
study, by comparing docking with and without the conserved water molecules in the
model, we examine what kind of role the conserved waters play in the docking
process.

5.1.1. The database-mining program LIDAEUS

The database-mining program LIDAEUS is composed of six major functions as
follows: MAPGEN, PREEN, POSE, SCORE, PIP and SORT. The procedure of
LIDAEUS program screening is shown in the flow chart below. As the first step of a
LIDAEUS run, the function MAPGEN is used to generate site points and energy
maps for the receptors based on their crystal complex structures with known ligands.
Assigning atom types and adding hydrogen atoms to compounds for screening is
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performed by PREEN function.
Thereafter the POSE function is able to dock the compounds into the receptor by
fitting ligand atoms onto site points. Two scoring functions, called SCORE and PIP
(Pose Interaction Profiles), are available in the LIDAEUS program suite. The
SCORE function approximates the binding free energy of protein-ligand complexes
by a sum of van der Waals and electrostatic interactions. The other function, PIP is
able to do a similarity calculation of reference (experimental) and predicted binding
modes.

I MAPGEN H PREEN H POSE H SCORE H PIP HSORT I
In this project, nine ligands which include dimedone and eight dimedone derivatives
were re-docked into CypA under various parameter settings. Docking poses were
then evaluated by comparing with crystallographic structures. Among the test ligands,
dimedone is a commercially available compound and the remaining eight compounds
are dimedone-derivatives synthesized by Elizabeth Moir at the University of
Edinburgh. Crystal structures of their complexes with CypA were solved with
crystallographic resolution mostly better than 2.5
structures has a resolution of 2.7

A where one of the complex

A. Their binding constants were determined by an

a-chymotrypsin-coupled enzymatic assay PPIase assay (Fischer et al., 1989; Kofron
etal., 1991) or fluorescence spectroscopy. Ligand structures, crystal data and binding
constants are listed in table 5-1.
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Ligand

Ligand structure

resolution

R factor

Rtree

Kd

1.90 A

18.4

23.6

22 mM

1.85A

18.7

23.3

22

2.70 A

21.4

28.4

130 pM

1.80 A

20.7

26.8

70 pM

2.30 A

18.1

33.1

20 pM

2.IOA

20.9

28.6

68

2.1OA

20.1

26.8

134

p

8

1.90A

20.4

26.0

45

p

9

2.03 A

18.8

24.9

85 pM

I
0 610

2

EcoyLL c JLo

3

-rOIOZLI.

4
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5

p

o,\

6
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p

Table 5-1: The nine structures in the test set for LIDAEUS performance
assessment.
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5.1.2.

Pose Interaction Profiles (PIP)

PIP strings use hexadecimal code to record information about the protein residues
(atoms) that make interactions with the ligand and what type of interactions they are.
The PIP string for a protein-ligand complex is a combination of N segments; N is the
number of protein residues that make contacts to the ligand. Each part starts with the
residue that contributes to the interactions and then records how many interactions
this residue makes. Afterwards, each interaction is described by listing the atom 1D
of the residue, interaction type and the atom ID of the ligand. Character of interaction
is recorded in 4 bits; if the hydrogen bond is from the ligand (donor) to the protein; if
the ligand is hydrogen bond acceptor where the protein is donor; if the interaction is
polar; if the interaction is from the main chain (Figure 5-1c). An example of PIP
string and the explanation of the PIP string are shown in Figure 5-la and 5-lb.
Four PIP scores are calculated for each docking solution; they are categorised into
"residue-based" and "atom-based" PIP scores. For the residue-based method, the
interactions of each residue are set to 6 bits; each bit represents HBD, HBA,
side-chain, main-chain, polar or non-polar interactions. The atom based PIP scores
use 4 bit sets. Bit 1 to 4 represents HBD, HBA, polar and non-polar interactions
respectively. The total number of bit sets in either predicted or reference binding is
(A) and the number of bit sets exist in both predicted and reference binding mode is
(B). The PIP score is B/A. If we use only the reference PIP range to calculate B, we
obtain the other two PIP scores.
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Figure 5-1: Explanation of a PIP string. (a) An example of PIP string using
hexadecimal code. (b) The PIP string is composed of three segments based on
three residues involved. Column 1 records protein residue number and column 2
shows how many interactions this residue makes. Columns 3 to 17 are the details
about the interactions where every three columns represent an interaction. (c)
Character of interactions is recorded in 4 bits.
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5.2. Materials and Methods

5.2.1.

Data preparation

All crystallographic water molecules were removed from the structures but the key
water molecules were kept in some runs for water-mediated protein-ligand
recognition studies. Ligand structures for re-docking were randomly translated and
rotated from their experimental conformations. Ligands for re-docking were given
charges and hydrogens. Charges are implicit in the force field scoring used in
LIDAEUS, hydrogens are added to the ligand using a rule-based method, where
initially a more complex atom type (The chemical atom types used in SYBYL are
listed in http://www.tripos.comlmol2/atom_types.html) are added to each atom by
analysis of the geometry and bond order. From this type the geometry and unfilled
valences are calculated and hydrogens added on that basis.

5.2.2. Binding site search and energy map calculation

The available space of the ligand-binding site was calculated with a 1.5 A pad around
the reference ligand. Three energy maps are routinely calculated using a grid based
approach. During this process the hydrogen bond acceptor (HBA), hydrogen bond
donor (HBD) and hydrophobic potential are calculated for a regular array of points in
the ligand binding space. For each point a potential is calculated between each atom
in the protein and that point and the resulting value for each point is a summation
over all the atomic interactions. Site points are then selected by choosing grid points
where the potential is below a user selected value. Site points are composed of four
types: hydrophobic, extremely hydrophobic, hydrogen bond acceptor (HBA) and
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hydrogen bond donor (HBD). In the case where a site point has multiple values
below the thresholds the site point is assigned the type where the difference between
the threshold and value is greatest. Normally a user would specify the number of
site points required, and after an initial fixed grid pass to establish site point density
the grid spacing will be calculated to give approximately the required number of grid
points. During this study approximately 170 site points were assigned within the
binding site.
Moreover, in several complex structures in the test set, there are water molecules
found to form hydrogen bonds to both the ligand and the receptor (Table 5-3, section
5.3.1). For these ligands, another set of energy maps and binding site points were
constructed with these water molecules included in the receptor structures.

5.2.3. Conformation search of ligands

Pose generation is essentially a graph matching problem. The site points are

a set of

vertices that have a property that defines which types of atoms may be placed upon
them. In the current version of LIDAEUS atom types are grouped into user defined
sets. Each site point (SP) has a binary mask which indicates which of these sets can
be assigned to that point. Similarly the atoms of the input ligand are reduced to a set
of points each with a mask indicating which set or sets it belongs to. If the logical
'AND' (a value of true if both of its operands are true, otherwise a value of false) of
the site point mask and atom mask produces a non-zero value then the atom is a
possible candidate to fit on the site point. The term RESOLUTION is used to
describe the basic parameter which controls the fit tolerance between atom-atom and
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SP-SP distance. Additional parameters specify multipliers to this RESOLUTION
which allow different tolerances to be applied to the initial vector fitted ("the seed
vector"), the intermediate vectors, and the final vector. If the atom-atom and SP-SP
distance differ by less than the product of the tolerance multiplier and
RESOLUTION then that is considered a fit. After the initial seed vector is found,
more vectors are added (each new vector must share one endpoint with the currently
fitted set of vectors) until the total number of vectors requested by the user have been
fitted. This process continues until all possible atom SP overlays have been located.
These overlays are the poses of the ligand into the SP set.
Three settings (0.02, 0.04, and 0.06A) of the RESOLUTION parameter were
assigned for ligand-fitting experiments. The numbers of poses found for each ligand
under each setting were counted to assess the relationship between docking accuracy
and RESOLUTION setting. In all cases where energy minimization was used these
were rigid body minimizations.

5.2.4. Settings and combinations of scoring functions

Similarly to the pose calculation each atom is assigned to one or more sets. Each
energy map is annotated with the sets it should be scored against. For each map if an
atom belongs to a set to be used for that map then the energetic contribution from
that atom's position is calculated by interpolating the map values at that position and
adding it to the total. It is also possible to minimize against these scores using
numerical differentiation to generate gradients.
PIP is able to identify the ligand binding site residues of the protein and then
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calculate the intra-molecular non-covalent and hydrogen-bonding interactions
between the ligand and receptor. After classifying the interactions into seven classes,
the PIP function converts 3D binding information of the receptor-ligand complex to a
linear binary string. The binary string indicates which residues and what types of
interactions are involved in this particular protein-ligand recognition. The strings will
then be used for comparison of the predicted protein-ligand interactions and the
reference interactions. A score in the range of 0 to 1 is calculated for each
protein-ligand binding mode of each pose. Scores close to I are considered as good
scores. In this study, PIP considered a distance of 4.0

A

as the cutoff of a vdW

interaction and the maximum hydrogen bond distance was 3.1

A.

To examine the effects of the energy minimization function in LIDAEUS program
suite, re-docking experiments under various parameter settings were performed on
both energy minimization functions, on and off and the results are compared. Three
weight factors (WI, w2 and W3) are given to energy scores obtained from three energy
maps (hydrophobic, hydrogen-bond donor and hydrogen-bond acceptor) respectively.
Thereafter, docking poses were ranked according to the composite score: S score,
which is defined as the combination of weighted scores calculated by both scoring
functions. (Table 5-2) The S score is defined as:
S = WE (w 1 x Ehydrophobic + w 2 x EHBD + w3 x E HBA ) + Wi,. x PIP
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Energy
Weights on energies

Weights on two

minimization

types of scores

function

A
B

b

-10

+

C

1

-20

+

d

1

-

e

1

-30
-40

-

f

0

-1

W2

W3

1

1

1

+

a

1
1

1

10
1

+

1
10

D
E

10
1

10
1
1

F

1

10

1

G

10

1

1

C

WP

WE
1
1

WI

0

-

Table 5-2: Weighting schemes for contribution to composite S score. Seven sets of
settings on SCORE function that includes the weights of three energy maps and
energy minimization functions. Six sets were given to the SORT program which
combined weighted scores calculated by the two built-in scoring functions,
SCORE and PIP (equation 5-1). Thus, a total of forty-two weighting schemes
were tested.

5.2.5. Docking performance validation

In this study, the eight atoms include the ring part and the two oxygen atoms of the
ligands being assessed were adopted for the docking-accuracy calculation. To
calculate the RMSD, (Xt, Yf, Zic) are the coordinates for one atom from the crystal
ligand structure and (Xi, Yi, Zi) represents the coordinates of the same atom in the
docking pose. RMSD is defined as:

[(X,
(yj _ Yj
RMSD =+

C)2 +

(z_zc)2

]

eq. 5-2

For each pose, a value of RMSD up to 2.0 A would be considered as well-docked
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solutions, similar to the acceptance criteria in other works (Gohlke et al., 2000; Tao
& Lai, 2001; Velec et al., 2005).

5.3. Results and Discussion

5.3.1.

Site point construction

Ligand binding site definition is a major factor in the virtual screening and docking
process. In the program LIDAEUS, site points are the guides for LIDAEUS to locate
the compounds into the binding pocket. In order to clarify the role of water
molecules in CypA-ligand recognition, site points for the ligand binding site on
CypA were constructed with and without binding essential waters included in the
CypA structure. All ligands in the test set are based on the dimedone structure.
Experimental structure determination shows that the dimethyl group of this
dimedone part binds to CypA in the hydrophobic pocket. The methyl hydrogen atoms
are close to Phe 113, one of the important residues identified in CypA binding to
several strongly binding ligands, such as cyclosporin A (Mikol et al., 1993) and
Sanglifehrin A (Kallen et al., 2005). Thus the waters that interact with the oxygens of
the dimedone ring will be considered as binding-essential waters. In several complex
structures in the test set, there is more than one water molecule involved in
CypA-ligand interactions, usually by making bridging contacts to both the ligand and
CypA. Only one key water molecule would be included in each ligand re-docking
test.
The key waters are generally the ones that make H-bonds to both the dimedone ring
oxygen atom of the ligands and one of the CypA residues Arg55, Asn 102 and His 126,
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which are implicated in CypA binding to many reported ligands, such as high affinity
cyclosporins (Kallen et al., 1998). Exceptionally the key water (w309) for ligand 2
re-docking interacts indirectly with H1s126INE2 of CypA via another water molecule
(w375). The key waters of the complexes applied in this project are listed in Table
5-3. Site points generated from both with and without water molecules in the system

were compared using molecular graphics. We found that the absence of key waters in
site point generation led to an inability to identify binding modes of the oxygen
atoms of the dimedone group. When key waters are included in the receptor structure,
the MAPGEN function was able to discover the oxygen atoms of the ligands that
interact with the receptor indirectly and appropriate site points were generated at the
oxygen atom locations. Details and examples of water-included docking are
described later in section 5.3.4.

Ligand

Water ID

Distance (A) to
dimedone oxygen

Protein atoms

1

149

2.81

His126fNE2

2.73

2

309

2.73

Via w375 to
His 126INE2

3.49
2.96

5

207

2.96

Arg55/NH1
Arg55/NII-12

3.31
3.35

6

330

2.77

His126INE2
Lys125INZ

3.12
3.65

7

351

3.68

His126/NE2
Lys125fNZ

2.96
2.98

8

278

3.00

His126/NE2

3.00

9

316

3.07

Asn102/0
AsnIO2/OD1

3.20
2.87

Distance

(A)

Table 5-3: Water-mediating interactions in CypA and dimedone derivatives
complexes. Distance to dimedone (A) is found to the nearest oxygen atom
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Site-point construction is dependent on the energy cut-off settings. Several sets of
cut-off values were tested in order to optimize the site point composition. Molecular
graphics programs (e.g. Pymol (DeLano, 2002)) were used to visually inspect if the
site points were assigned appropriately. Moreover, the site points located at
undesirable positions, such as far away from the reference ligand, were removed. The
set of site points that represented most effectively the important binding atoms of the
reference ligand were saved for later virtual screening. We found that for most of the
ligands, the energy cut-off settings of —1.35, —1.2 and —4.0 kcal.mol' applied to
hydrophopic, extremely hydrophobic, and hydrogen bond donor (HBD) points
respectively are the most appropriate. For hydrogen bond acceptor (HBA) site points,
the cut-off settings needed to be adjusted to between —3.0 to —4.0 to produce a
convincing set of HBA site points.
Site points sets for seven out of nine ligands represent the reference ligands better
when the key waters were in the protein structure. Structures of human CypA binding
site and the nine test ligands with site points are shown in Figure 5-2.
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Figure 5-2: Structures of the nine ligands (1-9) in the test set and the site points
found for each ligand. All key waters tested in this work are in magenta. Site
point colours: Hydrophobic atoms in white, hydrogen bond acceptors in red and
hydrogen bond donors in blue.
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5.3.2. Docking poses found under three RESOLUTION parameter
settings

The RESOLUTION parameter is a setting that indicates how precisely the program
matches the predicted poses onto site points (details about how the program mates
compounds onto site points are described in section 5.2.4). Based on the same set of
site points, three settings (0.02, 0.04 and 0.06 A) were applied in different docking
runs. Not surprisingly. setting RESOLUTION to a higher value enables LIDAEUS to
generate more docking poses. On average, the number of poses generated with
RESOLUTION set at 0.04 is about 56 times higher than that obtained with a 0.02 A
RESOLUTION and when a 0.06 A RESOLUTION was employed the average
number of ligand conformations were 9.4 times more compared to a RESOLUTION
of 0.04 A (Figure 5-3).

5om
4,
on
0
CL

ecco

01
0

0.08

004

0.02

Redutii setflngs

008

(A)

Figure 5-3: Numbers of poses found under three RESOLUTION settings. Curves
1-9 show the number of poses generated for ligand 1 to 9 respectively.
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In general, the larger number of poses found when tolerance is higher increases the
possibility of replicating the experimental binding mode. As shown in Figure 5-4, an
increasing percentage of good fits for six ligands was found as RESOLUTION
increases. High settings of RESOLUTION enable us to find more ligand poses;
however, this requires more computing time in generating, scoring and ranking the
poses. In any actual run searching for ligands it is necessary to try a few values of
RESOLUTION in order to balance compute time against an adequate amount of pose
generation.
Thus, further experiments lowering the numbers of site points were carried out.
Results showed that when constructing lower numbers of site points (around 50
points for a ligand which has a molecular weight of 300 to 400 Da), the number of
docking poses significantly decreased. With a RESOLUTION setting of 0.06

A

and

approximately 50 site points, ligand 2 was docked into 213 poses, whereas 59 poses
were found for ligand 5. That gives 170 times and 117 times less docking solutions
when site points amount are lowered from 170 to 50. Besides, small ligands, such as
ligand 1, require higher RESOLUTION value (around 0.1

A)

when the site points

number decreases to 40 in order to dock the ligands in the binding pocket. Docking
poses from the small site point set experiments were also compared with X-ray
structures. LIDAEUS was able to dock ligands correctly even when the number of
docking poses for each ligand were less. This may represent a valid strategy for
decreasing the computing time required when scanning large databases.
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5.3.3. LIDAEUS docking and scoring performance

The docking and scoring performance of LIDAEUS was evaluated in terms of its
ability (a) to find docking poses that are close to experimental positions and (b) to
give "good fits" the best scores. Docking poses of each ligand in the test set were
scored using 42 weighting schemes (derived from two built-in scoring functions for
finding optimized scoring method for CypA system). RMSDs of experimental
structures against the top scored pose of each ligand in each run were calculated.
The initial results (no key waters included) show that as we increase the
RESOLUTION values, LIDAEUS is able to re-dock more ligands in to CypA
correctly (RMSDs are less than 2

A). When RESOLUTION setting is 0.06 A,

top-scored poses of as many as seven ligands are correctly found. In contrast only
three are correctly docked with RESOLUTION 0.04

A and one with 0.02 A (Figure

5-4).

5.3.3.1. Energy minimization function

Perola and co-workers have reported that energy minimization can significantly
improve the accuracy of docking poses found by GOLD (Jones et al., 1995; Jones et
al., 1997) and 1CM (Abagyan et al., 1994) programs (Perola etal., 2004). The energy
minimization function is evaluated here to see if it affects docking accuracy on
LIDAEUS docking.
In LIDAEUS, the scoring function is able to perform a rigid body energy
minimization of the ligand against the scoring function. The statistical data indicating
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how well the nine ligands fit into CypA under forty-two weighting schemes is shown
in Figure 5-5. Each bar in the figures represents the percentage of good fits under the
specific parameter settings. In each of the figures, results of docking using the energy
minimization function are shown in the left half ('A', 'B', 'C' and 'D' in x-axis).
Docking performance without minimization is shown in the right part of each figure
('E', 'F', and 'G' in x-axis). LIDAEUS working with energy minimization function
improves docking accuracy as can clearly be seen in the cases of ligand 4, 5, 6, 7 and
9. In the cases of docking ligands 1 and 2 into the receptor, there is no significant
difference between the results obtained with and without energy minimization.
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Figure 5-4: Docking and scoring performance under various parameter settings.
Results of figures (a), (b) and (c) are from RESOLUTION settings of 0.02, 0.04
and 0.06 A respectively. Labels of rows (a-!) and columns (A-G) correspond to
the weights specified in Table 5-2. All top-ranked poses of each ligand in each run
are compared against experimentally determined poses. If RMSD is less than 2

A,

the docking pose is considered as a good fit. The total numbers of well-fitted top
poses are counted and the darker color in the grids indicates there are more
satisfactory poses (d).
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5.3.3.2. Various combinations of SCORE and PIP scoring functions

The scoring module of LIDAEUS is able to form composite S scores using linear
combinations of scores calculated using the SCORE and PIP methods. The energy
change of enthalpy calculated by LIDAEUS upon protein-ligand binding is
around —15 to —30 kcal/mol, and a maximum PIP score is 1. Thus, when we want to
combine the two types of scores to calculate composite S scores (equation 5-1); we
have to multiply PIP scores by at least -10.
In the Figure 5-4, we show how many best-scored ligands were correctly docked
under the RESOLUTION setting as 0.06 and various combinations of SCORE and
PIP scores. It can clearly be seen that pose selections from the combination of (A,d)
and (A,e), are the best among the selections taken from the 42 weighting schemes. It
should also be noted that more satisfactory poses were found as the weights of PIP
scores increases. Moreover, sorting the poses solely according to PIP scores could be
significantly better (more good poses) when docking and scoring is performed in the
absence of energy minimization function (Figure 5-5, 'E'-'G' in x-axis).
Not only are more accurate poses are found under (A,d) and (A,e) schemes, but the
possibility of ranking good fits as the top solution is higher than performing under
other weighting schemes (Figure 5-4). Docking accuracy is one important aspect for
virtual screening programs but we also should assign good poses high rank in the
results list. The most highly ranked pose of six ligands scored by (A,d) and (A,e)
weighting schemes are all correct.
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Figure 5-5: Statistical data of docking and ranking performance under the
forty-two weighting schemes. Figures (A) to (I) are results from ligands 1, 2, 3, 4,
5, 6, 7, 8 and 9. X-axis and y-axis are, as listed in Table 5-2, various settings given
to SCORE function, and different weights given to two scoring functions,
respectively. Z-axis indicates the number of good fits among the top 20 poses. In
most of the cases, the results from left half ('A'-'D' on x-axis) of the figures show
significantly better than the right half, meaning the energy minimization
function is moving the docking poses to 'more correct' locations. Moreover, in the
absence of energy minimization, sorting poses by only PIP score ('f' on y-axis)
generally leads to better selection than with any contribution of energy scores.
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5.3.3.3. Energy contribution of three atom types

LIDAEUS energy scores are the sum of weighted scores from three energy maps:
hydrophobic, hydrogen bond donor, and hydrogen bond acceptor maps. Four sets of
weight factors were given to the three types of energies in order to examine the
contribution of the three types of energy. The three numbers were equally weighted,
or one of the maps was weighted 10 times more than the others. The total score
obtained from the SCORE function would be the combination of the three weighted
energy values. The results were assessed by analyzing the top 20 poses found under
the specific combination of energy scores. When energy scores of any one of the
three atom types were weighted 10 times more than other scores, the results obtained
from six ligands' ranking show no consistency.
The runs using energy minimization function (A-D in x-axis in Figure 5-5) in general
produce a greater number of accurate docking poses. It is concluded that generally
docking with energy minimization is able to reproduce near experimental poses.

5.3.3.4. Performance of the two scoring functions

To evaluate LIDAEUS built-in scoring functions, RMSDs of the top 100 docking
poses of all ligands to experimental structures were plotted against the scores
calculated individually by the two built-in scoring functions and a composite S score
from the best weighting scheme (A,e) we found in the earlier sections (Figure 5-5).
From the PIP vs. RMSD plot, most high PIP scores occurred in the range of RMSDs:
less than 2 A (Figure 5-6a). Because similar chemical features occurred at the two
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ends of ligand 2, the reverse orientation poses interact with the receptor in a similar
way to the correct binding mode, i.e. better PIP scores than other random poses.
Although there are two peaks in the PIP score vs. RMSD plot, the
correctly-orientated poses can still be distinguished by a threshold value, such as 0.9
in this case. Results showed that the two scoring functions are able to score best with
poses that are closest to X-ray structures.
Distribution of energy scores by the scoring function SCORE is more complicated.
In the range of RMSDs between 0 and 2

A, the energy scores tend to get better when

the docking poses are closer to experimental structure. However, some poses were
given relatively good energy scores (- —25 kcal/mol) but considered as bad fits as the
RMSDs to the experimental structure fall in the range of 6 - 10

A. As can be seen in

Figure 5-6b, a threshold of - 25 kcal/mol is most appropriate to eliminate the
incorrect poses. In the SCORE vs RMSD plot, we can roughly see the good energy
scores are given to well-docked poses in the cases of ligands 1, 4, 5, 6 and 9. Ligands
2, 5, and 6 are three long ligands with a ring at each end. By visual inspection on
graphic programs, it was evident that high PIP scores but incorrect docking (RMSDs
around 10

A) resulted when the non-dimedone ring of these three ligands occupied

the experimental dimedone ring location. These 'wrong' docking poses are given
good energy scores as the interactions are still very similar to correct poses due to the
symmetry of the ligand structures. However, the RMSDs of the bad fits are as high as
around 8

A. Consequently, in the figures, we see a good energy score cluster at

around RMSD 6-10

A in ligands 2, 5 and 6 in Figure 5-6a.

The weighting scheme (A,e) produced composite S score that found the best results
(Figure 5-5). In the Figure 5-6c, the S scores vs. RMSD plots are shown. The correct
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docking poses were predicted with the best S scores.
In summary. both of the built-in scoring functions are able to give the best scores to
correct poses. A weighting scheme of energy score:PIP score as 1:-40 can identify
the correct pose of each ligand. However, the weakness of the scoring functions is
they may not be able to identify all correct poses.
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Figure 5-6: Correlation of x-ray/predicted pose RMSD and each pose's (a) PIP
score value, (b) SCORE energy value and (c) S score value calculated by
weighting scheme (A,e) in 100 predicted poses found for all ligands.
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5.3.4. Improvement in docking performance by including key waters
in the system
5.3.4.1. Atypical case: Ligand 7

Ligand 7 is a small ligand that has only one methyl group added to a dimedone ring.
When re-docking ligand 7 into CypA using the site points generated without key
water molecules, LIDAEUS is able to successfully restrict ligand 7 at the location
within the site point's area that is very close to its X-ray structure. Moreover, the
compound lies in the same plane as the X-ray structure. However, the orientations of
most top scoring poses are different from the experimental binding mode. These
incorrect orientations occur when one of the two oxygen atoms in the ring is docked
at a position which experiment shows to be carbon-occupied. This leads to flipping
of the whole molecule (Figure 5-7a), and RMSD values of between 3 and 4A from
the crystal structure which are considered bad fits. The site points show that the
incorrect orientation was predicted when there were no hydrogen bond acceptor site
points at one of the experimental oxygen atoms position (position C in Figure 5-7a).
The reasons that no suitable site points around this oxygen atom are calculated are
possibly that (1) this oxygen atom is pointing towards the outer side of the pocket
and (2) there are no protein atoms within a distance of 4 A around this oxygen atom.
Thus no interactions were found and consequently no site points were constructed.
Then LIDAEUS tends to fit the carbon atoms in priority and then this specific
oxygen atom would be located randomly.
The experimental binding mode shows one water molecule mediating the
CypA-ligand 7 interaction. This water molecule (B-factor: 26.9 A2 ) forms a weak
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hydrogen bond to one oxygen atom (02) of ligand 7 with a distance of 3.68
Moreover, it also contacts the CypA molecule, being 2.96
His126INE2 and 2.98

A

A

A.

away from the atom

away from Lys125/NZ. When site points were calculated

with this water molecule included as a part of the CypA structure, the 02 atom was
emphasized (Figure 5-7b, position C), and numerous hydrogen donor and one
hydrogen acceptor site points were generated around this atom. Consequently, these
site points helped to bring the oxygen atom to the experimental position C and the
docking performance was significantly improved in this case.
As ligand 7 is a small and symmetric compound that is composed of a 6-membered
ring structure, the six-carbon ring could be located in any orientation when only
carbon site points exist with no HBA site points. Thus, the HBA site points are
important for locating the oxygen atom of ligand 7 at the desired locations.
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Figure 5-7: Ligand 7 poses were improved when an essential water molecule was
used in the calculation of energy maps and in site point construction. X-ray
structure of the ligand is shown in white and docked poses in pink. (a) illustrates
how one oxygen atom (01) from ligand 7 was put into the experimental position
(position A), but the other oxygen atom (02) was put into position B instead of
position C, as revealed from the X-ray structure. (b) When the important water
molecule (in magenta) is included in site point generation, competent site points
set helped bring the oxygen atom to position C.

5.3.4.2. Overall water-enhanced docking performance

Apart from ligand 7, water-mediated protein-ligand interactions were found in five
other ligand (1. 2, 5. 8 and 9) complexes with CypA. These five ligands were
re-docked into CypA and docking poses were investigated for improvement when
construction of energy maps and site points involved binding-essential water
molecules. The five ligands were docked into the active site much more successfully
when key water molecules were included in the receptor structures. When examining
the top 20 docking poses of each ligand, we found more correct fits were predicted
with key waters included in the system. As in the case of ligand 7, there were no
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correct fits found with the absence of the key water. When the key water was applied,
all top 20 poses were very close to experimental structure. The docking accuracy was
improved by including key waters with the other five ligands by as much as three to
ten times (Figure 5-8). This improvement in docking performance when water is
included has been reported in some other studies (Pospisil et al., 2002; Yang & Chen.
2004).
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Figure 5-8: Numbers of well-fitted poses (RMSD <=2

A)

among top ranked 20

poses when docking with or without essential water molecules. Docking
performed under energy minimization, equally weighted of each atom types.
Bars in light grey are without water and darker ones have key waters included.

Apart from providing good site points for guiding correct fits, water included in the
map generation and PIP reference calculation was shown to enhance the energy
scores of the correct docked poses. Examining the two best-scored poses (all correct

121

Assessment & parameter optimization of LJDAEUS

fits) of each ligand under the same parameter settings but with and without key water
included, energy scores are -1.5 to 10 kcal/mol lower and PIP scores are 0.1 to 0.21
better when key waters are considered as a part of the protein structure (Table 5-4).
For ligand 3, docking performance without water was not good and we could not find
significant water-mediated protein-ligand interactions. It is possibly due to the low

A)

resolution (2.7

X-ray structure. Carugo and Bordo have suggested that in crystal

structures, it is difficult to identify water molecules with a resolution lower than 2.5

A

(Carugo & Bordo, 1999). Therefore, the key water molecule might not be able to

be determined in the refinement.

Key water excluded

Key water included

Ligand

Pose
rank

Energy

PIP

RMSD (A)

Energy

PIP

RMSD (A)

1

1

-13.74

1

0.86

-11.79

1

1.47

2

-12.86

1

-12.07

0.84

1.42

1

-31.74

0.94

0.97
0.43

-27.41

0.91

0.85

2

-29.59

0.94

0.48

-23.37

0.93

0.3

1

-22.95

0.94

0.8

-15.99

0.79

1.27

2

-20.39

0.94

0.67

-12.62

033

1.9

1

-14.58

0.89

1.17

-

-

-

2

-14.54

0.93

1.31

-

-

-

-20.24

1

0.83

-13.67

0.87

1.19

2

-17.99

0.96

0.61

-8.85

0.87

1.96

1

-15.33

1

0.49

-13.85

0.90

0.61

2

-14.53

1

1.26

-13.04

0.90

0.67

2
5
7
8
9

1

Table 5-4: Energy and PIP scores are improved when the key water are
considered as a part of protein structures in energy map and PIP reference
calculation.
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5.4. Conclusions

In this study, we have implemented a novel virtual screening program LIDAEUS and
tuned the settings for the system of human Cyclophilin A by docking a set of nine
ligands. The results presented here indicate that LIDAEUS has been developed to be
a competent program in predicting correct poses. If screening is performed in the
presence of energy minimization function, more good fits were given the best scores.
Both of the two built-in scoring functions SCORE and PIP, are capable of scoring the
correct docking poses the best, independently. Moreover, the PIP scoring function
increases the probability of finding good poses when the energy score is biased by
absence of important water molecules. Thus, for the system of CypA, when three
types of atoms are given equal weights and PIP is given high weights (40),
composite S scoring gives the best reference for ranking poses.
The results show that eight out of nine ligands in the test set were correctly docked
into near-native positions while re-docking of six of them was significantly improved
when key water molecules were included in the protein-ligand binding system. Water
molecules were found to be important factor in assisting in protein-ligand recognition.
Under LIDAEUS docking, the presence of the key waters enables the LIDAEUS
program to identify several important interactions involved in the complex and
construct the significant HBA or HBD site points at the binding atom locations.
Furthermore, the energy maps contoured with the presence of key waters better
represent the energy distribution in the local area. Thus, those maps would give the
correct fits lower (better) energy scores than maps generated without key waters.
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6. Discovery of novel ligands for human cyclophilin A
using virtual screening
6.1. Introduction

The cytosolic protein cyclophilin A belongs to the widespread cyclophilin family
which catalyze the cis-trans isomerization of peptide bonds prior to proline residues
(Fischer et al., 1989). This activity speeds up protein folding in vitro (Kern et al.,
1995a; Kern et al., 1995b). CypA was firstly found as the cellular receptor to the
immunosuppressive drug cyclosporin A, which is widely used for organ transplant
patients (Beveridge & Calne, 1995). CypA is also involved in viral infection as its
binding with the HIV-1 Gag precursor polyprotein becomes part of the viral capsid
of HIV-1 (Luban, 1996; Luban et al., 1993) and complexes with SARS coronavirus
nucleocapsid protein (Chen et al., 2005; Luo et al., 2004). A set of nonpeptidic
cyclophilin ligands have shown in vitro neuroprotective/neurotrophic activity (Wu et
at., 2003c). All these studies suggest a potential therapeutic value of CypA ligands

as anti-retroviral drugs or in treating neurological disorders (Gohike et al., 2000).
Tools for the discovery of novel ligands include High Throughput Screening (HTS),
Nuclear Magnetic Resonance spectroscopy (Glen & Allen, 2003; Meyer & Peters,
2003), electrospray ionization mass spectrometry (Hofstadler & Sannes-Lowery,
2006), and crystallography (Scapin, 2006). Crystallography has become a standard
technique used by pharmaceutical and biotechnology industries for studying
protein-ligand interactions. It is a rather expensive method but with the advantage of
a known protein structure and innovations in high-performance synchrotron
beamlines and high-throughput crystallisation (Blundell et al., 2002) it can be quite
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quick. High throughput screening is an automated and robotic process that allows
several hundred thousand compounds to be screened within a few months.
The availability of the 3D structures of native and complexed cyclophilin A
structures enables us to screen compounds computationally without the expense of
high throughput screening. This receptor-based approach can be done using virtual
screening includes three-dimensional molecular docking (Lyne, 2002; Walters et al.,
1998). Virtual screening has been successfully used for novel lead identification on
some important proteins. The classical DOCK program (Ewing et al., 2001) has
been applied to the discovery of novel inhibitors of several important enzymes, such
as P.

carinii dihydrofolate reductase (Gschwend

et al.,

1997), and the

chemotherapeutic target thymidylate synthase (Shoichet et al., 1993). SANDOCK,
the previous version of our in house screening program LIDAEUS, has been used to
find a variety of novel FKBP inhibitors (Burkhard et al., 1999) including the lead
compound, dimedone, for human cyclophilin A (Dr. George Kontopidis PhD thesis,
University of Edinburgh).
In this study, a strategy of computational virtual screening combined with
post-screening by hit selection is established to identify novel CypA inhibitors. The
method is based on the CypAICsA complex structure (PDB code ICWA). The 14
compounds selected by this procedure are subsequently tested binding to CypA in
vitro as described in Chapter 7.

6.1.1.

Non-peptidic inhibitors for human cyclophilin A

Several non-peptidic ligand families for CypA have been discovered by virtual
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screening (Guichou et al., 2006; Li et al., 2006a; Li et al., 2006b; Wu et al., 2003c)
or ligand design based on a similarity search of the Xaa-Pro dipeptide structure
(Kontopidis et al., 2004). One approach is to derive a pharmacophore model for
potential ligands using CypA complex structures with known tight-binding ligands.
A pharmacophore model is the ensemble of steric and electronic features that is
recognized at a receptor site and is able to trigger (or block) its biological response
(Rella et al., 2006; Willett, 1995). Virtual screening is then performed to identify
compounds that map to pharmacophore features (Guichou et al., 2006; Wu et al.,
2003c). Guichou and co-workers selected a number of compounds based on the
pharmacophore model derived from CsA. These compounds inhibit CypA PPIase
activity with IC50 from 14 to 4100 nM (Guichou et al., 2006). Wu et al. identified a
pharmacophore model consisting of the hydrophobic portion (which aims to bind at
the main hydrophobic pocket of CypA) and a group of H-bonding centres which
form 5 H-bonds to residues Trpl2l, Arg55, Asn102 and G1n63. The chosen lead
compound from virtual screening hits was confirmed as a CypA PPIase inhibitor
with an IC50 of 6 p.M (Wu et al., 2003c). Another approach for cyclophilin A
ligand discovery is using a combination of several available docking and scoring
methods to select the most possible ligands. Li and co-workers (Li et al., 2006a)
employed the DOCK program for initial virtual screening and then re-scored the hits
by Consensus Score (CScore) (Clark et al., 2002), which integrates multiple, well
known and extensively applied scoring functions. The high CScore docking
solutions were then modelled using the FlexX docking suite (Rarey et al., 1996).
Three classes of ligands were identified and synthesized and have Kd values in a
range of 0.3 to 340 RM.
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Another approach to identify CypA ligands is similarity searching. A number of
proline-containing ligands were found for CypA (Taylor et al., 1997; Zhao & Ke,
1996a; Zhao & Ke, 1996b). Two ligands (ACMPIP and ETPIPG) similar to
cis-proline were found. ACMPIP and ETPIPG have inhibitory activity Ki values of
320 and 25 mM, respectively (Kontopidis etal., 2004).
These non-peptidic inhibitors are listed in Table 6-1. All compounds (one of the
ETPIPG binding modes) have a ring moiety which is predicted to occupy in the
hydrophobic pocket of CypA and a hinge part that lies on the groove between the
hydrophobic pocket and the Abu pocket on CypA.
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Table 6-1: Examples of the CypA ligands identified in ligand design and
discovery projects. IC, 0, Kd or Ki values are from the compounds shown in the
binding modes.
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6.2. Compounds for virtual screening

The ZINC database (Irwin & Shoichet, 2005) drug-like subset was chosen for virtual
screening potential ligands of human CypA. The subset includes 2,066,906
compounds (updated on 3rd March 2005) and all compounds have been selected
according to the criteria: calculated logP no greater than 5, molecular weight
between 150 and 500 Da, number of rotatable bonds less than 8, number of H-bond
acceptors no greater than 10 and purchasable. The filter is based on Lipinski's Rules
of Five, an indicator for orally bioactive molecules (Lipinski etal., 1997).

6.3. Computing platform and LIDAEUS settings

Virtual screening was performed on The University of Edinburgh eServer Blue Gene.
The parallel version of LIDAEUS was built on 16th August 2006. LIDAEUS
parameter settings were basically the same as the docking and scoring performance
assessment work described in Chapter 5. The CypA PPIase active site is also the
binding site of the immunosuppressive drugs cyclosporin and Sanglifehrin (Kallen et
al., 2005; Kallen etal., 1991; Zhao & Ke, 1996a). The crystal structure (PDB entry:

1CWA) of human CypA complexed with cyclosporin A was used as screening
template for site points construction, energy map and reference PIP calculations. A
conserved water molecule (w12) was kept and treated as a part of the receptor
structure. This water forms an H-bond to His126INE2 of CypA with a distance of
2.84 A. This water is 0.92 A away from the water 204 of human CypA native
structure (PDB code 2CPL) and is considered to be conserved. The water molecule
is also found in the CypA complex structures with two of the dimedone derivatives
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(ligand 6 and 7. see Chapter 5, Table 5-1 & 5-3).
Two sets of site points were generated for the ligand binding site of human CypA.
One set has approximately 170 site points as used in re-docking experiments
(Chapter 5) and the other has a decreased amount set of 60 points. Both sets are
constructed based on the hCypA/CsA complex structure (PDB code: 1CWA, 1412
included) and the allowed distance to CsA atoms is 1.5

A. The two sets of site points

spread around similar space in the binding site and the types of site points (HBA,
HBD and hydrophobic) are located in similar positions. The density of the 170
points set is higher.

;

H12

)1126, 0

; 1t11

II %..

C,

i4

-

(b)

Figure 6-1: Two sets of site points employed in virtual screening for hCypA on
LIDAEUS. (a) shows the set composed of around 60 site points and (b)
approximately 170 points in the ligand binding site. Reference ligand
cyclosporin A is in white and the key water molecule (w12) included in site points
construction is shown as a magenta sphere. Three types of site points are
generated, hydrophobic points in white, HBD in blue and HBA in red.
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Docking was performed with a rigid-body minimization function. Both built-in
scoring functions, SCORE and PIP, are employed. The SCORE function calculates
protein-ligand binding energy and the PIP function quantifies the similarity between
CypA-CsA interactions and the interactions formed by the predicted docking mode.
Results of our previous LIDAEUS assessment experiments (Chapter 5) revealed that
a sum of energy score and high-weighted PIP score will enable us to select the most
promising docking poses. Thus a

Screening

score is calculated for each docking pose

generated from virtual screening and is defined as:

Sscreening

eq. 6-1

= Energy + (40) )< PIPC S A

where PIPC SA is the PIP score which uses the reference PIP string calculated from
CypA complexed with cyclosporin A (PDB entry:! CWA) and Energy is the scores
calculated by the SCORE function.

6.4. Preliminary experiments of LIDAEUS screening

In LIDAEUS, the docking calculation time is dependent on how many site points are
assigned to be fitted onto and how much tolerance is allowed when fitting onto site
points (RESOLUTION parameter). Afterwards, the more docking solutions
generated, the more computing. time is required. ZINC subset 3, the chemical
database chosen for this project, contains a large number of compounds, so the first
50,000 (1/40) compounds of the database were extracted and input for preliminary
analysis of virtual screening time requirements. We performed six runs, as listed in
Table 6-I, using two site points sets (composed of approximately 60 and 170 points)
combined with three RESOLUTION settings (0.02, 0.04 and 0.06 A). The screening
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was performed on The University of Edinburgh eServer Blue Gene (2048 CPU). If
more than 1000 docking poses are generated, only the top 1,000 hits ranked
according to Sscreenin g scores of each run were kept for further analysis.

Run

Number of site points

RESOLUTION (A)

A

60

0.02

60

0.04

C

60

0.06

D

170

0.02

E

170

0.04

F

170

0.06

Table 6-2: Parameter settings of six virtual screening runs

A small RESOLUTION setting allows fitting of the compounds around the site
points more precisely (for details about how the program works, please see section
5.2.3.).

In the preliminary screening experiments, the run uses the smallest

RESOLUTION parameter (0.02

A)

for fitting onto less number (60) of site points,

there were only 159 hits found. Although it took only 299 seconds to complete the
screening, the hits are possibly too few and some possible binders are missed
because of the strict fitting criteria. When larger numbers (0.04 and 0.06

A)

of

RESOLUTION parameter was given for fitting onto 60 site points, more poses were
predicted and the screening time consumed increased slightly (computing time was
around 300 to 400 seconds).
When there are more (170) site points constructed in the ligand binding site, a small

132

Discovery of novel CypA ligands using virtual screening

RESOLUTION setting leads to 10.5 minutes computing time, which is
approximately twice the time of the run A. Furthermore, computing time
dramatically increased from 10.5 minutes to 313 minutes when raising the
RESOLUTION settings from 0.02 to 0.06

A.

High RESOLUTION setting for docking with the set of 60 site points seem to cost
reasonable time. The results suggest that the total time consuming for screening the
whole ZINC subset 3 against hCypA will be around 267 minutes on BLUE GENE
with 2,048 CPU (Figure 6-2).

20000

15000

—

E

60 site points
170 site points

I

0
0

a)
(I)
0)

10000
0)

0.

E

0

0

5000 A

0

D

B

-

0.04

0.02

0.06

Resolution setting (A)

Figure 6-2: Time consumed when screening 50,000 (1/40) compounds of the
ZINC database drug-like subset using six sets of parameters (A-F, settings are
the same as in Table 6-1)
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6.5. LIDAEUS screening of the whole chemical database
0

As we found in the preliminary screenings, settings of run F lead to huge computing
time requirements. Thus five runs (settings as A-E in Table 6-2) of all the
compounds in ZINC database drug-like subset were performed. Each docking pose
generated in screening has three types of scores: energy score, PIPC SA score and the
composite Sscreen in g score. Among the total 5,000 docking poses, most of the
best-scored hits were found in the high RESOLUTION setting runs. The scores of
the 5,000 hits found in the five runs were compared (Figure 6-3). Runs C and E are
able to find hits with the best binding energy, best represent the CypA/CsA
interactions and the composite S sc reening scores. For both sets of site points, the run
with the highest RESOLUTION was able to locate the compounds into the poses
with the lowest energy.
30 compounds (unique ZINC code) were identified as potential CypA ligands by
both run C and run F, which used the highest RESOLUTION setting. So fewer site
points are still adequate for ligand selection but much less computing time is
required.
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U

(b)

(C)
•SP: 60/ R: 0.02A

•

SP:

60 / R: 0o4A

SP: 60 / R: 006A
xSP: 170/ R: 0.02A
)K

SP: 170/ R: 0.04A

Figure 6-3: Scores of the hits found from five runs. Top 1000 hits from each run
were investigated. (a) Energy score (b) PIPCsA score and (C) Sscreening of each
hit. Runs E and C identify docking poses which have the best scores. The rank of
each docking pose is shown in x-axis.
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6.6. Post-screening filtering

The 2000 hits identified in run C and run E were inspected visually using the
graphics program Pymol (DeLano, 2002). All of the predicted bindings are located
around the site points in the ligand binding site with desired interactions. However, a
number of the compounds do not have functional groups fitted inside the key
hydrophobic pocket of CypA, and lie on or above the pocket.
We want to select the compounds that have spatial fits involving the hydrophobic
pocket and the region between the hydrophobic pocket and the Abu pocket and
generate the desired interactions to CypA. The PIP function is suitable for this task
and is then used as a post-screening filter. The information of the key interactions is
provided by the structures of CypA complexed with high affinity ligands, the
immunosuppressive drugs cyclosporin A (CsA) and Sanglifehrin A (SFA). Four
additional PIP scores were calculated for each hit using the reference atoms
extracted from CsA and SFA. The atoms for reference PIP strings calculation are
listed in the Table 6-3.
The reference interactions of PIPh p I score are found for the side chain of MeValli of
CsA to the side-chains of the CypA residues Arg55, Phe60, Met6l, G1n63, Ala101
and Phell3. All or the interactions are non-polar. The PIPh p 2 scores are calculated
using the piperazic acid moiety of SFA. The atoms make polar interactions with
Gln63/0E1 and non-polar interactions to NE, CZ, NH1 and NH2 atoms of Arg55,
CE2 and CZ atoms of Phe60, Ala101/CB and CD!, CEI atoms of Phe133 and an
H-bond to Arg55/NH1.
The third PIP score (PIP a bu) is employed to increase the chance of finding
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compounds that enter the other binding pocket (Abu pocket) of CypA. All
interactions in the reference binding are non-polar and the interactions are formed by
the residues G1y72, Alalil, Asnl02 and Ginlil of CypA. Furthermore, in order to
select compounds that make H-bonds to the key residue Arg55 of CypA, the atom
MeLeulO/O of CsA was given to find the reference interactions for PIP r55 scores.
This oxygen atom makes non-polar interactions to Arg55/CZ and Phe60/CE2 atoms
and two H-bonds to Arg55/NH1 and NH2 atoms.
The key residues of CypA involved in ligand binding are Arg55, Asn 102, G1n63 and
His126 (Kallen et al., 1998; Kallen et al., 2005; Kallen et al., 1991; Wu et al., 2001;
Zhao & Ke, 1996a; Zhao & Ke, 1996b). Moreover, site-directed mutagenesis
experiments identified that the residues Arg55, Phe60, Phell3 and His126 are
important for CypA activity (Zydowsky et al., 1992). The four PIP scores listed in
Table 6-3 would help us find the screening hits that interact with the key residues of
CypA.
PIP scores

I

Atoms for reference PIP strings

PIPhp l

Mvall/CB, Mvall/CG1 and Mvall/CG2 of CsA

PIPhp 2

Cl, C2, C3, C4, C5, N6 and N65 of Sanglifehrin

PIP a bu

Aba2/CB and Aba2/CG of CsA

PIPr 55

MlelO/O of CsA

Table 6-3: Reference PIP strings were calculated using the key atoms of the
immunosuppressive drugs CsA and Sanglifehrin A. CsA and Sanglifehrin A
structures are from Protein Data Bank (entry: 1CWA and 1YND). PIPhpI and
PIP hp 2 scores indicate how similar the predicted ligand pose to CsA and SFA
(structures see Chapter 1) in the hydrophobic pocket of the protein. PIP a bu
scores focus on the non-polar interactions to the residues (Gly72, Alaill, Asn102
and Glnlll) between the main hydrophobic pocket and Abu pocket of CypA.
PIPr 55 scores select the compounds which form H-bonds to Arg55 of CypA.
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The SCORE function approximates the binding energy of the predicted docking
mode. We found the energy scores of two similar docking poses of one compound
can be very different (Section 6.9). So when re-ranking the 2000 hits, the energy
scores are given a small weight. Sfilter is defined as:

Sfilter

The

= 0.1

Sfilter

hits have

x E + (40) x (PIPC S A + PIPh1 + PIPh2 + PIP a bu + PIP65)

eq. 6-2

scores of the 2000 hits are within the range of -164 to -80. Top 1/5 (409)
Sfilter

scores better than -100. Among the 409 hits, some compounds

appeared more than once. So only the pose with the best

Sjter

score of each

compound was kept. Eventually, 360 compounds were left. Among the 360
compounds; there are 54 available from the supplier Asinex (Moscow, Russia) and
84 compounds are available from ChemBridge Corporation (San Diego, USA).
Some of the compounds are available from both vendors. Visual inspection with
graphics program was used to investigate the binding modes and based on
reasonable and desired interactions.

6.7. Ligand similarity

Similarity of the compounds can be measured using a similarity coefficient, such as
the Tanimoto coefficient. The Tanimoto coefficient was found to be good in
2D-fragment based similarity searching (Picken et al., 2002; Whittle et al., 2004). If
a Tanimoto coefficient value is 1, the two compounds are identical. If a value is
more than 0.70, it indicates high similarity between the pair of the compounds.
Some of the 360 compounds are very similar in structure; they can be classified into
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several groups. There are more than 10 chemicals which are composed of a
pyrimidine linked to a benzene ring and ten of the compounds are listed in Table
6-4a. Two of them are selected for in solution tests (Chapter 7) and are named DKI 1
and DK14. The similarity between these two compounds is very high (Tanimoto
coefficient z 0.9). However, they were predicted to bind hCypA in very different
modes. The compound DK1 1 uses the sec-butyl moiety that sticks into the
hydrophobic pocket and DK14 uses the pyrimidine part where the oxygen is
predicted to be buried in this pocket.
Another group of similar compounds is shown in Table 6-4b. Among them, the
compound ZINCO 1110073 (DK2) has a pyridine group which is predicted to be
buried in the CypA hydrophobic pocket and it is selected to be tested in solution.
The five compounds listed in Table 6-4b are very similar in structure. However,
because of the additional functional groups on the pyridine moiety (or other types of
ring moiety at the equivalent space), all the compounds are predicted to bind CypA
in different modes.
It was found that when using Tanimoto coefficient with a cut off value of 0.85, only
30% of actives were detected (Martin Cabrejas et al., 1999) and our experiments
reveal that when the compounds have high similarity, the modifications at the
important binding part of the ligand lead to complete different binding modes.
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Table 6-4: 2 groups of similar compounds selected as potential CypA ligands.

6.8. 14 potential CypA ligands
Finally we selected 14 compounds by visual inspection for further characterization
against human cyclophilin A (Chapter 7). The two main factors for selection are the
reasonable interactions and appropriate molecular shape complement.
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Table 6-5: List of the 14 compounds selected for testing the interactions with

human CypA.
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The Tanimoto coefficient enables us to distinguish how many classes of compounds
are selected. The similarity between each pair of the 14 compounds is calculated by
the Tanimoto coefficients (Picken et al., 2002; Whittle et al., 2004) and the
similarity is clustered using a dendrogram (Figure 6-4) prepared based on
unweighted pair group method analysis (UPGMA) by Multivariate Statistical
Package (MVSP) program (Kovach, 1999).

UPGMA
DK5
DK4
DK13
DK3
DK7
DK6
DK1 2
DK1 0
DK14
DK11
DK9
DK8
0K2
DKI
0.28

0.4

0.52

0.64

0.76

0.88

1

Tanimoto coefficient

Figure 6-4: A dendrogram reflects the similarities of the 14 ligand candidates.
Cluster analysis was done using UPGMA algorithm with MVSP program
version 3.1 (Kovach, 1999)
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6.9. LIDAEUS SCORE function

When a ligand is docked onto the protein by LIDAEUS, several poses can be found
as possible binding modes. We found that the energy scores of the same ligand in
different poses can be in a very large range, even if the two poses are very close in
space.
An example of this phenomenon is displayed by overlay of two poses of the
compound Z[NC03621547 found in LIDAEUS virtual screening. The distances
between the corresponding atoms of the two poses are in the range of 0.5 to 1.8 A
that is usually considered as the same poses in docking projects (Gohlke et al., 2000;
Tao & Lai, 2001; Velec et al., 2005). The PIP scores of the two poses are very
similar (0.78 and 0.76) which indicate that these two poses bind to CypA by forming
possibly identical interactions. However, the energy scores are very different; -28.1
kcal/mol for the compound in yellow and -42.0 kcal/mol for the compound in blue
as shown in Figure 6-5. As a result, energy scores may be used as a selection method
but they cannot directly relate to the binding affinity.
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Figure 6-5: An example of two similar docking poses of a potential ligand (ZINC
database code: Z1NC03621547) scored with large difference of binding energies.
Overlay of the two poses of the compound Z1NC03621547 found in LIDAUES
virtual screening. The distances between the corresponding atoms of the two
poses are in the range of 0.5 to 1.8? The PIP scores of the two poses are very
similar (0.78 & 0.76 for 170/04) but the energy scores are -28.1 (60/06) and -42.0
(170/04).
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7. Evaluation of the ligand candidates
7.1. Introduction
The 14 potential CypA ligands selected initially by computational screening and
secondly with the aid of a post-screening filtering protocol (described in Chapter 6)
were subsequently tested for binding affinity to CypA in vitro. Various techniques
have been employed to investigate protein-ligand interactions, such as electrospray
ionization mass spectrometry, fluorescence binding assay and others. In this project,
PPIase activity assay (as described in Chapter 4), isothermal titration calorimetry,
and surface plasmon resonance were chosen to evaluate, characterise and study
cyclophilin and ligand candidate bindings.

7.1.1.

Surface plasmon resonance

Surface plasmon resonance (SPR) is an optical phenomenon arising from the
interaction of light with a metal surface. This phenomenon produces a sharp dip in
the intensity of reflected light at a specific angle, which is called the resonant angle.
The intensity of the resonant angle depends on several factors, including the
refractive index of the medium close to the non-illuminated side of the metal film.
Refractive index is directly related to the concentration of dissolved material in the
medium. By keeping other factors constant, SPR is able to detect and measure the
change in the concentration of molecules located in the surface layer of a solution
which is in contact with the sensor surface and study biomolecular interactions in
real-time. When applying SPR to detect an interaction, one of the interactants is
immobilized onto the sensor surface, whereas the other(s) are free in solution and
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allowed to pass over the surface under continuous flow. Molecular association and
dissociation is measured in response or resonance units (RUs) versus time and
displayed in a graph called the sensorgram.
The applications of SPR include kinetic measurements, equilibrium measurements of
biomolecular interactions, e.g. rate constants of association and dissociation phases
of the reaction (Buckle, 2001; McDonnell, 2001; Myszka, 2000). The technique is
also applied to small molecule screening in drug discovery (Lofas, 2004; Myszka,
2004; Rich & Myszka, 2003). It has been reported that the binding constants
determined from the SPR biosensor technique are in agreement with those
determined by solution-based methods, such as ITC (Day et al., 2002; Wear et al.,
2005).
The SPR system used in this project is a Biacore T100 (Biacore AB, Uppsala,
Sweden) which has been developed for analyzing real-time information such as the
study of protein interaction with other proteins or low-molecular weight compounds
(potential drug candidates). Biacore 1100 incorporates a single sensor surface
overlaid by four flow cells, each with a volume of 20 nL. One flow cell can be used
as a true reference during a sample injection. During the injection, the proprietary
microfluidics system automatically delivers sample to the chip surface at precisely
controlled time and equal concentration across all the flow cells specified in the
method.
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Figure 7-1: An illustration of the operational mechanism of the Biacore SPR
device. The two green lines in the reflected beam projected on to the detector
symbolise the light intensity drop following the resonance phenomenon at times I
and H. The line projected at time I corresponds to the state prior to the binding
of antigens to the antibodies on the surface and time II is the position of
resonance after binding. (Picture source: Biacore AB product manual)

A range of sensor chips are available for SPR experiments. Depending on the
application and the nature of the molecule to be coupled, the most suitable sensor
chip is selected and used. The CM5 chip is the most commonly used (Hwang &
Nishikawa, 2006; Pearson et al., 1998; Rowe el al., 2005). The specific chip is made
of carboxymethylated dextran covalently attached to a gold surface. Molecules are
covalently coupled to the sensor surface via amine, thiol, aldehyde or carboxyl
groups with amine coupling is the most popular method. Initially, the surface of the
chip is activated by adding a 1:1 (volume) mixture of NHS:EDC
(N-hydroxysuccinimide and N-ethyl-N'-(3 -dimethyl aminopropyl)-carbodiimide
hydrochloride), to form reactive succinimide esters. Then the positively charged
protein dissolved in a suitable buffer is allowed to pass over the surface and the
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pre-formed esters react spontaneously with the protein's amino groups. All free
amine groups are potentially able to react with the surface. Following the
immobilization of the protein onto the chip surface, ethanolamine is used to quench
any unreacted ester groups.

0--Q-~ ç [~ d
C=O

NH

0

OH
EDCINHS

I

I
C=O
I

NH,

I
C=O

Figure 7 2: Schematic representation of the amine coupling method for protein
immobilization on a CM5 (carboxy methyl dextran) chip. (Picture source:
-

Biacore AB product manual)

7.1.2.

Isothermal Titration Calorimetry

Isothermal Titration Calorimetry (ITC) is a thermodynamic technique widely applied
for monitoring any chemical reaction initiated by the addition of a binding
component, and has become one of the most common techniques for characterizing
molecular recognition processes.
A calorimeter is a device essentially composed of two cells (reference and sample)
and a syringe (Figure 7-3a). The temperature difference between the sample and
reference cells is kept at a constant value (zT1) by the addition or removal of heat to
the sample cell. Heat is either generated or absorbed when two molecules bind, a
response triggered by the injection of a potential reaction solution from the syringe
into the sample cell. The integral of the power required to maintain AT1 over time
can be measured. Data of a typical ITC experiment is shown below (Figure 7-3b).
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Figure 7-3: VP-ITC is a thermoelectric device measuring the heats required for
the reference cell and the sample cell to maintain the same temperature. (Picture
source: MicroCal, LLC. Product information webpage). (b) A typical ITC
titration binding experiment. The heat released upon interaction is monitored
over time (upper panel).

The heat change generated following each injection is measured and the altered
concentration of the molecule in the sample cell during the titrations is calculated as
below:

M:' V" = M, V0

+ MV
eq. 7-1

where V0 is the initial solution volume sensed calorimetrically, AV is the extra
volume filled up in the inactive tube during titration, M1° is the initial concentration
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of the protein (molecule in the sample cell) and M1 is the present concentration in the
active volume with the protein concentration in the total volume being reduced by a
small amount with each injection.
The total heat content (Q) of the solution in V0 is related to the number of sites (n),
the molar heat of ligand binding (AR), the binding constant (K) and the bulk
concentration of the molecule titrated into the cell (X,) and therefore Q can be
expressed mathematically as follows:

nMHV,
-í:]

eq. 7-2

The heat released from the ith injection AQ(i) is corrected to:

iQ(i)

= Q(.) dVIQ(z)± Q(i-1)]
V.

2

Q(i-1)
eq. 7-3

The process of fitting experimental data involves initial guesses of reaction
stoichiometry (N), binding constant (K) and molar heat of ligand binding (All). Then
the calculation of the AQ(i) of each injection and calculated AQ(i) values are
compared with the measured heat for the corresponding experimental injection.
Improvement in the initial values of N, K and AH uses the standard Marquardt
method with routines provided in the ORIGIN software (v. 7.0) until no further
significant improvement in fitting.
In the case of a competitive protocol where two ligands (A and B) compete for the
same site on a protein (P), the observed heat, AQ, is contributed by both
protein-ligand interactions and is proportional to the changes in the concentration of
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protein complexed with ligand A, [PA] and ligand B, [PB] (Sigurskjold, 2000).

A = V0 (I-48[PA] + H8i[PB])
= Vo[P]o(ixpAlHA + 1xAH 8)

eq. 7-4

If A is the ligand under investigation and B is a "well behaved" high affinity
compound, LtH8 and binding constant K8 must be determined prior to calculating the
results of the ITC competition assay.
The apparent binding constant is dependent on the concentration of free ligand B:

Kapp

KA

= T + K8[B]

eq. 7-5

Therefore, the apparent enthalpy can be expressed:

£XHapp = HA-

K8[B]
HB 1 + K8[B]

eq. 7-6

If a fraction of the protein molecules are currently bound to ligand A (the compound
under investigation), the shape of the binding isotherm will be perturbed relative to
that obtained in the absence of ligand A. Because the free protein available to interact
with high affinity ligand B is reduced, the binding isotherm will have a shallower
curve. The final heat change (AR) observed in ITC experiment is dependent on
enthalpy changes of both ligands bind to the receptor. If both ligands A and B bind
with negative enthalpy changes, displacement of ligands A from the binding site will
be an endothermic process. Therefore, the apparent M]° value for high affinity ligand
B binding to protein will be less negative (Turnbull, 2005).
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7.1.3. Compound solubility

Aqueous solubility has been a challenge when applying High Throughput Screening
or testing compounds generated from virtual-screening. Organic solvents such as
dimethyl sulfoxide (DMSO) and ethanol used to dissolve ligands can cause poor
diffraction of the crystals (McNae et al., 2005) or in some cases the solvent
molecules may compete with the ligands for binding into the protein active site. A
typical example involves the interactions between DMSO and hCypA with an 1050
value of 45 mM as determined by PPIase assay and a Kd of 20 mM (Kontopidis,
1999). In mass spectrometry, it is essential to avoid organic solvents with high
boiling points (such as DMSO) as they are particularly incompatible with the
requirements of the technique.
Thus, selecting potential ligand molecules (hits) with high aqueous solubility is an
important issue. Lipinski's Rule of Five is a tool for identifying possible orally
bioactive compounds and now widely used to filter out compounds that have poor
pharmacokinetic properties (Lipinski, 2000; Lipinski etal., 1997).
The octano 1-water partition coefficient (logP) is used in quantitative
structure-activity relationship (QSAR) studies and rational drug design as a measure
of molecular hydrophobicity. (Raevsky, 2004). Hydrophobicity affects drug
absorption, bioavailability, hydrophobic drug-receptor interactions, metabolism of
molecules, as well as their toxicity (Eros et al., 2002; Fujisawa et al., 2002). Drug
permeation across tissue membranes is strongly related to logP values. For example,
optimum intestinal absorption has a logP of 1.35, oral absorption is around 1.8 and
for central nervous system active compounds, usually a logP around 4-5 is required
(Feher etal., 2000; Levin, 1980).
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LogP can be related to solubility. An empirical equation has been derived to relate
solubility, melting point and LogP (Banerjee etal., 1980).

LogP= 6.5-0.890ogS)- 0.015mpt

eq. 7-7

where S is the solubility in water in micromoles per litre and mpt is the melting point.
Thus, it is still possible for compounds that have high LogP values to be soluble
despite their low melting point.

7.2. Results and discussions
Ligand solubility tests

7.2.1.

The information obtained regarding the solubility of the 14 compounds tested in this
study is rather limited and concerns logP values provided by chemical suppliers
(-0.5

-

5.4). However, we do not have rigorous enough information about the

solubility and the solvent suitability. Therefore the solubility of all 14 compounds in
neat DMSO at a concentration of 10 mM was tested. Compounds DK2, DK4, DK6,
DK9, DK11 and DK13 dissolved slowly, whereas compound DK8 did not dissolve
completely and the resulting solution was cloudy. For the PPIase assays, the final
concentration of the ligand in reaction was 100 jiM in 1% DMSO. Under these
conditions, DK5 started to precipitate.
DK2 and DK9 in 100% DMSO can reach a concentration up to 12.5 mM and 50 mM
respectively, after heating at 80 °C for a few minutes. DK1O is able to dissolve in
neat DMSO to a high concentration of 100 mM at room temperature. Other solvents
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(ethanol and methanol) were also tested. DK1O is able to dissolve in 80% methanol
(v/v) to a concentration of 10mM after being heated at 60 °C for a few minutes.
However, the solution becomes cloudy after cooling down to room temperature.

7.2.2. Surface plasmon resonance

SPR measurements were used for primary screening to determine the binding affinity
of these 14 ligand candidates to CypA. A Cyp3-CM5 sensor surface was generated
with approximately 1000 to 3200 RU. The activity of the immobilized Cyp3 was
tested using CsA passing through the cell. For further experimental details refer to
section 7.3 (Materials and Methods).
With respect to ligand solubility, two concentrations (1 and 10 1.iM) of the ligands
were used to test binding. The data indicated that there are possible binding hits for
ten of the compounds (DK1 - DK1O) to CypA but there were no distinctive RU
changes when the DK11, DK12, DK13 and DK14 compounds passed through the
CypA-CM5 surface (Figure 7-4b). This is possibly due to the flow rate which could
be too high for the ligands to bind CypA. Another reason which could account for the
non-binding of the ligands may be the low ligand concentration. Furthermore,
DMSO is known to bind to CypA (Kontopidis, 1999; Kontopidis et al., 2004) and
solvent effects may be large enough to mask the signals generated upon bindings of
the ligand molecules.
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Figure 7-4: (a) Sensorgram for representative positive control (25nM CsA),
negative control (running buffer) and 2 tested compounds (DK1O and DK13)
reaction to CypA surface on the CM5 sensor chip. The three lines reach the
highest peaks after around 95 seconds. DKIO has an approximately 3 RU change
when passed through the chip surface and DK13 is an example of non-binder. (b)
The binding affinities of the compounds DK11-DKI3 to Cyp3 measured by SPR
are as low as the ones obtained by the negative controls. The other compounds
showed slightly higher response. All compounds were tested once at each
concentration.

156

Evaluation of the ligand candidates

7.2.3.

Inhibition study by PPIase activity assays

A chymotrypsin-coupled method was used to study the inhibitory activities of the
potential ligands to CypA PPIase activity. This assay has been widely used in
characterizing the PPlase activity of cyclophilins (Dornan et al, 1999; Fischer et al.,
1989; Wu et al., 2001). The experimental protocol was described in section 4.3.2
and modifications for testing novel ligands binding to CypA are listed in section
7.3.2. The initial screening of the 14 compounds is carried out under a ligand
concentration of 100 ItM in each reaction which results in a final DMSO
concentration of 1% (v/v). A substrate alone reaction rate is measured at 0.73 tM.s'
with a DMSO concentration of 1% (vlv). The reaction rate increased to 4.9 tM.s by
the addition of CypA. Because CypA is able to accelerate the cis-trans conversion of
the substrate in solution, higher concentration of the trans-conformer substrate
becomes available for chymotrypsin to react with and thus, the initial rate of the
reaction is higher compared with the substrate alone reaction. A concentration of 1%
(v/v) DMSO was added in this reaction mixture to examine whether DMSO affects
the result. The reaction rate is only slightly higher than the experimental error range
to the value (3.1[Ms - ) measured without DMSO in solution (Chapter 4). Thus, the
possible binding of DMSO and CypA can be safely neglected.
To examine if the 14 compounds inhibit the function of a-chymotrypsin or have
other side- effects to the reactions taking place, we carried out the reactions including
the 14 compounds in the absence of CypA. The initial reaction rates of these
experiments are found to be essentially identical to the background reaction. Thus, all
of the 14 compounds did not inhibit the function of a-chymotrypsin.
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The inhibitory activity of the ligands was characterized from the reactions which
included CypA, ligand, substrate and chymotrypsin. When the ligand binds to CypA
at the active site, the PPIase activity of CypA is inhibited and the initial reaction rate
is decreased. Three compounds, DK2, DK9 and DK1O appear to be the best
inhibitors to CypA. Following pre-incubation of the three ligands with CypA, the
initial reaction rates are lower than 1 Ms- , which is close to the value obtained
from the proteip-free reaction (0.73 tM.s'). The reactions occurring in the presence
of three different compounds, namely DK7, DK13 and DK14, have the initial
reaction rates in a range between 1.5 to 2.5 Ms- '. So they are considered to be
moderate inhibitors among the 14 tested compounds. The remaining 8 compounds
show very low or no inhibitory activity to the CypA PPIase activity due to the fact
that the reaction rates are higher than 3tM.s'.
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Figure 7-5: Screening inhibition of hCypA PPIase activity exhibited by the 14
candidates. Data are the mean initial reaction rates of each reaction. DK1-DK14
show the initial reaction rates in the presence of the compounds DK1 to 0K14
with/without CypA. Lane B represents the substrate alone (background) reaction
rate. Lane C shows the reaction rate speeds up because of hCypA's PPIase
activity. The results reveal that compounds DK2, DK9, DK1O, DK13, DK7 and
DK14 inhibit hCypA activity the most. Error bars show the standard error (n3).
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Five compounds (DK2, DK7, DK9, DK1O and DK13) exhibited the highest
inhibitory ability in the screening experiments carried out in this study. Additional
PPIase activity assays were carried out using a series of concentrations of the ligands
in order to determine the binding affinities to CypA. The CypA and substrate
concentrations were held constant at 10 nM and 120 tM, and ligand concentration
varied from 0 to 200 jiM.
Representative spectral progress curves showing the formation of the trans-isomer of
the substrate tetrapeptide are illustrated in Figure 7-6. CypA clearly accelerates the
rate of isomerization of the tetrapetide substrate relative to the uncatalyzed thermal
isomerization rate and the catalysis is inhibited by the addition of the ligands DK2,
DK7, DK9, DK1O and DK13.
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Figure 7-6: Representative spectral progress curves showing the hCypA
catalyzed acceleration of the rate of isomerization of the tetrapeptide substrate in
the presence of five ligands. The uncatalyzed rate (no hCypA) which contains 100
tM ligand is marked background. The spectral curves were obtained following
pre-incubation with 0.75, 1.5, 3, 6.25, 12.5, 25, 50, 75, 100 (and 150, 200) LLM
compounds are shown. Inhibition of PPIase activity can clearly be seen to
increase with the amount of these five compounds added. Time is shown in
seconds on x-axis.
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The effects of increasing ligand concentration on the rate of the reaction are shown in
Figure 7-7. The IC50 values of CypA with the five ligands were calculated using the
fitting curves of the initial reaction rate (V 0) against the ligand concentration plot.
The IC 50 values are approximately 27.3, 135.0, 35.1, 50.4 and 60.2 M for
compounds DK2, DK7. DK9. DKIO and DK13 respectively. The

Kd

values are

calculated to be 23.5, 116.4, 30.3. 43.5 and 57.1 tM respectively.
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Figure 7-7: Plots of initial reaction rate, V. (piM's') versus ligand concentration
(in ptM), background subtracted. The solid lines are least squares fits to equation
4-1 (see Chapter 4) giving mean approximate IC50 values of 27.3, 135.0, 35.1, 50.4
and 60.2 pM for compounds DK2, DK7, DK9, DK1O and DK13 respectively.
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7.2.4. Characterization of CypA/ligand interactions using ITC

The ITC method is employed to characterize molecular interactions by detecting heat
changes. Likewise, the solvent dilution or solubility effects can possibly mask the
minor heat changes generated by the target protein-ligand interactions. In all ITC
assays included in. this study, due to the limited aqueous solubility of the ligands and
CsA (positive control), the latter were used directly in the sample cell and titrated
with CypA in the syringe (Fanghanel & Fischer, 2003; Wear & Walkinshaw, 2006).

7.2.4.1. ITC results are influenced by solvent composition

In the first stage, the activity of purified CypA was evaluated using ITC and CsA was
the selected binding partner at 28 °C. The experiment was carried out using a 3 ttM
CsA (0.1% EtOH) solution loaded in the sample cell and titrating 50 tM CypA into it
(3 1iL per injection). Binding stoichiometry (N) is determined to have a value of 1.05
and a Kd of 10.4 nM is. also obtained (Figure 7-8a). The results are essentially
identical to the published values of CsA binding to CypA at 15.6 nM (25 °C) as
determined by ITC and SPR techniques (Wear & Walkinshaw, 2006).
Numerous solvents, such as DMSO and methanol induce heat release during the
process of their dilution into an aqueous solution. To identify the heat effects and
possible binding effects of DMSO, a similar set-up to the above experiment was used.
This time, the solutions in the reference cell, sample cell and syringe were all
composed of an equal amount of DMSO (0.5%). By neglecting the DMSO/CypA
binding and any solvent dilution induced heat changes, the fitting model to the
CypAICsA binding data gives a higher value of stoichiometry (1.19) and a weaker
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dissociation constant Kd of 80 nM (Figure 7-8b) compared to the system without
DMSO. In an attempt to fit the data we may accept the assumption that CsA interacts
with CypA with one binding mode. In that case, the other binding mode may be
attributed to factors related to DMSO. For above 2 sites model curve 2 fits the data
satisfactorily (Figure 7-8c). In this case, a stoichiometry of 1.35 for one site (NA) and
NB
a KdA of 100 nM were measured and for the other binding mode, the values of

and KdB are 19.6 and 45 iM respectively. However, the calculations of the
CypA/CsA binding parameters could not be significantly improved.
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Figure 7-8: Effects of DMSO and methanol on binding parameters determined
by ITC. The solid line corresponds to the best fit of the data by a nonlinear
least-squares regression algorithm using ORIGIN program provided with
VP-ITC. Experiments (a)-(d) are CypA (50 IM) titration into CsA (3 iM)
solution using different solvents. (a) All molecules are in ITC buffer (25 mM
HEPES, pH 8.0, 100 mM NaCI). The parameters (N = 1.05, K 1 = 10.4 nM) of
CypAICsA binding were determined and found to be essentially identical to the
values documented by previous research and All = -22.2 kcal.moF' is slightly
higher in this experiment. (b) Effects of 0.5% DMSO in solutions on CypAICsA
binding as revealed by ITC (data fit using one site model). Kd (80 nM) is higher
than expected, and All = -16.3 kcal.mol'. (c) Effects of 0.5% DMSO as revealed
by ITC experiments (data fit using two site model). N = 1.35 and a Kd of 120 nM
was determined, AH = -18.8 kcal.moF'. (d) CypA (50 tM) titration into CsA (3
tM) solution. 0.4% MeOH. N = 1.4, a lCd of 21 nM was measured, All = -14.3
kcal.moF'. (e) Effect of dilution of MeOH: Titration of 50 jiM CypA into buffer
contained 0.4% MeOH. AH = -0.28 kcal.moF'.
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7.2.4.2. ITC competition assays

Ligand (DK2 and DK9) titration into the protein solution was carried out according
to the conventional ITC set-up (Wear & Walkinshaw, 2006). CypA solution was
titrated into the ligand solution in the sample cell and the results were compared with
those from the CypA titration into buffer (negative control). The DMSO
concentration was 0.5% (v/v) for both the protein and ligand solutions. The DMSO
concentration was 64 mM which is three times the

Kd

value (20 mM) of

CypA/DMSO binding. In these experiments, the stoichiometry values are very large
(around 10-20) compared with the expected values and the thermal changes are very
small (-0.4 to -1 kcal.mol').As a result, it may be concluded that the protein-ligand
binding is not represented satisfactorily by the results obtained here. This may be
attributed to the masking of ligand-CypA binding by a noisy signal generated by the
effect of the DMSO solvent and the possible binding of CypA/DMSO.
Indirect measurements via competitive methods have been developed to identify
low-affinity ligand binding in the presence of another high-affinity ligand in the same
system (Rathore et al., 2001; Trosset et al., 2006; Zhang & Zhang, 1998). They are
often used to characterize the protein-ligand binding constant in a range which is out
of the ITC detectable range (10 M' to 108 - iø M) (Tame et al., 1996; Zhang &
Zhang, 1998). The tested compounds in this study were estimated to have binding
constants in the range of 10 5 to 106 M' to CypA, as revealed by PPIase assays and
are expected to be within the detectable range of ITC. However, the effects of the
heat release induced by the dilution of the solvent are not negligible and make the
CypA/ligand binding thermodynamic parameters difficult to characterize. Thus, ITC
competition assays were employed to characterise the binding affinity of the

I 1i
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compounds to CypA in presence of a high affinity ligand such as CsA.
The total ligand concentration,

in the competitive ligand binding experiment

can be calculated as below. This ensures the binding in the competitive experiment
will be easily measured by ITC (Microcal, 2004).
KA
K B [B],0

eq. 7-8

105-108M
,

In the case of ligand competition with CsA, the CsAICypA binding constant KA is 5
X

io M' and the binding constant of the ligands (KB) is approximately 10 5 M*

Thus the suitable concentration of the ligand is in a range of 5 .tM to 5 mM. In the
present study the ligand concentration in solution was 100 tM.
From the PPIase activity assay, compounds DK2, DK9 and DK1O demonstrate the
highest binding affinity to cyclophilin A. ITC competition assays were carried out to
confirm the binding and determine the thermodynamic parameters for the ligands.
To determine the contribution of CsA and any possible heat effect arising from the
dilution of the solvent to the binding of cyclophilin A, the thermodynamic parameters
for the binding of CsA were measured with the aid of an isothermal titration
calorimeter. The optimal values for the reaction are N = 0.86 ± 0.01, Kd = 26.2 ± 1.1
nM, TL\S = -3.6 kcal.mol' and AH -14.0 ± 0.3 kcal.mol'. The Kd value is slightly
higher than the Kd of 14.9 nM cited in literature (Wear et al., 2005; Wear &
Walkinshaw, 2006), in which case there was no DMSO in the system. Consequently,
errors may have derived from the fitting program. The entropy and enthalpy changes
are very similar to the values in literature (Wear et al., 2005; Wear & Walkinshaw,
2006).
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ADP disodium salt, an unrelated molecule to the tested ligands, is used as a control
for non-specific interactions in the system. The results indicate that CsA/CypA
binding was not changed in the presence of ADP. The thermodynamic parameters
determined are N = 0.85 ± 0.01, Kd = 46.1 ± 2.3 nM, TAS = -4.0 kcal.moi' and the
heat change upon complexation (AH) is -14.1 ± 0.3 kcal.mor' which indicates that
CypA/CsA binding is a heat release reaction.
The values of Ka and AH are given for fitting the competition data of the compounds
DK2, DK9 and DK1O. We assume one ligand molecule is bound to CypA in the CsA
binding site so the stoichiometry of CypA/ligand is fixed at 1. Dissociation constants
determined for DK2, DK9 and DK1O are 3.0 ± 4.8 tM, 8.0 ± 32.3 tM, 1.7 ± 7.7 tiM,
respectively. All concentrations included are within the low micromolar range.
CypA/DK2 complexation is a heat release reaction (AH = -3.0 ± 2.0 kcal.mol'). The
positive AH values obtained in the case of complex formation between CypA and
DK9 and DK1O constitute evidence that heat absorb reactions are 'taking place (5.4 ±
0.8 and 10± 1.72 kcal.moi').
The results of the competition assays confirm that CsA and the tested ligands share
one binding site on CypA.
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Figure 7-9: Experimental calorimetric data of the CsAI(CypA:Iigand)
competition assays. (a) Titration of 50 iM CsA into 3 ptM CypA solution with 1%
7
DMSO generates a I( value of 3.82 x 10 M' and a All of -14.0 kcal.moE'. (b)
Negative control experiment: 50 pM CsA titration into 100 pM ADP Na salt
pre-incubated with 3 1tM CypA. (c), (d) and (e) 50 ptM CsA titration into 3 pM
CypA pre-incubated with 100 p.tM DK2, DK9 and DKIO ligand solutions. The
competitive fitting curve for each ligand experiment was calculated using fixed
parameters obtained from fitting curve (a). The dissociation constants

(I(d)

determined for DK2, DK9 and DK10 are 3.0 pM, 8.0 pM and 1.7 pM,
respectively.
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7.2.5.

Binding affinities of the ligands with human CypA

The Kd values of the three compounds (DK2, DK9 and DK1O) have been determined
by both PPIase assays and ITC competition assays. These two techniques were
performed under the same pH (8.0) and salt concentration (100 mM NaCl) but at
different temperatures.
In our experiments, the Kd values obtained from the PPIase assays at low temperature
(0 °C) are slightly higher compared with the values obtained by ITC at 27 - 28 °C
(Table 7-2). This observation is clearly not in agreement with the data available in
the literature on a variety of protein-ligand systems. It has been reported that the
values of dissociation constants can increase with temperature (Bojesen & Hansen,
2003; Raffa et al., 1992). This hypothesis has been tested for our target protein
cyclophilin A. CypAICsA binding under a temperature range of 16 - 35 °C was
characterized by ITC and SPR. The results showed that as temperature increases
from 16 to 35 °C, there is a 4-fold loss of affinity from —10 to —40 nM. In addition,
the reaction free energy AG remains the same and the entropy term becomes larger as
the temperature increases (Wear & Walkinshaw, 2006). As a result, we may speculate
that the enhanced solubility of the ligand compounds with increasing temperature
may provide an explanation for the results obtained in this study.

7.2.6. Predicted binding modes

The binding free energy can be estimated by taking into account the contributions
from the electrostatic interaction energy between the ligand and the protein, the
difference of the solvation free energies of the complex and the free ligand and
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protein and van der Waals interactions (Zoete et al., 2003). It has been suggested that
the buried surface areas and the van der Waals interaction energies are strongly
correlated (Hansson et al., 1998). The buried surface resulting from protein-ligand
complexation can be used to account for the non-polar contribution. In the present
study, the solvent accessible surface areas of the CypAICsA complex and the
predicted protein-ligand binding modes were calculated using the Naccess program
version 2.1.1 (Hubbard & Thornton, 1993). The buried surface area (SASb ur) is
calculated according to the method designated by previous research (Brooijmans et
al., 2002; Zoete et al., 2003) and the formula for the buried surface area calculations
is also used for the Xaa-Pro:Cyp complexes (Chapter 4). SAS hg, SAS prot and SAS comp
are, respectively, the solvent accessible surfaces of the isolated ligand, the system
composed of the protein and the conserved water molecule (w12) and the complex.
eq. 7-9

SASbur = SASiig + SASprot - SAS comp

The buried surface areas (BSA) of the best docking modes between the six novel
ligands and CypA are calculated and summarized in Table 7-1. The buried surface
areas are in the range of 580 to 770
1.5-2 times higher (1030.7

A2 , and the buried surface area of CypA/CsA is

A2 ) compared with the BSA of the CypA complexed with

the, six new ligands.
Five (DK2, DK9, DK1O, DK13 and DKI4) of the six ligands exhibiting the highest
inhibitory activity have either a five or a six-membered aromatic ring moiety which
occupies the same hydrophobic pocket on the target protein. The other compound
(DK7) mimics the MeValli and MeLeulO binding mode of CsA and binds to the
hydrophobic pocket of CypA. This pocket on CypA surface is occupied by the
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proline ring of Xaa-Pro dipeptides (Zhao & Ke, 1996b), the MeVal 11 side chain of
CsA (Mikol et al., 1993) and the piperazic acid moiety of SFA (Kallen et al., 2005).
The valinyl part of DK7 lies on the MeVal 11, MeLeu 10 of the CsA backbone but has
the opposite orientation. The two carboxyl groups of DK7 are located on the
positions where the MeValll/O and MeLeulO/O atoms of CsA are found. DK7
forms three H-bonds with Arg55/NH1, Arg55INH2 and G1n63/NE2 of the CypA
molecule (Figure 7-10). DK7 makes the weakest van der Waals interactions to CypA
among the six ligands, in which case a BSA of 579.9

A2 is calculated.

The high-micromolar level ligand DK2 (Kd z 3.0 jiM determined by ITC) makes
nonpolar interactions to the following CypA residues: Arg55, Phe60, Met6l, G1n63,
Ala101, Asn102, Ala103, GInill, Phell3, Trpl2l, Leu122, Lys125 and His126. The
BSA between CypA and DK2 is relatively small (620.6

A2 ). Four direct H-bonds are

found in the interactions between CypA and DK2. The conserved water molecule
(w12) which is included in the protein structure has a distance of 2.84
His126/NE2 and 3.50

A

A

to

to Lys125INZ of the CypA molecule. It mediates the

protein-DK2 interactions by forming a single H-bond with the ligand. This water also
mediates interactions between CypA and the ligands DK9, DK1O and DK13 (Figure
7-10).
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Figure 7-10: Predicted binding modes of CypA and the six new ligands: (a) DK2,
(b) DK7, (c) DK9, (d) DK1O, (e) DKI3 and (1) DKI4. Schematic diagrams
generated by LIGPLOT (Wallace et al., 1995).

The high BSA value of 733.4 LI 2 and three I-I-bonds formed by binding to CypA
make DKIO one of the best ligands in the particular test set. This tigand is predicted
to make hydrophobic contacts with residues Phe60, Nlet6I, PheIl3 and Leu122 of
CypA. Apart from the H-bond formed with conserved water w12, the ligand also
forms three H-bonds with G1n63/NE2,AsnIO2/0 and His125/NZ.
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Both ligands DK9 and DK 13 form four H-bonds with CypA and two H-bonds with
water w12. The buried surface areas calculated for complexed CypA/DK9 and
CypA/DKI3 complexed are 699.3
Kd

A2 and 581.3 A2 respectively. According to the

values determined by PPIase assays, DK9 has slightly better affinity than DKI3.

Among the six novel ligands, DKI4 has the largest buried surface area upon
complexation with CypA but it does not form H-bonds with CypA (Figure 7-10).
Thus, we may assume that the van der Waals interactions have a significant impact
on the binding affinity detected between the ligand DKI4 and the CypA molecule
(Kd z

110 jiM).
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Compound

BSA
(A2 )

No. of H-bond
to CypA

6206

3

5799

3

6993

4

No. of Hbond to w12

Kdpp18
(PM)

KdITC
(PM)

235

30

0

1164

-

I

303

80

0k2

vk

U
N

DK7

j

DK9

-

_
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No. of HBSA
(A2) - bond toCypA

Predicted binding

Compound

No. of Hbond towl2

Kdppi ,e

(PM)

KdITC
(PM)

DK1O
01

T44
rAI

Ik
DK1 3

U
0

bl,

J

5813

4

571

DK14

F
Table 7-1: Chemical structures, docking modes, buried surface areas (BSA) upon complexation, predicted H-bonds, Kd values
determined by ITC and PPIase assays of the six novel ligands. Dashed line around the ligand structures indicate how the ligands
buried in CypA hydrophobic pocket in docking.
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7.2.7.

Possible toxicological and carcinogenic risk from the lead

compounds

The lead compounds demonstrating the highest affinity to CypA are DK2, DK9 and
DK1O. DEREK (Deductive Estimation of Risk from Existing Knowledge, Lhasa
Limited, version 9.0.0) was employed in order to investigate the likelihood of the
specific lead compounds to be linked with toxicological and carcinogenic risk
(Sanderson & Earnshaw, 1991). The predictions for skin sensitization and in vitro
chromosome damage are plausible. This means there is a risk factor involved raising
a certain level of concern. However, up to -date there is no clear (exact matching)
example of a strong maximization test result with toxicological data provided by the
DEREK database. The possibility of alpha-2-mu-Globulin nephropathy induced by
the three compounds is rather low as suggested by anti-sensitisation data (Krause &
Fox, 1993/4).
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DK2

DK9

DK10

Log Kp

-3.51

-3.25

-3.55

Log P

2.65

2.79

2.91

Exact mol. mass

437.16

411.13

474.04

Relative mol. mass

437.45

411.41

475.30

alpha-2-mu-Globulin

mammal

mammal

mammal

nephropathy

rat

rat

rat

(DOUBTED)

rodent

rodent

rodent

dog

dog

guinea pig

guinea pig

hamster

hamster

human

human

1,3-Diketone

mammal

mammal

(PLAUSIBLE)

mouse

mouse

primate

primate

rat

rat

rodent

rodent

dog

dog

guinea pig

guinea pig

hamster

hamster

human

human

mammal

mammal

mouse

mouse

primate

primate

rat

rat

rodent

rodent

Skin sensitisation

-

in vitro chromosome
damage Substituted

N/A

-

vinyl ketone
(PLAUSIBLE)

N/A

Table 7-2: Diagnosis report of potential toxicological and carcinogenic risks to
various organisms caused by the new cyclophilin inhibitors DK2, DK9 and
DK1O.
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7.3. Materials and Methods

Human CypA and C. elegans Cyp3 were expressed and purified as described in
Chapter 3.

7.3.1. Compound screening by surface plasmon resonance (SPR)

Measurements were carried out using the dual flow cell Biacore® TWO instrument
(Biacore AB, Uppsala, Sweden). The flow rate was set at 50 jiLmin 1 in all
experiments. The surface of a CM5 sensor chip was activated by EDC (750 mg-ml -1

)

and NHS (115 mg-ml-1 ) for later protein immobilization. PBS buffer (pH6.8) with
0.005% surfactant P20 and 1.1% DMSO was used as running buffer. Cyp3 was
diluted with HEPES buffer (50 mM, pH 6.8) to a final concentration of 3 jigmF'.
Purified Cyp3 was immobilized on the CM5 sensor chip via amine coupling. The
amount of Cyp3 immobilized on the activated chip was between approximately 1000
and 5000 RU. After immobilization, an injection (at 5 jiLmin 1 ) of 1 M ethanolamine
(pH 8.5) was used to quench excess active succinimide ester groups.

7.3.1.1. Positive and negative controls for SPR experiments

25 nM of CsA was given as the positive control of the experiment. Inject time was
set 60 seconds and a long dissociation period of 600 seconds was given as Cyp3-chip
surface does not tolerate chemical treating surface regeneration. SPR running buffer
(PBS buffer pH 6.8 with 0.005 % surfactant P20 and 1.1 % DMSO) is given to the
negative controls.
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7.3.1.2. Screening a set of 14 compounds

10 mM stock solutions (in neat DMSO) were diluted with SPR running buffer to 10
jtM and 1 i.M compound solutions in order to perform the injections. The
equilibrium constants (Kd values) used to evaluate the protein-ligand binding
affinities were determined by the steady state affinity fitting analysis of the Biacore
program.

7.3.2. Enzymatic activity assay - PPIase assay

The inhibitory action of the 14 compounds under investigation on cyclophilin PPIase
activity was investigated by PPIase assays. The protocol used for the PPIase assays is
the one described in Chapter 4 with minor modifications. The final protein
concentration was 10 nM for all PPIase assay performed in the present study.
Screening of the inhibition affinity of the 14 compounds was carried out using 100
iM of the compounds (final concentration). The IC 5 0 values of the compounds which
demonstrated high levels of inhibition at 100 tM were determined from the reaction
rates of CypA mixed with a range of ligand concentrations (0, 0.75, 1.5, 3, 6.25, 12.5,
25, 50, 75 and 100 M). In cases where the initial reaction rate for a ligand
concentration of 100 .tM was more than 1.0 Ms -' higher compared with the
background reaction, then reactions using higher ligand concentrations (150 and 200
M) were implemented.
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7.3.3.

Isothermal titration calorimetry

The energetics of the interactions between ligand candidates and hCypA were
measured using ITC (VP-ITC system, MicroCal Inc., Northampton, MA). The
experiments were conducted at 27 or 28 °C in ITC buffer (25 mM HEPES buffer, pH
8.0 containing 100 mM NaCl). All solutions were degassed prior to loading into the
instrument. Results were analyzed and fitted using the data analysis software (Origin,
version 7) supplied by MicroCal, LLC.

7.3.3.1. Testing CypA PPlase activity and solvent effects on ITC

CsA and CypA binding is tested initially to see whether the protein is active. The
sample cell was filled with 50 sM CsA (diluted in ITC buffer from 5mM stock in
100 % EtOH). The same buffer was used in the reference cell. The hCypA solution (3
lsM) was titrated into the cell at 180 s intervals in a total of 55-100 injections of 3 jtL
at 27 °C.
With respect to the study concerned with the effects of the solvent, the same method
and protein (CsA and CypA) concentrations were used as the ones used for the
experiment described above. The 50 .tM CsA was prepared in ITC buffer with either
0.5% DMSO or 0.4% methanol. The same concentration of DMSO (0.5%) or
methanol (0.4%) was given in the CypA solution used for titration and the buffer in
the reference cell had the same concentration of DMSO or methanol.
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7.3.3.2. Binding experiments

The initial experimental set-up involved titration of the ligand solution (400 [LM,
diluted in ITC buffer) into 50 .tM CypA solution in ITC buffer. The first injection
was 2.5 .tL followed by 5 jiL injections every 180 seconds at 27 °C.
Due to the limited solubility exhibited by the compounds used in this study the
inverse experimental set-up was also tested. The specific experimental set-up has
been documented in the literature by other researchers (Fanghanel & Fischer, 2003;
Wear & Walkinshaw, 2006). In the present set-up, the calorimeter sample cell was
filled with a solution of 50 iM compound solution (0.5 % DMSO in ITC buffer).
The CypA solution (400 IM) was prepared with the same concentration of DMSO to
equilibrate the solvent concentration in the syringe and the sample cell. The reference
cell was filled with ITC buffer in addition to 0.5% (v/v) DMSO. The hCypA solution
was then titrated into the cell at 180 s intervals in a total of 55-100 injections of 5 PL
at 27 or 28 °C.

7.3.3.3. ITC Competition assays

At the first stage, a mixture of the ligand candidate and hCypA (final concentration
100 sM ligand and 3 tM CypA, both in ITC buffer with 1% DMSO) was incubated
at 26 °C for more than 30 minutes. The mixture was then placed in the ITC sample
cell. Next, the CsA solution (50 LM in buffer A plus I % DMSO) was titrated into
the CypA - ligand mixture. Each titration experiment initiated with an injection of
1.5 tL, followed by around 50 injections of 3 ILL at 300 seconds intervals. Because
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adenosine diphosphate disodium salt (ADP2Na, Mol.Wt.: 471.17 g/mol) has similar
molecular weight to the ligand candidates under investigation, the first was
conducted as negative control under the same conditions.
The values of stoichiometry (N), binding constant (K a) and enthalpy (AH) as
determined from the conventional, non-competitive CypAICsA fitting model were
implemented to the competitive model nonlinear curve fitting of CypA/ligand
binding.
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8. Summary, conclusions and future work
Widely-distributed cyclophilins are found in both uni- and multicellular organisms.
Cyclophilins belong to the immunophilin family. One of the most important
functional properties of immunophilins is the peptidyl-prolyl cis-trans isomerase
(PPIase) activity. The PPIase activity effectively accelerates cis-trans isomerization
steps in the protein folding pathway. The structures of native human cyclophilin A
and C. elegans cyclophilin 3 are available in the Protein Data Bank. The complex
structures of these two cyclophilin isoforms binding with proline-containing
peptides have also been solved. The cyclophilin molecular structures show small
conformational changes upon ligand binding and they provide a good template for
studying protein-ligand interactions. The PPIase active sites of human cyclophilin A
and C. elegans cyclophilin 3, which are composed of a hydrophobic pocket, show
significant similarities. These structures enabled us to solve the Cyp-ligand complex
structures and identify the key interactions involved in the Cyp-ligand recognition.
This project involves the use of approaches such as crystallography, enzymatic
(biochemical) assays, and in silico methods to study protein-ligand interactions
using cyclophilins as the model system. The main aims of this project include the
determination of the energetic contribution of the protein's functional groups during
binding to the ligand molecule, understanding the key factors involved in the
docking and scoring performance by the in-house virtual screening suite LIDAEUS
and optimisation of the virtual screening environment for human cyclophilin A.
Finally, because cyclophilins are an important target protein family for several
diseases, part of the research undertaken in this study aimed to discover novel
ligands for human cyclophilin A.
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8.1. Water-mediated protein-ligand interactions

Hydration is an important factor in 3-dimensional protein structure and activity
(Chaplin, 2000; Franks, 2002). Water molecules are involved in protein-ligand
recognition via two mechanisms; either by mediating intermolecular interactions or
by being replaced by the ligand (Amadasi et al., 2006). The present work includes a
study of water-mediated protein-ligand recognition. Moreover, this study aims to
investigate the extent to which water molecules can be used to determine docking
and scoring performances. Initially, the conserved waters in the ligand binding site
are identified from available cyclophilin-ligand complex structures. The next step is
to clarify whether they mediate the protein-ligand recognitions by being involved in
interactions with both the ligand and the protein. At this point it is important to
mention that the conserved structural waters are considered as part of the protein
structure when performing virtual screening by LIDAEUS. The present work
revealed that in cases where the water is considered to be part of the receptor
structure in energy score calculations and site point construction, docking accuracy
is significantly improved. This finding may be attributed to the fact that numerous
suitable site points are generated at specific sites and the accurate docking poses
exhibit high binding energy scores.

8.2. Cyclophilin and proline-containing dipeptide complex structures,
Kd values and binding energies in solution and in crystal structures

In the present study, the bindings of cyclophilins with a series of dipeptides (Gly-Pro,
Ala-Pro (Wu et al., 2001), Ser-Pro, Val-Pro and Tie-Pro) were investigated. Two Kd
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values for each Xaa-Pro:Cyp complex were determined by using two different
approaches for comparative reasons. One method involves the use of a
chymotrypsin-coupled enzymatic assay in which the Kd can be calculated from the
ligand inhibitory activity (IC50). The other method enables us to determine Kd from
the ligand occupancy in crystal structures obtained from a series of ligand soaking
concentrations. According to the findings of this study, the Kd values (and binding
energies) of the dipeptide ligands are essentially identical in the crystal structure and
in solution.
The results of this study indicated that varying the ligand concentrations in the
soaking drops had an impact on the electron density maps of the ligands. For ligand
occupancies above 70%, the ligand density is reasonably clear. However, in cases
where the ligand occupancy is less than 40%, the electron density can not be clearly
seen. Finally, if the ligand occupancy is around 50%, the electron density of both
molecules (ligand and waters) can be detected in the binding site. Furthermore, the
electron density of both conformers (before and after the complex formation) of the
protein residues generated from ligand binding can be seen.
Crystal soaking in ligand solutions is an approach employed to study the structure of
CypA and/or Cyp3 complexed with the dipeptides. High resolution X-ray structures
were determined for Gly-Pro:Cyp3, Ala-Pro:Cyp3, Ser-Pro:Cyp3 and Val-Pro:CypA
complexes. The proteins in the complexes retain their native molecular structures to
a high extent. The only conformational change taking place with respect to the
protein structure is restricted to the side-chain of the Arg55 (in CypA, or Arg62 in
Cyp3) residue, which is involved with the ligand binding site. With respect to the
first three dipeptides mentioned above, three water molecules are replaced by the
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ligand during the dipeptide binding to Cyp3 and a water molecule is no longer
attached to the complex structure following the rearrangement of the Arg side-chain
(ligand-bound conformation). However, the number of water molecules replaced by
the dipeptide rises to six when the ligand is Vat-Pro.
The three-dimensional complex structures enable us to calculate the buried surface
area upon complexation and study the van der Waals contacts mediated between
Cyp3 and the -CH3 group of the Ala-Pro dipeptide. According to the data obtained
from solution experiments and crystallographic studies, the mean LAG value for
Ala-Pro binding to Cyp3 compared to Gly-Pro is - 0.99 kcal.mol 1 . The free energy
attributed to the -CH3 group is equivalent to -.0.17 kcal.mor'.k 2 of buried surface
area and to our knowledge, is the first experimental determination of pure van der
Waals energy of interaction in a macromolecular system. The value of -0.166
kcal.mol 1 .k 2 (enhancement of binding energy), which is presented here and derives
from structural work corresponds to a "microscopic" phase of ligand binding in
which no change in protein surface or water structure is required to accommodate a
slightly larger ligand.
The restricted rotation of-CH3 and -CH 20H side chains may reduce the free energy
of the system upon ligand binding. In conclusion, the above observations provide
helpful insight into protein folding and protein-protein interactions and can be used
as guides for rational drug-design and protein engineering.
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8.4. LIDAEUS docking and scoring performance and parameter
optimization for CypA

The ease of use of the built-in docking, scoring and energy minimization functions
makes LIDAEUS a versatile virtual screening program. Provided the appropriate
settings are selected, LIDAEUS is a reasonably quick screening program. The
effectiveness of the program on a set of 9 human CypA ligands has been tested 'and
according to the findings most of them demonstrate moderate affinity (micromolar
level) (Yang, 2002). The results of the present study indicate that there is
considerable improvement in terms of accuracy in the process of identification of
binding modes when screening is performed using an energy minimization function.
The results suggest that eight out of nine ligands used in the test set were correctly
re-docked and were found to resemble the crystal structures. Furthermore,
re-docking of six ligands in the test set was significantly improved by including key
water molecules in the protein structure. The success rate of docking attained by
LIDAEUS is remarkable and the experiments enabled us to select optimized
parameter settings of screening for our target protein CypA. The results presented
here indicate that LIDAEUS is a useful program which can be used for effectively
predicting correct docking poses.
The two built-in scoring functions (SCORE and PIP) can be used for calculating the
binding energy and similarity to the reference CypA-ligand interactions respectively.
These two scoring functions enable us to identify the correct docking poses
individually. Moreover, the PIP scoring function increases the possibility of finding
correct poses when the energy score is biased by the absence of important water
molecules included in the system. For CypA, when three types of atoms are given
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equal weights in energy scoring and PIP is given high weights, composite

Sscreening

scoring generates the best reference for ranking poses. Energy scores calculated by
the SCORE function for two similar docking poses (RMSD <2A) can be as large as
15 kcal.mol'. As a result, energy scores may be used as a selection method but they
cannot directly relate to the binding affinity.

8.5. A strategy to identify potential CypA ligands computationally

The present study demonstrates the effectiveness of the virtual screening program
LIDAEUS on selecting potential ligands for human cyclophilin A. LIDAEUS has
also been proved to be quick and accurate enough and is applicable to a practical
virtual screening. The screening approach consists of an initial virtual screening, a
post-screening filtering of significant interactions associated with high affinity CypA
ligands as well as visual inspections. The PIP function of LIDAEUS is a useful
function for analyzing and profiling 3D binding interactions. The specific method
offers a generally applicable strategy for selecting virtual screening hits based on
generating similar interactions with already known tight binders. Furthermore,
experimental evidence was employed to validate the effectiveness of the particular
strategy. According to the findings, six out of 14 compounds selected by the
screening approach, were found to exhibit an in vitro inhibitory activity to the
PPIase activity of human CypA.
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8.6. Characterization of CypA-ligand interactions: Competitive Binding
of CypA

A chymotrypsin-coupled enzymatic assay has been developed to study the PPIase
activity of cyclophilins (Doman et al., 1999; Fischer et al., 1989; Kofron et al.,
1991). This assay can also be employed to characterize cyclophilin-ligand bindings.
The PPIase enzymatic assay was carried out at 4 °C according to the standard
protocol. With respect to the accuracy (reproducibility) and precision of the assay,
the results obtained from this study clearly show that the technique accounts for a
number of error sources. However, it was concluded that the technique may be
safely and reliably employed to identify potential cyclophilin-ligand binding.
Moreover, the DMSO solvent dilution and its possible binding to the target protein
cyclophilin A generated noise in SPR and ITC standard titration experiments. For
this reason, an ITC competition set-up was used in order to elucidate and clarify the
effect of DMSO on the measurements. The sample cell is loaded with a mixture
solution composed of CypA and the ligand under investigation and the high affinity
ligand cyclosporin A is titrated into the cell. Finally, solvent induced effects on the
protein-ligand binding parameter were successfully characterized by employing ITC
competitive assays at 28 °C. The ITC competition results are in agreement with the
results obtained from the enzymatic assays. According to the results, the

Kd

values

of the six ligands are in low-micromolar level (1-120 jiM). Because the ligands
inhibit cyclophilin PPIase activity and compete with CsA, it may be suggested that
the ligands bind to the PPIase specific active site of the target protein which is
occupied by CsA and other ligands. In conclusion, these new cyclophilin ligands
may be potential lead compounds for pharmaceutical tests against central nervous
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system (CNS) diseases (Wu et al., 2003c), viral infection by HIV-1 (Luban, 1996;
Luban et al., 1993) and SARS coronavirus (Chen etal., 2005; Luo etal., 2004).

8.7. Future work

Further studies on the crystallisation conditions of C. elegans cyclophilin 3 need to
be carried out in order to produce a bigger solvent channel for the ligands in the
soaking drops directed to the ligand binding site. Polar or charged amino acids
complexed with proline will be investigated for potential binding with human
cyclophilin A. The equilibrium dissociation constants and free energies will be
calculated and the energetic contribution of the protein functional groups will be
determined.
With respect to the work concerned with new ligand identification, the SPR
experiments carried out for ligand candidate screening were inadequate to generate
discernible signals of the ligands, which have been confirmed to interact with CypA
by the PPIase assay and ITC competitive assays. Our future target is to produce a
sensor chip which has higher concentrations of cyclophilin A (more response units)
immobilized on the chip. The cyclophilin ligand candidates will be then tested by
SPR using higher concentrations of the target protein on the sensor chip.
The structure of cyclophilin complexed with the new ligands will be obtained by
co-crystallisation or soaking experiments. Furthermore, as C. elegans expresses a
number of cyclophilin isoforms that appear to have important roles in reproduction,
larval development and other biological functions (Doman et al., 1999; Page &
Winter, 1998), in vivo treatment of the novel ligand solutions on nematodes will be

Summary, conclusions and future work

performed to detect possible morphological and developmental effects.
Ligand design and lead optimization needs to be carried out based on the six new
ligands by similarity search and quantitative structure-activity relationship (QSAR)
analysis. The aim of this future work is to synthesize a series of compounds and
characterize their binding to cyclophilin by employing techniques, such as PPJase
assay and high-throughput method SPR. Finally, our target will be to solve the
3-dimensional of the newly discovered complex structures.
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