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METHOD FOR BINDING SITE IDENTIFICATION

The present invention relates to a method of molecular recognition, in
particular for identifying a binding site for a ligand on a macromolecule and the
configuration of the ligand with respect to the macromolecule when bound.

Genomics, proteomics and bioinformatics are yielding novel therapeutic
targets for drug discovery efforts at a rapid rate. The genome projects reveal a
plethora of new sequences. Their 3D structures will be solved by various techniques
such as X-ray crystallography or Nuclear Magnetic Resonance (NMR). Even once
detailed structures are known, the design of candidate drugs that may interact with
these targets is a difficult task. Novel theoretical approaches will become a major
avenue for drug discovery efforts and improve our ability to deal with the abundance
of information at the post-genomic era. Docking algorithms are essential in rational
drug design. Previously it has been known to search amongst a virtual library of
billions of small molecules for compounds that can bind to known protein binding
sites. In such circumstances, a matching algorithm such as DOCK, which employs
spheres to model the binding site, or THINK, which orients the ligand towards
chemically favorable interactions zones, or FLEXX, which is an incremental
construction method, can rapidly dock the potential ligand. However, it is necessary
to provide a priori knowledge of the binding site.

Let us assume the ligand and host molecules are rigid. Regrettably, a brute-
force search, where the ligand-host interaction energy is evaluated at all possible
docking configurations, cannot be completed in a reasonable amount of computing
time, particularly when employing a large protein or ligand. To gain some idea of the
runtime requirements we might consider that a typical protein host might occupy a
volume of some 60A3. Even with a moderate translational resolution of 1A this
leaves 216000 translations to search. Given a reasonable rotational resolution of 20°
in each axis, and given that a potential ligand and protein might contain 35 atoms and
3500 atoms respectively, 1.5%10" pairwise nonbonding energy evaluations will be
needed to scan the complete range of possible docking configurations. Even if one
can evict 99% of the points by employing various assumptions, we will still require

1.5%10" evaluations. As a result, brute force approaches such as GRID are limited to
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small probe groups and cannot handle a detailed ligand in a reasonable computing
time. One problem of ligand-host docking is to reduce the number of energy
evaluations that need to be performed in order to locate the optimum binding
position.

A different approach is based on a docking simulation in a given potential
field via a global optimization algorithm that minimizes the ligand protein interaction
energy: methods such as Monte Carlo simulated annealing, genetic algorithms or the
multiple copy simultaneous search (MCSS) method have proved successful in this
respect. In general, these methodologies give reasonable results provided the initial
positioﬁ of the ligand is within, or proximate to, the binding site of the host molecule.
By starting the simulation in a good position‘we can restrict the number of docking
configurations that need to be considered and avoid many of the local entrapments.
However, there still exists the problem that failure to assist the optimizer in this
manner will result in an extremely long calculation that might fail to detect the global
minimum.

Some virtual screening methods take into account ligand flexibility. The
geometry and the estimated binding free-energy of protein-ligand complexes are
calculated for each conformer. However, one problem with this strategy is that it
consumes vast computing time and disk space during high throughput docking
(HTD) of millions or even billions of molecules.

It is an object of the present invention to alleviate, at least partially, the above
problems.

Accordingly, the present invention provides a computer-based method for
identifying a binding site for a ligand on a macromolecule and the configuration of
the ligand when bound, said method comprising using a multiscale approach to
represent the ligand as a plurality of models having different levels of detail.

The invention enables a binding site to be identified in a computationally
feasible amount of time without any a priori knowledge.

Preferably, using said multiscale approach comprises the steps of:
representing the ligand as a model comprising number of feature points fewer

than the number of atoms in the ligand;
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evaluating the interaction energy between the ligand model and the
macromolecule for a plurality of spatial positions and/or orientations of the ligand
model, as represented by the feature points, relative to the macromolecule;

eliminating those spatial positions and/or orientations for which the
interaction energy does not satisfy a predetermined criterion;

iterating the above steps using an increased number of feature points for the

ligand model at each successive iteration.

In a brute force approach numerous operations are redundant since in many
configurations the ligand atoms will be either too distant or close to the protein
atoms. This invention uses the realisation that one can eliminate these configurations
at an early stage by employing a filtering operation thus saving a substantial amount
of computing time. This strategy is adapted from methods developed in the fields of
signal and image processing: the so-called multi-scale approach (see Forgy, E.
Biometrics, 1965, 21, 768-769, and MacQueen, J. In Proceedings of the fifth
Berkeley Symposium on Mathematical Statistics and Probability. Volume I,
Statistics; Le Cam, L.E.; Neyman, J, Eds.; University of California Press, 1967).
The invention is based upon the multi-scale concept where one deals with a
hierarchy of models for the potential ligand. This is done by a simple approach
whereby a potential ligand is represented by a growing number of feature points. At
each increasing level of detail, a pruning of potential binding sites is performed.
Preferably a nonbonding energy function is used to score the interactions between
molecules at each step. Applying this approach enables one to return to a simpler,
rapid brute-force style search, removing the need for an elaborate optimization
protocol.

Preferably the ligand is represented as a single feature point for the first
iteration which has the advantage of greatly increasing the speed of the first iteration
since there are no orientations to consider.

Preferably the number of feature points in the model representing the ligand

is increased by one at each iteration. This means that for the second iteration having
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only two feature points there are only two axes about which rotation of the ligand
needs to be considered, which again reduces computation time.

Preferably said predetermined criterion in said eliminating step is one of:

that the interaction energy is below a threshold value, such as zero;

that the interaction energy is ranked in the lowest predetermined number of
all the energies for that particular iteration, such as the lowest 5; or

that the interaction energy is ranked in the lowest predetermined fraction of
all the energies for that particular iteration, such as the lowest 10%.

Advantageously the invention preferably comprises applying a k-means-
clustering algorithm to represent the ligand as a model.

Preferably the models of the ligand comprise averages of the atomic
parameters of the ligand, said parameters comprising the spatial position of the atoms
and at least one atomic force field descriptor. This has the advantage that it s
computationally simple to calculate the averages of the atomic parameters for each
cluster represented by a feature point. Preferably said at least one atomic force field
descriptor comprises at least one selected from the group consisting of: atom type,
charge and polarizability. It is straightforward to increase the sophistication of the
model by adding more descriptors to be used in the interaction energy evaluation.

Preferably the invention further provides terminating the iterative process
after one of:

a predetermined number of iterations;

the number of non-eliminated configurations of the ligand model is smaller
than a predetermined number;

the distribution of non-eliminated configurations of the ligand model is
within a predetermined range..

Preferably the method of the invention further comprises determining the
optimal binding site and ligand configuration by: selecting either that configuration
model with the lowest energy or the average configuration of a predetermined
number of lowest ranked configuration models; and reconstructing the ligand
configuration from the selected model.

Optionally the method of the invention further comprises applying a local

energy minimization to determine an optimized binding site and ligand
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configuration. The multi-scale approach can be used to identify the potential binding
site rapidly, perhaps in only four iterations, and then a more precise determination
can be performed using other optimization techniques.

Preferably the method of the invention further comprises the step of:

initially identifying a representative set of conformations of the ligand.

Preferably the representative set of conformations of the ligand is obtained by
rotating each rotatable bond of the ligand through a predetermined angular interval.

Preferably the predetermined angular interval is greater than 10°, more
preferably greater than 20°, most preferably at least 30°, such as 45° or even 60°.
This greatly reduces the computational burden.

Preferably, if the number of conformations exceeds a predetermined quantity,
then that quantity of conformers are sampled at random.

Preferably the method further comprises the steps of:

evaluating the molecular energy of each identified conformation; and

eliminating all conformations whose energy exceeds a predetermined amount,
for example approximately12 Kcal/mol.

Optionally, the method further comprises the steps of, at each iteration:

representing each remaining ligand conformation as a model comprising a
number of feature points; and

applying a purge criterion to the model representations to obtain a smaller
number of models for evaluating their interaction energy with the macromolecule.

Purging is efficient at reducing the number of potential models to be docked.

Preferably the purge criterion comprises: treating as a single model fhose
models for which the variation in distance between particular feature points is less
than 1.3 A, and the variation in angle between particular arms of the model is less
than 30° (for models with 3 or more points), and the variation in a particular dihedral
angle is less than 30° (for models with 4 or more points).

Preferably the method further comprises the step of, when increasing the
number of feature points for the ligand model, only considering those ligand
conformations represented by the model from the preceding iteration which had the
lowest interaction energy with the macromolecule. This enables an efficient search

tree to be constructed.



10

15

20

25

30

WO 03/062468 PCT/GB03/00241

6

Preferably the invention further comprises outputting, in digital form,
information representing the identified binding site and/or ligand configuration
and/or conformation when bound.

A further aspect of the invention provides a method comprising using binding
site and/or ligand configuration and/or conformation information obtained according
to any above method to design mutations of the macromolecule and/or variations in
the ligand which either agonise or antagonise the binding of the ligand at the binding
site.

A further aspect of the invention provides a method of identifying
pharmaceutically useful compounds comprising the steps of:

repeating the any method of the invention as outlined above for a plurality of
different ligands separately on the same macromolecule;

comparing the identified binding site for each ligand with a known binding
site; and

identifying as useful compounds those ligands for which the identified
binding site matches the known binding site.

A further aspect of the invention provides a system for determining a binding
site for a ligand on a macromolecule and the configuration of the ligand when bound,
comprising:

an interface for receiving atomic information on the ligand and
macromolecule;

a module for using a multiscale approach to represent the ligand as a plurality
of models having different levels of detail and for performing interaction energy
evaluations to eliminate unfavourable binding sites and configurations; and

an interface for outputting information on the or each determined binding site
and ligand configuration.

Preferably the system is arranged to perform the method of the invention as
defined above.

The invention also provides a computer program which is capable, when
executed by a computer processor, of causing the computer processor to perform a

method according to the invention as defined above.
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Methods embodying the invention can be implemented as computer software
comprising computer instructions or code, stored on a computer-readable storage
medium. The invention can be embodied as a system for executing such software,
using a computer processor. The system may include an interface for receiving
ligand and macromolecule information, for example from a user interface, or from a
storage medium, or over a communications network, such as the Internet. The
system may also comprise modules for performing a method embodying the
invention. The system may include an interface for outputting resulting binding site
information and/or ligand configuration and/or conformation information, for
example by displaying it on a screen, printing it, storing it on a storage medium or

sending it over a communications network.

Embodiments of the invention will now be described, by way of example
only, with reference to the accompanying drawings in which:-
Figure 1 depicts examples of models generated for the HIV-Reverse Transcriptase
inhibitor nevirapine;
Figure 2 illustrates chemical formulae for nine ligands selected as test cases in the
first set of example results;
Figure 3 gives comparison between the configurations of the ligand as predicted
(shown as dark) and the known crystal structure (atoms of oxygen, nitrogen, sulphur
and phosphorus are labeled O, N, S and P, respectively; other unlabelled atoms are
carbon, and hydrogen atoms are omitted for clarity). The protein is shown as a
ribbon.

a. Streptavidin / biotin. H-bonds shown by dashed lines.

b. McPC-603 / phosphocholine results.

¢. PB-Trypsin/benzamidine

d. Cytochrome P-450 cam/camphor;
Figure 4 illustrates search results for HIV-Reverse Transcriptase. Lowest energy
grid points (shown as light grey dots) (up to 20,000 points). The protein is shown as
a dark grey ribbon.

a. first iteration for nevirapine

b. third iteration for nevirapine
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c. last iteration for nevirapine (crystal structure configuration is shown as a
stick model on the left, with the lowest energy predicted positions as grey
spheres)

d. The configuration of the predicted nevirapine configuration is shown as
the light grey stick model, the configuration of the ligand in the crystal
structure is shown as the dark stick model (the lowest energy grid points
are shown as spheres). '

e. The interactions between various HIV-Reverse Transcriptase inhibitors in
their predicted position and the active site’s residues. Nevirapine is
shown in dark grey; 1051U91 is shown in light grey; a-APA is shown in
mid grey, and the active site residues are shown around the ligands.
Hydrogens are not shown. ‘

Figure 5 illustrates search results on heparin (shown as a stick model)-basic
fibroblast growth factor (bFGF). The surface of bFGF is shaded to indicate
electrostatic potential (stippling indicating negative electrostatic potential and dark
. shaded regions having positive electrostatic potential). The cross-hatched sphere on
the left indicates the centroid of the ligand in crystal structure, and the other spheres
on the left are five low energy configurations).
Figure 6 depicts k-means clustering results for an increasing number of feature
points (from 1 to 3) for n conformers. In a single point representation, all the
conformers’. representations (O;, O,...0y) are identical and can be purged into a
single point. The two points cluster is defined as a line (a1, 22...a,) and three points
cluster as two lines and an angle (by, bs...by), (c1, C2...Cn), (041, Q2...00). All these
clusters can still be purged into a much smaller number than n, either k for the two
points or p for the three points.
Figure 7 illustrates how the purged clusters are sorted to form a search tree. The
search begins from a single point purged cluster. Then it moves to the lower energy
two point purged cluster, three point and four. The search is done only on the
relevant branches.
Figure 8 illustrates chemical formulae for seven ligands used as test cases in the

further example results: (a) e-amino capronic acid, (b) biotin, (c) cytidylic acid, (d)
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L-ascorbic acid, (e) phosphocholine, (f) L-histidine, (g) nevirapin. T he rotations are
shown with arrows. Methyl moieties are not rotated.

Figure 9 illustrates the seven proteins chosen as test cases corresponding to the
seven ligands of Figure 8: (a) hydrolase (serine protease), (b) streptavidin, (c)
hydrolase (endoribonuclease), (d) isomerase, (¢) McPC-603, (f) histidine binding
protein, (g) HIV reverse transcriptase. The proteins are shown as ribbons. The ligand
in the crystal structure is shown as a dark stick model. The remaining possible
translations of the ligand at the end of the third iteration are shown as light grey
spheres

Figure 10 shows a comparison between the further test results (shown as a

light grey stick model) and the conformation of the ligand in the crystal
structure (shown as a dark grey stick model) for the seven ligands: (a) &-

amino capronic acid, (b) biotin, (c) cytidylic acid, (d) L-ascorbic acid, (e)

phosphocholine, (f) L-histidine, (g) nevirapin.

The multi-scale approach relies on a construct known as a scale-space
decomposition. This involves the application of a scaling operator to the original
data. The effect of the scaling operator is to remove the information in our data
corresponding to the highest level of detail. With the fine detail removed, the larger
scale features in the data are emphasised. Repeated application of the scaling
operator returns larger and larger structures in our data until either the required scale
has been achieved or there is no more information left in the resulting
decomposition. The selection of the scaling operator is of crucial importance if multi-
scale analysis via scale-space decomposition is to be completed successfully.
According to the present embodiment of the invention, most of the information on
the ligand is removed initially and is then gradually reintroduced in the reverse
process to the above described decomposition.

We model the ligand at various scales by employing a simple yet powerful
method: the k-means-clustering algorithm (see Hartigan, J. Clustering Algorithms;
Wiley: New York, 1975, 84-112 and Rollet, R.; Benie, G. B; Li, W.; Wang, S.;
Boucher, J. M. Int. J. Remote Sens. 1998, 19, 3003-3009).
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By using a series of k-means generated clusters we obtain series of ligand
models, each containing one more feature point fhan the previous model. These
feature points are well distributed to ensure that each model yields the best possible
description of the ligand for the number of points generated. In our k-means
procedure implementation, » atoms x;, X2, ..., X, fall into k clusters, k < n. Let m; be
the mean position of the atomic coordinates in cluster i. If the clusters are well
separated, we can use a minimum-distance classifier to separate them: atom x is in
cluster i if the distance between x and m; is the minimum of all the % distances. Since
there is no definite way to initialize the mean values, it is common to use random
initial values for the means my, my, ..., my. At the next stage, until there are no
changes in any mean, we use the estimated means to classify the atoms into clusters:
for all clusters, replace m; with the mean position of all of the atoms for cluster i.
Figure 1 depicts k means for an increasing number of feature points (from 1 to 9) on
the HIV-Reverse Transcriptase inhibitor, nevirapine.

The initial cluster is at the mean position of the ligand: all of the atoms in the
ligand belong to this initial cluster (Figure 1a). To initialize the means for the second
cluster, we search for the atom that is furthest away from the initial cluster centre.
This atom then becomes the temporary centre of the new cluster. All atoms that are
closer to this cluster centre than their currently assigned cluster centre change
identities and are marked as belonging to the new cluster. The position of the cluster
centres are then iterated upon to self-consistency so that each cluster centre is
positioned at the average position of the atoms that belong to the cluster (Figure 1b).
This process may be repeated as many times as there are atoms in the ligand, with
each iteration generating the next model (Figure 1c-i).

A rapid, grid-based method is employed for energy evaluation (see e.g.
Wade, R.C.; Goodford P.J. J Med. Chem. 1993, 36, 140-147 and Wade, R.C,
Goodford P.J. J Med. Chem. 1993, 36, 148-156) by pre-calculating ligand-protein
pairwise interaction energies to form a lookup table. Energies are linearly
interpolated from the grid. The energy is computed by equation 1 with the Consistent
Valence Force Field (CVFF) (MSI, San Diego, CA) all-atom model nonbonding 12-
6 Lennard-Jones and electrostatic terms. 4; is the repulsion parameter for the two (7,

J) atoms, By is their attractive polarizability parameter, g; is the partial charge and € is
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the dielectric constant. Atom i belongs to a feature point %, and j is a protein grid
point. It should be noted that the atoms’ sum in all k feature points is identical to the
number of atoms in the ligand.

The energy is calculated between all i atoms in feature point k and each
protein atom (7). The process is repeated for all £ feature points. The atom types in
feature point k are different but their distances to protein’s atom j are identical since
they are calculated from feature point k. |
0 E-3 ;Al—i—-r%i—

An array of ligand models is generated in t'he ménner described above. The
first model, a single point, is then tested at all configurations in the host molecular
field. Because a single point cannot be rotated, the test is extremely simple. All
configurations whose energy is lower than a given threshold are marked to be kept
for the next round of calculation. In the current implementation, configurations that
do not demonstrate any avidity towards their binding site, i.e. their interaction energy
is not negative, are evicted from subsequent iterations. Among the positions that are
rejected from the next round are those fhat are either too far away or too close to the
host molecule to be considered as likely docking configurations. Further, this simple
test distinguishes between potentially good (negative interaction binding energy) or
poor ligands. As more feature points are added the more implicit this classification
becomes.

At each configuration that survived the first round (iteration) we test the
second model. The second model is formed from two points separated by a certain
distance that is related to the dimensions of the ‘main axis’ of the ligand. The
orientation of the model is now important and consequently each configuration has to
consider all possible rotations of the model. However, because the model contains
only two points, the rotation is much faster than attempting to rotate the complete
ligand. Once more, all configurations whose nonbonding energy is lower than a
given threshold of the two models are kept for the next round. It is clear that this
second model begins to filter out any configurations where the potential binding site

is not large enough to hold a molecule as large‘as the ligand.
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Repeating these steps for the subsequent models removes more of the
unsuitable configurations. Eventually we will end up with only a few of the
configurations surviving, usually long before we run out of models to test. These
surviving configurations show the regions where it is possible for the ligand to dock
successfully and the translation of the docked ligand.

In this context, the term configuration encompasses the spatial position and
orientation of the ligand or ligand model relative to the protein or other

macromolecule.

Example Results

To test the methodology a number of host molecules complexed with ligands
(Figure 2) were downloaded from the Protein Data Bank (PDB; see Berman, H.M.;
Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, LN.;
Bourne, P.E. Nucleic Acids Res. 2000, 28, 235-242). The ligands were deleted, and
an attempt was then made to find the correct docking site of the ligands. In all test
cases we placed the host protein in a box of dimensions 3A greater in each direction
than the extent of the protein. We employed a molecular grid with a 0.7A resolution,
and a rotation angle of 5°. A distance dependent dielectric constant of e=4r was used.

Streptavidin/biotin. We utilized the streptavidin complex with biotin (pdb
entry 1stp; resolution 2.6A). The search results are shown in Table 1 and Figure 3a.
The distance between the centroid of biotin in the crystal structure and the centroid
of its predicted configuration is 1.15A. The multiple hydrogen bonds to N23, 545,
N49, and D128, which are among the factors that alldw a tight binding to the protein
(shown by a dashed line), are presevered in our predicted configuration. The quality
of the population of results was evaluated by calculating the distance between the
centroid of the 5 lowest energy configurations and the centroid of the ligand in the
crystal structure, which is 0.93A in this case. Conjugate gradients local optimization
was then employed on the complex with biotin is in its predicted position. The
protein’s atoms were held fixed and the ligand was allowed to move. The calculation
converged after 356 iterations (12 seconds on R10000 single processor) when a

convergence criterion of 0.01 kcal/A had been achieved. The distance between the
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centroid of biotin in the crystal structure and the centroid of its predicted

configuration after the minimization was reduced to 0.37A.

McPC-603/phosphocholine. The Immunoglobulin McPC603  Fab-
Phosphocholine complex was retrieved as pdb entry 2mcp. Since the force field was
unable to assign reliable partial charges to the phosphocholine ligand, its partial
charges were calculated with Gaussian 98 program (Revision A.7) from Gaussian
Inc, Pittsburgh PA, using a Hartree-Fock calculation with the STO-3G basis set. The
distance between the centroid of phosphocholine in the crystal structure and the
centroid of its predicted configuration is 2.02A. The phosphocholine recognition by
McPC-603 is predominantly elect;ostatic in character, primarily due to the influence
of Arg H52. As can be seen from Figure 3b, the distance between the Nnl in the
positively charged side chain of Arg H52 and the P atom in the negatively charged
phosphocholine moiety is 3.124 in the crystal structure, while in our predicted
configuration this distance is 4.66A. The distance between the centroid of the 5
lowest energy configurations and the centroid of the ligand in the crystal structure is
1.70A. Employing the same minimization protocol as in the streptavidin/biotin test
case, convergence was achieved after 159 iterations (17 seconds on R10000 single
processor). The distance between the centroid of phosphocholine in the crystal
structure and the centroid of its predicted configuration after the minimization was
1.90A.

_ B-Trypsin/benzamidine. The Benzamidine Inhibited B-Trypsin was
downloaded as pdb entry 3ptb. The distance between the centroid of biotin in the
crystal structure and the centroid of its predicted configuration is 1.68A. As can be
seen from Figure 3¢, the aromatic ring clearly fills the hydrophobic binding pocket.
The distance between the centroid of the 5 lowest energy configurations and the
centroid of the ligand in the crystal structure is 1.59A. Again, the ligand was
minimized and converged after 894 iterations (25 seconds on R10000 single
processor). The distance between the centroid of benzamidine in the crystal structure
and the centroid of its predicted configuration after the minimization was reduced to
0.38A. |

Cytochrome P-450 cam/camphor. The pdb entry 2cpp contains a
protoporphyrin group with Fe**, and camphor. Because the force field did not
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contain proper partial charges for the protoporphyrin group with Fe**, the partial
charges for this moiety were calculated as before. The distance between the centroid
of camphor in the crystal structure and the centroid of its predicted configuration is
0.62A. The distance between the centroid of the 5 lowest energy grid points and the
centroid of the ligand in the crystal structure is 0.85A. Figure 3d compares the low
energy solution created by the algorithm to camphor in the crystal structure. The
algorithm succeésfully detected the translation of the camphor, and the correct
orientation of camphor was included in the low energy population but not ranked as
the one with the lowest energy. We employed the same minimization protocol as in
the streptavidin/biotin test case. The minimization converged after 677 iterations (55
seconds on R10000 single processor). The distance between the centroid of
benzamidine in the crystal structure and the centroid of its predicted configuration
after the minimization was reduced to 0.54A.

HIV-reverse transcriptase/Non-nucleoside inhibitors (NNIs). We utilized
the pdb file 1vrt (resolution 2.2A) of HIV-reverse transcriptase as a host molecule for
this test case and attempted to dock three non-nucleoside inhibitors (NNIs). The first
inhibitor was nevirapine, which is complexed with the protein in this pdb entry. The
second inhibitor was 1051U91 taken from the AZT resistant HIV-1 reverse
transcriptase complex (pdb entry 1rt3), which included the mutations D67->N,
K70>R, T215>F, K219->Q. The root mean square (RMS) deviation of the active
sites (P95, L.100, K101, V106, E138, V179, Y181, Y188, G190, F227, W229, 1234,
H235, Y318, a total number of 130 “heavy” atoms) in these two structures is 1.69A.
The high RMS value is due to Y181, which adopts a different rotamer in these
structures. The third inhibitor was o-anilino phenyl acetamide (a-APA) taken from
the pdb entry 1vru (resolution 2.4A). The RMS of this active site’s residues to the
active site of 1vrt was 0.72A.

Three docking stages for nevirapine are shown in Figure 4. The 20,000
lowest energy positions at the end of the first iteration are shown in Figure 4a. It can
be seen that this population shows points either not too distant or too close to the
protein. Figure 4b shows the points remaining after the third iteration. It can be seen
that the remaining points converge to various pockets in the protein. Figure 4c shows

the remaining points at the last iteration. Clearly, all points are focused in the actual
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binding site. The distances between the centroid of the ligand in the lvrt crystal
structure and the predicted configuration’s centroid with the lowest energy is 1.15A,
1.62A and 1.20A for nevirapine, 1051U91 and a-APA respectively. For the 5 lowest
energy grid points’ centroids this distance is 0.95A, 0.90A, 1.49A for nevirapine,
1051091 and o-APA respectively. Analysis of the interactions between the active
site residues and the predicted positions of the inhibitors agrees with the results
published by Ren et al. (Ren, J.; Esnouf, R.; Garman, E.; Somers, D.; Kirby, C. R. L;
Keeling, J.; Darby, G.; Jones, Y.; Stuart, D. 1.; Stammers, D. Nat. Struct. Biol. 1995,
2, 293-302) showing that all three inhibitors make extensive contacts (distance
between “heavy atoms” <4.0A) with Y181, 188 and Y318 as can be seen in Figure
4e (6 atoms for Nevirapine, 10 atoms for 1051U91, 8 atoms for a-APA). We
employed the same minimization protocol as in the streptavidin/biotin test case. The
minimization converged after 448 iterations (157 seconds on R10000 single
processor). The distance between the centroid of nevirapine in the crystal structure
and the centroid of its predicted configuration after the minimization was reduced to
0.32A.

Human nuclear pregnane X receptor (hPXR) - SR12813. The human
nuclear pregnane X receptor (hPXR) plays a critical role in mediating dangerous
drug-drug interactions. Watkins et al. (Watkins, R.E.; Wisely, G.B.; Moore, L.B.;
Collins, J.L.; Lambert, M.H.; Williams, S.P.; Willson, T.M.; Kliewer, S.A.; Redinbo,
M.R. Science 2001, 292, 2329-2333) have recently solved the apo structure of the
ligand-binding domain of hPXR and the complex with the cholesterol-lowering drug
SR12813 at resolutions of 2.5A (pdb file lilg) and 2.75A (lilh), respectively.
Strikingly, SR12813 can bind in three distinct orientations. The distance between the
centroids of the orientations ranges between 1.35-2.44A. The RMS deviation
between the binding site (1206, S208, 1209, V211, L240, M243, M246, S247, F251,
F281, C284, Q285, F288, W299, M323, 1.324, H407, R410, F420, a total number of
338 “heavy” atoms) in the apo and ligand-bound forms is 1.00A. In order to test if
the algorithm can handle protein plasticity, or a situation were the ligand is not well
adapted, we employed our program on the apo structure and compared the binding
results to the complexed one. The distances between the centroids of the three

SR12813 orientations in the complex crystal structure and the centroid of its
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predicted configuration were 1.204, 2.05A and 2.91A respectively. Subsequent 701
iterations using the above minimzation protocol (147 seconds on R10000 single
processor) reduced the distances to 0.65A, 1.11A and 1.82A respectively.
Heparin-basic fibroblast growth factor (bFGF). This differs from the
above test cases that involved small ligands, since heparin is a biomolecule (extents
of 24.05A x 13.68A x 13.08A, 152 atoms) and we were interested in a qualitative
result. We utilized the pdb file 1bfc (2.2A resolution) containing heparin hexamer
fragment — basic fibroblast growth factor (bFGF) complex. Unlike most complexes
that fit the standard “lock and key’ paradigm, with the ligand and host exhibiting high
degree of surface complementarity, the heparin-binding site on bFGF is sterically ill
defined. Instead it appears as if the ligand is held in place due to electrostatic
interactions between the highly negatively charged heparin and its binding site. The
calculation started with an initial number of 219,356 translations. The binding site

was clearly identified (Figure 5).

Embodiments of the present invention provide a tool that is able to locate
reliably the binding site for a specified host-ligand pair. As demonstrated by the
results, the invention is extremely successful. In all quantitative test cases, except
McPC-603/phosphocholine, the distance between the centroid of the ligand in the
crystal structure and the centroid of its predicted configuration ranged from 0.62A to
1.68A. Bearing in mind that the resolution of the McPC-603/phosphocholine
complex (2mep) is only 3.1A, this may hint that a distance of 2.02A is a sensible
result. In the case of hPXR/SR12813 the algorithm showed the best result for the first
orientation (1.20A) of the ligand. In addition it showed reasonable results for the
second (2.05A) and third (2.91A) orientations as well.

Further, we have shown that not only the lowest energy solution but the
population of the low energy solutions is very accurate. In all test cases the distance
between the centroid of the ligand in the crystal structure and the centroid of its
predicted configuration population ranged from 0.85A to 1.70A. On average, the
population results were better than the lowest energy results. This fact suggests that

the algorithm is consistent and converges to one site-the binding site.
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The McPC-603/phosphocholine and HIV-reverse transcriptase/NNIs
experiments represent a particularly harsh test of the technique. The phosphocholine
ligand is extremely small (11 “heavy” atoms) relative to the size of the McPC-603
(442 residues, 3401 “heavy” atoms). As can be seen from the crystal structure data
(pdb file 1vrt) and Figure 4, the HIV-reverse transcriptase host molecule is an
extremely large molecule (926 amino acids, 7625 “heavy” atoms) compared to the
three NNIs that we attempted to dock: 20, 22 and 21 “heavy” atoms for nevirapine,
1051U91 and o-APA respectively. Because of this disparity in size it is likely that
the host will present many pockets into which the inhibitor could dock, in addition to
the true binding site. a-APA and 1051U91 are difficult test cases since they are taken
from a different configuration of the active site and their bioactive configuration,
despite their relative rigidity, might vary to a certain degree among complexes.
Further, unlike other test cases such as McPC-603/phosphocholine, the interactions
between the host molecules and the ligand are hydrophobic and not electrostatic.
Although we are comparing three different ligands, the small distances between the
centroids in the predicted and the crystal structure demonstrate that the active site
was successfully detected.

In addition to the translation, the orientation of the ligand in the binding site
was found in all test cases. In 6 out of 8 it has been ranked as the one with the lowest
energy. The first exception was hPXR/SR12813, which is an ambiguous test case,
since there are three “correct” orientations. In camphor, the correct rotation was
included in the low energy set of solutions but not ranked as the one with the lowest
energy. These findings suggest further -embodiments that employing more
sophisticated cost functions than CVFF nonbonding energy terms, such as an
empirical free energy function that estimates the free energy change upon binding or
a finite difference Poisson-Boltzmann method to represent the electrostatic properties
of the molecules to yield more accurate energies. In the embodiment used in the
above examples we employ a linear intérpolation approach to obtain the energies
from the grid. Using a more sophisticated interpolation strategy could further
improve the results.

The current implementation of the multi-scale approach is conducted in a

discrete search space. As a result, the accuracy is limited both by the resolution of the
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grid and the size of the rotation angle. We have shown that our method produces an
excellent starting point for rapid local optimization employed on a continuous search
space using the same energy function. As demonstrated by the results, in all test
cases, except McPC-603/phosphocholine, the distance between the centroid of the
ligand in the crystal structure and the centroid of its predicted configuration after a
short optimization ranged from 0.32A to 0.65A. Again, since the resolution of the
McPC-603/phosphocholine complex (2mcp) is only 3.1A we find a distance of
1.90A as a reasonable result. We have shown that the minimization converges
rapidly. Such results hint that the discrete search method we employ locates the
ligand in close proximity to its “real” position and is reliable.

Most docking algorithms employ as test cases fixed structures of enzyme
and/or ligand as taken from the enzyme-ligand complexes (pdb files). Here, one may
raise the claim that there is a bias towards locating the true enzyme-ligand complex
when scanning the interaction space. We have shown in two different test cases that
the algorithm can cope with protein plasticity. In the HIV-reverse transcriptase/NNIs
test case we have shown that we can successfully dock ligands taken from other
crystal structures in a different bioactive configuration. In the hPXR-SR12813
system we successfully identified the binding site in the complexed protein where the
input for our algorithm was the protein in its unbound configuration.

The invention offers several advantages over algorithms for detection of
pockets on the surface of proteins such as LIGSITE. We have shown that instead of
suggesting several binding pockets that exist in a large protein such as the HIV-
reverse transcriptase, the algorithm embodying the invention is sensitive enough to
detect the correct one. Further, it is sensitive enough to position the ligand in the
correct binding orientation. The method performed well in the case of heparin-bFGF

complex where there is a large ligand and no binding pocket.

The use of a multi-scale approach enables one efficiently to break a problem
down into a number of small steps. Dismantling a problem in this manner enables
efficient distribution of computing time so that only the most fruitful areas are

considered in any detail. Embodiments of the invention have real value in exploiting
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the results emerging from studies in structural biology and can be a valuable tool to
analyze the data from the structural genomics projects.

In the main embodiment described above, the interactions between the
enzyme and the substrate are evaluated via simple nonbonding energy terms. Despite
that, the results are accurate, and the calculations converges rapidly. This fact
supports the ability of the multi-scale approach to represent the ligand in a reliable

mannetr.
Further embodiments of the invention

" The above described embodiments and example results treated the ligand as a
rigid molecule having a specific internal conformation, and identified an
energetically favourable configuration of the ligand with respect to the
macromolecule, that is the translational position of the centroid of the ligand and the
rotational orientation of the ligand. The further embodiments and examples below
extend the method of the invention to full flexible docking, that is to not only
identifying the configuration (position and orientation) of the ligand with respect to
the macromolecule when bound at a binding site, but also identifying the
conformation of the ligand when bound, that is the arrangement of the atoms within
the ligand molecule, including relative rotation of parts of the ligand about rotatable
bonds. A conformation of the ligand is also referred to simply as a conformer.

First, we systematically create all the conformers for the ligand. The problem
of adequate coverage of the conformational space in a reasonable computing time is
also addressed (vide infra): only the torsion angles are modified, not the bond lengths
or angle:%. Then, the conformers are ranked energetically. For this the Consistent
Valence Force Field (CVFF) and all-atom model is employed. The conformers’
energy is computed by equation 2 with the bonding 12-6 Lennard-Jones and
electrostatic energy terms, where 4; is the repulsion parameter for the two (i, j)
atoms, By is their attractive polarizability parameter, g; is the partial charge, is the
distance between atoms, and ¢ is the dielectric constant; Vn‘ is the torsional potential
barrier height for a torsion angle @, n being the multiplicity and y the phase factor. If

the energy term exceeds a given threshold, the conformer is ignored and will not be



10

15

20

25

30

WO 03/062468 PCT/GB03/00241

20

clustered or docked. At the end of this stage, we retain the population of lowest

energy conformers.
i By a4; Y
[2] EPD,=Z(14’1—;——~—%+—;—’—)+ > {1+ cos(n® - )]
i<j i % i dihedrals

To locate the biding site, we use a multi-scale concept where we deal with a
hierarchy of models generated for the potential ligand, as previously described. Our
search method is illustrated in figures 6 and 7. We model each conformer at various
scales by employing the k-means-clustering algorithm as shown previously for rigid
ligands. Each set conformer is assumed to be a single ligand. Figure 6 depicts k-
means for an increasing number of feature points (from 1 to 3) on the HIV-Reverse
Transcriptase inhiBitor, nevirapine. Nevirapine has one rotatable bond (we ignore the
torsion of the methyl moiety) as shown in figure 8g. If we systematically create all
the conformers in 5° intervals, and assume all the conformers are energetically
acceptable, we end up with n=72 conformers. In the first model, a single point, we
end up with » points (Oj, Oz...0,), as shown in figure 1. Clearly, all these points are
identical and can be represented once instead of » times. The second model is two
points separated by a certain distance (a;, a;...2,) that is related to the dimensions of
the ‘main axis’ of the conformer. In the case of nevirapine, the two-feature point
representation has an average distance of 4.6 A and minimal and maximal values of
4.3 A and 4.9 A respectively. Docking all the 72 clusters at this low level of detail is
redundant. Instead, the n=72 clusters are purged by a purge criterion to k clusters,
where k<n, and in most cases (see results) £<<n. Instead of docking n clusters we can
dock k clusters. A rather strict purge criterion of Aa < 0.6A will yield a single
representation in the case of nevirapine, i.e. from #»=72 clusters, we simplified the
pfoblem to &=1 cluster. Indeed, at this level of representation and purge criterion the
ligand is #reated as onme rigid cluster, although it is flexible. The third model is
defined by two distances (b;, bz...by) and (c;, ¢;...c,) separated by an angle (o,
0...0p). It is purged into p presentations where the purge criterion comprises two
distances and one angle. The number of three point purged clusters is equal or bigger
than those for the two points representation, k<p. For the four-feature point
representation, the purge criterion comprises three distances, two angles, and one

dihedral. The process can be repeated for an increasing number of feature points.
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The method of this embodiment of the invention builds a hierarchy tree of
purged clusters as shown in figure 7. This figure describes a typical search free for a
flexible ligand. Each node contains one such purged cluster and a list of the ensemble
of conformers this cluster stands for. In this example, two nodes of the purged
clusters for two feature points emerge from the purged presentation of a single point.
The method docks both of them, and proceeds with the node of lower energy, thus
the docking procedure is only carried out along one branch of the tree of lowest
energy, rather than for the whole tree. This process is repeated for the third point and
so on. In this search only a small number of the purged representations will be
docked. If we assume the four point representation is the last one to be docked, the
worst case in this example is one rigid docking of a one point, two of two points,
three of three points and five of four points. In the case illustrated in figure 7, for the
nodes of three feature points, of the three cluster model nodes derived from the
conformers represented by the lower energy node of two feature points, in the worst
cése scenario the middle one illustrated would have the lowest energy which would
lead to five nodes of four feature points being required to be docked. These five
nodes are obtained by: considering the conformers represented by that middie node
of three feature points; representing each such conformer as a cluster of four feature
points; purging those clusters to obtain the five to be used for docking.

The translation space is searched in a manner identical to that described
previously. The only difference is the rapid tree search for each translation. The
search begins from the single point representation. At the end of this stage, the
method moves on the branch towards the two point and docks the purged
representation that evolved from this single point. The process is repeated for the
next purged representation where the parent of this representation is the one with the
most favorable interaction energy with the binding site. At the last stage we employ a
rapid, local optimization to refine the structure using the complete conformer with
the binding site held fixed.

A grid-based method is employed for energy evaluation between the purged
representation and the binding site by pre-calculating ligand-protein pairwise
interaction energies to form a lookup table, as described previously with reference to

equation 1.
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In summary, the method according to the invention for taking into account
the flexibility of the ligand to find an energetically favourable conformation of the
ligand when bound, as well as assisting in finding an optimal binding site is as
follows:

generate a representative set of conformations of the ligand, such as by
rotating each rotatable bond through a predetermined angular interval;

evaluate the molecular energy of each conformation;

eliminate all conformations above a predetermined energy threshold;

represent each remaining conformation as a model (or cluster) with a number
of feature points; - ‘

purge the models representing the conformations, using a purge criterion, to
obtain a reduced number of representative models, each model representing an
ensemble of conformations;

dock each representative model, for example using the methodology
explained for the first aspect of the invention;

consider the ensemble of conformations represented only by the model with
the most energetically favourable docking, eliminate the other conformation, and
represent each remaining conformation as a model with an increased number of
feature points from the previous iteration;

iterating by returning to the purging step, and terminating after a preset

number of iterations or when a docking criterion has been met.

Further Example Results

To test the methodology, a number of protein ligand complexes were
downloaded from the Protein Data Bank (PDB). The proteins chosen cover a range
of sizes (80 to 926 residues), resolutions (1.6 A to 3.1 A) and fold families as shown
in table 2 and figure 9. These proteins were: hydrolase (serine protease) (PDB entry
2pkd4, figure 9a), streptavidin (1stp, 9b), hydrolase (endoribonuclease) (1rob, 9c),
isomerase (1xid, 9d), McPC-603 (2mcp, 9¢), histidine binding protein (1hsl, 9f) and
HIV reverse transcriptase (lvrt, 9g). All ligands where flexible, with number of
rotatable bonds ranging from 1 to 5, and number of atoms varying from 24 to 34 as
shown in table 2 and figure 8.
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We assumed the harshest situation where both the binding sites and the
bioactive conformations of the ligand are unknown. The ligands were deleted, and an
attempt was then made to find the correct docking site and the bioactive
conformation of the ligands in one simulation. In all test cases we placed the host
protein in a box of dimensions 3 A greater in each direction than the extent of the
protein. We employed a molecular grid with a 0.7 A resolution, and a rotation angle
of 5°. A distance dependent dielectric constant of e=4r was used. We restricted the
maximal representation of the ligands to 4 feature points. All conformers were
systematically generated in 30° intervals. The question of whether the assumption of
creating the conformers in 30° intervals is justified is addressed below. If the number
of conformeré exceeded the threshold of 1,000,000 then 1,000,0000 conformers were
sampled at random. The lowest energy population of conformers (up to a threshold
of 12 Kcal/mol) conformers was clustered. The clusters were purged using the
following thresholds: distance < 1.3 A, angle < 30°, and dihedral < 30°. Conjugate
gradients local optimization was then employed on the complex from the starting
geometry of the ligand in its predicted position. The protein’s atoms were held fixed
and the ligand was allowed to move until a convergence criterion of 0.01 kcal/A had
been achieved.

The search results are shown in table 2 and figures 9 and 10. The initial
number of translations varied according to the size of the protein: from 151,156 for
the smallest one, hydrolase (serine protease) (figure 9a), up to 2,666,664 translations
for HIV reverse transcriptase (figure 9g). The Root Mean Square Deviation (RMSD)
values when comparing our results to the crystal structure ranged from 0.29 A (HIV-
Reverse Transcriptase/nevirapineapin, figure 5g) to 2.43 A (hydrolase/s-amino
capronic acid, figure 5a) with average value of 1.60 A.

Figure 9 is a snapshot into the end of the third iteration. Even at this low level
of detail, the calculation clearly converges to the binding site. In hydrolase (serine
protease) (figure 9a), streptavidin (9b), hydrolase (endoribonuclease) (9¢) and HIV
reverse transcriptase (9g) all the remaining translations, even those with a low
energetic score that were not yet evicted, fall into the binding site. In isomerase (9d)
and McPC-603 (9¢) the majority of translations, including those with the highest
score (data not shown) fall into the binding site. The histidine binding protein/L-
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histidine complex (9f) was deposited in the Protein Data Bank as a dimer where L-
histidine is bound to each of the monomers. We challenged the methodology and
provided as an input the dimer and not a monomer. Both binding sites have been
identified and ranked as the binding points with the lowest and same energy. This
trend is suggested in figure 9f, where at the end of the third iteration most of the
feature points already converge into the two binding sites.

The fact that from 1 up to 4 feature points are coarse representations of the
ligand raises the issue of whether the method can use conformers created in larger
dihedral angle intervals than 10° and still retain a reasonable coverage of all
conformational space. Table 3 compares the computing time ratios needed to create
conformers in 10° and 30° intervals. Biotin has (360°/ 10°)5=6O,466,176 conformers if
we rotate in 10° intervals. If we change the 10° to 30°, the number of conformers will
be (360°/30°)°=248,832. In other words, we gain 60,466,176/248,832=243 tifnes
speedup. In the seven ligands we tested, the speedup varies from 3 for nevirapin up
to 243 times for biotin and e-amino capronic acid. We systematically created the
conformers in 10° and 30° for the seven ligands, clustered all the conformers and
purged the clusters using the same criteria of distance < 1.3A, angle < 30° and
dihedral < 30° and compared lowest 12 Kcal/mol populations. Table 3 shows the
number of purged clusters needed to represent all the conformers of the seven
ligands. At one feature point, it does not matter how flexible the ligand is, or by what
increment we rotate the dihedral angles. In the case of two feature points, all ligands’
conformations were still represented by one purged cluster, except biotin, which was
represented by two. In other words, at this level of representation, all the
conformational space of the ligands was compressed into one rigid line, except
biotin, which was branched into two families. When we increase the level of detail to
three and four feature points, more purged clusters are needed in order to represent
the available conformational space. In the four point representation, the purged
clusters number ranges from 1 for nevirapin up to 22 for biotin. This number is
extremely small compared to the real number of conformers: 36 and 60,466,176
respectively (when creating the conformers in 10° intervals). When comparing the
number of purged clusters when working in 10° and 30° intervals, in the case of one

and two feature points, we got an identical number. This trend is preserved when
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moving to three feature points in 6 out of 7 ligands. The only exception, L-histidine,
where there are 2 purged clusters in the 30° intervals comparing two three, in the case
of 10°. When we move to a four feature point representation, 6 out of 7 ligands show
2/3 or more of the number of purged clusters when comparing the use of 10° and 30°
increments.

Although an angular interval of 30° was used in the above examples for
generating the conformers, the invention is not limited to that value, and successful

results could be obtained using a larger angle, such as 45° or even 60°.

This further aspect of the invention provides a robust flexible docking
methodology to proteins with unknown binding site or function. The approach
confirms three assumptions. First, that it is possible to discretise the search space
both for the translation, rotation and the conformational flexibility of the ligand.
Second, we can search this space at various levels of detail using a multi-scale
approach. Third, the result that emerges from this search is close enough to the
optimal position, that by employing a rapid local optimization we can get a reliable
prediction. The method is robust enough to find the binding site and the geometry of
seven flexible ligands using only two basic assumptions. First, the protein’s 3D
structure is known; second, we have a reasonable “cost function”, in this case a
molecular mechanics based one.

An advantage of the method is that even if there is more than one binding
site, such in the case of the histidine binding protein/L~histidine complex, one still
needs only one simulation. It is impressive to see that both binding sites were
identified and were ranked by identical energies (data not shown). Further, the ligand
itself was docked with a reasonable degree of accuracy.

There was no correlation between the size of the protein (reflected by the
initial number of translations) and the accuracy of the prediction. Strikingly, in the
largest complex (HIV reverse transcriptase/nevirapin) we obtained the best
prediction while in the smallest one (hydrolase/e-amino capronic acid), we had the
highest RMSD value. Hence, the quality of the prediction (but not the complexity of
the problem) is not correlated to the number of initial translations. There was no

correlation between the size of the ligand and the quality of the prediction as well.
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Indeed, the ligands with more.than 30 atoms exhibited lower RMSD values than the
ligands that had less than 30 atoms. The resolution of the crystal structure was not
correlated to the quality of the prediction.

There is a weak correlation between the flexibility of the ligand and the
quality of the predictions. Nevirapin, which was the least flexible ligand showed the
lowest RMSD value, while e-amino capronic acid, which has 5 rotatable bonds,
showed the highest RMSD value. On the other hand, ligands such as cytidylic acid
with 4 rotatable bonds showed lower RMSD than ligands with 2 rotatable bonds such
as L-ascorbic acid. This indicates that there are other factors that affect the accuracy
of the prediction. Three of them are discussed below.

First: the level of detail when discretizing the search space. Increasing this
level, for example, by rotating the ligand in smaller increments or using a higher grid
resolution than 0.7 A would improve the results.

Second, the detail level when using a multi-scale approach can effect the
results. The maximum number of 4 feature points has only been used an example
which provided good test case results. The optimal number of feature points can be
determined as necessary. Large ligands may need more feature points. On the other
hand, addition of feature points increases the ligand’s detail level, hence the angle
intervals that the ligand should be rotated should be smaller, otherwise many
translations that are close to potentially good locations will not be found due to
clashes with the protein. The sensitivity of the purge criterion is also crucial to the
success of the method. Employing a loose criterion will lead to a small number of
purged clusters (and nodes on the search tree) and will significantly reduce the
computing time. However, such representation might be too coarse and consequently '
skew the results. On the other hand, employing a strict purge criterion will lead to a
large number of clusters. This detailed presentation of a plethora of conformers is
indeed more accurate. However, it will increase the computatiénal demands. At first
glance, there seems no clear relation between the angle intervals by which the
torsions are rotated when creating conformers, and the purge criterion. However, if
we employ a loose purge criterion, there is no point in rotating the torsions in very
small intervals to generate an immense number of conformers since all, or the

majority of them will be purged.
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Third, more accurate energy functions than simple molecular mechanics non-
bonding and torsion terms may be employed. Such energy functions can take into
account other parameters such as conformational entropy loss due to the binding.
Clearly, once the active site location is known, a computationally more expensive but
accurate calculation can be repeated. The examples given simply demonstrate that by
employing a simple and general energy function, such as CVFF, a multi-scale based
flexible docking methodology is viable.

The methodology of this invention saves a substantial amount of computing
time in several ways. First, it evicts at a very early stage all the unfavorable
translations with a negligible computing time. Second, it uses a very small number of
feature points in order to dock the seven ligands. Indeed, in this work, we clustered
into 4 feature points seven ligands with a number of atoms that ranges from 24 to 34.
Further, most of the translations are already evicted in 1-3 feature points in a less-
expensive computing time.

The methodology “rigidifies” the ligands. We are able to compress all the
conformers into a small number of rigid feature points. This allows us to simplify the
flexibility problem greatly. The most extreme example is nevirapin, which although
flexible, was able to be treated as rigid during the docking. In 6 out of 7 ligands we
showed that in the two point representation the flexibility problem can be is ignored.

Unlike other docking methods that normally rotate the ligand in 10°-15°
intervals, here we employ much larger increments of 30°. We have shown that such
increments are justified when using a multi-scale approach. In addition, we have
shown a speedup that ranges from 3 to 243 times. In docking and in HTD, generating
the conformers, storing them and later evaluating them is one of the bottlenecks. The
problem of highly flexible compounds with prohibitively large number of
conformers that cannot be evaluated exhaustively is a major one in
chemoinformatics. In the anchor-first procedure (see Leach, A.R.; Kuntz, ILD.
Conformational Analysis of Flexible Ligands in Macromolecular Receptor Sites. J.
Comput. Chem. 1992, 13, 730-748), a rigid core is docked and the flexible parts
reattached incrementally. There is a degree of bias in such a method since the
geometry of the conformer in the binding site depends on the placement of the

anchor. This is a limitation if the position of a ligand is dictated by a small functional
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group such as ammonium or carboyxlate, or if the ligand is aliphatic. Other
chemoinformatics algorithms such as Statistical Classification of Activities of
Molecules for Pharmacophore Identification (SCAMPI) (Chen, X.; Rusinko, A. 3%
Tropsha, A.; Young S.S. Automated pharmacophore identification for large chemical
data sets. J. Chem. Inf. Comput. Sci. 1999, 39, 887-896) sample confomations
randomly. The present invention provides an advantageous, third option: creating the
conformers in larger intervals and clustering them. An advantage of this method is in
‘many cases, 2 uniform, non random and unbiased coverage of the whole

conformational space.
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CLAIMS

1. A computer-based method for identifying a binding site for a ligand on a
macromolecule and the configuration of the ligand when bound, said method
comprising using a multiscale approach to represent the ligand as a plurality of

models having different levels of detail.

2. A method according to claim 1, wherein using said multiscale approach
comprises the steps of:

representing the ligand as a model comprising a number of feature points
fewer than the number of atoms in the ligand;

evaluating the interaction energy between the ligand model and the
macromolecule for a plurality of spatial positions and/or orientations of the ligand
model, as represented by the feature points, relative to the macromolecule;

eliminating those spatial positions and/or orientations for which the
interaction energy does not satisfy a predetermined criterion;

iterating the above steps using an increased number of feature points for the

ligand model at each successive iteration.

3. A method according to claim 2, wherein the ligahd is represented as a single

feature point for the first iteration.

4. A method according to claim 2 or 3, wherein the number of feature points in

the model representing the ligand is increased by one at each iteration.

5. A method according to claim 2, 3 or 4, wherein said predetermined criterion
in said eliminating step is one of:

that the interaction energy is below a threshold value, such as zero;

that the interaction energy is ranked in the lowest predetermined number of
all the energies for that particular iteration, such as the lowest 5; or

that the interaction energy is ranked in the lowest predetermined fraction of

all the energies for that particular iteration, such as the lowest 10%.
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6. A method according any one of the preceding claims, comprising applying a
k-means-clustering algorithm to represent the ligand as a model.
7. A method according to any one of the preceding claims, wherein the models

of the ligand comprise averages of the atomic parameters of the ligand, said
parameters comprising the spatial position of the atoms and at least one atomic force

field descriptor.

8. A method according to claim 7, wherein said at least one atomic force field
descriptor comprises at least one selected from the group consisting of: atom type,

charge and polarizability.

9. A method according to any one of the preceding claims, further comprising
terminating the iterative process after one of:

a predetermined number of iterations;

the number of non-eliminated configurations of the ligand model is smaller
than a predetermined number;

the distribution of non-eliminated configurations of the ligand model is

within a predetermined range.

10. A method according to claim 9, further comprising determining the optimal
binding site and ligand configuration by: selecting either that configuration model
with the lowest energy or the average configuration of a predetermined number of
lowest ranked configuration models; and reconstructing the ligand configuration

from the selected model.

11. A method according to claim 10, further comprising applying a local energy

minimization to determine an optimized binding site and ligand configuration.

12. A method according to any one of the preceding claims when appendant to

claim 2, further comprising the step of:
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initially identifying a representative set of conformations of the ligand.

13. A method according to claim 12, wherein the representative set of
conformations of the ligand is obtained by rotating each rotatable bond of the ligand

through a predetermined angular interval.

14. A method according to claim 13, wherein the predetermined angular interval

is greater than 10°, preferably greater than 20°, most preferably at least 30°.

15. A method according to claim 12, 13 or 14, wherein, if the number of
conformations exceeds a predetermined quantity, then that quantity of conformers

are sampled at random.

16. A method according to claim 12, 13, 14 or 15, further comprising the steps
of:
evaluating the molecular energy of each identified conformation; and

eliminating all conformations whose energy exceeds a predetermined amount.

17. A method according to any one of claims 12 to 16, further comprising the
steps of, at each iteration:

representing each remaining ligand conformation as a model comprising a
number of feature points; and

applying a purge criterion to the model representations to obtain a smaller

number of models for evaluating their interaction energy with the macromolecule.

18. A method according to claim 17, wherein the purge criterion comprises:
treating as a single model those models for which the variation in distance between
particular feature points is less than 1.3 A, and the variation in angle between
particular arms of the model is less than 30° (for models with 3 or more points), and
the variation in a particular dihedral angle is less than 30° (for models with 4 or more

points).
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19. A method according to claim 17 or 18, further comprising the step of, when
increasing the number of feature points for the ligand model, only considering those
ligand conformations represented by the model from the preceding iteration which

had the lowest interaction energy with the macromolecule.

20. A method according to any one of the preceding claims further comprising
outputting, in digital form, information representing at least one selected from the
group consisting of the identified binding site, the ligand configuration when bound,

and the ligand conformation when bound.

21. A method comprising using information representing at least one selected
from the group consisting of the identified binding site, the ligand configuration
when bound, and the ligand conformation when bound, obtained according to the
method of any one of the preceding claims, to design mutations of the
macromolecule and/or variations in the ligand which either agonise or antagonise the

binding of the ligand at the binding site.

22. A method of identifying pharmaceutically useful compounds comprising the
steps of:

repeating the method of any one of the preceding claims for a plurality of
different ligands separately on the same macromolecule;

comparing the identified binding site for each ligand with a known binding
site; and A

identifying as useful compounds those ligands for which the identified
binding site matches the known binding site.

23. A system for determining a binding site for a ligand on a macromolecule and
the configuration of the ligand when bound, comprising:
an interface for receiving atomic information on the ligand and

macromolecule;
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a module for using a multiscale approach to represent the ligand as a plurality
of models having different levels of detail and for performing interaction energy
evaluations to eliminate unfavourable binding sites and configurations; and

an interface for outputting information on the or each determined binding site

and ligand configuration.

24. A system according to claim 23, comprising a further module for including

identification of favourable conformations of the ligand when bound.

25. A system according to claim 23 or 24 arranged to perform the method of any

one of claims 1 to 22.

26. A computer program which is capable, when executed by a computer
processor, of causing the computer processor to perform a method according to any

one of claims 1 to 22.

27 A computer-readable storage medium having recorded thereon a computer

program according to claim 26.
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Fig.4e.
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