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Molecular modeling is performed using atomic parameters
which include an anisotropic dipole polarizability tensor. Per-
manent atomic multipole parameters may also be included in the
model. Energy evaluations including contributions from polariza-
tion energy and multipole interactions may be conducted which
are useful in characterizing molecular properties for drug discov-
ery, materials evaluation, and other applications.

BEHAVIOR OF SELECTED SYSTEM
WITH PARAMETER SET INCLUDING:

1) ATOMIC CHARGES

2) STATIC ATOMIC DIPOLES

3) STATIC ATOMIC QUADRUPOLES
4) ANISOTROPIC ATOMIC DIPOLE POLARIZABILITY




10

15

20

25

30

35

CA 02302192 2000-03-02

WO 99/12113 PCT/US98/18464

MODELING INTERACTIONS WITH ATOMIC PARAMETERS INCLUDING ANISOTROPIC DIPOLE POLARIZABILITY

Background
Fisld of the Invention:

The invention relates to computation of interatomic and intermolecular interactions. Embodiments of the invention
are applicable to chemical, physical, and biclogical research, and to the development of new pharmaceutical compounds.

Description of the Related Art:

Over the last few years, significant advances have been made in predicting, studying, and quantifying the nature
of interatomic and intermolecular interactions with the use of computer simulations. Although from a purely scientific point
of view, such computer simulations can be useful in testing and validating a theory concerning the nature of these
interactions, computer simulations find especially useful application in reducing the time required to develop new materials
with desirable properties. Materials which may be developed with additional efficiency through the use of computer
simulations include polymers, pesticides, herbicides, pharmaceuticals, semiconductor materials for integrated circuits, and
petrochemicals to name a few.

Several modeling techniques are used in these environments. Typically, the model selected provides a user of the
model with a particular compromise betwesen physical accuracy and the computing resources required to run the model. A6

inftio quantum mechanical calculations can be performed with a high degree of accuracy, but are very expensive in terms of

~the computer time required to perform them. In those fields described above, where new polymers, drugs, etc. are being

developed, it is more useful to use medeling techniques which require less investment in computing resources, so that more
candidate materials or molecules can be analyzed in a shorter time period for the properties desired.

Thus, it has become common to model interactions between groups of atoms, molecules, proteins, and other
structures by defining an atom to atom potential which acts between the atoms of the system being analyzed. Generally
speaking, the atom-atom potential defines the energy of the atomic system as that energy varies with the coordinates of the
atoms. Intramolecular “bonded” interactions may include terms defining energy as a function of bond lengths, bond angles,
torsion angles, and out-of plane coordinates. Intermolecular, or non-bonded potentials, typically include van der Waals

interactions and electrostatic interactions. The benefit of these force field models is that the behavior of the atoms in the

. model is calculated using classical mechanics and electrostatics, which is significantly simpler computationally than

performing the more mathematically complex quantum mechanical calculations.
However, because the systems being analyzed do not in fact behave classically, the models include parameters

associated with the force field terms which are selected to fit known quantum mechanical molecular and atomic interactive
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behavior. In this way, a classically formulated force field is used to approximate quantum mechanical behavior at the
atomic and molecular scale. A variety of force field modeis are known. Force field models are provided, for example, in U.S.
Patent No. 5,612,894 to Wertz, and in “DREIDING: A Generic Force Field for Molecular Simulations,” J. Phys. Chem. 94,
8897-8909 (1990). An additional force field model, nicknamed “CFF”, and which was developed by several of the inventors
of the subject matter of the present application, is described in J. Comp. Chem 15, 162-182 (1994), and in J. Am. Chem.
Soc. 116, 2515-2525 (1994). The disclosure of U.S. Patent No. 5,612,894 and the Journal articles described above are
hereby incorporated by reference in their entireties.

It can be appreciated that the selection of appropriate parameters and force field functional dependencies is a
significant factor in the success of the model. Furthermore, the number of fitted parameters used in the model relative to
the number of measurable or a8 initio calculable values relevant to the system being modeled should be as low as possible.
A model with as many fitted parameters as observables has little predictive value for systems which were not used in
initially creating the fitted parameters.

Currently, most force fields treat interatomic electrostatic interactions using a partial charge model in which each
atom is assigned a net charge and Coulomb’s Law is used to calculate forces on each atom due to the other atoms of the
system. The DRIEDING and CFF force fields mentioned above are examples. Another alternative which has been devised is
to model a molecule as a set of bond centered dipoles. Neither treatment adequately models the interaction between atoms
and the local electric fields. Accordingly, new force field parameterization schemes are needed to increase agreement with
experiment, to maximize the number of observables relative to the number of parameters, and to limit the necessity of
performing computationally expensive calculations.

summary of the invention

The invention includes methods of evaluating a candidate melecule for suitability for a particular purpose. In one
embodiment, the method includes selecting a candidate molecule and calculating a dipole moment induced in a first atom of
thé candidate molecule from a local electric field, wherein the induced dipole moment may be non-parallel to the lacal electric
field. Using the calculated dipole moment, one or more physical properties of the candidate molecule may be predicted.

In another embodiment, a method according to the invention comprises parameterizing electrostatic behavior of the
candidate molecule with a plurality of atomic parameters associated with at least one atom of the molecule, wherein the
plurality of atomic parameters inciudes elements of an anisotropic atomic dipole polarizability tensor. The method also
includes determining a dipole moment induced in the atom due to a local electric field using the atomic dipole polarizability
tensor and predicting one or more physical properties of the candidate molecule using the induced dipole moment.

Embodiments of the invention also include apparatus for modeling the geometry and energy of interaction between
first and second groups of atoms. The apparatus may comprise 3 memory storing an anisotropic atomic dipole polarizability
tensor for at least one of the first group of atoms. Also provided may be a processor for (1) modeling an electric field
produced at least in part by the first and second groups of atoms, (2) retrieving the anisotropic dipole polarizability tensor,

and (3) calculating a dipole mement induced in an atom of the first group by the electric field, and (4) calculating an
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3.
interaction energy between the first and second groups of atoms which includes a contribution trom the induced dipole
moment. The apparatus may further include an output device for reporting the calculated interaction energy.

Another embodiment of the invention is a computer readable media having stored therean commands which cause
a general purpose computer to perform a method of modeling interactions between a first group of one or more atoms and a
second group of one or more atoms. In one embodiment, the method comprises retrieving, for at least one of the first group
of atoms, elements of an anisotropic atomic dipole polarizability tensor from a data storage device, modeling an electric field
which is dependent on a relative orientation and separation of the first group of atoms and the second group of atoms. The
method further includes calculating a dipole moment induced in the atom of the first group from the electric field using the
anisotropic polarizability tensor, calculating an interaction energy between the first group of atoms and the second group of
atoms which includes a contribution from the induced dipole moment, and outputting the interaction energy.

FIG. 1 is a perspective view of interacting atoms in a interaction model.

FIG. 2 is a flowchart illustrating the development and use of atomic parameters for modeling electrostatic
interactions according to one embodiment of the mvention.

FIG. 3 is an illustration of a water molecule orientation which may be used in calculating a portion of an atomic
parameter set.

FIG. 4 is a flowchart of one method of implementing atomic parameterization according to the invention.

FIG. 5 is a flowchart of a geometry optimization method utilizing an embodiment of the invention.

FIG. 6 is a flowchart of one method of calculating polarization energies in the geometry optimization method of
Figure 5.

FIG. 7 is a flowchart of one method of calculating polarization forces in the geometry optimization methed of
Figure 5.

FIG. 8 is a perspective view of an optimized Na™ - formaldehyde complex.

FIG. 9 is a perspective view of an optimized formaldehyde dimer.

Embodiments of the present invention will now be described with reference to the accompanying Figures, wherein like
numerals refer to like elements throughout. The terminology used in the description presented herein is not intended to be
interpreted in any limited or restrictive manner, simply because it is being utilized in conjunction with a detailed description of
certain specific embodimants of the invention.

Figure 1 is an illustration of a first group of atoms 10 and a second group of atoms 12 which are in a spatial
relationship with one another. Atoms a and c of Figure 1 are part of the first group 10 and atoms b and d are part of the second
group 12. In some applications of the invention, each of the atoms in the first group 10 will be connected to at least one other
atom of the first group 10 by a strong “bonded” interaction. Similarly, each of the atoms in the second group 12 will typically

be connected to at least one other atom of the second group 10 by a strong bonded interaction. Interactions between atoms of
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the first group 10 and the second group 12 are typically of a “non-bonded” nature. Bonded interactions are characterized as
strong, short range, and directional, while non-bonded interactions are generally characterized as weak, long range, and typically
functions only of the distances r,, and r.4 between non-bonded interacting pairs of atoms.

It will be appreciated, however, that the atom groupings need not necessarily be based on the bonded vs. non-bonded
distinction, and that the forces on any given atom may result from a combination of bonded and non-bonded interactions with
any of the other atoms in either of the atom groups. In some applications, the first group of atoms may comprise all of or a
portion of a first molecule, and the second group of atoms may comprise all or a portion of a second molecule. Alternatively, the
first and second groups of atoms may comprise different portions of the same molecule. In other applications of the invention,
the second group of atoms comprises a reaction catalyst, and the first group of atoms is all or part of a substrate molecule.
Interactions with surfaces, films, and crystal structures may also be defined as interactions between such first and second atom
groups.

The location and types of atoms present in the first and second groups of atoms define a potential field which
determines the energy of a given configuration of the system. The potential field may be expressed as a sum of terms, with
each term representing a particular class of interaction. Mast force fields include terms which represent bonded interactions,
which are also sometimes referred to as intramolecular interactions. Terms relating to bonded interactions may include
configuration energy shifts from bond stretching, angle bending, out of plane deformation, and possibly a variety of other
molecular distortions from an unperturbed state. Any of the known parameterizations of the bonded interactions may be used
with the present invention, and these intramolecular potential functions will not be described in further detail herein.

Non-bonded, or intermolecular interaction potentials generally include a van der Waals interaction and a
parameterization of electrostatic interactions. The van der Waals term may take a variety of forms, and is attractive at large
atomic separations and repulsive at small atomic separations. Different known parameterizations of the van der Waals term
may be used with the present invention, and as with the intramolecular force parameters, wiit not be discussed in greater detail

herein.

A general expression for a potential field used for molecular modeling may thus be described as follows:

(1) d = Intramolecular terms + van der Waals terms + electrostatic terms

The energy of a particular configuration of atoms is determined by summing the pote'ntial energy at points typically
placed at atomic nuclear locations corresponding to the relevant atoms in the system being modeled. Forces acting on the
atoms are determined by calculating the gradient of the potential energy field at the same atom centered points.

Tuming now to the electrostatic terms of the potential energy field, some models restrict their consideration of
elactrostatic interactions to the assignment of a net charge to each atom. These net charges are used to compute a potential
energy field at each atom centered point according to q,g;/r; for each atom pair, where g; is the partial charge of atom i g; is the

partial charge of atom j, and r; is the distance between atom i and atom j. The DREIDING and CFF force fields described above
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5.
are axamples of this type of field. It is one aspect of the invention that electrostatic interactions are treated in a more accurate
manner. Specifically, each atom is assigned at least a dipole polarizabiity tensor which may be anisotropic. In some
advantageous embodiments, each atom is modeled as a combination static charge, static dipole moment, static quadrupole
moment, and a dipole polarizability which, as mentioned above, may be anisotropic for at least some of the atoms of the
modeled system.

In Figures 2 through 4, parameterization of the electrostatic interactions according to one embodiment of the invention
is set forth. As is explained more fully below, the values of the above mentioned parameters are selected by ensuring that the
overall electrostatic properties of molecules or other aggregates of parameterized atoms reproduce accurate ab /n/itio quantum
mechanically calculated electrostatic properties of those molecules or aggregates. In other words, the potential field and
polarization response produced by an atom centered arrangement of the chosen charge, dipole moment, quadrupole moment, and
polarizability parameters will substantially match the potential field and polarization response produced by the actual molecules
or other aggregates of atoms that the model is intended to simulate.

As will be appreciated by those in the art, the parameters associated with a given atom will be dependent on both the
atom type and the other atoms it is bonded to. For example, an oxygen atom in an ether group will be parameterized ditterently
than an oxygen atom in an aldehyde group. A large number of parameter sets may therefore be created which are devised to
match thbse atomic aggregates which it is desired to model. If an interaction between é pair of molecules is to be modeled, as
in an example set forth below, the atomic parameters are selected to reproduce molecular properties. Parameter derivations
from selected functional groups rather than whole molecules may also be performed.

Referring now to Figure 2, the creation of a parameter set for moﬂeflng the electrostatic interactibns of a selected
molecule begins at step 16. At this step, ab initio quantum mechanical calculations are used to compute values for a molecular
dipole moment, molecular quadrupole moment, molecular octupole moment, molecular dipole polarizability tensor, molecular
quadrupole polarizability tensor, and first derivatives with respect to atomic coordinates of all of these molecular quantities.
Producing these values for molecular multipole moments, polarizabilities, and their derivatives is computationally expensive, and
is performed only once in the initial parameter set production process.

At the next step 18, the desired atomic parameters are fitted to the previously determined molecular values. In one
advantageous embodiment, the atomic parameters fitted to these quantum mechanical vaiues include the atomic charges,
dipoles, quadrupoles, and dipole polarizabilities discussed above.

One set of atomic parameters which may be calculated at step 18 is the partial charge assigned to each atom. The
assignment of partial charges to atoms is a well established technique, and several methods of assignning charges to atoms in
molecules or functional groups have been described. In one advantageous method, these values are arived at by fitting the
charge parameters (and the derivative of the charges with respect to internal coordinates, also called a charge flux) to the
calculated molecular dipole moment. The mathematical relationship of molecular dipole moments (and their derivatives) to
atomic charge parameters in planar molecules has been previously described, and one suitable method to select atomic charge

parameters so as to fit an ab initio molecular dipole moment is described in detail by U. Dinur and A.T. Hagler in J. Chem. Phys.
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91, 2949-2958 (1989). The disclosure of this J. Chem. Phys. article is incorporated herein by reference in its entirety.

Static atomic dipole moment parameters are also fitted to the molecular charactenstics. Molecuiar models
incorporating static atomic dipole moments have also been produced. In one advantageous model, the static atomic dipole
moment parameters are mathematically related to the molecular quadrupole moment and its derivatives. For planar molecules,
this relationship, and the derivation of atomic dipole parameters using it, is also described in the 1989 Dinur and Hagler article
cited above. Step 18 may also comprise the calculation of static atomic quadrupoles. In one embodiment, these parameters
may be fitted to the calculated molecular octupole moment and its derivatives. The construction of permanent atomic
quadrupole parameters from molecular octupole moments and their derivatives is described in U. Dinur, J. Comp. Chem. 12, 91-
105 (1991). The disclosure of this J. Comp. Chem. article is incorporated herein by reference in its entirety.

Additionally, step 18 may comprise a fit of atomic dipole polarizability tensor components to the molecular quadrupole
polarizahility tensor components and their derivatives. This procedure may be performed with manipulations which are
described in additional detail below with reference to Figure 3. Following the derivation of the desired atomic parameter set at
step 18, the method of Figure 2 moves to step 20 where interactions between groups of atoms are calculated using the atomic
parameters in an atom-atom potential model.

With reference to the water molecule structure set forth in Figure 3, the determination of atomic dipole polarizability
tensor components from molecular quadrupole polarizability tensor components and their denvatives will now be described. As a
starting point, use is made of the following expressions of the six unique elements of the molecular quadrupole moment in terms

of atomic dipole moments and atomic partial charges:

O, “Z |:2“th: —Uyy; —Uzz; +4q; (xlz _l)’iz ____l_z'z)]

; 2 2
@ — 2 2 1 2 1 . 1
» "Z Up Vi —UpX; —ULZ, TG0 ) =X =2

1 1
®zz =Z [2ukzi -ukxi “u:‘yyi +qi (212 "-2“xi2 mﬂz-yzz)jl

3
O, ="2" [ufxyi+uiyxi+ql XY ]

i

©, 2“3‘2 [uixzi TU X +q, X,Z; ]
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Where 0, is the ab component of the molecular quadrupole moment, u,, is the a component of the dipole moment of
atom j, q; is the partial charge of atom i, and x;, y, and z, are displacements in the x, y, and z directions of atom i. From these

equations, it is possible to express an induced molecular quadrupole mement in terms of induced atomic dipole moments as set

forth below, if tha explicit consideration of induced charges is ignored (i.e. g;' is set to O):

' ' ! P
93“2 [zuitxi uiyyi Ug, 2, ]
i
' ' ' '
®w "Z [2uc’yy:‘ —UpX; —U, 2 ]
:

r ' ' '
i
o' _32[ ; :
o A UnDi +uiyxi
25
, _ 3 : ,
§

O, =%}; [u;yz, +u; y, ]

In the above equations, induced moments are indicated with a prime. By considering induced molecular quadrupole
moments as sums of induced dipole moments caused by an external applied field, the molecular quadrupole polarizability tensor
components can be related to components of atomic dipole polarizability tensors for the atoms in the molecule. For example, in

an applied field in the x direction, F,:

0. =3 [ujz, ~ulx, ~uly, ]

i

=F,Z[2a i =0 X O ;,,yya]

=F A__, therefore

X""x,229

Ax.zz =; [zai,xzzi "a:’,xxxi _a‘i.x)'yf ]

Where A, | is the a, bc component of the molecular quardrupole polarizability tensor, and wherein o, ,, is the ab
component of the dipole polarizability tensor of atom i. Similar relationships may be derived in the same way by considering the
other components of the induced quadrupole moment tensor and considering fields applied in the y and z directions. For

example:
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Ax,xx =§‘:, [za;‘nxi "'ai,.xyy:‘ — Q& 2 ]
3
Ax.xx = 52 [ocwzi +a; X, ]

Ax.yx = 2}; [ai.xyzi +ai.xzyi ]
Az..r.r mz; [mf.nxi —Q; 2V — O 22 ]

As these equations include sums over all the atoms in the molecule, there will be 6N unknowns, as there are six unique
components of the dipole polarizability tensor for each of the N atoms in the molecule. Because there are only 18 unique and
independent elements of the molecular quadrupole polarizability tensor, there may be many more unknowns than independent
eguations. For many molecules and functional groups, therefore, this set of equations will not lead to a unique determination of
the complete set of atomic dipole polarizability parameters. For some classes of molecules, however, the additional
consideration of the derivatives of the molecutar quadrupole polarizability tensor components along with algebraic manipulation
results in the simplification of the sums, and atomic dipole polarizability parameters may be uniquely calculated from the
derivatives of the components of the melecular quadrupole polarizability tensor.

As an example, for a planar molecule in the x-y plane, the derivative of the molecular quadrupole polarizability tensor

component A, ,, with respect to the z displacement of atom k is:

0A

oo . ool |
z,.xx — - 2 . X2 . i.yZz
0z, i Z[ H oz, ¢ 0z, ]

This derivative pulls 0\ 1, {the 2z component of the atomic dipole polarizability tensor for atom k) out of the sum over
all the atoms. As another example, the derivative of the molecular quadrupole polarizability tensor component A, ,, with respect

to the z displacement of atom k pulls o, ,, (the xx component of the atomic dipole polarizability tensor for atom k) out of the sum

over all the atoms as seen below:

oA 3

X, X2 a §,X3

3

In some cases, these equations can be combined to cancel out the remaining sums over all atoms. For linear molecules
located along the x-axis, where the y and z displacement of each atom may be set to zero after performing the derivatives,

algebraic manipulation of the equations for the derivatives of the components of the molecular quadrupole polarizability tensor
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produces the following relationships:

For planar molecules, where only the z component of atomic displacement can be set to zero after performing the

derivatives, the following relationships may be derived:

1| 04 . 0OA oA 0A
+ = o] 9 e yr |
FbmT% b [ 0z, 0z, 0z, 0z, :I
04 o _1_ aAX’)‘I aAy.xz _ aAz.xy
s 3| 8z, @z, Oz

From the above equations, it can be seen that for linear molecules, the components of the atomic dipole polarizability
tensor for each atom can be computed arithmetically from the derivatives of the molecular quadrupcle polarizability tensor
components, which are calculated, as mentioned above, with high accuracy ab /ntio quantum mechanical calculations. For
planar molecules, the off-diagonal elements of the atomic dipole polarizability tensor may be computed arithmetically, but only '
two equations exist for the three diagonal elements o, ,,, 0y . and oy ,,. For non-linear molecules therefore, the atomic dipole
poiarizability tensor components are not uniquely determined by the derivatives of the molecular quadrupole polarizability tensor

components alone. Accordingly, calculations for non-linear molecules require simplifications andjor information derived from
sources in addition to the molecular quadrupole polarizability tensor derivatives.

The computation of atomic dipole polarizability tensor components for the water molecule demonstrate this situation.
in this case, coordinates can be selected such that the water molecule lies in the xy plane, with the oxygen atom at the origin as

is illustrated in Figure 3. In this configuration:
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3
Azxz =§Z[a izle TQ ixzzl' ]
3
3-2- 0 i.zzxc =h szxH

Thus, oty 5 - Oz, = A, pl3Xy. Using ab initio quantum mechanically computed values for A, ,, and xy, a value for
Oy 2 30 Cyy 5 0f 0.0367 A® resuits.
The value for oy, may be determined by additional consideration of the zz component of the molecular dipole

polarizability for the water molecule because ¢y, yae = G0z + 204, ThiS leads to a value for oy, of 0.361 A°.

The derivatives of the moiecular quadrupole polarizability tensor of water may then be used according to the equations
for pianar molecules set forth above because the zz component of the tensor has been specified, resulting in unique values for
the other dipole polarizability tensor components. When the quantum calculations of the molecular quadrupole polarizability

tensor component derivatives are determined using HF/6-31G* quantum mechanical calculations, the atomic dipole polarizability

~ tensor components for the atoms in a water molecule are {in units of A°%):

Ologxx ™ 0.481, Coyy = 0.561, o, = 0.361

oy ™ Cloz ™ Koy = 0

Ot = Oz = 0.123, Gy py = ity = 0.221, Ctyy z = gz = 0.0367

Oty ey ™ 0.115, OH2ey = 0.115

OHtyz ™ CH2yz ™ Ot ™ OHo g = 0

As an isotropic dipole polarizability requires an equal value for all diagonal elements of the dipole polarizability tensor
and zeros for all off diagonal elements, it may be noted that the atomic dipole polarizability tensors for the oxygen and both
hydrogens in the water molecule are anisotropic. Both the oxygen and hydrogens are more polarizable in the y direction than
they are in the x direction. Thus, for the water molecule as parameterized according to one embodiment of the invention, applied
electric fields which are not exactly aligned with the x or y axis of the molecule will induce dipole moments which are not
parallel to the applied field.

For molecules of N atoms in arbitrary three dimensional arrangements, the molecular quadrupole polarizability tensor
components and their derivatives do not necessarily uniquely define the desired 6N atomic dipole polarizability tensor
components. It will therefore be appreciated that the use of molecular symmetries and information in addition to the molecular
quadrupole moment tensor and its derivatives may be used to develop atomic dipole polarizability tensors which fit molecular

multipole quantities. In some cases, the atomic dipole polarizability tensor components can be formulated to fit the molecular
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dipole polarizability tensor and its derivatives in addition to the molecular quardrupole polarizability tensor and its derivatives.
Furthermore, atomic parameters including the dipole polarizability tensor can be chosen to produce a simultaneous least squares
fit to the multipole moments (and their derivatives) of a family of molecules, wherein each molecule of the family contains one or
more atoms to be parameterized which are expected to behave similarly for each member of the family. It will also be
appreciated that in many molecules and families of molecules, some of the terms in the equations above may be set to zero if
their contribution is expected to be sufficiently small.

As illustrated in the flowchart of Figure 2, the general molecular modeling scheme is to parameterize 2 complex
quantum mechanical system with atom centered force field parameters, and then to use those parameters to model the behavior
of the complex system. A general modeling method using the parameters described above is presented in Figure 4. The first
step 28 of the method comprises parameterizing the behavior of a selected system with one or more of the parameters
mentioned above. These parameters may include a charge, a static atomic dipole, a static atomic quadrupole, and an anisotropic
atomic dipole polarizability. It will be appreciated that not all of the atoms in a system need be parameterized with the above
described parameter set. Furthermore, one or more atoms of the system may be parameterized with only a subset of these
parameters, and one or more of the atoms of the system may be parameterized with additional parameters not specifically
described herein.

In the next step 30, an electric field is calculated at the locations of one or more of the parameterized atoms of the
system. This electric field may be due to the presence of the atoms, may be an applied field, or may be a combination of the
two. In the presence of this electric field, induced dipole moments will be formed according to the atomic dipole polarizability
parameters defined for the model. The assigned charges, static dipoles, induced dipoles, and static quadrupoles will also
interact with the electric field local to each parameterized atom being considered. These effects are calculated at step 32. At
step 34, one or more physical properties of the modeled system are predicted, based on the interactions calculated at step 32.
it will be appreciated that a wide variety of physical properties may be determined in accordance with this embodiment of the
invention. Optical properties, crystal structures, binding affinities, as well as other physical properties may be predicted.
Calculated interaction energies may be used in several applications, including molecular dynamics simulations and Monte Carlo
calculations where the interaction energy at a variety of molecular conformations and positions is used. In addition, energy
minimizations may be performed to determine stable geometries of molecular interaction.

In the field of pharmaceutical research, the geometry and energy of ligand binding is of significant interest. This
application of the invention is illustrated in Figure 5. Referring now to this Figure, one embodiment of a method for modeling
peometries and energies of interaction between groups of atoms begins at a start state 40. It is assumed that the atom groups
to be modeled are defined at this stage, and are placed in a starting configuration. In the pharmaceutical field, one group of
atoms may comprise all or a portion of a selected candidate molecule such as a ligand molecule, and one group of atoms may
comprise a portion of a protein. In this application, it may be of interest to determine the binding energy and geometry of the
ligand-protein complex. Alternatively, two atom groups may comprise different portions of a protein, and the modeling may be

performed to evaluate an intramolecular non-bonded interaction important in protein conformation. Following a prediction of
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physical properties using the modeling techniques herein described, candidate molecules may be synthesized and tested for the
predicted physical properties.

It will be understood that in most applications, a general purpose computer is used to implement the methods
described herein. The general purpose computer will have access to a data base of interaction parameters which is stored in a
data storage device such as a CD-ROM, magnetic disk, semiconductor integrated circuit memory, or the like. The computer will
also include a processor for accessing the data bass, performing electric field calculations, computing induced dipole moments,
calculating interaction energies, etc. Also included will be input and output devices for user interface such as keyboards, graphic
display, printer, etc. The commands which configure such a general purpose computer to implement the methods of the
invention are stored on a computer readable medium such as a CD-ROM for access by the general purpose computer.

Returning to a discussion of the method of Figure 5, at step 42, force field parameters appropriate to the atoms and
atomic bonds of the system being modeled are retrieved from the data base. These parameters will typically include parameters
related to bonded interactions, van der Waals parameters, and electrostatic interaction parameters for atoms in a wide variety
of molecules and functional groups. Which parameters are retrieved will of course depend on the atoms and functional groups of
atoms being modeled.

At step 44, an electric field is calculated at the locations of the parameterized atoms. In this embodiment, this electric
tield may be calculated using classical electrostatics based on the pointwise arrangement of atomic charges, static and induced
dipoles, and quadrupoles defined by (1) the parameters retrieved at step 42 and (2) the coordinates of the parameterized atoms
of the system. Because the field depends on the induced dipoles, and the induced dipoles depend on the field, the field and
induced dipoles are made self consistent using a procedure described in more detail with reference to Figure 6.

Once the electric field is computed, at step 46 static multipole interaction energies and forces are determined.
Classical electrostatics may be used to perform a pairwise computation of charge/charge, charge/static dipole, static
dipole/static dipole, and charge/quadrupole interaction energies for the parameterized atoms of the system. At step 48, the
polarization energy of the system is determined. The polarization energy is the contribution to the total energy which is
attributable to the formation of induced dipoies according to the retrieved atomic dipole polarizability tensors.

According to this embodiment of the invention, therefore, the electrostatic and polarization contribution of the

interaction energy between the atoms of the system which is calculated at steps 46 and 48 of Figure 5 may be expressed as:

E"th;"'Eq!u"'thl""Eulc"'Eldu""Eu'lu""quﬂ*'Esdf

wherein;

Eyq = charge/charge interaction energy = Zq,-q iy

>
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Ey, = chargelstatic dipole intesaction energy = — > u; @

Eqy = chargefinduced dipole interaction energy = — » u e [
{
E, = static dipole/static dipole interaction energy = (—1/ Z)Z U, o F:'

E, = static dipolefinduced dipole interaction energy = Z u, o | :

"

E, = induced dipolefinduced dipole interaction energy = — (1/ 2)2 u, o [’

Eya = chargejquadrupole interaction energy = Z q; (Df?

E.q = self polarization energy = (1/ 2)2 u;e (F:’ + F:' + :‘)
i

The total polarization energy contribution to the interaction energy is Ey + Eyyy Ege + Eoqy, which may be expressed

as:

DY Fvuie FY

Forces due to these interactions may be computed at steps 48 and 50 by perturbing the coordinates of the
parameterized atoms and recalculating the interaction energies to determine the gradient of the interaction energy at the atomic
coordinates. One process for determining the polarization energy gradient (and thus the polarization forces) is explained in more
detail with reference to Figure 7. At step 50, interaction energies and forces are computed for force field terms not described
with reference to steps 46 and 48, including the intramolecular and van der Waals energies and forces.

It the current atomic configuration is a stable configuration of the system, the calculations performed at steps 46, 48,
and 50 above will result in caiculated forces on the atoms of near zero. At step 52, therefore, it is determined whether or not
these forces are below a threshold value. If they are not, at step 54, the coordinates of the atoms of the system are
incremented. In one embodiment, the incrementing is done in the direction of the energy gradient, although other energy
minimization algorithms could be used with similar resuits. After the coordinates are inqemented, the method loops back to

step 44 to recalculate the field with the atoms at their new coordinates. An iterative energy minimization process may therefore
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be performed until the forces on the atoms of the system are below the threshold at step 52. This indicates that a stable

geometry has been reached, and at step 56 a computed total interaction energy and the stable atomic coordinates are output.

Figure 6 is a flowchart illustrating an iterative method of making the local electric fields and the induced dipoles self
consistent when the field is calculated at step 44 of Figure 5. The method begins at step 58, where the field due to the static
charges assigned to each atom is determined at each atomic location. Next, at step 60, the field at each atomic lecation from
the static dipoles and quadrupoles of each parameterized atom is calculated. Initially, at step 62, the induced atomic dipoles and
the field produced by induced atomic dipoles for each atom are sat to zero. At step 64, the induced dipoles formed by the
presence of the current calculated field are determined using the anisotropic atomic dipole polarizability tensors discussed at
length abave. In the first iteration of the methed of Figure 6, the field will be due solely to the contributions from the static
muftipoles calculated at steps 58 and 60, as the induced dipoles and the field resulting from them are initially zero. '

Next, at decision state 66, the new induced dipoles for each atom are compared to the old induced dipoles. If the
difterence for any of the parameterized atoms is greater than a threshold value, the dipoles and field are not considered self
consistent. In this case, the field due to the induced dipoles is calculated at step 68, and the method loops back to step 64,
where a new set of induced dipoles are determihed. This new set of induced dipoles are computed with reference to the local
tields as updated with the contribution from the induced dipoles calculated in the last iteration.

This iterative loop continues until the new induced dipoles are sufficiently close to the last induced dipoles at step 66,
which indicates self consistency between the electric field and the atomic dipole moments induced by the electric field. Once
this point is reached, the field and induced dipoles are set to the values produced by the last field-induced dipole update iteration
at step /0. Although an iterative method is illustrated in Figure 6, those in the art will recognize that an analytical matrix'
inversion method could also be used to accomplish the same resuit.

Figure 7 illustrates an iterative method for calculating the polarization forces at step 48 of Figure 5. Referring back to

the formula for the polarization energy given above, it can be seen that the gradient of the polarization energy may be written as:

OE OF"  OF' & .
~ =(-—1/2)Zu‘.o F‘ +u; e I, +6u, 'F?"'%’F'

Thus, a calculation of the polarization energy gradient requires the determination of the derivatives of the induced
dipoles themselves, the derivatives of the field due to the induced dipoles, and the derivatives of the field due to the atomic
charges. To determine the derivatives of the induced dipoles, it is additionally required to determine the derivatives of the field
due to the static atomic dipoles. In an iterative manner analogous to that illustrated in Figure 6, the derivatives of the field due
to the induced dipoles is made self consistent with the derivatives of the induced dipoles themselves. This method begins at
step /4 of Figure 7 where the derivatives of the field due to the atomic charges and the field due to static dipoles are
determined. Next, at step 76, the derivatives of the induced dipoles and the field due to the induced dipoles is set to zero. At

step 78, the derivatives of the induced dipoles are then calculated. In the first iteration, this derivative is calculated using only
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the derivatives of the fields due to the charges and the static dipoles, as the derivatives of the induced dipoles is set to zero.

The method next moves to a decision state 80, where the new values of the derivatives of the induced dipole
moments are compared to the prior derivatives of the induced dipole moments for each parameterized atom. If the result of
these comparisons is more than a given threshold, the induced dipole derivatives are not consistent with the induced dipole field
derivatives. In this case, the method moves to step 82 and new derivatives of the induced dipole field are calculated using the
derivatives of the induced dipoles calculated in the last iteration at step 78. From step 82, the method loops back to step 78,
and recalculates new derivatives of the induced dipole moments using the derivatives of the induced dipole field derivatives
calculated in step 82.

It at step 80 it is determined that the differences between the newly calculated derivatives of the induced dipole
moments and the prior derivatives of the induced dipole moments from the last iteration are less than a threshold value, the
induced dipole derivatives are considered consistent with the induced dipole field derivatives. in this instance, the method moves
to step 84, where the polarization energy gradient is determined using the final values for the induced dipole derivatives and
Induced dipole field derivatives.

With reference now to Figures 8 and 9, examples of interaction energies and geometries calculated using a force field
including static atomic multipoles and anisotropic atomic dipole polarizabilities are presented. In the first example, illustrated in
Figure 8, the structure and interaction energy of the formaldshyde/sodium ion complex was modeled. The force field used in this
model included charge, static dipole, and static quadrupole parameters, as well as atomic dipole polarizability tensor components
as described above. The van der Waals parameters were adjusted such that the optimized Na /0 distance 90 equaled 2.16 A,
which is the value calculated using ab initio quantum mechanical methods.

The interaction energies determined by the model (in kcal/mole) are:

intramolecular: 0.02
van der Waals: 1.88
charge/charge: -25.40
charge/static dipole: -2.61
charge/static quadrupole:  2.77
polarization: -12.29
TOTAL: -29.63

These values may be compared to a quantum mechanically calculated total interaction energy of -28.3 kcalimole
(generated using HF/6-31G* with a basis set superposition error correction). In contrast, using a force field model which
includes only charge/charge electrostatic interaction parameterization, the polarization energy is neglected, and a value of
approximately -18 kcai/mole is obtained. The inclusion of atomic dipole polarizabilities in the model parameter set thus greatly

improves the match between the predictions of the force field calculations and the computationaliy expensive quantum
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mechanical calculations.

Reterring now to Figure 9, an optimized structure of the formaldehyde dimer is illustrated. Using quantum mechanical
calculations (MP2/6-31+G(2df, 2pd)), the predicted optimized structure comprises a perpendicular stacked structure, with the
distance between atoms 02 and H7 (denoted 92 in Figure 9) being 2.38 A, and the distance batween atoms 06 and H3 (denoted
94 in Figure 9) being 2.81 A. The quantum mechanically calculated interaction energy is -4.6 kcalimole.

Using a force field including charge, static dipole, static quadrupole paranleiers. and atomic dipole polarizability tensor
components, the optimized structure produced by the model is the perpendicular stacked structure wherein the distance
between atoms 02 and H7 92 is 2.77 A, and the distance between atoms 06 and H3 94 is 3.05 A. The calculated interaction
energy using this parameterized model is -4.5 kcalimole.

If the parameterized model includes only chargejcharge electrostatic interaction terms, the wrong optimized structure
is predicted. The upper formaldehyde molecule lies flat on top of the lower formaldehyde molecule, and the 02-H7 and 06-H3
distances are both equat to 3.17 A. By running the formaldehyde dimer optimization with different models which consider only
subsets of the charge/charge, charge/static dipole, static dipole/static dipole, charge/quadrupole, and polarization interactions, it
has been found that the charge/quadrupole interaction appears significant in the formation of the optimized perpendicular
stacked structure rather than the flat stacked structure.

Molecular models in accordance with the invention therefore provide increased accuracy in predicting the physical
properties of subject molecular systems. This will be especially true in those systems which include significant anisotropic
polarizations, such as systems including ion-benzene interactions. Because the parameter set is created to fit higher order
molecular moments and polarizabilities, more accurate energy calculations should result, as these molecular properties often
contribute significantly to interaction energies, and are not adequately taken into account in current modeling schemes.
Furthermore, the ratio of parameters to quantum observables can be increased by fitting, for an N atom molecule, 6N atomic

tipole polarizability parameters to 18 molecular quadrupole polarizability tensor components and 54N derivatives of those

‘components.

The foregoing description details certain specific embodiments of the invention. It will be appreciated, however, that
no matter how detailed the foregoing appears in text, the invention can be practiced in many ways. As is also stated above, it
should be noted that the use of particufar terminology when describing certain features or aspects of the invention should not be
taken to imply that the terminology is being re-defined herein to be restricted to including any specific characteristics of the
teatures or aspects of the invention with which that terminology is associated. The scope of the invention should therefore be

construed in accordance with the appended Claims and any equivaients thereof.
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WHAT IS CLAIMED [S:
1. A computer implemented method of modeling an interaction between a first group of one or more atoms

and a second group of one or more atoms, wherein at least a portion of said first group of one or more atoms is
characterized by a quadrupole polarizability tensor, said method compnsing:
5 defining, for at least a first one of said first group of atoms, elements of an atomic dipole polarizability
tensor utilizing derivatives of elements of said quadrupole polarizability tensor;
calculating a dipole moment induced in said first atom from a local electric field, said local electric field
being dependent on a relative orientation and separation of said first group of one or more atoms and said second
group of one or more atoms;
10 determining an interaction energy between said first group of one or more atoms and said second group
of one or more atoms which includes a contribution from said induced dipole moment; and
outputting said interaction energy.
2. The mathod of Claim 1, wherein said first group of one or more atoms comprises a first molecule, and
said second group of one or more atoms comprises a second molecule.
15 3. The method of Claim 1, wherein said first group of one or more atoms comprises a first portion of a

molecule, and wherein said second group of one or more atoms comprises a second portion of said molecule.

4 The method of Claim 1, wherein said second group of one or more atoms comprises a catalyst.
b. The method of Claim 1, wherein said atomic dipole polarizability is anisotropic.
8. The method of Claim 5, wherein said electric field and said induced dipele moment are not parallel.
20 7. The method of Claim 1, wherein said first molacule is also characterized by a molecular quadrupole

moment tensor, and wherein said method additionally comprises defining elements of an atomic dipole moment tensor for
said first atom utilizing derivatives of said molecular quadrupole moment tensor.
8. The method of Claim 1, wherein said first molecule is also characterized by a molecular octupole moment
tensor, and wherein said method additionally comprises defining element-s of an atomic quadrupole moment tensor for said
25 first atom utilizing derivatives of said molecular octupole moment tensor.
g. The method of Claim 8, wherein said calculated interaction energy additionally comprises a contribution
from said atomic quadrupole.
10. A method of evaluating a molecule for suitability for a particular purpose comprising:
selacting a candidate molecule comprising a piurality of atoms;
30 calculating a dipole moment induced in at least one of said plurality of atoms from a local electric field,
said induced dipole moment being non-parallel to said local electric field;
predicting one or more physical properties of said candidate molecule using said calculated dipole

moment.
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11, The method of Claim 10, wherein predicting one or more physical properties of said candidate molecule
comprises calculating an interaction energy between said candidate molecule and a target molecule which includes a
contribution from said induced dipole moment. '

12. The method of Claim 11, wherein said interaction energy additionally includes a contribution from a
permanent quadrupole mement in said first atom. |

13. The method of Claim 12, wherein said interaction energy additionally includes a contribution from a
permanent dipole moment in said first atom.

14. The method of Claim 13, wherein said interaction energy additionally includes a contribution from a
charge on said first atom.

15. The method of Claim 10, additionally comprising:

synthesizing said candidate molecule; and
testing said synthesized candidate molecule for said one or more physical properties.

16. The method of Claim 10, wherein said induced dipole moment calculation comprises using an atomic
polarizability tensor which may be anisotropic.

17. The method of Claim 16, wherein said candidate molecule is characterized by a molecular quadrupole
polarizability tensor, and wherein the elements of said anisotropic atomic dipole polarizability tensor have been determined
utilizing derivatives of elements of a molecular quadrupole polarizability tensor.

18. A method of evaluating a candidate molecule for suitability for a particular purpose, said candidate
molecule comprising a plurality of bonded atoms, said method comprising: ,

parameterizing behavior of said candidate molecule with a plurality of atomic parameters associated
with at least one of said plurality of bonded atoms, said plurality of atomic parameters including elements of an
anisotropic atomic dipole polarizability tensor;

determining a dipole moment induced in said at least one of said piurality of atoms due to a local electric
field using said atomic dipole polarizability tensor; and

predicting one or more physical properties of said candidate molecule using said induced dipole moment.
19. ' The method of Claim 18, additionally comprising:

synthesizing said candidate molecule; and

testing said synthesized candidate molecule for said one or more physical properties.

20. The method of Claim 18, wherein predicting one or more physical properties of said candidate molecule
comprises calculating a polarization energy.

21, The method'of Claim 18, wherein predicting one or more physical properties of said candidate molecule
comprises determining an energy of interaction between said candidate molecuie and a target molecule.

22. The method of Claim 18, wherein said plurality of parameters additionally includes a permanent atomic

quadrupole moment.
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23. The method of Claim 22, wherein said plurality of parameters additionally includes a permanent atomic
dipole moment.
24. The method of Claim 23, wherein said plurality of parameters additionally includes an atomic charge.

25, The method of Claim 24, additionally comprising calculating an energy of interaction between said local
electric field and said permanent atomic quadrupole moment, permanent atomic dipole moment, and atomic charge, and
wherein predicting one or more physical properties of said candidate molecule comprises using said energy of interaction
between said candidate molecule and said target molecule.

- 26. A computer readable medium having stored thereon commands which cause a general purpose computer
to perform a mathod of modeling interactions between a first group of one or more atoms and a second group of one or more
atoms, said method comprising:

retrieving, for at least one of said first group of atoms, elements of an anisotropic atomic dipole
polarizability tensor from a data storage device;

modeling an electric field which is dependent on a relative orientation and separation of said first group
of atoms and said second group of atoms;

calculating a dipole moment induced in said at least one of said first group of atoms from said electric
field using said anisotropic polarizability tensor;

calculating an interaction energy between said first group of atoms and said second group of atoms
which includes a contribution from said induced dipole moment; and

outputting said interaction energy.

27. The computer readable medium of Claim 26, wherein said method additionally comprises retrieving, for
said at least one of said first group of atoms, a permanent atomic quadrupole moment, a permanent atomic dipole moment,
and an atomic charge.

28. The computer readable medium of Claim 27, wherein said method additionally comprises calculating an
interaction energy between said first group of atoms and said second group of atoms which includes a contribution from
said permanent atomic quadrupole moment, permanent atomic dipole moment, and atomic charge.

28. An apparatus for modeling the geometry and energy of interaction between first and second groups of
atoms comprising:

a data storage device storing an anisotropic atomic dipole polarizability tensor for at least one of said
first group of atoms;

a processor which (1) models an electric field prnduced at least in part by said first and second groups of
atoms, (2) retrieves said anisotropic dipole polarizability tensor, (3) calculates a dipole moment induced in said at
least one of said first group of atoms by said electric field, and (4) calculates an interaction energy between said

first and second groups of atoms which includes a contribution from said induced dipole moment; and




10

15

20

25

CA 02302192 2000-03-02

WO 99/12113 PCT/US98/18464
.20-

an output device which reports said calculated interaction energy or other physical property derived
therefrom.

30. The method of Claim 29, wherein said memory additionally stores a static atomic quadrupole moment, a
static atomic dipole moment, and a charge for said at least one of said first group of atoms, and wherein said interaction
energy includes a contribution from said static atomic quadrupole moment, said static atomic dipole moment, and said
charge.

31. A method of modeling a stable geometry of interaction between first and second groups of atoms
comprising:

parameterizing electrostatic behavior of said first and second groups of atoms with a plurality of atomic
parameters associated with at least one of said first group of atoms, said plurality of atomic parameters including
an anisotropic atomic dipole polarizability tensor;

calculating dipole moments induced in said at ieast one of said first group of atoms using said atemic
dipole polarizability tensor; '

calculating an interaction energy between said first and second groups of atoms, said interaction energy
including a contribution from said induced dipole moment; and

iteratively optimizing a relative orientation of said first and sacond groups of atoms so as to reduce said
calculated interaction energy.

32. The method of Ciaim 31, wherein said first group of one or more atoms comprises' a first molecule, and
said second group of one or more atoms comprises a second molecule.

33. The method of Claim 31, wherein said first group of one or more atoms comprises a first portion of a
molecule, and wherein said second group of one or more atoms comprises a sacond portion of said molecule.

34. The method of Claim 31, wherein said plurality of parameters additionally comprises a charge, a

permanent dipole moment, and a permanent quadrupole moment for each of said plurality of atoms.
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