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formed by heating the mixture at 110 °C for 30 min.

Materials. Bacteriological peptone and yeast extract powder
were purchased from OXOID Limited, Basingstoke, Hampshire,
England. Sterile donor horse serum was obtained from Flow
Laboratories. Benzylpenicillin G. was a generous gift from
Gist-brocades N.V., Delft, The Netherlands. All chemicals used
were of the highest obtainable quality.

Apparatus. Optical density of growing cultures were deter-
mined at 660 nm with a Zeiss PMQ3 spectrophotometer. pH
measurements were performed with a saturated calomel electrode.
Test tubes were incubated in a water bath at 37 °C.

Test Organism. M. gallisepticum K514, kindly supplied by
the research management of Gist-brocades N.V., was used as the
test organism. M. gallisepticum strains can be stored at -20 °C
for several months.?® After being thawed at room temperature,
the culture was transferred to a bottle with fresh Adler medium
in such a way that the original culture was diluted 10 times. The
culture was incubated overnight at 37 °C. When the pH of the
culture had dropped to 6.8 and the density (determined as Aggom)
had reached a value of 0.22, the culture was used for inoculation
purposes. The remaining part was stored at -20 °C.

Determination of Antimycoplasmal Activity. The anti-
mycoplasmal activity of all compounds was determined in the
presence or the absence of copper and expressed as the minimal
inhibitory concentration (MIC). In the former case, the final
concentration in the test tube was 40 uM CuSO,. Tylosin and
compound 1 were included as controls in every test. All com-
pounds were dissolved in dimethyl sulfoxide whereas Tylosin was
dissolved in water. It was established that DMSO in the final
concentration in the Adler medium (1.25%) has no effect on
mycoplasmal growth. Serial twofold dilutions (in duplicate) of
test compounds were made in Adler medium. Each tube, con-
taining 3 mL of medium, was inoculated with 1 mL of a fresh
culture of M. gallisepticum K514, and these mixtures were in-

cubated at 37 °C for 24 h. Mycoplasmal growth was indicated
by a change in color of the indicator present in the medium. The
minimal inhibitory concentration was determined as the lowest
concentration that did not cause a change in color.

Data Processing. Statistical correlations were performed by
using a commercial multiple linear regression program (Statworks,
Cricket Software Inc., Philadelphia, PA). The figures in par-
entheses are the standard errors of regression coefficients. The
parameters included in each equation are significant on a 1% level.
For a given equation, n is the number of compounds, r is the
multiple correlation coefficient, s is the standard error of estimate
and F represents the value of the F test.
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Finding novel leads from which to design drug molecules has traditionally been a matter of screening and serendipity.
We present a method for finding a wide assortment of chemical structures that are complementary to the shape
of a macromoleculer receptor site whose X-ray crystallographic structure is known. Each of a set of small molecules
from the Cambridge Crystallographic Database (Allen; et al. J. Chem. Doc. 1973, 13, 119) is individually docked
to the receptor in a number of geometrically permissible orientations with use of the docking algorithm developed
by Kuntz et al. (J. Mol. Biol. 1982, 161, 269). The orientations are evaluated for goodness-of-fit, and the best are
kept for further examination using the molecular mechanics program AMBER (Weiner; Kollman J. Comput. Chem.
1981, 106, 765). The shape-search algorithm finds known ligands as well as novel molecules that fit the binding
site being studied. The highest scoring orientations of known ligands resemble binding modes generated by interactive
modeling or determined crystallographically. We describe the application of this procedure to the binding sites
of papain and carbonic anhydrase. While the compounds recovered from the Cambridge Crystallographic Database
are not, themselves, likely to be inhibitors or substrates of these enzymes, we expect that the structures from such

searches will be useful in the design of active compounds.

The process of developing a new drug is long and com-
plicated. The first step in this process is to find a “lead”:
a compound active in a particular therapeutic area.
Analogues of the lead compound are made in order to
study the way that its properties vary with structural
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changes. The resulting structure-activity data can be
analyzed to optimize the overall profile of the potential
drug. Lead compounds are usually found by screening
many compounds or are discovered accidentally. There
exists a good deal of expertise in making analogues and
optimizing the lead compound’s properties, but finding
such compounds is still largely a matter of chance. In this
paper, we attempt to assist drug design by finding struc-
tural precursors from which lead compounds can be de-
signed when the leads are to be ligands for a receptor of
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Figure 1. The score assigned to a receptor atom-candidate atom
pair versus the distance between them. Pairs with a distance
greater than 5.0 A the score assigned is zero. The total score for
an orientation is the sum over the scores for all receptor atom—
candidate atom pairs. If any pair is shorter than 2.3 A, then the
orientation is dropped from consideration. All the distance pa-
rameters are set by the user.

known three-dimensional structure.

Recent advances in biochemistry allow us to understand
better how drugs interact with their macromolecular re-
ceptors. For example, the structures of several protein
receptors of medicinal interest are known at the atomic
level from X-ray crystallography.!® In other cases, the
structure of a related protein is known and can often be
used as a model for the actual target receptort The
development of molecular modeling with computer
graphics has made it possible to easily visualize these re-
ceptors and their interactions with ligands, which might
be substrates, inhibitors, agonists, antagonists, or allosteric
effectors.*® From such studies, it is clear that a tightly
binding ligand possesses both chemical and shape com-
plementarity to the receptor binding site. In this paper
we make two assumptions. The first assumption is that
shape complementarity is a useful starting point for de-
signing novel ligands. The second assumption is that a
large collection of molecular structures such as the Cam-
bridge Crystallographic Database” will contain a number
of useful molecular shapes. Given a macromolecular re-
ceptor for which a structure is known at the atomic level,
and a “candidate” ligand from the small molecule database,
we use the automatic procedure developed by Kuntz et al.2
to dock the candidate ligand into the receptor binding site.
After being docked, the candidates are sorted by a simple
scoring routine that measures their fit to the receptor. The
method is able to find ligands known to bind to a particular
site and can dock them correctly. It also provides rea-
sonable dockings of novel molecules that are complemen-
tary in shape to the binding site. Then these molecules
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Scheme I

A. Read candidate coordinates

B. Calculate atom/atom distances for candidate

C. Match atom/atom distances from the candidate to

sphere/sphere distances in the receptor

D. Calculate for each match:
(1) Rotation/translation matrix to orient atom centers onto
paired spheres
(2) Orientation of candidate based using rotation/translation
matrix
(3) Score for each orientation

E. Save best orientation for the candidate

are examined by using interactive computer graphics.>®
We observe that those candidates with the highest score
fit the bumps and grooves of the site best. We anticipate
that these molecules could serve as the beginning of a
design effort; other methods must be combined with the
shape analysis to suggest molecular structures that are
complementary to the site in chemical interactions as well
as shape. We stress that we are not aiming at a compre-
hensive search for all potential ligands, all plausible con-
formers of a given ligand, or all possible docking geometries
of a particular conformer. Our goal is to retrieve a set of
interesting and novel molecular fragments that can lead,
ultimately, to the development of new pharmaceutical
agents.

Methods

Our basic approach to explore the docking of two rigid
objects uses a set of algorithms that develop a molecular
surface for the receptor,}®3 produce a negative image of
the receptor site,® and match the molecular structure of
a potential ligand to the negative image of the receptor.?
The method explores the full six degrees of freedom re-
quired to position two rigid objects. This work has been
described in earlier publications.®* The major new fea-
ture in this paper is the ability to search a large structural
database for interesting molecular shapes.

Briefly, the docking algorithm represents the negative
image of the shape of the receptor site with a set of spheres.
The spheres are constructed from the Connolly render-
ing!%12 of the molecular surface described by Richards.?
Each sphere touches the surface at two points and has its
center along the direction of the surface normal to one of
the points. Spheres are generated between all pairs of
surface points whose normals are directed toward each
other. The program keeps the smallest sphere of those
generated for each surface point. This eliminates spheres
that intersect the protein. Each receptor atom has many
surface points, each point with its smallest sphere. We
keep only the largest sphere associated with each atom.
This selection assures that the set of spheres span the site.
We have found that keeping only a single sphere for each
atom that borders the receptor site is sufficient to char-
acterize the shape of the site. More could be used for
complex sites if desired. In general there are many grooves
or invaginations in a macromolecular surface, each such
site characterized by a set of overlapping spheres of various
sizes. Definition of the possible binding sites is made by
the program automatically. The user must then specify

(9) Huang, C.; Jarvis, L.; Ferrin, T. E.; Langridge, R. UCSF MI-
DAS: Molecular Interactive Display and Simulation, 1983.
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Figure 2. The orientations of three of the papain candidate ligands found by our program and the known substrate, 3-iodophenyl
hippurate, are shown in the papain binding site. The dots represent the molecular surface of the papain site. The molecules illustrated
are (A) molecule 1, (B) molecule 3, (C) molecule 4, and (D) molecule 5. An adequate two-dimensional projection of molecule 2 could

not be found.

which of these sites is of interest. Typically the largest
set is the crystallographically determined binding site of
a receptor, but in some cases the smaller sites may be of
interest (e.g. for allosteric effectors). For the enzymes
discussed in this paper, the receptor sites are large, well-
defined invaginations that extend considerably beyond the
catalytic residues. Generating the spheres for the active
site of a typical protein receptor takes approximately 1 h
of CPU time on a VAX 8600 with the UNIX operating
system. This time is dependent on the size of the binding
site.

The small molecule database should ideally span a wide
range of molecular shapes while minimizing redundancies.
Our shape data base was derived from the July and Oc-
tober updates in 1985 to the Cambridge Crystallographic
Database.” Using the Cambridge Crystallographic Data-
base is attractive for a number of reasons. First, the
three-dimensional coordinates are already present and
need not be generated by the user. Further, the molecules
in the Cambridge Database represent a wide variety of
chemical structures. Finally, the conformation present in
the crystal is likely to be one of the low energy structures
for each molecule.” A minimum of processing was required.
For each structure, hydrogen atoms and counterions were
removed, and the reference codes, atom names, and
Cartesian coordinates were stored in the shape database
for use by the shape search program. The particular subset
of the Cambridge Crystallographic Database’ that we used
(about 2700 structures) was chosen arbitrarily for dem-
onstration purposes.

The matching program docks the candidate ligands from
the shape database into the receptor binding site in the
following way (steps C and D in Scheme I): The distances
between sphere centers of the site are matched to the
distances between atom centers of a candidate ligand. If
a particular distance (d;;) between spheres i and j is within
a cutoff C (typically 1.5 A) of the distance (d, ;) between
candidate atoms @ and b, then a sphere center £ and atom
center ¢ are sought such that d;, =d, .+ Cand d;;, = d,,
= C. For any group of n atoms to be matched to a group
of n spheres, all (n)(n - 1)/2 interatomic distances and
corresponding intersphere distances must meet the cutoff
criterion. Atoms and spheres are added to the list until
a violation occurs. The value of the cutoff, C, can be set
by the user. A rotation/translation matrix is calculated
by using the Ferro and Hermans least squares fitting al-
gorithm!® to find the best superposition of each atom onto
its paired sphere. There must be at least four sphere
centers matched to four atom centers (corresponding to
six matched distances) to determine a unique rotation/
translation matrix. The program systematically examines
the matching of every atom to every sphere. While this
is not an exhaustive search, several hundred matches are

(15) Ferro, D. R.; Hermans, J. Acta Crystallogr., Sect. A 1977, A33,
345.

found for each candidate in the database.

The rotation/translation matrix generated from a match
is applied to all atoms of the candidate to orient it in the
receptor site. Each match corresponds to a different
orientation of the candidate in the active site. The pro-
gram generates a large number of orientations and they
must be evaluated efficiently. We use a simple scoring
routine based on candidate/receptor interatomic distances
to screen the orientations. Distances between all the re-
ceptor atoms and the atoms of the oriented candidate are
evaluated according to eq 1. Very short distances (typ-

if d;; < 2.3 A for any i,j then

score = ~999.0
else
receptor  candidate
atoms atoms
score = 3. 2 Fy
i i

1.0 if234 <4d;; <
Fij = exp[—(dw- -35 A)Z] if 3.5 A < du <
0.0 if5.0A <d;;

354
5.0 A 1)

ically less than 2.3 A) represent excessive atomic overlap
and a poor score is returned for the orientation. If there
are no such distances, then for each receptor atom-can-
didate atom distance between 2.3 and 3.5 A the score is
increased by one. For distances between 3.5 and 5.0 A, the
amount added to the score decreases with increasing dis-
tance. For distances that are greater than 5.0 A, nothing
is added to the score (Figure 1). There is nothing unique
about this function form. It was chosen to identify ori-
entations that have favorable receptor contact in a quick
and convenient way and to eliminate orientations that
make bad van der Waals contact with the receptor. For
each candidate, the orientation with the best score is kept
for further calculation. The user may select the number
of top scoring candidates to be saved. The scoring function
tends to give higher scores to the candidates with more
atoms.

The matching, least-squares fitting, and scoring are
performed by a single program. It is written in FORTRAN
and runs on a number of machines. The work reported
here was done on a Floating Point Systems 264 array
processor with a VAX host. It takes approximately 2.5 h
of CPU time on this machine to go through the 2700
candidates in our database. The same run would take
about 40 h on a VAX 780 without an array processor. The
time required is dependent on the size of the binding site,
the matching parameters used, and the number of mole-
cules in the database searched.

Finally, we optimize the steric fit between the high-
scoring candidates and the receptor. Our aim is to assess
the difficulty of relieving van der Waals contacts that may
be present after the docking step. These candidates are
minimized in the receptor size by using the molecular
mechanics program AMBER,!® with the united atom force
field developed by Weiner et al.l7 Since we are concerned
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Figure 3. Molecule 3 is shown docked in the active site of papain. Two orientations are shown: the orientation that is found by
the search procedure (green), and the orientation after 500 cycles of AMBER'®!7 minimization (purple). The protein and its molecular
surface before minimization are shown. The structure is not altered much during the minimization.

Figure 4. Molecule 3 docked in the papain active site. Papain is in blue and its molecular surface is displayed. Molecule 3 is in purple
and is shown with its van der Waals surface. Molecule 3 is shown after 500 cycles of AMBER'®!7 minimization.
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only with complementarity of shape, we remove the elec-
trostatic interactions involving the candidate by giving its
atoms zero charge. The atoms in the receptor have their
usual charges. During the energy minimization, the al-
lowed motions include all degrees of freedom of the can-
didate and all degrees of freedom (backbone and side
chain) of the amino acid residues of the protein receptor
that have any atom within 5.0 A of any of the atoms of any
of the candidates docked in the site. The positions of other
protein residues are fixed. The same residues are mobile
in each minimization of a given site. The minimization
step relieves van der Waals contacts between the protein
and candidate. To get a better assessment of the good-
ness-of-fit than can be inferred from eq 1, we have also
minimized the energy of the free receptor and the free
candidate. The final energies of the separate molecules
are subtracted from the energy of the minimized complex.
This result approximates the van der Waals energy of
interaction between the protein and candidate and should
groups separated by a less bulky chain. The other two are
quite different. Each fits snugly into the site despite their
structural differences. Molecules 2 and 3 fit into the site
provide a reasonable basis of comparing the quality of the
geometric match for the different ligand candidates.

Results

We have performed calculations on two protein receptor
test cases: papain and carbonic anhydrase. Each is dis-
cussed separately below.

Papain. Papain is a sulfhydryl protease with broad
substrate specificity. The binding site is an elongated
groove in the protein’s surface. The groove has a pocket
at each end and separated by a ridge. We used the X-ray
crystal structure of papain 8PAP!8 from the Brookhaven
Protein Data Bank!? for our calculation.

We searched the database of candidates for those with
shape complementarity to the papain site. For the distance
matching, we used a cutoff, C of 1.5 A and required at least
four candidate atom-receptor sphere pairs per match. The
orientations of each candidate were scored using the pa-
rameter values discussed in the previous section. A large
number of the small molecules fit neatly into the papain
receptor site. We show four of the more diverse ones
below.

For comparison, a known substrate, 3-iodophenyl-
hippurate (5), is included. This molecule was also put in
our database as a test for whether we were able to recover
known ligands. The phenyl hippurate ranks low on the
list of best shape fits because our scoring routine is biased
toward larger molecules. It is recovered, however, in a
reasonable orientation. Molecules 1-5 were minimized for
500 cycles by using the molecular mechanics program
AMBERI617 a5 described above. The molecular mechanical
energies and the molecules’ initial scores are reported in
Table I. The fact that each complex yields a negative
interaction energy indicates that all repulsive atomic
overlaps have been removed in the minimized structures.
The orientations of molecules 1, 3, 4,and 5 are illustrated
in Figure 2. Molecules 2 and 3 have some resemblance
to the known substrate, because they have two bulky

(16) Weiner, P. K.; Kollman, P. A. J. Comput. Chem. 1981, 2, 287.

(17) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio,
C.; Alagona, G.; Profeta, S.; Weiner, P. J. Am. Chem. Soc.
1984, 106, 765.

(18) Drenth, J.; Jansonius, J. N.; Keokeok, R.; Swen, H. M,
Wolthers, B. G. Nature (London) 1968, 218, 929.

(19) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E.
F., Jr.; Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi,
T.; Tasumi, M. J. Mol. Biol. 1977, 112, 535.
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Table I. Scores and Energies of Candidates Bound to Papain

energy® of
energy’ of candidate/
free protein interaction
candidate score® candidate complex energy®*
molecule 1  175.40 5.62 -696.00 -35.32
molecule 2 166.35 15.05 -678.17 -26.92
molecule 3 164.64 36.41 -663.78 -33.89
molecule 4 160.47 20.56 -674.00 -28.26
molecule 5 147.65 6.17 -685.31 -25.18

¢Score reported here is from our simple scoring routine. The
larger scores are more favorable. °All energies are reported in ki-
localories after 500 cycles of AMBER!®!7 minimization with partial
atomic charges set to zero on atoms of the candidates. °Interaction
energy = (energy of the complex) - (energy of the free candidate +
energy of the free protein). The energy of the free protein is
-666.30 keal.

Table II. Scores and Energies of Candidates Bound to Carbonic
Anhydrase

energy’ of
energy® of candidate/
free protein interaction
candidate  score® candidate complex energy®”

molecule 6 178.38 6.73 -1130.73 -12.14
molecule 7 166.92 5.23 -1131.76 -11.67
molecule 8 148.65 3.13 -1156.12 -33.93
molecule 9  148.21 6.74 -1129.23 -10.65

molecule 10 70.32 NA NA NA

?Score reported here is from our simple scoring routine. The
larger scores are more favorable. ?All energies are reported in ki-
localories after 500 cycles of AMBER!®!" minimization with partial
atomic charges set to zero on atoms of the candidates. °Interaction
energy = (energy of the complex) — (energy of the free candidate +
energy of the free protein). The energy of the free protein is
-1125.32 kcal.
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groups separated by a less bulky chain. The other two are
quite different. Each fits snugly into the site despite their
structural differences. Molecules 2 and 3 fit into the site
with a bulky group in each of the pockets at either end of
the site and the connecting chain fitting over the ridge.
This is reminiscent of the way the phenylhippurate sub-
strate is thought to bind. In Figures 3 and 4, molecule 3
is shown in the papain binding site. Molecules 1 and 4 fit
differently. Molecule 1 fits with the pyridinyl group
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against the wall of the ridge. The ether chain bends across
the ridge and into the pockets of either side. Molecule 4
fits into one of the pockets and near the ridge area, but
it does not cross over the ridge into the other pocket. Even
in this small sample of molecules, one sees the program’s
ability to locate a variety of molecular shapes and a variety
of ways to fit molecules into a given site.

Carbonic Anhydrase. Carbonic anhydrase catalyzes
the conversion of bicarbonate and hydrogen ions to carbon
dioxide and water. The enzyme has a large, deep active
site. The substrate binds to a zinc atom located in the
bottom of the site. We used the X-ray crystallographic
structure for human carbonic anhydrase C bound in the
Brookhaven Protein Data Bank!? set 1CAC.?

The large size of carbonic anhydrase site presented a
problem because many proposed orientations were found
at the lip of the site far from the zinc. We were looking
for candidates from which we could design inhibitors, and
so we needed to find orientations that would block the

binding of bicarbonate ion. Therefore, we accepted only -

those orientations where at least one atom of the candidate
was within 5.0 A of the zinc atom. We used a smaller cutoff
(2.0 A as compared to the usual 2.3 A) for the atomic
overlap penalty. This allowed for more orientations that
fit deeply into the site.

Four of the candidates found in our database search are
shown below.

The known inhibitors of carbonic anhydrase are arene-
sulfonamides (10). We did not find any arenesulfonamides
in our search because (1) they are small molecules and do
not fill the site as well as the larger structures found here,
and (2) they bind mainly on the basis of electrostatic in-
teractions, which are ignored in the shape calculation. The
scores and energies for four high-scoring molecules are
listed in Table II. Once again the molecules that fit well
are quite different from the known inhibitors and from
each other. They also yield attractive van der Waals en-
ergies of interaction. The orientations of molecules 6, 7,
9, and 10 are illustrated in Figure 5. Molecules 7-9 are

CARBONIC ANHYDRASE CANDIDATES
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macrocycles, and molecule 6 bends around into a cyclic-like
conformation. Molecule 6 fits most deeply into the site.
Even molecules of this size fill only about one-half of the
site and must choose one side of the site with which to
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Figure 5. The orientations of three of the carbonic anhydrase
candidate ligands found by our program and the known inhibitor,
arenesulfonamide, are shown in the carbonic anhydrase binding
site. The dots represent the molecular surface of the carbonic
anhydrase site. The position of the zinc atom is indicated with
a plus sign (+). The molecules illustrated are (A) molecule 6, (B)
molecule 7, (C) molecule 9, and (D) molecule 10. An adequate
two-dimensional projection of molecule 8 could not be found.

interact. Molecule 8 has a better interaction energy than
the other molecules, because, being cylindrical as opposed
to being relatively flat, it can interact with a larger amount
of the receptor surface. In Figures 6 and 7, molecule 8 is
shown as it is oriented in the site after AMBER!®!” mini-
mization.

Discussion

There are many different approaches to any selecting
molecules for drug design. We have chosen to approach
the design of lead compounds by starting from the general
perspective of shape complementarity. We do not expect
that the molecules found in the shape search will neces-
sarily be leads themselves, since no evaluation of chemical
interactions is made. We see the molecules found by shape
search as frameworks: molecular skeletons to which ap-
propriate atomic replacements must be made. Of course,
the chemical complementarity of these molecules can be
evaluated, but we expect that atom types will be changed
to maximize the electrostatic, hydrogen bonding, and hy-
drophobic interactions with the receptor.

At this preliminary state, we can say that our shape
analysis method is successful in finding a variety of mol-
ecules that are complementary in shape to a given site. It
has several attractive features. First, it retrieves a re-
markable diversity of molecular architectures. Second, the
best structures show impressive shape complementarity
over an extended surface area. Third, the overall approach
appears to be quite robust with respect to small uncer-
tainties in positioning of the candidate atoms.

We are intrigued that the molecules identified here are
larger than most known ligands and interact with more of
the receptor site than just the catalytic residues. Inter-
acting with a larger part of the site should increase the
specificity of these molecules compared to molecules that
are designed on mechanism-based ideas. We speculate
that a sensible combination of mechanism-based and
steric-based design efforts could lead to a tightly binding
ligands with a high level of specificity.

We recognize that this approach is at a very early stage
and its limitations must be kept in mind. In the case of
the receptor, it is necessary to know its three-dimensional
structure, or the structure of a molecule that can be used
as a model. Further, the candidate ligands and the re-
ceptor site are held rigid during the docking procedure.
Thus, the candidates themselves are only considered in the
conformation found in the crystal. These limitations can
be ameliorated in several ways. First, the use of AMBER!6!
permits some relaxation of the rigid candidate and receptor
geometry. Second, if distinct conformations of a candidate
are desired, they can be put into the database separately.
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Figure 6. Molecule 8 is shown docked in the active site of carbonic anhydrase. Two orientations are shown: the orientation that
is found by the search procedure (green), and the orientation after 500 cycles of AMBER'®!" minimization (purple). The protein and
its molecular surface before minimization are shown. The structure is not altered much during the minimization.

Figure 7. Molecule 8 docked in the carbonic anhydrase active site. Carbonic anhydrase is in blue and its molecular surface is display:

Molecule 8 is in purple and is shown with its van der Waals surface. Molecule 8 is shown after 500 cycles of AMBER'®!" minimizat




Designing Ligands for a Receptor Binding Site

Third, we can deal with a limited number of rotatable
bonds using the method developed by DesJarlais et al.!
Alternative approaches may use distance geometry meth-
ods?” for exploring the candidate conformation and a ro-
bust optimization method such as the ellipsoid algorithm
may be helpful.?? If one is interested in designing in-
hibitors or antagonists, keeping the protein site rigid during
the docking is not a great limitation. As long as a ligand
binds tightly enough to some conformation of the protein,
it will prevent substrate binding, and it should have an
inhibitory effect. The problem of designing substrates or
agonists is clearly more difficult. It does require knowledge
of the active conformation of the receptor.

A second limitation is the bias inherent in the set of
molecules in the shape database. For example, there are
a large number of macrocyclic and polycyclic hydrocarbons
in the set of molecules used in the work reported. A
number of these have similar shapes. It would be useful
to choose the molecules included in the database carefully
to provide the greatest variety in shape possible, but with
attention to molecules that are synthetically accessible. We
are currently working on this aspect of the problem.

We are aware that most targets of rational drug design
are not receptors of known structure. We can extend the
shape search method to such problems by using methods
of pharmacophoric alignment.? In order to characterize
an unknown binding site, one may start with a set of
known ligands, each of which can be assigned on active
conformation. If these can be superimposed, their com-
bined volume approximates the shape of the binding site.
We can then generate a receptor site mode complementary
in shape to the ligands. Thus, only the algorithm for
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characterizing the shape of receptor site need to be dif-
ferent from that described in this paper. We have had
some success with this alternate application, which will be
reported elsewhere.

The success of this method will depend strongly on how
well we are able to take the next step and map receptor
properties onto the candidate atom positions. We are
currently at work on a semiautomatic method of suggesting
chemically reasonable molecules. It is likely that certain
molecular frameworks that are found in the shape search
may provide atom positions that allow for better interac-
tion with the receptor than others. Synthetic accessibility
must be considered at this point as well.

Despite its limitations, we expect that the shape-fitting
approach will be a useful way of obtaining a wide variety
of structures that fit a given receptor binding site, and may
be used for more detailed calculational and experimental
tests. An automatic search of this kind is likely to be more
thorough than visual examination. Through such a search,
the user is presented with a variety of structure that may
be quite different from known inhibitors and substrates.
The structures that are found may also be modified so that
their chemical nature is more compatible with the site.
The results of these efforts should give insight into the
general problem of predicting receptor-ligand interactions.

The programs described in this paper are available by
contacting IDK; the Cambridge Crystallographic Database
is available through the Crystallographic Data Centre,
University Chemical Laboratory, Lensfield Road, Cam-
bridge, CB2 1EW, England or through William Duax,
Medical Foundation of Buffalo, Research Laboratories, 73
High Street, Buffalo, NY 14203; the Protein Data Bank
is available through Thomas Koetzle, Chemistry Depart-
ment, Brookhaven National Laboratory, Upton, NY
11973.
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