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I. Introduction

The medicinal chemist has long known that modifying a drug's chemical
structure may cause modified biologic response. If we accept the view
that biologic reactions are subject to normal chemical forces, then
the usual physical chemical concepts--e.g., thermodynamic and kinetic
theory--should apply. However, early attempts to correlate biologic
activity quantitatively with chemical structure, using the Hammett
equation or Huckel molecular orbital calculations, met with only lim-
ited success (GOODFORD, 1973; PURCELL et al., 1973). It is now clear
that this failure was due to the greater complexity of bioreactions
compared to "normal" chemical reactions ill homogeneous solution.

A. Differences between Bioreactions and Solution Reactions

It has proved difficult to find a consistent and valid measure of
biologic action, due to the variable response of individual test sub-
jects, and the problem of devising tests in which the measured re-
sponse is simply and unequivocally related to drug dose (GOURLEY, 1970;
GOODFORD, 1973). Drug may be transported to site of action by passive
diffusion and partitioning through various membranes and fluids, by
active (energy-coupled) transport, or by facilitated transport or
selective diffusion through a channel (GOURLEY, 1970; WILBRANDT and
ROSENBERG, 1961). Drug may bind to plasma or "false receptors"; it
may be rapidly excreted or inactivated; or it may encounter such mys-
terious obstacles as the blood-brain barrier (OLDENDORF, 1974). Meta-
bolic transformation (McMAHON, 1970) may increase as well as decrease
drug potency (SINKULA and YALKOVSKY, 1975).

BiOlogic processes generally are enzyme-mediated and are subject to
greater stereochemical constraints on reagent structure than the cor-
responding solution reactions (eASY, 1970; HANSON and ROSE, 1975).
Although solution reactions usually may proceed to completion (thermo-
dynamic equilibrium), total bioequilibrium is reached only after the
organism has died. In order to maintain the chemical driving force
necessary for life itself, bioreactions exhibit extremely complex
kinetics, involving feedback control loops and profoundly interdepend-
ent reaction pathways (CITRI, 1973; SEGAL, 1973). Nature appears to
go to great lengths to make biochemical processes discontinuous; a
cell process (e.g., mitosis, muscle contraction, nerve stimulus
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transmission) tends to be in an "off" state until "turned on" by what
may be viewed as a "pattern recognition" response to an activating
molecule or stimulus.

Despite all these complications--and more--in biologic processes,
quantitative structure-activity relationships (QSARs) are often found
for a family of drugs.

II. Quantitative Structure-Activity Relationships

QSARs are derived by means of a number of statistical techniques,
which may broadly be categorized as multiple regression (MR) or pat-
tern recognition (PR) analysis.

A. Multiple Regression (MR) Analysis

This well-founded empirical procedure applies standard regression
techniques to the problem of correlating activity with several possi-
ble structural parameters (REDL et al., 1974; HANSCH, 1973; PURCELL
et al., 1973; GOODFORD, 1973). Three major subcategories are de novo
correlations, linear free energy relationships, and substructural
analysis.

The FREE-WILSON (1964) de novo analysis assumes that substituents on
a drug parent system influence activity independently of each other.
In this procedure, a substituent (say, para-chloro) is assigned a
contribution of 1 to the activity when it is present, 0 when absent.
The resulting simultaneous equations (equated to observed activity)
are solved by least squares techniques, and the derived coefficient
indicates whether a given substituent enhances or hinders activity.
Where correlations are found, the method offers the possibility of
predicting activity of compounds with all combinations and permuta-
tions of the given substituents.

The linear free energy relationship (LFER) approach (WELLS, 1968;
SHORTER, 1973) assigns known physicochemical parameters to the sub-
stituents and again solves simultaneous equations. This approach has
been utilized extensively to relate the rate and equilibrium of solu-
tion reactions to chemical structure since it was introduced by
HAMMETT (1937). TAFT and LEWIS (1959) reformulated LFER's as a multi-
parameter equation, and HANSCH et al. (1962) was able to extend the
method successfully to biologic reactions. The empirical technique
is based on the "extrathermodynamic" assumption-i.e., the assumption
is not justified by thermodynamic theory (LEFFLER and GRUNWALD, 1963}--
that the free energy of a reaction can be partitioned into a linear
sum of individual energetic contributions. Although many variations
of the method have been published, and different research groups have
"favorite" substituent constants that they try to correlate, the nor-
mal analysis includes an electronic term, a partitioning term, and
perhaps a steric term (HANSCH et al., 1973a; NORRINGTON et al., 1975).
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The electronic term is traditionally HAMMETTts sigma substituent con-
stant (JOHNSON, 1973; SHORTER, 1973), although this is often subdi-
vided into field and resonance terms [Jand ~ in the SWAIN-LUPTON
(1968) approach]. Partition coefficient is usually represented by the
HANSCH pi constant (FUJITA et al., 1964), often with a squared term
added to reflect the observed hyperbolic relationship of activity and
hydrophobicity (extremely lipid soluble or extremely water soluble
compounds have difficulty traversing all biophases to reach site of
action: HANSCH, 1969).

Expressing the steric effect in an LFER has long been a problem
(CAVALLITO, 1973; SHORTER, 1972; LIEN, 1969; NORRINGTON et al., 1975;
SIMON, 1974). Solution reactions usually have been correlated with
TAFTts steric constant Es' but van der Waals radius (CHARTON, 1975),
molar refractivity and molecular weight (HANSCH et al., 1973a;
NORRINGTON et al., 1975), orientation constants (OTVOS et al., 1975),
topologic indices (DUBOIS et al., 1973), calculated congestion (WIPKE
and GUND, unpublished results), principal molecular axes or moments of
gyration (ZANDER and JURS, 1975), three-dimensional Fourier transform
(DIERDORF and KOWALSKI, 1974), and model hydrocarbon strain calcula-
tions (DETAR, 1974a,b)--to name just a few recent examples--have also
been used as measures of steric environment. Nevertheless, correla-
tion of bioactivity with steric effects has been accomplished with
only a few of these indices, and in a limited number of cases (e.g.,
HANSCH, 1973). This is perhaps not surprising, given the strong in-
fluence of reagent geometry on enzymic reactions (HANSON and ROSE,
1975).

Recently, substructural analysis has been added to the arsenal of MR
techniques. CRAMER et al. (1974) were partially successful in cor-
relating drug activity with moleeular substructure as represented by a
fragment code. In a similar approach, ADAMSON and BUSH (1974) cor-
related antibacterial activity of 79 penicillins with substructural
fragments. This technique has also been used recently in an attempt
to elucidate chemical structure from 13C nmr spectra (BREMSER et al.,
1975). In an attempt to correlate activity with three-dimensional
steric environment, SIMON and SZABADAI (1973) defined a minimum steric
difference (MSD) parameter essentially as the number of main row atoms
remaining when a model was constructed to overlap as many atoms of the
reference compound as possible. The correlation of MSD with activity,
again, was encouraging but not overwhelming.

B. Pattern Recognition Analysis

The rapidly expanding field of artificial intelligence includes pat-
tern recognition (PR) techniques (JURS and ISENHOUR, 1975; KOWALSKI,
1974; KOWALSKI and BENDER, 1975) such as learning machines, k-nearest
neighbor calculations, discriminant analysis, and many others. PR
techniques have been used to correlate biOlogic activity with mass
spectral fragmentation patterns (TING et al., 1973) and with molecular
fragments. Among others, HILLER et al. (1973), STUPER and JURS (1975),
CHU (1974), CHU et al. (1975), and KOWALSKI and BENDER (1974) have
"recognized" molecular patterns that appear to be associated with
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bioactivity. While PR techniques may be used with any numeric infor-
mation--including physicochemical parameters--it has largely been
used to date to correlate bioactivity with molecular fragement infor-
mation.

C. QSAR Generalizations

HR techniques hinge on the tenuous assumption that variation of chem-
ical structure with bioactivity is describable by a smooth, continuous
curve. While this is doubtless not totally true, the method works
surprisingly well in many and varied cases for predicting optimally
active examples of a homogeneous set of compounds. Nevertheless, an
analog containing a substituent with different steric properties,
which is metabolized, or which changes site of binding can fail to
correlate.

PR techniques are capable of handling activity discontinuities and
inactive analogs. In principle, they can correlate activity among
highly heterogeneous sets of compounds. In practice, however, the
method appears to contain pitfalls, and published analyses have been
the subject of controversy. For example, the correlation of bio-
activity with mass spectral data (TING et al., 1973) has been called
trivial (PERRIN, 1974) and absurd (CLERC et al., 1973); and a correla-
tion of anticancer data with structural fragments (KOWALSKI and
BENDER, 1974) has been criticized as valid only for the highly biased
set of compounds used in the analysis (MATHEWS, 1975). It has been
said that there is a danger with PR techniques of correlating insig-
nificant information (KENT and GAUMANN, 1975). PR results seem to be
highly dependent upon patterns chosen for input; and since a very
large number of patterns are generally possible, a fair amount of
SUbjective judgment enters into the analysis. Further problems in-
clude pattern overlap and redundancy and relative weighting of patterns.
Nevertheless, PR has the capability of predicting new classes of drugs
with a desired activity, and deserves to be pursued. It is likely
that the most satisfactory results will be attained when fairly large
substructures are used to provide good discrimination.

Both MR and PR techniques are parametric methods that are subject to
dataset bias and to choice of independent parameters. Furthermore,
the specification of stereochemical and spatial information in a
general way has proved difficult with either technique. The remainder
of this chapter develOps the concept of a pharmacophoric pattern as a
representation of structural information that might be correlated with
bioactivity by either HR or PR methods.

III. Description of Pharmacophoric Patterns

We define a pharmacophoric pattern as a collection of atoms spatially
disposed in a manner that elicits a biologic response. The importance
of spatial configuration is a consequence of the drug-receptor theory



121

of biologic action, which is discussed below. Since both topologic
and topographic patterns have been discussed in the literature, we
will consider them separately. Histori\1ally, the term "pharmacophorell
was attributed to EHRLICH (1909) by ARIENS (1966), and the distinction
between topologic and topographic patterns has been recognized by
KAUFMAN and KERMAN (1974), among others.

A. Topologic Molecular Patterns

Topologic patterns are independent of molecular conformation, but
dependent upon molecular configuration (positional isomerism). They
are specified in terms of atom type and connectivity, as contained in
a connection table representation of structure (LYNCH et al., 1971).
They correspond to molecular fragments or substructures. They have
been defined "graph theoretically" as atom-centered or bond-centered
fragments (LYNCH, 1974), or as "environments" (DUBOIS, 1974). They
have been defined chemically in terms of functional gr-oups, rings,
side chains, and Wiswesser Line Notation symbols (EAKEN and HYDE,
1974; FELDMAN, 1974). These types of patterns have been used exten-
sively in pattern recognition studies of influence of molecular struc-
ture on bioactivity.

B. Topographic Molecular Patterns

Topographic patterns are geometry dependent, conformation dependent,
and specified by atom type and position in space. Their importance
for bioactivity is a consequence of the drug-receptor theory of bio-
logic action (CAVALLITO, 1973; KOROLKOVAS, 1970).

In essence, receptor theory states that a drug must interact chemi-
cally with an appropriate site on a biologic macromolecule in order to
exert its effect. (lIDrug" is used throughout in its larger sense, as
any chemical--synthetic or natural--that causes a biologic effect.)
As the drug complexes with the receptor site, a biologic response
(perhaps due to a macromolecular conformational change) occurs, and
the drug is released, allowing the biomolecule to become primed for
the next activating episode. Drug action may be categorized as agon-
ist--eliciting a normal biologic response from the receptor--and
antagonist--inhibiting normal response by the receptor. Antagonist
action may occur by strong or irreversible complexing to the receptor
site, or by binding to some other site on the biomolecule, so normal
binding to the distorted receptor site is not possible (allosteric
inhibition: GRAY, 1971).

C. Pharmacophoric Patterns: Topologic or Topographic?

Bioreceptors are believed to possess a specific geometric structure.
Therefore, the receptor site pattern, and the complementary pharmaco-
phoric pattern, are topographic in nature. In recognition of this
principle, CROXATTO and HUIDOBRO (1956) molded receptor sites by
"surface complementarity" to space-filling models of active drugs in
order to predict bioactivity.
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Neverthtless, a number of topologic pharmacophoric patterns have been
proposed in the literature and have often proved useful in classifying
drugs of similar activities. Topologic patterns will succeed in de-
scribing bioactivity insofar as they correspond to the actual (topo-
graphic) pharmacophoric pattern. Thus, patterns involving unsaturated
rings or constrained rings possess relatively few degrees of conforma-
tional freedom, and the geometric structure is often inherent in the
structural diagram. Chiral topologic patterns contain additional
spatial information. Furthermore, distance between functional groups
(topography) may be approximately represented as a number of single
bonds (topology). For example, JANSSEN (1973) proposed that the basic
topologic pattern shown in ~, where X may be several different atom
types,

Ph-X-X-X-X-NR2

1

may be associated with antipsychotic activity. This is clearly a
simplification, since many compounds containing that substructure are
not neuroleptics. JANSSEN (1970) proposed an S-shaped topography for
this pattern, and quantum mechanical calculations (KAUFMAN and KERMAN,
1974; KAUFMAN and KOSKI, 1975) and classical calculations (FEINBERG
and SNYDER, 1975) have shown that these drugs do tend to assume cer-
tain well-defined conformations. Furthermore, in the preferred con-
formation, at least some of them may be superimposed on the preferred
conformation of dopamine, rationalizing their competitive binding to
the same receptor (FEINBERG and SNYDER, 1975). The dynamics of con-
formational change in these drugs has also been related to antipsy-
chotic activity (FENNER, 1974).

The presence of a topographic pharmacophoric pattern is, of course, no
guarantee of activity, since transport, metabolism, and steric prob-
lems may interfere. The further complication of molecular flexibility
will be considered below. Nonetheless, it appears that the most dis-
criminating measure of potential bioactivity will be an appropriate
topographic pattern.

D. Functional Definition of Pharmacophoric Pattern

A pharmacophoric pattern may be specified by a collection of atoms and
distances between them. Heteroatoms and unsaturated carbon atoms will
most often be involved in pattern definition, with hydrogens usually
not explicitly considered if heteroatoms are labeled as either hydrogen
bond donating or accepting. Of the forces involved in drug-receptor
binding--coulombic, dipole, hydrogen bond, charge transfer, hydro-
phobic, and van der Waals, in order of decreasing energy (KOROLKOVAS,
1970)--only the last two are important for saturated carbon. Computer
representation of pharmacophoric patterns is discussed in a later
section.

A pharmacophoric pattern may be chiral, except for a planar pattern,
which may be oriented. We define pattern chirality in a manner similar



123

Fig. 1. Definition of pattern
chirality

PATTERN CHIRALITY
c

a

Fig. 2. Definition of
oriented facial pattern.
z = center of gravity
of the molecule con-
taining the oriented
pattern

a X b

"-
"- z

to that used for computer determination of atom chirality (WIPKE and
DYOTT, 1974). For a pattern with its origin at atom 1, construct
vectors a and b to atoms 2 and 3 (Fig. 1). The cross product a x b
defines a perpendicular direction. Vector c drawn to atom 4 then has
the same sign as a x b (for parity 0) or opposite sign (for parity 1).
If atom 4 is in the plane of atoms 1-3, then it is replaced by the
first out-of-plane atom for determining chirality. The orienting of
a planar pattern is determined in a similar manner; again, the first
three atoms define a direction a x b, and that direction should point
away from the center of gravity of a molecule containing an oriented
pattern (Fig. 2). Pro chirality of a planar atom is treated similarly
in the re/si nomenclature (HANSON, 1966; GOODWIN, 1973).

A pharmacophoric pattern has the property of aaaessibility. Accessi-
bility may be total, as in cations ~ and NH4+' It may be bifacial,
as in ethidium bromide and other DNA intercalating drugs (WARING,
1970). It may be facial, or facial oriented, as in tetrodotoxin
(MULLINS, 1973). It may be nodal, as in detergents. It may even be
inaccessible; for example, an internal amino acid residue in a glob-
ular protein. Operational definitions of the various accessibility
classes are under development. The related concept of atom congestion
has been defined (WIPKE and GUND, 1974). Alternatively, accessibility
may be specified as part of the pattern by defining a negative mass
atom and requiring that the test molecule have no mass at that pattern
position.

Finally, a pattern may be indefinite. There may be atom indefinite-
ness, since often more than one atom type (e.g., NH2, OH) may be
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tolerated at the same position on the receptor surface. This might
be specified by indefinite atom types (e.g., D for electron donor
atom), or as a fractional electronic charge. An abstraction of this
idea defines an interaction pharmacophore as an electrostatic poten-
tial field (WEINSTEIN et al., 1973). Also, a functional group (e.g.,
carboxyl) might be specified as a pattern "superatom," simplifying
the number of distance matches to be made. A pattern may also have
distance indefiniteness; for example, ZEE-CHENG and CHENG's (1970)
antileukemic pattern was reported with distance error limits. The
result is a fairly indefinite pattern; as illustrated in Figure 3,
the third atom may appear anywhere in the shaded area and still ful-
fill the defined pattern requirements. Since bonded atoms are rela-
tively close together, they require smaller distance tolerances.

A pattern may also be indefinite because of conformational changes of
the drug. For example, the a-adrenergic receptor (KOROLKOVAS, 1970)
Fig. 3. Error limits
for antileukemic tri-
angular pattern (ZEE-
CHENG and CHENG, 1970)

\~

.~

7.08 ± .56r-~o~+-------~~~------------~N

Fig. 4. Proposed a-adrenergic
receptor site topology. X =
positions where bulk in the
drug is not tolerated. From
KIER (1968)

Less
favorable

More
favorable
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has been formulated with a rather large area for binding of a phenyl
ring of active drugs (Fig. 4). This may be accommodated in the pat-
tern by assigning large distance error limits, or rather inelegantly
by specifying two pattern distances rather than three. Of course the
latter will allow more patterns than desired, but at least all proper
patterns will be found. Disallowing conformations with mass at posi-
tions marked by X in Fig. 4 would further restrict the number of ac-
ceptable patterns. These techniques might also prove useful in cases
where the active conformation of a flexible drug was not known.

IV. Three-Dimensional Pharmacophoric Pattern Searching

A. Derivation of Pharmacophoric Patterns

Topologic patterns have typically been proposed as a consequence of
structure-activity investigations. Topographic patterns have been
derived from mapping of a topologic pattern onto a rigid drug analog,
or from determining the preferred conformation of a flexible molecule
by theoretical or experimental means. Confidence is gained in the
reality of such a pattern by finding it in several different drug
structures exhibiting similar bioactivity. A long-term objective is
to develop an automatic pattern recognizer that finds patterns common
to several drugs possessing the same mode of action. Our initial aim,
however, was more modest: to search for presupposed patterns to deter-
mine their worth. Some patterns already proposed in the literature
are collected in Table 1; where available, references are to reviews.

B. Derivation of Drug Molecule Structures

Molecular structures are available from modeling and from experimental
studies. About 5000 molecular structures are available from the
Cambridge Crystallographic Data File (ALLEN et al., 1973). Trans-
forming unit cell coordinates to cartesian coordinates is trivial
(computer program available from the author). The crystallographic
method suffers from limitations, however, in that it is a relatively
long and expensive procedure performed by experts on specialized
equipment; the crystal structure may correspond neither to the solu-
tion conformation nor the bioactive form; and crystal structures are
not available for many drugs, all liquids and amorphous powders, and
nearly all hypothesized new drugs. Structural information is avail-
able from a variety of other experimental methods, including electron
diffraction, proton and 13C nmr, and lanthanide shift experiments
(BARRY et al., 1974).

Molecular coordinates may be derived from measurements on a Dreiding
model by using various computer programs that create molecules from
standard fragments (such as programs no. 94, 130, 135, 136, 169, 178,
186, and 226 from Quantum Chemistry Program Exchange, Indiana Univer-
sity, Bloomington, Ind.), or by using computer graphics programs that
create a structure from an input two-dimensional structural diagram
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Bioactivity Pattern

Table 1. Some proposed pharmacophoric and receptor patterns

References
Local anesthetic
Muscarinic

receptor map
receptor map
pharmacophore
receptor map
receptor map

Acetylcholinesterase
Analgesic

Anti-inflammatory
Nicotinic

receptor map
two-point pattern

Anticholinergic receptor map
pharmacophore

a-,/1-Adrenergic receptor map

pharmacophore

Histaminic receptor map
pharmacophore
receptor surface

complement
pharmacophore

Antihistaminic

Serotoninic

MAO Inhibitory
Neuroleptic

receptor map
topological
pharmacophore

Hallucinogenic pharmacophore
Convulsant
Anticonvulsant
Steroid hormonal

receptor model
pharmacophore
receptor maps

Taste receptor map
Antileukemic triangle

Antipeptic
Hypertens ive ,

hypotensive
Antimalarial

pharmacophore
receptor surface

complements
triangle

KOROLKOVAS, 1970
KOROLKOVAS, 1970;
KIER, 1971; KIER, 1973;
KOROLKOVAS, 1970
KOROLKOVAS, 1970; CASY, 1973
PORTOGHESE and WILLIAMS, 1969
TAKEMORI, 1974
KOROLKOVAS, 1970; KIER, 1971
KOROLKOVAS, 1970; KIER, 1971;
KIER, 1973
KOROLKOVAS, 1970;
MAAYANI et al., 1973;
WEINSTEIN et al., 1973;
PAULING, 1975
KOROLKOVAS, 1970; KIER, 1971;
KIER, 1973
PULLMAN et al., 1972;
COUBEILS et al., 1972;
PATIL et al., 1975
KOROLKOVAS, 1970
KIER, 1971; KIER, 1973

CROXATTO and HUIDOBRO, 1956
KOROLKOVAS, 1970; KIER, 1971;
KIER, 1973; KELLY and
ADAMSON, 1973
KOROLKOVAS, 1970
JANSSEN, 1973
KOROLKOVAS, 1970;
FEINBERG and SNYDER, 1975
KANG et al., 1973;
GREEN et al., 1973
SMYTHIES, 1974
CAMERMAN and CAMERMAN, 1970
KOROLKOVAS, 1970; KIER, 1971;
KIER, 1973;
CRENSHAW et al., 1974
BEETS, 1973; GUILD, 1972;
KIER, 1973
ZEE-CHENG and CHENG, 1970;
ZEE-CHENG and CHENG, 1973;
ZEE-CHENG et al., 1974
BUSTARD and MARTIN, 1972

CROXATTO and HUIDOBRO, 1956
CHENG, 1974

(WIPKE, 1974; STILL and LEWIS, 1974; BOLT BERANEK and NEWMAN, 1973;
ZANDER and JURS, 1975; DIERDORF and KOWALSKI, 1974). Computerized
molecular modeling systems are becoming commonplace in universities
(review: MARSHALL et al., 1974), government laboratories (FELDMANN et
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al., 1973), and industry [HODGES and NORDBY (Searle), 1975; GUND,
ANDOSE and RHODES (Merck, Sharp and Dohme), unpublished].

Several theoretical methods are available for predicting molecular
structure (GOLEBIEWSKY and PARCZEWSKI, 1974). In particular, molec-
ular mechanics calculations (WILLIAMS et al., 1968; ENGLER et al.,
1973; HOPFINGER, 1973), quantum mechanics methods (POPLE and BEVERIDGE,
1970; KIER, 1970, 1971, 1973; GREEN et al., 1974), and combinations
(ALLINGER and SPRAGUE, 1973; WARSHEL and KARPLUS, 1974) have been
used. Such calculations, by "conformation mapping," can indicate
which structures are most likely to occur (MARSHALL et al., 1974).
The magnitude of the current research effort devoted to determining
three-dimensional structure of biologically active molecules is appar-
ent from the Proceedings of two recent symposia on the subject
(BERGMANN and PULLMAN, 1973, 1974).

The flexibility of many drugs is a worrisome complication. When sev-
eral conformational states are energetically accessible, then differ-
ent conformations may prevail in vacuo (the state treated by most
theoretical calculations), in solution, in the crystal, and on the
receptor surface (GREEN et al., 1974). In fact, it appears that many
effector substances (agonists) act by undergoing one or more conforma-
tional changes on the receptor surface, while rigid substances are
more likely to be antagonists. Indeed, BURGEN et al. (1975) have
proposed the "zipper" model for drug-receptor interaction, in which
the drug forms a partial "nucleation" complex with the receptor, fol-
lowed by conformational changes in both drug and receptor to give
stronger binding. This model permits fast and selective binding of
substrates, and rapid conformational transformation of the biomolecule-
which may be required to induce a bioaction.

What, then, is the point of examining molecular models of the non-
receptor bound conformation? Basically, because there must be some
pattern recognition of the uncomplexed molecule, or there would be no
driving force for complexation. BUSTARD and MARTIN (1972) have argued
that since according to collision theory the rate of complexation
varies with the concentration of the active species, optimal activity
will occur for a drug that reacts in its ground state conformation.
KIER (1973) has proposed the conc~pt of '~emote recognition of prefer-
red conformation," and KIER and HOLTJE (1975) have reported calcula-
tions that support the notion that there can be long-range attractive
interaction with a drug's ground state conformation.

Our short term solution to the drug flexibility problem is to collect
all energetically accessible conformations and pattern search on each
one separately. GREEN et al. (1974) recommend considering all con-
formations within 6 kcal/mole of the global minimum. Alternatively,
partially defined patterns (see above) could be used to minimize the
importance of a specific conformation. In yet another approach,
CHENEY (1974) and SUNDARAM (1975) have used optimization methods to
constrain a flexible molecule to superpose upon a more rigid molecule.
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C. Finding a Pattern Match

Matching patterns is analogous to the well-known chemical information
problem of matching a molecular substructure (fragment). A practical
substructure search system generally matches on screens (previously
defined fragments or other chemical information) to reduce the problem
to a manageable size, then searches for an atom-by-atom match on the
reduced set of structures (LYNCH et al., 1971). Similarly, we may
save some computer time by counting atom types to assure that the
pattern may occur in the present molecule; more sophisticated screen-
ing is also possible. We finally need to perform an atom-by-atom
match, comparing distances rather than bonds as we go.

Since there are n(n-1) interatomic distances in a molecule of n atoms,
any reduction in the required number of distance calculations would
speed the search. We define the minimum number of distances required
for a preliminary match as 4(n-3)+2 for patterns of 4 atoms or more.
An informal derivation is given here.

A pattern of two loci is uniquely defined by the simple distance be-
tween them (line). A three loci pattern is specified by three dis-
tances (triangle), and a four loci pattern by six distances (sides of
a tetrahedron). Every additional atom is then uniquelY located in
space by its distances to the first four atoms, provided that the
first four are not all in the same plane. (If they are, the first
out-of-plane atom is taken as the fourth basis locus.)

Once a preliminary match is found, it may be checked for closer match.
Initial matching occurs with a rather wide distance error limit (typ-
ically 1.5 A, except for bonded atoms). This may be refined by com-
paring distances to a closer tolerance. Other criteria--e.g., stereo-
chemistry, accessibility--may also be checked at this point.

If a true match is found, then the flgoodness of match" should be de-
termined. We define a similarity index straightforwardly as the root
mean square (r.m.s.) deviation of all interatomic distances (n(n-1».
Similarly, r.m.s. distance differences have been used as a measure of
similarity of isomorphous regions of protein crystal structures
(DREUTH et al., 1972; RAO and ROSSMANN, 1973; ROSSMAN et al., 1974;
NISHIKAWA and oor, 1974).

Reducing goodness of pattern match to a single number is convenient,
and the similarity index may prove to be a useful measure of steric
fit in MR and perhaps PR analyses. However, the twin problems of
agonist-antagonist activity (too good a fit may turn an agonist drug
into an antagonist) and drug flexibility (a pattern will fit some
conformations of a drug better than others) require that this new
index be applied with caution.

D. Computer Program MOLPAT

The preceding concepts were implemented in a computer program MOLPAT
(GUND et al., 1974). This section should be considered a progress
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report, since program testing and refinement are incomplete. Patterns
were obtained from the literature, or by abstracting the functional
atoms from a rigid prototype drug structure. A pattern data file
consists of a list of coordinate positions and atom types, and atom-
atom combinations for which distances are to be computed. Alterna-
tively, no distances are specified and 4(n-3)+2 distances are auto-
matically calculated at runtime. Finally, if no coordinate informa-
tion is given, then distances must appear in the file explicitly.
This flexible pattern data format (Fig. 5) allows various descriptions
of patterns and partial patterns and has the additional advantage that
a pattern may be manipulated and displayed as if it were a molecule.

Drug structures were taken from published crystal determinations or
were created from two-dimensional graphically input structural dia-
grams by a strain minimization program. Molecule file data format
(Fig. 6) was similar to pattern data, except bonds and their types are
given rather than distances.

In practice, the chemist interactively specifies a pattern and a drug
molecule, and the program searches for an occurrence of that pattern
in the mOlecule. If one is found, the occurrence is displayed on a
CRT display and match statistics printed. The program is then in-
structed to search for more occurrences of the pattern in the present
molecule, input another molecule, or input another pattern. Flow
diagrams outlining the program and pattern search logic are given in
Fig. 7 and 8. Although the program is tested and debugged, it cannot
be considered to be an effective research tool until a number of

Fig. 5. Pharmacophoric
pattern data format

x, v, z coords.,
atom type

ANTILEUKEMIC PHARMACOPHORE

3 3
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2 3

title

na nb ptype

atoms, dist.

Fig. 6. Molecule data format MORPHINE, X-RAY STRUCTURE

21 25
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Fig. 7. Flow diagram:
Program MOLPAT

PROGRAM: MOLPAT

fail
PRELIMINARY

SCREEN

yes

DISPLAY
PATTERN

and
STATISTICS

program improvements have been implemented--primarily, automatic
searching through a file of many drug structures.

The importance of computer graphics for this research should be empha-
sized (review: MARSHALL et al., 1974). The PDP10/LDS1 facility of
the Princeton Computer Graphics Laboratory was utilized for inputting
drug structural diagrams and controlling the molecular three-dimensional
structure generation, for displaying pharmacophoric patterns in drugs,
and for superposing molecules containing similar patterns. While man
is the best pattern recognizer, he is best at perceiving two-dimensional
patterns. Computer graphics has proven quite helpful in adding a new
dimension (the third dimension) to the chemist's perception of structure
activity patterns.

V. Pattern Matching Applications

A. Antileukemic Pattern

ZEE-CHENG and CHENG (1970) proposed, from the examination of Dreiding
models of drugs, that a triangular arrangement of atoms (Fig. 3) could
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no Atom Types
match?

yes

yes MATOM already \
matched to some
other PATOM?

no

no Dista nces
involving MATOM

match?
yes

PARTIAL
PATTERN

MATCH

Fig. 8. Flow diagram: Pattern finding subroutine of MOLPAT

be associated with antileukemic activity. They found over 20 anti-
leukemic compounds of various chemical classes that contained the
pattern and recently have found others (ZEE-CHENG and CHENG, 1973;
ZEE-CHENG et al., 1974). We have modeled many of these structures and
have confirmed the presence of the hypothesized pattern in most of
them. Figure 9 identifies the pattern in a computer-built model of
demecolcine.

Fig. 9. Antileukemic
triangular pattern lo-
cated by MOLPAT in a
computer-built model of
demecolcine
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It is certain that these antileukemic agents do not all have the same
mode of action. A subset of these drugs containing a bifacial pattern
(tylocrebrine, tylophorine, streptonigrin, demecolcine) may all act by
intercalation in DNA (ZEE-CHENG and CHENG, 1973). Another subset
consists of known folic acid antagonists (aminopterin, methotrexate).
A subset of nucleoside analogs (sangivamycin, 6-mercaptopurine ribo-
side, cytosine arabinoside, 5-azacytidine) may act either by incorpor-
ation in DNA or RNA (5-azacytidine: JUROVCIK et al., 1965) or by
enzyme inhibition (6-mercaptopurine and its anabolites interact with
over 20 enzymes: MONTGOMERY et al., 1970). Other drugs in this group
no doubt have yet other modes of action. It would appear that, in
order to reduce the number of such redundancies, a proposed pharmaco-
phoric pattern should be as detailed as possible.

B. Analgesic Pattern

An analgesic receptor model has been proposed on the basis of observed
drug structure-activity relationships (CASY, 1973; EDDY and MAY, 1973;
SIMON, 1973; CLARKE et al., 1974). Its main features include an aro-
matic ring and a quaternary N+ atom, separated by an appropriate
distance; a hydroxyl group on the aromatic ring enhances activity, but
is not essential. I modeled this pharmacophoric pattern by extracting
the nitrogen and benzene coordinates from the crystal structure
(MACKAY and HODGKIN, 1955) of the prototypical analgesic, morphine.

The resulting pharmacophoric pattern could be located by MOLPAT in
models of morphine derivatives, in the crystal structure of the mor-
phine antagonist, 3-hydroxy-N-allylmorphinan (BLOUNT et al., 1973),
and, interestingly, in the crystal structure (BAKER et al., 1973) of
LSD (Fig. 10). While LSD is reported to give subjects the illusion

Fig. 10. Analgesic pattern
found by MOLPAT in LSD
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of increased sensory awareness, it actually reduces tactile sensitiv-
ity (EDWARDS and COHEN, 1961); furthermore, LSD has been reported to
potentiate response to morphine in a guinea-pig ileum test system
(GINTZLER and MUSACCHIO, 1974).

Recently published binding data of analgesics with an 'isolated rat
brain receptor (TERENIUS, 1974) may allow refinement and elaboration
of this pharmacophoric pattern, as well as separation of analgesic,
narcotic, and narcotic antagonist activity (TAKEMORI, 1974).

C. Prokaryotic Ribosomal Transpeptidase Inhibitors

While not a direct application of MOLPAT, a recent study (HAHN and
GUND, 1975) illustrates the power of a three-dimensional model for
gaining insight into mechanisms of drug action.

Building on the work of HARRIS and SYMONS (1973), CHENEY (1974) no-
ticed that several antibiotics that inhibit an in vitro ribosome
transpeptidase system, as well as the system's natural substrates,
possess similar topologic patterns (Fig. 11). SHIPMAN et al. (1974)
used theoretical calculations to find a preferred conformation for
the antibiotic, lincomycin. The ground state was confirmed as the
active form, since the reaction product of lincomycin and formaluehyde-
which has reduced conformational possibilities due to formation of an

X-CH
IR"

Aminoacyl-t RNA Peptidyl-t RNA

Lincomycin Erythromycin A Chloramphenicol

Fig. 11. Topologic similarities in substrates and some inhibitors of
peptidyl transferase
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additional ring-was also antibacterial (SHIPMAN et al., 1974). By
constraining key atoms to their positions in lincomycin and minimizing
differences, CHENEY (1974) derived models for aminoacetyl-tRNA and
peptidyl-tRNA on the enzyme surface. This effectively defined a
topographic pharmacophore for transpeptidase inhibition, if it is
accepted that enzymes enhance reaction rates by stabilizing transition
state geometry of substrates and that enzyme inhibitors may resemble
reactant transition state geometry (LINDQUIST, 1975).

HAHN and GUND (1975) reviewed the large body of information that chem-
ists and biochemists have gathered on chloramphenicol (CM) antibiotic
activity in light of CHENEY's (1974) topographic model of transpeptid-
ation inhibition.

HANSCH analyzed CM analog activity in one of his earliest papers on
multiple regression analysis (HANSCH et al., 1963); subsequently, at
least four other QSAR analyse~ have been published (CAMMARATA, 1967;
HANSCH et al., 1969, 1973b; HOLTJE and KIER, 1974). Nevertheless,
KONO et al. (1969) synthesized some analogs that were as active or
more active than CM itself, none of which could have been predicted as
being active from the published equations. Another inadequacy of the
HANSCH correlations was revealed when comparison of in vivo and in
vitro SAR's (HAHN and GUND, 1975) indicated that steric bulk on the
acetyl group gave excellent binding but poor drugs, presumably due to
poor facilitated transport. Such a separation of varying steric ef-
fects upon binding and upon transport is difficult or impossible to
obtain by QSAR techniques. Our three-dimensional structural model
also allowed dismissal of HANSCH's hypothesis that CM acts by forming
a stable free radical (HANSCH et al., 1969). Superposition of chlor-
amphenicol on CHENEY's model for the arrangement of the natural sub-
strates on the enzyme (Fig. 12) results in a model that accomodates
essentially all the SAR data, as well as most of the detailed bio-
chemical data, and that may serve as a framework for the design of
novel antibacterial agents.

Fig. 12. Model for
chloramphenicol inhi-
bition of transpep-
tidase: Superposition
on model of bound sub-
strates (HAHN and
GUND, 1975)
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VI. Conclusions

The drug-receptor theory of biologic action implies a pattern recogni-
tion response of receptor to drug, and that response is to a geometri-
cally well-defined (topographic) pattern. Such pharmacophoric pat-
terns may be defined in terms of atom type and interatomic distances,
and, as this work has demonstrated, may be manipulated and matched by
computer.

Finding patterns in three-dimensional drug structures is a useful
method for testing hypothesized pharmacophores, for predicting activ-
ity for new compounds, for designing novel drugs with specific activ-
ity, and for proposing and testing mechanisms of drug action. Patterns
may be used in multiple regression and pattern recognition analyses of
drug activity, either qualitatively as present or absent, or quantita-
tively via the similarity index. Such patterns appear to provide a
satisfactory method of accounting for steric effects in biologic
reactions.
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