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Preface

Some eighteen years have elapsed since the landmark publications of Hansch
and Fujita and of Free and Wilson ushered in the era of quantitative methodology
analyzing the structure—activity relationships of drugs, or QSAR as it is com-
monly known. Over this period there has been an increase in the sophistication,
depth, and number of methods available. A range of statistical methodologies
has now been tapped. Cluster analysis, discriminant analysis, and principal
component and factor analysis have been employed beyond the original use of
multiple regression analysis. In addition to the linear free-energy based method,
others such as pattern recognition, topological methods, and molecular modeling
have come into use, and there has been continued development of quantum
mechnical methods.

It might be asked, What has all this accomplished? Previous books in the
QSAR field have concentrated on methodology; discussions of the principles and
theories underlying the different methods and descriptions of how to apply these
methods to actual problems have been provided. The objective of this book is to
critically review applications of various QSAR methodologies in different drug
therapeutic areas and examine the results in terms of their contribution to medi-
cinal chemistry. There is now a sufficient body of accumulated information on
this subject so that an undertaking of this kind appears timely and should shed
some light on the question of how useful QSAR is in the broad context of
medicinal chemistry.

A broad definition of QSAR has been used here so that applications of all
methods that employ some type of quantitative measure have been included.
Also, the term ‘‘drug’’ will be interpreted in its broadest sense as meaning a
biologically active substance. An attempt has been made to standardize the way
equations are presented. Many different formats and levels of statistical informa-
tion have appeared over the years so that a completely uniform presentation is not
possible. The statistical significance of equations and of individual terms in them
should be considered adequate unless stated otherwise by the chapter author.

Not every published paper on QSAR applications is mentioned. The intent is
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to cover the most significant work and to be analytical and critical as opposed to
encyclopedic. Where possible, information and conclusions from different pa-
pers have been integrated in an attempt to provide new insight and generalizations.

It is hoped that after reading this book, medicinal chemists will have a better
understanding of just what QSAR has contributed to the field of medicinal
chemistry and what it might reasonably be expected to contribute in the future.

Finally, I would like to express my gratitude to all of the chapter authors
whose expertise and hard work have made this book possible and to other fellow
scientists who have provided valuable comments and advice.



Introduction: A Review of QSAR
Methodology

C. JOHN BLANKLEY

. Introduction. . . . . . .00 Lo 0oL
Il. Free Energy Models . . . . . . . . . . . . . . ... ..
A. The Hansch Equation. . . . . . . . . . . . . . . ...

B. Other Free Energy Models . . . . . . . . . . . . . ..

lll. Free—-Wilson Mathematical Model . . . . . . . . . . . ..
IV. Other Statistical Models . . . . . . . . . . . . . ... ..
A. Discriminant Analysis. . . . . . . . . . . . . .. ...

B. Principal Components and Factor Analysis. . . . . . . .

C. Cluster Analysis . . . . . . . . . . . . . . ... ...

D. Combined Multivariate Analyses. . . . . . . . . . . . .

V. Pattern Recognition. . . . . . . . . . ... .00
VI. Topological Methods . . . . . . . . . . . . .. .. ... 10
VIl. Experimental Design . . . . . . . . . . . . .. ... 12
Vill. Quantum Mechanical Methods . . . . . . . . . . . . . .. 13
IX. Molecular Modeling . . . . . . . . . . ... 14
X. Conclusion . . . . . . . ..o 15
References . . . . . . . . . . . oo 16

©OONOOOOO, NN =

I. INTRODUCTION

Before embarking upon a critical examination of the applications of
quantitative structure-—activity relationships (QSAR) in biology, it is nec-
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2 1. Introduction: A Review of QSAR Methodology

essary to review what methods have been used to obtain QSAR. The pur-
pose of this chapter is to gather together in one place and describe briefly
the various procedures, the results of which will be discussed in the sub-
sequent chapters of the book. Some reviews that cover the same ground
in other contexts may also be consulted (/79,120,132).

il. FREE ENERGY MODELS

A. The Hansch Equation

First and foremost among the QSAR methods is the model proposed by
Hansch and co-workers (67,68,72). It was the seminal contribution of this
group to propose that the early observations of the importance of relative
lipophilicity to biological potency (57,125,133) be incorporated into the
useful formalism of linear-free energy relationships (LFER) (/04) to pro-
vide a general model for QSAR in biological contexts. As a suitable mea-
sure of lipophilicity, the partition coefficient, log P, between 1-octanol
and water was proposed, and it was further demonstrated that this was
roughly an additive and constitutive property and hence calculable in
principle from molecular structure (56,84). Using a probabilistic model for
transport across biological membranes, Hansch derived Eq. (1a) (Eq. 1b
is an alternate form), which is now known by his name (68).

log(1/C) = —kn* + k'm + po + k" (1a)
log(1/C) = —k(log P?* + k'(log P) + po + k" (1b)

C is the molar concentration (or dose) that elicits a constant biological
response (e.g., EDsy, MED, IC;,), = is the substituent lipophilicity, log P
is the partition coefficient, o is the substituent electronic effect of Ham-
mett (49), and k, k', p, and k" are the regression coefficients derived from
the statistical curve fitting. The reciprocal of the concentration reflects the
fact that higher potency is associated with lower dose, and the negative
sign for the 72 or (log P)? term reflects the expectation of an optimum li-
pophilicity, designated m, or log P, .

The statistical method used to determine the coefficients in Eq. (1) is
multiple linear regression (33,40,176). A number of statistics are derived
in conjunction with such a calculation, which allow the statistical signifi-
cance of the resulting correlation to be assessed. The most important of
these are s, the standard error of the estimate (in many papers called
simply the standard deviation), r?, the coefficient of determination or per-
centage of data variance accounted for by the model (r, the correlation co-
efficient is also commonly cited), F, a statistic for assessing the overall
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significance of the derived equation (statistics table list critical values for
the appropriate number of degrees of freedom and confidence level), and ¢
values (also compared with statistics tables) and confidence intervals
(usually 95%) for the individual regression coefficients in the equation.
Also very important in multiparameter equations are the cross-correlation
coefficients between the independent variables in the equation. These
must be low to assure true ‘‘independence’’ or orthogonality of the vari-
ables, a necessary condition for meaningful results.

The applicability of Eq. (1) to a broad range of biological SAR has been
convincingly demonstrated by the Hansch group and many others in the
years since 1964 (15,69,70,73). The success of this model led early to its
generalization to include additional parameters. In attempts to minimize
the residual variance in such correlations, a wide variety of physicochem-
ical parameters and properties, structural and topological features,
molecular orbital indices, and, for constant but theoretically unaccount-
able features, indicator or ‘‘dummy’’ (1 or 0) variables have been em-
ployed (119,140,173). In fact, the widespread use of Eq. (1) has provided
an important stimulus for the review and extension of established scales
of substituent effects (/8), and even for the development of new ones
(2,48,76,109,174). It should be cautioned, however, that the general valid-
ity or, indeed, the need for these latter scales has not been established.

Lipophilicity in particular, as reflected in partition coefficients between
aqueous and nonaqueous media, most commonly water (or aqueous
buffer) and 1-octanol after the initial suggestion of Fujita et al. (56), has
received much attention (74,105,142 -144). Log P for the octanol-water
system has been shown to be approximately additive and constitutive and
hence schemes for its a priori calculation from molecular structure have
been devised using either substituent 7 values or substructural fragment
constants f (74,143,144). A computer adaptation of the method of Leo et
al. (74) has recently been reported (20). The approximate nature of
any partition coefficient calculation has been frequently emphasized
(17,74,143), and indeed, some of the structural features that cause unrelia-
bility have been identified and accommeodated (/42). Other complications
such as steric effects (36), conformational effects (/35,136), and substitu-
tion at the active positions of heteroaromatic rings (162,164,181) have
been observed but cannot as yet be accounted for systematically. Theo-
retical (79,145), statistical (43,53), and topological (/128) methods to ap-
proach some of these problems have been reported. The observations,
originally by Collander (23), of linear relationships among partition coeffi-
cients between water and various organic solvents have been extended
and qualified (105,143). New methodology for the more convenient mea-
surement of log P or relative lipophilicity by thin-layer chromatography
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(TLC) (87.163) or high-pressure liquid chromatography (HPLC) (87,
120,129,130,171,172) procedures has been reported. Parameters other
than partition coefficients have been proposed as measures of relative li-
pophilicity, but apart from the chromatographically derived R,, values,
these have not as yet been widely used. In several of the cited reviews
these are discussed (69,73.119,120,132,173).

It is not the present purpose to review all of the other parameters that
have been employed in Hansch correlations because these have been ade-
quately discussed elsewhere (/5,74,119,120,132,173). Several compila-
tions of the most commonly used substituent constants in QSAR work
have been published (/8,50,74,113,119,131,171). The fact that the values
listed in these tables do not always agree simply underlines the need for
caution in accepting any ‘‘critical’’ collection of constants as definitive.

Another consequence of the empirical and statistical nature of the
Hansch model, especially with the proliferation of variables that have
been used to seek correlation of biological data, has been the heightened
awareness of statistical requirements and constraints. Problems with mul-
ticolinearity or cross correlation of independent variables have been
noted and discussed (/3.24,114.,115). The potential for chance correlation
when too many variables are surveyed to correlate too few data has been
pointed out (/66,169). Misleading results due to ‘‘cluster correlation’’
(/11) or inappropriate scaling of parameters (//2) have recently been dis-
cussed. The effect of error in the independent variables on the reliability
of the regression results has been scarcely mentioned (52,6/.119) and not
at all studied, even though it is an important assumption of regression
analysis that the independent variables have minimal error (33). *‘Overfit-
ting’’ the data, that is obtaining standard deviations lower that the experi-
mental error of the biological measurements, should arouse suspicion
(61). It is very important, but also difficult to evaluate properly, that any
statistically derived equation make good chemical and/or biological
sense. This has been urged before (/70.171), and one study of the steric
effects of alkyl groups (38) is particularly instructive in this connection.

B. Other Free Energy Models

The success of Hansch in demonstrating that free energy correlations
can be successfully applied to biological processes has prompted many
workers to reexamine the derivation of the Hansch equation. Using the
principles of theoretical pharmacology (/,60) or pharmacokinetics
(147,148,153,154), they have sought to provide improved theoretical
models to accommodate more complex relationships between biological
activity and chemical structure or properties, or to broaden the scope of
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Eq. (1) to include, for example, ionizable compounds. Excellent discus-
sions of these models have been provided by Martin (119,120) and Ku-
binyi (/07). With one exception, these models have not as yet been tested
to a degree that would permit a reasonable evaluation of them to be made.
The semiempirical **bilinear’” model of Kubinyi (94,97,99-101) is a more
flexible version of Eq. (1) that still allows for an optimum log P but pro-
vides linear ascending and descending portions of the curve with sepa-
rately determinable slopes. The bilinear model is given by Eq. (2),

log(1/C) =alog P — blog(BP + 1) + ¢ )

where C and log P have the same meaning as in Eq. (1), and a, b, B, and ¢
are the coefficients derived by nonlinear regression analysis (99).

lll. FREE-WILSON MATHEMATICAL MODEL

The idea that substituents ought to contribute constant increments or
decrements to biological activity in an analog series has probably been a
long-held intuition of medicinal chemists trained in organic chemistry.
However, very few solid demonstrations of this can be found in the litera-
ture prior to 1964 (9,11,182). The existence of linear Hansch correlations
is one verification of this idea. However, at about the same time that the
Hansch model was proposed, Free and Wilson demonstrated a general
mathematical method both for assessing the occurrence of additive sub-
stituent effects and for quantitatively estimating their magnitude (55). Ac-
cording to their method, the molecules of a drug series are structurally de-
composed into a common moiety or core that is variously substituted in
multiple positions. A series of linear equations of the form

BA; = ¥ a,X;; + p (3)
J

are constructed where BA is the biological activity, X is the jth substit-
uent with a value of 1 if present and 0 if not, a; is the contribution of the
Jth substituent to BA, and u is the overall average activity. All activity
contributions at each position of substitution must sum to zero. The series
of linear equations thus generated is solved by the method of least squares
for the a; and w. There must be several more equations than unknowns
and each substituent should appear more than once at a position in dif-
ferent combinations with substituents at other positions. Craig (25) and
Purcell et al. (82,140) have discussed in detail the requirements and con-
straints of the Free—Wilson model as originally formulated. The attrac-
tiveness of this model, also referred to as the de novo method, is fourfold:
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(1) any set of quantitative biological data may be employed as the depend-
ent variable, (2) no independently measured substituent constants are re-
quired, (3) the molecules of a series may be structurally dissected in any
convenient manner, and (4) multiple sites of variable substitution are eas-
ily accommodated. There are also several limitations: a substantial
number of compounds with varying substituent combinations is required
for a meaningful analysis; the derived substituent contributions give no
reasonable basis for extrapolating predictions outside of the substituent
matrix analyzed; and the model will break down if nonlinear dependence
on substituent properties is important or if there are interactions between
the substituents.

Fujita and Ban (57) suggested two modifications of the original formula-
tion. First, the biological activity should be expressed as log(1/C) or an
equivalent measure proportional to a free energy change so that the
derived substituent constants might be compared with other free energy
related parameters, and second, that u, the overall average, become anal-
ogous to an intercept, that is the calculated activity of the unsubstituted or
reference compound of the series. This obviates the need for the cumber-
some symmetry or restriction equations of the original method. The
Fujita—-Ban modification is the form of the Free—Wilson method in
common use today. Simplified methods for calculating (98) or estimating
(146) solutions to this model have been reported.

The mathematical implications of the Free—Wilson model have been
discussed on several occasions (/4,58,150,151,156), and the relationship
of it to the Hansch model has been noted. Kubinyi (93,95,96) has provided
the definitive discussion of the interrelationship between the two models.
These may be pictured as opposite extremes of the same multiple regres-
sion model, the Hansch equation using continuous independent variables
and the Free- Wilson model using only discrete (1 or 0) variables. The use
of indicator variables in a Hansch equation or of (log P)? or #2 terms to
accommodate nonlinearity in a Free—Wilson model, as suggested by Ku-
binyi, illustrates a mixed model (95).

IV. OTHER STATISTICAL MODELS

A. Discriminant Analysis

In many cases of interest the biological measurements available are
only semiquantitative or qualitative in nature, and activity assessments
such as highly active (++ +), moderately active (++), slightly active (+),
or inactive (0), or simply active/inactive, must be evaluated. Such data
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may arise from measurements with inherent imprecision, subjective eval-
uation of behavioral or response observations, or a combination of sev-
eral criteria of interest into a single index. Passing over the question of to
what extent data of this type are suitable for correlation in free energy
models, it is nevertheless interesting to try to obtain some insight into the
operative properties or structural parameters responsible for the varia-
tions in such data. Discriminant analysis has been proposed to deal with
this type of problem (//9,120). This method seeks a linear combination of
parameters, called a linear discriminant function, that will successfully
classify the observations into their observed or assigned categories.
Parameters are added or deleted as needed to improve discrimination, and
the results are judged by the number of observations correctly classified.
Martin et al. (118,119), Bock et al. (10), and Prakash and Hodnett (/38) all
discuss the background of the method as well as provide examples of its
use.

B. Principal Components and Factor Analysis

One of the statistical concerns in multiple regression analysis noted
above is cross correlation between the independent variables under con-
sideration. This can be simply assessed by examination of the correlation
matrix of the parameters. Further manipulations can be performed on this
matrix or on the variance-covariance matrix including the dependent
variable. By methods of linear algebra such a matrix may be transformed
by prescribed methods into one containing nonzero elements only on the
diagonal. These are called the eigenvalues of the matrix, and associated
with each of these is an eigenvector that is a linear combination of the
original set of variables. Eigenvectors, unlike the original set of variables,
have the property of being exactly orthogonal, that is the correlation coef-
ficient between any two of them is zero. If a set of variables has substan-
tial covariance, it will turn out that most of the total variance will be ac-
counted for by a number of eigenvectors equal to a fraction of the original
number of variables. A reduced set containing only the major eigen-
vectors, or ‘‘principal components,”” may then be examined or used in
various ways. It should be noted that the determination of how many
eigenvectors may be reasonably ignored is a subjective decision and de-
pends to a large degree on the purpose of the analysis.

This method is most often used as a preprocessing tool. If only the prin-
cipal components are considered, new orthogonal variables can be con-
structed from the eigenvectors, and hence the dimensionality of the
parameter space can be reduced while most of the information in the origi-
nal variable set is retained. This is particularly useful in the multidimen-
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sional methods of the pattern recognition variety (see following section).
It has also been recommended as a preliminary step in series design
(121,158) or in multiple regression analysis of the Hansch variety (54,/15).
Darvas e¢r al. (35) used the principal component method to analyze the
antibacterial activity of several series of structurally related «y-
pyridonecarboxylic acids against a spectrum of bacterial strains. It was
concluded that two major physiological mechanisms were involved in the
activity of this type of compound.

Factor analysis involves other manipulations of the eigenvectors and is
aimed more at gaining insight into the structure of a multidimensional data
set. Weiner and Weiner (/77) first proposed a use of this technique in bio-
logical SAR and illustrated this with an analysis of the activities of 21 di-
phenylaminopropanol derivatives in 11 biological tests of CNS effects.
More common use of this method has been made in trying to determine
the ‘‘intrinsic dimensionality’’ of certain experimentally determined
chemical properties, that is the number of ‘‘fundamental factors’ re-
quired to account for the variance. Of particular interest for QSAR work
are studies of liquid state properties by Cramer (28) and aromatic log P
values by Franke er al. (53).

C. Cluster Analysis

Cluster analysis is simply a method to group entities, for which a
number of properties or parameters exist, by similarity. Various distance
measurements are used, and the analysis is performed in a sequential
manner, reducing the number of clusters at each step. Such a procedure
has been described for use in drug design as a way to group substituents
that have the most similarity when various combinations of the parameters
@, o, F, R, and MR are considered (7/,74).

D. Combined Multivariate Analyses

Some or all of the above-described methods may be used to analyze a
given set of biological data. Because many of the methods are comple-
mentary, it seems likely that their combined use will be a major trend in fu-
ture QSAR work. A study of the QSAR of quinazoline inhibitors of tetra-
hydrofolate dehydrogenase (dihydrofolate reductase) and thymidylate
synthase used cluster analysis, factor analysis, discriminant analysis, and
finally, multiple regression analysis to examine the data from various
viewpoints (/9). Lewi has outlined a technique called spectral mapping in
which the biological profile and potencies of closely related compounds
may be analyzed by a combination of cluster and principal components
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analyses (/06-108). Perhaps the most impressively integrated multi-
variate statistical model yet proposed is the MASCA system of Mager
(115,116). The whole battery of biometric statistical methods has been
combined into a total system for the analyses of biological assay results,
pharmacokinetic information, and series design, as well as structure—
activity relationships.

V. PATTERN RECOGNITION

That branch of computer science that is optimistically called Artificial
Intelligence contains an ensemble of techniques that go by the general
name of pattern recognition. As they have been applied to QSAR, these
methods comprise yet another approach to examining structural features
and/or chemical properties for underlying patterns that are associated
with differing biological effects. Accurate classification of untested mole-
cules is again the primary goal. This is carried out in two stages. First, a
set of compounds, designated the training set, is chosen for which the cor-
rect classification is known. A set of molecular or property descriptors
(features) is generated for each compound. A suitable classification
algorithm is then applied to find some combination and weight of the de-
scriptors that allows perfect classification. Many different statistical and
geometric techniques for this purpose have been used and compared
(22,86,91,92,157). The derived classification function is then applied in the
second step to compounds not included in the training set to test predicta-
bility. In published work these have generally been other compounds of
known classification also. Performance is judged by the percentage of cor-
rect predictions. Stability of the classification function is usually tested by
repeating the training procedure several times with slightly altered, but
randomly varied, training sets.

The two pattern recognition systems that were used earliest in QSAR
work were that of Kirschner and Kowalski, called ARTHUR (9/), and
that of Stuper and Jurs, named ADAPT (/59,160). The generally abstract
structural descriptors used by these programs make the interpretation of a
successful training vector difficult to impossible in terms useful to a drug
designer. Two other methods described later attempt in different ways to
address this problem. One is the SIMCA system of Wold et al.
(44-406,179). This method makes use of principal components analysis to
provide structure and limits to the classification groups so that not only
can group membership be determined, but also the level of activity within
each group. The published applications of this method have tended to use
physicochemical parameters as molecular descriptors in preference to the
structural features relied upon by the earlier methods.
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Cammarata and Menon have proposed a different approach (/6,123).
Here the principles of principal components and factor analysis are ap-
plied to structural codings derived by superimposing molecules on a com-
posite or ‘‘hypermolecule’ template, recording the presence or absence
of groups at designated positions of highest variation, and weighting these
by the molar refractivity of the atom or group present. After factor analy-
sis of the resulting matrix, the major eigenvectors are used as axes to
graph the data points. Compounds with similar types of action are then
expected to cluster together in different areas of the plot. Henry and
Block (75) have proposed to modify this method by using the molecular
connectivity indices of Randic (/141), as developed by Kier and Hall (90),
in place of molar refraction as weighting factors. Henry and Block also re-
port results with a variety of alternate classification methods applied to
the Cammarata—Menon approach.

Another pattern recognition method called adaptive least squares
(ALS) has been reported by Moriguchi et al. (126,127). This is related to
discriminant analysis.

A proposal for still a different sort of pattern recognition based on sub-
structure frequencies was made by Cramer ef al. (26). This is meant to be
used with a large file of structures and associated biological activities,
which also has a substructure coding system for the compounds. The fre-
quency of the association of any given substructure with a given activity
can readily be calculated. Comparison of this with the frequency of the
substructure in the total set tested for that activity gives a probability
measure for activity. For a set of untested compounds the probabilities
associated with each substructure present can be summed and averaged.
The compounds with the highest mean scores might be hoped to have a
better chance of showing activity than those with low mean scores. This
expectation has no support from theoretical chemistry. Even from the
purely probabilistic viewpoint, there are severe problems of intrinsic bias,
not only in the data file itself, but in the compound selection. Hodes et al.
(77,78) have suggested a more refined method based on the same thinking
but using a different scoring method and including inactivity frequencies
as well.

VIi. TOPOLOGICAL METHODS

The importance of molecular shape in influencing biological activity,
especially where enzymes or receptors are involved, is universally con-
ceded. However, whereas size or bulk is a scalar quantity for which sev-
eral measures are conceivable and accessible, the distribution of bulk
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(i.e., shape) is a vectorial quantity. The problem of finding the mathemati-
cal means to express differences in such a geometric feature in an ade-
quate manner for use in developing QSAR functions has been a contin-
uing challenge in the field. Several approaches have been examined.

The first has been to find parameters suitable for use in a Hansch equa-
tion. Taft’s E; parameter or its variants derived from the acid and base hy-
drolysis rates of aliphatic esters has been most widely used (/79,132), in
spite of doubts about its theoretical propriety for this purpose. Some later
work on the nature of the E, values has helped to sort out some of the
factors underlying this parameter, and hence provides a sounder basis for
its use and interpretation (5,38,42,110,134). Shape dependencies can be
probed crudely by simply evaluating E; contributions from various posi-
tions of substitution independently in a related set of molecules, for ex-
ample ortho, meta, and para positions of a benzene ring (/02).

Verloop et al. (174) have proposed to treat the problem of directionality
of steric effects by the direct expedient of modeling a substituent and cal-
culating its extension in five orthogonal directions. The resulting set of
STERIMOL parameters for each substituent consists of L, the length
along the axis connecting the group to the substituted moiety, and B,-B,,
width measurements perpendicular to this axis in four rectilinear direc-
tions, with B, the shortest measurement. Recalculated values for some of
these have been reported (//a).

Kier and Hall (90) have adapted the molecular connectivity index x, a
number derived originally by Randic (/4/) from graph theoretical princi-
ples to express the relative topology of variously branched hydrocarbon
isomers, for QSAR correlations. Many x terms can be calculated for a
given molecule, differing in the number of atoms taken together (*x), and
these may ignore or include (", ) weightings for the specific atom or bond
types present. The various terms for the molecules of a series may be
tested as parameters in the usual multiple regression correlation model. A
comparison of the performance of E,, STERIMOL, and x parameters in
QSAR application has been reported (/16/,175), and also an attempt has
been made to relate "y to E; (/29).

An alternate approach to expressing topological differences has been
taken by Simon and co-workers (6,/55). In the minimal steric difference
(MSD) method, a natural substrate molecule or the most active compound
in a series is assumed to fit optimally to a receptor. This molecule is then
used as a template upon which to superimpose the other members of the
series. The number of noncoincident atoms is counted and this constitutes
the MSD in the simplest version of the method. This can be viewed as a
crude measure of how much a member of a series deviates from ‘‘ideal’’
geometry and is used in LFER equations to express the steric or shape
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component. A refinement of this method to remove some of the arbi-
trariness in the choice of a reference molecule and to include the possibili-
ties that an occupied vertex may either contribute positively, negatively,
or be irrelevant to activity is called the minimal topological difference
(MTD) method. Balaban er al. (6) describe these methods in detail and
also give examples of their use and comparison with alternate models.

All of the above-mentioned topological methods seek to reduce the geo-
metric differences between molecules to one or a small number of param-
eters that can be used in a LFER equation of the Hansch type. Another
method has been described that is more akin to the Free-Wilson model.
The DARC/PELCO method of Dubois and co-workers (4/,/24), like the
Free—Wilson method, analyzes a set of molecules into a focus, or
common core, and various positions of substitution (directions of devel-
opment). Also it determines additive increments, but unlike the Free-
Wilson method, it does not associate these increments with whole groups
or substituents but rather with ‘‘sites’” and their associated atom types.
The sites are generated in a progressive and ordered manner along each
direction of development from the focus. If additivity is not found initially
for the site contributions, interaction terms between sites are sought and
added until the residual error of the analysis approaches the experimental
error of the data. A topological map of activity increments is thus pro-
duced, important sites and site occupants are located relative to each
other, and threshold or cutoff behavior becomes evident. Favorable or
unfavorable interactions between sites may be identified. Although there
have been few reported applications of this method, an interesting com-
parison has been made between Hansch, DARC/PELCO, and molecular
connectivity analyses of the antimicrobial activity of a series of alkyl- and
halogen-substituted phenols (¢7,66,124). The strikingly different predic-
tions of the various results offer a means to assess the relative merits of
these methods.

The computer software molecular modeling package CAMSEQ-II of
Hopfinger has been used to generate shape descriptors for QSAR work
(7,80,81). Still another topological approach is the distance geometry
technique described by Crippen (30-32), which analyzes ligand-binding
data in terms of points of molecular interaction, energies of interaction of
the points, and distance relationships between them, all of which are used
to predict relative receptor-binding energies for a series of compounds.

Vil. EXPERIMENTAL DESIGN

The use of statistical or mathematical models in any experimental sci-
ence brings with it certain requirements for structuring the experiments.
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Hypotheses must be framed in terms of the parameters that are chosen to
test them. The experimental data must then be designed to reflect an
appropriate range and distribution of these parameters. High variance and
low covariance of the independent variables should be assured so that
definitive tests of statistical significance can be obtained from the results.
For medicinal chemists this means that more care must be taken in
choosing substituent or structural variations at the beginning of a new
program than has heretofore been the rule. Several authors have dis-
cussed these problems and have offered guidelines for making such selec-
tions.

Craig (24) first pointed out the utility of a simple graphical plot of 7
versus o (or indeed any two parameters of interest) to guide the choice of
a substituent set with minimal covariance. Topliss introduced operational
schemes (/65,167,168) that are based on the assumption of a successful
Hansch relationship being ultimately derived for a new series. The biolog-
ical result at each step of the way in this method suggests the form of the
eventual equation, and new substituents are indicated sequentially to
narrow the remaining possibilities. Following the direction of increasing
activity leads in theory to the optimum compounds in a relatively short
time. Darvas (34) proposed a sequential simplex analysis of substituent
space to arrive at the optimum member of a series quickly. This technique
was elaborated further by Gilliom et al. (59). Alternatively, Fibonacci
search has been advocated by Bustard (/2) and Santora and Auyang (/49).
See Deming (37) for a caveat on this latter method.

All of the above methods can be applied without using a computer.
More sophisticated analyses have been performed using a variety of sta-
tistical techniques for selecting suitable groups of substituents. Martin
and Panas (/2/) give perhaps the best overview of the considerations in-
volved. Hansch and co-workers have analyzed their own extensive data-
base by cluster analysis using various combinations of parameters
(71,74). Other schemes have been reported by Wooton et al. (/180), Unger
(171, Franke et al. (39,158), and most recently by Austel and Kutter
3.4).

VIil. QUANTUM MECHANICAL METHODS

Molecular orbital calculations have been applied in biological contexts
independently of QSAR work for many years (/39). In QSAR they have
been adapted mainly for two general purposes, namely, to provide calcu-
lable parameters for LFER expressions with the aim of gaining insight at
some ‘‘fundamental’’ level into possible mechanisms of action, or to cal-
culate conformations of bioactive molecules as a basis for comparison
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with mimics or antagonists. Kier reviews some of this work in his book
(89). Other reviews and examples of the application of these methods may
also be consulted for details (8,27,88,152,178).

IX. MOLECULAR MODELING

Recent advances in the field of computer graphics have led to the devel-
opment of methods for the visual display and manipulation of chemical
structures. Atomic coordinates are obtained from X-ray crystal structures
or are calculated by programs using molecular mechanics or quantum me-
chanical methods. Potential functions based on van der Waals radii are
applied and the molecules are manipulated within these constraints.
Although not strictly within the province of QSAR methodology as re-
viewed in preceding sections, these newer techniques offer the promise of
complementing the mathematical and statistical models in precisely the
area where these latter are weakest, namely, the conformational or
three-dimensional aspect.

Thus pharmacophore identification is one of the challenges taken up by
Marshall and co-workers using the MMS-X system at their disposal.
Comparison of a series of similarly acting molecules by superposition
allows the topography of a receptor binding site to be deduced from the
compounds that bind at this site. Structurally similar but inactive com-
pounds are found to protrude into portions of space not occupied by
the active congeners, and the lack of activity is then presumed to be
due to steric hindrance in these regions. Studies of inhibitors of
S-adenosylmethionine synthetase, neuroleptic dopamine antagonists,
and agonists of the glucose receptor of pancreatic B-cells are among the
projects that have been reported (83,1//7,160a).

In a similar vein, the Merck Molecular Modeling System, developed by
Gund and associates (62,64,65) has been used to propose a topographical
description of how a variety of inhibitors of the cyclooxygenase step of
prostaglandin biosynthesis can compete with the natural substrate, ara-
chidonic acid, at the receptor site (63), among other applications.

The CAMSEQ-II molecular modeling package developed by Hopfinger
and collaborators (/37) has been used to compare and assess molecular
conformations, especially as these are affected by various solvation
shells. Some applications have already been noted above (79,80).

Perhaps the most sophisticated graphics capability to be demonstrated
to date is found in the system reported by Langridge and co-workers
(103). Macromolecules of the complexity of DNA or proteins are accom-
modated, connected atom or van der Waals surface representations are
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possible, color is available to highlight features of interest, and cross-
sectional scans through the solid figures can be made, all of which allow
detailed examination of the complementarity of intermolecular interac-
tions. A report on an application of this system to the study of the
thyroxine binding site on human prealbumin has appeared (85).
Descriptions and applications of still other approaches to computerized

molecular modeling can be found in the volume cited in Christoffersen
@n.

X. CONCLUSION

Several years have passed since the seminal papers of Hansch and Fu-
jita on the one hand, and Free and Wilson on the other, initiated the full
scale development of QSAR. The free energy model of Hansch and its
elaborations has been by far the most widely used. This has been due not
only to the many successful applications reported by the Hansch group,
but also to its simplicity, its direct conceptual lineage to established physi-
cal organic chemical principles, and the ready availability of a database of
substituent parameters. The mathematical model of Free and Wilson has
not enjoyed nearly the popularity of the Hansch equation. Probably the
restricted generality of a successful result, the severe constraints on sub-
stituent distribution and frequency, and the computationally more cum-
bersome procedure have contributed to this.

None of the other methods reviewed in this chapter have been widely
used. Most require a considerable degree of mathematical or statistical
background for proper application, or are dependent on complex com-
puter software and/or hardware packages not commonly available to
practicing medicinal chemists. Although this state of affairs may not be
expected to continue, it has inevitably led to a new breed of specialist, the
QSAR practitioner, who is conversant with all of the disciplines that pro-
vide knowledge of techniques relevant to the drug design process. One
gauge of the relative importance and usefulness of the methods reviewed
here can be had from the viewpoints on the practice of QSAR offered by
Martin (/79,122), Unger (/71), and Cramer (27,29), three creative and suc-
cessful contributors to the field who operate on an industrial rather than
an academic basis. Two points of clear consensus that emerge are that
retrospective QSAR analyses must usually be performed using a combi-
nation of methods to sort out reliably the underlying factors, and equally
important, new projects should be subjected to what might be termed a
prospective QSAR analysis so that information may be maximized and
synthetic chemical effort minimized, or better, optimized.
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It might be helpful in concluding this chapter to list a number of criteria
by which a QSAR study might be evaluated or at least placed in proper
perspective.

1. What is the purpose of seeking a quantitative correlation of the
data? QSAR has developed primarily within the field of medicinal chemis-
try and hence drug design and the prediction of the activity of novel struc-
tures has always been in the forefront. Is it a matter then of lead genera-
tion or of lead optimization? Other goals of QSAR analyses have been to
seek insight into mechanisms of action, to unravel pharmacokinetic
behavior, to map receptors of enzyme active sites, or to summarize large
collections of data on analog series concisely.

2. What is the nature of the biological data being employed, and its
quality and precision?

3. Isthe QSAR method that is chosen or proposed appropriate both to
the nature and quality of the data and to the explicit or implicit purpose of
the analysis?

4. Have the mathematical or statistical constraints and assumptions of
the method chosen been properly understood and taken into account?
Where applicable, have standard statistics been included for significance
testing and have criteria for an acceptable level of significance been pro-
vided? Has due consideration been given to the possibility of chance cor-
relation?

5. Are interpretations and speculations proportionate to the results
obtained as well as to the original purpose of the analysis? Does the model
implied by a statistically significant equation also make good chemical or
biological sense? Have alternate models that are significant at the level
judged acceptable been sought or considered? Is any attempt made to
compare and/or reconcile a new result with other QSAR analyses on the
same or related data or in the same biological system to provide perspec-
tive?

6. Finally, and most important, has any new knowledge or useful in-
sight emerged as a result of the QSAR analysis, particularly any that
would not likely have been found in the absence of such an analysis?

In the following chapters of this book, attempts are made to probe these
questions with a review and analysis of QSAR studies in a number of im-
portant therapeutic areas published over the last 15 years.
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. INTRODUCTION

A. Scope

It has now been more than 100 years since Crum-Brown and Fraser (33)
proposed that the physiological action of a molecule was a function of its
chemical constitution. Since then, many theories have been developed as
to the precise relationships that might be expected between biological ef-
fects and certain physicochemical parameters that characterize the consti-
tution of a molecule.

Some of these theories have been highly successful in that they have
enabled us to recognize the qualitative and quantitative significance of
physicochemical properties or of structural characteristics of a molecule.
When this recognition has come, it has enabled order to replace the appar-
ent disorder of biological results, and stimulated the design of more
effective drugs. In analyzing what contributions and insights have been
provided by QSAR, it is appropriate to begin by surveying synthetic
antiinfective drugs. The pioneering study by Bell and Roblin (9) of the
relation between pK, and antibacterial activity of sulfonamides; and the
explanation by Albert (/) of the relation between pK,, surface area, and
antibacterial activity of acridines are classics of QSAR in the history of
chemotherapy.

This chapter will highlight contributions of QSAR methodology to our
understanding of drug action and to the rational development of new
drugs by considering totally synthetic agents intended for use in the ther-
apy of bacterial, fungal, viral, and other parasitic infections of man.

B. Expectations of QSAR

The complexity of the biological system is the most severe limitation on
a successful QSAR study. If one can but eliminate pharmacokinetic
factors, which include solubility, distribution, metabolism, protein-
binding, etc. and study a series of molecules in a simplified (but never
simple) system where the same rate-limiting event determines the
response to each member of the series, then successful QSAR is proba-
ble. As the biological system increases in complexity, successful QSAR
depends more and more on the degree of similarity between molecules in
the series. With a highly congeneric series it is probable that all molecules
will be similarly distributed and metabolized, and only the receptor in-
teraction will vary and thus determine variation in observed response. Or
alternatively, all will interact similarly with the receptor and response will
vary according to distribution.

For use with a complex biological system and a series of low congeneri-
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city QSAR may be of no help in drug design because of the multiplicity of
response-determining interactions. One solution to the problem of com-
plexity is to study a very large number of compounds and to introduce
several indicator variables. The study of Kim et al. (77) on 646 antima-
larials acting against Plasmodium berghei in mice exemplifies this ap-
proach: an equation was developed having 14 terms, 9 of which are indi-
cator variables.

An alternative solution is to develop QSAR for carefully selected
subsets of compounds in isolated components of the biological system.
Thus Seydel and co-workers have studied sulfonamides in a cell-free
system to measure inhibition of the target enzyme, as well as inhibition of
a bacterial population using both minimum inhibitory concentration
(MIC) and growth rate as response and various pharmacokinetic parame-
ters in animals. These elegant studies over the last 15 years illustrate what
can be achieved by QSAR with careful attention to experimental design.
Using good experimental design and appropriate physicochemical or
mathematical modeling, successful QSAR can be generated.

But success is not merely the establishing of a correlation with a high
regression coefficient. Success comes from recognizing the implications
of the correlation or what may be termed its information content. Some
QSAR publications fail to meet this criterion of success and will not be
covered in this review. Successful QSAR supports, contradicts, or
suggests a physicochemical mechanism for the response determining
event. Interpolative prediction should be a feature of successful QSAR
and may be used to suggest limiting the synthesis of unnecessary analogs
predicted to have only modest activity. Extrapolative prediction is rarely
accurate in a complex biological system, but the use of QSAR to make
and test such predictions is surely going to further the development of the
science of medicinal chemistry (60).

Il. ANTIMICROBIAL ACTIVITY AND MEMBRANE
DAMAGE

A. Optimum Log P and Mode of Action

A criterion of successful QSAR is that the relationship provides infor-
mation of diagnostic or predictive value. The diagnostic information, par-
ticularly from model-based QSAR, is in terms of supporting or suggesting
a mode of action for the drug series. When considering mode of action,
drugs can be broadly categorized as ‘‘structurally specific’’ or ‘‘structur-
ally nonspecific.”’
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Drugs that are structurally specific will modify the activity of bio-
polymers (e.g., enzymes and nucleic acids) by interaction with specific
sites on those biopolymers, known as receptors. Examples of such struc-
turally specific antiinfective drugs are abundant, and they include antibi-
otics, sulfonamides, the dihydrofolate reductase inhibitors such as tri-
methoprim, the antimalarials quinine and chloroquine, and all potentially
useful antiviral drugs. The major characteristics of such drugs, in addition
to common structural features that are always present in a few com-
pounds having the same effect, are high potency, commonly marked dif-
ferences in potency between stereoisomers, and existence of competitive
inhibition by related compounds.

Drugs that are structurally nonspecific also modify the activity of bio-
polymers, but do so either by changing the structure of the surrounding
solvent without being attached to specific receptor sites, or by forming
loose complexes with a variety of (rather than one particular) receptors.
With such drugs activity is not sensitive to small changes in structure and
is dependent on a relatively high concentration that is achieved in the bio-
phase. Examples are anesthetics, sedatives, and hypnotics (which accu-
mulate in nerve tissue) and many antiseptics, disinfectants, or preserva-
tives, which appear to exert their effect by accumulating in microbial
membranes. Characteristics of such drugs are that they are hydrophobic
and that they are capable of making or breaking hydrogen bonds. Their ef-
fects are usually additive and never competitive.

It is of fundamental importance to distinguish between specific and
nonspecific components of antimicrobial drug action, and QSAR can be
used for this purpose.

Lien et al. (92) examined antibacterial data sets from 21 sources and
compared the biological activity against seven gram-positive and four
gram-negative bacteria with variation in hydrophobicity. From the statis-
tically significant parabolic relationships found, a value for optimum log
P, log P, = 6 was suggested to be characteristic for structurally nonspe-
cific agents that damage the cell membrane of gram-positive bacteria, and
log P, = 4 was suggested to be characteristic of such activity in gram-
negative bacteria. The difference in log P, between the two classes of bac-
teria indicated to the authors that micelle formation was not responsible
for the downward trend in activity in the upper part of homologous series.
If this were responsible, log P, should depend on the type of compound
and not on the organism; this is not the case.

Hansch and Clayton reviewed this work (6/), and presented more equa-
tions for a total of 50 bacterial systems in which a parabola could best des-
cribe the activity—hydrophobicity relation. In 1977 Kubinyi (85) applied
his bilinear model to many of the same data sets, and although his use of
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improved statistics allowed him to obtain rather lower log P, values, there
is still clearly a significant difference between the two bacterial types.
In 1971 Hansch and Lien (65) published a lengthy analysis of 55 sets of
antifungal data, again with the intention of using QSAR to distinguish
nonspecific and specific activity. Some equations derived for the medicin-
ally important fungus Candida albicans are of particular interest: Eq. (1)

X—CgH,—NCS  PhCH,N(R)Me;Cl-  RCO;Na*
1 I HI

is related to the neutral substituted aryl isothiocyanates (I), Eq. (2) to qua-
ternary N-alkyl-N,N-dimethylbenzylamines (II), and Eq. (3) to alkanoic
acids (IIT). Log P in Eq. (2) refers to ion pairs and in Eq. (3) to anions. The
log P, values are vastly different although the test system is the same.
This underscores the fact that log P, depends to a degree on the type of
compound and raises the question as to whether Eqs. (2) and (3) represent
activity of a somewhat more specific kind. There are probably anionic re-
ceptors for the quaternary series and cationic receptors for the alkanoic
acids.

log(1/C) = 1.91 log P — 0.19(log P)*> + (0.56 = 2.3) ()
n =10, r=0.936, s = 0.104, log P, = 5.0 (4.6-6.5)
log(1/C) = 1.36 log P — 0.26(log P)? + (3.24 = 0.23) 2)

n=11, r=0.978, s = 0.199, log P, = 2.6 (2.4-2.8)
log(1/C) = —1.54 log P — 0.64(log P)* + (2.15 = 0.34) 3)
n==6, r=0.991, s = 0.090, log P, = —1.21 (- 1.3-1.0)

Comparing only neutral sets, Hansch and Lien (65) record 5.60 = 1.0
for fungi, 5.7 = 0.5 for gram-positive, and 4.4 = 0.4 for gram-negative
bacteria. On the basis of the ‘‘random-walk’’ kinetic model, the log P, dif-
ferences between bacterial systems have been ascribed to difference in
lipid content of the cell wall, which is outside the sensitive cell membrane,
and is a possible permeability barrier. The gram-negative wall contains
more lipid, hence was thought to be relatively more effective in slowing
down the passage of highly lipophilic molecules (92).

In retrospect, the random-walk model is not a convincing one for most
antimicrobial systems. The situation is probably better described as pseu-
doequilibrium, and certainly within the time span of most assays the com-
pound will be equilibrated between compartments. The equilibrium model
of Higuchi and Davis (69) is preferable, though no doubt too simplistic.
The best model to date, judging by the quality of fit, is that of Kubinyi
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(85). By any model, however, increased lipid content of any nonreceptor
compartment would be expected to reduce the value of log P, if parti-
tioning processes govern distribution.

But do partitioning processes alone govern equilibration in bacterial
systems? The fine experimental work of Nikaido (/05), who has inves-
tigated pathways for the diffusion of molecules across the outer mem-
brane of gram-negative bacteria, has helped to provide the answer. Using
mutants, Nikaido has shown that there is not only a ‘‘hydrophobic
pathway,”” whereby a compound dissolves in the interior of the outer
membrane and then crosses in accordance with the partition coefficient,
but there is also a ‘‘hydrophilic pathway,”” whereby small hydrophilic
molecules penetrate the membrane through water-filled pores. In a mu-
tant organism with much reduced content of lipopolysaccharide in the
outer membrane, sensitivity to relatively hydrophobic compounds such
as phenol and the g-lactams nafcillin and oxacillin increased at least ten-
fold. Sensitivity to relatively hydrophilic compounds, including ampi-
cillin, carbenicillin, and cephalothin remained the same or decreased
slightly. Measurement of log P’ (octanol:phosphate buffer, pH 7) showed
that the hydrophobic pathway was associated with log P' > —1.15, and
the hydrophilic pathway with log P’ < —1.7. Any antimicrobial QSAR of
compounds having log P in the region of — 1.4 + 1 may be very severely
compromised by the compounds of the set using two different routes to
the receptor. The B-lactam antibiotics are clearly in this category.

B. The Relative Pharmacophoric Scale

Besides comparing log P, derived from parabolic or bilinear relation-
ships, one may also compare the intercept from hydrophobicity equa-
tions. This allows direct comparison of potency between isolipophilic
drugs of different type. Putting log P = 0 in Eqs. (2) and (3), for example,
for an aryl isothiocyanate log(1/C) = 0.55, whereas for a quaternary
amine log(1/C) = 3.236. The quaternary amine is about 500 times more
potent. Using intercept values in this way, the intrinsic antifungal or anti-
bacterial activity of different functions in isolipophilic molecules can be
tentatively ordered on a logarithmic scale.

What is the significance and value of this work? Let us apply the crite-
rion of successful QSAR: does it support or suggest a mechanism and is it
in any useful way predictive?

In work with bacterial systems close parallels were observed between
the equations for antibacterial activity and equations for hemolytic effect
on red blood cells for the compounds listed in Table 1 (62). For those com-
pounds there is independent evidence that antibacterial activity is a con-
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TABLE |
Relative Pharmacophoric Scale

Membrane perturbing

Function ability ¢
R,N* 2932
RCOO- 2.8 (2.0)
ROSO; 2.1
R;NH*, RNHj 1.3 (2.0)
ROH, RCOOH, RCOOR, RCOR, ROR 0.0

“ Figures in parentheses refer to antifungal data.

sequence of damage to the integrity of the cytoplasmic membrane (88),
and it is fair to list average intercepts as relative membrane perturbing
ability on a logarithmic scale. The average intercepts for many antifungal
data sets are similar to those in Table I for antibacterial agents that per-
turb membranes. The QSAR strongly suggests that such fungicides bring
about their action by membrane perturbation.

Some 2,4-bis(arylamino)pyrimidines have been shown to inhibit the
growth of many gram-positive and gram-negative bacteria and fungi at
very low concentrations. This breadth of spectrum might well indicate
membrane damage. Analyzing the results of Ghosh (53) on Series (IV),
Hansch and Lien (65) derived Eq. (4) correlating ED;, values against Can-

dida albicans:
ﬁ
S

log(1/C) = (0.50 = 0.15) log P + (4.15 = 0.35) 4)
n =8, r = 0.957, s =0.223

In the light of the equations developed for compounds that act by per-
turbing membranes, the intercept for Eq. (4) is very high. The QSAR is
therefore suggestive that the effect is not at the membrane and that a
structurally specific drug effect is involved. Roy et al. (116) have provided
evidence that the inhibitory activity of these compounds is exerted
through interference with pyrimidine metabolism. This is an example of
QSAR being used, not in isolation, but in conjunction with a framework of
established QSAR in similar biological systems to suggest or support a
mechanism.
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These studies highlight the value of using established QSAR as a frame-
work of reference in examining new data. There are, however, several pit-
falls to such usage. First, the value of the intercept not only depends on
intrinsic activity of the ‘“function”’ or ‘‘pharmacophore’’ involved but is
also sensitive to conditions of assay. Clearly the intercept will differ for
different end points, for example, MIC or MBC (minimum bactericidal
concentration), ED,,, or ED,,. Second, antimicrobial activity is fre-
quently very sensitive to composition of the medium. Third, different
strains of the same microorganism often exhibit wide variation in
response to the same drug. Because of these variations in methodology
and sensitivity, comparisons of QSAR equations must be made with great
care, and interpretations from such comparison will always be tentative.

C. Case Studies

1. Cationic Detergents

Cationic detergents such as cetyltrimethylammonium bromide (V: R =
C,6Hj3) and cetylpyridinium chloride (VI: R = C,4Hy;) are used as disin-
fectants and as active components of antiseptic throat lozenges. They ap-
parently act by diffusing through cell walls, then associating with the neg-
atively charged phospholipid components of the cytoplasmic membrane.
Such association is strong, inasmuch as inhibition of bacterial growth by
cationic materials cannot be reversed by washing following exposure, but
washing does reverse the effect of anionic detergents (46). Accumulation
of cationic detergent in the inner membrane leads to disorganization and
lysis under osmotic stress (88).

Results from various QSAR studies on compounds of types V and VIdo
not add to our understanding of this picture of the mode of action. An op-
timum in chain length, or hydrophobicity, has generally been found (6/).
In many studies quaternary benzylammonium compounds have been em-
ployed. For compounds VII, a set in which the aromatic substituent is

RN*Me,Br-
\%

4 ; .
R—N \> c1 @» CH,N" RMe, Cl
— X

vi vil

varied as well as the length of chain, Murray et al. (/104) compared regres-
sion of minimum Killing concentration (MKC) for Staphviococcus aureus
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against log P (Eq. 5) and against first-order molecular connectivity (Eq.
6). In each equation a squared term was necessary.

log(1/C) = (0.87 = 0.14) log P — (0.17 = 0.03)(log P)* + (2.93 * 0.16)
&)
n = 45, r = 0.884, s = 0.306, log P, = 2.62 (2.45-2.82)
log(1/C) = (4.58 = 0.32) x — (0.20 = 0.01) x® — (22.4 = 1.78) (6)
n = 38, r = 0.931, s = 0.230

Statistically there is little to choose between the equations. But because
the use of x does not require the imagination of a particular physical
mechanism, Eq. (6) suggests that size and shape—mirrored by x—may
be of importance in determining the limits of activity.

The studies of Tomlinson et al. (127) using benzylammonium quater-
nary salts and Pseudomonas aeruginosa are of interest. They examined
micelle formation of the quaternary salts in deionized water and in simple
bacterial growth media. This led them to suggest that use of high concen-
trations of salts in MIC tests will lower the effective concentration of the
drug through micelle formation. This may be the explanation of parabolic
relationships. The fact that log P, for quaternary salts is considerably
lower than that for neutral compounds disrupting membranes and that log
P, is about the same for both gram-positive and gram-negative organisms
also accords with this explanation. To avoid such complications due to
micelle formation, Brown and Tomlinson (/4) later used deionized water,
and studied growth inhibition by the benzylammonium quaternary salts
(VII: X = H, R = C,,—C,5) in a series of stepwise polymyxin-resistant
mutants of Ps. aeruginosa. Interestingly, they have now found a linear re-
lation between alkyl chain length and the concentration required to re-
duce the colony count to 10% in 2 h. The authors speculated that in this
system death was primarily due to damage to the outer membrane rather
than the inner cytoplasmic membrane.

2. Phenols

Chlorinated phenols used in disinfectants such as ‘‘Lysol”” and
“‘Dettol’’ and in antiseptic soaps and shampoos are effective bactericides.
At bactericidal concentrations membrane lysis occurs. At lower growth
inhibitory concentrations a variety of biochemical effects occur and prob-
ably make it impossible for the bacterial cell to repair the damage to the
membrane caused by higher concentrations (28,74 88).

Most QSAR studies of phenols have taken the data generated by Klar-
mann et al. (78) and expressed the phenol coefficient as PC. This is the
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molar concentration that is effective in killing bacteria following 10 min
exposure, expressed relative to phenol. It is clearly a blunderbuss tech-
nique for compounds that have a multiplicity of effects, and one cannot
expect very precise structural information to accrue by analysis of such
results.

Liener al. (92) applied QSAR to Klarmann’s data on alkyl halophenols.
For the lethal effect of alkyl bromophenols on S. aureus they derived the
linear Eq. (7), and for that of alkyl chlorophenols on S. aureus, the para-
bolic Eq. (8).

log PC = 0.85log P — 1.26 @)
n =13, r=0.991, s = 0.126
log PC = 2.12 log P — 0.17(log P)*> — 3.50 ®

= 35, r = 0.961, s = 0.236, log P, = 6.36 (5.98-6.94)

Though both equations appear to be statistically sound, we should not
take them at their face value. On the argument advanced in Section 1I,B
the intercepts can be compared and would suggest that for isolipophilic
molecules a bromophenol should be about 200 times more active than a
chlorophenol. Cursory examination of some data points does not support
this.

Duperray ¢t al. (43) analyzed the same data using two structural frag-
mentation methods, the Free—Wilson (with 31 variables) and the
DARC/PELCO (with 27 topological structure descriptors). Both methods
suffer from the need for an unusually large number of independent vari-
ables, and no useful conclusions can be drawn from these studies.

Hall and Kier (57) applied the molecular connectivity technique (76) to
the same data set. Although 18 different variables were searched (dif-
ferent orders of x and both connectivity and valence type), the best equa-
tion required only the simple first-order connectivity !y for a good correla-
tion of all derivatives, Eq. (9).

log PC = —21.41/'x + (6.31 = 0.18) 9)
n=49, r=0975, s=0.20

The equation is hyperbolic and, of course, does not allow a physico-
chemical interpretation. But as the authors point out, the equation is
sharp enough to allow at least interpolative prediction. One form of predic-
tion is that the contributions of a methyl, chloro, or bromo group to ac-
tivity will all be equal, and this is borne out by inspection of the data. An
interesting aspect of Eq. (9) is that it indicates how such features as chain
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branching or adjacency of atoms would influence activity inasmuch as
these features are reflected in the magnitude of 'y.

One last word on the Klarmann data is in order. The error in deter-
mining the phenol coefficient (62) is probably about 10%, so we should not
be concerned with obtaining regression coefficients better than r = 0.95.
There are very few compounds in the set with log P values greater than 5,
so that for a gram-positive organism such as S. aureus the vast majority of
compounds should be of suboptimal log P. It was of interest to use log P
values calculated on the basis of the Rekker additivity scheme and try a
simple linear correlation: the result (Eq. 10) is quite satisfactory, bearing
in mind the 10% error of assay.

log PC = 0.75log P — 0.92 (10)
n =49, r=0.97

3. Nitrophenols

In the case of halophenols just described, pK, values did not vary sig-
nificantly and at the pH of the test medium these phenols would exist as
neutral molecules.

Introduction of nitro groups into a phenol dramatically increases acid-
ity. Cowles and Klotz (30) noticed that the bacteriostatic activity of nitro-
phenols against Escherichia coli (e.g., of 2,5-dinitrophenol, pK, = 5.1) in-
creases as the pH of the culture medium is decreased. This suggested to
them that it was the neutral species that was the ‘*active’’ form, by which
they meant the form that interacts with the receptor.

Within the framework of the Hansch approach to QSAR, Fujita (50) an-
alyzed the results of Cowles and Klotz after first correcting the observed
inhibitory concentration (C) through pK, and pH to derive expressions
for potency if this were due solely to the neutral molecule or solely to the
anion. The left-hand sides of Eqgs. (11) and (12) represent potency of the
neutral molecule. Equation (11) was derived for congeners at pH 5.5, and
Eq. (12) at pH 8.5. The pK, term is the difference in pK, between the ni-
trophenol and unsubstituted phenol, and thus represents the Hammett ef-
fect. It is not a measure of dissociation, which is already dealt with by the
transformation of the left-hand side.

log(1/C) + (log Ka + [H*])/[H*] = 0.347 + 0.70 pK, + 1.26 (11)
n=8, r=098, s=0.083

log(1/C) + (log K + [H*])/[H*] = 0.367 + 0.96 pK, + 0.89 (12)
n=8, r=0997, s=12I3
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Equations were also derived for pH 6.5 and pH 7.5. Increase in the coeffi-
cient of the pK, term as pH increases was interpreted as denoting in-
creased susceptibility of the receptor to interact with the neutral phenol
molecule, perhaps by increasing ionization of a nucleophilic site on the re-
ceptor.

Martin (94) reanalyzed the data in terms of her model-based equations
(96), which retain total inhibitory concentration (C) as the potency term
but allow for the variable effects of ionization by constructing a very com-
plex nonlinear function for the independent variables. She concluded that
the ionic species is about 4000 times less potent than the neutral form and
that binding to the receptor is not hydrophobic. The only hydrophobic
binding is between the neutral species and a lipophilic nonreceptor.

In all three studies the authors came to the same conclusion that the
neutral species was the important one. Only by the technique of Martin
could a ratio of potencies of neutral to ionic species be estimated. There is
a discrepancy regarding the role of hydrophobic binding; the equations of
Fujita suggest a small degree of hydrophobic binding to the receptor, but
Martin’s ‘‘best fit”’ is to a model in which there is no hydrophobic binding
to the receptor. The Fujita equation (13) for pH 5.5 in which 7 is not in-
cluded is still of high quality, so Martin’s conclusion is probably correct.

log(1/C) + (log K + [H*])/[H*] = 0.64 pK, + 1.28 (13)
n=8, =0.985, s =0.287

What is not immediately clear from the model by Martin is the actual na-
ture of receptor binding. The equations of Fujita do suggest that this may
occur by hydrogen bonding between a nucleophilic group on the receptor
and the acidic hydrogen of the phenol.

4. Benzyl Alcohols

Hansch and Kerley (64) recognized benzyl alcohol as an ‘‘outlier’
when constructing Eq. (14) for the activity of aliphatic alcohols against
Salmonella typhosa. Benzyl alcohol is three times as active as Eq. (14)
predicts; its inclusion in the equation drops the correlation coefficient to
r = 0.826.

log(1/C) = 0.82 log P — 1.30 14)
n=17, r=0.934, s = 0.098

Hansch and Kerley postulated that the special effect of a benzyl group
was mediated through its ability to stabilize a free radical generated by ab-
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straction of a benzylic proton. As evidence, QSAR equations were gen-
erated for sets of benzyl alcohols using the radical parameter E;. As one
example, Eq. (15) was generated for activity against three representative
gram-negative bacteria.

log(1/C) = (1.56 = 1.1)Ex + (0.58 = 0.11) log P + (0.80 = 0.28) (15)
n=11, r = 0.976, s = 0.164

A very good equation using Ey was also generated to correlate the anti-
bacterial activity of chloramphenicols, which are benzyl alcohol deriva-
tives (66).

Kieboom (75) has criticized the derivation of Ex (/34) and concluded
that no justification exists for its use in the cases of radical reactions.
Hence the conclusions by QSAR that benzyl alcohols react via free radi-
cals may be in error.

5. 4-Hydroxybenzoate Esters

Esters of 4-hydroxybenzoic acid (parabens) are widely used as preser-
vatives. They have a broad spectrum of antimicrobial activity, which
probably involves damage to the cell membrane. A number of QSAR
studies support the view that the cell membrane is the sensitive site.

Hansch and Lien (65) derived Eq. (16) for inhibition of Candida al-
bicans by compounds VIII (X = H, R = methyl to heptyl).

X

HO ~©» CO,R

vill

log(1/C) = (0.70 = 0.20) log P + (0.95 = 0.62) (16)
n=717, r=0.971, s = 0.205

Hansch et al. (67) analyzed much of the early literature in terms of the
model Eq. (17) for compounds VIII against ten gram-positive organisms,
two gram-negative organisms, and nine fungi.

log1/C=alogP + b a”n

Averaged values for a and b indicated that hydroxybenzoates are 30 times
as toxic to fungi as to gram-positive cells (b = 1.75 and 0.23); but that
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gram-positive cells are more sensitive than fungi to changes in hydropho-
bicity (@ = 0.863 and 0.515).

Without doubt, sensitivity to changes in hydrophobicity reflects uptake
of parabens into the cell membrane. A sensitive radiotracer technique has
been used by Lang and Rye (89) to measure uptake of the methyl, ethyl,
and propyl esters into E. coli. Uptake was studied at an ester concentra-
tion in the medium that reduced growth rate by 50%. It was necessary to
use 5.1 mM methyl, 2.1 mM ethyl, or 0.76 mM propyl ester. These
varying but equieffective doses gave a constant intracellular concentra-
tion of 3.5 = 0.3 X 1072 M/mg dry weight of bacteria.

Alexander er al. (4) have applied semiempirical molecular orbital (MO)
theory (IEHT) to calculate the energy of trial conformations and their cor-
responding charge distributions for methyl and ethyl parabens. The calcu-
lations show a large energy difference between a stable system in which
the ester group is coplanar with the ring, and a perpendicular conforma-
tion in which the ester group is at 90° to the ring plane. Despite this, they
make the thermodynamically improbable suggestion that perpendicular
conformations are involved at the receptor, justifying their argument by
suggesting that charge on the hydroxyl oxygen (maximized in the perpen-
dicular conformation) may be important for interaction with a positive
center in the receptor. Mutual perturbation between drug and receptor
certainly can occur, but in this case it seems unlikely and unnecessary.
Although MO calculations can be helpful, interpretation of their meaning
is fraught with problems.

6. f3-Alanine Thioesters

Clifton and Skinner (25) have made a QSAR study of the antimicrobial
activity of long chain esters of B-alanine. One may surmise that such

H,NCH,CH,COSR
IX

chemically reactive esters may have a specific (acylating) activity on a
particular receptor. However, for the set of nine derivatives (IX: R =
butyl to hexadecyl, benzyl) there was a consistent ‘‘parabolic’’ relation
between activity and chain length for all organisms (Escherichia coli,
Lactobacillus arabinosus, L. casei, and Pediococcus cerevisiue). Also,
when an oxygen ester or even long chain amine of equivalent lipophilicity
were substituted, identical inhibition resulted. This case study clearly
illustrates the value of QSAR in distinguishing specific and nonspe-
cific mechanisms and in highlighting the importance of hydrophobicity
to nonspecific (membrane damaging) activity.
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lll. ANTIBACTERIAL DRUGS

A. Sulfonamides and Sulfones

Many of the membrane-active compounds discussed in Section II are
very potent antibacterial agents but lack that essential quality of a modern
drug: selectivity. They can therefore only be used topically as disinfec-
tants, as preservatives, or if sufficiently nontoxic as components of anti-
septic throat lozenges. The first compounds to be developed with the re-
quired selectivity to be useful in vivo were the sulfonamides.

1. The Bell and Roblin Theory

Since the discovery of the first sulfonamides in 1935, medicinal chem-
ists have prepared some 5,000 derivatives of sulfanilamide (X: R = H), in

HZNO—SOZNHR HZN—Q— CO,H

X X1

the search for therapeutic advantages. Key biological features of the
mode of action of sulfonamides were understood by 1940. Activity in vivo
is proportional to the concentration in blood and activity in the bacteria
results from competition with the microbial growth factor p-aminobenzoic
acid (PAB) (XI). Selectivity is achieved because mammals have no re-
quirement for PAB.

Analog synthesis soon laid the foundations of a structure—activity rela-
tionship (SAR). For antagonism of PAB a 4-aminophenyl group is essen-
tial. This is preferentially present in the sulfanilamide type of structure,
but some other structures are also active. These include 4-aminobenzoyl
derivatives and particularly other sulfanilic acid derivatives (XII) and sul-
fones such as the symmetrical analog dapsone (XIII), which is especially
valuable in the treatment of leprosy. By 1942 it had been found that the

HZN@ SOZR HZNO SOZ@’WZ

xXm

xn
N
~0" CH,

Xiv
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Log 1/Cg factivity)

pKq
Fig. 1. Effect on bacteriostatic action of variation in the pK, of a series of sulfona-
mides. Organism: E. coli. The substances on the left are the most highly ionized (as
anions) at the pH of the test (pH 7, synthetic medium). From Bell and Roblin (9). Repro-
duced with permission from A. Albert, “'Selective Toxicity,”” 6th ed. Chapman and Hall,
London (1979).

most potent sulfonamides were those where R in X is a heterocyclic ring.
These include sulfamethoxazole (XIV), today’s market leader. In addition
to potency the heterocyclic sulfonamides display a wide variation in phar-
macokinetic properties; variations in solubility and duration of action
have been made use of in choosing a sulfonamide for a particular clinical
application.

In 1942 Bell and Roblin (9) published their classic QSAR study of a
series of 46 sulfonamides. Activity against E. coli at pH 7 was plotted
against the pK, of the sulfonamide, over a range of pK, values between 3
and 11. A biphasic, almost bilinear curve resulted (Fig. 1). The curve was
interpreted as follows: decrease in pK, over the range from 11 to 7 results
in an increasing proportion of ionized sulfonamide; the ion is more active
than the neutral species, so activity increases over this range. From pK, 5
to 3, the sulfonamide is essentially totally ionized and yet activity does
not level out but decreases. It decreases because pK, is now a measure,
rather like a Hammett constant, of electron withdrawal by R away from
the —SO,N— group of ionized X. The crucial property of the sulfona-
mide species is not ionization per se, but the charge existing on the ox-
ygen atoms of the —SO,— group.

The Bell and Roblin study was extremely successful because it pro-
vided a rationale for the enhanced potency of heterocyclic sulfonamides
that have pK, values near 7 and also explained the potency of some sul-
fonamides that cannot ionize at all as acids, such as sulfaguanidine (XII:
R = —NHC(NH,)=NH) and dapsone (XIII). In these derivatives, a
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large negative charge can accumulate on the — SO,— group by resonance
delocalization.

2. Contemporary QSAR

The theory of Bell and Roblin was of the utmost importance and has
provided a major stimulus to all subsequent investigators. Modifications
to the theory were proposed by Cowles (29), who considered that only the
anion had significant activity but only the neutral form was able to pene-
trate the cell wall, and by Brueckner (/5) who differentiated Cowles hy-
pothesis by assuming different intra- and extracellular pH values. In 1968
Seydel reviewed the earlier work and pointed out that there was then no
experimental proof for the Bell and Robin theory (/79).

Convincing proof of any theory concerning events at a molecular level
in a biological system, cannot be obtained without the most careful atten-
tion to experimental design. Over the past 15 years QSAR has been used
as an essential component of many such experiments.

a. Comparison of MIC with Cell-Free Inhibitory Activity. By
1962 the sequential pathway of folate synthesis in bacteria had been estab-
lished, and sulfonamide shown to be a competitive inhibitor of the incor-
poration of PAB into dihydropteroic acid, catalyzed by dihydropteroate
synthase (Scheme 1).

X Y
Xv

Scheme 1. Reaction inhibited by sulfonamide.

O

HN N CH:OPP
/k + H,N CO,H
H,N SN rg

o
N CH,NH CO.H
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Dihydropteroate )\\
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Synthase
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Miller er al. (101) obtained a cell-free system from E. coli and deter-
mined the production of dihydropteroic acid under the influence of N'-
phenyl- (XV) and N'-pyrid-3-ylsulfonamides (XVI).

Combining Series XV and XVI, Eq. (18) correlates cell-free (enzyme)
inhibition with MIC for all except five compounds. The compounds that
did not fit this relationship were all less potent as antibacterials than
would be expected from Eq. (18). Those compounds were relatively
strong acids, having pK, values such that they are more than 90% ionized
at the pH of the test.

log is, = 0.63 log MIC + 0.78 (18)
n =18, r = 0.951, s = 0.051

The equation provides good evidence that permeation of the bacterial cell
is not rate limiting, except for the most acidic sulfonamides. This justifies
the view of Cowles that ionized sulfonamides do not easily penetrate the
cell.

b. Correlations of MIC with Physicochemical Constants. Pro-
vided that strongly acidic members are excluded, essentially linear corre-
lations can be found with electronic parameters such as pK,, o, or NMR
shift in sulfonamides of types XV and XVI (52,/18). All such parameters
are clearly related, and the best interpretation is that they measure the
tendency to provide the more active anion at the enzyme site. Equations
(19) and (20), for E. coli and M. smegmatis, respectively may be com-
pared using compounds of type XV and correlating MIC with the NMR
shift of NH, proton of the corresponding substituted anilines (/20).

log MIC = —0.89 ppm + 5.65 (19)
n =25, r=0.976
log MIC = —0.84 ppm + 5.37 (20)

n =25, r=0.971

The regression lines of Egs. (19) and (20) are almost identical for different
bacteria, suggesting a similar mechanism and no problem with penetra-
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tion. Variation in hydrophobicity has no effect, again consistent with the
absence of a penetration problem, and no contribution from any nonspe-
cific (membrane-damaging) effect.

Fujita and Hansch (5/) attempted to deal with a mixed series of hetero-
cyclic sulfanilamides by correcting the potency term log(1/C) for degree
of dissociation. Relating potency to concentration of the neutral species,
Eq. (21) was derived, and relating to the ionic species, Eq. (22) was
derived, for activity against E. coli.

log(1/C) + (log K, + [H*])/[H*] = 0.61pK, + 0.99
—0.307% — 2.09 1)
n =17, r = 0.975, s = 0.223
log(1/C) + (log K, + [H*])/K, = —0.39pK, + 1.01
-0.317% + 0.79 (22)
n=17, r = 0.839, s =0.216

For conditions where the corrections are not necessary, that is
pK, >> pH (compounds un-ionized) or pK, << pH (compounds ion-
ized) these equations are simplified to two straight line plots of activity of
un-ionized and ionized molecules against pK, . The intersection of the two
lines corresponds to a pK, = 7, the most favorable for this series, tested
at pH 7.2.

Although Fujita and Hansch (5/) included 7 and 7% terms in their
‘‘best’’ equations, (21 and 22), equations in pK, alone are almost of the
same quality (r = 0.965, 0.764). It may be that the terms in 7 appear be-
cause the culture medium utilized in this study contained proteins, which
were excluded from the later study of Seydel (/120).

A similar approach to ionization has been followed by Yamazaki et al.
(135) who related optimal pK, of a series of heterocyclic sulfonamides
against E. coli to changes in pH of the culture medium. They found that
pK, values at pH 7.4, 7.0, 6.5, and 6.0 were 7.04, 6.82, 6.52, and 6.22,
respectively. This work has relevance to the choice of sulfonamide drug
for clinical use in that the pK, should apparently be close to the pH of the
body fluid in which maximal activity is desirable.

The Fujita treatment of ionization has been criticized by Martin (95) on
the grounds that it is too simplistic. In a real situation several pK,-
dependent processes can affect potency, and perhaps both ion and neutral
forms can bind to the receptor. Martin analyzed a set of data supplied by
Seydel of antibacterial potency measured by microbial kinetics (52) for a
set of 24 compounds of structure X against E. coli at pH 8.00. On the basis
of her equations, Martin could not decide between two models:
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1. Only the ion binds to the receptor, and its effect on the receptor is
not a function of its pK,,

2. Only the neutral form binds to the receptor, and its effect is propor-
tional to its pK,.

The first model was preferred by analogy to the natural substrate PAB,
which is an ionized molecule.

It is not clear whether the model showing activity in both ionic and neu-
tral forms was considered; it is clear from independent study not in-
volving QSAR that not only totally ionized but also totally un-ionized
neutral species have activity at the enzyme level. Studies using QSAR
methods at the level of bacterial cultures have not taken our under-
standing much beyond that of Bell and Roblin and still have not provided
conclusive proof of molecular mechanism.

¢. Correlations in Cell-Free Systems. Brown (13), Miller et al.
(101), and Thijssen (/26) have looked at the influence of sulfonamides on
cell-free dihydropteroate synthesis. Miller et al. (101) derived Eq. (23) for
cell-free activity of the Series (XV); including five compounds that de-
viated from Eq. (18) because they were substantially ionized at pH 7.

log Iy, = 0.43pK, — 2.28 (23)
n=14, r=0976, s =0.028

On the basis of this linear fit, they argued against the Bell and Roblin
theory. However, it must be remembered that the local pH of the enzyme
may be rather lower than the pH 7 of the whole-cell culture medium; for
compounds of pK, = 6-7 the proportion of ionized to un-ionized com-
pound would change significantly with pK, in the region of pH = 6. In
fact, the lowest pK, was 5.7, and for this compound there was a signifi-
cant deviation from Eq. (23), the compound being highly active but less so
than predicted on the basis of pK,, in accord with Bell and Roblin.

Thijssen (/26) reinvestigated cell-free inhibition and chose to examine a
broad range of 18 sulfonamides including seven compounds in the low
range of pK, = 2.92 (sulfanilylcyanamide) to pK, = 5.7 (sulfamethoxa-
zole). Three totally un-ionized sulfonamides were also examined, and
these also inhibited dihydropteroate synthesis. The biphasic curve
between a cell-free inhibitory index, and pK, (Fig. 2) substantiates the
Bell and Roblin theory.

Dihydropteroate synthesis in the presence of sulfathiazole (pK, = 7.12)
was measured at various pH values. If only the ionized species is active,
altering pH in order to double the percentage ionized should have the
same effect as doubling the concentration of sulfonamide at the same pH.
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Fig. 2. Plot of the log inhibition index versus pK, values of the sulfonamides. The in-
hibition index (l5,/S) was determined by plotting the percentage of inhibition of dihy-
dropteroate synthesis versus the logarithm of the inhibitor concentration. Interpolation
for 50% gave the relative affinity, expressed as the inhibition index, of the compound.
Reproduced with permission from Thijssen (726).

In fact, doubling the concentration of sulfonamide gave a much greater
enhancement of inhibition, showing that the un-ionized species contrib-
utes quite significantly. Comparing inhibitory indices in this paper cor-
rected for the fraction of molecules ionized at pH = 8, one can conclude
that the ionic form of any sulfonamide would be at least 20 times as active
as the neutral form. Seydel (/121) has shown that the inhibitory activity of
the undissociable sulfone dapsone (XIII) in an E. coli cell-free system is
about 20 times smaller than that of the most active sulfonamide.

Finally, Seydel (/21) has measured affinities of PAB in the presence of
sulfonamides (XV) at carefully controlled pH, expressing the affinity of
PAB as a function of concentrations of ionized [SA~] and un-ionized
[SAH] fractions. Terms in both [SA~] and [SAH] are needed for good cor-
relation; comparing coefficients from Eq. (24) suggests a 40-fold dif-
ference in affinity between ionized and un-ionized species.

K[PAB] = 6.61[SA™] + 0.17[SAH] — 1.87 24)
n =23, r = 0.964

d. Spectroscopic and Theoretical Studies. Several LCAO-MO
calculations have been done for sulfonamides, seeking in particular corre-
lations between charges on oxygens of the —SQO,— group, or primary
aromatic amino group, and biological activity (/19,47,83,117). The validity
of such calculations is extremely doubtful because of the gross approxi-
mations involved in treating sulfur orbitals. Conformational properties
have more recently been studied using EHT and CNDO methods with
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explicit consideration of sulfur 3d orbitals (20,/11). No significant correla-
tions have ensued.

Spectroscopic evidence has supported the Bell and Roblin explanation
for variation in activity of sulfonamide anions. Rastelli et al. (/13) mea-
sured the infrared stretching frequency of the sulfonyl group, and corre-
lated this with a calculated biological activity of the anion, over a wide
range of sulfonamides. The stretching frequency of the S—O bond is
directly related to bond order and inversely related to the formal negative
charge on oxygens. High biological activity of the anion corresponded to
low frequency (high polarity) of the S—O bond.

e. Chemical Studies. Studies by Seydel’s group (//,/22) have
shown that sulfonamides and various derivatives of PAB will undergo
reaction with the dihydropteridine pyrophosphate (see Scheme 1) and are
thus incorporated into dihydropteroic acid analogs in vivo. However, in
the absence of PAB all sulfonamides (and dapsone) studied show the
same rate of analog formation despite a large variance in their inhibitory
activity. Therefore the rate-determining event in folate inhibition is the
competitive binding of the sulfonamide to the enzyme, and not the forma-
tion of a dihydropteroic acid analog (/2/). In the case of sulfamethoxazole
(XIV), the dihydropteroic acid analog formed has been shown (//) to be
inactive as an antibacterial.

3. Dapsone

Dapsone is the drug of choice for the treatment of leprosy. It is extraor-
dinarily active against the leprosy bacillus Mycobacterium leprae,
whereas other sulfonamides and sulfones have little effect (¢5,90). It has
therefore been suggested that the antimicrobial effect of dapsone on M.
leprae is qualitatively different from the effect of dapsone, and of related
sulfones and sulfonamides, on other mycobacteria.

The QSAR methodology has been used to support and reinforce this
suggestion. Colwell er al. (27) have screened a series of sulfones (XVII)
including dapsone (XVII: R = NH,) against Mycobacterium smegmatis
607 in vitro. Objectives of this study were first to see whether M. smeg-

R
Xxvi

matis could be used as a model system to evaluate the potential of dap-
sone analogs against M. leprae (an organism that cannot be cultured in
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vitro) and second, to look for similarity or differences in mode of action
between dapsone and other sulfones or between sulfones and sulfona-
mides. Bawden and Tute (8) applied QSAR to the results of this study.
Parameters examined were o, the position-dependent field, and reso-
nance components F and R (/07), and hydrophobic fragmental constant f.

The resulting best equation (25) contains only R and f; R is highly sig-
nificant and has a high regression coefficient. Though the term in f is sig-
nificant, its coefficient is small, denoting a small sensitivity to changes in
hydrophobicity.

log(1/C) = —1.22R — 0.21f — 2.22 25)
n =16, r = 0.86, s = 0.31

The negative coefficient in R denotes that electron release is beneficial.
The behavior is entirely analogous to that of sulfonamides, and the equa-
tion is thus diagnostic of competitive inhibition of dihydropteroate

HN Ny CHZNHO—COZH
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Scheme 2. Final stages in tetrahydrofolic acid biosynthesis.



46 M. S. Tute

synthase and charge delocalization from the substituent to the SO, group
thus enhances activity. Activity of dapsone is high but not exceptional;
clearly the action of dapsone against M. leprae must be qualitatively dif-
ferent from other sulfones or from sulfonamides.

B. Trimethoprim

After incorporation of PAB into dihydropteroic acid, folate bio-
synthesis proceeds (Scheme 2) by addition of a glutamic acid unit to give
dihydrofolic acid. This is then reduced by NADPH to yield the essential
cofactor, tetrahydrofolic acid, a reaction catalyzed by the enzyme dihy-
drofolate reductase (DHFR). Inhibitors of DHFR have been developed as
antibacterials, antimalarials, and antineoplastic agents. A group of anti-
bacterial agents is exemplified by trimethoprim (XVIII), a compound that
inhibits bacterial DHFR much more effectively than the corresponding
mammalian enzyme and thus provides a relatively nontoxic inhibitor of
bacteria in vivo.

Many pyrimidines (XIX), triazines (XX), and quinazolines (XXI) have
been screened at the enzyme level, and results subjected to QSAR analy-
sis in the search for differential activity between bacterial and mammalian
enzymes. Largely from QSAR on quinazolines crude maps have been in-
ferred for the character of ‘‘enzymatic space”’ in the binding region for di-
hydrofolate. In all correlation equations a hydrophobic parameter for the
substituent in position 5 of quinazolines appears with a large positive
coefficient, so the region of space into which 5-substituents would project
is characterized as hydrophobic. Such a hydrophobic pocket is inferred
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from the QSAR for both mammalian and bacterial enzymes (68). Studies
with triazines (XX) have provided evidence that this hydrophobic pocket
is larger in the bacterial enzyme than in the mammalian enzyme (37).

At the enzyme level there is good QSAR evidence that substituents on
the benzyl group in close congeners of trimethoprim do not project into a
hydrophobic region of the bacterial enzyme. Equation (26) was developed
by Hansch et al. (68) for a set of congeners (XXII) tested against DHFR
from E. coli. Neither 7 nor molecular refractivity (MR) enter the correla-
tion, indicating neither hydrophobic nor polar contact with the enzyme.
Correlation is achieved using an electronic parameter o , which repre-
sents charge delocalization from substituents to the ortho position of the
benzyl group. Resonance interaction as implied by the canonical form
XXIII can be inferred from the QSAR as being important for high activity
(binding) on the bacterial enzyme.

log(1/C) = —(1.13 = 0.15)0f + (5.54 = 0.19) (26)
n =10, r = 0.986, s = 0.182

NH, NH, +
N X N OCH,
O,
HzNJ\\N | Y HzN/l\IIg - OCH,
A OCH,
XX XX

This result was particularly exciting when considered with the work of
Cayley et al. 21), who used NMR to study binding of trimethoprim to the
E. coli enzyme. From observation of a nuclear Overhauser effect they
propose that in the bound ligand H-6 on the pyrimidine ring and H-2' (or
H6') on the benzyl group are very close to one another.

The finding could be interpreted as showing intramolecular charge-
transfer stabilization of an active conformer of trimethoprim. In this con-
formation binding can occur through a polar interaction, which is much
more effectively achieved on the bacterial enzyme than on its mammalian
counterpart. This particular conformation is quite different from that de-
termined by Koetzle and Williams (78) for crystalline trimethoprim.
Although it seemed at the time to make mechanistic sense, Eq. (26) is now
regarded as misleading. It is an example of the danger of formulating a
QSAR from a set of congeners having insufficient variation in the substit-
uents (36).

The extraordinary selectivity of trimethoprim results from enhanced
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activity against the bacterial enzyme in certain 3,4’-di- and 3',4',5'-
trisubstituted 2,4-diamino-5-benzylpyrimidines (7/). A 4’-OMe group is
not essential for high activity, the 4'-Br analog is equiactive and the 4'-Cl
analog more active than trimethoprim. Kompis and Wick (80) compared
inhibition of E. coli DHFR against the Van der Waals radius of the 4'-
substituent in the 3',5'-dimethoxy 4'-H,F,Cl,Br,I,OMe series. The rela-
tion between log 1/1C;, and radius of the 4’-substituent is that of a parab-
ola. A later paper by Kompis er al. (81) describes trimethoprim analogs
with the 4’-OCH, group replaced by 4'-CO,CH, and 4'-C(=CH,)CHj;.
The methyl ester inhibits E. coli enzyme to the same degree as trimetho-
prim; the methylstyrene analog is more potent and has a 400,000 times
greater selectivity for the bacterial enzyme. These results would not be
predicted from Eq. (26) and so demonstrate its unreliability.

A complete understanding of the molecular basis for selectivity of tri-
methoprim will probably have to await comparison of crystal structures of
complexes of trimethoprim with bacterial and mammalian enzymes. The
structure of the complex of trimethoprim with an E. coli enzyme has been
determined by workers at the Wellcome Research Laboratories (5). It is
clear from the quality of such studies on methotrexate (XXIV) that this
could provide the answer and lead to a new generation of selective DHFR
inhibitors. Not only crystallographic studies and QSAR, but also compu-
ter graphics modeling, have recently been used to study this problem (97).

NHZ
NJI N\ CH,N(CH,) @— CONHCH(CO,H)CH,CH,CO,H
H,N N N

XXiv

Matthews et al. (97,98) have made an X-ray crystallographic study of
the binary methotrexate—E. coli enzyme complex and the ternary
methotrexate—L. casei enzyme—-NADPH complex. In both cases metho-
trexate binds in an open conformation. The pteridine and the aminoben-
zoyl groups lie with their rings mutually perpendicular in two hydro-
phobic pockets formed by nonpolar amino acid side chains. Specific
H-bond interactions to both 2- and 4-amino groups and an H-bond rein-
forced charge interaction between the protonated N-1 and an aspartic acid
side-chain carboxyl group are in evidence. From their NMR study Cayley
et al. (21) proposed that the pyrimidine ring of diaminopyrimidines (in-
cluding trimethoprim) binds in the same way as the corresponding part of
methotrexate, refuting an earlier suggestion of Hood and Roberts
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(72)—based on UV spectroscopic studies—that the two rings do not bind
in precisely the same location.

Gund et al. (56) and also Matthews er al. (98) suggested that the binding
of the natural substrate dihydrofolate to DHFR may occur in a somewhat
different manner from the binding of methotrexate. The model building
experiments of Matthews showed that it was possible to turn the pteridine
ring over (through 180°) with respect to the rest of the molecule while still
maintaining an excellent fit. Therefore, dihydrofolate may bind with its
pteridine ring in this reversed mode, thus presenting the alternate face to
the NADPH coenzyme. Confirmation of this alternate binding mode for
the natural substrate has now come from two sources; an NMR study (22)
and crystallographic determination 48) of the absolute configuration of
tetrahydrofolate prove which face of the molecule accepts the hydrogen
transferred from NADPH (see Scheme 2).

Classical Hansch analysis of the antibacterial activity of pyrimidines
has been carried out by Coats er al. (26). The inhibitory activity of 175
pyrimidines (XXV) was measured as 50% growth inhibition of Strepto-
coccus faecium, Lactobacillus casei, and Pediococcus cerevisiae. The set
included trimethoprim and seven close congeners but also many bulky
S-substituents with extra aromatic rings, chains, and bridges. Such a large
variety of structures forced the extensive use of indicator variables. There

R4
N~ Re
RZ )\\N RS
XXV

were minor differences in the equations developed for reversible inhibi-
tion of each organism. Equation (27) correlates activity against L. casei
using hydrophobicity indices and six indicator variables.

log(1/C) = 0.24m, + 0.46m, + 1.44I, — 1.08I, + 1.011,,
+1.481,, + 1.011,, + 1.251,5 + 2.86 27

n = 146, r=0.793, s = 0.668

Indicator variable 1, is for presence of 2-NH,, I; is for bulky groups sub-
stituted on the methylene of the S-aryl methylenedioxy derivatives, I, is
for 5-X— Ar where X is —CH,— or —O— (all trimethoprim congeners
included), I,, is for 4,6-di-CCl,, I,, for benzimidazole substituents at RZ,
and I3 for guanidino at R2.

It transpires that trimethoprim congener activity, and especially tri-
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methoprim itself, is significantly underestimated by Eq. (27). The equa-

tion is not very sharp and clearly reflects both the enormous diversity of

the considered structures and the lack of sensitivity of a bacterial culture

to molecular modification compared with an enzyme assay. Diagnosti-

cally it only provides a very crude picture of the receptor, as in Scheme 3.
R4

Hydrophobic interaction and

Amino R® steric limitation

preferred \ /I‘L/ |
NN
R’ N~ R®

Scheme 3. Reversible inhibition of L. casei (26).

——— Open to solvent

Although direct information about the receptor is crude, Eq. (27) is
helpful in two ways. First, it provides order to a mass of data, allowing
one immediately to recognize, for example, that there is something spe-
cial about the way trimethoprim must act. Second, by comparison with
cell-free studies it will enable the assessment of the influence of structure
on permeability of the bacterial cell wall and membrane. Unfortunately,
very few carefully designed studies at the enzyme level have been pub-
lished.

A common complication of studying very large sets of compounds, ex-
emplified by the study of Coats et al. (26), is that the set can include com-
pounds producing the observed effect by more than one mechanism. The
action of most of the pyrimidines was reversed by added folic acid, but in
some cases the activity was irreversible. Irreversible inhibitors were not
included in the development of Eq. (27), and they presumably act in some
manner unrelated to folate metabolism. Using these data Smith et al. (/124)
applied discriminant analysis to classify the pyrimidines as reversible or
irreversible. Applying a random selection, 20% of the data was withheld
in order to provide a test of the predictive capability of discriminant func-
tions generated from the remaining 80% of data—the training set.

Discriminant functions were generated for each of the organisms.
These show that the presence of a 2-amino group gives reversible inhibi-
tion in all organisms, whereas the presence of phenyl or anilino substit-
uents at the 6-position results in classification as irreversible against L.
casei and P. cerevisiae but is not significant in S. faecium. Although hy-
drophobicity is important in determining potency in all systems, it was
found insignificant in determining mode of action except for S. fuecium,
where hydrophobicity in the 2-position gives irreversible inhibitors.

Although simple, the discriminant functions were able to provide excel-
lent predictions as tested on the withheld molecules. In the L. casei
system, for example, the function (28) in three indicator variables cor-
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rectly predicted 12/13 reversible inhibitors and 16/16 irreversible inhibi-
tors.

Discriminant = 13.391, — 11.70l; — 5.70I; — 7.28 (28)

In Eq. (28), I, is for 2-amino, I; is for NHAr or Ar at position 6, and I is
for bulky groups on the methylene of certain 5-aryl methylenedioxy deriv-
atives.

C. Triazines

Walsh ez al. (130) measured the antibacterial activity of dihydrotriazine
antifolates (XXVI) against S. aureus and E. coli by a standard MIC tech-
nique. For regression analysis of the results, hydrophobic, electronic, and
steric parameters were explored for a wide variety of substituents R in
both meta and para positions of the phenyl ring. Highly significant equa-

e
N/*N CH
H,N *\N/'/ 3
CH,

XXVi

tions were generated, showing parabolic dependence on 7. The equations
were not improved by electronic or steric terms; meta- and para-
substituted series could be combined to give Eq. (29) for S. aureus and
Eq. (30) for E. coli.

log(1/C) = (1.05 = 0.15)7 — (0.10 = 0.02)7% + 2.68 (29)
n =352, r =0.916, s = 0.466, m, = 5.23
log(1/C) = (0.74 = 0.16)7 — (0.07 = 0.02)72 + 2.38 (30)

n = 49, r = 0.852, s = 0.468, m, = 5.15

Based on a measured log P for one member of the series, log P, = 5.8 for
acting against both E. coli and §. aureus.

Taking only the meta-substituted compounds, Dietrich et al. (37) reana-
lyzed the data in terms of the Kubinyi bilinear model, deriving Eq. (31) for
S. aureus and Eq. (32) for E. coli.

log(1/C) = (0.59 = 0.05)7 — (1.52 + 0.17) log(810™ + 1)
+(2.83 + 0.16) 31

n =23, r = 0.986, s = 0.218, 7, = 5.79, log B = —5.99
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log(1/C) = (0.51 £ 0.07)7 — (1.09 = 0.20) log(B10™ + 1)
+(2.57 = 0.23) (32)

n =22, r = 0.960, = 0.307, m, = 5.07, logB=-5.12

The use of MR instead of 7 in Egs. (31) and (32) hardly alters the qual-
ity, because of covariance between these two parameters in this particular
data set. To overcome this problem Wooldridge (/32) synthesized a few
more analogs and was able to use a special highly orthogonal set of 13
meta substituents. He now found 7 highly significant (r = 0.917) but MR
much less so (r = 0.671). Combining all data (meta and para) against S.
aureus, Wooldridge derived Eq. (33).

log(1/C) = 0.607 — 1.89 log(B10™ + 1) + 2.84 (33)
n = 66, r = 0.963, s = 0.344, 7, = 5.86, log B =—-6.20

Equations (28)-(32) can be compared with an equation of Dietrich et al.
(37) for inhibitory activity of the same triazines against isolated DHFR en-
zyme from L. casei. For strong inhibition in both systems, high hydropho-
bicity is necessary, but for the enzyme 7, (4.03) is significantly lower than
m, for whole bacteria. This may reflect a difference in the enzymes them-
selves, or the influence of a hydrophobic environment for the enzyme in
the bacteria. If the 2,4-diamino heterocyclic system of triazines binds to
the enzyme in the same manner as the corresponding system in metho-
trexate, then the equations suggest that the phenyl ring substituents in-
teract with the same hydrophobic pocket that binds the p-aminobenzoyl
portion of methotrexate. The X-ray structures of two triazine antifol-
ates of potential use in cancer chemotherapy, have been determined by
Camerman and Smith (/8).

It is clear that these triazines do not offer scope for development as
useful antibacterial agents. To achieve useful potency, log P would have
to be set so high that the compounds would be strongly serum-bound in
vivo. It was no surprise to find that none of the compounds was active
against infections in mice.

D. Isoniazid

When applied to the tuberculostatic activity of isoniazid (XXVII:
R = H) derivatives, QSAR using physicochemical parameters has pro-
vided strong support for a proposed mechanism of action. Though the
mode of action of isoniazid (INH) against Mycobacterium tuberculosis is
not yet firmly established, the ‘‘Isonicotinic Acid Hypothesis’’ (84) is
very compelling. According to this hypothesis, isoniazid can freely per-
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meate into the bacterial cell by passive diffusion of the neutral species
through the cell wall and membrane. Once inside, a peroxidase enzyme
(specific to sensitive mycobacteria) oxidizes the hydrazide group to yield
isonicotinic acid (INA), which is completely ionized (pK, = 4.84) at intra-
cellular pH and cannot therefore diffuse out. Subsequently, the accumu-
lated INA is quaternized and incorporated into an NAD analog, which

disturbs the normal metabolism and leads to cell death (Scheme 4).

Cell wall

CONHNH,
Z

N
N

H,0/peroxidase

Quaternization

NAD analog
cell death

Scheme 4. Essentials of the isonicotinic acid hypothesis.

For derivatives of type XXVII the rate (response) determining step in
the sequence is likely to be the quaternization reaction. Seydel ez al. ({23)
have made a QSAR study of these derivatives and found that MIC values
against M. tuberculosis and quaternization rates with methyl iodide show
a similar dependence on steric and electronic effects of the 2-substituent.
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Parameterization of steric effects is always problematical in QSAR;
there is no generally applicable method or parameter set. Workers in
QSAR frequently take the line of using whatever parameters are available
for trial correlations, then justify their choice in retrospect, based on the
results. Seydel explored o, R,,,, Es, and van der Waals volume V. For
most substituents in set XXVII, there is high collinearity between these
variables. For some substituents the validity of a total bulk parameter
such as 7 or Vy, to represent directional hindrance is very questionable.
Clearly, for nonsymmetrical or for conformationally flexible groups (Ph,
Ch,Ph, CH,CH=CH,, CH,NHACc, for example) one must either make
assumptions as to conformation and adjust the parameters accordingly or
choose a subset for analysis that omits such problem cases. Using the
latter technique, Eq. (34) provides a good correlation of antibacterial
activity.

log(1/MIC) = 0.26pK, — 0.06Vy, — 1.77 (34)
n =15, r=10.89, s = 0.45

On the same set Eq. (35) provides a good correlation of quaternization
rates with methyl iodide:

log kit = 0.29pK, — 0.02Vy, — 1.94 (35)
n =15, r = 0.931, s = 0.32

In these equations use of the experimental pK, is preferable to the theo-
retical parameter o as a measure of the electronic influence of the R group
on quaternization. The equations are very similar; the lower coefficient in
Vyw of Eq. (35) probably reflects the smaller size of the attacking electro-
phile, methyl iodide, in the model reaction.

Moriguchi and Kanada (/03) have also analyzed Seydel’s MIC data.
They derived an equation to correlate 19 derivatives using Vy, F, and R
as field and resonance components of the electronic effect and a dummy
parameter to account for enhanced steric hindrance afforded by certain
B-branched 2-substituents. Their equation is no **better’’ and the interpre-
tation is the same.

Waisser et al. (/128) determined pK, and quaternization rates (with
methyl iodide) for a series of 2-halo-6-alkylpyridines. As there was no cor-
relation between rates of quaternization and pK,, they concluded that
quaternization was influenced mainly by steric approach control.

Isoniazid has been found to inhibit the synthesis of long chain fatty
acids, intermediates in the biosynthesis of the mycolic acids that are im-
portant mycobacterial cell wall components (34). The relationship
between the inhibition of mycolic acid synthesis, INA and false NAD pro-
duction, and the lethal action of INH remains unclear.
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E. Quinoxaline 1,4-Dioxides

The antimicrobial agent carbadox (XXVIII) has found use in veterinary
practice as a growth promotant. Related quinoxaline 1,4-dioxides (XXIX)
have been tested against E. coli and results on 78 derivatives subjected to
a QSAR analysis by Dirlam et al. (38). Using the Free—Wilson method, G
values were derived for contributions of 12 different R! substituents, 9 dif-
ferent R?, and 13 different R3. The analysis, though significant only at the
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5% level, was very useful in predicting a more potent analog that other-
wise would not have been made. Although all included compounds having
R3 = COCHj, had only modest activity, the analysis revealed an unexpec-
tedly large G value for this substituent. It had previously been recognized
that the substituent R2 = CH,OH imparted high activity, so if the additi-
vity assumptions of the Free—Wilson model still held, it was predictable
that the derivative with 2-CH,OH and 3-COCH; should be very potent.
This compound was therefore synthesized as the stable hemiketal XXX
and possessed not only potent in vitro but also exceptional in vivo
activity—a triumph for QSAR.

o
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IV. ANTIFUNGAL DRUGS

A. Imidazoles

In 1971 Hansch and Lien (65) published their survey of antifungal
agents and formulated QSAR correlation for 55 sets of data using elec-
tronic and hydrophobic parameters. They suggested that most of these
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sets acted by causing direct damage to the membrane, a suggestion based
on comparison of log P, values for similar sets acting as antibacterial, an-
tifungal, or hemolytic agents (Section 11,A). The ideal log P for antifungal
activity of neutral compounds is in the range of 5-6, and for ionic species
is 2-3.

Apart from griseofulvin this survey did not include any of our modern
clinically useful antifungal drugs. The last ten years has seen the
emergence of several imidazole derivatives, in particular clotrimazole
(XXXI) miconazole (XXXII), and ketoconazole (XXXIII). These drugs
display a marked broad-spectrum activity against dermatophytes, yeasts
(e.g., Candida albicans), and gram-positive bacteria.

PN
N7 “N—C(ph), N7 “N—CH,CHOCH, cl
— — cl

1 cl
XXX
Cl
XXXN
/ N\
Q/w» CHZO-Q—N NCOCH,
N7 N_CH,t—0 /
- cl
Cl
XXX

Despite intensive research into the antimycotic effect of imidazoles,
there is as yet no clear understanding of how they act. Cytological and
biochemical investigations have provided some clues: both clotrimazole
(/7) and miconazole (/2) are potent inhibitors of ergosterol biosynthesis,
and ergosterol is essential for maintaining the integrity of the fungal cell
well. Differential effects occur on the behavior of oxidative and peroxida-
tive enzymes of C. albicans, treated with miconazole. A fungistatic
dose decreases cytochrome ¢ oxidase and peroxidase activity and in-
creases catalase activity, but all three enzymatic activities disappear on
using a fungicidal dose (/06). Yamaguchi and Iwata (/33) contend that a
direct physical disruption of the fungal membrane may be responsible
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on the basis of their research into the effect of fatty acids and sterol com-
position on the sensitivity of lecithin liposomes to imidazole antifungals.
A great many antifungal imidazoles have been screened, and QSAR
techniques have been applied (/29) but no good correlations have ensued.
Buchel er al. (16) in considering clotrimazole analogs stated that QSAR
was difficult because the biological data were poor due to lack of com-
pound solubility in in vitro media, low diffusion rates, the compounds
being fungistatic rather than fungicidal, and rapid metabolism. Despite
these difficulties, a hypothesis—that tritylimidazoles act by giving rise to
stabilized carbocations—was tested by applying relevant QSAR param-
eters. The rate constants for acid hydrolysis and R, values were deter-
mined but were not sufficient to provide a meaningful correlation. It may
be shown that steric or conformational features, which are very difficult
to quantify for QSAR, are of importance to the activity. An X-ray deter-
mination of the structure of miconazole as in a tetramiconazole cobalt ni-
trate complex (/0) shows that the three-ring systems lie approximately in
three parallel planes. This structure may provide the key to our eventual
understanding of some of the molecular features necessary for activity.

B. N-Hydroxypyridones

The N-hydroxypyridones (XXXIV) have been investigated by Dittmar
et al. (39.40). Cicloperox, the ethanolamine salt of the cyclohexyl deriva-
tive (XXXIV: = C4H,,) is now in clinical trial as an agent for topical
use against dermatophytes.

For QSAR, biological response was measured as a reduction in the alo-
pecia formed in guinea pigs after induction of fungal infection by topical
application of a suspension of Microsporum canis, then local treatment by
the compound. In this test the drug is presumably not subject to metabo-
lism and excretion. Steric and electronic variation in the R group was

CH,

XXXIv

found to be of no consequence. Both free acids and ethanolamine salts
were tested and Eq. (36) was developed. The small slope in 7 is unusual,
but then so is the measure of biological activity: rD is the reduction in
diameter of the alopecia measured 25 days after the infection, the drug
being applied once daily from the third to the seventh day. The indicator
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variable D for presence of the salt is significant. The equation suggests
that the rate-determining step is controlled by hydrophobicity and is prob-
ably penetration into the stratum corneum,; clearly the ethanolamine salts
are abut 50% more active than free acids.

log(1/rD) = (0.13 = 0.01)7 + (0.15 = 0.02)D + 1.10 (36)
n=22 r=0.983, s = 0.038
On the basis of QSAR, the choice of cicloperox for further trial is very
sound.
C. Griseofulvin

Griseofulvin (XXXV) is used as an oral drug to treat dermatophyte in-
fections. Conventional SAR has shown that activity is critically depend-
ent on the stereochemistry and that the chlorine atom is not necessary.
Hansch and Lien (65) derived Eq. (37) for analogs XXXVI, the biological
response being the curling of hyphae of Botyrtis allii relative to griseo-
fulvin itself.

OCH, o OCH,
6 0
o
a1 CH,

XXXV XXXVI

CH,0

log BR = (0.56 = 0.17)log P + (2.19 = 0.77)ox — (1.32 = 0.61) (37)
n =22, r = 0.875, s = 0.248

The QSAR is not sharp, but the high coefficient in oy is interesting
and suggests that activity may depend on reaction of the enone system,
perhaps adding griseofulvin to a nucleophilic group such as SH in an
enzyme involved in fungal metabolism.

D. Pheny! Ethers of Glycerol and Glycol

Phenyl ethers of type (XXXVII: X, Y = H, OH; R = 2-, 4-, or 5-alkyl,
halogen) have been explored as topical antifungals. Chlorophenesin, 3-
p-chlorophenoxyl-1,2-propanediol (Mycil), has been used clinically.

R @oea,enmcm

XXXV
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Hansch and Lien (65) derived Eq. (38) for inhibition of Trichophyton men-
tagrophytes.

log(1/C) = (0.69 = 0.14) log P + (0.43 = 0.51)oy + (1.21 = 0.36) (38)

n =726, r= 00911, s = 0.216

Kubinyi and Kehrhahn (86) used a modified Free— Wilson method to ana-
lyze the same data, obtaining an improved correlation (r = 0.967) but
using seven variables. The good correlation demonstrated that additivity
of group contributions is fulfilled for this set, pointing to the absence of
any interaction between adjacent hydroxyls (X, Y = OH, OH) affecting
activity. Though both analyses indicate that X, Y = H, H would be more
active, a glycerol is necessary clinically if the compound is to be free of
any irritant or skin sensitizing properties.

Hall and Kier (58) have applied their molecular connectivity method to
the data and derived three-variable equations (39) and (40) to describe
activity. Both *x¥ and 3y terms depend heavily on specific branching char-
acteristics and substituent patterns in the molecular skeleton; once de-
coded in terms of the substructures contributing to variation in these
terms, the result suggests that substitution in the para position of the
phenyl ring is favorable and that vic-dihydroxy substitution is unfavor-
able.

log(1/C) = (2.44 = 0.09)'x — (3.29 = 0.09)*x + (2.71 = 0.03)*x"
—(1.31 £2.4) 39)
n =28, r=0.957, s = 0.149
log(1/C) = (1.30 = 0.10)'x — (2.70 = 0.08)3x + (2.74 = 0.04)*x"
+(0.01 £ 2.5) (40)
n =28, r = 0.955, s =0.152

The three methods applied to this series are complementary to one an-
other and yield information on different aspects of the SAR.

V. ANTIMALARIAL DRUGS

A. 1-Aryl-2-(Alkylamino)ethanols

Over the last 60 years many compounds have been prepared and tested
in a still continuing search for drugs to combat malaria. The search has
been stimulated because of developing resistance of the malaria para-
sites to current drugs and resistance of the mosquito to insecticides.

Compounds XXXVIII are analogs of the earliest antimalarial drug qui-
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nine (XXXIX). The aryl moiety has been varied widely, the activity of
benzene, naphthalene, and phenanthrene analogs showing that a basic
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heteroaromatic nucleus is not essential. QSAR techniques (Free-
Wilson and Hansch) were applied to 2-phenylquinolines by Craig 3/)
and to phenanthrenes by Craig and Hansch (32) to obtain an impressive
correlation of in vivo data (50% cures in mice) with electronic and hy-
drophobic parameters. This work was noteworthy in that it showed how,
by applying QSAR, the same knowledge concerning SAR could have
been obtained by preparing only about half of the compounds.

In a combined study by the Hansch group, Craig, and the Walter Reed
Army Institute (77), 60 different aryl types were included and a QSAR
formulated for no less than 646 antimalarials. In order to include such a
varied collection in one QSAR, it was necessary to develop an equation in
14 terms, 9 of which are indicator variables. As with earlier studies, the
most important physicochemical determinant of variation in activity was
found to be the electron-withdrawing ability of substituents in the aryl
moiety; hydrophobic character playing a much less important role.

An interesting feature of the electronic effect is that substituents at-
tached directly to the quinoline ring, or via the 2-phenyl group, have the
same electronic effect on activity. When XL is compared with the cur-
rently most promising antimalarial drug, Mefloquine (XLI) it is noted that
both have virtually identical observed and predicted activity in the mouse

CH(OH)‘O CH(OH)Q

XL Xu
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model and are 250 times more active than quinine. This suggests the im-
portance of the drug acting as an electron acceptor or as a dipole in the
drug receptor complexation.

Most forcibly demonstrated in this study is the ability of QSAR to bring
some order to a mass of data. Having established this order, tentative pre-
dictions can be made for compounds having 1000 times the activity of qui-
nine. The QSAR is not so useful in giving information on mechanism; for
although the electronic effects noted are compatible with the suggestion
that such antimalarials act by intercalation with plasmodial DN A, there is
strong evidence that this is not their mode of action (35,/31).

Ping-Lu Chien et al. (23) have investigated the effect of varying the
aminoalcohol side chain in phenanthrenes of type XXXVIII and con-
cluded that the basicity of the nitrogen in the side chain plays an impor-
tant role in activity. They found also that diastereomers possessed dif-
ferent activity.

The effect of configuration and of conformation of the side chain was
investigated by Loew and Sahakian (93). The phenanthrene XLII and its
isomeric 3-piperidyl analog XLIII exist as diastereomers due to the pres-
ence of two chiral centers. All four optical isomers of XLII are highly ac-
tive antimalarials, whereas only one racemate of XLIII is active, and the
racemate of a 4-piperidyl analog, having only one chiral center, is in-
active. Using PCILO, a study was made of the energies of likely confor-
mations of diastereomers of XLII and XLIII in cationic forms. The study

cn(on)—’:j cn(on)@m

N
H

CF, O CF, ‘

CF, CF,
XL XL

proposed a model pharmacophore for the cation, which includes a stabili-
zation of the active conformer by an intramolecular hydrogen bond be-
tween a hydrogen atom on the protonated piperidinyl nitrogen and the car-
binol oxygen. The pharmacophore can be achieved by all four isomers of
XLII but by only one, RS, of XLIIIL. The SS and RR isomers of XLIII were
predicted to be the inactive forms, a prediction open to experimental test.
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B. Chloroquine

Useful information has been obtained from application of QSAR to sev-
eral series of chloroquine (XLIV: X = CI) analogs (XLIV-XLVI) by Bass
et al. (6). Parameters considered were hydrophobicities of various seg-

NHCH(CH,)CH,CH,CH,N(C:H,), NHCH(CH,)CH,CH,CH,(C,H.),
] ~
2
X N
XLIV XLV
R

(R = NH-alkyl-NR’ R")
~
cl N

XLvi

ments, and atom-centered charges calculated by semiempirical MO
theory (Huckel and Del Re). The most interesting result came from Series
XLVI, in which antimalarial activity (against Plasmodium gallinaceum in
chicks) does not correlate with any single parameter, but when both hy-
drophobicity and charge on the terminal nitrogen atom are included, a
substantial increase in correlation is obtained, suggesting a cooperative
effect. The authors’ interpretation is that the sizes of the alkyl groups on
the terminal nitrogen significantly moderate the ability of the cation to
participate in electrostatic binding, perhaps to a DNA phosphate group.
This is compatible with an intercalation model, but it would also be com-
patible with electrostatic binding to any anionic receptor.

C. Arylamidinoureas

Goodford et al. (55) found that the antimalarial activity of arylamidin-
oureas (XLVIH) substituted in meta and/or para positions could be ex-
pressed by Eq. (41). The equation was derived by using tabulated values
in regression analysis against the oral dose required to reduce parasitemia
by half in infected mice.

log(1/C) = 0.287 + 0.860 — 0.09 41
n = 18, r = 0.68
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R! NHCONHC (=NH)NH,

XLvi

The equation gave adequate predictions for new potent compounds
despite the low overall correlation coefficient.

The same group (54) later examined the possibility that a better correla-
tion would be obtained by the use of measured properties, i.e., partition
coefficients, NMR chemical shifts, and pK, values. Their study showed
that the error in using published physicochemical constants could result
from intramolecular steric effects. In particular, the 3-chloro-4-nitro
derivative showed a large deviation from correlation, traced to the fact
that the nitro group is twisted out of the plane of the benzene ring in this
molecule. Such derivatives are best avoided in constructing a predictive
equation.

D. Quinazolines

Hansch er al. (68) have analyzed the antimalarial activity of quinazo-
lines (XLVIII) against P. berghei in mice, and showed that such activity is
consistent with in vitro antibacterial activity, and no doubt results from
inhibition of dihydrofolate reductase of the parasite. Of the sixty com-

R4

NZ R

|
R A N
X

pounds included in deriving an equation, R? = R* = NH, for all but three
(alkylamino) structures. Hydrophobicity was parameterized by the usual
7r (sum) and 72 (sum) and differences in structure at R parameterized by
indicator variables.

The analysis shows clearly that the most active congeners have the
structural features 6-N(X)CH,Ar or 6-CH,NHAr. Furthermore, the mag-
nitude of coefficients shows that the unnatural bridge — N(X)CH,— gives
higher activity (better binding) than the natural — CH,NH— bridge, as is
present in dihydrofolic acid. The simple length of the bridge does not
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seem important inasmuch as — OCH,— bridges were less active; the con-
clusion is that the nitrogen atom of the bridge is the important feature.
Hydrophobicity terms allowed the optimum log P to be set at 4.0 for these
congeners, a value no doubt associated with in vive distribution processes
rather than enzyme binding, and a useful guide for drug design.

VI. Schistosomicidal Drugs

The two most promising drugs in use for the treatment of schistoso-
miasis are oxamniquine (XLIX) and praziquantel (L). There are no publi-
cations concerning the use of QSAR in development of these agents or
analysis of their mode of action, although oxamniquine bears some struc-
tural relationship to the earlier schistosomicide hycanthoi (LI).

[ I N:/I/O
N
HOCHZ m
0]
NO, y{ NHCHMe,
L

XLIX

Model building and quantum-mechanical calculations have been ap-
plied to an investigation of structure-activity relationships of certain
nitro heterocycles, which are active. Thus Robinson et al. (//4) con-
structed space-filling models of niridazole (LII) and of active and inactive
analogs. They considered that the ring systems in (LIII) should be virtually
coplanar. Also, that active analogs should have a 5-nitrothiazolyl or 5-
nitrofuryl ring; with a nitrogen substituent linked to C-2 via a rigid side
chain, containing either a carbon—carbon double bond or a second ni-



2. Synthetic Antiinfective Agents 65

trogen atom attached directly to C-2. Aldrich and Clagett (2) performed

(4]
(§]])

CNDO/2 calculations on various conformations of LII and of its inactive
open chain analog (LII). They concluded that LII preferred coplanarity
of the rings, with the conformation as indicated. By contrast, LIII was
stabilized in a quite different preferred conformation by an intramolecular
hydrogen bond. This caused critical interatomic distances in LII and LIII
to differ greatly and may account for the difference in activity.

Korolkovas and Senapeschi (82) applied quantum mechanics in
searching for the mechanism of action of hycanthone (LI) and its analog,
lucanthone (CHj; replaces CH,OH). Using minimum energy conforma-
tions, electron densities, and HOMO and LEMO energies were calculated
by EHT. The parameters were calculated for mono- and dicationic forms.
The HOMO and LEMO levels suggest that charge transfer complexation
with the guanine —cytosine base pair of DNA is feasible and adds support to
the intercalation hypothesis for the mechanism of action. The nitrogen
atoms in the chain were calculated to be able to bind to two successive
phosphate groups on the same DN A strand, and the LEMO character was
found to be more pronounced with the more active drug hycanthone.

The quantum-mechanical studies both on niridazole and on hycanthone
and their analogs are of course open to two criticisms; first, the neglect of
solvent interaction and second, the assumption that the conformation at
the receptor is likely to be the conformation calculated as the minimum.
The conclusions must therefore be tentative.

The difficulties of applying classical QSAR to schistosomicides are
illustrated by a study of 42 very closely related N*-(N-arylglycyl)-
sulfanilamides (LIV). Some of these compounds have considerable
activity in clearing the mouse of infection with Schistosoma mansoni,
but most are totally inactive, thus thwarting any application of mul-
tiple regression techniques despite the close congenericity involved. The
compounds can be considered as two series, 20 compounds with R =
COCF,, and 22 compounds with R = COCH,. R’ is a substituted aryl
group. When R = COCEF,; the best compound has R’ = o-chlorophenyl.
This compound is weak when R = COCH;. In the series with R =
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R
Hznsoz@ NHCOCH,N_
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COCH,, the best compound has R’ = p-methoxyphenyl. This compound
is inactive in the other series (73).

VIl. TRICHOMONICIDAL DRUGS

The principal drugs in use for treatment of trichomonal infections are
the nitroimidazole derivative metronidazole (LV) tinidazole (LVI), and ni-
morazole (LVII). These drugs have been developed as particularly effec-

N N 4 \
NCH,CH
T I Sy
NO, N~ ~CH, NO, Ilq CH,4 /“\/N
NO

|
CH,CH,OH (CH,),SO,CH,CH, 2

Lv Lvi LviI

tive members of a class of antiinfective agents—the nitro heterocycles.
Three major groups of nitro heterocycles can be identified: nitrothiazoles,
including niridazole, used for treatment of schistosomiasis; nitrofurans
used for treatment of bacterial infections of the urinary tract; and nitro-
imidazoles used for treatment of infections due to anaerobic bacteria and
protozoa, especially trichomonads.

All postulated mechanisms of action of the nitro heterocycles involve
partial reduction of the system, addition of electrons, or nucleophilic at-
tack. All such properties are reflected in the redox potential of the system
and this has frequently been correlated with in vitro activity (70,112).
Kutter et al. (87) presented evidence that 2-methyleneamino-5-
nitrothiazoles (LVIII) interfere with microorganisms ‘‘by virtue of their
reducibility.”” The redox potential and log P parameters together ac-
counted for 90% of the variation in activity in vitro against Trichomonas
Joetus (Eq. 42).

(CH,),

N
[ X
NO, S)\N T
N
R
Lvil
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log(1/C) = (1.96 = 0.77) log P — (0.54 = 0.28)(log P)?
+(20.81 = 6.37)E,;, + (5.76 = 1.68) (42)

n =18, r=0.942, s = 0.229, log P, = 1.83(1.6-2.4)

Chien and Mizuba (24) measured in vitro activity of metronidazole an-
alogs (LIX) against Trichomonas vaginalis and derived the correlation
equation (43) using a measured log P and measured activation free energy
for electroreduction AG as physicochemical parameters. They concluded
that inhibition requires a low AG (for reduction) and a high lipophilicity (to
aid cell penetration).

log AA = —0.29AG + 0.35log P + 4.75 (43)
n=29, r = 0.898, s = 0.354

CH,CH,R

LIX

Miller et al. (102) measured the lowest oral dose of tinidazole derivatives
necessary to completely prevent development of T. foetus infection in
mice. They found for seven analogs bearing sulfone side chains, a para-
bolic relation between activity and log P, establishing tinidazole itself as
having maximum potency in the series.

The mechanism of action of the nitroimidazoles against anaerobic bac-
teria and against Trichomonas has now been elucidated in some detail,
largely through the work of Edwards (44). Active imidazoles act as an
electron sink by accepting electrons from an electron transfer protein (fer-
redoxin in clostridia), via the nitro group. The redox potential must be
less negative than that of the electron transfer protein, and this is a prop-
erty of the nitro heterocyclic system as a whole. The 4-nitroimidazoles
have a more negative redox potential than the 5-nitroimidazoles and are
consequently inactive. The nitro group of active imidazole becomes re-
duced, probably down to the hydroxylamine level, yielding an as yet un-
characterized but certainly very unstable intermediate, which exerts a
lethal action on the microbe by binding to DNA.

There are similar features in the antibacterial mechanism of nitro-
furans. Their redox potentials are more positive than nitroimidazoles and
are not in the range necessary for reduction by anaerobes. But specific
nitroreductases are present in aerobic bacteria, and these enzymes will



68 M. S. Tute

reduce nitrofurans to yield unstable intermediates that then react with
DNA, causing strand breakage (/00).

Inhibition of DNA synthesis by nitro heterocycles has been correlated
with half-wave reduction potential (/08). 4-Nitroimidazole, and various
furans and thiazoles lacking the nitro group, showed no inhibition of DN A
synthesis.

Overshadowing all nitro heterocycles are their mutagenic properties
and carcinogenic potential. Metronidazole and some of its metabolites in
humans are mutagens in bacteria when a reductive step is included in the
Ames test (/75). This may be irrelevant to human usage of the drug be-
cause mammalian cells are unable to reduce it. Nevertheless, the under-
lying fear of carcinogenic potential has encouraged the search for safer
‘“*nitro surrogates’’ by replacing the nitro group with groups of similar
electron-withdrawing potential. The QSAR studies indicate this to be fu-
tile.

Viil. ANTIVIRAL DRUGS

The application of QSAR to antiviral agents has been very disap-
pointing. Given the unique problem of evaluating antiviral agents, it is not
surprising that no useful diagnostic or predictive information has accrued
from the few published studies. Antiviral chemotherapy poses a unique
problem in that the virus is an obligate intracellular parasite, dependent
on the integrity of the host cell for its own survival and multiplication.
Any compound that damages the host cell can produce an ‘‘antiviral’’ ef-
fect. As a consequence the few potentially useful antiviral compounds
that are known and that interfere directly and selectively with viral repli-
cation (99) have a narrow structure -activity relationship, unsuitable for
application of QSAR. By contrast, classes of compounds with a wider
SAR probably produce their “‘antiviral’’ activity by simultaneous interfer-
ence with both cellular and viral processes, and in such classes it is the ab-
sence of a single rate (response) determining step that precludes suc-
cessful correlations.

Among the first selective inhibitors of intracellular viral replication to be
discovered were 2-(a-hydroxybenzyl)benzimidazole and certain deriva-
tives (LX). These compounds inhibit poliovirus replication (/09). O’Sul-
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livan et al. (109,110) noticed a rough parallelism between activity and
Hansch 7 value for the 1-substituent. Activity peaked with R = Ph, but
any fit to a parabola was poor. Factors other than lipophilicity operate and
have not been defined.

Benzimidazole derivatives have been intensively investigated for anti-
viral effects. Tamm ez al. (125) reported activity against influenza B virus
multiplication for alkyl derivatives (LXI), and Hansch (59) correlated the
activity with a calculated log P, to derive Eq. (44).

R4
R® N
=
R°® N
LXI
log(1/C) = (0.58 = 0.17) log P + (1.58 % 0.46) (44)

n =15, r = 0.903, s = 0.210

Hansch commented that the slope of Eq. (44) was indicative of nonspe-
cific binding to a protein-like receptor and that the intercept was indica-
tive of a weak activity for the benzimidazole functionality. Hall and Kier
(58) analyzed the same data using their molecular connectivity approach,
and examined twenty different chi indices. The ‘‘best’’ one parameter
correlation, that of Eq. (45) predicts that a branched or cyclic alkyl sub-
stituent in position 2 would enhance activity relative to a straight chain
analog. Unfortunately, only one compound with a branched 2-substituent
was included in the data set, and this interesting prediction will probably
remain untested.

log(1/C) = (1.40 = 0.02)%x + (1.11 = 0.29) (45)
n =15, r = 0.950, s = 0.166

Bauer and Sadler (7) have exploited isatin thiosemicarbazones (LXII) a
series of compounds with specific activity against vaccinia virus. One
derivative, marboran (LXII: R!' = CH,; R? = H), is quite effective
against smallpox in humans. Franke (¢9) applied QSAR to the results of

NNHCSNH,
3w
N0
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Bauer and Sadler using standard steric, electronic, and hydrophobic
parameters. Using subsets of data, equations were derived with high cor-
relation coefficients but very low statistical significance. Such equations
are not reliable.

The unusual sterically hindered amine adamantanamine (LXIII) is now
marketed as ‘‘Symmetrel’” and is useful for the prophylaxis of certain
types of influenza. It apparently interferes with an early stage in the viral
replication cycle, either blocking penetration of virus into the cell or inhi-
biting removal of its protein coat. This property is shared in varying de-
gree by many other related compounds. Aldrich ez al. (3) have compared

.

LXin

the results of activity in mice against influenza A of 87 compounds related
to adamantanamine, including N- and C-alkylated 1-adamantanamines
and l-adamantanemethylamines. No QSAR was attempted. The data
should be amenable to discriminate analysis, but because it is clear that
no N-substituted derivatives are significantly more active than adaman-
tanamine itself, it is doubtful whether this would prove useful. Dubois et
al. (42) applied the DARC/PELCO treatment to some of the results, pro-
viding a rationalization and ordering of the set but no diagnostic informa-
tion or extrapolative prediction.

The most exciting antiviral agent in prospect at present is ribavirin
(LXIV). This compound owes its activity to a competitive inhibition of the
enzyme inosine monophosphate dehydrogenase, which has an important
function only in infected cells. Very close analogs and derivatives have
very little or no activity either because they cannot be phosphorylated to
the active 5'-phosphate or because they do not achieve the precise fit nec-
essary for competitive inhibition (4/). Classical QSAR studies have no
place in dealing with such restricted specificity.

o

H,NCO

HOCH, _O

OH OH

LXIV
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IX. OVERVIEW

The application of QSAR methods to the analysis of cell culture or of
whole animal data on series of antiinfective agents has frequently pro-
vided statistically acceptable correlation equations. The equations gener-
ally have proved to be useful only when physicochemical parameters
have been employed. They have then provided a framework of reference
by which to judge the advisability of synthesis of further analogs, comple-
menting classical medicinal-chemical approaches, and they have fre-
quently given support to theories about the mode of action at the receptor
level or insight into the physical properties (ionization state or lipophili-
city) required to facilitate drug transport. Most of the successes have
come from antibacterial data analysis; there are formidable problems as-
sociated with meaningful assay of many other organisms, in particular
with viruses and fungi.

In the last five years there has been an admirable trend toward much
more careful experimental design of QSAR investigations, in order to
avoid statistical pitfalls, and toward obtaining maximum diagnostic and
predictive information. Even so, it must be recognized that there is a limit
to the information obtainable by the classical regression analysis tech-
nique using linear free-energy related or indicator variables. Useful but
only crude ideas of electronic, hydrophobic, or steric requirements of the
mysterious (usually unidentified) receptor can be obtained. Many more
studies at the cell-free, enzyme level (not covered in this chapter) are re-
quired to complement and extend studies at the cellular or whole animal
level. Much more attention should be given to quantifying the effects of
size, shape, and conformation. We can then expect much greater insight
into the mode of action of antiinfective agents, and this insight can be
used in the design of the novel selective drugs of the future.
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I. INTRODUCTION

The QSAR and SAR of semisynthetic antibiotics is different in several
respects from that of totally synthetic compounds. The *‘lead’’ structure
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is typically very complex in both a structural and conformational sense.
One consequence of the structural complexity is that much of the analog
work is aimed at the definition of the functional groups essential for activ-
ity. This analog work is occasionally accompanied by conformational
analysis of the products. A second consequence of the structural com-
plexity is that X-ray analysis of the structure is very commonly done,
frequently as part of or confirmation of the structure proof of the parent
antibiotic. In this chapter conformational analysis of antibiotics will be
discussed only if it has been related back to the three-dimensional require-
ments for activity. Each antibiotic class will be introduced with a stereo-
view of the generic structure and a brief SAR discussion of the groups that
appear to be essential for activity. The QSAR will thus apply to the effect
on the essential portion of variation of the nonessential portions of the
molecule.

Frequently the details of the molecular mode of action of semisynthetic
antibacterials have been studied. Therefore, one may have data on re-
ceptor binding and activation, as well as on whole animal and in vitro anti-
bacterial activity.

Whole-cell antibacterial activity may be measured by a number of
methods that may produce different orderings of potency. The principal
methods are two quantitative measures of a few hours duration,
growth-kinetic and turbidometric assays, and two semiquantitative assays
of 24—48-h duration, dilution or diffusion assays that give minimum inhib-
itory concentration (MIC) values. In the growth-Kinetic assay the growth
rate is followed by bacterial cell count in a Coulter counter. It uses a
lower concentration of organisms than does the turbidometric assay.
Thus one would expect the influence of extraneous factors, such as bind-
ing of the drugs to proteins and their metabolism by the bacteria, to in-
crease in the order of growth-Kinetic, turbidometric, and MIC assays. Be-
cause the clinical effect of antibiotics is typically seen within a few hours,
the shorter duration assays would probably be more relevant. A further
variable in MIC assays is whether the drug is at uniform concentration
throughout the tube or plate, as in various tube- or agar-dilution methods,
or whether it is present in a gradient, as in the cup or zone diameter
methods. In the former case potency is established by the tube of highest
dilution in which no bacterial growth occurs. In the latter case potency is
established by the size of the zone of inhibition of bacterial growth as a
function of the initial concentration in the well or cup. Hence, in the latter
type of assay the relative MIC depends on both the intrinsic potency and
the rate of diffusion.

As an example of the complications that may arise in antibacterial
testing, two analogs of leucomycin A showed activity equal to it in a two-
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fold agar-dilution method, whereas in the cup diffusion assay their rela-
tive potencies were measured as 78% and 57%, respectively (/37). The
correspondence between the short- and long-duration assays is even less,
as will be shown in the case of some chloramphenicol analogs. A final
complication of the in vitro assays is that sometimes the culture medium
contains serum albumin to which the analogs bind to differing degrees.
The consequences of this addition for QSAR will be illustrated with peni-
cillins.

Because most antibiotics contain ionizable groups, apparent activity
usually varies with the pH of the culture medium. This may represent
both a complication and an opportunity. The in vitro activity of antibiotics
is especially suitable for analysis by the use of compartment model-based
QSAR equations (/2/,123), because in general the concentration of antibi-
otic within the bacterial cell has reached steady state well before the rela-
tive potency determination is quantified. The evidence for this is in bacte-
rial growth-kinetic studies, which show for erythromycin, for example,
that after the addition of antibiotic to a growing culture, the new
steady-state growth is obtained within 25 min or less (68).

All of the correlations with lipophilicity reported in this chapter are cor-
relations with the equilibrium constant P. Because it has been shown that
the relationship between the rate and extent of partitioning is not linear,
this fact must be kept in mind when the various conclusions are drawn
(53,104,199).

Usually newly synthesized analogs are tested for activity against sev-
eral microorganisms. The resulting spectrum of activity is not constant
but may differ from analog to analog. An important goal of an analog syn-
thesis program may be to discover a compound with enhanced activity
against certain pathogenic targets. In terms of this chapter the reader
should be aware that a QSAR may be rather specific for a particular orga-
nism or that similar equations may be found for a variety of organisms.

Il. INHIBITORS OF BACTERIAL PROTEIN SYNTHESIS

A. Tetracycline Analogs

1. Overview

The tetracyclines are broad spectrum bactericidal antibiotics. Structure
Iin Scheme 1 shows the characteristic structural features: the trio of ox-
ygen atoms at positions 10, 11, and 12; the B-diketone at positions 1, 2,
and 3; and the dimethylamino group at position 4. These features are held
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Vi

SCHEME 1. Ionization of Tetracycline (6).

in the appropriate steric relationship by means of the four fused rings. The
extensive structure-—activity studies are summarized in many places
(21,22,55,130). Essentially, no modifications are permitted at positions 1-4
or 10-12, whereas activity is retained with modifications at positions 5-9.

The mode of action of the tetracyclines is thought to be interruption of
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protein biosynthesis by binding to the bacterial 30 S ribosomal subunit
(55,130). A role for metal ion-complex formation has been suggested
4,54,95).

2. Physical Properties

The combination of functional groups and the ring system of tetracy-
clines gives rise to a number of subtle equilibria that one must be aware of
for careful QSAR work. The most important of these are the structural,
solvent, and pH dependence of interactions with protons, interactions
with metal ions, and conformational changes. It is likely that in the course
of the assessment of antibacterial activity a tetracycline will encounter
phases of different pH values, metal ion type and concentration, and po-
larity. Small changes in these environments could cause subtle changes in
the properties of the molecule that are responsible for triggering the ob-
served biological response.

a. Ilonization Studies. Scheme 1 shows the ionization scheme for
tetracycline. For tetracycline, oxytetracycline (S5a-hydroxytetracycline),
and 7-chlorotetracycline the following stoichiometric constants have been
established: pK is 3.3; pK, is 7.8, 7.3, and 7.4, respectively; and pK is
9.6,9.1, and 9.3, respectively (¢,/80). In 50: 50 dimethylformamide : water
pK; of tetracycline increases to 8.2 and pK; to 10.2; similarly those of oxy-
tetracycline increase to 8.0 and 9.8 (/80). In contrast, in 50:50 meth-
anol : water pK, of tetracycline increases to 4.4 and pK, decreases to 9.4,
while pK, and pK, of 7-chlorotetracycline increase to 4.3 and 7.6, respec-
tively. In 1:1 dimethyl sulfoxide : water the pK, values for tetracycline
are 4.4, 8.1, and 9.8 (6). Finally, in pH partition measurements with 1-
octanol the pK, values of tetracycline are unchanged (47, 188).

It is important to know the specific pK , values associated with each site
of ionization. Does each stoichiometric pK, represent only one site of
ionization or several? There is general agreement that in water the first
proton is lost from the OH group at position 3 (6,/30). The resulting nega-
tive charge can be delocalized as shown in Scheme 1 (II). Does the next
deprotonation occur from the dimethylammonium group (V) or from one
of the OH groups in the BCD system (IV)? Two published studies were
done in 50:50 w:w water: methanol by a combination of potentiometric
and NMR titrations (99,/63). Isochlortetracycline, tetracycline, 4-
epitetracycline, and tetracycline methiodide were considered. Both the
second and third stoichiometric pK, values reflect substantial contribu-
tion from deprotonation of the OH group of the BCD ring system and de-
protonation of the dimethylammonium group. Asleson and Frank used
the same technique in 50: 50 dimethyl sulfoxide : D,O to assign the values
given in Scheme I for the site constants (6). In water and at pH values of
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biological interest, species II, IV, and V are present. The constants re-
ported in these papers are subject to question because a number of assump-
tions as to the relative magnitude of various dissociation pathways had to
be made. Also, the use of mixed solvents and D,O probably changed the
magnitude of the values. Because of low solubility, no study has been
done in pure water, nor have the effects of substituents at the 7 and 9 posi-
tions on the site constants been studied. The establishment of site con-
stants useful for QSAR work remains to be accomplished.

Because temperature may dramatically affect pK,, it is not surprising
that Cooke and Gonda observed an effect of temperature and also of con-
centration on apparent partition coefficients (48).

Two groups have investigated the pH partition behavior of the tetracy-
clines in 1-octanol-water systems and proposed structures of the species
in octanol (47,/88). It was observed that the highest apparent partition
coefficient occurs in the range of pH 4-7. The first question is what is
present in the octanol? Because thermodynamics (of which partition coef-
ficients are an example) describes only the relative free energy of two
states and not their structure, consideration of partition coefficients alone
cannot answer the question. However, it is pertinent that both tautomers
II and III of the neutral molecule have been crystallized (/8/). The former
was crystallized from hydrated solvent, the latter only when all traces of
water were removed. It was also observed that in chloroform solution tet-
racycline exists as tautomer III; additionally, the ultraviolet spectra of
octanol and ethanol solutions suggest that in octanol species III is pre-
dominant (/88).

Thus the ionization equilibria of tetracyclines are very complex and by
no means understood for even a few molecules. From the standpoint of
QSAR this means that it will be difficult (1) to parameterize the molecules
because both apparent hydrophobicity as well as fraction of each site pro-
tonated will depend on the not yet determined site dissociation constants
and (2) to interpret existing QSAR, because any electronic effects of an
equation may reflect changes in the proportion of the active species avail-

able to the receptor as well as changes in the intrinsic strength of the
drug-receptor interaction.

b. Metal Ion Binding Studies. Tetracyclines have long been
known to have a strong affinity for metal ions (4,5). Stability constants
have been reported for the interaction of tetracycline 4-epi-
chlortetracycline, 4-epianhydrotetracycline, chlorotetracycline, oxo-
tetracycline, and anhydrotetracycline with such ions as Cu(I), Zn(I),
and Ni(II) @,11,54). Conversion of the binding constants to site-specific
constants depends on accurate site pK, values. However, from blocked
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(b)
Fig. 1. Stereoviews of the crystal structures of (a) un-ionized and (b) zwitterionic
oxytetracycline (structures Il and I, respectively) (787).

derivatives Stoel et al. have shown that tetracycline binds metals at mul-
tiple sites on the A ring (/84).

c. Conformational Studies. ORD-CD studies have shown that as
the 3-OH is deprotonated, the A ring becomes less twisted, and that metal
binding induces conformational changes specific to the ions and tetracy-
cline analog involved (/30). Stezowski and co-workers have reconsidered
the effects that variables such as pH and solvent as well as structural vari-
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ation can have on conformation (92,95,151-154,181,183). Although their
principal focus has been X-ray analysis, they have used results from solu-
tion studies (their own CD and literature PMR) as well (92,151).

They have done X-ray crystallography on both tautomers I and III of te-
tracycline and oxytetracycline. The two tautomers differ in the conforma-
tion of the A ring and the orientation of the carboxamide. The corre-
sponding tautomers of the two analogs do not differ ‘‘significantly’’ in
conformation of the A ring. The two species of tetracycline are shown in
Fig. 1. They proposed that the equilibrium between the two and the
unique conformation of each tautomer are the important determinants of
biological activity (92,150,151,181,182). This hypothesis has been ques-
tioned but not disproved (139). This series of studies does not present
quantitative data to support the necessity of both forms for activity nor
does it provide a quantitative measure of the similarity of the tautomers
for different compounds. It seems necessary to include these findings in
any new QSAR work; perhaps they will stimulate additional theoretical
studies.

3. Antibacterial Activity

Free and Wilson included the QSAR analysis of the relative in vitro po-
tency versus Staphylococcus aureus of 10 tetracyclines (63). The set in-
cluded either H or CHj at position 6; NO,, Cl, or Br at position 7; and
NO,, NH,, or CH;CONH at position 9. The respective contribution of
each of these groups to activity is as follows: 75, — 112, —26, 84, — 16,
-218, 213, and 18. The calculated best compound is thus 6-H, 7-Cl,
9-NH, for which the estimated potency is 443. This compound is a part of
the original data set; its observed potency was 525. Because no attempt
was made to relate the relative activities to physical properties in this
analysis, potency rather than relative potency was used in the calculation.
The equation that was derived explains 91% of the variance in the data.

In 1970-1971 bacterial-growth kinetics were used to assess the relative
ability of a series of tetracycline analogs to inhibit the growth of E. coli.
The QSAR of these results was discussed from different poins of view in
three papers. In the first paper, Cammarata e al. considered the seven an-
alogs with substituents at only the 7 or 9 position (43). The log k values for
inhibitory potency for the 7-substituted analogs are positively correlated
with o2 or E values. For the 9-substituted analogs a negative term in the
radius of the group is needed in addition to the electronic term. Mager and
Barth showed that the two parameters have equal influence on potency in
a statistical sense (/71).

Cammarata and Yau then considered the various 6- and 5-substituted
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analogs in addition to those above, for a sample size of eleven (42). The
QSAR was analyzed from several computational viewpoints, all of which
can be shown to be equivalent. The best equation is the following:

log k = 09302 — 0.42r, + 3.67r: — 1.99 (1
r =0.93, s = 0.20, n=11

The term rp, is the van der Waals contact distance of the substituent at the
9 position and the term rc describes the van der Waals contact distance of
the OH or H at the 6 position. However, it appears to be an indicator vari-
able that is more positive for the 6-OH compounds. The importance of the
electronic effect of substituents is evident from the equations.

Peradejordi et al. then added the 5a(6)-anhydro, 12a-deoxy, and 7-
Cl,5a(11a)-dehydro analogs to those previously considered (/43). They
calculated the physicochemical properties by simple quantum chemical
means. Specifically, the oxygen atoms at positions 10, 11, 12 were postu-
lated to be the key to activity. The calculations were done on the molecule
as species II. The charges were calculated as the sum of the & charges
from Hiickel calculations plus the o charges from del Re calculations. Ad-
ditionally the nucleophilic and electrophilic 7 superdelocalizability for
each atom of interest was calculated from the Hiickel results. From these
ten predictors, the equation found is the following:

log k = 18.4 + 56.20¢_10 + 48.800_y; + 71.30012 + 3.40¢_¢
+ 16.9E¢_ 1o — 1.1Eq—y; + 18.4Eq_, @)

r=0.99, s = 0.167, n=14

The Q terms are the charges on the indicated atoms and the E terms are
the electrophilic superdelocalizability, a measure of how easy it is for that
atom to delocalize the charge of an approaching electrophile such as a
proton or a metal ion. The E,_,, and E,_,, are significant only at the 10%
level; all other terms are more significant. For reference, the charges of
0-10, O-11, and O-12 of tetracycline are —0.32, —0.28, and —0.30,
respectively. Notice how the charges on these oxygen atoms make them
ideally suited for chelation with a metal ion.

Steric terms are not necessary in Eq. (2). This is because in the calcula-
tions the lowered activity of the 9-NO, and 9-NH, analogs is accounted
for by considering the proton on O-10 to be hydrogen bonded to the 9-
substituent rather than to O-11, VII rather than VIII. The choice of VII
was based on literature observations of this hydrogen bond (/30). The
principal calculated difference between forms VII and VIII is in the
charge at atom O-11: for VII it is — 0.300, whereas for VIII it is —0.276.
This is translated into a predicted activity of 44 for VII whereas that for



86 Yvonne C. Martin and Elizabeth W. Fischer

VIII is predicted to be 635; the experimental activity is 44. In a similar
way the calculated activity of the 9-10 hydrogen-bonded form of the
9-NH, analog is 24, that of the 10— 11 hydrogen-bonded form is 179, and
the experimental value is 24.

Although the statistics suggest that this equation is highly statistically
significant, later random number simulations suggest that examination of
ten possible predictors to find a QSAR with 14 analogs results in an equa-
tion with an R? > 0.90 in 2% of the cases (/94). This fact, plus the omis-
sion of at least three analogs that could have been included suggest that
the equation is probably not so statistically secure as might be indicated
by the high R2. In spite of these criticisms and the primitive nature of the
quantum chemical calculations, the work as a whole does support the im-
portance of the electrostatic contributions to activity.

In contrast to many other antibiotics, and presumably because of the
number of charges on the molecule, tetracycline is transported into sensi-
tive bacteria by an active process that is lost when the bacteria become re-
sistant. One result of this active transport is that the growth rate in the
presence of tetracycline may be a hyperbolic rather than a linear function
of drug concentration. Only if this is recognized will the inhibitory rate
constants be calculated correctly. The same set of compounds studied by
Peradejordi ez al. was reexamined by a turbidometric procedure against a
sensitive and a resistant Escherichia coli by Miller et al. (128). There is a
good correlation between the inhibitory activity against the sensitive
organism and that reported previously, but no correlation between the in-
hibitory activity against the two strains. These workers also measured oc-
tanol (pH 6.6) distribution coefficients, P’. A pH value of 6.6 is a reason-
able approximation of the internal pH of a bacterium. They found a linear
correlation between log Pg ¢ and the log of the inhibitory activity with re-
sistant organisms for those analogs for which a hyperbolic fit is needed to
determine X, :

log K, = 1.98 + 1.74 log Pg, 3)
r=10.92, s (not specified), n=11
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The need for the hyperbolic fit was attributed to the almost equal contribu-
tion to potency of the factors: penetration into the cell and binding to the
receptor. Those compounds for which a linear fit is possible are modified
in such a way that receptor binding is very low. Miller et al. (128) con-
cluded that resistant bacteria accumulate tetracyclines by a mechanism in
which hydrophobicity of the antibiotic is the important characteristic. In-
cluding the quantum chemical properties does not improve the correla-
tion. It is possible that the use of the mixed constant P’ obscures the sepa-
rate effects of partition coefficient and basicity (/23).

The small number of QSAR studies on tetracyclines suggests that the
intricacies of the conformational and proton and metal binding Kinetics
and equilibria have inhibited QSAR investigations. Accordingly, the next
stage in the QSAR of tetracyclines could well be an analysis that in-
cludes these factors. Such an undertaking may require the use of more
sophisticated quantum chemical descriptions of the molecules, the
development of new insights into how to handle multiple rates and equili-
bria in QSAR, and experimental information on the physical properties.

4. Pharmacokinetics and Protein Binding of
Tetracyclines

A number of studies have suggested that there is a correlation between
hydrophobicity and the serum protein binding of various analogs
«48,76,98,110,149,172—-174,175,193,213). However, in all cases only a few
analogs were studied, and usually at least one analog deviated from the
apparent relationship. Steric factors may also be involved (76). Kellaway
and Marriott (98) showed a correlation between the number of binding
sites of one of the two classes of sites found and the distribution coeffi-
cients measured at pH 7.0. They also found a negative parabolic relation-
ship between log P’ and the log (1/K) values for both sites and also the
number of the first class of binding sites. In all four cases minocycline is
an outlier. These studies suggest that hydrophobic binding contributes to
the strength of binding to serum proteins but that other factors also make
important contributions. Of course, all of these studies may be compli-
cated by the complex ionization equilibria of tetracyclines.

Following earlier preliminary results (/74), Schach von Wittenau and
Delahunt in 1966 published graphs that show that distribution into tissue
is also a function of CHCIl, (pH 7.4) log P’ values (/73). They calculated
the ratio between the total drug concentration in various tissues {(e.g.,
muscle) and the free or unbound drug concentration in serum. The
tissue—serum partition coefficients are a linear function of the log P’ val-
ues. Hence the tissue depots are lipophilic. In 1979 Toon and Rowland
came to the same conclusion from a volume of distribution data calculated
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Fig. 2. Stereoview of the crystal structure of erythromycin (86).

from pharmacokinetic analysis of seven tetracyclines (/93). They found
no correlation between lipophilicity and the following pharmacokinetic
features: overall elimination half-life, renal clearance based on unbound
drug, and nonrenal clearance. As was indicated with the QSAR of anti-
bacterial activity, the superimposition of multiple ionization equilibria on
the partitioning equilibria could make any property~pharmacokinetic re-
lationship very difficult to untangle (/23).

B. Erythromycin Analogs

1. Overview

Erythromycin A, (IX) is a clinically widely used antibiotic of the macro-
lide class. Figure 2 shows its conformation as established by X-ray crys-
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tallography (86). It is composed of a 14-membered lactone ring substituted
in two positions with sugars, one basic and one neutral. Erythromycin
inhibits bacterial growth by inhibition of bacterial protein synthesis by
virtue of binding to the bacterial 50 S ribosomal subunits (208).

Chemical modification studies have demonstrated that both sugars plus
the macrolide ring are essential for ribosomal binding and antibacterial
activity (/46). These biological properties are also abolished by (1) chang-
ing the dimethylamino group to the corresponding N-oxide, trimethylam-
monium, or N-acetyl analog; (2) esterifying the 2'-hydroxyl group (these
esters per se have no activity, but they are hydrolyzed back to the corre-
sponding erythromycin); and (3) certain changes in the macrolide ring,
i.e., 8-epierythromycin B, 10,11-anhydroerythromycin A or B, and
11,12-epoxyerythromycin A.

In contrast, the following changes do not substantially change ribo-
somal binding: (1) esterification of the 4”- or 11-hydroxyl groups; (2) re-
moval of the 12-hydroxyl group to form the naturally occurring erythro-
mycin B; or (3) conversion of the ketone to a hydrazone, substituted or
unsubstituted oxime or oxime ester, 11,12-carbonate-6,9-hemiketal, or
9,11-aryl or 9,11-alkyl boronate (/46).

A close look at the three-dimensional structure of erythromycin shows
that the oxygen atoms on the macrolide ring all face one direction from
the plane of the ring. Because these appear to be the positions that can be
substituted without abolition of ribosomal activity, they must not be in-
volved in receptor binding.

The conformation of erythromycin A and some derivatives has been in-
vestigated by NMR (56,57,129,134,144,145,147). In general, the macro-
lide ring is not very flexible (57). Substitutions of many types on the mac-
rolide ring do result, however, in subtle conformational changes in the
C-6 to C-10 region of the ring but in very little change in the C-1 to C-5§
region. For example, in erythromycin A compared to erythromycin B
(12-deoxyerythromycin A), the ketone is closer to the C-6 hydroxyl group
and hence more strongly hydrogen bonded to it. Thus, although it would
be attractive to postulate a series of hydrogen bonds between the macro-
lide oxygen atoms and the receptor, neither the conformational nor analog
studies support such a proposal.

Evidence was also presented to support the possibility that in
CDCl;/CH,CI, solution the desosamine group may move around to the
side of the aglycone ring by rotation around the C-5—O bond. This moves
the NME, group nearer to the 8-Me (/34). This observation clearly raises
the possibility for other rotations of the C-5—O bond under other experi-
mental conditions.
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2. Physical Property Measurements

Octanol-water partition coefficient measurements on several mole-
cules showed that changing the 12-substituent from H to OH and the
11-substituent from OH to OCOCH; or from OCOH to OCOCH, results
in a smaller increase in hydrophobicity than anticipated (/79,7/20,125).
This observation suggests that there are many intramolecular interactions
in the parent molecule. The X-ray structure confirms this in that the fol-
lowing pairs of oxygen atoms are at approximately van der Waals dis-
tance: 11-12, 11-9, and 3"-4" (86). An alternative explanation to the
irregular 7 values is (in accordance with the CMR results) that the
changed substituent alters the conformation of the ring slightly and as a
result the various hydrophobic and hydrophilic groups are in slightly dif-
ferent environments in each analog. The importance of this unpredictabil-
ity of 7 values to QSAR analyses is that the log P values of other analogs
may not be predictable; if it is not possible to calculate log P values and if
potency depends on log P, then the potency of other analogs cannot ac-
curately be predicted.

3. Receptor Binding

All 4"- and 11-esters, 9-oximes, 9-oxime ethers, 9-hydrazones, and N-
benzyl analogs bind to E. coli ribosomes with approximately equal af-
finity. No significant QSAR has been derived (//9).

4. 2'-, 4"-, and 11-Esters

One set of 28 analogs consisted of various combinations of OH, OCOH,
OCOCHj;, and OCOC,H; at the 2’, 4", and 11 positions and either H or
OH at the 12 position. The relative potency of the analogs was measured
in a turbidometric assay with S. aureus as the microorganism. A Free-
Wilson analysis of the data resulted in an equation with an R? of 0.986,
and an s of 0.072 (//7,125). The coefficients of the group contributions to
activity become more negative as the number of carbon atoms increases.
Additionally, the coefficient of the group contribution for a given substit-
uent type is always more negative at the 4” position than the 11 or 2’ posi-
tion. Because the data fit the Free—Wilson model very well, it was con-
cluded that there is no optimum log P or sum of = in this data set, that is,
the relationship between potency and log P is linear within the range re-
presented by these data.

The same data were also correlated with physicochemical properties
(/120). The result is an equation with negative coefficients of log P and in-
dicator variables for esterification at the 4” or 11 positions and a positive
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one for erythromycin A compared to B derivatives. In this case R? is
0.945 and s is 0.127. Because s is larger than that from the Free-Wilson
equation, it was concluded that the physicochemical properties somewhat
imperfectly describe the structural changes that the receptor sees.

This data set was reanalyzed by Berntsson who came to the same con-
clusion after mathematically removing the correlation between log P and
(log P)? (12).

5. 2'-, 4"-, and 11-Esters, 4"-Sulfonate Esters,
4'-Hydroxy Analogs, and Compounds
Substituted at the Ketone

The QSAR of the antibacterial activity of a larger set of esters that was
synthesized to expand on the previous equation is represented by the fol-
lowing relationship (//9):

log(1/C) = 1.26 + 1.33 log P — 0.269 log P2 + 0.894Es-4"
+ 0.779Es-11 4)

r = 0.965, s =0.13, n =32, log P, = 2.47

This equation correctly predicted the potency of 33 additional analogs.
The prediction may also be expressed as a new equation:

log(1/C) = 1.10 + 1.54 log P — 0.321 log P2 + 0.938Es-4"
+ 0.625Es-11 + 0.189S (5)

r = 0.963, s =0.11, n = 65, log P, = 2.39

In this equation the indicator variable S suggests that the 4"-sulfonate
esters are somewhat more potent than equilipophilic 4"-carboxylate
esters. These studies are an example of the correct prediction of potency
of new analogs by a QSAR equation.

QSAR analyses were also used to evaluate the possibility that a com-
pound with improved activity against gram-negative bacteria could be
found (/19). The log P, varied from 1.97 for activity against the gram-
negative E. coli to 2.46 for the gram-positive Haemophilus influenzae with
the gram-negative Klebsiella pneumonia and the gram-positive S. aureus
in between. This similarity in log P, values is in contrast to the observation
of substantially lower log P, values for gram-negative compared to
gram-positive organisms reported for other antibacterial compounds by
Lien et al. (108). It points to the limitations in the concept of universal
log P, values (/98).

Although the traditional parabolic function rather than a model-based
equation was used to fit the data, plots suggest that this is adequate for
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these data. The evidence for this statement is that the slopes of the low
and high log P regions are similar and that there are compounds on both
sides of the optimum.

The establishment of these regression equations with an optimum log P
and negative steric effects helped us in our decision to terminate the syn-
thesis of further analogs.

Bojarska-Dahlig reported a QSAR analysis of (presumably) the tube-
dilution potency versus Bacillus pumilus of 16 compounds modified in the
macrolide ring (24). She reported an equation with a standard deviation of
0.27 and an optimum R, value equal to that of erythromycin B. The most
active compound, the 11,12-carbonate, was omitted from the equation be-
cause it was much more potent than expected. (This compound was in-
cluded in Eq. 2.) The positive deviation from the regression line suggested
enhanced receptor binding of the compound.

It is not clear if the similarity in conclusions from Bojarski-Dahlig’s
study and our own fortuitous or not. It is perhaps so, because we disagree
on the relative lipophilicity of the 9-oxime and the cyclic carbonate of
erythromycin A and on the relative potency of the cyclic carbonate. Nev-
ertheless, QSAR studies have been successful in highlighting the general
influence of lipophilicity on potency of this type of erythromycin analogs.

6. N-Benzylerythromycins

The N-benzyl analogs, in contrast to those previously discussed, vary
in pK, values. The pK, values of several analogs were measured by titra-
tion (/79,123). These were then used to calculate the pK, values of the
other analogs. The antibacterial activities had been measured turbidome-
trically at pH 7.0 for all analogs and also at pH 6.0 and 7.85 for several of
them. In order to derive a satisfactory QSAR, it was necessary to con-
sider model-based equations. The one that fit the data best has no term for
hydrophobicity (1719,123).

1 H*} /K,
log = = log 7z [H']e/ o\t 0-30Es (para) + 2.37  (6)
—[ I + a(l + ———[ ]1)
K, K,

r=00919, s = 0.186, n =38

Because of mathematical constraints to get afit, it was assumed that pH,,
the pH of the internal compartment of the bacteria, was constant at
pH 6.0. The fitted value of log a is 1.30. From these results it was con-
cluded that this series behaves as if the bacteria maintain a constant in-
ternal pH and that the compounds equilibrate according to their pK, and
to the difference between the internal and external pH values. It was also
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concluded that the ionic species is at least as active as, and possibly con-
siderably more active than, the uncharged species and that there is a neg-
ative steric effect of substitution at the para position (/79,123).

C. Leucomycin and Deiltamycin Analogs

Leucomycin (X) and deltamycin are 16-membered ring macrolides gly-
cosidically attached to a disaccharide. Esterification of the 3 and 4” hy-
droxyl groups and various changes in the allylic alcohol do not destroy
activity (/37). Deltamycin differs from leucomycin in that the 9-OH group
is oxidized to a ketone and the 12-13 double bond is changed to an
epoxide.

The QSAR of the cup (agar diffusion) method versus Bacillus subtilis
PCI 219 antibacterial activity of a set of eight leucomycin analogs con-
sisting of alkyl esters of the 3 and 4" positions was reported in 1971
(119,126). We found a positive dependence of whole-cell antibacterial
activity on m, that is, the optimum log P value is =2.2, the calculated
value of the most lipophilic compound.

Ribosomal binding of a set of leucomycin analogs had been determined
by displacement of [**CJerythromycin from E. coli ribosomes (/36).
Mager reported that the QSAR of ribosomal binding of alkyl esters of the
3-, 2’-, and 4"-hydroxyl groups is described by the following equation
(112):

log Iy, = 9.995 + 0.4937 + 0.2327% + 1.640 )
r= 095, s (not reported), n =27

This equation corresponds to an optimum 7 value of approximately zero;
m is less than zero in all analogs. The o term is in reality an indicator vari-
able because it assumes only two values: esterification of the 2'-hydroxyl
increases o by 0.68 and lowers the expected log-binding I, by 1.12.
Although 41 analogs were included in the original source of data, only 29
of these were analyzed in the QSAR study.
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The original workers observed a good correlation between ribosomal
binding and antibacterial activity with the exception of the 2'-esters,
which bind to ribosomes less well than expected (/36). Mager found no
significant QSAR for the agar dilution antibacterial activity of the set of
derivatives that he studied. Three factors suggest that Eq. (7) may be less
reliable than suggested by its r value: (1) omission of approximately
one-third of the compounds, (2) special properties of 2'-esters that may
distort the variance in I, values, and (3) lack of correspondence with the
whole-cell data.

There are seven compounds from the 1971 analysis in Mager’s data set.
The fact that the 1971 analysis did show a correlation of MIC with log P,
whereas the larger data set did not reveal such a correlation, indicates a
lack of predictive ability of the original equation and/or reinforces the dif-
ferences between the potency established by diffusion and dilution
methods. In a diffusion assay the leading edge of the antibiotic front con-
tains very small concentrations of antibiotic in the presence of relatively
large amounts of bacteria: this is an ideal situation for the bacteria to hy-
drolyze some of the ester. The authors of the paper that contains the ribo-
somal binding and agar dilution data state that ‘‘some 2'-O-acyl deriva-
tives apparently underwent gradual hydrolysis during antimicrobial
assays’’ (136, p. 732). Perhaps the 3 and 4" positions are also labile under
the conditions of the diffusion assay. One must remember that the ‘*A’’ of
a QSAR may change dramatically with a different assay system.

In 1981 Shimauchi et al. reported a graphical QSAR of a series of 4”-
{p-substituted phenylacetyl)deltamycins (/77). Antimicrobial activity in a
broth dilution technique using S. aureus and Mycoplasma gallisepticum is
positively correlated with the chemical shift of the methylene proton of
the benzyl group. The chemical shift value is in turn correlated with the
Hammett o, values. Hence, electron-withdrawing substituents increase
antibacterial potency. It would be interesting to know if these compounds
are active per se or if they must be hydrolyzed in order to bind to the ribo-
somes.

D. Lincomycin Analogs

1. Overview

Lincomycin (XI) is an antibiotic that is characterized by the presence of
sugar and pyrrolidine rings. From structural modification studies we
know that the features essential for antibacterial activity appear to be the
correct stereochemistry about C-2' (Fig. 3); an amide (not a thioamide)
link; an alkyl substituent at C-4’, which cannot be replaced by one at C-5';
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Fig. 3. Stereoview of the structure of lincomycin in the neutral form found by cal-
culation (44).

a group C,H; or smaller at N-1'; no changes in the C-2—C-4 portion of the
molecule; and the same stereochemistry and not too large a group at C-1
(115). The calculated conformation of the free base is shown in Fig. 3.
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2. Physical Properties

The partition coefficients of several analogs have been reported (80).
The antibiotic clindamycin differs from lincomycin in that the 7(R)-OH
has been converted to the 7(5)-Cl analog. From three comparisons the
average change in log P in the transformation from a lincomycin to the
corresponding clindamycin is 1.4; this is slightly lower than that expected,
1.7. Ab initio quantum chemical calculations on molecular fragments
suggest that the structural conversion from lincomycin to clindamycin is
accompanied by a conformational change (/78). In contrast to the experi-
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ence with erythromycins, alkyl groups increase the log P of lincomycin
and clindamycin by a greater than expected amount: the conversion from
3'-propyl to the 3'-butyl analogs increases log P by 0.72, whereas the con-
version from the thiomethyl to the thioethyl analog increases log P by 0.8.

3. In Vitro Antibacterial Activity

The first QSAR studies were of the effect of modification of the alkyl
substituent at N-1’ and C-4’ (/26). This study used calculated = values.
The parabolic equation indicates an optimum 7 value of ~2.7. The N-
methyl and N-ethyl compounds can be fit into one QSAR equation that
also includes an indicator variable attributing 0.23 increase in potency for
trans analogs compared to cis and a 0.20 increase in potency for N-ethyl
compared to N-methyl analogs of the same 7 value. The NH analogs
show a linear increase in potency with increasing 7 values.

These results became more interpretable after the model-based equa-
tions for QSAR were developed (//9,123). All 28 analogs can be fit with
one equation having seven variables including an indicator variable for cis
versus trans and the pK, values of NH and N-ethyl analogs:

1
340(1 + 100k —®H)
P0.61

pK, of NEt analogs = 8.26
pK, of NH analogs = 8.86
r = 0.979, s = 0.099, n =128

The standard deviation from this fit is lower than that from any of the par-
abolic equations. From this work it was concluded that there is hydro-
phobic bonding between the substituents at the 1’ and 4’ positions and the
receptor, that only the neutral form binds to the receptor, and that trans
analogs bind more strongly than the corresponding cis analogs. Verifica-
tion of hydrophobic binding of the substituent at the 4’ position comes
from the observation that 4'-depropyl-4’-ethoxylincomycin, in which a
methylene has been replaced by its isostere O, is approximately equipo-
tent with the equilipophilic 4’-H analog and not lincomycin (//4). Harris
and Symons have also postulated hydrophobic binding between the 4'-
substituent and the ribosome; this was based on comparisons of Dreiding
models of 20 substances that interact with E. coli ribosomes (87).

An early QSAR study of clindamycin analogs that vary in the alkyl sub-
stituent at 4’ suggested an optimum 7 for the 4'-substituent of 2.14 (/26).
This decrease in optimum 7 value compared to Eq. (8) is consistent with

1
logE, = log + 0.22D,, + 1.86 (8)

1 + POt 4
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the model-based equation results in which the optimum 7 decreases with
decreasing pK, of the molecule.

Shipman et al. studied the structure-activity relationships of linco-
mycin analogs with ab initio quantum chemical methods (44,/78). The re-
sults revealed a distinctly different conformational preference for the non-
protonated compared to the protonated species. From consideration of
these results and rigid analogs, they concluded that the active species is
the nonprotonated one and that the active conformation is that in which
there is a hydrogen bond formed between the amide (donor) and pyrroli-
dine (acceptor) nitrogens (Fig. 3). Lincomycin and clindamycin differ sub-
stantially in the preferred conformation about the C-6—C-7 bond. Finally,
the calculations showed that the chemically important orbitals, the
HOMO, NHOMO, and LUMO are all quite localized on the amide unit, in
accordance with the essentiality of the amide for antibacterial activity.
These conclusions were based on calculations involving model structures
of portions of the molecule only, in spite of the observation that long-
range interactions between the carbohydrate and the pyrrolidine ring are
sometimes significant.

The two theoretical studies converge in the conclusion that it is the non-
protonated form that binds to the receptor.

4. Whole-Animal Activity

The original QSAR paper included an analysis of the in vivo activity of
the lincomycin and clindamycin analogs (/26). The optimum 7 is not sig-
nificantly different in the two series in spite of the fact that the change in
lipophilicity due to the conversion from 7(R)-OH to 7(5)-Cl was not in-
cluded in the calculation of .

E. Chloramphenicol Analogs

Chloramphenicol (XII) is another antibiotic whose mechanism of action
is inhibition of protein synthesis by binding to the 50 S bacterial ribosomal
subunit. It inhibits protein chain elongation rather than chain initiation.
Analog studies have shown that antibacterial activity is lost in all stereois-

CH,OH

l/j/CH(OH)CHNHCOCHCIZ
I

2
X1
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Fig. 4. Stereoview of chloramphenicol in the conformation found by Bustard et
al. (40).

omers (Fig. 4) except the D-threo. However, extensive changes can be
made for the p-nitrophenyl and dichloromethylene groups (79).

Hansch and Fujita’s first OSAR paper, published in 1963, reported a
correlation of the effect of modification of the 4-NO, on antibacterial po-
tency of nine analogs as measured in a tube-dilution assay (83). From an
equation in which all terms were statistically significant (R? = (.89,
s = 0.26) it was concluded that there is a negative dependence of potency
on Hammett o value and an optimum = of 0.2-0.6 for activity against
both gram-positive and gram-negative microorganisms. A better correla-
tion is found when o, rather than o, is used. The = value used for
SO,CH; was higher than that currently used; when the newer value is sub-
stituted the statistics do not deteriorate (/22).

Garrett ef al. determined relative potencies by microbial kinetics (69).
Ten analogs were studied, including the 3-NO, derivative. A number of
equations were reported, but none of these was statistically significant
(41). The difference between this data set and that analyzed by Hansch
and Fujita is not in the physical properties of the analogs studied but
rather in the biological properties. There is a much larger spread in the
values of potency measured by tube-dilution methods than in those
derived from growth kinetics. In the former case the sum of squares of de-
viation from the mean log(1/C) is 3.229 (n = 8) whereas in the latter case
it is 1.38 (n = 10). Such clues as to the differences between biological
assays may be important to the design of assay procedures that quantita-
tively measure the parameter relevant for analog selection.

This same data set was analyzed by Cammarata in 1967 according to the
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hypothesis that dispersion binding governs the drug-receptor interaction
(41). For this purpose molar polarizability, (Pg) is used as the physical
property. (P is the same as molar refractivity, MR.) Although MR had
been previously used in qualitative SAR, this is apparently the first time
that it was used in QSAR. When potency is used as the dependent vari-
able in this correlation R? equals 0.991. This analysis is compromised by
the following problems: (1) it was assumed that the OCH,, NO,, and
SCH; groups bind entirely but that the SO,CH; binds only as a sulfonyl
and isopropyl binds only as a methyl group; (2) the wrong biological activ-
ity was used for the 4-SO,CHj analog; (3) the SCH, group was assumed to
bind as an anion rather than the neutral substituent; and (4) the 4-NO, an-
alog was omitted (its observed potency is outside the 95% confidence in-
terval predicted). Hence, there are four adjustments made to 10 data
points. Hansch et al. showed that when standard values of MR are used
R? deteriorates to 0.02 (82).

Hansch et al. reanalyzed these data in 1969 (82). Correlations were
made with the hydrophobic parameter 7 and with E, which is a measure
of the influence of substituents on a radical reaction:

log A = 3.07E; + 0.237 + 0.77 C)]
r=0.977, s = 0.140, n=28

This equation suggests an optimum 7r beyond the range of the 7 values in
the data set (> 1.40) and a positive correlation with the ability of the sub-
stituent to delocalize a radical. Two compounds were not included in the
analysis: the 3-NO,, for which the log A value was 0.58 less then pre-
dicted, and the 4-NH,, for which there was no Ey value available. Inspec-
tion of the data did suggest that the 4-NH, analog would be quite well pre-
dicted. The use of radical constants was not pursued because later these
same workers concluded that special constants for radical reactions are
not necessary because o or ot correlates radical reactions reasonably well
(80). In the case of this set of chloramphenicols, this is not true.

A different equation for the same data was reported in a review but its
source could not be verified (/98). It was claimed that there is an optimum
m of 0.4 and positive coefficients for MR and the square of the dipole mo-
ment. That is, there are four terms for 10 analogs.

Cammarata et al. reported still another pair of equations for this set of
data (43):

log k — 0% = 0347 — 0.2672 + 1.26 (10)
r=10.92, s = 0.24, n=29

and
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logk — E. = 0.227r — 0.2372 + 1.30 an
r = (.88, s =0.22, n=29

The left side of the equation was assumed to give the biological potency in
excess of that which is a consequence of the interaction implied by o2 or
E.. That is, it was assumed that the coefficient of the electronic term is
+1.00, probably a questionable assumption. Note that the standard de-
viation from both of these equations is larger than that from Eq. (9). The
statistics of the significance of the individual terms in this equation were
not explicitly stated; a plus-or-minus value was given but it was not stated
whether this is the standard deviation of the coefficient or whether it is the
95% confidence limit.

Chloramphenicol has a number of biochemical activities that appear not
to be related to its mode of antibacterial action. Freeman reported a
QSAR study of the inhibition of mitochondrial NADH oxidase. In con-
trast to antibacterial activity, the inhibition of the enzyme does not de-
pend on the configuration of the side chain but is linearly correlated with
the hydrophobicity of the substituent at the para position of the phenyl
ring (64). He found no correlation between physical properties and the in-
hibition of protein synthesis in bacterial or mitochondrial extracts or in in-
tact bacteria (65).

Hansch et al. in 1973 reported a new QSAR in bacteria after more an-
alogs had been synthesized and tested in the growth kinetic assay (84).
For a series of 16 ring-substituted analogs the most important deter-
minant of potency is log P:

log k = —0.34(log P> + 1.13log P + 1.0802% + 0.02MR + 0.071 (12)
r=0.93, s = 0.27, n=16

The optimum log P is 1.62, which corresponds to a 7 of 0.47 if the only
modification is in the aromatic ring. The o and MR terms are statistically
justified at the 10% level. The values for the radical parameter Ex were ap-
parently not available. Hence, hydrophobicity is the dominant factor, but
some sort of electronic property of the molecules is also important in the
determination of potency. The QSAR equation was used to predict the
potency of the 4-pyridyl analog. It is much less potent than expected. The
series is very well designed according to criteria published in 1979 (/27).
The standard deviations of log P, o, and MR are large enough and there
are no multiple correlations within the physical property data (/22). The
rather high standard deviation from the equation suggests that the typical
linear free energy descriptors are inadequate for this series.

Hansch et al. also examined the influence on potency of variation of the
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substituent that replaces the dichloromethyl group on the amide (84). The
QSAR of this set of 19 compounds reveals no steric effect. Rather, the
best equation indicates an optimum log P of 0.93 (the log P of chloram-
phenicol is 1.15), a positive correlation with o*, and a negative correla-
tion with MR:

log k = —0.94(log P)* + 1.76 log P + 0.620* — 0.05MR + 0.50 (13)
= (.925, s = 0.369, n=19

The o* correlation is consistent with the amide function being involved in
the mechanism of action; the lack of correlation with the Taft steric
parameter E, and the negative dependence of activity on MR were not ex-
plained. In our evaluation this series is not so well designed (/22). The
standard deviation of log P is 0.65, which is low. However, the more
serious problem is that two (rather than four) eigenvalues explain 88% of
the variance in the correlation matrix of log P, o*, E;, and MR. Log P is
correlated with both E, and MR, and its multiple R? or fraction of variance
explained with the other variables is 0.79; that of MR is 0.69. It is possible
that the data set is designed in such a way that the subtle interrelation-
ships between potency and physical properties cannot be untangled.

The conformation of chloramphenicol has also received attention. In
1963 Jardetzky proposed that the solution conformation is approximately
that shown in Fig. 4. This was based on NMR and Raman spectroscopy
(94). He also noted a similarity between chloramphenicol and uridine
5'-phosphate. The essentials of these conformational conclusions were
confirmed 10 years later in a combined potential energy, NMR, and IR
study by Bustard ef al. (40). They found that the conformation is not sta-
bilized by a hydrogen bond and that there are two low-energy conforma-
tions that differ only in the positions of the hydroxyl groups. No relation-
ship between these results and biological activity was discussed.

About a year later Holtje and Kier reached similar conformational con-
clusions from Extended Hiickel Theory (EHT) calculations (90).
Although EHT calculations are quite crude, they can give correct confor-
mational trends within a set of analogs. They also reconsidered the QSAR
study (84) and used the same biological data. There is no correlation
between the antibacterial activity of analogs in which the acylamino side
chain has been modified and the charges on the atoms of the corre-
sponding N-monomethylamide calculated by the CNDO/2 method.
CNDO/2 should give reliable trends in charges. No consideration was
given to the possibility that more than one charge may be involved. Fur-
thermore, only 11 of the 20 analogs were considered. Because of limita-
tions of the quantum chemical calculation procedures, no analogs with Br
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or I in the side chain could be included: the phenyl, benzyl, CHCNCg¢H;,
and CMe, were also omitted. Finally, as can be seen from Fig. 4, there is a
possibility of dipole —-dipole interactions between the chlorine atoms and
the aromatic ring. The use of model compounds that lack the aromatic
ring rule out investigation of changes in such an interaction as an under-
lying basis of the differences in antibacterial potency.

Holtje and Kier also used model interaction calculations to investigate
the basis for the differences of activity of analogs substituted in the phenyl
ring (90). For these interactions CNDO/2 calculations were made on
model compounds in which the CHOHNHCOCHCI, side chain was re-
placed by CH;. The charges interacted with a number of amino acid side
chains in several relative orientations and distances. The most significant
interaction is with indole at a 4.5 A distance. For 12 of the 14 analogs
studied the R2is 0.83. Two analogs do not fit the relationship; this was ex-
plained by the size of the 4-phenyl analog and possible metabolism of the
4-amino analog. Additionally, four analogs of the original data set were
not considered. The large number of possible models considered plus the
number of compounds omitted suggests that the apparent relationship may
be a statistical artifact (/94). The comments about the interaction between
the aromatic ring and the side chain apply to this set of calculations also.
The data studied involve whole-cell antibacterial activity. Because there is
little correlation between whole-cell and cell-free potency of analogs (65),
this study is not receptor mapping as claimed.

Brown ¢t al. published a quantum chemical study in 1977 37). There is
an apparent error in the structure of chloramphenicol in this paper; it is
not clear on what structure the calculations were done. Seven different
acyl side chains on the parent molecule were studied by the CNDQ/2
method in the conformation shown in Fig. 4. The best single variable cor-
relation with the Hansch er al. data has an R? of 0.40. They concluded
that electrostatic as opposed to frontier orbital indices give the best re-
sults and that the electrostatic potential in the vicinity of the carbonyl
group may be instrumental in initiating the interaction between the drugs
and the target. They also studied six ring-substituted analogs, again in the
preferred conformation for chloramphenicol. Two regression equations
were highlighted: one with the charge on the variable substituent and one
with the charge on the whole phenyl ring. However, a data table suggests
that the electric field, generated by the molecule, perpendicular to the
benzene ring and at a point 4.5 A above the center of the ring also corre-
lates with potency. It would be interesting to know if these preliminary re-
sults were confirmed in a more detailed study.

A brief conformational study by CNDO/2 methods on
CHCI,CONHCH,; and CFCI,CONHCH, suggests that these two com-
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pounds have very different conformations (2/4). In the former case a Cl
atom eclipses the N atom whereas in the latter case the F atom does.
However, CNDO/2 is not the method of choice for conformational calcu-
lations.

The ambiguous result of the carefully planned and conducted QSAR
studies (84) points to the limitations of the linear free-energy method in
terms of descriptors of the electronic and conformational properties of
molecules (/24). To date none of the studies using quantum chemical ap-
proaches has been complete enough to have solved the QSAR of chloram-
phenicol. This emphasizes the large amount of effort required to use
quantum chemical calculations to go beyond simple QSAR. It is estimated
that such studies require at least 10 and probably 100 times the human ef-
fort as well as several orders of magnitude more computer time to accom-
plish (/124). The QSAR of chloramphenicol analogs may also be made
clearer by considering receptor-level potency rather than whole-cell
activity.

F. Chioramphenicol, Lincomycin, and
Erythromycin: General Models of the Mode of
Inhibition of Protein Synthesis by These
Compounds

It has long been known that erythromycin, lincomycin, and apparently
chloramphenicol compete with each other for a ribosomal binding site
68,87,200,208). In 1974 Cheney proposed a model of the mode of interac-
tion of these compounds and substrates with peptidyltransferase (44). The
basic proposal is that ribosomal binding involves the amide or ester atoms
plus the OH on the carbon 8 to the NH or O. Lincomycin was proposed to
bind via other heteroatoms of the sugar and erythromycin via the 11-OH
group.

He proposed that since interaction of each participating group with the
ribosome is weak, the bound drug should not deviate much from its solu-
tion conformation (44). The necessary conformation of erythromycin is
not one seen experimentally and the available evidence is that the macro-
lide ring is relatively stiff (56,57). Analog studies have shown that two of
the atoms proposed to be involved in the ribosomal binding (the oxygens
at C-11 and C-12), are not necessary for such binding. Hence, the pro-
posed mode of erythromycin binding can be rejected. The conformation
of chloramphenicol proposed as the binding conformation had been
shown to be at least 10 kcal higher in energy than the global minimum
«0).

A year earlier Harris and Symons had published a much more compre-
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hensive analysis of substrates and inhibitors of ribosomal peptidyltrans-
ferase in a study using Dreiding models (87). It uses chloramphenicol in
its X-ray conformation and is more specific in its comparison of
phenylalanyl-RNA with lincomycin.

Hahn and Gund reviewed these two models using interactive computer
graphics (79). This showed that the Cheney model does not predict the
inactivity of the L-(+)-erythro isomer of chloramphenicol. They pointed
out that the Harris model suggests that chloramphenicol should show
preferential antagonism to particular amino acids. Such preferences are
not observed. Additionally, the CH,OH proposed by Harris to be critical
for binding is, in fact, not essential (78). Hence Hahn and Gund proposed
a rather ambiguous receptor map and pleaded for more data. Gund (77)
later claimed that a transition-state analog that inhibits protein synthesis
was designed on the basis of this model, but the report of this inhibitor
does not cite the model (/76).

More recently Bhuta et a/. pointed out two more deficiencies in the
Cheney model: (1) chloramphenicol is principally an inhibitor of the pep-
tide bond acceptor site but the model was of binding to the peptidyl bind-
ing site, and (2) the important role of the amide was ignored (/3). These
workers suggested that chloramphenicol is a retro—inverso analog of the
aromatic amino acid ester of an aminoacyl-tRNA or puromycin, sub-
strates of the reaction inhibited by chloramphenicol.

G. Aminoglycosides

Aminoglycoside antibiotics are pseudo di- or trisaccharides that contain
from four to six amino groups (/57). They are conformationally flexible
and are also characterized by several overlapping pK, values. The only
QSAR study found a positive linear correlation between both the loga-
rithms of the acute LD, and the logarithm of the kidney level with the en-
ergy of binding to the polyanion heparin (/03). Studies involving pH
changes confirmed the electrostatic nature of this interaction.

lil. INHIBITORS OF NUCLEIC ACID SYNTHESIS
A. Rifamycins and Related Ansamacrolides

1. Overview

The rifamycin antibiotics (XIII), exemplified by rifampicin (Fig. 5), are
structurally characterized by a naphthalene nucleus bonded on opposite
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Fig. 5. Stereoview of the crystal structure of rifampicin (67).

sides to the ends of an aliphatic (ansa) chain. Modification studies suggest
that the naphthohydroquinone and naphthoquinone forms are equally ac-
tive; acetylation or methylation of the phenolic hydroxyl group in position

X

8 gives an inactive derivative; and opening or reduction or epoxidation
of the ansa bridge either abolishes or severely reduces antibacterial activ-
ity (/05). From a comparison of the X-ray and solution conformations of a
number of compounds it has been concluded that for activity it is essential
to have (1) the aromatic nucleus with oxygen atoms at C-1 and C-8 in
either the quinone or the hydroquinone form, (2) the hydroxyls on C-21
and C-23, and (3) a conformation of the ansa bridge (such as shown in Fig.
5) that leads to a required steric relationship between the two hydroxyls
and the aromatic nucleus (38,39). Most of the QSAR analyses have in-
volved modifications in the substituent at positions 3 and 4 of the aromatic
nucleus. It must be noted, however, that there is some evidence that a
change of substituent at these positions can result in a change in the con-
formation of the ansa bridge (39,52).
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Rifamycins inhibit bacterial growth by virtue of their inhibition of RNA
synthesis (39). This inhibition is due to direct inhibition of the enzyme
DNA-dependent RNA polymerase. The compounds are selective for the
bacterial as opposed to the mammalian enzyme.

The rifamycins are lipophilic. Pelizza ¢t al. reported R, values (/4/).
The pK, values of the hydroquinone form are approximately 1.8 for loss
of a proton from the C-1-C-8 center and 6.0-8.0 for loss of proton from
the side chain piperazine nitrogen (7). The more lipophilic analogs lower
surface tension (/40).

2. Inhibition of DNA-dependent RNA
Polymerase

Dampier and Whitlock (52) studied the inhibition of the E. coli enzyme
by 18 rifamycin S analogs with substitutions at the 3 position. Both the
naphthoquinone and hydroquinone forms are inhibitors in the same con-
centration range. The dramatic changes in inhibitory potency are a posi-
tive linear function of o, and not o, , van der Waals radius of the attached
atom, or conformation of the ansa bridge. The authors concluded that the
substituents change the rate of formation of the drug—-enzyme complex.
They postulate that this complex is a donor-acceptor 7 complex formed
by insertion of a tyrosine from the enzyme into the hole formed between
the ansa bridge and the naphthoquinone nucleus.

3. Antibacterial Activity

Following a preliminary study by Barbaro et al. (/10), Pelizza et al. re-
ported an extensive QSAR study on rifamycins in 1973 (/4/,142). A total
of 76 analogs was studied; this includes 40 oximes of 3-formylrifamy-
cin SV(3-CH=NOR, 4-OH), 16 amides of rifamycin B (3-H, 4-
OCH,CONR'R?), and 13 iminomethylpiperazines of rifamycin SV

3-CH=N—N R, 4-0H}. In general the substituents are alkyl or alkyl

ether structures; the principal property varied was hydrophobicity. This
was assessed by reversed phase thin-layer chromatography extrapolated
to the R, in acetone:water(4:6) solution. They found a correlation
between the MIC against S. aureus Tour and R, value:

log(1/C) = 8.02 — 0.18R,, — 0.84R% (14
r = 0.86, s = 0.39, n=179, Ry = —0.11

Both terms are statistically significant. There is no correlation between
the MIC value against E. coli and R, values.
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The correlation is significantly improved if the series is divided into
subseries. For §. aureus Tour the oximes were fit by Eq. (15):

log(1/C) = 8.12 — 1.56R,, (15)

r = 0.96, s = 0.26, n =39, Ry < —0.50.

The corresponding equation for the iminomethylpiperazines is
log(1/C) = 8.17 — 0.03R,, — 0.45R%, (16)

r = 0.95, s = 0.08, n =13, R,,= —-0.04

and that for the amides is

log(1/C) = 7.86 + 0.18R,,, — 0.60R% (17)

r = 0.89, s = 0.18, n = 16, R, = 0.15

Hence, each series is fit reasonably well, each with a slightly different op-
timum R, value. The curves suggest that consideration of the pK, values
of the various series and using model-based equations (/23) might lead to
a better fit of the data in one equation. Similar correlations were reported
for the antibacterial activity of the oximes against the other gram-positive
organisms Streptococcus hemolyticus, Streptococcus faecalis, and Diplo-
coccus pneumoniae. In every subseries a parabolic function with higher
optimum R, , fits the data from a resistant S. aureus Tour. The potency of
seven additional iminomethylpiperazines against S. aureus Tour is well
predicted by the previous equations (57).

Although no general correlation was found between the MIC values
against E. coli and R, values, equations were found for the individual
series. For the oximes the equation is:

log(1/C) = 5.02 — 0.33R,, — 0.68R%, (18)
r=0.74, s = 0.18, n = 28, Ry,,=—0.25
For the iminomethylpiperazines it is:
log(1/C) = 5.31 — 1.11R,, — 1.11R%, (19)
r=20.79, s =0.21, n=11, R,,=0.50
For the amides the correlation is not significant.

Quinn et al. studied 44 amides and 25 hydrazides of rifamycin B in five
bacterial systems (/59). There is more variation in the electronic proper-
ties of the substituents in this series. The log P values of the compounds
were calculated from that of the parent. The QSAR equations for the

amides indicates an optimum log P of 3.94, 3.68, and 2.37 for activity
against M. aureus, S. faecalis, and S. hemolyticus respectively. The para-
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bolic term is not significant for B. subtilis: activity increases linearly with
increasing log P. In all four cases an indicator variable of 1.0 for N,N-
disubstituted amides is statistically significant with a positive coefficient.
Because of collinearity in the physical properties, it is possible to derive
statistically significant equations with a positive linear term in log P and a
negative linear term in the Taft steric parameter E,. This equation was
discarded when two additional analogs were tested and shown to fit the
parabolic log P equations but not those linear in log P and E,.

For the series of hydrazides the electronic parameter o* is the most im-
portant predictor of activity; it has a negative coefficient for all four
microorganisms, that is, electron-donating substituents increase activity.
However, to quote the authors, ‘It is difficult to draw any firm conclu-
sions about the hydrazide QSAR. The large amount of collinearity
between F and log P, o* and E, and log P and o* seriously obscures the
details of the QSAR, (/59, p. 338).”

Next, Kiritsy et al. reported on a series of 14 3-formylrifamycin SV
N-(4-substituted phenyl)piperazinoacethydrazones (/01). It was designed
by cluster analysis to be suitable for QSAR analyses. Potency against B.
subtilis and Mycobacterium phlei increases linearly with 7r; the relation-
ship is parabolic for potency against S. aureus with an optimum 7 of 0.52.
A positive dependence of potency on R and on MR are also noted. This
leads to a four-variable equation with a sample size of 14. The R and MR
terms are also significant for the correlation with M. phlei activity, but in
this case the coefficient of the R term is negative. No equations were
found for potency against Clostridium perfringens or Mycobacterium tu-
berculosis.

Lukovits et al. (109) performed a principal component analysis of just
the biological data considered by Quinn et al. (159). In some cases it is
possible to derive an equation with a lower s value than that from QSAR
if, rather than physical properties, one uses the principal components
from the analysis of all biological activity except that used as the depend-
ent variable. Such an equation cannot be used to predict the activity of an
unknown molecule because its activity in the other tests would not be
known. However, this could be a useful procedure to use to get one esti-
mate of the best (lowest s) QSAR equation for a data set.

In 1980 Mager (//3) reported an unusual QSAR equation for the po-
tency of rifamycin imines and oximes in protecting mice against a lethal
bacterial infection:

In ED; = 3.64 + 1.50(0.01MV) — 2.571, + 0.06 tan"'w (20)

MYV refers to the molar volume and 7 to the lipophilicity of the substituent
beyond the connecting bridge. The indicator variable, I, describes the
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deteriorating effect of iminomethylpiperazines. The only statistic re-
ported is r, which has a value of 0.94. The more traditional parabolic, bi-
linear, and even polynomial functions in 7 were reported to be not statisti-
cally significant. Evidence that the correlation is not spurious is provided
by fairly accurate predictions of the potency of two compounds that were
not included in the derivation of the equaton. However, these compounds
are forecast by the equation to be more potent than all other analogs,
when in fact they were observed to be equal in potency to the most potent
in the original set. No explanation of the biological basis for the tan—! rela-
tionship with 7 was offered.

4. Binding to Serum Proteins

Assandri et al. (7) studied the binding to serum albumin of six analogs.
From temperature-dependence studies they concluded that both hydro-
phobic and electrostatic interactions are important.

B. Coumerycins

Coumermycin is structurally characterized as a complex coumarin. It
apparently inhibits bacterial growth by inhibition of the enzyme DNA
gyrase (50). Hydrophobicity appears to be an important determinant of
MIC values (/57) and binding to serum proteins (49).

IV. INHIBITORS OF CELL WALL BIOSYNTHESIS:
B-LACTAM ANTIBIOTICS

A. Overview

The classical S-lactam antibiotics are represented by penicillins (XIV)
and A3-cephalosporins (XV). The structural features essential for antibac-
terial activity are (1) the g-lactam ring; (2) the fusion of this ring to a sec-
ond ring to decrease the resonance in the OC—N bond and thereby in-
crease the reactivity of the g-lactam with nucleophiles; (3) the carboxyl
group at C-3 of the penicillins and C-4 of the cephalosporins; (4) the acyla-
tion of the 6 or 7 amino group; and (5) the chirality of C-3, C-5, and C-6 of
the penicillins and C-3, C-6, and C-7 of the cephalosporins, and (5) the 3
double bond in the cephalosporins (20,75,91,155,156,170,205). Accord-
ingly, variation is permitted only in the R group in penicillins and in the R
and R’ groups in the cephalosporins. Substantial changes in both potency
and spectrum are observed with changes in these groups.

A chemical characteristic of the 8-lactam antibiotics is their facile reac-
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tion with nucleophiles, Y, to cleave the 8-lactam ring and form the cor-
responding penicilloyl (XVI) or cephalosporonyl (XVII) compound. For
example, Y may be a simple hydroxide ion or a nucleophilic group on a
protein.

RCONH 6 S Me RCONH -7 S
T T It
o] N COH (o] = R’
xIv CO,H
XV
RCONH S RCONH ]
T—T Me
O:C| HNj><Me o:l HN-~_ =~
| R’
Y CO,H Y CO,H
xvi xvil

Penicillins and cephalosporins inhibit bacterial growth by interfering
with the formation of the rigid cell wall. They disrupt the cross-linking of
strands of peptidoglycan that form insoluble cell wall polymer (8,204).
The lack of cross-links leads to a weakened cell and ultimately cell lysis or
deformation.

Wise and Park (209) and Tipper and Strominger (/90) suggested that the
transpeptidase cross-linking enzyme recognizes B-lactams as analogs of
either the LAla-D-y-Glu or pAla-DAla portions of the peptide chains that
are involved in the cross-linking reaction. The 8-lactam antibiotics acy-
late and thereby inhibit these transpeptidase enzymes. It is not known
whether this acylation is lethal per se or whether it triggers some second-
ary bactericidal event (/9/,7/92). Penicillins can also acylate carboxypepti-
dases (66,72,74,191,209). In some species of bacteria this inhibition of car-
boxypeptidase causes cell death (66). However, each strain of bacteria
has a spectrum of proteins that are penicilloylated. Physiological roles for
all of these proteins have not been determined, nor has the role of acyla-
tion of them in cell death been established (66.72,74,191). Multiple bind-
ing sites may be present in these enzymes. In some of the transpeptidases
and carboxypeptidases there is kinetic evidence that suggests that peni-
cillins bind at sites distinct from those at which the peptide substrates
bind (72). However, for others the isolation of radiolabeled acylated pro-
teins indicates that both the penicillins and peptides acylate the same site
(72,204).
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Bacterial resistance occurs by production of g-lactamases that hydro-
lyze the B-lactam ring. Sensitive compounds are hydrolyzed by the en-
zyme whereas resistant compounds are inhibitors of it. Apparently the
difference between substrates and inhibitors is in the rate of deacylation
of the penicilloyl group from the enzyme (45).

There are many similarities between the pB-lactamases and the
penicillin-sensitive transpeptidases and carboxypeptidases. First, there
are homologies in primary and secondary structure (/3/,204). This indi-
cates a common evolutionary origin. Second, major conformational
changes occur during the binding of the substrate/inhibitor before any co-
valent reaction takes place (46,72,167). Third, serine is involved in the ac-
tive site of some of these (6/,204). Fourth, the same protein may show
B-lactamase and transpeptidase or carboxypeptidase activity (66,72). The
similarities among these enzymes may mean that there is a similarity in
their catalytic mechanism.

In 1982 Knox presented a preliminary report of the X-ray crystallogra-
phic structure of a penicillin-sensitive enzyme (/02a). The binding site for
penicillin and cephalosporin overlaps that for the DAla-DAla substrate.

In summary, in bacteria there are many penicillin-sensitive enzymes
each of which may have a spectrum of enzymatic activities. Any one peni-
cillin can react at different rates with the different enzymes, and a single
protein could undergo a spectrum of responses to a closely related series
of B-lactams (72,191). The effects of the environment and the structure of
the B-lactam seem to be important determinants of the ultimate bacterial
response (66,72,73,191,204).

During 1979-1981 several so-called nonclassical B-lactam antibiotics
have been reported (62,/48). These compounds maintain the B-lactam
ring but lack one or another of the other structural features long consid-
ered important to activity. Because not much theoretical work has been
done on these compounds, they will be included in only a peripheral way
in this review.

B. Effects of Modification of the Side Chain

Inasmuch as the side chain of 8-lactams is not involved in the covalent
bond formation with the target enzymes, it might be anticipated that theo-
retical structure—activity investigations might be especially applicable to
this class of structural analogs. Indeed, Ferres er al. have shown a high
correlation between the antibacterial spectrum and potency of corre-
sponding members of two series of penicillins, XIV, R = X and R =
XCONHCH(CgHs) (60).
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1. Measurement of Physical Properties

Bird and Marshall (/7) measured the octanol—water log P values of
seven analogs and showed that the method of calculation of log P values
in use in 1967 was not very reliable for penicillins.

Biagi et al. measured the R,, values of many B-lactams by reversed-
phase thin layer chromatography (/4,15). The mobile phase was
acetone—water in various proportions and the stationary phase was sili-
cone oil. R, values were calculated by extrapolation to 0% acetone. The
graphs indicate both scatter and nonlinearity. Furthermore, the pH of the
aqueous phase is ambiguous. For compounds with ionizable groups in the
side chain it is essential to know this pH value (277).

Safanda and Sobotka (/65) also reported measured octanol-pH 7.22
apparent log P' and reversed-phase TLC R,, values. They found good
correlations between log P’ and R,, values, but the intercept is higher for
penicillins that have aliphatic side chains than for those in which the side
chain contains an aromatic ring.

The work of Biagi ¢t al. was criticized by Bird and Marshall (/9) and
Thijssen (/89). In the earlier work the R, values do not change with pH
nearly as much as predicted from pH partition theory. Bird and Marshall
also determined the pH of such plates and concluded that the silica gel
changes the pH of the mobile phase. Hence, they used cellulose coated
with octanol as the stationary phase and observed an almost perfect cor-
relation between Ry, and log P’ at pH values of 3.0, 4.0, and 5.0. The dif-
ference in Ry values with pH is very close to theoretical.

Somewhat later Rollo (/64) measured acid dissociation constants and
partition coefficients of 10 penicillins. The acid dissociation constant does
not vary with change in structure of the side chain except for very lipo-
philic compounds, which are probably not soluble enough to be accu-
rately measured. The log P values are not remarkable.

Purich et al. (158) studied the pH dependence of the butanol-water and
octanol—water partition coefficients of the ampholyte B-lactams ampi-
cillin, cephalexin, and cephaloglycin. Partitioning is greatest at the
highest pH region studied, 7.9. From this it was concluded , in accordance
with the measured pK, values, that at lower pH values the compounds
exist in water almost exclusively as zwitterions and not as neutral mole-
cules.

Tsuji et al. (196) also investigated the pH partition behavior of 8-
lactams, but they studied only compounds that have no ionizable group in
the side chain. They showed a linear correlation with a slope of 1.0 and an
intercept of 3.5 of the log P of the neutral form compared to that of the
ion. Good correlations of their values with previous log P, R,,, and HPLC
results were also noted.



3. Semisynthetic Antibiotics 113

The hydrophobicity of penicillins has also been studied with re-
versed-phase high-pressure liquid chromatography (2/7). The station-
ary phase was silica gel chemically bonded to octadecyl chains; the
mobile phase was 0.035 M NH,CI] aqueous methanol adjusted to pH 7.4.
Lipophilicity values were calculated from the retention time of the com-
pound compared to that of an unretained sample and extrapolated to k
values at 0% acetone. There is a high correlation between the log(k) val-
ues and both octanol-water log P values and silicon-water R, values re-
ported by other workers.

In 1981 Thijssen reported the log P values of oxacillin derivatives (/89).
He showed that silica R, values do not correlate with log P values and
also that there are nonadditivities in the partition coefficients that are not
accounted for by current theories of log P calculation.

Finally, Yoshimoto and Watanabe measured log P and R, values of
7-methoxycephalosporin derivatives for use in QSAR analyses (2/2).

2. Binding to Serum Proteins

The studies of binding to serum proteins are important because many of
the QSAR studies include analysis of antibacterial activity determined in
the presence of serum. The classic paper was published in 1967 by Bird
and Marshall (/7). They studied 79 penicillin analogs and reported a re-
gression equation between calculated octanol—water 7 values and the log
(B/F) value where B is the concentration bound and F is the concentra-
tion free in solution. (Under the conditions of their test B/F is very close
to an equilibrium binding constant.) The equation has a positive slope of
approximately 0.5. When measured log P values are used, the quality of
the correlation improves substantially. Hence, they concluded that varia-
tion in hydrophobicity is the only important physicochemical change of
consequence in the structure—activity relationships of penicillin protein
binding. The next year Scholtan published graphs that show a linear cor-
relation between the binding constant to human serum albumin and the
log P’ value between isobutanol and pH 7.4 buffer for nine analogs (/76).

Bird and Nayler expanded their studies to include a series of oxacillin
derivatives for which no 7 value had been available earlier (20). Better fits
of data are obtained when more homogeneous sets of compounds are
used. No other physical property improves the quality of the overall re-
gression equation.

Calorimetric determinations of the thermodynamics of serum protein
binding of 10 penicillins confirmed that hydrophobic interactions pro-
vide the major contribution to the free energy of binding (/06,116).

Nys and Rekker reanalyzed the protein-binding data on the seven an-
alogs for which log P has been measured (/35). By using the f fragmental
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constant method of log P calculation they were able to calculate log P
with a standard deviation of 0.245 compared to the standard deviation of
0.468 using the older method and = values. Hence, although the f method
improves the accuracy of the calculation of log P, it is still not perfect.
The standard deviations in the correlations of log(B/F) with log P calcu-
lated by the = method, the f method, and measured log P are 0.304, 0.201,
and 0.106, respectively. Accordingly, as the estimate of log P becomes
more precise, the correlation between log(B/F) and log P increases. Thus
there is no evidence that structural features other than lipophilicity affect
protein binding.

Rekker later expanded these studies (/60). From an analysis of subsets
of compounds he proposed that a stacking interaction of aromatic rings
with the serum albumin also contributes to the binding energy. The inclu-
sion of an indicator variable for aromatic compounds decreases the
standard deviation from the fit from 0.162 to 0.150.

Adamson and colleagues analyzed the data set of Bird and Marshall by
two pattern recognition techniques in which the structure was repre-
sented by substructures rather than physical properties (/,2). In the first,
the substructures were generated manually from Wiswesser Line Nota-
tion code. In the second, they were generated by the computer from input
connection tables. Both studies used stepwise multiple linear regression
analysis to derive a function to fit the data. Because these data had been
previously shown to correlate with octanol-water log P values, these pat-
terns recognition calculations are in essence calculating log P. Accord-
ingly, they are reduced to an analysis that is a subset of the log P calcula-
tion method of Rekker (/6/). For the 79 analogs Bird and Marshall re-
ported an R value of 0.924 and an s of 0.257; the first pattern recognition
paper reported values of 0.945 and 0.294, respectively, whereas the sec-
ond reported 0.976 and 0.225. For the pattern recognition papers 12 and
29 variables, respectively, are included in the equation. The optimist
would conclude that the computer is able to generate automatically a set
of descriptors of these hydrophobicity —protein binding data. The use of
the computer promises to be easier and less biased than hand calcula-
tions. The pessimist, however, would point out that the computer-
generated fragments require more variables and hence more observations
and that they are more difficult to interpret in terms of mechanism or
physical chemistry of interaction.

3. Gastrointestinal Absorption

Tsuji et al. (197) studied the intestinal absorption rate and decomposi-
tion rate of seven penicillins. At pH 4.0, where absorption rate and appar-
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ent partition coefficients are high, there is a linear correlation between ab-
sorption rate and lipophilicity. Data at higher pH values suggests absorp-
tion of the ionized form by a lipophilicity insensitive process. Kimura ez
al. (100) also showed that there is no correlation between absorption rate
and CHCIl;-pH 6.5 buffer partition coefficients. Rather, liposome experi-
ments suggest that release of the antibiotics from the membrane is the
rate-controlling factor.

4. Antibacterial Activity

The earliest appliction of computerized structure—activity analysis of
the antibacterial activity (S. aureus) of B-lactam antibiotics was published
by Hansch and Steward in 1964 (85). They correlated both whole-cell in
vitro activity and the mouse CDj;, values. For the mouse CDj;, values and
in vitro activity measured in the presence of serum, potency is negatively
correlated with the calculated octanol-water o value. The 4-NHCOCH,
was omitted from the CDj;, correlation because it was observed to be 1.20
log units less potent than predicted. Its in vitro potency was not reported.
There is no correlation between physicochemical properties and potency
measured in the absence of serum. Since the addition of serum decreases
potency (by an amount depending on log P), they concluded that the cor-
relations reflect correlations of lipophilicity with protein binding. This
was later verified in the direct experiments discussed above.

Shortly thereafter Hansch and Deutsch reported correlation equations
for a series of eight penicillin analogs in which the aromatic ring was in
direct conjugation with the amide (8/7). There is a negative correlation of
the 7 value with in vitro MIC values against S. aureus in the presence of
serum. The correlation is improved by the inclusion of the Hammett o
value: the p is — 1.70. The set is too small to be certain of the true inter-
pretation of this apparent electronic effect.

In 1971 Bird and Nayler (20) reported correlation equations for three
series of penicillins: those for which R is alkyl, ring-substituted a-
aminobenzyl, and monosubstituted methylpenicillins. All data is for in
vitro MIC activity measured in the absence of serum. Four microorga-
nisms were studied: E. coli, Salmonella typhi, S. aureus, and S. faecalis.
In most cases there are significant correlations with the octanol-water o
value and an appropriate electronic parameter. The QSAR relationships
are always more homogeneous in the first two sets compared to the heter-
ogeneous R'CH, analogs. In all cases there is a positive slope for correla-
tion of 7 with activity against gram-positive microorganisms and a nega-
tive one for the correlation of 7 with activity against gram-negative ones.
This result is in accord with the observation by Lien et al. (108) of a higher
optimum log P for synthetic antibacterials tested against gram-positive
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organisms than when the same compounds are tested against gram-
negative organisms.

Because the o* values of alkyl groups are now considered to be equal
to each other (//8), the reported correlations in the alkyl series may in-
stead reflect steric effects or nonlinear nonparabolic correlations with .

In the a-aminobenzylpenicillins, activity against S. typhi and S. faecalis
is a negative function of Hammett o (20). This may reflect changes in the
pK, of the NH, group and/or the stability of the aminoacyl bond. The
three series are not well designed for the investigation of steric effects,
but the two equations reported both include a positive coefficient of E;.
That is, more bulky or conformationally restricted groups increase po-
tency. Such results suggest that investigation of conformational correla-
tions of activity may be worthwhile. The observation of an apparent steric
effect of substituents on potency is related directly to the experimental
observation of conformational responses on binding that differ depending
on the nature of the side chain (46,72).

The whole animal CD;, data set correlated in (85) has been a popular
one for other workers in the QSAR field. For example, it was shown that
the log(1/CD,,) values are also correlated with molar attraction constants
calculated from regular solution theory (/38), parachor (3), and van der
Waals volume (/32). A high collinearity between van der Waals volume
and the molar attraction constants was noted (/32). Presumably this col-
linearity extends to = and MR also. Finally, Santora and Auyang applied
the Fibonacci search technique using log P as the search variable to find
the most active of the 22 analogs in six steps (/69).

Biagi and colleagues (/6) studied the QSAR of penicillins with varying
side chains and cephalosporins for which both the side chain and the 3-
substituent were varied. Whole-cell antibacterial activity against S.
aureus and E. coli was measured by an agar diffusion zone diameter
method. The activity against Treponema pallidum was measured by a tur-
bidometric assay in the presence of 1% serum albumin. For the 14 cepha-
losporins and all 3 microorganisms they reported parabolic equations in
reversed phase TLC R,, values. The value of the optimum R, value is
higher for activity against S. aureus and T. pallidum than that against E.
coli. For the 11 penicillins studied, a negative correlation of potency
against E. coli with R, values was found. No acceptable QSAR equation
was found for all 11 analogs using either S. aureus or T. pallidum activity.
However, omission of three analogs (methicillin, cloxacillin, and dicloxa-
cillin) results in parabolic equations with slightly lower optimum R, val-
ues than those calculated from the cephalosporins. The deviations were
ascribed to unparameterized electronic, steric, or conformational effects
on potency.

Yoshimoto and Watanabe studied the MIC values of a series of 7-
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methoxy cephalosporins (XV) against E. coli (2/2). They found that the
optimum 7 value for the R substituent is — 1.8. All 139 compounds could
be included in one equation if they used indicator variables for the R’ sub-
stituents.

In 1972 Retsema and Ray demonstrated that hydrophilic compounds
compete less well than hydrophobic ones for the whole-cell acylation sites
of penicillin G (/62).

Garzia et al. (70) demonstrated that QSAR may be used to analyze
structure—selectivity as well as structure —activity relationships. Their re-
gression analysis was based on ratios of activities rather than individual
activities as such. Considering the same 11 penicillin analogs, they re-
ported that selectivity of the compounds for S. aureus as opposed to the
two other microorganisms is a positive linear function of the TLC R,
value. The coefficient of the slope is 2.00 of which 1.55 is due to the selec-
tivity for S. aureus compared to E. coli and 0.45 for that compared to 7.
pallidum. From the value of the standard deviations from the equations,
these selectivity relationships are no more precise than the regression
equations for all 11 analogs reported previously (/6).

In 1977 Saikawa et al. reported on a series of four penicillin analogs that
differed only in the chain length of one substituent in the R group (/66).
The following qualitative correlations were noted with chain length: in-
creased stability against 8-lactamases, decreased blood levels, increased
binding to serum proteins, increased toxicity, and increased in vitro anti-
bacterial activity. Although the in vitro antibacterial effect increases four-
fold in going from C-1 to C-4, the potency in the whole-animal mouse pro-
tection test of in vivo efficacy decreases fourfold. In optimizing a struc-
ture by QSAR or any other means, one must not forget pharmacokinetic
properties.

Ferres et al. (59) reported that side-chain configuration and not log P is
the critical determinant of potency in a series of ureidoacylamino peni-
cillin analogs.

Later Sawai and colleagues (/7/) did a direct determination of the bac-
terial outer-membrane permeability of two penicillins and five cephalo-
sporins. They showed a graphical (apparently parabolic) correlation
between chromatographic R, values and membrane permeability. Except
for the most lipophilic compound, cephaloridine, there is a positive linear
correlation between permeability and hydrophilicity.

In 1980 Starnes et al. showed a linear correlation between the K for in-
hibition of a B. subtilis aminopeptidase and rotational flexibility around
the bond between the side chain and the B-lactam ring estimated from
CPK models (/79). As in the whole-cell activity, conformationally
restricted analogs are more potent.

Finally, Wetzel et al. (207) reported a very practical application of the
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concepts of QSAR to the development of VX-VC 43, a novel analog of
ampicillin, for which the side chain is structure XVIII. Early work on the
2-substituent of the pyrimidine ring showed that in vitro potency versus
the target gram-negative organisms is increased with substituents, such as
C,H;NH, that have negative Hammett o values. Concurrently, investiga-
tion of a set of para-substituted N-benzyl analogs, for which hydrophobic
but not electronic properties were varied, showed that increases in hydro-
phobicity increase potency against Klebsiella but decrease it against E.
coli, Pseudomonas, and Proteus. Accordingly, it was decided to halt syn-
thesis in the latter series. The two preliminary series led directly to the de-
cision to synthesize a series of N-phenyl analogs with a large and uncorre-
lated spread of o and 7 values. Testing these analogs showed that there is
a + o dependence of potency and that analogs with negative 7 values are
more active in vivo. This qualitative analysis on 11 analogs led directly to
the correct prediction of both good in vitro and in vivo potency of the op-
timum compound VX-VC 43.

5. Acid Stability

Penicillins are acid labile: to be clinically useful as oral therapeutic
agents they must be stable enough to be absorbed from the gastrointes-
tinal tract. Bird and Nayler (20) summarized the early work that suggested
that the stability of the compound (in 50% aqueous ethanol at pH 1.3) is
increased as the o* or o value of the side chain is increased. That is, with-
drawal of electrons from the acylamino group increases the stability of the
B-lactam ring.

6. B-Lactamase

Bird and Nayler (20) reported that they were unable to find statistically
significant equations between the enzymatic K, or V.., values for hydro-
lysis by B-lactamase and side chain 7 and o* values. This is in accord
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with the body of evidence that steric or conformational effects are the pre-
dominant factor in the penicillin-B-lactamase interaction and that dif-
ferent side chains result in different conformational responses of the en-
zyme (46,72,167).

Samuni and Meyer studied the rotation about the C—N bond to the
acyl side chain of three penicillins with the quantum chemical PCILO cal-
culations (/68). PCILO is probably the quantum chemical method of
choice for conformational calculations. The analog that is a good sub-
strate for B-lactamase is conformationally flexible, whereas the two inhib-
itors are conformationally restricted. Blanpain et al. confirmed and ex-
tended these observations by a combination of X-ray, NMR, IR, and
PCILO methods (23). Whereas there are no differences in thiazolidine
ring conformation between the substrates and inhibitors, they also found
that the side chain is relatively rigid in the inhibitors and flexible in the
substrates.

7. Cerebral Toxicity

Weihrauch et al. correlated the neurotoxic effects of six penicillins with
their isobutanol (pH 7.4) partition coefficients (206). Neurotoxicity was
assessed by EEG changes in rabbits following drug administration by in-
travenous infusion at equimolar doses. The r value for the correlation
between time after administration at which spike-wave paroxysms were
first observed and the partition coefficient (not log P or log P') is 0.928. A
graph of log P’ versus the log of a neurotoxicity index that includes both
time to response and minimal effective dose shows that the four inactive
analogs all have butanol buffer log P’ values <0.5, whereas for the four
neurotoxic analogs, neurotoxicity increases as a linear function of log P’.

A very similar study was performed by Safanda and Sobotka in rats
(165). For penicillins with only aliphatic side chains, there is a positive
linear correlation between measured log P’ or R, values and the log(1/C)
to produce epileptogenic EEG discharges 10 min after topical application
to the exposed brain. The correlation for the compounds with aromatic
groups in the side chain deteriorates to an r value of 0.512; in neither case
is the standard deviation specified, but the range in log(1/C) values in the
two series is not drastically different. A plot of the data shows that the
aromatic series does indeed have more scatter; however, it provides evi-
dence that the 2,4-dinitrophenyl analog is an outlier and much less po-
tent than expected.

8. Allergic Reaction

Another side effect of penicillins involves the allergic reaction. Bird
(I8) analyzed data on the cross-reaction with benzylpenicilloyl-specific
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antibodies of 20 penicilloic (XVI: X = OH) and penilloic (XIX) acids. Re-
gression analysis with the variables log P, molar volume, and pK,
showed that only the first two properties are statistically significant.
There is a positive correlation with log P and a negative one with molar
volume. Penilloic acids are approximately one log unit less active than
penicilloic acids. Interestingly, just as in the QSAR of serum protein bind-
ing of the penicillins, the allergic cross-reactivity of the analogs with car-
boxyl groups in the side chain fits with that of the other penicillin deriva-
tives when log P for the un-ionized form is used. This points out the
problem that arises when using apparent log P’ values in a correlation
analysis (/23). The equations correctly predicted the antibody binding
constants of six other benzoyl penicilloic acids. However, methyl- and
ethylpenicilloic acids are not well predicted and are hence outside the
range of the data set.

C. Variations in the Substituents on the Bicyclic
Nucleus

1. Changes in Reactivity of the Amide Bond

Because these antibiotics produce their lethal effect by acylation of sus-
ceptible proteins, one would expect that there would be a relationship
between antibacterial activity and changes in the intrinsic stability /reactiv-
ity of the lactam bond. Investigation of such correlations has been ap-
proached mainly with quantum chemical calculations.

The first question posed by these theoretical calculations is this: what is
special about the penicillins and cephalosporins that gives them antibac-
terial activity, whereas ordinary 8-lactams and even A%-cephalosporins do
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not have antibacterial activity? As soon as he saw the first X-ray crystal
structure, Woodward (2/0) realized that the ring fusion increases the
pyramidal character of the nitrogen and hence decreases the OC—N
amide resonance (XX) and its reactivity. In 1969 Morin ¢r al. (133) noted
that the C=0 stretching frequency of penicillin and A3-cephalosporins
suggests increased C=0 bond character and hence decreased C—N res-
onance. As a result, the C—N bond should be more labile than that in the
AZ-cephalosporins for which the C=0 character is lower. In 1970 Sweet
and Dahl (/86) reported on X-ray crystallography of examples of these
three nuclei. They found that the nitrogen in penicillins is quite pyramidal
(0.4 A above the plane of its attached atoms); in A*-cephalosporins it is
0.24 A above the plane, but it is nearly planar in the inactive A? analog.
They suggested that besides these geometric considerations the C—N
bond in the A3-cephalosporins is further weakened by enamine resonance
(XXI). Enamine resonance is not possible in the A2-cephalosporins. Early
attempts to mimic this increased reactivity by preparation of potential
antibiotics with amides other than g-lactams were not successful (20).
However, in 1978 the Woodward group used such considerations in the
decision to prepare penems (XXII) shown to have antibacterial activity
8).

In 1973 Hermann used EHT and CNDO/2 methods to study the effects
of wvarious 3-substituents on the electronic properties of A2-
cephalosporins (88). Seven analogs were calculated and antibacterial
activity was available for four of these. The calculations were done on the
B-lactam ring with the attached double bond and the variable 3-
substituent. The calculations showed that compounds that are more po-
tent tend to have more reactive g-lactam rings. In other words, electron
withdrawing substituents at the 3 position increase antibacterial activity.

Following calibration of the EHT method to handle sulfur properly (26),
in 1973 Boyd published charge distributions and bond overlap populations
for the following nuclei with no 3-substituent or carboxyl group: 3-
cephem, 2-cephem, penam, and cepham (the saturated cephalosporin nu-
cleus) (25). The results corroborate the previous experimental evidence
that acylating activity of the nuclei parallels biological activity.

The next year Topp and Christensen reported CNDO/2 calculations on
the complete penicillin and A2%- and A3-cephalosporin nuclei (/95). From
comparison of the starting g-lactam to its hydrolysis products, the ring
strain is 40 kcal/mol for penicillins and 20 kcal/mol for the cephalo-
sporins. The energy difference between the ground state and the transition
state in the acylation reaction was modeled by comparing the total energg:
of the molecule plus SH™ at infinite distance to that with SH~ 1.82
below the susceptible carbonyl. No other geometry changes were in-
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cluded. The A%-cephalosporin is estimated to be 11 kcal less reactive than
the A3-cephalosporin. Although penicillin is 17 kcal/mol less reactive than
the A3-cephalosporin, the release of its strain energy was expected to be
able to overcome this. They found no evidence of the 3'-acetate group
leaving during formation of the transition state. Several months later
Boyd published electron density maps of 7-amino-3-cephem (27).

In 1974 Indelicato ¢t al. reported the rate of base catalyzed hydrolysis
of the B-lactam ring of penicillins and cephalosporins (93). This rate does
not change with side-chain structure unless the side chain contains a sub-
stituent that participates directly in the chemical reaction. Graphs show a
positive relationship between the observed rate and (1) the infrared fre-
quency of the B-lactam carbonyl, (2) the CNDO/2 calculated electron
density at the carbonyl carbon atom, and (3) the o value of the R’ substit-
uent of the cephalosporins. Thus electron withdrawing substituents de-
crease the double bond character and destabilize the amide bond by en-
hancing enamine resonance. These relationships were pursued by
Kawano et al. (97) who prepared a series of 3-CF;, analogs of cephalo-
sporins for which the 3-Cl analog was known to be active. For comparison
purposes, the 3-CH, analog was also prepared. Although a number of ac-
tive 3-CF; compounds were reported, only one set of corresponding
3-CH,, 3-Cl, and 3-CF; analogs was tested. They show the expected
trend —the 3-Cl and 3-CF; analogs are approximately equipotent.

In 1975 Boyd ¢t al. used CNDQ/2 calculations to monitor the charge
redistribution as a hydroxide ion approaches the carbonyl carbon of 7-
amino-3-acetoxymethyl-3-cephem (32). As it approaches, the bond to the
leaving group is weakened. Although they did not do geometry optimiza-
tion, they found that the hydroxide attacks from the « face and that the
transition state is tetrahedral. This a-face attack has been confirmed
experimentally (7/). Later Boyd further demonstrated the concertedness
of the nucleophilic attack on the carbonyl and the departure of the acetate
group from 7-amino-3-(acetoxymethyl)-3-cephem (35).

In 1977 Boyd reported MINDQO/3 calculations on the strain involved in
making the nitrogen pyramidal by varying the dihedral angle of the amide
(28). Only 1-2 kcal/mol and 5-7 kcal/mol are required to twist a flat
amide into the dihedral angle of cepham and penam, respectively. These
relatively low energies are in accord with the observed antibacterial activ-
ity of several monocyclic 8-lactams. These calculations also show weak-
ening of the C—N bond and strengthening of the C==0 bond as the ni-
trogen becomes very pyramidal.

More recently Boyd er al. used CNDO/2 to study the reaction of a hy-
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droxide ion with 22 cephalosporins that differ in the substituent at the 3
position (37,33,34). The transition state energy, TSE, is the difference in
energy between the postulated transition state (the compound in its origi-
nal geometry plus a hydroxide ion group 1.5 A from the « face) and the
reagents at infinite separation. There is a parabolic relationship between
the TSE and the average antibacterial MIC measured against five gram-
negative microorganisms. The data set consists of two series, those with
direct attachments to the 3 position and those in which a variable substit-
uent is present with a CH, bridge between it and the ring. Both series are
fit by a single regression equation. The parabolic relationship reflects an
optimum reactivity; at low TSE values the compounds are not reactive
enough to react quickly with the target enzymes, whereas those with high
TSE values may react with other nucleophiles before they have a chance
to reach the target. These studies could not have been done with linear
free energy methods because substituent constants for most of the substit-
uents are not available.

The extension of these theoretical studies to the nonclassical g-lactams
would be very interesting. Already the Woodward group has observed
that pyramidality of the nitrogen is not the sole requirement for activ-
ity (148).

Recently Gensmantel et al. have reviewed the available data and con-
cluded that compared to ordinary 8-lactams, penicillins are only modestly
more reactive and that the experimental evidence for inhibition of amide
resonance is not convincing (7/). They also point out that complexing
with transition metals causes an approximately 10%-fold increase in the
rate of aminolysis and hydrolysis of penicillins. The metal is coordinated
to the carboxyl groups in both penicillins and cephalosporins. In peni-
cillins it is also coordinated to the g-lactam nitrogen and in cephalosporins
to the carbonyl oxygen. Clearly, the last word has not been said on the
special chemical characteristics of the g-lactam antibiotics.

On a more empirical level, Yoshimoto and Watanabe used a Free-
Wilson analysis on a set of cephalosporins (XV) in which the R’ was an
aromatic heterocycle (2/2). Satisfactory correlations were found for the
MIC versus E. coli as well as the in vivo dose to protect mice against a
lethal E. coli infection and the area under the time -blood level curve. The
side chain in this series was either 2-, 3-, or 4-hydroxypenylglycine. The
coefficient of the acetoxy substituent goes from — 0.53 in the in vitro test
to 1.08 in the in vivo test. In contrast, the respective values for the a-
thioether of pyridine N-oxide are —0.78 and 0.43. No correlations of
these data with physical properties were reported.
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2. Conformational Resemblance between the
Antibiotics and the Ground or Transition
State of the Substrate of the Enzymatic
Reaction

Theoretical studies have also been used to study two conformational
properties: (1) the pucker of the fused nonlactam ring and accordingly the
orientation of the carboxyl group with respect to the 8-lactam and (2) the
structure of the transition state in the reaction of the normal peptide sub-
strate with the enzyme.

In 1970 Sweet and Dahl used X-ray structures to show the different
steric relationship between the 8-lactam and the carboxyl group in peni-
cillin G compared to cephaloridine (/86). However, shortly thereafter
Sweet reviewed the X-ray data that show that the thiazolidine ring of pen-
icillins can assume two conformations: that in which C-2 is out of the

()

Fig. 6. Stereoviews of the structures of (a) penam in the C-2 conformation,
(b) penam in the C-3 conformation, (c) A%-cephem, (d) A*cephem, (e) DAla-DAla in the
ground state conformation that best matches the g-lactams (30), and (f) the transition
state in the a-face attack of hydroxide on Gly-Gly (29).
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plane of the other atoms and that in which C-3 is out of the plane (Fig. 6)
(185). In the former the carboxyl is equatorial and in the latter it is axial.
Retsema and Ray demonstrated that the ionized carboxyl is required in
order for a molecule to be able to compete with the whole-cell sites for
acylation by penicillin G (/62). From pH studies they concluded that there
is an electrostatic bond between the CO; and the binding site. In 1974
Topp and Christensen calculated, with CNDO/2, no conformational bar-
rier and little energy difference for these ring puckers (/95). Boyd et al.
reported a similar conclusion in 1976 from EHT calculations (36) as did
Joshi et al. from empirical potential energy calculations (96). The latter
group showed that clavulinic acid, a g-lactamase inhibitor that is not an
antibiotic, has only the C-3 type pucker.

Balsamo ¢t al. reviewed the X-ray data on the 12 penicillins (some crys-
tallized as esters) that had been reported up to that time (9). They found
that penicillins with the C-3 pucker are active against gram-positive orga-
nisms only, whereas those with the C-2 pucker are broad spectrum.
Although there are still large differences, the C-2 pucker leads to a dihe-
dral angle between the carboxylate and the 8-lactam that is more similar
to that in cephalosporins and thienamicin, both of which are broad spec-
trum. Future studies must address the question of the relationship
between this conformational correlation with spectrum and the indica-
tions in Section 1V,B,4 that lipophilicity is the important determinant
of this property.

As noted in Section IV,A, in 1965 Tipper and Strominger (/90) and
Wise and Park (209) pointed out the resemblance between the penicillin
structure and the substrate of the cross-linking reaction. Lee noted in
1971 that the conformational resemblance between penicillin and Gly-
DAla-DAla is best when the first peptide bond is distorted from the ground
state 180 to 135.7° at an energy cost of an estimated 10 kcal/mol (/07). In
other words, penicillin is an analog of the transition state in the enzymatic
reaction. Boyd et al. used PCILO to get a corresponding estimate of 8.5
kcal/mol to distort the peptide to a conformation resembling a penicillin
and 2.5 kcal/mol to one resembling a cephalosporin (32).

Holtje used EHT calculations to investigate methylpenicillin and N-
acetyl-nAla-pAla (89). He proposed resemblances between penicillin and
the substrate by comparing the following distances: the carboxyl to both
the carbonyl and the nitrogen of the side-chain amide, the 8-face methyl
group to both the carboxyl group and the carbonyl of the exocyclic amide,
and the B-lactam to the exocyclic amide nitrogen atoms. The penicillin
was in the C-3 pucker.

From contact distance criteria (20/ -203) Virudachalam and Rao con-
cluded that the B-lactams are more analogous to the pAla-pAla than to
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the LAla-pDGlu segment of the substrate. They also showed that 6-
substituents on penicillins and 7-substituents on cephalosporins restrict
the conformation of the side chain. Both X-ray crystallography (/02) and
EHT calculations (89) show that there is little resemblance between peni-
cillins and N-acetyl-a-D-muramic acid, another portion of the substrate in
the cross-linking reaction. Virudachalam has done extensive conforma-
tional calculations on the repeating unit of the substrate (203).

In 1977 Boyd used MINDO/3 to calculate the structure of the com-
pound formed by the nucleophilic attack of glycylglycine by hydroxide
(29). The conformational similarity with the antibiotics is greatest with at-
tack at the a face. He later extended this with MINDO/3 calculations of
Gly-Gly and the o- and B-face transition structures (30). Least-squares fit-
ting of the carboxyl carbon, carbonyl carbon, and exocyclic amide ni-
trogen of various structures and conformations led to the conclusion that
the substrate or transition intermediate best fit depends on the ring pucker
of the thiazolidine ring as well as on the conformation of the substrate. No
clear conclusions could be drawn. It is of course possible that the variety
of acylations by penicillins may in fact be a reflection of the fact that peni-
cillins can change conformation to resemble a variety of transition and
ground states. Careful combined structure-—activity, biochemistry, and
theoretical studies may unravel these problems.

V. ANALYSIS OF SEVERAL CASES

As mentioned in the introduction, changing the spectrum of antibac-
terial activity may be as important a goal of an analogs program as is
increasing potency. Takahashi er al. performed cluster analysis and non-
linear mapping to the antibacterial data against 27 organisms of 29 antibi-
otics of various classes (/87). There were 21 gram-negative and 6 gram-
positive bacteria and penicillins, cephalosporins, aminoglycosides, mac-
rolides, tetracyclines, and peptides in the data set. Simply on the basis of
the antibacterial log(1/C) data alone the compounds were classified into
groups of similar chemical structure. We also have done such studies
within one class of antibiotics but using the MIC value relative to that
against S. aureus. We found two well-defined clusters, each of which is
composed of compounds modified at only certain positions. This is in
spite of the fact that there is no obvious pattern when the antibacterial
activities are considered one or two at a time.
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VI. COMMENTARY ON THE CONTRIBUTION OF
QSAR TO THE STUDY OF ANTIBIOTICS

What have been the accomplishments of QSAR of antibiotics? Is it an
endeavor worth the effort?

This chapter demonstrates that classic linear free-energy relationship
methods have correctly highlighted the relative importance of various
physical properties in the determination of potency and side effects of
many series of compounds. These simple QSAR methods have estab-
lished the critical role of hydrophobicity in the following cases: serum
protein binding of tetracyclines and penicillins; in vitro antibacterial activ-
ity of certain series of substituted erythromycins, leucomycins, linco-
mycins, refamycins, coumermycins, and g-lactams; and in vivo antibac-
terial activity of penicillins. Steric effects added to hydrophobic ones
have also been seen. QSAR has quantified straightforward negative steric
effects in erythromycin esters and a difference between stereoisomers in
lincomycin analogs. A more subtle result is the positive steric effect of
substitution in the side chain of g-lactams. Finally, in the pyrimidinylurei-
dopenicillins QSAR showed that potency is primarily determined by elec-
tronic effects that are well described by Hammett o, but 7 also plays a
role in the determination of potency.

Such classic QSAR studies provide valuable summaries of existing
structure—activity relationships and may be used to predict the potency of
newer analogs proposed for synthesis. More than half of the data pre-
sented in this review are of this type, characterized by clear answers from
relatively simple methods. The work is not necessarily easy to practice,
because for such complex structures an experimental measure of the hy-
drophobicity of at least some of the analogs may be necessary.

In at least five series (N-benzylerythromycins, tetracyclines, chloram-
phenicol analogs, 3-substituted cephalosporins, and aminoglycosides)
classic linear free-energy methodology was not enough to solve the
structure—activity problem. In the first four of these cases, however, it
did suggest the direction for more detailed studies. For the N-
benzylerythromycins, compartment model-based equations are sufficient
to describe the QSAR. Such methods also slightly improve the QSAR
equations of lincomycins. On the other hand, the QSAR of the cephalo-
sporins require quantum chemical descriptors of reactivity.

The QSAR of three classes of molecules (the aminoglycosides, tetracy-
clines, and chloramphenicols) have been less completely described by
theoretical methods. This may be partly because no one has studied them
recently. Although it is not a property unique to them, in these three
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classes of antibiotics variations in substituents result in changes in the
conformations of the molecules. It may be that the QSAR will be solved
only when theoretical methods to treat QSAR of conformationally flexible
molecules have become well established.

The tetracyclines and aminoglycosides also exhibit a further complica-
tion that is not found in any of the other series—they contain several
groups that may ionize at biological pH values. Structural changes thus
affect both the position of atoms in space and which atoms are electrically
charged. Because electrostatic interactions are the principal method
whereby the receptor recognizes the molecules with which it interacts,
such changes in the position of charges in space may mean that the set of
molecules no longer appears homologous to the receptor. Predictive
QSAR of such series seems to require the use of still-developing receptor
mapping and computer graphics techniques. The QSAR comparison of
the different B-lactam nuclear analogs may also require such sophisticated
methods.

The validity of the QSAR conclusions has been demonstrated by other
types of experiments. For example, in the penicillins direct measurements
also demonstrate the (1) hydrophobic binding to serum proteins and
(2) differences in conformational responses of target enzymes to different
analogs. Thus QSAR studies can provide hypotheses that can be checked
by other methodologies. The theoretical work on the reactivity of the
B-lactam ring has also provided hypotheses that were verified by other
types of experiments. The clearest example of this is the experimental
demonstration of a-face attack of hydroxide on the penicillins. Other ex-
amples of the interplay of the various experimental and theoretical mea-
sures of reactivity have also been discussed in this chapter. Although both
theoretical and experimental groups were working on the same problems,
in many cases workers remained unaware of others’ results.

There are also lessons to be learned from the work reported here that
challenge the ideas of how certain theoretical methods should be prac-
ticed. Fig. 6 contains interesting information for those who would map re-
ceptors by superimposing active molecules. The carboxyl group is essen-
tial for activity; presumably it acts as a key site of interaction of the mole-
cules with the receptor. Another key atom must be the carbonyl carbon
atom of the B-lactam because it is the atom that reacts with the target en-
zyme. Notice, however, that the relative positions of the carboxyl and the
carbonyl of the inactive A%-cephalosporins resembles that in both the
ground and transition states of the peptide substrate, whereas for all ac-
tive antibiotic nuclei the conformational resemblance to the ground and
transition states is less. The lesson is that one must not pursue spatial
analogies at the expense of the chemistry of the compounds. In the same
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vein, Fig. 1 reminds us that the same molecule can have a completely dif-
ferent conformation and distribution of charges under different condi-
tions. Any method that neglects such possibilities cannot be correct.
Finally, the detailed mode of action studies on the B-lactams should also
prompt those who would map receptors from activity or even crude bind-
ing studies of analogs to remember that any one compound may have sev-
eral biochemical targets and that the pattern or reaction with these mul-
tiple targets may change even for the same compound.
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. INTRODUCTION

The first article describing the quantitative structure—activity relation-
ships (QSAR) of antitumor agents was published in 1969 (75). Since that
time more than 50 reports have appeared presenting in a quantitative
manner structure-—activity relationships on diverse structure types. In-
cluded in these reports are three brief reviews (43,67,83). The scope of
this chapter is to report in a critical manner the literature of QSAR of anti-
cancer agents. Extremely helpful in this endeavor was the Chemical Ab-
stracts series on Antitumor Agents.

The approach taken in this chapter is to provide a brief background for
the data that serves as the basis of the relationships reviewed here. The
discovery and development processes of anticancer agents is necessarily
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a complex one. Therefore, the derivation and development of QSAR for
antitumor agents must be approached with some knowledge of their com-
plexity and the assumptions underlying their development. It is felt by
this author that a brief discussion of this process is necessary to provide
the ground work for their interpretation.

A. Antitumor Drug Screening

1. The Linear Array

In 1955 the Cancer Chemotherapy National Service Center was formed
with the mission to develop chemotherapeutic agents. This was continued
in 1965, and in 1972 it became part of the Division of Cancer Treatment of
the National Cancer Institute (NCI). As part of this program, potential an-
titumor agents are procured and submitted to testing (42). The flow of
development of potential antitumor agents is detailed in a document
called the Linear Array available on request from the Division of Cancer
Treatment. This decision network is briefly diagrammed in Fig. 1.

The objective of stage I of this network is the discovery of lead com-
pounds and the agents selected are from two broad classes: synthetic
compounds and natural product extracts. The major portion of the QSAR
reported concern synthetic agents, so only the testing strategy of these
substances will be dealt with here. On submission of compounds for eval-
uation they are prescreened in the lymphoid leukemia P-388 tumor of the
mouse. If activity can be confirmed, the compound is then tested in leu-
kemia L.1210 in the mouse. If the compound has been shown elsewhere to
have activity, it is tested directly in the L1210 system. Also, a number of
laboratories carry out their own prescreening using a variety of tumors;
one of the most common is Sarcoma-180 (S-180) in the mouse.

The advantages and disadvantages of this approach to the search for
lead compounds has been reviewed, especially the use of the mouse as a
model for the host (72), and alternatives have been suggested (6/).

Once a lead compound has been identified by this process, the problem
of optimization of activity as a function of structural change is then faced
by the discoverer. It is at this point that the systematic approach of drug
design (63) can have a great impact. The result of the application of this
approach to the problem is a series of compounds on which dose-response
data are obtained.

2. The Dose-Response Curve for Antitumor
Agents

In the quantification of anticancer drug activity a discussion of the
dose-response curve is imperative because the selection of an end point
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Stage | Stage | 1A
Selection and acquisition Determination of antitumor
of agents for screening —_—> activity of new agents in

test systems

l

Stage 1| Stage 1IB
Establishment of toxicity Estimation of activity as
in dog and monkey < related to cell cycle and

route of administration

l

Stage IV Stage V
Determine tolerated dosage Estimation of therapeutic
in man: Phasel clinical —> activity in man: Phase I
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Stage VI Stage V!
Determination of rote of Initial eradictive triais in
agentsintotal care of <« man: Phase llI=IV clinicat
patient trials

Fig. 1. The Division of Cancer Treatment Program Linear Array (used with permis-
sion).

for response can be the most important factor in the derivation of QSAR
for a series of compounds. A convincing indication of activity for a com-
pound is demonstration that it can increase the life span of a tumor-
bearing animal relative to that of a nontreated tumor-bearing control. The
dose-response curve from such an experiment is given in Fig. 2. One as-
pect of this dose-response curve is significant and that is its biphasic na-
ture. Antitumor agents are characteristically selective cell toxins in that
they rely for their effectiveness on some differentiating factor between the
tumor cell and the cells of the host. At some dose, therefore, a toxic



140 W. J. Dunn 1l

;
/

N
w
T
o

Xincrease in life span
-_— N
o o
T T
o

=
‘©-

w
T

0 Il n 1 1 L 1 A 1

IS 16 17 18 19 20 21 22 23

Dose, mg/ kg, day one only

Fig. 2. Dose-response curve for 1-(3-acetamidophenyl)-3,3-dimethyltriazens. Data
obtained in author’s laboratory against S-180 in the mouse.

response to the host of the test compound will result and this accounts for
the biphasic nature of the dose-response curve.

A number of end points are derivable from a dose-response relation-
ship. These end points can then be used in the derivation of QSAR. If the
QSAR for a series of active compounds is to be interpreted strictly in
terms of the Hansch theory (63), in an extrathermodynamic sense, the end
point should be selected as the dose (in equimolar terms) required to give
a statistically significant increase in life span over that of the control. It is
usually considered that a 25% increase in life span is statistically signifi-
cant. More demanding levels of activity can be used but caution must be
taken that all compounds within the series studied achieve this level of
activity. One other point should be made in this regard: the dose for this
response should be obtained from the portion of the dose-response curve
that is in the phase of the curve in which life span is increasing with dose
rather than in the toxic phase of the curve. Compounds that cannot give at
least a 25% increase in life span are considered inactive.
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If an empirical view of QSAR is assumed, then other end points can be
used. This is usually reported as the dose that gives maximum increase in
life span. The ratio of the optimum dose to that which gives a predeter-
mined increase in life span is the therapeutic index. In this review the
former two activity indices predominate.

B. Methods of Data Analysis Applied to Antitumor
Structure-Activity Data

1. Regression Methods

Various methods of data analysis have been applied to structure-
activity data for the purpose of deriving QSAR. Details of these methods
appear elsewhere in this volume. The method selected obviously depends
on the objective of the analysis, and because optimization of activity with
structural variation is the usual objective, the applications of regression
methods are predominant in the literature through the period covered by
this review. For the purpose of classification of compounds as active or
inactive, discriminant analysis and the linear learning machine have been
applied to structure—activity data (¢,27,34,48,49). Even though these rep-
resent a small fraction of the reported QSAR work on antitumor agents,
the use of these and more sophisticated classification techniques in the de-
sign of antitumor drugs is inevitable.

A recent report by Hodes (74) describes a method of data analysis that,
though not as quantitative as regression and the various classification
methods, can be applied to a large data base of structure-activity data
with the resulting selection of structure types with high probabilities of
having antitumor activity. As such this is a unique method in that it can
potentially generate a lead compound.

A discussion of regresson methods is presented in Chapter 1. The
reader is also referred to a 1978 tertiary source (8/) for a more detailed
discussion of the application of linear and nonlinear regression in QSAR.

2. Classification Methods

Classification methods include those methods of discriminant analysis,
e.g., the linear learning machine, and pattern recognition methods of
which k-Nearest Neighbor and SIMCA (87) are examples. All methods
except SIMCA have been applied to the problem of classifying structures
of compounds as active or inactive in anticancer screens (4,27,34,47,78).

Using these methods, drugs of known classification whose structures



142 W. J. Dunn lll

X
-~ =N x
’ g %° active X
° drugs “~ =<  acli
/o0 00/ s #7° °\ Grugs
\0 0¢g .~ / o © o/
L2 N 0 0 o0 x
| /
@ -, . L2 ‘e °.
S , 7x x ) inactive ® - x
2 r x/ drugs r
E \x’/ E x
> [
o
>
Fig. 3. Symmetric data structure Fig. 4. Asymmetric data structure
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are described by various types of descriptors are called the training set.
These descriptors vary with the presence or absence of molecular frag-
ments, connectivity indices (77), or Hammett-like physicochemical con-
stants. A critical assumption made at this point is that the descriptors are
assumed to be continuous in a mathematical sense. A coordinate system
is constructed with one axis for each descriptor, and the data describing
the training set compounds are plotted in this descriptor space. For coor-
dinate systems in three dimensions this can be shown graphically, as in
Fig. 3. The ideal result is obtained if the active compounds cluster in one
region while the inactive ones cluster in another. This type of data struc-
ture has been termed symmetric data structure (49). The data analytic
method applied to the training sets must select the variable(s) that are im-
portant for separation of the training sets and then separate the distinct
classes. Linear discriminant analysis and the linear learning machine con-
struct a plane separating the classes and then classification is based on
which side of the plane a new or untested compound lies.

Another situation is illustrated in Fig. 4. Here the active compounds
cluster in one region of descriptor space while the inactives are scattered
randomly around the class. This type of data structure has been termed
asymmetric (49) and is probably the rule rather than the exception in clas-
sification problems of compounds as active versus inactive.
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The origins of these two types of data structure in structure-—activity
analyses have been discussed (40). Clustering as is observed in both cases
is due to the presence within a cluster of chemically and pharmacologi-
cally similar compounds. Chemical similarity implies that the class
members are in some way described to be similar, whereas pharmaco-
logical similarity implies that activity within a class is due to a common
mechanism. Accepting this, one would expect that cases in which a class
of inactive compounds are all inactive by the same mechanism would be
extremely rare and that most active versus inactive classification
problems would result in an asymmetric data structure; each compound
would be inactive by a unique mechanism. Needless to say, discriminant
analysis and the linear learning machine will not separate actives from in-
actives when an asymmetric data structure is observed.

3. Hode’s Statistical Heuristic Method for
Automated Selection of Lead Structures

At the present time the screening capacity for testing new synthetic
compounds is about 15,000 per year. The number of such compounds that
are available for primary evaluation is almost limitless. Therefore a
method for the preselection of structures for testing with higher or en-
hanced probabilities for being active would improve the efficiency of the
search for new clinically useful compounds. Such a method has been
described (58,74).

The method is in some ways similar to one used by Cramer et al. (39)
and appears in some ways similar to the Free—Wilson method (56). Subtle
differences exist and these will be pointed out.

The method begins, as in the previously discussed classification
methods, with training sets composed of known active and inactive
agents. The training sets are used to derive weights for structural features
present, which can in turn be used to derive activity and inactivity scores
for a particular compound.

Consider as a particular structural feature, which may be present in a
compound, the sequence C—C— N where both single bonds are part of a
ring. On the basis of its incidence of occurrence in a 280,000-compound
file, a weight can be calculated that will be an estimate of its association
with activity. If its incidence of occurrence is p and there are n active
compounds in the file containing this feature, then np actives would be ex-
pected to have this feature if it is assumed that this feature has nothing to
do with the compound being active. From this a weight can be calculated
for the feature according to the statistical significance of the difference in
its number of occurrences in the active and inactive training sets. This
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feature was found to be present in 17.7% of the 280,000 compounds. In a
trial set of 33 actives, 5.83 are expected to contain this fragment with a
standard deviation of 2.19 about the mean. The actual incidence of this
feature in the 33 compounds in the trial set is 11 and the number of stan-
dard deviations away from the mean is (11 — 5.83)/2.19 or 2.36. This has a
probability for significance of P = 0.0183. For convenience this is con-
verted to log(1/P). In order to calculate an activity score for a compound,
the relationship = [log(1/P;)] is used, where i refers to structural features
coded. This score is not an activity but a measure of the probability of
activity of a compound based on the statistical incidence of its features.

There are obviously some problems encountered with the use of this
method. The major problem is that of molecular description and the selec-
tion of relevant, nonredundant features. The method is also sensitive to
finding chance correlations. Even so, in a trial study of 170 compounds
tested against mouse ependymoblastoma, activity scores so calculated
were able to distinguish actives from inactives at a significant level statis-
tically.

Il. QUANTITATIVE STRUCTURE-ACTIVITY
RELATIONSHIPS OF ANTITUMOR COMPOUNDS

Most QSAR reported in the literature are derived from the application
of the Hansch Model (63) to structure—activity data. Application of this
method assumes all compounds in the data set are acting by the same
mechanism. Therefore, with additional experimental information
regarding the mode of action of some members of the data set, QSAR can
be interpreted in terms of this mechanism of action. This makes it pos-
sible, in principle, to organize and present the material that follows in
terms of what is thought to be the mechanism by which the anticancer
agents studied exert their effect.

A. Alkylating Agents

The first compounds discovered to have anticancer activity and the first
used clinically to treat neoplastic disease (40) were those classified as al-
kylating agents. These substances are thought to be cytotoxic by general
inhibition of DNA synthesis (84). Although the precise mode of cytotoxi-
city that such compounds exert is not known, for the purpose of this work
such agents have been subclassified into two groups: (1) nonmetabolically
activated alkylating agents and (2) metabolically activated alkylating
agents. Not surprisingly, in some cases this classification cannot be made
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unambiguously. However, this subclassification is made with regard to
current thinking, and when a controversy exists it will be pointed out.

1. Nonmetabolically Activated Alkylating Agents

Compounds that exert their cytotoxic effect by being converted to a
reactive species, generally electrophilic in nature, via a nonmetabolic
pathway are discussed under this category. Mechanisms of activation will
not be generalized and are dependent on the organic functional groups in
the cytotoxic agent.

The first QSAR reported in the literature on anticancer drugs was
derived for the tumor inhibitory 5-aziridino-2,4-dinitrobenzamides of gen-
eral structure I. Activity was determined in the rat against Walker 256, a
solid tumor.

CONH,
NO,

V',

log(1/C) = (—0.82 = 0.49) log P — (0.54 = 0.38) (1)
n =S8, r = 0.860, s = 0.320

The negative coefficient for the log P term indicates activity to be a de-
creasing function of lipophilicity. The aziridino group is thought to be
converted to a reactive electrophilic center by protonation to the aziri-
dinum intermediate. This process could be sensitive to steric and/or elec-
tronic influences but because the site of structural alteration in this series
is far removed from the aziridinium group, the structure—activity relation-
ship probably reflects changes in transport properties.

A number of studies have been carried out in the nitrogen mustards.
These substances are represented by II. Like the aziridines these com-

RQ,i}u(cn,cn,x)2

pounds undergo an internal nucleophilic displacement of halogen as in
Fig. 5. With reactive nucleophiles mustards would be expected to react
directly as in reaction (1), whereas poorer nucleophilic centers would re-
quire the activated form of the mustard. As can be seen, this mechanism
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Fig. 5. Activation and reactions of nitrogen mustards.

at a number of points will be susceptible to structural variation and these
should lead to rather interesting QSAR.

Lien and Tong (79) were the first to explore the QSAR of aromatic ni-
trogen mustards. Eq. (2) is the relationship reported for these data. Unfor-
tunately no confidence limits were reported. There does appear to be a
large electronic effect on activity with electron donating groups enhancing
activity.

log(1/C) = —0.267 — 1.620; + 3.66 )

n=29, r = 0.840, s = 0.450
Unfortunately, and this is a general problem with anticancer drug devel-
opment, toxicity parallels cytotoxicity (7). This is shown in Eq. (3). Also

it should be noted that the equations were derived using the substituent
constants for the un-ionized form of ionizable groups.

log(1/LDyy) = —0.277g — 1.580; + 3.48 3)
n=9, r = 0.930, s = 0.270

Equation (4) was derived by Hansch et al. (64) for aniline mustards
where activity is against Walker 256 in the rat.

log(1/C) = (= 1.19 = 0.51)c™ + (0.75 = 0.41)] + (—1.00 = 0.87)7
—(0.53 £ 0.55)7% + (3.84 = 0.33) 4)
n = 14, r = 0.940, s = 0.290, w, = —0.95, log P, = 1.95

the term / is an indicator variable given a value of 1 for X = Br and O
when X = Cl, I; o~ is used to model electronic influences of the R group
in structure II on the activity term. The point that should be stressed here
is that the coefficient for the electronic term is negative. This again em-
phasizes the enhancement of activity by electron donating groups. It is
curious that I and Cl compounds are similar as is indicated by the
common value of the indicator variable for these two halogen-containing
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mustards. Even though this is discussed by the authors no explanation is
given although it is consistent with the mechanism proposed in Fig. 5. lo-
dine and chlorine mustards may be active by the same pathway whereas
Br mustards are active via the other. Equation 4 suggests that more hy-
drophilic groups enhance activity but the lack of statistical significance of
the 72 term makes quantitation of this questionable.

A comparison of the QSAR for activity against two solid tumors can be
made by comparing Eqs. (4) and (5). The latter equation was derived for
activity against B-16 melanoma in the mouse (66).

log(1/C) = (—2.06 = 0.48)0 — (0.15 = 0.12)r — (0.13 % 0.07)=w?
+(4.13 = 0.20) (5)

n=19, r = 0.940, s = 0.300, m, = —0.57, log P, = 2.33

These equations indicate that for designing chemotherapeutic agents for
solid tumors, lipophilicity of log P = 2 should be considered, all other
factors being held constant.

Equation 6 was derived by Hansch er al. (64) for aniline mustards
against L1210 in the mouse. Here, I, is used as an indicator variable to
stress the activity enhancing effort of ortho substitution.

log(1/C) = (—0.31 £ 0.10)7m — (0.96 = 0.54)0~ + (0.86 = 0.37)1,
+(4.07 = 0.21) (6)

n=19, r = 0.930, s = 0.310

This relationship is qualitatively similar to Eq. (4) even though some dif-
ferences might be expected because Eq. (4) is derived from solid tumor
response data whereas data against L1210, an ascitic tumor, were used to
derive Eq. (6).

This similarity in QSAR also extends to those of leukemia P-388 as is
seen in Egs. (7) and (8), respectively.

log(1/C) = (—0.40 = 0.08)7 — (1.00 = 0.35)0 + (4.59 £ 0.13) (7)
n=19, r = 0.950, s = 0.240

log(1/C) = (= 0.35 £ 0.11)r — (1.38 = 1.00)0 + (4.17 = 0.20) (8)
n = 16, r = 0.900, s = 0.320

Leukemia P-388 is more sensitive to chemotherapy. These relationships
were reported by Hansch et al. (64), and it was pointed out that the analog
of II with R = (CH,);CHO, X = Cl is 32 times more active than pre-
dicted. This is probably due to the fact that it is converted in vivo to
chlorambucil (IIT). The same compound was used in the derivation of Eq.
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H o-%(cn)@n(cmcn,cu),

(7), however, and is only 3.8 times more active than predicted. No expla-
nation can be extended for this inconsistency even though there are dif-
ferences in the standard response for activity in the two data sets.

In addition to the halogen leaving groups, sulfonate analogs of the ani-
line mustards, X = OS0O,-R’, also show significant activity. Data on such
anticancer compounds were used to derive Egs. (9) and (10) (64).

log(1/C) = (2.09 = 0.63)I, + (4.06 + 0.32) 9
n = 16, r = 0.880, s = 0.510

log(1/C) = (3.03 = 0.68)], — (0.94 + 0.48)0~ — (0.86 + 0.53)I,
+(4.78 + 0.31) (10)

n =16, r = 0.960, s = 0.330

Here I, is an indicator variable given a value of 1 for those compounds
containing the R = 4-NO group and /, is given a value of 1 for X = tosyl.
The activity enhancing effect of the 4-NO group is stressed by the large
positive coefficient for I,. This term accounts for 77% of the variation in
activity (#* = 0.77) for Eq. (9) with only small effects on activity stressed
by o~ and /;. No effect on activity by lipophilic terms was observed.

In almost every case studied the role of hydrolytic activation is indi-
cated by relationships such as Eq. (11). The indicator variable I, is given a
value of 1 for ortho-substituted substrates, and I is given a value of 1 for
X = Br.

log(% hydrolysis) = (- 1.49 = 0.22)c + (0.46 = 0.18)],
+(0.74 = 0.13)I + (1.19 = 0.07) (11)

n =43, r = 0.940, s =0.190

Both substitutions apparently enhance hydrolysis considering their re-
gression coefficients. The large negative coefficient for o mirrors the
enhancement to activity expected by electron donation. A poorer correla-
tion was observed with o, indicating the possibility of an inductive
mechanism for the electronic effect of the R group.

N-Methylisatin-3-Thiosemicarbazone (IV), a compound with known
antiviral activity, was used by Ban et al. (23) as a model for the design of
the series of nitrogen mustards. These mustards were then tested against
HeLa cells in culture and from the activity data against this model Eq.
(12) was derived.
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@_\__/EN—NHC(S)NH,
N0

CH,
v
log(1/C) = —0.26(log P)* + 1.16 log P + 3.15 (12)
n=717, r = 0.850, = 0.180, log P, = 2.19 (0.57 — 2.69)

This is a relationship reflecting a typical parabolic lipophilic effect on
activity. It is interesting that three of the nitro-substituted compounds
were not fitted to the relationship and that some of the compounds used to
derive the equation do not have alkylating potential.

Mitomycin C(V) is a naturally occurring antibiotic with antineoplastic
activity (8,55). The substance does not exhibit high activity and is highly
toxic. Using it as a lead compound, a group of Japanese workers (8) have
systematically designed a series of 39 benzoquinones (VI) and evaluated

o]

H,N CH, OCONH,

H,C
o NH

\ 4

them against L1210 in the mouse. It should be pointed out that four dif-
ferent activity indices were obtained from the data. Two types of tests
were used: (1) chronic treatment with daily injection for 12 days and (2)

(o]
g
N R?
V (o]
vi

single injection on day one only. From the dose-response data, the min-
imum effective dose (MED), or the dose giving a 40% increase in life
span, and optimal dose (OD), or that dose giving maximal increase in life
span, were calculated. These parameters were converted to a standard
response of log(1/C) where C is in M/kg.

The relationships between the chronic injection MED are given in Egs.
(13) and (14).
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log(1/C) = (—0.45 = 0.10) Z me + (6.35 = 0.17) 13)
n =37, r = 0.850, s = 0.340

log(1/C) = (= 0.51 = 0.10)7r, — (0.34 = 0.149)MR, — (1.78 = 1.12)F
—(0.82 = 0.54)R + (6.09 = 0.26) (14)

n =37, r = 0.920, s = 0.260

Here 2 7, , is the sum of o values for the substituents R! and R2. Using
other combinations of variables for the substituents, Eq. (14) is obtained,
which indicates an electronic effect on activity. MR was assumed to
model steric effects of R?, which is a reasonable assumption in view of the
predominance of alkyl substituents in this position. The dominant role of
lipophilicity is certain from Eq. (13) with little gained in terms of reduction
in variance in going to the four-variable Eq. (14).

Equations (15) and (16) were derived for the optimal dose-dependent
variable.

log(1/C) = (- 0.34 = 0.09) Z me + (5.75 = 0.16) (15)
n =237, r = 0.790, s = 0.320
log(1/C) = (—0.35 = 0.09)m, — (0.29 = 0.13)MR, — (2.08 = 1.05)F
—(1.16 = 0.51)R + (5.38 = 0.25) (16)
n =137, r = 0.890, s = 0.250
These equations are virtually identical with Eqs. (13) and (14), respec-
UV;L);- single dose parameter MED data were used to derive Egs. (17) and
(18). Here again Eq. (17) reflects the strong effect of lipophilicity on
activity.
log(1/C) = (—0.38 = 0.15) Z me + (5.72 £ 0.25) 17)
n = 35, r = 0.670, s = 0.490
log(1/C) = (—0.49 = 0.09) Z me — (3.95 = 1.05)F
—(1.49 = 0.49)R + (5.30 = 0.20) (18)
n = 35, r = 0.910, s = 0.290

However, the variance reduction in going from the one-variable equation
to the three-variable Eq. (18) is probably real and a strong electronic ef-
fect is suggested by the presence of F and R, the Swain-Lupton substit-
uent constants.

The optimal dose data again are reflective of the minimal effective dose
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data as is seen in Eqgs. (19) and (20), with Eq. (20) being a significant
improvement over Eq. (19).
log(1/C) = (—0.34 = 0.13) 2 ma + (5.14 £ 0.22) (19)
n =137, r = 0.680, s = 0.450
log(1/C) = (—0.37 = 0.07) 2 e — (3.25 = 0.83)F
—(1.39 = 0.43)R + (4.71 = 0.18) (20)
n =137, r=0.910, s = 0.260

These equations (13-20) suggested three mytomycin C analogs of
greater activity and these were synthesized to test these relationships.
The structures of these analogs are given below (VII, VIII, and IX). It can

LA
HC
VN CH,CH, OCH,
o
Vil
o o
H,C Nﬂ H,C; NA
\_/N CH,CH,CON(CH, ), vN CH,CH,0CONH,
o o
vil Ix
o
o S
vN H(OCH,)CH,0CONH,
o

X

be seen that the results were quite good. Another structure (X), which re-
sulted from this systematic study, and one of the most active analogs, has
been cleared for clinical use in Japan. It is more active and less toxic than
mitomycin C. QSAR on similar aziridines have been published in the Rus-
sian literature (26).

Lien et al. (80) dertved Eqs. (21) and (22) for a series of bis(l1-
aziridinyl)phosphiny! carbamates (XI). Such compounds are thought to be
alkylating agents and the effect of their activity against Walker 256 tumor
in the rat is shown in Eq. (21).
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R o R
Rtn—?-—n: | R
R,

X1

log(1/C) = 2.740% + 3.34 @n
n =10, r = 0.940, s = 0.260

This result is somewhat better than the single variable equation in 7 (r =
0.71) found by these workers. There is apparently a parallel between
activity and toxicity as seen by comparing Egs. (21) and (22).

log(1/LDy,) = 1.730*, + 3.03 22)
n=10, r=0770, s=0.390

For their potential anticancer activity one of the more studied classes of
organic compounds is the N-nitrosoureas related to structure XII. Such
substances have a variety of biologically significant effects (9) and the
chemistry relevant to these effects was the subject of a review published
in 1979 (45). As anticancer agents, those analogs of XII with X = halogen
and R = alkyl or substituted alkyl are the most important. These com-
pounds have been shown to have significant activity against a variety of
transplanted tumors, but are of major interest due to their antileukemia
activity (29,82).

R—N—CO—NHCH,CH,X
NO

Most QSAR for 2-haloethyl-N-nitrosoureas suggest that activity is
strongly dependent on lipophilicity. The first such result (Eq. 23) was re-
ported by Hansch et al. (70,71). Here activity was determined against
Lewis lung carcinoma from a single dose at day one of infection. The term
C is the molar concentration required to delay tumor growth 4 days.

log(1/C) = (= 0.08 + 0.05)(log P)? + (0.14 = 0.15) log P
+(1.23 = 0.26) (23)

n =13, = 0.760, = 0.280

The marginally significant log P term can be dropped and the log P, = 0
results. Because of the diversity of structure in the series, however, it is
doubtful that effects other than lipophilicity can be modeled. The impor-
tance of this parameter, though, cannot be overstressed and later studies



4. Antitumor Agents 153

(69.71) have pointed this out by comparing relationships for activity with
those of toxicity. Equations (24) and (25) are examples derived for analogs
of XII.

log(1/C) = (—=0.17 = 0.04) log P — (0.66 = 0.18)], + (0.38 = 0.21)/,
—(0.26 = 0.14)I; + (1.76 = 0.11) (24)

n =95, r = 0.790, s = 0.260

The term C is the molar concentration required to give a 103-fold decrease
in 11210 cells in the mouse. The indicator variable /, is used to distinguish
those compounds with substituents on R (I; = 1); I, is given a value of 1
for those congeners of XII that contain oxidizable sulfur groups, e.g.,
—S—, whereas I; = 1 indicates X = F. This equation indicates that an
optimum in log P is not reached but that lipophilic compounds are to be
less active than those that are hydrophilic. Comparing this with Eq. (25),

log(1/C) = (—0.04 = 0.01)(log P)*> — (0.62 = 0.15)], + (1.04 = 0.06)
(25)

n = 96, r = 0.830, s = 0.220, log P, =0

where C is the molar LD,,, the optimum log P, = 0 is well established.
This suggests that a separation of active and toxic responses may be pos-
sible and it is proposed in this work that R = disaccharide be introduced
to achieve a more hydrophilic and less toxic drug. More hydrophilic an-
alogs of XII are less toxic to bone marrow and as cytotoxic (55).

In addition, toxic responses other than those of general toxicity as mea-
sured by LD, are of interest to those involved in the design of antitumor
agents. One response that has been shown to be significant to monitor is
mutagenicity. This can be modeled by the effect of the cytotoxic agents
on various strains of Salmonella (3). For one series of (o-phenyl-
enediamine)platinum dichlorides (XIII), some of which are clinically

NH 2 _-Cl
R Pt
NH,” e
xm

significant as antitumor agents, QSAR have been derived. In such a study,
Eq. (26) resulted (69).

log(1/C) = (2.23 = 0.32)0~ + (5.78 = 0.18) (26)
n =13, r = 0.980, s = 0.260
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Here C is the molar concentration required to produce 30 mutations/108
bacteria. The process is clearly controlled by electronic erffects having
those compounds containing R groups that are electron withdrawing as
the most active. This was shown to be an additive electronic effect and li-
pophilicity was not found to be a significant physicochemical property of
the mutagens.

2. Metabolically Activated Compounds

There are classes of anticancer compounds that are thought to require
activation by a metabolizing enzyme of the host as the tumor. Typical
of such compounds are the dialkyltriazenes of which 5-(3,3-dimethyl-
1-triazeno)imidazole-4-carboxamide (DTIC) (XIV: R! = R?2 = CHj)and 1-
aryl-3,3-dimethyltriazenes (XVI) are examples.

N CONHZ R‘ —N— /R1
|k | _ / N N\ Rz
N N_N—N\R R

N 2
xiv xv

Evidence points to a role of cytochrome P-450 in the activation of the
triazenes, and the triazenes’ mode of action is thought to involve the steps
shown in Fig. 6 (59,73). Metabolically activated compounds usually lead
to the generation of an electrophilic species with the potential for forming
covalent linkages with key nucleophilic centers in the cell. In Fig. 6 this is
the methyl cation or its precursor, the methyldiazo cation. In most cases
the key reaction leading to cytotoxicity can only be postulated, inasmuch
as the reactivity of the intermediate is high and its specificity not great. As
a result the QSAR for such drugs are complex and usually multivariable.

Derivatives of XIV with structural variation at the 3 position of the tria-
zene moiety were the first of the triazenes to be studied using quantitative
methods (5,5/,560). Equation (27),

log(1/C) = (- 0.28 * 0.19)(log P)* + (0.59 = 0.24) log P
+(3.45 = 0.18) (27

n =10, r = 0.930, s = 0.150, log P, = 1.10

which was derived by these workers, shows a parabolic dependence on
log P. This probably reflects the role of transport prior to metabolic acti-
vation.

The analog of XIV with R! = R? = CH,CH,Cl was not used to derive
Eq. (27) because it is 4.3 times more active than predicted. From its struc-
ture it is obvious that it functions as an alkylating agent that would not re-
quire metabolic activation.
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©N=H¢g§

transport

Ot

l hydroxylation
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Fig. 6. Activation and reaction of dimethyltriazenes.

The imidazole group at the 1 position of the triazene function in XIV
can be replaced by the phenyl group with no loss in activity. The result is
general structure XV. Several of such triazene series have been studied
extensively from the QSAR standpoint. The first QSAR work on these
compounds was published by Dunn et al. (33).

For the 13 compounds that were active in the series studied, structure
and activity were related by Eq. (28). Activity was determined against
S-180 in the mouse.

log(1/C) = (—0.69 = 0.09)0 + (3.41 = 0.03) (28)
n =13, r = 0.920, = 0.090

The role of electronic effects in determining activity is clearly stated in
this relationship (28). No other single variable equation was significant,
and the parabolic relationship in log P explained only 22% of the variance
in activity.

A study of the relationship between structure and toxicity (LDy,) re-
sulted in Eq. (29), which even though significant, shows considerable
scatter in the toxicity term. Toxicity is parallel to activity and a separation
of the two parameters appears unlikely.
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TABLE |

Activity Data Used to Derive Eq. (29) for XV Analogs, R! = CH,3

Structure R R? Log(1/C%)
XVa 4-NHCOCH;, CH, 4.04
XVb 4-NHCONH, CH, 3.97
XVe 3-CONH,, 6-OCH, CH, 3.95
Xvd 4-NHCONH, CH,CH, 3.87
XVe 4-NHCOH CH, 3.85
XVf H CH, 3.85
XVg 3-CONH, CH, 3.80
XVh 4-CH, CH, 3.76
XVi 4-NHCONH, CH,CH=CH, 3.77
XVj 4-SO,NH, 2-pyrimidyl CH, 3.74
XVk 2-CO,H n-C,H, 3.74
XVl 4-CONH, CH,CH, 3.66
XVm 2-COOH CH, 3.64
XVn 2,6-F, CH, 3.63
XVo 4-SO,NH, CH, 3.60
XVp 4-(CH,),CONHNH, CH, 3.60
XVq H H 3.60
XVr m-COCH, CH, 3.58
XVs 4-(CH, ),CO,C,H, CH, 3.54
XVt 4-CONH, CH, 3.51
XVu 4-CONH, n-C,H, 3.47
XVv 2-COOH n-CgH, 3.47
XVw 2-CONH,, 4-CN CH, 3.46
XVx 3-Pyridyl nucleus CH, 3.46
XVy 2-CONH, CH,CH=CH, 3.43
XVz 3-CO,CH, CH, 3.42
XVaa 3-CH, CH, 3.40
XVbb 4-CONH, CH,CH=CH, 3.38
XVee 2-CONH,, 4-SO,NH, CH, 3.32
Xvdd 2-CONH, CH, 3.31
XVee 2-NO, CH, 3.28
XV{f 2-CONH,, 4-CONH, CH, 3.27
XVgg 3-CONH,, 5-CONH, CH, 3.27
XVhh 2-CONH,, 4-NO, CH, 3.26
XVii 2-Cl CH, 3.26
XVij 2-CONH, n-C,H, 3.26
XVkk 2-CONHCH; CH, 325
Xvil 2-CONHCH,CONH, CH, 3.25
XVmm 2-CONHCH,CN CH, 3.22
XVnn 4-COOH CH, 3.22
XVoo 4-CO,CH, CH, 3.20
XVpp 4-CONH, i-C4H, 3.17
XVqq 2-COOH n-C,H, 3.15
XVrr 2-CO,H, 4-C1 n-CgH; 3.14
XVss 2-CONH,, 4,6-Cl, CH, 3.14

(continued)
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TABLE | (continued)

Structure R R? Log(1/C*)
XVitt 2-CO,CH, i-C4Hy 3.12
XVuu 2-CONH, n-C,H, 3.10
XVvv 2-CONH,, 4-NO, n-C,H, 3.08
XVww 2-CONH, CH,CH,OH 3.07
XVxx 2-CONHNHCOCH, CH, 3.05
XVyy 4-OCH;, COCgH; 3.05
XVzz 3-CONH,, 2,5-Cl, CH, 3.04
XVaaa H CH,C¢H; 3.03
X Vbbb 4-(CH,),CO,C,H; n-CH, 3.02
XVeee 4-CO,C,H; CH,CH, 3.01
XVddd 2-CONHNH, Cyclohexyl 2.99
XVeee 2-CONHCH,CH, CH, 2.92
XVt 4-CONH, s-C,Hy 2.90
XVggg 4-CONH, n-CgH,, 2.84
XVhhh 4-CO,C,H; i-C,H, 2.80
X Viii 4-CH, COCH, 2.78
XViij 3,5-(CN), CH, 2.63
XVkkk 4-CN CH,C¢H,-OCH, 2.72
XVill 2-CONHNHCOCH,CN CH, 2.63

2 C: Concentration in M/kg required to give a 40% increase in life span. Tumor model was L1210 in
the mouse.

log(1/C) = (—=0.33 = 0.10)c + (2.84 = 0.04) 29)
n = 14, r = 0.690, s =0.110

It should be pointed out that the series of compounds in this work was
designed using the cluster analysis approach of Forsythe et al. (54). Using
the clusters published by these workers, 14 compounds were designed
from the 10-level based on the physicochemical variables #2, 7, o, MR,
and MW. The advantages of the use of this method are that the resulting
series will contain little, if any, convariance in the physicochemical prop-
erties and that it will span variable space extracting the optimum in
structure-activity information.

From the point of view of drug development, a number of compounds
from the XV series were requested from NCI for further testing in L1210
in the mouse. Of these the R = 3-NHCOCH; (XVI) and R = 4-
CH=CHCOOH (XVII) analogs were shown to have reproducible and
significant activity and were considered for advanced testing.

In a similar study of the R* = CH; analogs of XV ihn Table I, Hansch e?
al. (65) derived Eq. (30).
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log(1/C) = (0.10 = 0.08) log P — (0.04 = 0.02)(log P)*
—(0.31 = 0.11)a* — (0.18 = 0.08)MR, ¢
+(0.39 = 0.18)E, + (4.12 = 0.27) 30)

n = 61, r = 0.840, s = 0.190, log P, = 1.18

Three of the compounds were deleted from the analysis. This equation
was interpreted as follows. The ¢* term with the negative coefficient indi-
cates that electron release through resonance increases activity, whereas
the negative coefficient for MR, ¢ shows that large groups in the ortho po-
sition decrease activity. The role of the E, term, the Taft steric parameter
for R! and R?, was not discussed, although it was pointed out that the op-
timum log P, of 1.18 agrees well with that for the triazenes of structure
XIV in Eq. (27).

A test of the predictability of Eq. (30) can be made. Recently data
have become available on the activity of the three compounds below
(XVI, XVII, and XVIII). These substances were synthesized in this

QN=N—N(CH,)2 HOOCCH=CH@N=N—N(CH,)2

CH,CONH XVl

N=N—N (cH,),

xvin

Xvi

author’s laboratory and submitted to NCI for testing against 1.1210 in the
mouse, and their activities can be estimated from Eq. (30).

The activities of 3.57 calculated by Eq. (30) for the 3-NHCOCH; (log
P = 1.61) and 3.28 for the 4-CH=CHCOOH (log P = 2.41) analogs are
in good agreement with the experimental values. However, the high activ-
ity of 3.34 estimated for the inactive 4-C¢H; compound (XVIII) log P =
4.37) is surprising, especially because its lipophilicity is much greater than
log P, = 1.18.

An explanation can be given if the data in Table I are examined. Only
four compounds have log P > 4.00 and all owe their lipophilicity to large
alkyl groups at the 3 position of the triazene function. Such groups also
have large and negative E; values. This term in Eq. (30) is heavily
weighted, and this tends to balance the positive contribution to activity
from the log P term for those four compounds. Therefore, the E, term acts
as a dummy variable to bring the estimated activities of these lipophilic
compounds into line. Equation (30) appears not to be valid for compounds
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with very lipophilic groups in the aryl portion of the molecule and over-
predicts their activity. This overfitting that sometimes results with the use
of regression analysis can be detected by proper validation methods (85).

In an attempt to classify analogs of XV with R! = CH;, R? =
CH,C4H, X as active or inactive against Sarcoma-180 in the mouse, Dunn
and Greenberg (¢7) were able to derive a discriminant function that would
separate active from inactive triazenes at the rate of 85% (11/13). The
major variable separating actives from inactives appeared to be ¢ for R,
and the lipophilicity of this substituent was also significant. Within the
series of triazenes reported, there was little or no variation in toxicity, so
a structure—toxicity study could not be done.

B. Enzyme Directed Agents

1. Dihydrofolate Reductase Inhibitors

The development of anticancer drugs based on differences in the bio-
chemical pharmacology of normal and tumor cells is one of the most pow-
erful approaches to the rational design of anticancer agents. This ap-
proach has been used to some extent but it is becoming more important as
more differences between normal and tumor cells are detected. This is
due in part to the ability of the biochemist to isolate and purify key en-
zymes and to describe at the molecular level the function of these en-
zymes. This, coupled with the X-ray crystallographer’s use of computer
graphics to display macromolecules (i.e., enzymes) in a manner useful to
those in drug design make this an important method for discovering new
and more effective anticancer agents (67).

Differences in the biochemistry of normal and cancer cells have been
explored extensively, and in instances where differences in enzyme func-
tion between the two types of cells can be exploited, the method has
shown promise. Data that illustrate species differences in enzyme specifi-
city for trimethoprim are given in Table II.

TABLE H

Differential Sensitivity to Inhibition
of Dihydrofolate Reductase by
Trimethoprim

Enzyme source I, (M)

Escherichia coli 0.5 x 1073
Tapeworm 560 X 107°
Frog liver 20,000 x 105

Human liver 30,000 x 10°%
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An early proponent of this method was Baker (22) who carried out ex-
tensive syntheses of potentially selective inhibitors of dihydrofolate re-
ductase (tetrahydrofolate dehydrogenase) isolated from L1210 of the
mouse and Walker 256 of the rat. Since Baker’s untimely death in 1971,
Hansch and co-workers, recognizing the significance of this approach,
have extended this work by applying regression methods to his data in an
attempt to quantify species and tissue differences in this enzyme (57).

Using data on compounds of type XIX with I;, values for rat liver dihy-

N._,CH
H,N 3
2 T// CH,

N
2 4
3

drofolate reductase and L1210 dihydrofolate reductase from the mouse,
Egs. (31) and (32), respectively, were derived (67).
log(1/C) = (0.80 = 0.13)w; — (0.19 = 0.04)73
+(1.01 £ 0.62)a; + (6.16 = 0.22) 31
n = 18, r = 0.964, s = 0.190, meo = 2.13 (1.8-12.5)
log(1/C) = (0.93 * 0.39)7,; — (0.23 * 0.16)73
+(1.28 = 2.00)0, + (5.59 = 0.59) (32)
n=29, r = 0.944, s = 0.410, me = 1.99 (1.3-4.8)

These relationships serve to define optimum lipophilicites for substitution

in the 3 position of XIX and suggest strong dependencies on the electronic
effects of 3-substituents.

A much more extensive QSAR (Eq. 33) has been obtained by Dietrich
et al. (44) for congeners of structure XIX.

log(1/C) = 0.68m, — 0.1272 + 0.23MR, + 0.02MR3 + 0.241, — 2.531,
—1.991, + 0.881, + 0.69I, + 0.70; + 6.49 (33)

n = 244, r = 0.923, s = 0.377, 30 = 2.9 (2.6-3.3)

This equation is based on inhibition of both dihydrofolate reductase from
L1210 from the mouse and Walker 256 in the rat. The indicator variable /
is used to differentiate the enzyme sources, with I, = 1 for the Walker 256
enzyme. Both 3- and 4-substituted analogs were used to derive the rela-
tionships. The other indicator variables are as follows: I, indicates substi-
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~ hydrophobic

; /

sterically ,

sensitive
\

Pt hydrophilic

Fig. 7. Regions of the dihydrofolate reductase active site defined by QSAR. (Re-
printed by permission of the publisher form QSAR of comparative inhibition of mam-
malian and bacterial dihydrofolate reductase by triazines, by S. Dietrich, C. Hansch,
and R. N. Smith, in “Chemistry and Biology of Pteridines” (R. L. Kisliuk and G. M.
Brown, eds.), Vol. 4, p. 425. Elsevier/North-Holland, New York, 1979. Copyright 1979.)

tution in the 2 position of the pyrimidine group, I, indicates the presence
of a carboxyl group in the molecule, I, indicates hetroatom bridges or an
ethylene bridge from the pyrimidine to the phenyl group, I is a combina-
tion of I, and I,, and I is 1 for 6-SO,Ar.

From these equations the approximation of the binding site for the en-
zyme can be given as shown in Fig. 7. In addition to the nature of the en-
zyme active site as implied by Eq. (33), the region of limited hydrophilic
character can be spanned by appropriate bridging groups to a region con-
taining a group capable of nucleophilic displacement of the SO;Ar. This is
indicated by the coefficient of 0.88 for /,. This may be considered a quan-
titative expression of Baker’s ‘‘bulk tolerance’ concept (22).

2. Respiration Inhibitors

In a similar attempt to design biochemical selectivity into a series of po-
tential inhibitors of cellular respiration, Coats et al. (36,37) have synthe-
sized and evaluated copper(Il) chelates of structure XX. To obtain a

n=c~NHCH,
A\

dependent variable for their QSAR study, molar I, values for inhibition
of respiration were obtained for each compound against Ehrlich ascites
cells and liver slices in culture. The difference in these two parameters
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was assumed to be the specificity of the compounds for the ascites tumor
and to be related to physicochemical expressions of the structures of the
substrates. This dependent variable was related to the physicochemical
properties of the phenyl substituent according to Eq. (34).

log(1/Cascites) — log(1/Ciyer) = (0.54 = 0.36)7 — (1.03 + 0.81)o,
+(2.52 = 0.31) (34)

n =38, r = 0.920, s = 0.300

This relationship quantifies the differential in response to the two systems
due to the lipophilic and electronic character of the substituents on the
phenyl group. Using a more extensive series of XX analogs, these
workers (37) were able to obtain Eq. (35), which suggests an optimum in
.

108(1/ Cascites — 108(1/Criver) = (= 0.26 = 0.24)7 — (0.10 = 0.02)7*
+(0.65 £ 0.44)0% + (2.27 £ 0.27) (35)

n=11, r = 0.810, s = 0.370, m, = —1.31(-1.92to —0.24)

In addition to copper(II) chelates, Coats and Shah (36) have explored
the QSAR of 4-hydroxyquinoline-3-carboxylic acids (XXI) as inhibitors of
cellular respiration. This result is Eq. (36).

OH

XyCOOH
R
~
N

log(1/C) = (0.45 £ 0.29)MR + (2.68 = 0.47) (36)
n = 14, r = 0.700, s = 0.550

The only significant variable detected by the regression analysis is MR.
This suggests that the substituent R is perhaps binding in a region of the
enzyme in which binding is controlled by van der Waals interactions or
dispersion forces.

3. Ribonucleoside-Diphosphate Reductase

A number of a-N-formylheteroaromatic thiosemicarbazones such as
XXII and XXIII are known to inhibit DNA synthesis (2) in 11210 cells in
mice. The point of inhibition in the DNA synthesis sequence by these
compounds is inhibition of the enzyme ribonucleoside-diphosphate reduc-
tase. There are two sources of the enzyme used for inhibition studies: 0}
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rat Novikoff tumor and (2) H.Ep-2 tumor of human origin. Dunn and Hod-
nett (48) have obtained QSAR for inhibition of the enzyme obtained from
these two sources by analogs of XXII and XXIII.

~N - ~N
R R I
N“ “CH=N-NHCSNH, XN CH=N-NHCSNH,

xxu xxeu

For 50% inhibition of the reductase from H.Ep-2 tumor from human
sources by XXII analogs, Eq. (37) was obtained. Here C is in moles per
liter and F is the Swain—Lupton field effect constant. All terms are signifi-
cant at the 99% level of confidence.

log(1/C) = —0.81 2 Fy + 0.292 mys — 0.24MR, + 6.30 (37)
n =28, r = (.880, s = 0.330

Against tumor of human origin analogs of XXII gave Eq. (38) and against
rat Novikoff tumor a similar set of XXII analogs gave Eq. (39).

log(1/C) = 6.70 ~ 1.81MR; (38)
n =13, r = 0.800, s = 0.370

log(1/C) = 7.67 — 0.44MR? (39)
n =12, = 0.930, s = 0.350

In all cases interpretation of the equations in mechanistic terms is diffi-
cult. The inverse dependence of inhibition with MR could be interpreted
to reflect a steric interface by the ring substituents to binding. This is the
authors’ interpretation.

Another interesting outcome of comparing Egs. (38) and (39) is the sim-
ilarity in response of the enzymes from the two sources to changes in
structure. The active sites of the two enzymes are very similar, implying
that the rat Novikoff tumor enzyme is a good model for anticancer drug
design studies.

C. DNA Binding Agents

1. Acridines

In the design and synthesis of acridines as potential anticancer agents,
the work of Cain and co-workers at the Cancer Chemotherapy Research
Laboratory in Auckland, New Zealand, represents some of the most
thorough and exhaustive in the field. Cain (3/) was one of the first to rec-
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ognize the role of relative lipophilicity in the design of anticancer agents.
From his laboratory has come an extensive series of reports describing
the synthesis and anticancer activity of 9-anilinoacridines (XXIV)
(10-21,30-32,41).

xxiv

The acridines bind strongly to DNA and it is known that the 9-
anilinoacridines bind to DNA with the anilino group positioning itself in
the minor groove. The cytotoxic effect of these substances is thought to
be the result of this intercalation.

In all, over 700 acridines have been synthesized and evaluated for anti-
leukemic activity and toxicity. In a 1982 report by Atwell er al. (10) the
QSAR for these compounds were presented. In this QSAR study, activi-
ties were derived from various dose-response parameters. Also, to model
lipophilicity, R,,, an experimental parameter obtained from the R; value
of a compound on thin layer chromatography was used. For the acridines
this parameter has been shown to be highly correlated with isobutyl-
water partition coefficients. Because the acridines are generally basic
with a wide range of pK, values, this parameter was determined at pH 1.
This assures that effects due to variation in pK,, such as degree of ioniza-
tion, need not be considered in the derivation of their QSAR. This as-
sumes activity is due to the ionic form of the acridine.

The acridines are most effective against leukemia 1.1210, and the mea-
sure of in vivo antitumor activity used in this study is the dose required to
give a standard response of 40% increase in life span in mice. This param-
eter is considered by these workers to be a measure of drug selectivity.
The relationship between drug potency and physicochemical properties is
given in Eq. (40).

log(1/C) = (—0.14 * 0.03) — (0.01 = 0.006)7% — (1.08 = 0.09)c
—(0.32 + 0.16)MR, + (1.04 = 0.13)MR,
—(0.25 = 0.05MR2 — (0.77 + 0.13)[;5 — (1.68 = 0.21)E g
+(0.78 = 0.13)yo, + (0.70 £ 0.32)Ipar + (0.50 = 0.18)I s
—(1.25 + 0.37)Rys + (3.73 = 0.07) (40)

n = 509, r = 0.878, s = 0.323, log P, = —0.6
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The range in the dependent variable in molar terms is 3300, and with 13
variables in the equation there are 39 compounds for each variable. A fit
to a bilinear model gave a steeper negative slope of the 7 terms with the
statistical parameters r = 0.893 and s = 0.305. This slightly better corre-
lation is probably not significant. Therefore, this is no improvement over
the parabolic relationship.

Because the # term refers to 7 constants for all substituents on the
acridine system, it was shown that log P, for the set is — 0.6, which is in
agreement with most other results of QSAR for antileukemia drugs. Con-
sidering this, the lipophilic terms suggest a dependence on distribution.

An explanation of the dependence of activity on electronic properties of
the substituents is not clear. It is known that DN A binding is enhanced by
electron release. Also the acridines are deactivated by a mechanism that
involves initially attack by a thiol group on the C-9 position of acridine.
This eventually results in displacement of the side chain. This is enhanced
by electron releasing groups on the acridine system, conferring greater
stability to thiol attack. Thus the electronic term may reflect a resultant of
a combination of effects.

The MR and E, terms were interpreted to reflect steric effects, and the
optimum in MR; is consistent with this. The negative coefficient for E; in-
dicates a cooperative effect on activity, as F, constants are less than zero.
Such effects are rare but could in this case be due to substituents forcing
the side chain into a conformation more favorable for intercalation. An-
other steric term, I, ¢, indicates 3,6-disubstitution; its negative coefficient
indicates a detrimental effect of substitution at these positions on activity.

The remaining terms are all indicator variables of ambiguous interpreta-
tion in terms of discrete interactions or effects. The Iyo, term is given a
value of 1 for those compounds with a 3-NO, group. This group at the 3
position gives enhanced activity and also toxicity.

In an effort to derive a structure—toxicity relationship for the acridines,
Eq. (41) resulted.

log(1/C) = (—=0.07 + 0.02) ¥ 7 — (0.76 + 0.09) ¥ o
—(0.56 + 0.48)MR, — (0.24 + 0.13)MR,
—(0.59 + 0.12)MR; — (0.12 + 0.04)MRZ — (0.09 = 0.16)E.y
—(0.61 = 0.11E%, — (0.51 = 0.14)[, 5 + (0.43 = 0.12)]y,
—(1.13 % 0.33)[gs + (0.50 = 0.13)Iyy, + (3.57 = 0.12) (41

n = 643, r=0.771, s = 0.362

The dependent variable is the molar LD, with toxicity varying over a 700-
fold range in molar terms. The relationship is almost identical with Eq. (40)
except for a slightly poorer statistical fit. This similarity again indicates
that the potency and toxicity may not be separable.
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A result of this work by Cain and his research group is the analog of
XXIV, m-AMSA (R = 1'-NHSO,CH,, 3’-OCH,), which has been cleared
for clinical trials and shows promising results.

2. Anthracyclines

The anthracyclines (XXV) represent one of the more potent and promis-
ing new leads to anticancer agents (38). An analog of XXV, adriamycin
(R = COCH,0H; R! = NH,), has been shown to be very effective
against various experimental tumors. One of the difficulties with the ther-
apeutic use of the anthracyclines, however, is their extreme cardiac tox-
icity, which appears to be cumulative. In an attempt to use QSAR to sepa-
rate these two responses and minimize the undesirable toxic effects, Fink
et al. (53) derived what they called quantitative structure—selectivity rela-
tionships (QSSR). From activity data against B-16 melanoma in the
mouse for 23 analogs of XXV, Eq. (42) was derived. Here C is the molar
concentration giving a 25% increase in life span in the test group.

log(1/C) = (- 0.41 = 0.13) log P + (0.48 = 0.35)], (0.81 = 0.38)/,
+(6.57 = 0.32) (42)

n =23, r = 0.870, s = 0.290

The indicator variable I, refers to the presence of the 4-OH substituent
and I, implies the presence of a very lipophilic hydrazone substituent in
position 9.

Cumulative cardiotoxicity is modeled by Eq. (43), which includes the
same variables as Eq. (43) with the exception of I,, which indicates the
three analogs with R! = tertiary amine.

log(1/C) = (= 0.30 = 0.11) log P + (1.01 = 0.25)], + (0.69 + 0.33)/,
+(0.74 = 0.34)], + (4.82 = 0.22) (43)

n =21, r = 0.930, s = 0.180



4. Antitumor Agents 167

From these relationships the effect of lipophilicity on both activities is
almost equivalent and from the series of compounds examined it appears
that the separation of antitumor activity and cardiac toxicity may not be
feasible. The authors suggest a reasonable alternative: to explore more
hydrophilic analogs in an effort to find an optimum in lipophilicity, if pos-
sible. This has been done with other types of anticancer agents, and the
use of QSAR in this way could lead to more useful and effective anthracy-
clines.

Kessel (76) has shown that various pharmacological effects of the three
anthracyclines below (XXVI, XXVII, and XXVIII) are a function of lipo-

] I i I COCH OH

CH,
CH,
HO
NH,
0 OH XXVI 0
OH 0o

HO
NH,

xxvin

NH,
xxvi

philicity as modeled by log P in the 1-octanol-water system. These re-
sults are given in Table III. In this case the activity is cytotoxicity to
L1210 cells in culture, and ID,, is the dose inhibiting growth of cultured
cells by 50%. It can readily be seen from the data that activity increases

TABLE 1i

Structure~-Activity Data for Anthracyclines

Compounds Log P ID;y (mg/ml)
XXVHI ~1.00 15.00
XXVHI —0.66 7.50

XXIX 0.16 3.00
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with log P, and it is reported (76) that the rate of uptake and amount of ac-
cumulation of the drugs in the tumor cells also are directly related to
log P.

D. Miscellaneous Antitumor Agents

1. Sesquiterpene Lactones

Using plants as sources of potential anticancer agents Eakin er al. (50)
have isolated a number of structurally complex and cytotoxic sesquiter-
pene lactones. An example of such compounds is elephantonin (XXIX).
The mode of action of such compounds is not thoroughly understood.

XXxix

Some structural features, however, are known to be necessary for op-
timum activity. The a-methylene-y-lactone and the conjugated ester side
chain are groups that can undergo addition with the sulfhydryl groups of
cysteine to yield unstable addition products (50) and are necessary for
high activity.

If such groups are present in the molecule, then variations in activity
within a series of sesquiterpene lactones can be shown to be a function of
differential transport (50). For lactones containing only the a-
methylene-y-lactone function, activity depends on the octanol-water log
P according to Eq. (44) where C is the micromolar concentration giving a
50% inhibition of KB cell growth in culture.

log(1/C) = 0.58 log P + 4.56 (44)
n=9, r = 0.870, s = 0.220

For compounds containing only the a, B-unsaturated ester side chain,
activity was similarly a function of partitioning, as shown in Eq. (43). The
parameters in both equations are similarly defined. Comparing Eqs. (44)
and (45), the differences in slope terms might suggest differences in trans-
port mechanisms because the intercepts are identical for all practical pur-
poses.
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log(1/C) = 1.02 log P + 4.54 45)
n=12, r=0810, s=0410

If both functions required for activity in the sesquiterpene lactone class
are present, no significant relationship between activity and lipophilicity
was observed for five compounds, possibly indicating a dual mechanism
of action.

2. Inhibitors of Mitotic Cell Division

In some recent studies with the Vinca alkaloids, Donigian et al. (46)
have shown that these compounds exert their cytotoxic effect by in-
hibiting cell division. This cytotoxic activity is due to the alkaloid in-
teracting with the microtubulin protein tubulin, forming a drug—protein
complex. This disrupts the mitotic spindle apparatus and leads to cellular
malfunction and cell death.

Vindoline (XXX) is an example of such an alkaloid. By obtaining
drug—tubulin binding constants (K;) for a series of Vinca alkaloids and
using measured and calculated log P values, Donigian et al. (46) derived
Eq. (46).

T
Su®
HC O N 0OCCH,

CH, COOCH,
AXX

log C = 0.22(log P> — 1.06 log P — 0.52 log K4 + 5.37 (46)
n =10, r=0.85

In this case C is the dose giving the optimum 7/C against P-388 leukemia
in the mouse. This relationship reflects an optimum in activity with log P
because the activity is not expressed in the usual reciprocal manner. The
optimum log P is approximately 2.40, somewhat higher in general than
that found for alkylating agents and other anticancer drugs.

Equation (47) shows the relationship between toxicity and these param-
eters. Here again C is the LD;, in umol/kg.

log C = 0.13(log P> — 0.52 log P — 0.48 log K, + 4.65 (C)]
n = 10, r=0.84
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The difference between Eqs. (46) and (47) is the intercept term, indicating

that there is some selectivity in the mode of action of these alkaloids.
One of the most potent inhibitors of mitotic cell division is colchicine

(XXXI: R = COCH,, R! = OCH,). Colchicine itself is a naturally occur-

ring compound and was known in ancient times to have anticancer prop-
erties. This activity is thought to be due to its ability to bind to a cysteine
residue in the tubulin polypeptide (24,25), thus preventing cell division.

Even though there has been some clinical interest in the use of colchi-
cine its extreme toxicity has limited its use in treatment of human cancer.
Such use has also been hindered by the more favorably acting Vinca alka-
loids.

Attempts have been made to study the QSAR of colchicine and its an-
alogs in an effort to separate activity and toxicity. Beisler and Quinn (24)
have obtained data from NCI files on 16 analogs that were sufficiently ac-
tive for a QSAR study. From this set Eq. (48) was derived for activity
against P-388 leukemia in the mouse.

log(1/C) = (0.67 = 0.28) log P — (0.19 = 0.07)(log P)*> + (1.77 = 0.59)1
+(4.13 = 0.620) (48)

n =16, r = 0.927, s = 0.499

Here C is the molar concentration required to give a 40% increase in life
span. The indicator variable was necessary to distinguish the activity en-
hancing effect of R = COCH, substitution. From this relationship log P,
is estimated to be about 1.30.

On the basis of this relationship twelve compounds were designed, syn-
thesized, and tested. Of the twelve compounds nine were active, and Eq.
(49) which resulted is an indication of its very good predictability.

log(1/C) = (0.58 + 0.28) log P — (0.20 + 0.08)(log P)? + (1.72 = 0.51)1
+(4.22 + 0.56) (49)

n =25, r = 0.883, s = 0.546, log P, = 1.45
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The log P, = 1.45 estimated agrees well with that obtained by Eq. (48).
Toxicity studies on this same series of compounds led to Eq. (50) in
which C is the molar LDj,.

log(1/C) = (0.40 = 0.29) log P — (0.14 = 0.08)(log P)* + (1.24 + 0.52)]
+(3.65 = 0.57) (50

n = 26, r = 0.790, s = 0.564

Unfortunately, this relationship suggests a strong intercorrelation
between activity and toxicity. Because the analogs studied here were all
7- and 10-substituted derivatives of structure XXXI, it was decided to
abandon variation in these two positions in search of more active agents.
Variation in position 4 has been undertaken and at the time of this writing
promising results are indicated for substitution here.

3. Radiosensitizing Agents

Attempts to develop agents that can selectively sensitize cancer cells to
the effects of ionizing radiation represent a novel approach to cancer ther-
apy (/,6). This approach to cancer treatment is not chemotherapy but in-
stead an indirect use of drugs to obtain a selective cytotoxic effect by ion-
izing radiation.

As a general model for studying the radiosensitizing effects of such
compounds, hypoxic (oxygen deficient) bacterial cells in culture are used.
In the testing of potential radiosensitizing agents, hypoxic cells are
treated with a given concentration of the test compound for a given time
period, usually 2 h (/), then a dose of ionizing radiation is given. The en-
hancing effect (increased lethality) of the radiation is determined as the
ratio of the slopes of the accumulated dose versus the surviving fraction
of cells from the treated and control groups. This enhancement ratio
(CER,) is usually reported as C, , or C,g.

Compounds that have been shown to be radiosensitizing are generally
nitro aromatics and nitro heterocyclics. In a study of the QSAR for such
compounds Adams er al. (1) derived Eq. (51), where C is in mol/dm?,
giving a 1.4 enhancement of cell (Chinese hamster) kill by ionizing radia-
tion and E/V is the one-electron reduction potential of the test com-
pounds.

log(1/C) = (7.01 = 0.64)E/V + (6.48 = 0.26) (51)
n =42, r = 0.860, s = 0.280

This dependence on reduction potential is not unexpected. The fact that
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activity was not dependent on the 1-octanol-water log P is unexpected
since one might expect selective transport or uptake to be important.
Log P varied within the series of 42 compounds from — 1.30 to 2.38 and
there was almost a 10,000-fold range in the activities, so if this were the
case it would have been detected.

In a similar study limited to the effects of nitroimidazoles (XXXII and
XXXIII) on hypoxic bacterial cells, Anderson and Patel (6) derived
Eq. (52).

o,N\E:f:E:R‘ RKTEji?E,uo,

log(1/C) = (9.32 £ 1.06)E/V + (0.25 = 0.05) log P + (6.71 = 0.41)
(52)

n=29, r = 0.970, s = 0.160

Here C is the molar concentration giving an enhancement of cell (Escheri-
chia coli) Kkill of 1.7. Likewise against Streptococcus lactis the same
radiosensitizing effects of the set of heterocycles were related to physico-
chemical properties by Eq. (53). Higher order terms in log P were not
statistically significant.

log(1/C) = (9.53 £ 24N)E/V + (1.49 = 0.12) log P + (6.74 = 0.97) (53)
n=29, r = 0.910, s = 0.360

It is obvious that for this set of heterocycles transport apears to be signifi-
cant. These authors do state that in preliminary experiments sensitizing
efficiency can be obtained from compounds having high lipophilicity.

l1l. CONCLUSION

One of the most significant applications of QSAR in antitumor drug de-
sign has come from the work of Cain and co-workers (10-21,30-32,41).
Cain (/0) was one of the first to realize the importance of systematic varia-
tion in structure within a series of compounds in an effort to optimize
activity. This systematic approach has been outlined (/0), and it is
suggested that log P, be obtained from an homologous series of a lead
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early on in the optimization process. Once this log P, (which is presumed
to reflect optimum transport properties) has been obtained, it can then be
considered in the problem of optimizing activity with respect to other
physicochemical parameters (68).

Using this approach the compound m-AMSA (XXIV: R = 1'-
NHSO,CH;, 3'-OCH;) was designed, which has now proceeded to the
final stages in the Linear Array (Fig. 1).

This same effect of structural variation on lipophilicity (and transport)
has been stressed by Hansch (67) who has shown that log P, can be ex-
pected to be quite different for different tumor types. For example, his
work shows that a log P, of about 0 is found for N-nitrosoureas against as-
citic tumors (69) such as L1210, whereas solid tumors such as Walker 256
respond to more lipophilic drugs with a log P, of about 2 (70). Numerous
cases of this phenomenon, which is not generally obvious if QSAR
methods are not applied to the data, have been reported.

Another approach to lead optimization, which is somewhat more
straight forward then the method used by Cain, is the use of cluster analy-
sis (54). This method is most efficient if the lead compound is to be altered
by introduction of standard substituents such as Cl, NO,, F, and CH; into
alead. As has been shown in this writer’s laboratory (33), this method can
lead to optimum activity within a series in a very efficient manner. Using
this approach a series of 14 analogs of the triazene XV were synthesized
and tested against S-180 in the mouse with the result that 13 were active.
Two of the compounds designed from the clusters advanced to Stage IIB
in the Linear Array. As much information was obtained from this study of
14 compounds as was obtained from a study of a set of 64 similar triazenes
62,65).

The use of QSAR methods in the design of mitomycin analogs (X) pro-
duced one that led to a clinically useful drug (23). Another result of the
use of QSAR was the design study of colchicine (XXXI: R = COCHj,,
R! = OCHj3;) analogs in which it was concluded that variation in the 7 and
10 positions should be abandoned and variation in the 4 position under-
taken (24,25). Although this may have been eventually concluded without
QSAR, the conclusion was reached after synthesis of only a small number
of colchicine analogs and was the direct result of structure-activity and
structure—toxicity studies of the same compounds.

It is encouraging that QSAR methods are being applied to other aspects
of cancer therapy such as the search for effective enhancers of radiation
therapy (/,6). At present this is a little explored area of cancer therapy
and only a small number of such reports have appeared. Further work
applying QSAR to the design of more effective radiation enhancing agents
may prove profitable.
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1. INTRODUCTION

A surprising amount of literature has been uncovered for this review of
cardiovascular QSAR studies. However we have tried to keep tables and
figures to a minimum. Appropriate references have been given and cover-
age of nonquantitative studies has been kept to a minimum. Equations re-
lating only one independent to one dependent variable have not usually
been given, but the statistics have been noted, and the sign of the correla-
tion indicates the direction of the correlation.

The variety of methods of reporting statistical information is due to the
idiosyncratic nature of the literature itself. The information available has
been given. The convention of using D for distribution coefficients ([oc-
tanol]/[aqueous]) and P for partition ([free base, neutral or acid in oc-
tanol]/[free base, neutral or acid in aqueous]) has been observed. Finally,
pX = log(1/X) has been used for expressing biological activities.

One of the major difficulties of studies on cardiovascular (CV) effects is
the pharmacodynamic nature of the CV system. Aside from the usual dif-
ficulties in transferring in vitro data to in vivo systems, the CV system has
a host of compensatory mechanisms for maintaining homeostasis.
Although the CV area of medicinal chemistry benefits in many cases,
from direct measurement of the desired therapeutic effect (as opposed to
the CNS area, for example), the parameters are not always independent
or straightforward. For these reasons, it is easy to criticize many of the
studies reported herein. It is hoped that this review will help to motivate
workers to increase their level of interest in this challenging area of drug
design.

Il. ANTIANGINAL AGENTS
A. B-Blockers

1. Activity and Selectivity

In 1948 Ahlquist (/) first proposed the classification of adrenergic re-
ceptors into two subtypes, a and 8. Sensitivity of the a-receptor to cate-
cholamines in both isolated tissues and intact animal preparations is
epinephrine > norepiniphrine >> isoproterenol. On the other hand, the
B-receptor shows isoproterenol > epinephrine >> norepinephrine. Fur-
ther subdivision of receptors has been proposed, as shown in Scheme 1.
More recent technology has shown that tissues can possess combinations
of B-receptor subtypes (42). For example, the lung has been shown to
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Bt :3 Dreyer and Offermeier
chrono  ino (1975)
SCHEME 1

have B8,/B, = 0.3 (21); the population of B-receptors has been related to
both thyroid state and temperature (28,/29). Minneman and Molinoff
(166) have reviewed the latest technology and have proposed an extensive
set of criteria for the in vitro classification of 8-adrenergic subtypes.

Stimulation of the a-receptor in various tissues generally leads to exci-
tatory responses (constriction of skin and splanchnic arterioles, intestinal
and bladder sphincters, reduction of intestinal motility, and inhibition of
insulin release), whereas stimulation of 8-receptors generally leads to in-
hibitory responses, except in the heart (increase in chrono- and inotro-
pism, dilation of arterioles of skeletal muscles, relaxation of bronchial
smooth muscles, and increase in glycogenolysis and lipolysis). See Sec-
tion II,A,1,a for a discussion of the biochemical mechanism of action in-
volving cAMP.

B-Adrenergic blocking agents were developed as agents that might pro-
tect the heart from sympathetic drive (formerly ‘‘sympathetic denerva-
tion’’) and therefore prevent further ischemia in patients already com-
promised by angina pectoris (35). The direct result of B;-blockade is
bradycardia, reduced atrio-ventricular conduction, and reduced car-
diac output. However, because B-blockers are mostly lipophilic amines,
there are a number of side effects that might be due to the membrane
properties of these agents (see Section II,A,2). Clinically, g-blockers
have found wide use in a number of diverse indications, not all of which
depend on direct B-adrenergic blockade: angina pectoris, arrhythmias,
hypertension, Fallot’s tetralogy, hypertrophic obstructive cardiomop-
athy, hyperkinetic heart syndrome, myocardial infarction, thyrotoxico-
sis, pheochromocytoma, Parkinsonism, migraine, tremor, anxiety
states, schizophrenia, glaucoma, and narcotic or alcohol withdrawal
(71,76-78). Numerous excellent reviews have been published
(2-5,13,32,70,83,157,163,177,180,254,266), including one on the design
of B-blocking drugs (23).
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Fig. 1. Dose-response relationship for a cardioselective nondepressive g-blocker
(XI: R = EBHENHCO; R’ = i-Pr) in the anesthetized, vagotomized dog, iv. Rats give a
similar profile. Experimental: Mongrel dogs were bilaterally vagotomized and anesthe-
tized iv with 30 mg/kg sodium pentobarbital, supplemented by an additional 5
mg/kg/h and were respired with room air by a Harvard respirator. Right ventricular
contractile force was recorded by a Walton-Brodie strain gauge sutured to the free
right ventricular wall; systemic blood pressure was recorded from a cannulated fe-
moral artery and tracheal pressure was recorded by a venous pressure transducer at-
tached to the endotracheal tube by a cannula. Data were recorded on a Beckman Type
R Dynograph or a Grass Model 7 Polygraph. Drug administration was bolus (iv) into a
cannulated femoral vein. Dose levels of 0.09 ug/kg and 0.5 ug/kg of (+)-isoproterenol
sulfate dihydrate were administered during the control period and at 10 and 20 min fol-
lowing each dose of g-blocker. A dose of histamine (0.5-2.5 ug/kg), which produced a
standard 10-20 mm H,0 increase in tracheal pressure, was administered 30-40 sec
following each 0.09 um /kg dose of isoproterenol. Four to six doses of g-blocker in the
range 0.01-3.16 mg/kg were administered with 45 min intervals between doses. One
B-blocker was studied per dog. Dose levels were expressed in terms of base. Parame-
ters were calculated from cumulative doses and were fit by unweighted least squares
through the logit transformed responses. Molar doses were used.

Rats were anesthetized with pentobarbital, the jugular vein was cannulated for iv
drug administration and the carotid artery was cannulated for blood pressure and
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The design criteria for B-blockers are therefore: activity (chrono-
and/or inotropism), selectivity (heart over lung, vasculature, and other
tissues and also pure blocking activity over partial agonist activity, ‘‘in-
trinsic sympathomimetic activity’’ [i.s.a.]) and cardiodepressivity (mem-
brane side effects). One of the major difficulties in the design of B-
blockers is the nature of the pharmacological data. Exclusive use of in
vitro receptor studies neglects the pharmacodynamic nature of this class
of agents. However, because of the dynamic nature of the CV system, it is
not clear if independence of measurement is always achieved. Blockage
of chrono- and inotropic effects are significantly correlated in a series of
alkylcarbamoyl-substituted thiazole 8-blockers (r = 0.898) (247). Inotro-
pism and blood pressure may be related because peak pulse pressure is re-
lated to force of contraction. A further difficulty, at least with larger
experimental animals, is that of obtaining reproducible results or results
on a sufficiently large number of animals because of the extensive
surgery, cost, and animal-to-animal variation (e.g., sympathomimetic
tone). A final difficulty is the lack of concensus as to the desired profile for
these agents because agents with virtually every combination of activity,
selectivity, i.s.a., and depressivity have been studied in the clinic
(254,266). Nonetheless, propranolol is still the dominant agent of choice
). The profile of a potent, cardioselective, nondepressive g-blocker de-
signed by QSAR is shown in Fig. 1.

a. Adenylate Cyclase. Rosen et al. (91,92,194) have studied the
relationship between stimulation or inhibition of frog erythrocyte adeny-

heart rate. The animal was placed in a body plethysmograph and ventilated with room
air using a Harvard rodent respirator. Transthoracic pressure, tidal volume, and air flow
were processed by a computer that provided on-line computation of dynamic compli-
ance and airway resistance. A dose of methacholine (3-6 ug/kg, iv) was selected,
which produced a standard decrease in dynamic compliance. Isoproterenol (0.5
rg/kg, iv) was given 30 sec prior to methacholine. This established control levels for
heart rate and pulmonary protection. Drug was administered foliowed by 10 min
waiting period, a challenge of isoproterenol and methacholine (30 sec apart), and a
5 min recovery. Each animal received four increasing iv doses of drug. Data reduction
was similar to that in the dog experiment. Three to four rats were used per compound.

The following parameters can be defined: activity, pED;, = log(1/ED,,), dose
causing 50% block of isoproterenol induced chronotropic or inotropic (right ventricu-
lar) response; depressivity, —pED_,, = log ED_,,, dose causing 20% drop in rate,
force, or mean blood pressure; and vascular effect, — pED,, = log ED,,, dose causing
20% decrease in isoproterenol induced hypotension (diastolic), or lung effect, dose
causing 20% block of isoproterenol protection against histamine (dog) or methacho-
line (rat) increases in pulmonary overpressure (dog) or decreases in dynamic compli-
ance (rat). All parameters are defined so that a more positive number is more desirable.
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late cyclase and B-adrenergic tissue preparations by various compounds,
finding qualitative SAR. Frog erythrocyte adenylate cyclase exhibits B,-
receptor responses, however.

Bilezikian et al. (33) studied binding and inhibition of over 40 gB-
blockers to turkey erythrocyte adenylate cyclase. This excellent collec-
tion of data has not been subjected to QSAR.

For a diverse set of 18 B-blockers related to 1, significant correlation
(r = 0.954) between in vitro dog heart and in vitro guinea pig heart adeny-
late cyclase has been found (/0).

Unger (247,248) has described the correlation of inhibition of guinea pig

0
il

A
REC/(S)\O/\l/\NHR'
OH

I
lung and heart adenylate cyclase by a series of compounds (I: R = ali-
phatic, including bulky and/or unsaturated; R’ = {Pr, tBu).*
—pIlD¥re = —4.5+ 0.4C @ 5) + 0.9C @ 8) — 0.5(H @ 8)
+0.1Cfge — 0.5D e (1)
n=19, s = 0.14, r=0.924

pID™ = 4.9 + 0.4[(C=6) = 3]+ 02C @ 7) — 0.1C%e — 0.2D__
_O.SDi_pr + 0.6Di_prDcycle (2)

n=19, s = 0.14, r = 0.947

Note that lipophilicity is not important in Egs. (1) and (2) but that de-
tailed topographical features are. [See Unger et al. (247,248) and below for
a complete discussion and explanation of variables.] Lung activity is di-

* The numbering scheme and parameter definition is illustrated for 2-Me-hexyl as follows:

T I
C’—CG—CS—C‘—C3—C2—I‘II’—C
H

The following types of descriptors are typical of those derived:
(C@)59) #C at fifth position (=1)
(H@ 8) #H at eighth position (=0)
(C@8) #C at eighth position (=0)
(C@ =7) #C at seventh and higher position (=2)
[(C = 6) = 3] are #C at sixth and higher positions greater than or equal to 3? (=1, i.e., yes).
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Fig. 2. Model of the lipophilic exoreceptor for g-blockers (l).

minished by bulk along the face of the bulk alkyl R, especially by posi-
tions 5 and 8 down the alkyl chain from the NH (II). Heart activity is

] 5 4 3 ] 5
4 3 6 5
NH
e B
] [} ] 5 2 1
a b 6 s 2 IIIH
n ¢

mainly increased by bulk at the end of the chain (position 6 and higher),
but the side chain is preferably cyclic, saturated and R’ = /-Pr. These
descriptions agree with correlations of in vivo data (vide infra) (247,248).
B, /Bs-selectivity for I can be understood from Egs. (1) and (2) on a molec-
ular basis as arising from slight differences in conformation of the 8-
adrenergic site. This is illustrated in Fig. 2.

b. Tissue Studies. For a series of compounds (IH), (69) selecti-

OH
OMe
m a R = Me /
H
OMe
b.R= H /

Me
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vity of heart rate on isolated rat atria over (,) rat fundus strip was found
to depend very highly on the steric nature of the R group. For example,
Illa possessed high cardioselectivity compared to IIIb (8, /8, = 25 com-
pared to 0.1). Similar studies (206) on IV show identical cardiac:vascular

R O/T\NH_<
H
O Qo
H R
RI
v Vv

selectivities of 0.3 for erythro and threo (IV: R’ = Me; R = i-Pr) but dif-
fering pA, values of 6.3 and 6.82 for erythro on heart and vascular re-
ceptors versus 5.66 and 6.20 for threo. For IV (R'= Me; R =
CH,CH;-3,5-(OMe).-Ph), B,/8: > 40, or a greater selectivity than that
found for practolol (8, /B8, = 22). No correlation with log D (pH = 7.4,
0.02M PO,) was found for the series of eight compounds.

Vascular selectivity of series V was reported (25,272) to be positively
related to the steric overlap of R’ and R based on molecular models
(n =18, r =0.903, s = 0.226). This result led to the ketone (V:
R = Ph)—the oxime could not be formed —which was highly selective.
Further methodological details were not published.

A parabolic curve was found to explain variations in myocardial selectiv-
ity (tachycardia versus vasodilation) as a function of lipophilicity (both
calculated and CHCl;-H,O0) for a series of trimepranol analogs (VI) (278).

Failure to obtain a QSAR in a series of acetophenone oxime ethers
(VID) using 7, 7%, o, F, E;, and parachor was reported (/36). In vitro pA,
values for isoproterenol stimulated guinea pig right atrial strips or trachea
were used.

Zaagsma and Nauta (276,277) studied the QSAR of series VIII, where
Ar is substituted benzene, naphthalene, or tetrahydronaphthalene. All
compounds were ortho-substituted with respect to the alkanolamine side
chains. Isoproterenol stimulated guinea pig right atrium or tracheal strips
were used for potency estimation; antagonism of ouabain-induced ar-
rhythmias and inotropic and chronotropic effects were determined on the
right atrium. Local anesthetic effects were measured on isolated partially
demylinated frog sciatic nerve. See Section II,A,2 for a discussion of the
depressant effects.

Stepwise multiple regression analysis using log D (pH 7.4, PO,), PKaom
(mean values), #', E;, R’ and o@™°. No cross correlations were found
except between log D and #:
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pAdtium = (0 57E, — 0.61 + 5.80 3)
n=17, r=0.977, s =0.159
pAyachea = (0 75E, — 2.96pK,m) + 33.09 4)

n=17, r = 0.999, s = 0.33

The importance of steric properties of the R’ group for both trachea and
atria was noted by the authors. Addition of pK,m, to Eq. (4) was signifi-
cant, although its exact role was not discussed. These results can be
compared with V if one assumes that only one alkanolamine side chain
interacts with the receptor and the other is merely a complicated ortho
substituent.

A series (VIII: R’ = H) with greater variation in the aryl moiety had
earlier failed to give a QSAR for g8-blocking activity but did show simple
correlation with lipophilicity for antiarrhythmic and local anesthetic activ-
ities (see Section I1,A,2,a) (276).

AcO ) o/\o;\NH—< g =NO/EHANH+

Me Me X

vi
Vii

oy
Ponpos

A discriminant analysis of phenylalkylamines has been reported (/32) in
which 138 compounds have been classified into four groups: antagonists
(29 compounds), partial agonists with mainly blocking action (51 com-
pounds), partial agonists with mainly stimulating action (19 compounds),
and pure agonists (39 compounds). A large number (> 50) of local and
global electronic, lipophilic, steric, and special parameters were exam-
ined. Separation of the four classes was obtained with a model that em-
ployed 15 parameters. Reclassification, however, gave only 46% correct
and 4% incorrect classification with poor discrimination between antago-
nists and partial agonists and with mainly blocking action contributing to
the larger error. The following conclusions were drawn.
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1. Prediction of blocking activity requires sufficient hydrophobicity
and size of the meta or para ring substituents.

2. Effect of electronic substitution on the ring is not clear but seems

not to be critical.

Other structure modifications are of secondary importance.

4. Electronic-withdrawing substituents on the ring and hydrophobi-
city and size of amine substituent influence 8-mimetic activity.

w

There are insufficient details to comment further.

Trieff et al. (243) failed to obtain a relationship between in vitro rate of
oxidation by N-bromosuccinimide (NBS) and the pA, values of seven
B-blockers. The pA, values were the means of eight different tissues. A
significant negative correlation was reported for the four nonselective
compounds (r = —0.987), namely, USUV 65-24, pronethalol, propran-
olol, and H35-25. NBS oxidation was used because the authors felt that it
was appropriate to study quantitatively a chemical reaction that all of the
B-adrenergic antagonists might undergo and that might be related to the
biological activity (243). The justification for this choice was the Belleau
model, which, however, is no longer considered valid (Section V,C).

¢. In Vivo Models. Clarkson (48) and Davies (52,53) have sum-
marized a number of QSAR studies on Imperial Chemical Industries
(1.C.1.) B-blockers. Qualitative discussions of QSAR results for other an-
alogs can be found (2/2,213).

Cardiac B-adrenergic blocking potency (isoprenaline tachycardia in
anesthetized cat, dose in ug/kg infused over 30 min providing 50% block)
was correlated for three series (IX), where X = CONH (acylamino) (5/),
NHCO (amido) (210), or NHCONH (ureido) (217).

R®X O/Y\NHR‘
OH

R2
1X
Acylamino
log A =221 —0.807 + 0.1372 — 1.160y,, — 0.2807,,
—0.308r: + 0.308gs (5a)

n = 1507, s = 0.141, mean experimental error = +0.12
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log A =220 — 0.817 + 0.137% — 1.1780,
—‘(1 - 8m)[0.640'm + 022Es] - 0268R1 + 0338Ra (Sb)

n =25, s = 0.19, r = 0.960, mean experimental error = +12
n = 23, s =0.14, r = 0.980
Amido
log A =2.89 — 0.767 + 0.0772 — 0.530,, — 0.348;: + 0.306g: (6)
n = 17 (27 experimental points), s =0.19, r = 0.947
Ureido

log A =1.75 - 0817 + 0.1372 — 1.178po,
— (1 — &u)[0.640,, + 0.22E;] — 0.268x: + 0.455zs (7a)

n=12

In Eqgs. (5) through (7a), A = EDsy X 100/MW,; oy, and o, are meta
electronic effects of ortho R2; 77 is for the total molecule and is referred to
practolol. For Eq. (5a), if R! = ¢-Bu, then o, = 0 and &g, = 1; if
R! = i-Pr, then oy, = 0and 8. = 0;if R = Me or Et, then 8z. = 0; and if
R? = n-Pr, then 8, = 1. For Eqgs. (5b) and (6), if R! = i-Pr or ¢-Bu, then
Srs = Oor 1, respectively. For Eq. (7), if R! = Me, then &z: = 0 or 1 other-
wise. The uneven reporting of statistical parameters was in the original
references (¢8,52,53). The number of points in Eq. (5a) is not clear. Equa-
tion (7) was not obtained by an independent stepwise multiple regression,
but rather the terms in the brackets were copied from Eq. (5b). The curve
fitting as reported is idiosyncratic and the choice of indicator variables
does not appear straightforward, nor is their use or derivation clearly ex-
plained.

Nonetheless, the results of the I.C.I. QSAR modeling are shown in
Fig. 3. Increased lipophilicity increases activity, according to the authors
(despite the parabolic dependence on 7). The ortho position is relatively
sterically free and electron-withdrawing substituents in this position in-
crease activity due to an electronic effect on the amidic NH. There is a
‘‘steric narrows’’ for R? at a distance of 4-5 atoms from the para position
of the aryl (compare Fig. 2). Finally, +-Bu is consistently more active than
i-Pr in this series as R! substituent.

A modified Free—-Wilson—-Hansch correlation of 56 of the I.C.I. ureido
analogs (2/1) has appeared (36). The Free—Wilson analysis » = 0.935 was
used to help decide which Hansch-type parameters to examine in order to
explain the activity of these compounds. The final equations contained
five terms, Eq. (7b), but overall correlation was low.
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Dominant conformation Dominant conformation
about ring-oxygen about terminal C—N
bond for g-antagonist bond for f3-antagonist

Steric action action
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//Metabolism
OCH,CHCH,NHCH(CH,),””

Small steric
influence

/"H ﬁ H, Sz Steric
el (¢] freedom
Bonding to \

receptor

Fig. 3. 1.C.l. Model for p-blockers. Reproduced by permission (52).

2
pC = —0.94 + 0.521, + 0.810 + 0.58 z T — 0.06(2 7r) — 0.761, (7b)
n = 56, r = 0.838, s = 0.265

Omission of four outliers raised the correlation slightly; n = 52,
r=0.886, s =0.230. I, =1 if R = t-Bu (IX) and I, = 0 otherwise;
I, = 1if R = CHMeCH,OPh and I, = 0 otherwise.

Intrinsic sympathomimetic activity was found by the I.C.1. group for
most analogs at some level. I.s.a. was measured in rat depleted of cate-
cholamines by syrosingopine by noting the increase in heart rate when 2.5
mg/kg of compound was given iv. No QSAR were reported; however, a
tentative correlation between population of specific conformers about
1,2-carbon-carbon bond and i.s.a. emerged from a preliminary molecular
orbital study on a series of ortho substituted phenoxypropanolamines
“8).

Cardiac versus pulmonary selectivity was thought to be due to dif-
ferences in distribution. Intrinsic blocking activity (i.b.a.) was defined as
the B-blocking activity (i.e., binding to receptor) corrected for distribu-
tion: i.b.a. = log A — Bw + Cu?* where B and C were taken from regres-
sions such as Eq. (5). Plotting i.b.a. versus log P, one finds a family of
curves representing isopotent binding to cardiac receptors. It was noted
that protection from histamine induced bronchospasm in the guinea pig
(the only measure available for pulmonary effects) showed that com-
pounds on the i.b.a.~log P plot were also grouped by efficacy in bron-
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chospasm protection. From this long series of extrapolations and assump-
tions, the authors concluded that selectivity was due to distributional ef-
fects. Support was found in the data of Somerville and Coleman (I.C.1.)
(215). (see also Jack [/15], but his conclusions are doubtful.) Practolol is
selective in tissue, but it becomes nonselective in their membrane (ves-
icle) fragments. It was noted that purification might have disrupted the
receptor. This observation concerning lack of selectivity for practolol in
vesicle fragments has not been confirmed in at least two other labora-
tories. Burges and Blackburn (39) found about tenfold selectivity in rat
heart and lung. Alvarez (9) studied guinea pig heart and lung adenylate cy-
clase, finding a similar cardiac selectivity for practolol and nonselectivity
for propranolol. As shown above, selectivity can be explained by subtle
differences in receptor conformation (Fig. 2).

Vascular B-receptor selectivity in vivo was measured in the cat as the
pattern of blood pressure effects over time. Diastolic pressure reversal of
+ 30 mm Hg for acylamino compounds was shown to be related to lipo-
philicity, suggesting pharmacokinetic causes. Basil et al. (25) obtained
similar results on series X.

log v/c = —0.46 + 1.307 — 0.2372 (8)
n =12, r = 0.900, s = 0.118, 7, = 2.82

where v is the vascular 1/2 blocking concentration, c¢ is the cardiac 1/2
blocking concentration (anesthetized cats with isoproterenol challenge),
and 7 = 3 (mm: + mre). The individual activities were correlated with

A

0 N
who ooy L
0O R S (0] NHR!

X1

steric terms at low correlation levels because of biological variation, espe-
cially for the vascular data. A larger sample of compounds would proba-
bly be needed to detect subtle steric properties; the compounds studied
were not sufficiently diverse (log alkyl, i-Pr, i-Bu, CH,Ph, and Ph). An-
tiarrhythmic properties (reverting dose for ouabain inducd arrhythmias)
were also correlated (see Section I1,A,2,a).

log(MW/c) = 2.75 + 0.857 — 0.13%% + 0.50E, 9)
n = 14, r = 0.874, s = 0.193, m, = 3.19
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log(MW/v) = 2.90 + 0.70E, (10)
n=12, r=0637, s=0215

Tazolol (XI: R = H, R’ = i-Pr) is a selective myocardial g-stimulant
with mild B-blocking activity (64,147,195,217,218). A molecular orbital
(MO) study on tazolol has appeared (/51). Addition of an alkylcarbamoy],
alkylcarbonylamino, alkylcarbamate, or alkylureido side chain gives
myocardial selective B-blockers (XI: R = R"'NHCO, R"COHN,
R"OCOHN;R’ = ¢-Bu or i-Pr; R” = alkyl) 31/).

The QSAR optimization that commenced after one analog (XI: R =
i-HpNHCO; R’ = t-Bu) had been selected for de