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The graph theoretical indices for a series of 13 benzodiazepines were calculated using a graph-path
topological method. The total molecule, the ring fragments, and combinations of ring fragments were
subjected to a quantitative structure—activity analysis using eight pharmacokinetic parameters. The
metabolic clearance and the blood-to-plasma concentration ratios were most highly correlated with
the graph theoretical indices, with R values of 0.975 and 0.938, respectively. These correlations were
found when the diazepine + benzo fragment and phenyl fragment were used to calculate the graph-
path indices. Terminal disposition half-life was correlated with the benzo + diazepine fragment, with
R = 0.969. Truncating the graph-path codes by eliminating cycles in the total molecule markedly
improved the correlation coefficients. When compared to the graph-path indices for the total mole-
cule, the correlation coefficients for the terminal disposition half-life and metabolic clearance data
rose from 0.721 to 0.935 and from 0.770 to 0.968, respectively, using the graph-path indices of the
truncated molecule. Intrinsic clearance of unbound drug also was poorly correlated with the total
molecule (r < 0.7) but rose significantly using the graph-path indices of the truncated moleucle (r =
0.971 and 0.975 for the well-stirred and parallel-tube models, respectively.)

KEY WORDS: quantitative structure—activity analysis (QSAR); topological approach; benzodiaze-

pines; pharmacokinetics.

INTRODUCTION

Molecular topology has been defined as the mathemat-
ical description of molecular structure (1). Various methods
have been devised that reduce molecular structure to a
number—a topological index (2-4). In general, these
methods apply concepts derived from graph theory in which
constituent atoms of a molecule are represented as the ver-
tices or nodes of a graph and bonds between atoms are the
edges. Thus, the ‘‘graph’ of a molecule represents the mo-
lecular skeleton of the compound. An adjacency matrix is
constructed from the graph, and usually, the various topolo-
gical indices are calculated from this matrix. The differences
in indices arise from the mathematical formulations and as-
sumptions of the particular method. However, what these
methods have in common is that the calculated numbers re-
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sult from knowledge of the molecular structure itself and are
not dependent on laboratory measurement for their deriva-
tion.

When searching for a quantitative structure-activity
relationship (QSAR), normally a physicochemical property
such as the partition coefficient (P) is used as the structural
descriptor. In the case of the partition coefficient, two pa-
rameters may be used: the log P value of the total molecule
or the substituent constant, . The latter parameter is de-
rived with an assumption of additivity of functional groups
to the total molecular property (5). The mathematical rela-
tionship between the property (log P or 7) and the biological
effect is empirically derived by searching for the best statis-
tical “*fit’’ using linear or nonlinear multiple regression anal-
ysis (6).

Topological indices offer us the same opportunity to
search for a best fit in QSAR studies. The topological index
for the total molecule can be calculated, and a correlation
sought with biological activity. Analogous to the use of
the molecule may also be divided into fragments and the to-
pological indices for these fragments can be used in the cor-
relations. If one compares the correlation coefficients ob-
tained with the total molecule versus that found with each
fragment, it may be determined whether only part of the
molecule correlates with a property or activity.

The graph-path topological method developed by
Randic and Wilkins (7) was used in this study. Paths, which
are defined as sequences of adjacent bonds (edges) that con-
nect atoms (vertices or nodes), with no atom appearing more
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than once in a sequence, are counted. These enumerations
are defined as path numbers. To compare differences in mo-
lecular structure quantitatively, Randic and Wilkins consid-
ered the path numbers of a molecule as coordinates in an
n-dimensional, Euclidean space. Each molecule, therefore,
assumes a position in that space, and similarity in structure
can be estimated by calculating the Euclidean distance be-
tween molecules as defined by their path numbers. Mole-
cules that are similar in structure will be ‘‘closer together”
in that space, while dissimilar molecules will be further
apart. Wilkins et al. (8) describe the use of this method in a
QSAR study of aminotetralines.

A variety of pharmacokinetic parameters has been de-
termined for the benzodiazepines (9), but as yet, no QSAR
analysis has been conducted. Our approach in examining the
QSAR of the pharmacokinetic parameters has been to ask
the question, Is the topology of one portion of the molecule
more useful than that of others in predicting a given param-
eter? In answering this question we dissected the benzodiaz-
epine molecules into three areas: the diazepine nucleus, the
benzo ring, and the phenyl ring (Fig. 1). This approach is
similar to the approach used previously by Hall and Kier
(10).

The graph theoretical indices were calculated for each
fragment, and correlation was attempted using multiple re-
gression analysis. Combinations of fragments were also
used, namely, diazepine + benzo, diazepine + phenyl, and
benzo + phenyl, as well as the total molecule. In addition,
the diazepine ring was truncated to reduce the number of
cycles (Fig. 2). Correlation of the graph paths of the total
molecule and fragments with the pharmacokinetic properties
was sought in an attempt to arrive at deductions regarding
the role of the various fragments in characterizing pharma-
cokinetic behavior.

The pharmacokinetic parameters used in these QSAR
studies were all obtained from human data (9):

(1) terminal disposition half-life, ¢#,,,;
(2) unbound or free fraction in plasma, fu;
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(3) unbound fraction in blood, fu,;

(4) blood-to-plasma concentration ratio, A;

(5) terminal exponential volume of distribution (refer-
enced to blood), V,;

(6) modified unbound volume of distribution, V/fur;

(7) metabolic clearance (referenced to blood), CL,
(metabolism accounts for virtually all elimination);
and

(8) intrinsic clearance of unbound drug, CLu,,, calcu-
lated (11-13) by assuming applicability of either the
well-stirred (CLuy .s) or the parallel-tube (CLuy )
model for hepatic disposition.

One major difficulty in analyzing most pharmacokinetic
data is the hybridized nature of parameters. For example,
the metabolic clearance (CL,y, referenced to blood) is de-
pendent on the intrinsic clearance of unbound drug (CLu,,,),
unbound fraction of drug in plasma (fu), and blood-to-
plasma concentration ratio (A\). The volume of distribution
(Vy, referenced to blood) is dependent on the unbound drug
fractions in blood (fu,) and tissues. Since the terminal dispo-
sition half-life (t,,,) is dependent on both CL,,, and the
volume of distribution, f,,, will consequently be dependent
on all the aforementioned parameters. On first consider-
ation, therefore, we expect the regression for ¢,,, to show
dependence on all topological indices used as predictors of
the more primary parameters. However, this is clearly not
the case. Whereas 1,,, correlates best with the diazepine +
benzo graph-path indices, fu correlates best with only the
phenyl moiety path index (vide infra). Since t,,, is biologi-
cally dependent on fu, why should #,,, not also require the
phenyl moiety as a predictor? The answer probably relates
to the phenomenon of “‘collapsing.’’ In the complex array of
parameter interrelationships, the indices for the phenyl ring
probably cancel each other out (in a mathematical sense).
We know, for example, that enhanced values of fu increase
both the volume of distribution and the metabolic clearance
(approximately equal to the total clearance for these benzo-
diazepines). Since half-life is determined by the ratio of

Diazepine + Benzo Diazepine + Phenvl

Phenyl

Fig. 1. Molecular graphs of benzodiazepines and fragments used to calculate the graph theoretical indices.
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Fig. 2. Truncated graphs of benzodiazepines showing various bond breaks

used in the calculation of

volume of distribution to clearance, the influence of the
phenyl ring may be nullified. This same generalized phe-
nomenon could be occurring with all curve fits.

METHODS

The details of applying the graph-path theoretical ap-
proach to arrive at a numerical representation of molecular
structure have been previously described (7,8,14-17). The
method is based on a graph representation of molecular
structures from which ordered sequences of numbers are de-
rived. These values are derived from the graph paths. The
graph-path numbers are calculated using the BASIC pro-
gram of Randic er al. (7,17). Application of the method is
illustrated in Table I with the isomers of hexane. Each carbon
atom is represented as a node; bonds are represented as the
lines connecting nodes. As with other topological ap-
proaches (4), a hydrogen suppressed graph is employed,
i.e., hydrogen atoms are not included to simplify the calcu-
lations. Paths are sequences of adjacent bonds (lines) con-
necting the carbon atoms (nodes), with no atom appearing
more than once in any given sequence. The sum of paths of
length zero is simply the number of carbon atoms in the mol-
ecule; the sum of paths of length one corresponds to the
number of C—C bonds. In both cases these are identical for
all isomers. For paths of length one or greater, the sum of
the path lengths must be divided by two, since each bond is
counted twice (once from both ends of the graph). More-
over, the number of paths of different lengths may not be
independent. For example, for noncyclic structures the total
number of paths is [1/2N(N + 1)], where N is the number of
atoms.

When this method is applied to the series of hexane
isomers, the result is the sum of the number of each path of a
particular length (Table I). These sequences of sums, called
the path codes, are the numerical representations of the
graphs of the four hexane isomers; the differences in the
codes can be related to differences in their structures. This
is more evident with larger molecular structures. Figure 3
shows the molecular graphs and codes for larger, somewhat
similar molecules. The molecular codes for the isomeric
forms of dimethylcycloheptanes and trimethylcyclohexanes
reflect the similarities and dissimilarities of these molecules.
Analyzed qualitatively, the codes of cycloheptyl derivatives
show a high frequency of code values 11 and 12, while the
cyclohexyl series has the value 13 or higher appearing fre-
quently. Since these molecules are isomers, they all have

the graph theoretical indices.

codes which begin identically with the number 9, 9. How-
ever, this observation of similarity must be converted to a
quantitative and systematic algorithm if the method is to be
of any use in QSAR.

A suitable quantitative measure of similarity is derived
by considering the path codes as coordinates in an n-dimen-
sional, Euclidean space, described earlier by Randic et al.
(17). Each molecule occupies a point in that space, and the
similarity between molecules can be calculated as a mathe-
matical difference. Molecules which are similar in structure
and which have similar molecular path codes will be very
close in space; those that are dissimilar will be far apart.
This simple approach can be modified to include various
normalization procedures, €.g., division of path codes by
the lowest common denominator, or truncations of codes
(exclusion of graph paths of specified lengths, e.g., use only
graph paths of distances one through six).

Modifications do not appear to disable the use of Eu-
clidean distances to characterize similarity in molecular
structure quantitatively (17). Equation 1 summarizes the re-
lationship between the two hypothetical sequences a and b:

N
§$' =D, = E ((a; — b)*"™ 1)
i=0

Singularity, i.e., $~! = « or D,, = 0, would denote identical
sequences. A further extension of this method, which was
used in this study, incorporates the type of bond between
two atoms, i.e., single, double, or fractional as in aromatic
systems (17).

In order to use these data in a QSAR study, the com-
pounds must be ordered and assigned a relative value. This
is accomplished by using the method of partial ordering de-
scribed by Randic and Wilkins (14). This results in an or-
dered series, with the first compound in the series desig-
nated the ‘‘reference’’ compound. The reference compound

Table 1. Path Enumerations for Hexane Isomers

Path length

0 1 2 3 4 5
N-Hexane 6 b 4 3 2 1
2-Methylhexane 6 b 5 4 1
2,3-Dimethylhexane 6 b 6 4
2,2-Dimethylhexane 6 5 7 3
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Fig. 3. Molecular graphs and path codes used to compare and differentiate isomeric cyclohexanes and
cycloheptanes.

has (by definition) a value of zero for each of the coordinate
axes, while the remaining compounds have values assigned
by Eq. (1). From this rank order, the series of compounds is
compared to the experimental data (which may be physical
property values or biological activity data). In this study, a
standard, nonweighted least-squares method was used.

The sources of the data and derivations of the pharma-
cokinetic parameter values have been described previously
(9). CLu;,, was selected as an especially appropriate phar-
macokinetic parameter for these QSAR analyses because of
its fundamental importance in determining unbound, phar-
macologically active, steady-state blood levels for hepatic-
ally metabolized drugs orally administered. All the benzodi-
azepines investigated are virtually completely metabolized,
presumedly by the liver. Additionally, CLu,, is independent
of plasma protein binding, tissue distribution, and hepatic
blood flow. The pharmacokinetic models, assumptions, and
derivations have been discussed previously (9,11-13).
CLu,,, values were calculated assuming applicability of ei-
ther the well-stirred or the parallel-tube model (9,11-13).
Calculations based on each of these models produce CLuy,,
values that have a mean absolute difference of 3.36% (a dif-
ference considerably less than experimental error). The
largest difference was for triazolam, 13.3%. Therefore,
QSAR results based on either model would be virtually
identical.

Individual values for CLu,, are actually equal to
ZN CLuy,,, where N is the number of metabolic pathways
for intact drug. Consequently, CLu;, values quantitate
overall drug metabolism rates and do not necessarily reflect
the formation rate of any metabolite in particular.

The modified, unbound volume of distribution, Vi/fur,
is equal to the actual physical volume of tissue into which
drug distributes (V) divided by the weighted, mean un-
bound fraction of drug in those tissues (fup) (9). V; usually
equals the total-body water less the blood volume. There-
fore, the quotient Vi /fu; is a measure of tissue uptake and
binding and increases as tissue binding increases. More im-
portantly, Vi/fuy is independent of binding of drug to blood
components.

The unbound fraction of drug in plasma, fu, is depen-
dent on the number of binding proteins, their concentra-
tions, the number of binding sites per protein molecule, and

the equilibrium association (affinity) constants. Taking pro-
tein concentrations to be constant in all binding experiments
(only healthy subjects were used) and assuming binding of
all benzodiazepines to be qualitatively similar, a decreased
value for fu reflects a greater affinity and/or more protein
binding sites.

RESULTS AND DISCUSSION

The pharmacokinetic parameters for 13 benzodiaze-
pines are listed in Table II. These data were compared to the
numerical values calculated for the benzodiazepines using
the modified graph theoretical approach of Randic ez al.
(17). Figures 1 and 2 illustrate the structural characteristics
of the benzodiazepine nucleus and the fragments which were
used in the correlation studies (including the three ‘‘broken’’
structures). Several different equations were used to eval-
uate the relationship between the path numbers and the
measured pharmacokinetic parameter. Table III summarizes
the correlation coefficients, the reference compound, and
the mathematical model which best fit the data.

The regressions for the graph theoretical indices for the
total molecules result in correlation coefficients, R, of
greater than 0.7 for only two parameters: (1) the metabolic
clearance (CL,),) of the benzodiazepines resulted in an R
value of 0.770 when fit to the curve y = mx® + b using
flunitrazepam as the reference compound; and (2) the ter-
minal disposition half-life, #,, ,, is correlated with an R value
of 0.721 [for the curve y = m (1/x) + b]. All other correla-
tion coefficients using the graph path indices of the total
molecule were less than 0.770.

Since the total molecule was not highly correlated to
any of the selected pharmacokinetic parameters, the benzo-
diazepine structure was selectively partitioned into the
structural subgroups shown in Fig. 1. When regressions of
the pharmacokinetic parameters with the graph-path indices
of the individual fragments were performed, it was found
that certain fragments of the benzodiazepine molecule had
better correlation coefficients than the total molecule. Using
CL,, as the dependent parameter, a correlation coefficient
of 0.975 was obtained using the diazepine + benzo frag-
ment; a correlation coefficient of 0.969 was found using the
diazepine fragment alone. In both cases, the best mathemat-
ical model was y = mx® + b (using as reference those com-
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Table II. Benzodiazepine Pharmacokinetic Data (Mean Values) from Human Studies (9)°

tne Vo Vi/fur CLup CLUjpt e CLuUjp ws
ID No. (hr) fu fuy, N (liters/kg)  (liters/kg) (ml/min/kg) (ml/min/kg) (ml/min/kg)
1. Chlornordiazepam  79.5 0.0454  0.0811 0.560 2.75 33.0 0.434 5.40 5.45
2. Lorazepam 12.4 0.105 0.164 0.642 1.67 9.76 1.56 9.82 10.1
3. Triazolam 2.25 0.110 0.196 0.560 1.26 6.07 6.24 36.5 42.1
4. Chlordiazepoxide 9.38  0.0605 0.0913  0.663 0.466 4.34 0.564 6.25 6.32
5. Demoxypam 30.0 0.217 0.329 0.660 0.703 1.92 0.283 0.865 0.870
6. Bromazepam 12.0 0.477 0.714 0.668 0.900 1.16 0.770 1.10 1.11
7. Oxazepam 7.33 0.0427  0.0411 1.040 0.673 14.7 1.06 26.3 26.9
8. Nordiazepam 45.5 0.034 0.0607  0.560 0.807 12.1 0.205 3.39 3.40
9. Flunitrazepam 13.5 0.220 0.293 0.750 4.58 15.4 3.92 14.5 15.8
10. Diazepam 36.0 0.0134  0.0231 0.580 1.91 79.7 0.672 29.5 29.9
11. Medazepam 5.13 0.0070  0.0125  0.560 1.17 88.0 2.64 223.0 236.0
12. Clorazepam 35.8 0.134 0.239 0.560 5.48 22.6 1.64 7.09 7.33
13. Nitrazepam 21.7 0.137 0.221 0.620 2.92 12.9 1.64 7.67 7.93

2 ty, , is terminal exponential half-life, fu is unbound fraction in plasma, fu, is unbound fraction in blood, \ is blood-to-plasma concentration
ratio, V, is volume of distribution during the terminal exponential phase (referenced to blood), (Vi/fuy) is volume of tissue into which drug
distributes divided by weighted, unbound fraction of drug in these tissues, CL,, ,, is metabolic clearance (referenced to blood), CLup y is
intrinsic clearance of unbound drug (parallel-tube model), and CLu;,, , is intrinsic clearance of unbound drug (well-stirred model).

pounds designated in Table III). The metabolic clearance
also had a high correlation (R = 0.943) with the benzo +
phenyl fragment.

The correlation coefficients are generally highest for
metabolic clearance, especially when correlations are made
with indices representing the diazepine fragment. Benzodi-
azepines are metabolized predominantly on the diazepine
portion. This includes ring hydroxylation in the 3 position,
N! dealkylation, and in the case of triazolam, hydroxylation
of the methyl group attached in the triazolo ring. In this
study, the triazolo ring was treated as being part of the dia-
zepine fragment. Surprisingly, CL;,;, which is a less hybrid-
ized index of drug metabolism, correlates best with the
benzo + phenyl indices. As these moieties are generally not
appreciably involved in drug metabolism in humans, this
points to a lack of mechanistic correspondence between the
QSAR model and benzodiazepine metabolism.

The half-lives of the benzodiazepines were also well
correlated using the molecular fragment approach rather
than the total molecule (Table III). The best correlation coef-
ficient (R = 0.969) was observed when ¢,,, was correlated
with the diazepine + benzo moieties, using compound 5 as
the reference and using the mathematical model, y = m(1/x)
+ b. In addition, the benzo + phenyl fragments gave a cor-
relation coefficient of 0.881 using compound 2 as the refer-
ence with the relationship 1/y = mx + b.

The blood-to-plasma concentration ratios correlate well
with the phenyl moiety (R = 0.938) using compound 1 as the
reference [with the mathematical relationship, y = m(1/x) +
b]. The diazepine fragment has a lower correlation (R =
0.707). The fragments with the most lipophilic character (the
benzo fragment, benzo + phenyl, and diazepine + benzo)
resulted in R values of 0.819, 0.811, and 0.818, respectively.
These data suggest that the diazepine ring is not the major
benzodiazepine structural feature that correlates with blood-
to-plasma partitioning.

Regression analyses were also performed with fu and
fu, parameter estimates. The best correlation was found be-
tween fu and the indices for the phenyl fragment (R = 0.777)

and between fu, and the diazepine + benzo fragments (R =
0.719). Surprisingly, the fu and fu, individually have a corre-
lation coefficient of <0.700 when correlated with the benzo
+ phenyl fragments together.

Data of Lucek and Coutinho (18) indicate that the ex-
tent of benzodiazepine plasma protein binding is related to
the substitution pattern on the phenyl and benzo rings. The
determining factor is attributed to ortho substitution on the
phenyl ring, which apparently restricts the rotation of the
phenyl moiety. Substitution on the phenyl ring at this posi-
tion is hypothesized to cause the phenyl ring to lie perpen-
dicular to the diazepine ring, and this rotational isomer ap-
pears to have a greater binding affinity. If Lucek and Cou-
tinho are correct, then the findings that fu has a higher
correlation with one fragment, the phenyl, rather than the
combined benzo + phenyl fragments, points to a weakness
mentioned earlier, i.e., statistical correlations do not neces-
sarily imply corresponding mechanistic dependence.

The modified volume of distribution (Vi/fur) shows a
significant correlation (R = 0.898) with the benzo fragment
when compound 9 is the reference and the mathematical
model is y = mx® + b. Noteworthy is the observation that
plasma protein binding (characterized by fu) and tissue
binding (characterized by Vi/fur) correlate best with dif-
ferent fragments.

Inherent in the calculation of graph-path indices of large
polycyclic molecules are paths of extreme length. These
long path lengths in large polycyclic molecules increase the
dissimilarities, or Euclidean distances, between their path
numbers. Since some of the endogenous compounds which
bind to benzodiazepine receptors in the brain are di- and
tripeptides (19), the similarity in structure between the ben-
zodiazepines and selected di- tripeptides was examined in a
preliminary study. It was found that elimination of one of the
C-N or C-C bonds in the benzodiazepine ring produced
structures with a marked similarity to the native peptides
(20).

We wished to examine the effect on correlations if the
molecules were mathematically truncated, reducing the
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Table IIL. Correlation Coefficients: Pharmacokinetics Parameters vs Graph-Path Indices

Total molecule

Total Diazepine Diazepine Diazepine Benzo Benzo Phenyl C,—-N, Ca—Ns Ce-C;
molecule moiety + benzo + phenyi + phenyl moiety moiety break/ break/ break’
tas <0.72i¢ (9) 0.8322  (6) 0.969 (7) 0.842¢ (9) 0.881% (2) <Q.7k <0.7% 0.9326 (4) 0.935% (11) 0.928% (9)
fu <0.7% <0.7% <0.7% <0.7% <0.7% <Q.7x 0.777 (8) <0.7% <0.7% <0.7%
fu, <(.7% <0.7% 0.719¢  (6) <0.7% <0.7* <0.7% <0.7* <0.7% <0.7* <0.7%
X <Q.7% 0.707¢ (1) 0.818¢ (3) 0.715  (3) 0.811F {6) 0.819 (6) 0.938¢ (1) 0.732  (6) <0.7* <0.7%
v, <0.7% <0.7% 0.767° (11) <Q.7* 0.793* (3) <0.7* <0.7¢ 0.805¢ (9 0.867% (3) 0.730%  (3)
Vr/fur <0.7% <0.7% <Q.7% <0,7% <0,7* 0.898° (9) <0.7% <0.7* <0.7% <0.7%
CLuo 0.770c (%) 0.969¢ (9) 0.975¢ (1) 0.866° (9) 0.9434  (10) <0.7k <0.7% 0.960¢ (2) 0.968¢ (9) 0.967¢ (9)
CLujg; o1 <0.7% 0.7062 (3) 0.8282 (3) 0.850¢ (1) 0.8947 (2) <0.7* <0.7% 0.9758 (2} <0.7% 0.720¢ (1)
CLUjnyws <0.7% 0.7052  (3) 0.829¢ (3) 0.892¢ (11) 0.894 (2) <0.7% <0.7* 0.9718 (@) <0.7% 0.806¢ (11)

Note. The correlation coefficients were calculated using the number in parentheses as the reference compound as described under Methods. The
superscript refers to the equation listed in the footnote below for which the data had the largest correlation coefficient. For the x value being the graph
theory indices (independent variable) and y being the pharmacokinetics parameter (dependent variable), the notation x vs 1/y would yield the equation 1/y
= mx + b.

ay = m(l/x) + b.

blly = mx + b.

cy = mx* + b.

4y = mx + b.

ey = mlogx + b.

flogy = mx + b.

tlogy = m(l/x) + b.

ky = mlog(l/x) + b.

flog(l/y) = mx + b.

J The notation “‘break’ refers to the modification of the structure formed by the denoted bond as shown in Fig. 2.

¥ Correlation coefficients of less than 0.700 are not reported.
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number of paths. In order to truncate the graph-path
numbers in a uniform manner, three bonds in the diazepine
molecule were selected to be structurally broken (Fig. 2).
These bonds were chosen so that in the case of the C;—N,
and the C,~N; breaks, the diazepine cycle would essentially
become a linear chain with the benzo and phenyl functional
groups on the chain. The C4—C, break was utilized to elimi-
nate the two cycles of the diazepine + benzo fragment and
make it just one cycle. Since the maximal path length is
usually less than or equal to the number of atoms in the mol-
ecule, truncation of the path numbers would not uniformly
affect the graph theoretical indices. If these molecules were
all isomers, i.e., had the same molecular formula as the
hexanes given in the example under Methods, then trunca-
tion of the path codes would be a reasonable method for this
approach.

As shown in Table III, breaking the diazepine ring of the
total molecular graph causes the correlation coefficients to
increase dramatically as compared to the intact graph of the
total molecule. When comparing the t,,, data using the
C,—N, break of the total molecular graph, there is a notable
rise in the correlation coefficient, from 0.721 for the intact
graph to 0.932 for the truncated diazepine nucleus. This re-
sult is somewhat surprising, and the immediate suggestion
would be that the diazepine moiety does not actually con-
tribute to the molecular representation or that the calcula-
tion is in error. However, when the graph theoretical indices
for the diazepine moiety with the C,~N, break are calcu-
lated and compared with ¢, ,, the correlation coefficient is
not statistically significant (R = 0.106; not listed in Table
IIT). This suggests that the increase in the correlation coeffi-
cient is a result of the path code truncation by means of
reducing the graph-path cycles.

When comparing the previously described correlation
coefficients for the intact total molecule with those of the
total molecule with specific breaks, there is a significant in-
crease in the correlation coefficients for every pharmacoki-
netic parameter listed in Table III. The values of R for the
molecules with the C,—N; break are all larger than those for
the molecules with the C4—N, breaks. However, the differ-
ences are slight with the exception of the terminal exponen-
tial (blood) volume of distribution (V). These variations in
the total graph yield similar graph-path numbers. This is ex-
pected since the maximal path length is the same in both
cases. The differences are probably due to the relative ring
placement of the functional groups.

OVERVIEW

The method of fragmenting the benzodiazepine mole-
cule into molecular subsets and using the graph theoretical
indices as structural descriptors of these subsets to examine
the QSAR of their pharmacokinetic properties (parameters)
leads to useful information. One could, for example, readily
generate (predict) an entire array of pharmacokinetic pro-
files for a multitude of benzodiazepine molecules. The same
could be done for anticipated metabolites. Based on prelimi-
nary calculations, pharmacologists could select for biolog-
ical testing (once synthesized) those compounds most likely
to have the desired pharmacokinetic profile. Thus, for clin-
ical situations requiring a short duration of activity (induc-
tion of anesthesia, anesthesia for tooth extraction, etc.),
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those compounds with predicted large CLu;, values and
short elimination half-lives could be given priority in biolog-
ical screening. The predictions could also be used to help
focus chemists on the synthesis of analogues with desired
pharmacokinetic properties.

Another intellectually gratifying feature of this study
was the demonstration that graph theoretical indices may
serve as good descriptors of molecular structure upon which
to base correlations of pharmacokinetic properties. One
does not need to measure a physical property such as a par-
tition coefficient to perform a property-—activity relation-
ship.

The use of molecular fragments and their graph theoret-
ical indices also allows us to search for those portions of the
molecule which best predict (correlate with) a given biolog-
ical property. It is not necessary to use a total physical prop-
erty to attempt to find a relationship where none may hy-
pothetically exist.

Finally, by using the fragmentation scheme we can, in
principle, begin the process of trying to isolate those struc-
tural features which best contribute (or correlate) to the bio-
logical action. We are not locked into using a nonspecific
physical property such as ‘‘lipophilicity’’ as a means of ra-
tionalizing the biological behavior of molecules. Rather, the
emphasis is on the molecular structure itself. Using molec-
ular structure as a basis, one may hope to gain clues re-
garding specific effects of the molecule, be it interaction of
drug functional groups with receptors or alterations in con-
formation caused by substitution patterns.

In another sense, however, the results of this study are
not encouraging. The best correlations did not occur with
indices from fragments selected a priori for their structural
relevance. If QSAR techniques are to evolve, our con-
structs, images, and hypotheses of the ways in which drugs
work must be more consonant with the system elements
whence the data derive.

This brings us to an even more fundamental issue that
unfortunately has not received much consideration, viz., the
primitive state of the QSAR field. Lipophilicity, bond
strength, bond location, steric effects, etc., may well corre-
late with a multitude of biological response variables, but in
most cases, we simply do not know why. To maintain that
lipophilicity is an important physical property because bio-
logical membranes and cellular structures have lipoidal
characteristics represents a tautological legerdemain. The ex-
istence of parabolic QSAR relationships (where compounds
with dramatically different lipophilic properties elicit quanti-
tatively identical biological responses) may be explained
summarily by introducing even more independent variables
(correlates), but these often lack palpable credibility also.
You feed a set of numbers into a computer and turn the
crank, and out comes a second set of numbers. When it
works, you accept the result and ask no further questions.
When it fails, you try new variables or equations. This is
why most QSAR data are consistent with a number of alter-
native explanations and hypotheses. Fortunately, the history
of pharmaceutical science suggests that this is an interme-
diate (albeit prolonged) desideratum, eventually to be re-
placed by more heuristically fertile constructs of how chem-
icals interact with important homeostatic and other regula-
tory biological entities. Our black-box approach to QSAR
reflects simply the early stage of our theorizing. Although
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