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SUMMARY

Ab initio, quantum chemical methods have been used to study
the possible modes of binding of benzoic and salicylic acids to
cyclooxygenase which lead to their anti-inflammatory action. The
biological data for this work were obtained from full dose re-
sponse curves of the inhibitory potency of active compounds on
prostaglandin production in mouse macrophages. With the help
of simple regression analysis the most important reactivity indi-
ces are identified and the ionization state of the active species
is discussed. From the physical significance implied by these

regressions and an analysis of the electronic charge distributions
of the frontier orbitals, a two-way charge transfer model is
proposed. The electrostatic potentials of active and inactive

have been analyzed, and it is shown that an electro-
static orientation effect seems to make an important contribution
to the binding of the active molecules to their receptor site. An
electrostatic potential model of the binding site is proposed, and
it is shown that this model is able to rationalize the source of
activity or inactivity of the investigated substances.

More than a dozen possible biochemical mechanisms were
suggested (1) when Vane and co-workers (2, 3) and Smith and
Willis (4) demonstrated that therapeutic concentrations of
indomethacin, aspirin, and salicylate inhibit the biosynthesis
of prostaglandins. Since then, a wide variety of chemical classes
of NSAIDs have been shown to inhibit PGS, at least in the
isolated and purified enzyme (5, 6). Nevertheless, although a
large body of experimental evidence has accumulated, the struc-
tural requirements of NSAID activity and even reliable quan-
titative structure-activity relationships are still lacking (7).

The biochemical properties of PGS have been reviewed else-
where (5, 6), and we summarize only the most relevant aspects
relating to NSAID activity. The purified enzyme is an integral
membrane heme-protein located on the cytoplasmic site of the
endoplasmatic reticulum with both cyclooxygenase and hydro-
peroxidase activity. All classical NSAIDs are inhibitors of the
cyclooxygenase with little or no effect on the hydroperoxidase.
In general, the inhibition can occur through different types of
action (8), i.e., reversible competition (substrate-related fatty
acids, most of the common NSAIDs), irreversible competition
[aspirin, which acetylates a serine residue in the active site
(9)], and reversible noncompetition (antioxidants such as phe-
nols).
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More recently, evidence has been presented that the locus of
competitive binding is not only the catalytic site, but also a
supplementary site distinct from, but related to, the catalytic
site (10-12). These latter studies have shown that SAA inter-
acts more effectively at the supplementary site than at the
catalytic site and prevents the inhibition of the enzyme by
indomethacin and aspirin. In addition, the experimental data
suggest that the supplementary site is in a highly lipophilic
area of the enzyme (10).

The existence of two binding sites would help explain the
difficulties encountered in rationalizing the structural require-
ments of NSAIDs. It would also explain why more than one
receptor model seems to rationalize the binding properties of
subsets of these drugs (13, 14). The most natural way to gain
an understanding of structure-activity relationships at the mo-
lecular level is the explicit consideration of inhibitor-enzyme
interactions on the basis of structural models. This direct path
to gaining an understanding of NSAID-receptor binding is
unavailable because the three-dimensional structure of PGS is
unknown. In the present case, therefore, it seems that a prom-
ising alternative approach is one which concentrates on iden-
tifying those electronic interactions which may contribute to
stabilizing the inhibitor-receptor complex without specifying
the shape or explicit attributes of the receptor’s binding sites.

In a previous paper we reported a correlation between po-
tency and the HOMO energy of a sample of 19 substituted
SAAs, BZAs and phenols (15) which implied a charge transfer

ABBREVIATIONS: NSAID, non-steroidal anti-inflammatory drug; PGS, prostaglandin synthase (cyclooxygenase); BZA, benzoic acid (and congeners);
SAA, salicyclic acid (and congeners); MO, molecular orbital; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital;

ESP, electrostatic potential.
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interaction between the HOMO of the drug molecules and a
low lying unoccupied orbital of the receptor. Subsequently, the
sample size was augmented and the plausibility of the acidic
and phenolic active compounds having a common interaction
site was discussed (16).

In this paper we report the results of our search for the
electronic ‘determinants of the anti-inflammatory activity of
simple congeners of SAA and BZA. The reactivity indices and
electronic properties were evaluated from ab initio calculations
in order to achieve a given level of reliability for all of the
properties which might come into consideration. First, regres-
sion analysis was used to find the properties which may influ-
ence potency, and, second, these results were combined with
an analysis of the frontier orbital charge distributions and
electrostatic potentials to formulate an interaction model and
specify the electronic features which seem to be important for
the activity (or inactivity) of the substances comprising the
sample. Computational constraints required that only small
substituents were considered, but within this limitation they
were selected to describe as wide a range in electronic properties
as possible. Moreover, powerful NSAIDs can be found in both
classes of these prototype compounds, i.e., diflusinal and fena-
mates. It is hoped, therefore, that the interaction model derived
from the present studies can serve as a general model for all
NSAIDs which act at the same site as the compounds consid-
ered here.

Pharmacological Data and Details of the
Calculations

The biological activity used in this study is defined as the potency
of a given substance to inhibit the 12-O-tetradecanol-phorbol-13-ace-
tate-induced prostaglandin E, release from mouse macrophages and is
expressed as the negative logarithm of the 50% inhibitory concentration
(pICso) (17). Although the degrees of freedom in the in vitro assay are
considerably reduced compared with in vivo assays, there are a number
of possible side reactions which could influence drug activity beyond
the desired inhibition of cyclooxygenase. These include the inhibition
of the phorbol ester-stimulated, Ca-dependent phospholipase A; activ-
ity by Ca complexation of NSAIDs (18) and the effects of SAAs and
BZAs on membrane. The latter are well known and have been measured
quantitatively (19). Questionable is the influence of these effects on
activity since they may perturb the lipid-protein interaction of both
phospholipase A; and cyclooxygenase.

The pICs values for all of the active SAAs and BZAs for which MO
wave functions were determined are presented in Table 1. It is noted
that caution needs to be exercised in using pIC; values less than 3
since the high concentrations of drug required for their determination
can cause experimental difficulties (solubility, pH, cytotoxicity) (17).
Indeed, we found that, for the regression analyses, the four amino- and
methyl-substituted SAAs with pICs, < 3 had to be excluded, thus
leaving a sample of 18 compounds. Perusal of the pICs, values given in
Table 1 or the more complete set in Ref. 17 shows that the SAAs are
more active than the BZAs. Actually, only a few congeners of BZA
were found which showed any activity at all. In addition, the order of
activity for most SAAs is 5-R = 3-R > 4-R.

Ab initio MO calculations have been carried out at the minimum
basis set level of approximation. The parameters for the basis sets and
programs used in these calculations have been described elsewhere
(20, 21). For reasons of computational economy, standard geometries
were used (22) except for the amino group, where the values were taken
from the microwave determination of aniline (23), and the isopropyl
group, for which a staggered conformation was used. In Ref. 20, results
computed with standard (or experimental) and optimum geometries
were compared and shown to be qualitatively the same.
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Experimental and theoretical studies (24-27) on BZA and SAA have
shown that the preferred conformation of the acidic function is always
coplanar with the ring. In addition, with the two exceptions noted
above, the geometries of the other substituents are chosen to preserve
o-x symmetry. Within this restriction the minimum energy confor-
mation has been used for most cases. For the SAAs the basic confor-
mation I

SCHEME 1

is taken since it is the minimum energy form for the parent compound
with R = H (28). In addition, it should be noted that conformational
changes in the substituent groups which result in very small changes
in total energy have only small effects on the reactivity indices. For
example, the maximum difference between the HOMO energies of the
four conformations of m-OH BZA is only 1.2 kcal/mol which is to be
compared with a range of 25 kcal/mol in the HOMO energies of the
active BZAs and SAAs.

Using our basis sets (20), properties of aniline were calculated for
various amine group bond angles. Comparison of the results indicated
that they were qualitatively insensitive to limited changes in bond
angle. Therefore, to further decrease computational requirements, the
aniline experimental bond angle was used for all amino-substituted
congeners of SAA and BZA. This choice seemed to be reasonable
because ab initio calculations of 0-, m-, and p-NH, phenols have shown
that in all three cases the energies of the planar forms are at least 3
kcal/mol higher than the optimal bent forms (29). Thus, it seems
unlikely that this would change in the substances considered here.

Results and Discussion

Reactivity Indices and Frontier Orbital Charge Distributions

Simple regression analysis was carried out on a large number
of MO reactivity indices and any that exhibited a correlation
greater than 0.6 were retained for further consideration. This
low threshold was chosen because in the present complex case
it cannot be expected that a single parameter can completely
describe the observed activity. It was found that in several cases
the 5-CH; and 3-NH; substituents were strong outliers al-
though they never changed the physical relationship implied
by the regression. Thus, in the following discussion a sample
size (n) of 17 means that the 3-amino substituent was omitted
and for n = 16 the 5-methyl substituent was also excluded from
the calculation. In Table 1 all of the MO parameters which
were found to be significant have been given.

The correlation with enomo reported previously also was
found with the extended sample (r = 0.66, n = 17). In addition,
a correlation with e ymo was observed (r = 0.61, n = 17) which
relates increasing potency with decreasing energy and implies
a charge transfer interaction with the receptor acting as elec-
tron donor and the inhibitor as electron acceptor. In order to
further assess the significance of these relations we investigated
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TABLE 1
In vitro activities and reactivity indices of substituted benzoic and salicylic acids
R PiCsotct €¢(HOMOP LUMO) De® Fe q.’ "' '
SAA
3-NH, 3.72 0.08 —-204.74 33.63 -238.37 2.33 -0.255 1.70 -0.80
4-NH, 2.09 0.44 —224.55 42.82 -267.37 1.52 -0.341 1.98 -0.64
5-NH, 2.94 0.25 —202.20 31.42 -233.62 2.31 -0.253 1.70 -0.77
3-OH 4.43 0.19 —223.02 26.44 —249.47 1.63 -0.252 1.65 -0.83
4-OH 3.02 0.20 —235.88 34.66 -270.53 1.04 -0.322 1.87 -0.70
5-OH 4.61 0.36 -218.10 25.33 -243.42 1.70 —-0.249 1.61 -0.83
3-CH,3 2.71 0.14 —225.86° 33.37 —259.24 1.18 -0.275 1.78 -0.74
4-CH, 2.37 0.56 —229.25 35.48 —-264.73 1.05 -0.294 1.83 -0.70
5-CH, 3.12 0.19 -223.72 33.06 -256.78 1.25 -0.274 1.76 -0.73
H 3.33 0.31 —233.21 29.87 -263.08 1.05 -0.277 1.74 -0.75
3F 3.82 0.64 -238.17 19.99 —258.17 1.29 -0.258 1.55 -0.83
5-F 3.82 0.35 —236.00 18.66 ~254.66 1.33 -0.258 1.58 -0.86
3Ci 3.89 0.30 —234.49 20.91 -255.41 1.78 -0.267 1.61 -0.81
4-Cl 3.31 0.19 —242.47 20.72 -263.19 1.09 -0.275 1.69 -0.77
5-Cl 4.06 0.32 -232.68 20.09 -252.77 1.83 —0.266 1.61 -0.83
3-PR’ 3.92 0.24 -223.01 34.49 -257.50 1.28 -0.276 1.79 -0.73
44PR 3.29 0.13 -227.51 37.12 ~264.63 1.07 -0.299 1.85 -0.69
5-IPR 412 0.54 -220.42 34.43 —254.86 1.34 -0.275 1.77 -0.71
BZA
3,5<(0OH). 3.61 0.09 -230.92 29.42 —260.35 1.14 -0.101 1.24 -0.84
3-IPR 3.01 0.07 —238.76 40.48 -279.24 0.54 -0.153 1.51 -0.69
4-PR 293 0.14 —24154 43.18 -284.72 0.49 -0.179 1.57 -0.66
4-NPR' 2.98 0.26 —243.64 43.52 —287.16 0.30 -0.176 1.56 -0.66

* piCso from Ref. 17. cl is the 95% confidence limits.

® Energies in kcal/mol. De = ¢((HOMO) — ¢(LUMO).

° Normalized frontier orbital charge on substituents (see text).
? Net x-charge on fragment C,C;O0H.

* The x and y components of dipole moment contributions (in Debye) of the fragment C,C;O0H.

'IPR, isopropyl; NPR, n-propyl.

the correlation between pICs, and De = eyomo — eLumo Which is
plotted in Fig. 1. The regression has the form

pICso = 0.0316De + 11.85 (1a)
r=0.80 F=281SD =0.31n=18

where r is the correlation coefficient, F the F test, and SD the
standard deviation. Fig. 1 clearly illustrates the strong deviation
of 5-CH; SAA and 3-NH, SAA from the regression line. The
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Fig. 1. Linear regression of pICs, with (HOMO) — ¢(LUMO) for substituted
BZA and SAA. - - -, regression for sample of 18 compounds (Eq. 1a);
—, regression for sample of 16 compounds (Eq. 1b). A, SAA; A, 5-
methyl SAA; V, i-isopropyl SAA; ¥, i-isopropyl BZA; 0, i-OH SAA; B,
3,5(0OH), BZA; O, i-F SAA; @, i-Cl SAA, O, 3{(NH.) SAAs.

figure shows that the pICs values of these two substances are
overestimated, and if they are excluded, the regression becomes

pICs = 0.0394De + 13.97 (1b)
r=092 F=176.0SD =021n=16

The correlations of pICs with De are much better than with
either exomo OF eLumo, and it is seen that potency decreases with
increasing magnitude of De. Moreover, the ordering of De for
each substituent group, i.e., De(4-R) < De(3-R) < De(5-R)
seems to account quite well for the observed ordering of the
potencies mentioned above. The relationship given by Eq. 1
could be the result of a cooperative two-way charge transfer
interaction between the drug and its receptor.

A correlation also was observed between potency and the
normalized frontier orbital charge

F. = (f(OH) + f(R))/| enomo | (2

where f(OH) and f(R) are the frontier orbital charges on the
phenolic hydroxy and non-carboxylic acid substituents, respec-
tively. The regression has the form

pICw = 1.090F¢ + 2.430 (3)
r=087F=420SD =0.26 n = 16

Roughly speaking, Eq. 3 indicates that activity increases with
frontier orbital charge buildup on the OH and R groups to-
gether. Eq. 3, although complementing Eq. 1, needs to be
interpreted with caution because De and F, are highly intercor-
related (r = 0.93).

A complementary charge transfer effect as suggested by Eq.
1 could be achieved through local interactions of various frag-
ments of the inhibitor with local sites of the receptor. The
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charge density distributions of the frontier orbitals are given
in Fig. 2 for the parent SAA and the three hydroxy-substituted
congeners which are representative of the other members of
the series. The HOMO is differentiated from the LUMO in
that, for the former, charge is primarily localized on the ring
carbons and the substituents, whereas little or no charge is
found on the carboxyl group. In contrast, the LUMO’s virtual
charge is localized on C, and the acidic function with some
density on other ring carbons. It is also observed that f(OH) +
f(R) for the 4-substituted SAA is less than that for the other
two isomers. In view of Eq. 3, this is in full agreement with the
experimental observation that the 4-substituted congeners are
always least active.

The charge distribution exhibited by the frontier orbitals also
supports a model where charge moves from a receptor site to
the acidic function of the inhibitor and from the substituents
and aromatic moiety of the drug molecule to another site of the
receptor. In order to explore this model further, we have con-
sidered the correlation of pICs, with the net charge population
at different atoms and fragments. A correlation with the net »
charge on the C,COOH fragment of the SAA was observed with
the regression

pICs, = 18.04 q,(C,COOH) + 8.647 @)
r=073F=136SD =033 n=14

A. m-HOMO Charge Distributions

B. m-LUMO Charge Distributions

Fig. 2. x-HOMO and »-LUMO charge distributions for SAA and 3-, 4-,
and 5-OH SAA. The contours are drawn 0.53 A above the ring plane;
contour values are: 0.054 e/A3, 0.027 e/A®, and 0.0135 e/A°.
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which is plotted in Fig. 3. The regression line shows that activity
increases with decreasing electronic charge in the C,COOH
moiety. The four BZAs form a separate group which, however,
shows the same trend. Similar correlations are found with the
x and y components of the dipole moment in this fragment,
where activity increases with decreasing u, or u,. The result on
the fragment’s dipole moment vector is a rotation which is
effectively equivalent to the movement of negative charge out
of the fragment with increasing activity, implying the same
relationship as with gq,.

The shift of charge indicated by these correlations lends
further support to the interaction model proposed above. Thus,
the shifting of »-charge out of the carboxyl fragment to other
regions of the inhibitor could enhance the propensity for a
charge transfer interaction between the drug molecule’s HOMO
and low lying unoccupied orbitals of the receptor, and at the
same time this charge depletion makes the C,COOH moiety
more receptive to a charge transfer interaction between high
lying occupied orbitals of the receptor and the inhibitor’s
LUMO.

Active Species

Since the pK values of the acids studied in this work lie
between 3 and 4, the dissociated species predominate in the
plasma and at the pH of inflamed tissue. The ionization state
of the active species, however, is unknown, and it is of interest
to examine the possible correlations of potency with reactivity
parameters of the anions. For the corresponding anions of the
SAA used in Eq. 1a, the correlations of pICs with the HOMO
and LUMO energies were less than 0.3 (exclusion of 3-NH,
SAA and 5-CH; SAA did not increase r). We therefore assume
that either the neutral species or the anion bound to a positive
interaction site is the active species. The former assumption is
favored in some respect from the observations in a recent study
of aspirin- and arachidonate-induced inactivation of platelet
cyclooxygenase (30). In these studies methylsalicylates were
found to be more active than SAA in inhibiting platelet aggre-
gation. This result implies that the anionic carboxylate moiety
of SAA does not participate in the interaction since, otherwise,
esterification would reduce activity.

POTENCY (pICSO0>

33 -29 -25 -2 -17 -3
qn(C1C7OOH)

Fig. 3. Linear regression of piCso with q.(C,C;OOH), Eq. 4. For symbois
see legend to Fig. 1.
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Electrostatic Potentials

The effectiveness of the reactivity index, De, to describe the
potency may be seen from Table 2 where the calculated pICs,
values using Eq. 1b are given for the active substances and a
number of inactive BZA congeners. Considering the fact that
Eq. 1b has only one dependent variable, the measured pICs,
values are reasonably well reproduced. Nevertheless, there are
five inactive BZAs which are predicted to be active, i.e., those
congeners with pICs, > 3.0.

The fact that De cannot completely separate active from
inactive substances suggests that additional factors, not de-
scribed by this parameter, are operative in the process leading
to complex formation. Since the ESP is very effective in pro-
viding additional insight into the electronic effects which con-
tribute to activity (31), we have calculated ESP maps for most
of the active compounds and a large number of inactive con-
geners of BZA (see Table 2).

The ESP maps for the prototype molecules SAA and BZA
are given in Fig. 4. The most significant difference is the shift
of the deep potential minimum from the region near the car-
boxylate oxygen to the region below the phenolic oxygen. Since
all these molecules also have a minimum over the aromatic
ring, the difference between the vectors connecting this latter
minimum to the minimum near the one or the other oxygen in
the two molecules is a rotation of about 45-60°. A similar
phenomenon between the most and least active substances was
noted by Weinstein et al. (32) in their studies of the interactions
of hydroxytryptamines with the LSD-serotonin receptor. The
above vectors were termed “orientation” vectors, i.e., the lines
connecting the potential minima through areas of steepest
change (33). The appearance of orientation vectors as deter-
minants of reactivity implies a direct contribution to the free
energy of interaction from the alignment of the pharmacophore
with the reaction site. Insofar as the interacting pharmacophore
has to assume an unfavorable conformation to achieve optimal
(stabilizing) alignment of the electrostatic force field or an

TABLE 2
Calculated piCs from Eq. 1b for active and inactive acids
A Active Inactive BZA
PiCso Error* De® PiCso
SAA

3-OH 4.14 0.28 —266.8 35
4-OH 3.31 -0.30 -279.4 3.0
5-OH 4.38 0.23 —266.6 35
5-CH, 3.85 0.73 —281.6 29
H 3.61 -0.28 —289.1 26
3-F 3.80 0.01 -280.7 29
5-F 3.94 -0.12 =279.7 29
3-Cl 3.91 -0.09 —274.6 341
4-Ci 3.60 -0.29 -277.3 3.0
5-Cl 4.02 0.04 —-273.8 3.2
3-IPR° 3.83 0.09

4-IPR 3.54 —-0.26

5-IPR 3.93 0.19

BZA

3,5{(OH). 3.7 -0.1 —266.4¢ 3.5°
4-NPR° 2.66 0.32

3-IPR 297 0.04

4PR 2.76 0.22

* Error = piCso (Measured) — piCs, (calculated); for measured values see Table

® See Table 1, Footnote b.
° See Table 1, footnote f.
93,4(0H), BZA.

1 5

Fig. 4. ESPmapzAaboveﬁngplaneofBZA(a)andSAA(b). Contour
values (in kcal/mol) are 0, 1, 2, 4, 8, and 16. —, positive potential; —- -,
negative potential; -- - -, zero potential. Arrows indicate orientation vec-
tors. In b (and other SAA diagrams) the solid vector is “activating® and
the dashed vector is “inactivating.”

optimal alignment is inaccessible, the interaction free energy
and, hence, the binding will be weakened. In the substances
studied here, the orientation vector found for SAA (the solid
vector in Fig. 4b) was practically essential for activity. If a
comparably deep minimum (the vector in Fig. 4a or dashed
vector in Fig. 4b) was also present at the carboxylate oxygen,
the potency was usually weakened.

Another difference in the ESP of BZA and SAA is the
increase of the positive potential around the carboxyl group of
the latter. Although this difference is smaller than the change
leading to the rotation of the orientation vectors, it does help
support that part of the charge transfer model which suggests
that charge moves from thé feceptor to the acidic region of the
drug molecule. Finally, excess positive potential in the region
below C; of I (Fig. 4a) may weakly inhibit potency, although it
does not appear to be enhanced by negative potential.

The ESP maps of several hydroxy-substituted congeners of
SAA and BZA are compared in Fig. 5. It is clear that the main
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features of the parent compounds, including the alignment of
the orientation vectors, are preserved in these substances. It
should also be noted that conformational changes of the sub-
stituent groups will have only small effects on the orientation
vectors. For example, if in Fig. 5b the OH proton is rotated
180° about the C,—O bond, the positive and negative potential

a d

Electronic Determinants of NSAID Activity by BZA and SAA 289

regions around this group will change places, but the orienta-
tion vectors drawn in Fig. 5b will remain essentially unchanged.
In comparison to the hydroxy substituents, the activating po-
tential minimum of the halogen-substituted SAA are somewhat
shallower than the former, whereas the inactivating potential
minimum is a little deeper, which is in agreement with their

Fig. 5. ESP map of 3-OH SAA (a), 4-OH
SAA (b), 5-OH SAA, (c), 3-OH BZA (d),

and 4-OH BZA (e). For contour values
see legend to Fig. 4. The highest contour
value in ¢ and d is 15 kcal/mol.
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observed lower activity. Nevertheless, it is not clear why 4-F
SAA was not observed to be active. All of our results would
suggest a pICs value of about 3.2.

The fact that orientation effects seem to be important for
the formation of a NSAID-receptor complex allows a model of
the receptor site to be formulated based on the assumption that
a complementary ESP leads to optimal binding. A schematic
presentation of the hypothetical receptor site model is given in
Fig. 6 with SAA shown in its presumed orientation. The two
main regions of interaction are the negative potential comple-
mentary to the positive region around the carboxyl group, as
shown in Fig. 4b, and a region of positive potential with its
orientation vector connecting the maxima. Fig. 6 also shows
the location of the most important high lying occupied and low
lying unoccupied orbitals in the receptor. These locations are
assumed on the basis of the charge distributions given in Fig.
2 and the relationship given by Eq. 3.

The positioning of SAA in Fig. 6 assumes that its orientation
vector is parallel to that of the receptor site model. Further
stabilizing effects arise through the interaction of the positive
potential around the carboxyl group with the negative potential
region in the binding site. Moreover, the HOMO and LUMO
charge distributions given in Fig. 2 show that the optimal
orientation assumed on the basis of the ESPs also leads to good
overlap between these orbitals and the complementary orbitals
of the binding site model, thereby enhancing charge transfer
interactions in SAA. From Fig. 2 and Fig. 5, a—c, it is clear that
the same stabilizing interactions apply to the hydroxy-substi-
tuted SAA. Furthermore, the extra charge density on the sub-
stituent yields an additional possibility for charge transfer
stabilization for the 3- and 5-substituted isomers, but not for
the 4-substituents, which also helps rationalize the observed
weaker potency of the 4-substituted SAA.

Now consider complex formation with BZA: in order to
achieve optimal orientation, the molecule has to be rotated so
that its orientation vector is parallel with the receptor’s ori-

N High lymg
\ -/ occupied orbitals

+~ Low lying
\../ unoccupied oribtals

Fig. 6. Schematic presentation of proposed binding site ESP and ori-
entation vector with locations of occupied and unoccupied orbitals which
interact with inhibitor frontier orbitals. SAA is drawn in for reference.

entation vector. However, in this orientation the negative po-
tential associated with the lone pair of the oxygen in the
carboxyl OH group (negative region between C, and C; in Fig.
4a) overlaps the negative potential of the receptor model and
leads to repulsive interactions. In addition, the virtual charge
distribution around C,—C- shown in Fig. 2b (the LUMO charge
distribution of BZA is nearly the same as SAA) is no longer
properly aligned to affect the charge transfer interaction. For
the substituted BZA shown in Fig. 5, d and e, the same unfa-
vorable interactions arise. Moreover, the HOMO charge density
on the substituents cannot properly align with the virtual
charge of the unoccupied receptor orbitals.

These considerations show that the hypothetical binding site
model proposed here gives quite a reasonable rationalization
for the observed activity of the SAA congeners and inactivity
of the BZA congeners. Some additional insight into the origin
of the differences in potency of the SAA is also provided. The
above arguments suggest that complex formation consists of a
primary step under ESP control, and a second step controlled
by charge transfer interactions. The primary step has to lead
to stabilization and proper alignment of the HOMO and LUMO
charge densities in the binding site for the complex to form at
all and, subsequently, increasing ease of charge transfer then
leads to increasing potency. This mechanistic viewpoint helps
to explain the fact that some substances are inactive or much
less active than predicted by their HOMO and LUMO energies
and also shows the close relationship of the ESPs and frontier
orbital energies in controlling potency.

The observed difference in activity between 3,4-(OH), BZA
and 3,5-(OH); BZA is not correctly predicted from Eq. 1. It is
of interest to see whether the binding site model provides a
rationalization. Fig. 7a gives the ESP map of 3,5-(0OH), BZA,
but no activating orientation vector appears to be present. If
the map is rotated 180° about the C,—C; bond, Fig. 7b results,
and it is seen that an orientation vector close to the SAA vector
can be drawn. The alignment of 3,5-(OH), BZA given in Fig.
7b differs from that in Fig. 7a only in the positions of the
protons. It does not disturb the two-way charge transfer inter-
action model proposed above (Fig. 2), but would seem to make
the possibility of the carboxyl group’s involvement in hydrogen
bonding less likely. Moreover, superposition on the binding site
model shows that the frontier orbitals still overlap the comple-
mentary orbitals of the binding site. The overlap is not as good
as in 3- or 5-(OH) SAA which is in agreement with its lower
activity. 3,4-(OH), BZA was found to be inactive although it
was predicted as active (Table 2). Fig. 7, c and d, gives the ESP
map in the standard and rotated orientations, respectively. In
neither case is an activating orientation vector found.

The case of m-OH BZA (Fig. 5d) is also of interest. Four
conformations can be constructed, and, for two of these, acti-
vating orientation vectors can be drawn. However, assuming a
Boltzman distribution at a temperature of 25°, the mole fraction
of the relevant isomers is only 0.19, suggesting that their
concentrations may be too small for observing activity.

It has already been observed that the measured pICs, values
of the amino-substituted SAA are considerably less than what
would be expected from their De values. From the binding site
model this can be rationalized if the ESPs of these substituents
do not allow their proper alignment for complex formation.
The maps of 3-NH, SAA, 2 A above and below the plane are
plotted in Fig. 8. Due to the pyramidal geometry of the amino
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Fig. 7. ESP map of 3,5(OH). BZA (a),
3,5(OH). BZA rotated 180° about the

C4-C; bond (b), 3,4{(OH), BZA (c), and
3,4(0H), BZA rotated 180° about the
C+-C; bond (d). Contour values are as
in Fig. 4 except that the highest contour

is 15 kcal/mol.

group, the planar symmetry of the other molecules has been
lost. In reactions, the symmetries of the reacting species make
an entropic contribution to the free energy, depending on the
symmetry numbers of the reactants and products (34). In the
present case this entropic contribution is RIn2 except for the
amino-substituted SAA, where this contribution is zero. Natu-
rally, the ESPs above and below the molecular plane may both
show features indicating activity and contribute to the free
energy. Fig. 8a shows a clear activating orientation vector below
the molecular plane, although the minimum is fairly weak.
There also is a positive potential in the region below C; due to
the hydrogens which protrude below the plane. The map above
the plane does not indicate a clear maximum near the phenolic
oxygen but does show one near the carboxylate oxygen. The
ESPs for the other two amino congeners show similar features
which may lead to loss or decrease of activity including, in
some cases, fairly strong inactivating orientation vectors. Thus,
in the amino-substituted SAA the high activity implied from
the De values is offset by deactivating features in their ESPs.

Conclusions

A two-step model has been proposed for the binding of
substituted BZA and SAA to cyclooxygenase. The first step is

an alignment of the inhibitor molecule in the binding site which
is controlled by stabilizing interactions originating in the ESP
of the inhibitor and the receptor’s binding site. In a favorable
orientation the drug molecule’s frontier orbitals overlap with
complementary orbitals in the binding site which then leads to
the second step, consisting of a two-way charge transfer inter-
action. The latter step was suggested from the correlation of
potency with MO reactivity indices and an analysis of the
frontier orbital charge distributions, whereas the former was
proposed on the basis of ESP-controlled orientation effects
which strongly differentiate active from inactive substances.

The results obtained from the reactivity indices and the ESPs
are complementary since the former seem able to describe
quantitatively the potency of the active substances quite well,
whereas the latter provide a qualitative separation between
active and inactive compounds and allow a partial rationaliza-
tion of some trends and deviations observed in the measured
potencies. Finally, regressions on the HOMO and LUMO ener-
gies of the anions suggested that the active species consist of
either the ion bound to a positive reaction center or the neutral
species. Experimental evidence supports the latter assumption
(30) to some extent.
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Fig. 8. ESP map of 3-NH, SAA, 2Abe|ownngp|ane(a)and2Aabove
ring plane (b). Contours are as in Fig. 4; b has an additional contour at
—32 kcal/mol.

Due to the existence of at least two binding sites in PGS, it
is not easy to assess the generality of the present model. As
was argued in comparing the acidic and phenolic NSAIDs in
an earlier paper (16), it is possible that they may have one
common interaction site and a second site which differs for the
two classes, which would make generalizations difficult.
Clearly, it would be helpful if active substances could be more
consistently preclassified, either experimentally or theoreti-
cally, according to their binding site preference with PGS.
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