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aUniversità degli Studi, Laboratorio di Chimica Inorganica e Bioinorganica, Via Gino Capponi 7, I-50121, Florence, Italy; bSchool of Biomedical
and Chemical Science, The University of Western Australia, 35 Stirling Highway, Crawley W.A., Australia 6009

(Received 18 January 2004)

Our previously developed approach to the develop-
ment of QSAR equations for benzene derivatives,
originally for phenylalkylamine hallucinogens, has
been applied to four new systems: sulfonamide
inhibitors of the enzymes carbonic anhydrase, throm-
bin, trypsin, and Clostridium histolyticum collagenase.
The novel features involve the energies and nodal
orientations of p-like orbitals, and an allowance for the
symmetry of the benzene nucleus. The resulting
equations give better fits, better predictivity and are
more easily interpretable than those resulting from
traditional QSAR methods.

Keywords: Enzyme inhibitor; Quantum QSAR; Orbital energy;
Node orientation; Symmetry

INTRODUCTION

A recent publication introduced systematic pro-
cedures for obtaining QSARs for benzene derivatives
using quantum chemical descriptors, and a method
for resolving problems introduced by the symmetry
of the benzene molecule.1 A QSAR was presented for
the phenylalkylamine hallucinogens in terms mainly
of quantum theoretic descriptors, which included the
energies of four near-frontier p-like orbitals and the
orientation of the nodes in two of them. It is
hypothesized that these orbitals interact with similar
orbitals on the receptor, and this interaction is at
a maximum when the energies of the interacting
orbitals are similar, and when the nodes in the
interacting orbitals nearly coincide. A computer
program to calculate the orientation of these nodes
is available from the authors.2

The present contribution is an extension of this work
to some other receptors, namely carbonic anhydrase
inhibitors,3 inhibitors of the proteases thrombin and
trypsin,4 and Clostridium histolyticum collagenase.5

We have previously developed QSARs for some of
these ligands. All of these groups of ligands are
substituted benzene derivatives. The determination of
biological activities and the procedures for the
quantum theoretic calculations have been described
previously.3,4,5 All molecular orbital calculations were
at the AM1 level,6 and solvation was allowed for using
the COSMO procedure,7 employing the MOPAC 93 8

molecular orbital package. Atomic charges were based
on the calculated electrostatic potential.9

CALCULATIONS

The core of the statistical procedure has also been
described in detail previously,1 and involves
“flipping” the drugs. Flipping consists of swapping
the ortho (2,6) substituents with each other, and
also the meta (3,5) substituents, as though the drug
had rotated 1808 around the 1,4 axis. Because in
this rotation the angles between the nodes in the
orbitals and the 1-position in the molecule would
be transformed into their negatives, this change is
also introduced. Regressions are carried out of
the logarithm of biological activity on the physical
descriptors with all combinations of drugs, flipped
and unflipped, and that combination of flips
producing the best fit is selected.
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Because this involves a number of regressions that
depends exponentially on the number of cases
(drugs), it can be carried out rigorously only for
small data sets. In this case it is done this way only
for the CA inhibitors (27 cases), using the program
FLIPALL. For the others an iterative approach is
used, implemented in the program FLIPANNL.
In the case of the CA inhibitors it is possible to
compare the two approaches.

Having modified the data file by flipping the drugs
when appropriate, the standard approaches of
multiple regression are applied, using the “all
possible subsets” algorithm of Furnival and Wilson10

to obtain candidate models, and the L statistic to
guard against colinearity.11 Software implementing
these procedures is available in the authors MARTHA
package available on the WWW.12

RESULTS

Carbonic Anhydrase Inhibitors

The identities and activities of the inhibitors are
presented in Table I, as previously described.13,14

In our original reports on the QSAR of these compo-
unds15 we considered a wide range of calculated
parameters, including beside the potential-based
charges on the atoms of the sulfonamide moiety and
the carbon bound to it, and HOMO and LUMO

energies, polarizabilities, dipole moment vector, pKa,

overall molecular dimensions and van der Waals

volume, and electrophilic superdelocalizabilities of

atoms. These were reduced in number in our sub-

sequent report3 because the number of compounds

was reduced from 35 to 27 to homogenize the data set.

For the purposes of this contribution, the number of

descriptors was reduced still further, and in addition

to the orbital energies and node angles, only the

atomic charges, the local dipole index, an indicator

variable Ip, (which is 1 if a styryl group is present in

addition to the common benzene, and 0 otherwise)

and the calculated lipophilicity were included. The

atomic charges are known to be important from many

studies. The local dipole index is the mean of the

absolute difference in Mulliken charge between each

bonded pair of atoms, that is, the magnitude of charge

separation in the molecule, and we frequently find

it to be important in QSAR studies.

The effectiveness of the compounds as inhibitors of

both CA I and CA II were considered separately, and

because of the small numbers of compounds it was

possible to use both the FLIPALL and FLIPANNL

procedures. For CA I the Fishers F ratio was initially

2.28 and improved to 25.02 with FLIPANNL and 25.97

with FLIPALL. The flip statuses and flip significances

are compared in Table II.

TABLE I Structures and activities of the CA inhibitors

R1 R2 No KI CA I ( £ 106 M) KI CA II ( £ 108 M)

Phenyl H A1 18 27
2-Hydroxyphenyl H A2 35 41
2-Nitrophenyl H A3 9 21
4-Chlorophenyl H A4 25 28
4-Hydroxyphenyl H A5 14 19
4-Methoxyphenyl H A6 13 19
4-Dimethylaminophenyl H A7 10 8
4-Nitrophenyl H A8 13 5
4-Cyanophenyl H A9 4 11
3-Methoxy-4-hydroxyphenyl H A10 5 8
3,4-Dimethoxyphenyl H A11 7 3
3-Methoxy-4-acetoxyphenyl H A12 3 10
2,3-Dihydroxy-5-formylphenyl H A13 4 2
2-Hydroxy-3-methoxy-5-formylphenyl H A14 5 3
3,4,5-Trimethoxyphenyl H A15 5 3
3-Methoxy-4-hydroxy-5-bromophenyl H A16 12 4
2-Pyridyl H A17 2 9
3-Pyridyl H A18 4 8
4-Pyridyl H A19 4 5
Phenyl Styryl A20 20.9 0.56
Phenyl 4-Methoxystyryl A21 19 1.50
Phenyl 4-Dimethylaminostyryl A22 16 1.69
Phenyl 3,4,5-Trimethoxystyryl A23 10.7 2.35
4-Methoxyphenyl 3,4,5-Trimethoxystyryl A24 12.5 1.27
4-Methoxyphenyl 3-Nitrostyryl A25 6.3 0.65
4-Aminophenyl 3,4,5-Trimethoxystyryl A26 10.6 0.85
4-Phenylphenyl 3,4,5-Trimethoxystyryl A27 25.0 2.48
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For CA II the initial F ratio was 6.81 and both
FLIPANNL and FLIPALL improved this to 38.86,
giving identical solutions. Regressions were carried
out in the output descriptors of the FLIP programs to
reduce the number of variables from 15, which is
more than 27 cases can support, and eliminate those
that are statistically nonsignificant.

For CA I

log CI ¼ C1QS þ C2QH þ C3 log P þ C4ESH

þ C5EH þ C6 cos 2FH þ C7 sin 2FH

þ C8 cos 4FL þ C9 sin 4FL þ C10

N ¼ 27; R2 ¼ 0:959; Q2 ¼ 0:876;

F ¼ 43:8; P ¼ 5 £ 10210; s ¼ 0:08;

L ¼ 4:01

ð1Þ

The regression coefficients and statistics for
Equation (1) are presented in Table III.

Here N is the number of drugs in the regression,
R2 the squared multiple correlation coefficient, Q2

the same based on the “leave one out” technique

(i.e. on the predicted residuals), s the standard error of
estimate and F the Fisher variance ratio. P is the
probability based on F. In Table III a is the statistical
significance of the variable in the presence of the other
variables: a value of a greater than 0.05 indicates that
the variable does not contribute significantly to the
regression.16 Such results are not presented, with
one exception: if one of a sin/cos pair is significant,
the other is also presented, even if not formally
significant. This is because the two together define an
optimum angle for the node, and should be
considered as a single unit. To do otherwise would
enforce a value of 08 or 908 on the angle, for which
there is no justification. The statistic L, defined as:

L ¼
1

n

Xn

i¼1

1

li

where n is the number of variables and the li are the
eigenvalues of the correlation matrix of independent
variables,11 measures the amount of colinearity in

TABLE III The statistics of Equation (1)

1 2 3 4 5 6 7 8 9 10

C 220.9 98.7 0.354 20.736 0.221 20.226 20.042 0.021 20.717 223.7
s 2.1 8.1 0.026 0.096 0.057 0.032 0.036 0.023 0.068 6.0
a 0.00000 0.00000 0.00000 0.00000 0.00114 0.00000 0.26406 0.38984 0.00000 .00012

The s are the standard errors of estimate of the parameters and a the corresponding probabilities of obtaining the observed values if the true value were zero,
as determined by a t test.

TABLE II Results of the two flip regression procedures FLIPANNL and FLIPALL on the CA I inhibitor data of Table I

FLIPANNL FLIPALL

Compound Symmetry Status Significance Status Significance

A1 * 21 0.790 21 0.681
A2 1 0.012 1 0.001
A3 21 0.649 21 0.218
A4 * 1 0.022 21 0.019
A5 * 21 0.885 1 0.845
A6 * 21 0.950 21 0.757
A7 * 1 0.960 1 0.892
A8 * 1 0.994 1 0.952
A9 * 1 0.951 21 0.964
A10 1 0.514 1 0.121
A11 1 0.002 1 0.002
A12 1 0.013 1 0.006
A13 21 0.005 1 0.559
A14 1 0.005 1 0.006
A15 * 1 0.086 1 0.104
A16 1 0.005 1 0.001
A17 21 0.074 21 0.002
A18 21 0.064 1 0.087
A19 * 1 0.068 1 0.030
A20 * 21 0.901 1 0.397
A21 * 21 0.613 21 0.280
A22 * 1 0.779 1 0.424
A23 * 1 0.065 1 0.134
A24 * 1 0.740 1 0.600
A25 * 21 0.003 21 0.010
A26 * 21 0.087 1 0.016
A27 * 1 0.048 21 0.022

An asterisk indicates those compounds for which the flipped and unflipped forms are chemically indistinguishable. A status of 21 indicates a compound
which has flipped from the input form. And a significance less than 0.05 indicates a compound which has a preference for one orientation over the other. Only
unsymmetrical (non asterisked) compounds are expected to have significant flips.
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the equation. Values of L exceeding 5.0 indicate
unacceptable colinearity, while for an orthogonal
correlation matrix L ¼ 1. F is the Fisher variance
ratio, and P the probability (the statistical significance)

based on this. s is the standard error of estimate.
Figure 1 shows a plot of the calculated against
observed log CI for Equation (1). Our previous R2

for this set of drugs using classical descriptors

FIGURE 1. Plot of observed versus calculated (Equation 1) log
inhibition constant for inhibitors of CA I.

FIGURE 2. Plot of observed versus calculated (Equation 2) log
inhibition constant for inhibitors of CA II.

TABLE IV The statistics of Equation (2)

1 2 3 4 5 6 7 8 9

C 62.2 20.160 20.482 0.990 20.263 0.222 0.066 0.270 246.7
s 9.4 0.033 0.108 0.355 0.059 0.080 0.061 0.056 8.1
a 0.00000 0.00016 0.00003 0.01217 0.00033 0.01261 0.29124 0.00015 0.00000

The s are the standard errors of estimate of the parameters and a the corresponding probabilities of obtaining the observed values if the true value were zero,
as determined by a t test.

TABLE V Sulfonylguanidines B1–B24 prepared in the present study, with their inhibition data against human thrombin and human
trypsin

B1–B24
RSO2N ¼ CðNH2Þ2

KI (nM)a

R Compound Thrombin Trypsin

p-F-C6H4- B1 240 1090
p-Cl-C6H4- B2 225 1170
p-Br-C6H4- B3 220 1230
p-CH3-C6H4- B4 290 1810
p-O2N-C6H4- B5 180 975
m-O2N-C6H4- B6 190 1100
o-O2N-C6H4- B7 320 1850
3-Cl-4-O2N-C6H3- B8 160 990
p-AcNH-C6H4- B9 195 1070
p-H2N-C6H4- B10 95 1350
m-H2N-C6H4- B11 107 1145
C6F5- B12 146 1350
o-HOOC-C6H4- B13 240 1445
m-HOOC-C6H4- B14 121 1500
p-HOOC-C6H4- B15 104 1235
o-HOOC-C6Br4- B16 225 1250
p-CH3O-C6H4- B17 240 1320
2,4,6-(CH3)3-C6H2- B18 255 1450
4-CH3O-3-H2N-C6H3- B19 103 1080
2-HO-3,5-Cl2-C6H2- B20 152 1420
4-Me2N-C6H4-N=N-C6H4- B21 134 1245
5-Dimethylamino-1-naphthyl- B22 120 1150
1-Naphthyl B23 136 1230
2-Naphthyl B24 132 1300

a KI values were obtained from Dixon plots using a linear regression program, from at least three different assays. Errors (data not shown) were ^ 5–10% of
the shown values.
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and without flipping was 0.89, and the use of nodal
angles did not improve it.3

For CA II

logCI ¼C1QH þC2 logPþC3ESH þC4ESL

þC5 cos2FH þC6 sin2FH þC7 cos4FL

þC8 sin4FL þC9

N¼ 27; R2 ¼ 0:911; Q2 ¼ 0:780; F¼ 22:9;

P¼ 6£1028; s¼ 0:18; L¼ 1:68

ð2Þ

Figure 2 shows a plot of the calculated against
observed log CI for Equation (2), and the regression
coefficients and statistics for Equation (2) are given in
Table IV.

Thus in addition to the orbital parameters, only
the charges on the sulfonamide S and H, and the
lipophilicity are significant. The QSAR for CA I is
substantially better than that for CA II, but it does
have more colinearity. Our previous R2 was 0.68
without the angle descriptors, and 0.70 with them
but not using the flip procedure.3

Thrombin Inhibitors

In our previous study of trypsin and thrombin
inhibitors4 we again considered a wide range of
descriptors. For the purposes of the present
contribution these will be restricted to, in addition
to the FOPA variables, the lipophilicity, the diagonal
components of the polarizability tensor, the local
dipole index, the solvation energy calculated as the
difference between DHf obtained by the COSMO
procedure and that calculated for vacuum, the
charges on the atoms of the sulfonamide group,
and indicator variables IA and IS. For sulfonylgua-
nidines both IA and IS were zero, while for
sulfonylaminoguanidines IA was 1 and for isoureas
IS was 1. This is a Free-Wilson approach to
distinguishing between the activities of drugs
belonging to each of the three pharmacophoric

TABLE VII Sulfonyl-O-methyl-isoureas C1–C24 prepared in the present study, with their inhibition data against human thrombin and
human trypsin

C1–C24
RSO2N ¼ CðNH2ÞOMe

KI (nM)a

R Compound Thrombin Trypsin

p-F-C6H4- C1 280 1200
p-Cl-C6H4- C2 266 1325
p-Br-C6H4- C3 265 1370
p-CH3-C6H4- C4 328 2150
p-O2N-C6H4- C5 189 1235
m-O2N-C6H4- C6 213 1375
o-O2N-C6H4- C7 355 2340
3-Cl-4-O2N-C6H3- C8 177 1200
p-AcNH-C6H4- C9 202 1345
p-H2N-C6H4- C10 106 1580
m-H2N-C6H4- C11 99 1370
C6F5- C12 153 1425
o-HOOC-C6H4- C13 325 1550
m-HOOC-C6H4- C14 197 1595
p-HOOC-C6H4- C15 133 1340
o-HOOC-C6Br4- C16 239 1300
p-CH3O-C6H4- C17 276 1460
2,4,6-(CH3)3-C6H2- C18 348 1785
4-CH3O-3-H2N-C6H3- C19 96 1235
2-HO-3,5-Cl2-C6H2- C20 170 1550
4-Me2N-C6H4-N=N-C6H4- C21 169 1350
5-Dimethylamino-1-naphthyl- C22 138 1375
1-Naphthyl C23 154 1425
2-Naphthyl C24 147 1445

a KI values were obtained from Dixon plots using a linear regression program, from at least three different assays. Errors (data not shown) were ^ 5–10% of
the shown values.

TABLE VI Derivatives B25–B32 obtained from sulfaguanidine
B10 as lead, with their inhibition data against human thrombin
and human trypsin

B25–B32
p 2 RNH–C6H4 2 SO2N ¼ CðNH2Þ2

KI (nM)a

R Compound Thrombin Trypsin

Cbz-D-Phe B25 54 1285
ts-D-Phe B26 43 1250
ts-L-Pro B27 48 1445
ts-D-PhePro B28 12 1315
Cbz-D-PhePro B29 13 1360
ts-GlyHis B30 18 1455
ts-b-AlaHis B31 15 1350
ts-L-ProGly B32 21 1400

a KI values were obtained from Dixon plots using a linear regression program,
from at least three different assays. Errors (data not shown) were ^ 5–10% of
the shown values. *Cbz ¼ PhCH2OCO; ts ¼ p-MeC6H4SO2NHCO-; these
groups acylate the amino-terminal H2N moiety. When configuration is not
specified, L-amino acid moieties were employed. The usual polypeptide
formalism is used: the amino-terminal residue is written first (and it is always
protected either by the Cbz or the ts moieties), whereas the carboxyterminal
residue is acylating the sulfaguanidine N-4 amino group.
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classes. For the inhibitors in Tables V–X.

log KI ¼ C1 log P þ C2IS þ C3Pxx þ C4Pyy

þ C5Pzz þ C6D1 þ C7DHS þ C8ESH

þ C9EH þ C10EL þ C11ESL þ C12QH

þ C13 cos 2FH þ C14 sin 2FH þ C15

N ¼ 96; ;R2 ¼ 0:984; Q2 ¼ 0:978;

F ¼ 367:7; P ¼ 4 £ 10267; s ¼ 0:06;

L ¼ 3:46

ð3Þ

The regression coefficients and statistics for
Equation (3) are presented in Table XI. F improved
on flipping from 47.4 to 287.2. Noting that the signs
of ESH and EH are opposite, as are those of ESL and
EL, and their magnitudes are comparable, and also
that Pxx, Pyy and Pzz are of comparable size and the
same sign, a simpler equation is suggested:

logKI ¼C1 logPþC2 logIS þC3D1 þC4DHs

þC5QH þC6 cos2FH þC7 sin2FHcr

N¼ 96; R2 ¼ 0:982; Q2 ¼ 0:977; F¼ 454:9;

P¼ 3£10269; s¼ 0:11;L¼ 2:41

ð4Þ

Here P ¼ (Pxx þ Pyy þ Pzz)/3, DL ¼ ESL 2 EL, and
DH ¼ EH 2 ESH

The regression coefficients and statistics for
Equation (4) are presented in Table XII. Figure 3
shows a plot of the calculated against observed log KI

for Equation (4). Our previous best equation for this
data4 without flipping involved P, DH, DL, and the
dipole moment, and had an R2 of 0.75.

This equation indicates that the sulfonylisoureas
are less active than the sulfonylguanidines, and the
sulfonylaminoguanidines are about as active. Higher
activity is favored by a small solvation energy, a low
lipophilicity, a smaller separation of charge, and
a high polarizability. The latter reflects the influence
of the bulky peptide tail on the very active
compounds. All terms except 6 are of extremely

TABLE IX Sulfonylaminoguanidines D1–D24 prepared in the present study, with their inhibition data against human thrombin and
human trypsin

D1–D24
RSO2NHN ¼ CðNH2Þ2

KI (nM)a

R Compound Thrombin Trypsin

p-F-C6H4- D1 225 1025
p-Cl-C6H4- D2 212 1100
p-Br-C6H4- D3 203 1215
p-CH3-C6H4- D4 270 1775
p-O2N-C6H4- D5 166 990
m-O2N-C6H4- D6 170 1235
o-O2N-C6H4- D7 324 1800
3-Cl-4-O2N-C6H3- D8 154 1010
p-AcNH-C6H4- D9 172 1025
p-H2N-C6H4- D10 91 1425
m-H2N-C6H4- D11 88 1400
C6F5- D12 123 1350
o-HOOC-C6H4- D13 205 1400
m-HOOC-C6H4- D14 112 1520
p-HOOC-C6H4- D15 97 1335
o-HOOC-C6Br4- D16 213 1200
p-CH3O-C6H4- D17 227 1275
2,4,6-(CH3)3-C6H2- D18 219 1345
4-CH3O-3-H2N-C6H3- D19 219 1100
2-HO-3,5-Cl2-C6H2- D20 98 1100
4-Me2N-C6H4-N=N-C6H4- D21 139 1355
5-Dimethylamino-1-naphthyl- D22 130 1200
1-Naphthyl D23 125 1200
2-Naphthyl D24 129 1285

a KI values were obtained from Dixon plots using a linear regression program, from at least three different assays. Errors (data not shown) were ^ 5–10% of
the shown values.

TABLE VIII Derivatives obtained from sulfanilyl-O-methyl-
isourea C10 as lead and their inhibition data against human
thrombin and human trypsin

C25–C32
p � RNH � C6H4 � SO2N ¼ CðNH2ÞOMe

KI (nM)a

R Compound Thrombin Trypsin

Cbz-D-Phe C25 62 1425
ts-D-Phe C26 60 1320
ts-L-Pro C27 63 1500
ts-D-PhePro C28 18 1420
Cbz-D-PhePro C29 16 1435
ts-GlyHis C30 21 1550
ts-b-AlaHis C31 19 1420
ts-L-ProGly C32 27 1540

a KI values were obtained from Dixon plots using a linear regression
program, from at least three different assays. Errors (data not shown) were
^ 5–10% of the shown values. *Cbz ¼ PhCH2OCO; ts ¼ p-MeC6H4SO2-

NHCO-; these groups acylate the amino-terminal H2N moiety. When
configuration is not specified, it means that L-amino acid moieties were
employed. The usual polypeptide formalism is used: the amino-terminal
residue is written first (and it is always protected either by the Cbz or the ts
moieties), whereas the carboxyterminal residue is acylating the sulfanilyl-
O-methyl-isourea N-4 amino group.
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high statistical significance, 7 and 10 (sin 2FH and P)
being the highest.

Trypsin Inhibitors

The same compounds and same small pool of
descriptors were employed as for thrombin inhi-
bition. The equation obtained was:

log KI ¼ C1IS þ C2Pxx þ C3Pyy þ C4ESH

þ C5EH þ C6EL þ C7 cos 2FH

þ C8 sin 2FL þ C9 cos 4FL

þ C10 sin 4FL þ C11

N ¼ 96; R2 ¼ 0:650; Q2 ¼ 0:549;

F ¼ 15:7; P ¼ 1 £ 10215; s ¼ 0:04;

L ¼ 2:29

ð5Þ

The regression coefficients and statistics for
Equation (5) are presented in Table XIII. F improved
on flipping from 4.0 to 23.2. Figure 4 shows a plot of
the calculated against observed log KI for Equation
(5). Our previous best result for this data without
flipping involved only DH and DL and had an R2 of
0.31.4 This correlation is similar to that for thrombin
inhibition, but notably the dependence on polariz-
ability has split; a large polarizability in the longest
axis of the molecule is favorable, but in the medium
axis it is detrimental. The term of highest statistical
significance is 10 (sin 4FL) although 1 and 3 are also
high. While the R2 and Q2 for Equation (5) are poor,
this reflects the fact that these compounds vary little
in activity (their activity range is less than 0.3 log
units). The standard error of estimate s is very good,
and is comparable to the estimated experimental

TABLE X Derivatives D25–D32 obtained from sulfanilylaminogua-
nidine D10 as lead, with their inhibition data against human thrombin
and human trypsin

D25–D32
p 2 RNH–C6H4 2 SO2NHN ¼ CðNH2Þ2

KI (nM)a

R Compound Thrombin Trypsin

Cbz-D-Phe D25 50 1315
Ts-D-Phe D26 44 1340
Ts-L-Pro D27 43 1530
Ts-D-PhePro D28 10 1450
Cbz-D-PhePro D29 11 1400
ts-GlyHis D30 15 1555
ts-b-AlaHis D31 10 1390
ts-L-ProGly D32 15 1560

a KI values were obtained from Dixon plots using a linear regression
program, from at least three different assays. Errors (data not shown) were
^ 5–10% of the shown values. *Cbz ¼ PhCH2OCO; ts ¼ p-MeC6H4SO2-

NHCO-; these groups acylate the amino-terminal H2N moiety. When
configuration is not specified, L-amino acid moieties were employed. The
usual polypeptide formalism is used: the amino-terminal residue is written
first (and it is always protected either by the Cbz or the ts moieties), whereas
the carboxyterminal residue is acylating the sulfaguanidine N-4 amino
group.
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error, which is similar in magnitude for all of the
classes of drugs.

Clostridium histolyticum Collagenase Inhibitors

We have not previously reported a QSAR on these
compounds, the preparation and testing of which we
described recently.5 For the compounds in Table XIV
we calculated the orbital parameters and two other
sets of descriptors. The first of these was the
lipophilicity and volume of the substituents
on the five substitution sites on the benzene ring,
and the second the atomic charges of the sulfona-
mide group, the solvation energy, the local dipole
index. Indicator variables IHX (zero for the carboxylic
acids and 1 for the hydroxamates), and ICl (zero for
the nitrobenzene derivatives and 1 for the chlor-
obenzenes) were also included. Two separate cases
were considered: all of the compounds pooled, and
only the hydroxamates. All four sets of calculations

gave satisfactory results, but we present only two:
the volume/lipophilicity data with the pooled data,
and the charge-polarizability-solvation energy data
with the hydroxamates. For the first of these flipping
was carried out on the substituent data and the angle
data, and for the second, of course, only on the angle
data. The first set gave the equation:

Log KI ¼ C1IHX þ C2p3 þ C3p6 þ C4V2 þ C5V3

þ C6V4 þ C7V6 þ C8ESL þ C9 cos 4FL

þ C10 sin 4FL þ C11

N ¼ 102; R2 ¼ 0:978; Q2 ¼ 0:973;

F ¼ 404:4; P ¼ 8 £ 10271; s ¼ 0:20;

L ¼ 1:51

ð6Þ

F improved on flipping from 108.4 to 235.1.
The regression coefficients and statistics for
Equation (6) are presented in Table XV. Figure 5

TABLE XII The statistics of Equation (4)

1 2 3 4 5 6 7 8 9 10 11

C 0.0898 0.164 0.531 2.74 £ 1023 21.88 20.008 0.156 0.128 20.183 23.9 £ 1023 25.92
a 0.0081 0.019 0.080 3.3 £ 1024 0.28 0.014 0.008 0.023 0.021 1.7 £ 1024 0.11
s 0.00000 0.00000 0.00000 0.00000 0.00000 0.56452 0.00000 0.00000 0.00000 0.00000 0.00000

The s are the standard errors of estimate of the parameters and a the corresponding probabilities of obtaining the observed values if the true value were zero,
as determined by a t test.

FIGURE 3. Plot of observed versus calculated (Equation 3) log
inhibition constant for inhibitors of thrombin.

FIGURE 4. Plot of observed versus calculated (Equation 5) log
inhibition constant for inhibitors of trypsin.

TABLE XIII The statistics of Equation (5)

1 2 3 4 5 6 7 8 9 10 11

C 0.059 24.03 £ 10 2 4 6.06 £ 10 2 4 0.065 20.046 0.059 0.0194 0.0177 0.045 0.0417 25.61
a 0.010 1.0 £ 10 2 4 1.2 £ 10 2 4 0.020 0.014 0.016 0.0103 0.0063 0.012 0.0053 0.18
s 0.00000 0.00009 0.00000 0.00206 0.00109 0.00067 0.06361 0.00587 0.00051 0.00000 0.00000

The s are the standard errors of estimate of the parameters and a the corresponding probabilities of obtaining the observed values if the true value were zero,
as determined by a t test.

C.T. SUPURAN AND B.W. CLARE244

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
M

al
m

o 
H

og
sk

ol
a 

on
 1

2/
23

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE XIV Inhibition of Clostridium histolyticum collagenase (ChC) with the carboxylic acids E1–E25, G1–G25 and the corresponding
hydroxamates F1–F25, H1–H25

R Compound KI
a (mM) Compound KI

a(nM)

C6H5- E1 27 F1 59
4-F-C6H4- E2 12 F2 30
4-Cl-C6H4- E3 11 F3 32
4-Br-C6H4- E4 10 F4 33
4-CH3-C6H4- E5 17 F5 41
4-O2N-C6H4- E6 5.0 F6 13
3-O2N-C6H4- E7 5.2 F7 10
2-O2N-C6H4- E8 4.4 F8 11
3-Cl-4-O2N-C6H3- E9 3.1 F9 9
4-AcNH-C6H4- E10 3.3 F10 12
4-BocNH-C6H4- E11 2.6 F11 9
3-BocNH-C6H4- E12 2.5 F12 8
4-Ac-C6H4- E13 2.0 F13 10
C6F5- E14 0.3 F14 5
3-CF3-C6H4 E15 0.4 F15 5
2,5-Cl2C6H3 E16 3.4 F16 14
4-CH3O-C6H4- E17 5.7 F17 19
2,4,6-(CH3)3-C6H2- E18 6.0 F18 21
4-CH3O-3-BocNH-C6H3- E19 2.5 F19 9
2-HO-3,5-Cl2-C6H2- E20 2.7 F20 10
3-HOOC-C6H4- E21 2.1 F21b 8
4-HOOC-C6H4- E22 1.9 F22b 7
1-Naphthyl E23 1.6 F23 6
2-Naphthyl E24 1.8 F24 8
5-Me2N-1-naphthyl- E25 2.1 F25 9
Quinolin-8-yl E26 2.0 F26 9

C6H5- G1 27 H1 59
4-F-C6H4- G2 12 H2 30
4-Cl-C6H4- G3 11 H3 32
4-Br-C6H4- G4 10 H4 33
4-CH3-C6H4- G5 17 H5 41
4-O2N-C6H4- G6 5.0 H6 13
3-O2N-C6H4- G7 5.2 H7 10
2-O2N-C6H4- G8 4.4 H8 11
3-Cl-4-O2N-C6H3- G9 3.1 H9 9
4-AcNH-C6H4- G10 3.3 H10 12
4-BocNH-C6H4- G11 2.6 H11 9
3-BocNH-C6H4- G12 2.5 H12 8
C6F5- G13 0.3 H13 5
3-CF3-C6H4 G14 0.4 H14 5
2,5-Cl2C6H3 G15 3.4 H15 14
4-CH3O-C6H4- G16 5.7 H16 19
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shows a plot of the calculated against observed
log KI for Equation (6). We previously obtained
without flipping an R2 of 0.97 in an 11-descriptor
equation involving also charges on the meta and
para carbon atoms.17

The term of highest statistical significance is 1
(IHX) as would be expected, as this term groups
the data into the very active hydroxamates and

the less active carboxylic acids. Terms 8 and 10
(ESL and sin 4FL), approximately of equal signifi-
cance, are the next most important terms.

The second set (the hydroxamates only) gave the
equation:

Log KI ¼ C1Pyy þ C2Pzz þ C3QS þ C4D1

þ C5DHS þ C6ESL þ C7 log P þ C8IC1

þ C9 cos 2FH þ C10 sin 2FH

þ C11 cos 4FL þ C12 sin 4FL þ C13

N ¼ 51; R2 ¼ 0:918; Q2 ¼ 0:860;

F ¼ 35:4; P ¼ 6 £ 10217; s ¼ 0:09;

L ¼ 2:82

ð7Þ

F improved on flipping from 9.58 to 35.3. The
regression coefficients and statistics of Equation (7)
are presented in Table XVI. We previously obtained
without flipping an R2 of 0.84 in an equation that also
involved the charges on the benzene-ring carbon
atoms.17 Figure 6 shows a plot of the calculated
against observed log KI for Equation (7). The term

TABLE XIV – continued

R Compound KI
a (mM) Compound KI

a(nM)

2,4,6-(CH3)3-C6H2- G17 6.0 H17 21
4-CH3O-3-BocNH-C6H3- G18 2.5 H18 9
2-HO-3,5-Cl2-C6H2- G19 2.7 H19 10
3-HOOC-C6H4- G20 2.1 H20b 8
4-HOOC-C6H4- G21 1.9 H21b 7
1-Naphthyl G22 1.6 H22 6
2-Naphthyl G23 1.8 H23 8
5-Me2N-1-naphthyl- G24 2.1 H24 9
Quinolin-8-yl G25 2.0 H25 9

a KI values were obtained from Dixon plots using a linear regression program, from at least three different assays. Errors were around ^ 10% (from at least
three determinations). b The C6H4-COOH moiety transformed into C6H4-CONHOH.

TABLE XV The statistics of Equation (6)

1 2 3 4 5 6 7 8 9 10 11

C 22.35 20.292 20.584 26.5 £ 1023 21.97 £ 1023 25.8 £ 1023 7.5 £ 1023 0.853 20.080 0.351 28.20
a 0.04 0.113 0.144 2.7 £ 1023 7.7 £ 1024 8.1 £ 1024 2.3 £ 10223 0.079 0.030 0.034 0.04
s 0.00000 0.01139 0.00010 0.01900 0.01223 0.00000 0.00175 0.00000 0.00781 0.00000 0.00000

The s are the standard errors of estimate of the parameters and a the corresponding probabilities of obtaining the observed values if the true value were zero,
as determined by a t test.

FIGURE 5. Plot of observed versus calculated (Equation 6) log
inhibition constant for carboxylic acid and hydroxamate inhibitors
of C. histolyticum collagenase.

TABLE XVI The statistics of Equation (7)

1 2 3 4 5 6 7 8 9 10 11 12 13

C 24.87 £ 1023 22.88 £ 1023 22.92 0.0194 0.575 20.157 20.157 20.507 0.084 0.037 20.143 20.201 24.85

a 7.0 £ 1024 6.1 £ 1024 0.77 0.0046 0.054 0.041 0.041 0.058 0.022 0.034 0.022 0.025 0.79

s 0.00000 0.00003 0.00054 0.00016 0.00000 0.00045 0.00045 0.00000 0.00043 0.33317 0.00000 0.00000 0.00001

The s are the standard errors of estimate of the parameters and a the corresponding probabilities of obtaining the observed values if the true value were zero,
as determined by a t test.
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of highest significance here is 5 (DHS), but 1, 8 and 12
are almost as good.

Randomization Trial

To test the stability of the solutions to the problems
described above a randomization trial was con-
ducted. For each problem, with all variables
included, the flip procedure was carried out with
the dependent variable randomly reassigned in 1000
trials. The mean and standard deviation of the
Fishers F and the maximum F, and also the fraction of
runs with F greater than F for the non-randomized
data were calculated for each system. The results are
presented in Table XVII.

As would be expected high formal significances are
obtained with randomized data. The results confirm
that the significances obtained with the unmodified
data are very much higher, and the randomization
procedure provides a check on whether or not the
results are valid. Only for the CA inhibition data are
any F values obtained that are greater than those for
the nonrandomized data, and even with that data, the
fraction of such events is less than the 0.05 required
for statistical significance. The CA inhibition included
only 27 compounds, and it is clear that this is at or
below the minimum number of compounds for which
useful results can be obtained.

DISCUSSION

Satisfactory equations were obtained for both CA I
and CA II. The number of compounds studied
here, 27, is close to the minimum for which this
technique could be applied. Table II indicates that
in most cases, those flips are significant where the
symmetry of the compound does not prohibit this,
although the number of compounds is too small
for complete confidence. Equation (1) has, by the
L value, an appreciable colinearity, but is other-
wise satisfactory. Surprisingly, the colinearity
involves not the two large and opposite contri-
butions from QH and QS (R2 ¼ 0.25), but a mixture
of QH, log P, and sin 4FL. Equation (2) is in general
not as good as Equation (1), but it has almost no
colinearity. A comparison of the two equations
indicates an approach to attaining selectivity for
inhibitors of one isozyme over the other: they
are oppositely affected by log P, and also by the
direction of the nodes in both the HOPO and
LUPO. For this small number of compounds
the randomization test indicates instability by the
relatively large values of the mean F and also
the large standard deviation. The results with the
other systems are far more satisfactory, probably
because of the large number of cases.

In all cases the orbital descriptors, that is the
energies of the four orbitals resembling the HOMO
and LUMO of benzene, and the orientation of their
nodes, are the best or close to the best predictors.
Unlike the case of the hallucinogens,1 other
descriptors also make a very significant contribution.
The other descriptors employed here are mostly very
easy to interpret physically.

It is uncertain whether it is the orbital energies
themselves that determine activity, or the differences
DH and DL. Both are plausible. Orbitals on two
species, drug and receptor, interact most strongly
when their energies are nearly equal. This could be
reflected in a dependence of activity on orbital
energies of the drug, if these are not too close to those
of the receptor. Alternatively, the differences in
energy, DH and DL, may reflect the difficulty of
distorting the orbitals of one participant to match the
other – zero in the case of benzene itself.

FIGURE 6 Plot of observed versus calculated (Equation 7) log
inhibition constant for hydroxamate inhibitors of C. histolyticum
collagenase.

TABLE XVII Results of 1000 flip regressions on enzyme inhibitor systems with activities randomised

System Original F
Mean F

(randomised)
Std. dev. F

(randomised)
Maximum F

(randomised)
Fraction

Frand . Forig

Carbonic Anhydrase I 25.02 7.09 5.37 65.22 0.015
Carbonic Anhydrase II 38.86 7.19 5.75 75.37 0.004
Thrombin 287.21 14.83 2.76 27.48 0.000
Trypsin 23.25 10.83 2.21 23.02 0.000
Collagenase (all) 235.13 11.90 1.88 19.69 0.000
Collagenase (Hydroxamates) 35.30 7.15 2.57 19.13 0.000
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In QSAR work we can never be entirely confident
that we have isolated the most relevant descriptors.
Thus with the thrombin and trypsin inhibitors here
we give much weight to polarizability. Much of the
variability in this is due to the bulky peptide tails
attached to the most active compounds, and it is
impossible to be sure that some other variable related
to these is not responsible for the effect. Regression
analysis works best in designed data sets. In
chemistry, however, these are by the nature of
chemical molecules unachievable. We do not even
approach the next best situation, which is of
randomly selected molecules, but use intuitively
guided selection, which may be to some degree
imposing our intuitions on the results. Thus, as with
the collagenase inhibitors, we can get disparate sets
of descriptors that explain the data equally well, and
either could be taken as the physical model.

As the randomization trial shows, formal statisti-
cal significances obtained by flip regression cannot
be taken at face value. The procedure results in high
apparent significance for random data, and only the
decrease in significance on randomization is an
indicator of validity. The likelihood of apparent
significance of randomized results increases rapidly
as the number of drugs falls below 30, and it seems
probable that 30 is the practical minimum number of
compounds required for valid results. The flip
procedure needs to be used with caution until its
properties are better understood.
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