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Abstract—A QSAR based almost entirely on quantum theoretically calculated descriptors has been developed for a large and het-
erogeneous group of aromatic and heteroaromatic carbonic anhydrase inhibitors, using orbital energies, nodal angles, atomic
charges, and some other intuitively appealing descriptors. Most calculations have been done at the B3LYP/6-31G* level of theory.
For the first time we have treated five-membered rings by the same means that we have used for benzene rings in the past. Our flip
regression technique has been expanded to encompass automatic variable selection. The statistical quality of the results, while not
equal to those we have had with benzene derivatives, is very good considering the noncongeneric nature of the compounds. The
most significant correlation was with charge on the atoms of the sulfonamide group, followed by the nodal orientation and the sol-
vation energy calculated by COSMO and the charge polarization of the molecule calculated as the mean absolute Mulliken charge

over all atoms.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The carbonic anhydrases (CAs, EC 4.2.1.1) are ubiqui-
tous metalloenzymes in all kingdoms, starting with
Archaea, Bacteria, algae and green plants, and ending
with superior animals, including vertebrates.!™* Their
catalytic activity, the hydration of carbon dioxide to
bicarbonate and a proton and their physiological func-
tion is essential for all these organisms, as the CA-cata-
lyzed reaction is fundamental in physiology, whereas the
three chemical entities participating in it are ubiquitous,
abundant and chemically critical in a multitude of pro-
cesses.' Thus, this reaction is fundamental for respira-
tion and transport of CO, between metabolizing tissues
and excretion sites, secretion of electrolytes in a variety
of tissues and organs, pH regulation and homeostasis,
CO, fixation (for algae and green plants), several meta-
bolic biosynthetic pathways, such as gluconeogenesis,
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lipogenesis, and ureagenesis, bone resorption, calcifica-
tion, tumorigenicity (in vertebrates), etc.!> Inhibition
(but also activation) of CAs may be exploited clinically
in the treatment or prevention of a variety of disor-
ders.!'”® In consequence, CA inhibitors (CAls) and to a
less extent up to now, CA activators (CAAs) possess a
variety of applications in therapy.!* In higher verte-
brates, including humans, 15 different CA isozymes or
CA-related proteins (CARP) were described so far, with
very different subcellular localization and tissue distribu-
tion.!'3 Among the active enzymes, there are several
cytosolic forms (CA I-111, CA VII, CA XIII), four mem-
brane-bound isozymes (CA IV, CA IX, CA XII, and CA
XIV), mitochondrial form (CA V), as well as a secreted
CA isozyme (CA VI).!?> Many of these isozymes are
important targets for the design of inhibitors with clini-
cal applications, and indeed, recently this group de-
scribed compounds with interesting applications as
antiglaucoma, antiobesity, or antitumor agents among
others.>”’

Recently we described a series of carbonic anhydrase
inhibitors based on benzenesulfonamides and diverse
five-membered aromatic rings with sulfonamide substit-
uents and fluorinated tails,® which showed interesting
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applications as topically acting antiglaucoma agents in
an animal model of the disease.! A QSAR for these com-
pounds has been published that gave excellent statistical
qualities, but was based partly on graph theoretic indices
and used neural nets for data analysis.” These choices
preclude any inferences of mechanism of inhibition, or
indeed, of any theoretical interpretation whatsoever.
The present contribution develops our previous work
on benzenesulfonamides,'® extending it to five-mem-
bered aromatic ring systems with heteroatoms. It is
hoped that the model developed in this way will reflect
the true nature of the complex intermolecular forces
zbetween the drugs and their enzyme receptor, and thus
suggest ways in which these interactions can be
optimized.

2. Calculations

All calculations were run on a Dell Inspiron 3800 PC
running Microsoft Windows Xp.

This is the first time our flip regression and orbital nodal
orientation calculation methods have been used on five-
membered aromatic rings, and this was achieved by the
same procedures that we used for benzene rings. The
center of the ring is placed at the origin, the atom of
the ring to which the sulfonamide group is attached is
numbered 1 and placed on the positive X axis, and the
remaining atoms numbered consecutively anticlockwise
around the ring. The calculated angles are then the an-
gles that the nodal planes in the HOPO and LUPO
(highest occupied m-like orbital and lowest unoccupied
ni-like orbital) make with atom 1, measured at the origin.
If the ring is numbered in the alternative direction the
angle obtained is the negative of this value.

No attempt is made to include steric influences and
localized hydrophobic effects, but only interactions that
have been shown to be important in other series of
drugs, particularly atomic charges and the energies
and nodal orientations of m-like near-frontier orbi-
tals.!''3 Many of the compounds had two or three aro-
matic rings. In these cases only the ring bearing the
sulfonamide moiety was considered.

We have for some time now been examining the influ-
ence of such factors on the activity of drugs, and also
a method of dealing with symmetry in aromatic drugs.'*
This arises because when a planar aromatic molecule lies
on a flat surface or within a flat pocket it can do so in
two ways, as shown in Figure 1 for the molecule thi-
adiazole-2-sulfonamide. If the angle the highest occu-
pied-orbital nodal surface of the aromatic ring makes
with the sulfonamide group is @y, and this is to match
up with a similar surface in the receptor, the aromatic
group can rotate 180° around the aromatic-sulfonamide
bond, and the angle then becomes —®y, and the ring
will orient itself in whichever way minimizes its binding
energy. Which of these options is appropriate in the
drugs in a series is decided by considering all possible
combinations of &y and —®y for all the drugs, and
accepting that combination giving the best fit, as mea-
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Figure 1. The molecule thiadiazole-2-sulfonamide, showing the ring
numbering, the effect of flipping and the HOPO angle before and after
flipping, with the HOPO angle from Scheme 2.

sured by the Fisher F for the regression. The parameters
used in the fitting are sin 2&y and cos 2@y, and the use
of trigonometric identities allows us to calculate, from
the coefficients of these two terms, the optimum value
of the angle @y. The factor 2 arises because there are
two optimal orientations as @y goes from 0° to 360°.
For the lowest unoccupied n-orbital the functions are
sind®; and cos4®;, because in this case there are two
mutually perpendicular nodes, and thus four optimal
orientations in a complete rotation. For each drug in
the series the procedure gives a flip status, which may
be —1 or +1, and a flip significance. A status of —1

Figure 2. The nodes in the HOPO and LUPO of unflipped thiadiazole-
2-sulfonamide, 0.5 A above the ring plane, calculated at HF/6-31G*,
showing the orientation of the nodes.
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means that the drug has orientated the opposite way to
that in which it was introduced, but bear in mind that
there are always two equivalent solutions, differing in
flip status by a factor of —1 (i.e., flipping all of the drugs
changes nothing). This discussion has assumed a sym-
metric ring system such as benzene, but a similar argu-
ment applies to nonsymmetrical parent molecules. The
HOPO and LUPO orbitals of the molecule, thiadiaz-
ole-2-sulfonamide, calculated at the HF/6-31G* level,
are shown in Figure 2, and the output of a NODANGLE
calculation for it in Scheme 2.

2199

The flip significance is calculated by flipping each mole-
cule in turn and applying a Student’s 7-test to the change
in F on flipping. The flip procedure would probably be
best not applied in a series where all drugs were based
on the same, nonsymmetric ring system, where it could
be assumed that the ring system itself had a preferred ori-
entation on the site, although it could happen that the
orientation of such a system could be dominated by the
substituents rather than the ring components. In this case
the flip procedure should lead to varied flip statuses and
possibly nonsignificant flips. Here, however, we are
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Scheme 1. The formulae of the compounds studied. (Reprinted with permission from J. Med. Chem. 2000, 43, 4542, copyright 2000 American

Chemical Society).
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Thiadiazole-2-sulfonamide

5 membered ring starting at 1

Local ring atom coordinates

1¢c 1 1.204 0.000 0.000
2N 2 0.403 1.118 0.000
3N 3 -0.855 0.848 -0.002
4 Cc 4 -1.097 -0.496 0.001
58 5 0.299 -1.415 -0.001
Occupied orbitals, sums of
HOMO- 9 8 7 6 5
PZ 0.0043 0.0028 0.0023 0.0272 0.0456
PY 0.2935 0.0067 0.3425 0.0745 0.0224
PX 0.2478 0.0026 0.1153 0.0870 0.0193
S 0.3035 0.0119 0.1324 0.0627 0.0184
Virtual orbitals, sums of sqguares on ri
LUMO+ 0 1 2 3 4
Pz 0.8989 0.0001 0.8022 0.0029 0.0005
PY 0.0014 0.1794 0.0083 0.1419 0.0797
PX 0.0014 0.3790 0.0044 0.0275 0.0154
S 0.0014 0.3898 0.0194 0.3277 0.1218
ORB SCALE SSQ FUNC ANGLE
HOMO-0 1.66 0.85 0.0026 107.98
HOMO-2 2.02 0.87 0.0851 17.62
ORB SCALE SSQ FUNC ANGLE
LUMO+0 0.99 0.90 0.0201 60.02
LUMO+2 1.00 0.80 0.0045 13.03
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squares on ring atoms

4 3 2 1 0
0.0007 0.0052 0.8715 0.0282 0.8542
0.2018 0.0080 0.0240 0.4674 0.0012
0.2034 0.0318 0.0080 0.1556 0.0003
0.1179 0.0105 0.0196 0.2973 0.0015
ng atoms

5 6 7 8 9
0.0029 0.0004 0.0004 0.0125 0.0020
0.0359 0.2262 0.1187 0.0936 0.1094
0.0666 0.1916 0.0459 0.0748 0.0477
0.0642 0.3910 0.4941 0.3333 0.2712

ENERGY
-10.366
-12.145
ENERGY
1.437
4.290

Scheme 2. The output of the program NODANGLE for thiadiazole-2-sulfonamide.

applying it to a multiplicity of ring types, and making no
such assumption. A situation similar to this arises in clas-
sical QSAR of benzene derivatives. If we are seeking, for
example, an equation relating activity to > Cm; for a
benzene ring where C; is a constant to be determined
and m; is the lipophilicity of the ith substituent on the
ring, we cannot, as has sometimes been done, treat the
substituents independently. Otherwise, we would predict
different activities, for example, 3-nitrophenol and 5-
nitrophenol, which are the same substance. We handle
this by, on flipping, exchanging the properties for the
3- and 5-position substituents, and also the 2- and 6-po-
sition. In the past, some authors have avoided the prob-
lem by their choice of substances to be studied, usually,
for example, using only monosubstituted benzenesulf-
onamides.>'® Our programs allow this problem to be
handled in such a way that any substituted benzene
derivative can be treated correctly.

For the purpose of treating the present data some exten-
sions have been made to the flip regression software.
First, because the simulated annealing procedure does
not always find the global minimum, provision has been
made for FLIPANNL to automatically repeat the entire
procedure a number of times and select the pattern with
the highest F.

Secondly the model selection procedure has been auto-
mated. A series of annealings is carried out and the sta-
tistical significances and variance inflation factors for all
the variables in the model are computed. If any variance
inflation factor (VIF, defined as 1/(1 — R?), where R; is
the multiple correlation coefficient of the ith indepen-
dent variable regressed on all of the others.) is greater

than a specified maximum VIFMAX, the variable or
flippable pair of variables with the maximum VIF is re-
moved, and the procedure restarted. This is done to
avoid problems of colinearity. If no such variable exists,
then if any of the variables have a statistical significance
greater than a prescribed maximum SIGMAX the vari-
able or flippable pair of variables with the maximum sig-
nificance value is removed and the procedure is
restarted. The procedure terminates when no variable
remains with VIF greater than VIFMAX or significance
greater than SIGMAX remains in the equation. Origi-
nally VIFMAX was set at 10.0 as statistics texts regard
this as the level where colinearity becomes problem-
atic,!” and SIGMAX was set at the traditional value
of 0.05. It soon became apparent that the VIFs obtained
were all much less than VIFMAX, so it became advan-
tageous to raise VIFMAX to 30 or 40. This usually did
not raise the obtained VIFs beyond 10.0, and also usu-
ally resulted in better models. This algorithm is embod-
ied in the program FLIPSTEP, which is part of the
authors package MARTHA,?® available on the Web. The
procedure is equivalent to the classical backwards step-
wise procedure. The VIF testing can be avoided by sim-
ply giving a very large value to VIFMAX.

It has been known for a long time now that a major
influence on the activity of CA-inhibitory sulfonamides
is the effect of the charge on the atoms of the sulfon-
amide moiety itself.?! In addition to this and the orbital
contributions we shall include lipophilicity, and some
indicators of generalized nonbonded interactions, such
as polarizability, solvation energy and mean absolute
charge. Steric factors are not considered. We believe that
this small group of descriptors will describe much, but
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not all of the variation in activity in this group of drugs.
To proceed further would require incorporation of our
procedures into some form of 3D-QSAR program.

The ring systems 1-25 and tails A-F of Scheme 1 were
built with Hyperchem?? and geometry optimized with
molecular mechanics, followed by AMI, to give the low-
est energy conformers, except for ring systems 1, 11, and
12 with tails A, B, and D, where energy minimization led
to a doubtful structure, in which an oxygen of the sul-
fonamide group appeared to be making a nucleophilic
attack on the sulfur of the perfluoroalkylsulfonyl group,
giving rise to a trigonal bipyramidal structure with an
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abnormally long CF»,—S bond. This structure could not
be confirmed with a DFT optimization, although that
calculation did indicate an abnormally flat PE surface
in this neighborhood. In these nine cases a higher energy
minimum was chosen with the perfluoroalkyl group
pointing away from the benzenesulfonamide sulfur,
which gave a structure more in keeping with usual expe-
rience of organic chemistry. Frequency calculations
were run on the abnormal structures only, and were
indicative of minima rather than transition states. To
optimize all of the structures at the DFT level would
have been prohibitively expensive, while it was felt that
to use different optimization techniques for different

Table 1. Log K7 (nm) of the 150 CA inhibitors against the three isozymes

Compound KiCAl K;CA2 KCA4 Compound K CAl KiCA2 KiCA4 Compound K;CAl KiCA2 KCA4
A01 5.243 4.311 4.987 Co1 3.143 1.380  2.833 E01 3.255 2.013 3.176
A02 5.275 4272 4979 C02 3.041 1.000  2.699 E02 3.204 1.839 2971
A03 5.219 4.037  4.810 Co03 2.949 1.000  2.613 E03 3.146 1.820  2.929
A04 5.192 4,170 4784 C04 3.000 1.204  2.699 E04 3.267 2.029 2924
A05 5.139 3.699  4.389 Co05 2.898 1.176 ~ 2.380 E05 3.000 1.792  2.875
A06 4910 2.778  4.699 C06 2.881 1.176  2.362 Eo06 2.978 1.740  2.716
A07 5.000 2.699 4462 Cco7 2.851 0954  2.146 E07 3.146 1.708 2.740
A08 5.255 2.863  4.623 Co08 3.161 2.041 2.732 E08 3.362 1.740  2.778
A09 5.301 3.017 4.672 C09 3.176 2.097  2.740 E09 3.398 1.839  2.792
A10 5.322 3.114  4.690 C10 3.244 2.176  2.829 E10 3.477 1.845 2.833
All 3.740 2.633  2.860 C11 3.176 1.176  2.152 El1 3.845 1.857 2919
Al12 2.740 1.954  2.176 C12 2.477 0.699 1.415 E12 2.908 1.544  2.114
Al3 4.777 2.000 2.778 C13 2.322 —-0.523  0.778 E13 2471 0.699 1.114
Al4 3.301 1.380 1.505 Cl4 2.398 —0.523  0.954 E14 2.519 0.778 1.255
Al5 3.477 1.114 1.602 C15 2.301 —0.398  0.954 E15 2477 0.301 0.903
Al6 3.000 0.477 1.398 Cl6 1.380 0.000  0.903 El6 2.778 0.176 1.114
Al7 3.000 0.699 1.519 C17 1.322 0.176  0.954 E17 2.954 0.301 1.079
Al8 3.602 1.322 1.602 C18 2.097 0.903 1.176 E18 3.380 1.041 1.398
A19 3.699 1.362 1.653 C19 2.176 0.903 1.204 E19 3.477 1.204 1.477
A20 3.903 1.398 1.591 C20 2.512 1.041 1.380 E20 3.643 1.342 1.556
A21 1.845 —0.046  0.903 C21 1.613 —0.699  0.699 E21 1.653 0.000  0.954
A22 1.740 —0.046 1.000 C22 1.398 —0.523 0.778 E22 1.568 0.477 1.146
A23 1.699 0.000  0.845 C23 1.255 —0.301 0.845 E23 1.380 0.301 0.845
A24 5.130 3.708  4.382 C24 2.462 1.602  2.000 E24 4.176 2.740  4.041
A25 4.903 2.740  4.653 C25 2471 1.544  2.013 E25 4.301 2,613  4.079
BO1 4.342 2.398 2954 DO1 3.176 1.982  3.079 Fo1 3.193 1.544 2,908
B02 4.265 2230 2.771 D02 3.146 1.826  2.940 F02 3.146 1.279  2.813
B03 4.182 2204  2.681 D03 3.057 1.792  2.881 F03 2.978 1.230  2.778
B04 4.176 2.255 2778 D04 3.225 2.041 2.934 Fo4 3.176 1.362  2.991
B05 4.114 2.176  2.407 D05 3.000 1.778 2.848 F05 2.991 1.301 2.544
B06 4.097 2.176  2.380 D06 2.985 1.732  2.672 F06 2.954 1.230  2.491
B07 3.029 1.991 2.301 D07 3.161 2.097  2.699 F07 2.881 1.176 ~ 2.267
B08 4.009 2.628 2944 D08 3.394 2.740  4.013 F08 3.033 2.097 2.771
B09 4.307 2.686 2954 D09 3.407 2.833  4.097 F09 3.272 2.193 2.937
B10 4.369 2.813 3.017 D10 3.531 2.878  4.176 F10 3.408 2.362 3.017
B11 3.708 1.708 2.204 D11 3.903 1.991 2.884 F11 3.279 1.580  2.623
B12 2.602 0.903 1.633 D12 2.949 1.505  2.190 F12 2.875 1.079 1.732
B13 2.556 0.301 0.954 D13 2.602 0.477 1.079 F13 2.398 0.301 1.000
B14 2.544 0.301 1.000 D14 2.580 0.477 1.146 F14 2.431 0.176  0.903
B15 2471 0.477 1.041 D15 2471 0.301 0.954 F15 2471 0.301 1.000
B16 2.954 0.301 1.230 D16 2.903 0.301 1.322 F16 3.176 0.903 1.505
B17 3.000 0.602 1.380 D17 3.041 0.477 1.398 F17 3.204 0.845 1.462
B18 3.556 1.176 1.491 D18 3.477 1.079 1.462 F18 3.820 1.255 1.591
B19 3.602 1.301 1.556 D19 3.556 1.322 1.519 F19 3.903 1.556 1.740
B20 3.778 1.301 1.477 D20 3.653 1.301 1.531 F20 3.886 1.431 1.792
B21 1.732 —0.301 0.778 D21 1.690 —0.222  0.845 F21 2.079 —0.301 0.903
B22 1.462 -0.301 0.845 D22 1.447 —0.301 0.903 F22 2.021 —-0.222  0.954
B23 1.279 0.000  0.778 D23 1.230 —0.222  0.699 F23 1.813 —0.155 1.041
B24 4.389 2.663  4.023 D24 4.176 2,732 4.037 F24 3.079 1.732  2.613
B25 4.320 2.585 3.964 D25 4.342 2.643  4.090 F25 3.097 1.699  2.602
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members of the series could have given misleading
results.

Experimental data for CA inhibition by the entire group
of compounds, taken from our previous publication® are
given in Table 1. In all cases except rings 11 and 12,
which have two sulfonamide groups, the sulfonamide
group was attached to atom 1 of the ring and the ring
was numbered 1-5 or 1-6 anticlockwise, maintaining
the orientation given in Scheme 1. Ring 12 was num-
bered anticlockwise starting at the top sulfonamide
group, and ring 11 clockwise starting at the right hand
side sulfonamide. This was done in order to make the
relation between the sulfonamide and amine groups
1:4 in each case.

There is of course an ambiguity here: which of the two
sulfonamide groups should we be comparing with the
sulfonamide group of the other ring systems, both with
regard to Mulliken charges and nodal orientation? The
only rigorous answer is to consider every possible com-
bination, but this would be prohibitively time consum-
ing. It is hoped that the choice made is reasonable,
and that if it proves wrong in any particular case, this
will be apparent as an outlier.

The tails were attached to the ring systems in an ex-
tended conformation and the geometry of the complete
molecule was fully optimized at the AM1%3 level with
MOPAC, version 6.2* Polarizabilities were taken from this
calculation. A single point AM1 calculation was run on
the resulting geometry with MopAc 93,23 using the COS-
MO?¢ approach to obtain the solvation energy. Mean
absolute atomic charges were calculated from the Mul-
liken charges for the moprac 93 result. A density func-
tional calculation was then run on the same geometry
using the B3LYP?"28 functional, the COSMO option
and the 6-31G* basis set, followed by a NODANGLE?’
calculation to obtain the orbital angles, energies, and
Mulliken charges on the atoms of the SO,NH, group.

Table 2. All descriptors considered for the compounds

B. W. Clare, C. T. Supuran | Bioorg. Med. Chem. 13 (2005) 2197-2211

This calculation was done with GAUssIAN 2003.3° The
charges cited for the sulfonamide O and H are the
sum of the two values for these pairs of atoms. The orbi-
tal angles were relative to atom 1 of the ring and the ori-
entations described above. The appropriate orbitals
were identified from the NODANGLE output, and in
doubtful cases, from a visualization of the orbitals with
GAUssvIEW.?! Lipophilicities were calculated with
ClogP.3? All of the descriptors that were tried are listed
in Table 2, and the values of the relevant AM1 and
ClogP results are given in the Supplementary data,
and the DFT results in Table 3.

The statistical calculations were done with the FLIPSTEP
and MULTLR modules of MARTHA.?® All variables
were entered in the beginning of the calculation, and
were eliminated one by one on the basis of the Student’s
¢t value, until the statistical significance of all of the
remaining variables was better than 0.05 and no vari-
ance inflation factor was greater than 10. Flipping was
carried out at every stage of the stepwise regression.
The final equation was evaluated with the multiple lin-
ear regression facility of the statistical package NCSS.33
The flip status values tabulated are relative to the input
orientation. It should be noted that the five-membered
rings are not bilaterally symmetric relative to the sulfon-
amide group. No correspondence is assumed between
the binding orientations of different, or even the same,
heterocyclic ring, and it may be possible to infer such
relationships from the resulting flip statuses and the in-
put orientations of Scheme 1.

3. Results

Because the basis set 6-31G* does not cover iodine, no
results were obtained for ring system 10. Total lipophi-
licities were taken as the sum of the lipophilicities of
the ring system and the tail. ClogP was unable to calcu-
late the lipophilicity of rings 14 and 17 because of a

Number Name Descriptor

1 by Angle between node in highest occupied m orbital and SO,NH, group, DFT (°)
2 dp Angle between node in lowest unoccupied © orbital and SO,NH, group, DFT (°)
3 Ey Energy of highest occupied = orbital, (HOPO) DFT (eV)

4 Espy Energy of second highest occupied n orbital, (SHOPO) DFT (eV)

5 Ep Energy of lowest unoccupied n orbital, (LUPO) DFT (eV)

6 Esp Energy of second lowest unoccupied = orbital, (SLUPO) DFT (eV)

7 Om Mean absolute Mulliken charge over all atoms, AM1

8 [N Mulliken charge on sulfonamide N, DFT

9 Oo Mulliken charge on sulfonamide O, DFT

10 Os Mulliken charge on sulfonamide S, DFT

11 QOc Mulliken charge on C attached to sulfonamide, DFT

12 On Mulliken charge on sulfonamide H, DFT

13 Or Total Mulliken charge on sulfonamide group, DFT

14 I Component of polarizability, longest axis, AMI1 (A3)

15 I, Component of polarizability, intermediate axis, AM1 (A3)

16 1, Component of polarizability, shortest axis, AM1 (A3)

17 AHg Difference between heats of formation with and without COSMO, AM1 (kcal)
18 Tail ClogP value for tail

19 Tot Sum of ClogP values for rings and tail
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Table 3. Relevant DFT-computed properties of the 144 drugs
Compound P (°) 2L (°) Ey (eV) Esn (eV) Ey (eV) EgsL (eV) Qo (¢) On (e) Oc () On (e)

A01 149.6 34.8 ~6.944 ~7.285 ~1.170 ~0.719 ~1.071  —0.845  —0.168  0.806
A02 88.9 55.0 ~7.188 ~7.450 ~1.156 ~0.820 ~1.073 0845  —0.132 0826
A03 88.7 44.1 —6.541 ~7.417 ~0.923 ~0.612 ~1.080 0847  —0.117  0.820
A04 89.7 45.4 —6.377 ~7.248 —0.769 —0.425 ~1.084 0848  —0.120 0818
A05 92.2 424 ~7.003 ~7.281 ~1.057 ~0.504 ~1.078 0847  —0.115  0.821
A06 91.4 43.0 —6.789 ~7.166 ~0.878 —0.367 ~1.083 0848  —0.117 0818
A07 76.0 39.7 ~6.699 ~7.355 ~1.165 ~0.630 ~1.071 0846  —0.110  0.824
A08 75.0 43.9 —6.777 ~7.316 —1.284 ~0.853 ~1.071 0845  —0.105  0.826
A09 74.7 44.5 —6.742 ~7.259 ~1.269 ~0.882 ~1.071 0845  —0.105  0.826
All 71.3 27.1 ~7.181 ~7.270 ~1.981 ~1.512 ~1.036 0846  —0.099  0.842
A12 117.7 31.6 ~7.192 ~7.479 ~1.854 ~1.315 ~1.036 0849  —0.100  0.836
A13 112.8 59.8 ~6.973 —9.247 ~2.002 ~0.315 ~1.020 0822 0172 0.849
Al4 119.4 58.0 —6.947 —9.256 ~2.016 ~1.232 ~1.001 0826  —0.152 0854
Al5 111.8 60.5 —6.597 -8.716 —1.864 —0.546 ~1.035  —0.828  —0.189  0.839
Al6 114.1 575 —6.487 ~8.707 ~1.744 0.053 ~1.030 0828  —0.177  0.842
A7 118.5 54.1 ~6.413 ~8.407 ~1.754 ~1.245 ~1.013 0830  —0.153  0.847
Al8 88.9 46.5 —6.149 ~7.238 ~0.598 ~0.385 ~1.089 0850  —0.119 0814
A19 31.0 43.0 ~6.282 ~7.038 ~0.893 ~0.351 ~1.081 0848  —0.123  0.821
A20 89.0 44.3 ~6.036 ~7.155 ~1314 ~0.348 ~1.085 0849  —0.117 0816
A21 113.8 51.5 —6.488 —6.920 ~1.812 —0.613 ~1.025 0826  —0.147  0.844
A22 123.2 523 ~6.737 ~7.013 ~1.901 ~0.756 ~1.023 082  —0.146  0.845
A23 114.3 49.1 ~6.147 ~6.833 ~1.654 —0.434 ~1.030 0828  —0.149  0.840
A24 93.0 425 ~7.023 ~7.310 ~1.029 —0.512 ~1.077 0847  —0.113 0822
A25 91.2 437 ~6.838 ~7.187 ~0.931 ~0.384 ~1.082 0849  —0.117 0818
BO1 150.3 33.1 ~6.927 ~7.286 ~1214 ~0.777 ~1.071 0843 0170  0.802
B02 36.1 50.7 ~6.803 ~7.202 ~1.067 ~0.776 ~1.074 0845 0126  0.825
B03 90.4 46.2 —6.605 ~7.382 ~1.096 ~0.554 ~1.079 0848  —0.115  0.819
B04 90.4 44.2 —6.406 ~7.243 ~0.793 ~0.420 ~1.082 0848  —0.119 0817
BO5 91.8 426 ~7.011 ~7.287 ~1.078 ~0.517 ~1.077 0847 0115  0.821
B06 88.3 413 ~6.797 ~7.160 ~0.867 ~0.372 ~1.083 0849  —0.118 0818
B07 76.2 39.8 ~6.695 ~7.353 ~1.227 ~0.629 ~1.071  —0.846  —0.110  0.824
BOS 75.5 433 ~6.752 ~7.299 ~1.252 ~0.829 ~1.071 0846  —0.105  0.825
B09 75.6 43.8 ~6.719 ~7.250 ~1.280 ~0.870 ~1.071  —0.846  —0.105  0.824
BI1 71.9 27.9 ~7.167 ~7.266 ~2.000 ~1.522 ~1.035 0846  —0.099  0.842
BI2 114.9 28.6 ~7.139 ~7.242 ~1.784 ~1.308 ~1.036 0849  —0.102  0.835
BI3 112.8 58.6 —6.840 ~9.260 ~1.888 ~0.300 ~1.021 0823  —0.176  0.848
Bl4 119.3 59.6 ~6.969 ~9.369 ~2.068 ~1.295 ~1.001 0826  —0.152  0.855
BI5 111.8 60.8 ~6.616 —9.101 ~1.894 ~0.615 ~1.034 0827  -0.188  0.839
B16 114.1 57.6 ~6.492 ~8.724 ~1.746 0.054 ~1.029 0826  —0.177  0.842
B17 118.5 54.1 —6.424 ~8.836 ~1.756 ~1.269 ~1012 0830  —0.154  0.846
BIS 88.8 45.8 ~6.152 ~7.240 ~0.767 ~0.388 ~1.089 0850  —0.119 0814
B19 31.0 43.1 ~6.292 ~7.038 ~0.896 ~0.362 ~1.081 0848  —0.123  0.821
B20 88.9 443 ~6.031 ~7.151 ~1.308 ~0.346 ~1.085 0849  —0.117 0816
B21 113.4 514 ~6.491 ~6.910 ~1.790 ~0.596 ~1.025 0825  —0.147  0.844
B22 123.4 52.2 ~6.726 ~6.992 ~1.877 ~0.632 ~1.023 0825  —0.146  0.845
B23 114.0 49.1 —6.121 ~6.824 —1.644 —0.417 ~1.030 0828  —0.149  0.840
B24 94.6 423 ~7.037 ~7.303 ~1.271 ~0.523 ~1.077 0847 0113 0.822
B25 91.3 435 ~6.833 ~7.182 ~0.937 ~0.379 ~1.082 0849  —0.117 0818
co1 148.0 36.0 —6.745 ~7.201 ~1.075 —0.579 ~1.081 0863  —0.155 0819
co2 334 423 ~6.554 ~7.136 ~0.956 —0.547 ~1.077 0848  —0.123  0.821
C03 88.7 474 ~6.386 ~7.314 ~0.803 —0.450 ~1.085 0848  —0.116 0817
C04 87.8 438 —6.141 ~7.210 ~0.737 ~0.428 ~1.087 0848  —0.120  0.816
05 86.6 48.0 ~6.907 ~7.195 ~0.946 —0.425 ~1.081 0848  —0.115 0819
C06 87.8 46.8 ~6.749 ~7.149 ~0.867 ~0.350 ~1.084 0849  —0.117 0817
o7 77.8 44.2 ~6.478 ~7272 ~0.981 ~0.539 ~1.077 0847  —0.111 0822
Co8 78.6 48.8 ~6.525 ~7.225 ~1.034 ~0.742 ~1.077 0847  —0.106  0.822
C09 78.2 514 ~6.506 ~7.178 ~1.038 —0.770 ~1.077 0847  —0.106  0.822
c1 86.2 30.8 —6.847 ~7.237 ~1.898 ~1.473 ~1.039 0848  —0.096  0.838
C12 93.6 29.3 ~6.729 ~7.249 ~1.661 ~1.339 ~1.047 0850  —0.111  0.833
C13 113.1 58.7 ~6.736 ~9.238 ~1.933 ~0.171 ~1011 082  —0.177  0.845
Cl14 118.7 59.3 ~6.689 ~8.931 ~1.958 —1.425 ~1.009 0829  —0.152  0.850
C15 111.8 60.7 —6.600 ~8.709 ~1.879 ~0.599 ~1.035 0828  —0.188  0.838
C16 114.6 60.8 ~6.498 ~7.032 ~2.042 —0.181 ~1.027 082  —0.170  0.844
c17 118.0 54.9 ~6.855 ~8.395 ~1.775 ~1.167 ~1.014 0830  —0.153  0.847
C18 88.9 457 ~6.135 ~7.239 -0.722 —0.381 ~1.089 0850  —0.119 0813

(continued on next page)
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Compound P4 (°) 2 (°) Ey (eV) Esn (eV) EL (eV) EsL (eV) Qo (¢) On (© Oc (¢) Ou (¢
C19 31.7 35.8 ~6.231 ~7.098 ~0.860  —0.320 ~1.080  —0.848  —0.123  0.820
C20 88.7 44.7 ~5.957 ~7.079 ~1237 0315 ~1.087  —0849  —0.117 0815
c21 110.0 51.5 ~6.239 ~6.851 ~1756  —0.502 ~1.028  —0.827  —0.148  0.842
2 1174 50.9 —6.549 —6.899 ~1.765  —0.567 ~1.027  —0827  —0.146  0.842
c23 113.7 49.1 ~6.108 ~6.816 ~1.646  —0.413 ~1.031  —0.828  —0.149  0.840
C24 85.6 474 ~6.904 ~7.218 —0.990  —0.429 ~1.081  —0848  —0.113 0818
C25 91.9 43.1 ~6.811 ~7.164 ~0.880  —0.359 ~1.084  —0.849  —0.116 0817
DO1 150.9 37.7 ~6.929 ~7.268 ~1.165  —0.664 ~1.074  —0.847  —0.171  0.829
D02 40.9 479 ~6.897 ~7.226 ~1.048  —0.678 ~1.074  —0846  —0.128  0.824
D03 89.6 439 ~6.605 ~7.381 ~L112 0.5 ~1.079  —0.848  —0.114 0819
D04 904 442 —6.404 ~7.243 —0.792  —0.420 ~1.082  —0848  —0.119 0817
D05 9.7 426 ~7.016 ~7.292 ~1.085  —0.526 ~1.077  —0847 0115 0822
D06 915  43.0 —6.790 ~7.165 —0876  —0.367 ~1.083  —0848  —0.118 0818
D07 76.2 39.9 ~6.698 ~7.353 ~1248 0,631 ~1.071  —0.846  —0.110  0.824
D08 76.6 43.0 ~6.730 ~7.308 ~1.296  —0.839 ~1.071  —0.846  —0.105  0.824
D09 75.7 438 ~6.719 ~7.252 ~1.301 ~0.874 ~1.071  —0.846  —0.105  0.824
D11 72.1 28.0 —7.164 ~7.266 —2000  —1.523 ~1.036  —0.846  —0.099  0.842
D12 114.7 28.6 ~7.137 ~7.422 ~1.783  —1.308 ~1.036  —0.849  —0.102  0.835
D13 112.8 58.8 —6.848 —8.856 ~1.902  —0.303 ~1.021  —0823  —0.176  0.848
D14 119.3 59.1 ~6.950 ~9.036 —2045  —1.277 ~1.001  —0.82  —0.152  0.854
D15 11138 60.9 ~6.620 ~8.730 ~1.899  —0.625 ~1.034  —0828  —0.188  0.840
D16 114.1 57.6 ~6.494 -8.711 ~1.748 0.051 ~1.029  -082  —0.177  0.842
D17 118.4 54.1 —6.423 -8.835 ~1.755  —1.271 ~1.012  —0830  —0.154  0.846
D18 89.1 46.5 ~6.151 ~7.240 ~0.766  —0.388 ~1.089  —0.85  —0.119 0814
D19 315 39.5 ~6.255 ~7.069 ~0.940  —0.209 ~1.077  —0.85  —0.128  0.824
D20 89.1 443 ~6.026 ~7.152 ~1312 —0.346 ~1.085  —0.849  —0.117 0816
D21 1114 51.1 ~6.380 ~6.900 ~1.758  —0.637 ~1.026  —082  —0.148  0.843
D22 123.1 523 ~6.722 ~6.991 ~1.878  —0.644 ~1.023  —0825  —0.146  0.845
D23 1140 490 ~6.123 ~6.826 ~1.648  —0.419 ~1.029  —0.828  —0.150  0.840
D24 934 430 ~6.970 ~7.263 ~L119 0471 ~1.078  —0.848  —0.115 0821
D25 9.6 433 ~6.844 ~7.185 ~0955  —0.384 ~1.082 0848  —0.117 0818
E01 151.2 25.4 ~6.726 ~7.188 ~1.580  —0.847 ~1.077  —0.841  —0.188  0.827
E02 31.8 68.9 ~6.554 ~7.135 ~1450 0852 ~1.077  —0.848  —0.122  0.822
E03 878 451 ~6.498 ~7.316 ~1.611 ~0.460 ~1.082  —0.848  —0.113 0818
E04 879 452 ~6.231 ~7.237 —0.697  —0.404 ~1.086  —0.849  —0.120 0816
E05 94.5 425 ~6.873 ~7.202 —~1.101 ~0.405 ~1.081  —0.848  —0.116 0819
E06 9.7 415 ~6.761 ~7.144 ~0927 0314 ~1.084  —0.849  —0.118 0817
E07 74.7 429 —6.641 ~7.317 ~1.732 —0.566 ~1.074  —0.846  —0.108  0.824
E08 754 459 —6.641 ~7.255 ~1.800  —0.750 ~1.074  —0846  —0.103  0.823
E09 74.0 46.0 —6.674 ~7.219 ~1.807  —0.802 ~1.073  —0846  —0.102  0.824
Ell 168.4 34.0 ~7.296 ~7.384 —2115  —1.451 ~1.031  —0.848  —0.087  0.839
E12 107.0 353 ~7.050 ~7.396 ~2108  —1.330 ~1.040 0850  —0.100  0.834
E13 118 63.7 —6.883 ~8.869 —2310  —1.133 ~1.025  —082  —0.182  0.844
El4 117.0 66.6 ~6.761 ~8.933 ~2266  —1.421 ~1.008  —0.829  —0.171  0.850
EI5 114.2 59.8 ~6.612 ~8.679 ~1.989  —0.512 ~1.029  —0827  —0.168  0.841
El6 1143 612 ~6.729 ~8.950 —2097 0227 ~1.025  —0.828  —0.168  0.844
El7 118.8 40.9 —6.349 ~8.391 ~1.527 0862 ~1.014  —0830  —0.153  0.846
EI18 887 459 ~6.153 ~7.241 ~0.749  —0.390 ~1.089  —0.85  —0.118  0.814
E19 31.1 425 —6.191 ~7.071 ~0.882  —0.248 ~1.080  —0.849  —0.120 0819
E20 887 445 ~5.995 ~7.238 ~1.236 0314 ~1.087  —0849  —0.117 0815
E21 113.0 53.4 —6.324 —6.873 ~1.925  —0.446 ~1.026  —0827  —0.146  0.845
E22 126.0 54.0 ~6.732 ~6.971 ~2003  —0.608 ~1.024  —0.826  —0.145  0.844
E23 114.0 49.1 —6.114 ~6.822 ~1.649  —0.420 ~1.030  —0.828  —0.149  0.841
E24 862 471 ~6.890 ~7.242 —0959  —0.427 ~1.081  —0.848  —0.114 0819
E25 919 432 —6.830 ~7.177 ~0.891 ~0.372 ~1.083 0849  —0.117 0818
Fol 152.5 432 —6.546 ~7.143 ~0.954  —0.508 ~1.081  —0.847  —0.193  0.804
F02 31.0 4038 —6.406 ~7.075 ~0.855  —0.490 ~1.081  —0.848  —0.120  0.820
F03 879 471 —6.346 ~7.253 —0.748 0382 ~1.086  —0.849  —0.114 0816
F04 878 462 —6.124 ~7.174 ~0.656  —0.350 ~1.088  —0.849  —0.121 03814
F05 87.2 474 —6.731 ~7.196 —0.868  —0.398 ~1.084  —0848  —0.117 0818
F06 9.0 432 ~6.675 ~7.140 ~0815 0332 ~1.085 0849  —0.117 0817
F07 76.8 437 —6.439 ~7.226 ~1.751 —0.469 ~1.078  —0.847  —0.109  0.821
F08 77.8 46.5 ~6.490 ~7.190 ~1.800  —0.678 ~1.077  —0.847  —0.104 082
F09 774 468 —6.468 ~7.136 ~1.800  —0.712 ~1.077  —0847  —0.104 0821
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Table 3 (continued)

Compound @y (%) PL()  Eu(V)  Esu(V)  EL(eV)  Eg (eV) Qo (¢) On (®) Oc (e) Ou (®)
F11 77.9 36.0 —7.005 -7.135 —2.041 —1.477 -1.036  —0.849  —0.095  0.836
F12 100.7 35.1 —6.877 —7.302 -2.022 —1.369 -1.043  —0.851  —0.101  0.832
F13 111.9 64.0 —6.672 —8.765 —2.204 —1.407 -1.032  —0.828  —0.187  0.840
F14 1173 65.8 —6.585 —8.899 -2.115 -1.387 -1.012 0831  -0.175  0.846
F15 111.8 60.5 —6.589 —8.700 -1.876 —0.574 -1.036  —0.829  —0.188  0.838
F16 112.9 57.3 —6.525 -8.971 —1.785 —0.032 —-1.030  —0.829  —0.179  0.840
F17 117.9 58.0 —6.690 —8.358 —1.854 —1.034 -1.015  —0.831  —0.153  0.845
F18 88.8 45.5 —6.140 —7.246 —0.726 -0.375 -1.090  —0.850  —0.118  0.813
F19 30.5 42.6 -6.228 -7.058 —0.883 —0.304 -1.082  —0.848  —0.121  0.820
F20 88.8 44.4 —5.960 ~7.190 —1.200 —0.306 —-1.088  —0.850  —0.117 0815
F21 110.7 533 —6.165 —6.805 —1.894 —0.431 -1.029  —0.827  —0.147  0.841
F22 120.7 49.8 —6.585 —6.869 —1.699 —0.507 -1.026  —0.827  —0.146  0.842
F23 113.6 49.0 —6.091 -6.812 —1.643 —0.407 -1.031  —0.832  —0.149  0.840
F24 93.7 424 —6.825 -7.199 —-0.912 —0.385 —-1.083  —0.849  -0.114 0818
F25 88.1 46.9 —6.797 —7.155 —0.858 —0.350 —-1.084  —0.849  —0.117 0817

Angles in bold are values for the optimized conformers that ideally should be 0° or 90° (HOPO) or 0° or 45° (LUPO), but are not, due to

unsymmetric conformation.

missing fragment. Preliminary calculations indicated
that the quality of the fit in the remaining compounds
was no better using the total lipophilicity than just the
tail component, so rings 14 and 17 were retained and
only the tail lipophilicity was used, thus enabling us to
use 144 of the 150 compounds.

Rings 3-6, 18, 20, 24, and 25 are symmetrically substi-
tuted benzenesulfonamides, and disregarding the sym-
metry of the rest of the molecule would be expected to
have &y of exactly 0°, 90°, or 180° and & of 0°, 45°,
or 90°. Their divergence from these values gives some
idea of the influence of conformation on the calculated
values of the angles. In fact, only @y values of about
90° and @; values of about 45° were encountered in this
data set, and over the 48 compounds with these rings the
mean of @y was 89.8° with standard deviation 2.1°, and
the mean for @; was 44.7° with standard deviation 1.8°.
Calculations on molecules with full symmetry imposed
were within 0.1° of the expected values. Thus the varia-
tions of the angles due to conformational effects and the
effects of parts of the molecule remote from the ring are
less than 5° in the worst cases.

It was found that AHg, the mean atomic charge, one or
more of the orbital energies, both nodal angles and a
sulfonamide atomic charge entered the equation for all
three isozymes. For the latter, the charge of any of the
S, O, N, or H atoms or the C to which the group was
attached could be used. Both the charges of O and H
could enter, but because of the high correlation between
these, this was not a satisfactory equation on colinearity
grounds, and was eliminated by the stepwise procedure.
The sum of the charges on all the atoms of the sulfon-
amide group was also satisfactory as a descriptor, but
this is not described in what follows.

On the whole, the results for all three isozymes were very
similar. Because of the stochastic nature of the simulated
annealing procedure successive runs do not give identi-
cal results. It was found that rather than a spread of re-
sults the same small group of models was obtained
repeatedly. These will now be described in detail.

Because the flip procedure invalidates the formal statis-
tical quality parameters, the results were checked by
running the regressions 5000 times with the dependent
variable randomized. The multiple correlation coeffi-
cients R from the randomization tests were compared
with those for the actual flip calculation using the Fisher

Z (or v) statistic,* Z = 1 In{*£. This statistic is approx-

imately normally distributed, so giving us an approxi-
mate statistical significance for the flip regression
procedure as a whole. These significances are given for
each model in the models below.

For CA I two models were obtained:

log Ky = — 0.153(1.9) cos 2@y — 0.406(5.8) sin 2Py
— 1.465(7.3) cos 49 4 1.228(13.7) sin 4P
+0.0214(4.2)AHs + 0.554(7.9) yai
+8.035(10.9) Oy — 84.95(19.4) 0
—0.0035(3.2)I1,, — 0.471(6.4)Esn
—76.36

(1)

N=144, R>=0.828, 0*=0800, s=041, oanq=

3x 10738, dyopt = 34.7°, dpropt = 80.0°, significant

autocorrelations: Lag 16: R= +0.26, Lag 25:
=-0.32.

logK; = — 0.2208(2.7) cos 2®y — 0.4274(5.6) sin 2Py
—1.2627(5.3) cos 4@, + 1.3262(12.7) sin 4@,
+0.0210(4.2)AHg + 0.5637(7.7) eai
+0.5422(3.2)EL 4 7.9811(10.8) Oy
—95.57(10.9)Qy — 0.0040(3.6)I1,,

+26.67(2.9)0Qy — 0.421(5.7)Esy — 106.10

(2)

N=144, R>=0.836, 0*=0802, s=041, onqa=
1x 1073, ®yopt =31.3°, & opt=78.4°, significant
autocorrelations: Lag 16: R = +0.24, Lag 25: R = —0.22.

Here N is the number of compounds in the regression, R*
is the squared multiple correlation coefficient, Q* the
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same, crossvalidated (i.e., based on the leave one out
technique), s is the standard error of estimate, o,,q iS
the statistical significance of the flip regression based
on randomizing the dependent variable, ®yopt and
dropt are the values of &y and @1 that minimize
K; (i.e., maximize the activity), calculated from the
coeflicients of the trigonometric terms, and the numbers
in parentheses are the magnitude of the Student’s  values
for each of the terms. A ¢ value greater than approxi-
mately 2 indicates a term that is significant with better
than 95% confidence, and larger values are indicative
of terms of greater importance in explaining log K.

For Model 2 the compounds with large positive residu-
als (greater than 0.6) were A4, A5, A6, A8, A9, D12,
D25, E25, F17, F19, and F20. Those with large negative
residuals were A12, B7, B15, C1, C3, C7, C18, C25, and
F3. Figure 3 is a plot of log Kj observed against that cal-
culated from Model 2.

For CA II three models were obtained, having 10, 11,
and 12 descriptors.

logKy = — 0.425(5.4) cos 2&y — 0.880(12.4) sin 2Py
—0.498(2.5) cos 4@ — 0.256(3.1) sin4P
+0.030(7.1)AHs — 1.317(9.3)En
+0.426(6.1) ey + 7.013(9.3) Oy
—70.05(19.6)Qy — 0.368(3.1)Es, + 47.24

(3)
=144, R*=0.869, Q*=0.848, 5=0.40, 0yang =3 X

10_55 dyopt = 147.9°, & opt = 6.8°, significant auto-
correlations Lag 16: R = +0.31, Lag 28: R = —0.25.

logK; = —0.166(2.1) cos 2@y + 0.810(11.6) sin 2Py
—0.858(3.9) cos 4@, — 0.150(2.0) sin 4@,
—10.29(4.4)0¢ + 0.0354(8.6)AH's
— 1.324(9.5)Ey + 0.467(6.8) Ty
+7.53(10.2) Oy — 38.65(18.0)Q,
—0.709(4.8)EsL — 53.41
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Figure 3. Plot of observed versus calculated log Kj for CA 1 using
Model 2.

=144, R>=0876, 0*=0.854, 5=0.39, o4ana=
6x 1078, dyopt = 140.8°, dpopt =2.5°, significant

autocorrelations Lag 16: R =+ 0.31, Lag 29: R = —0.24.
log K1 = 0.0847(1.1) cos @y + 0.846(11.5) sin 2Py
—1.289(5.9) cos 4@, — 0.103(1.4) sin 4@,
+0.0316(6.0)AHs — 1.191(8.6)Ey (5)
+0.531(7.4) e + 8.125(10.2) Oy
—0.0032(3.0)11,, — 34.66(20.3)Q,
—0.285(4.2)Esy — 0.469(4.0)Es. — 49.26
N=144, R*=0.878, 0*=0.853, 5=0.39, o4ana=
2x 1073, dyopt = 132.1°, Ppopt =1.1°, significant

autocorrelation Lag 16: R = +0.22.

Model 4 is the most satisfactory of any that was ob-
tained. On the basis of Student’s ¢ Qg is the most signif-
icant term, followed by sin 2&y and Qy. From the
coefficients of sin 2&y and cos 2dy we can calculate
an optimal @y, and similarly for @;. The angles for
the nodes of the LUPO are a relatively small contribu-
tor, along with Q¢ and Eg; . Ey, AHs, and my,;; are mod-
erate contributors. Much the same impression may be
obtained pictorially from Figure 4, which shows the par-
tial residuals for Model 4, and this also illustrates some
other features of the data. The strongest contributor,
0o, may be seen to be dichotomous. It breaks down into
two clusters: the benzenoids and the heterocyclics. To a
lesser extent, so does Qc. The angle term cos 2@y is also
polarized into a large cluster containing most of the
molecules and a small one with positive values, contain-
ing ring systems 1, 2, and 19, and Eg; into a large group
and a smaller one with very negative energies, contain-
ing ring systems 11, 12, 14, and 17. The compounds with
large positive residuals were A2-AS, A24, F16, F17, and
F20. Those with large negative residuals were B13, C3,
C5, and F13. Figure 5 shows a plot of log K; observed
against that calculated from Model 4.

For CA IV two models, were obtained: having 10 and 11
descriptors.

log K1 =0.396(4.0) cos 2@y — 1.091(11.6) sin 2y

— 1.963(7.1) cos 4@y + 0.277(3.1) sin 4P
+0.0455(9.7)AHs — 1.409(8.8)Ey (6)
+0.279(3.5) My + 0.548(3.6)EL

+5.72(6.7)0y — 33.50(5.7)0y — 36.38

=144, R>=0.850, Q*=10.826, 5s=0.46, g =6X

10 -7 , dyopt =55.0°, &popt = 88.0°, significant auto-

correlations: Lag 6: R=-0.38, Lag 8 R=+0.22, Lag

12: R=-0.29, Lag 16: R = +0.23, Lag 20: R = —0.27.

log Ky =0.414(4.3) cos 2&y — 1.085(11.7) sin 2&y
—2.053(7.5) cos 4@y + 0.289(3.3) sin 4P
+0.0381(6.7)AHs — 1.221(6.8)Ey )
+0.364(4.1)m, + 0.430(2.7)EL
+5.049(5.6)0y; — 34.1(5.9)0On
—0.0025(2.2)11,, — 35.50



B. W. Clare, C. T. Supuran | Bioorg. Med. Chem. 13 (2005) 2197-2211 2207
44
3 ° ° °
— ° o — 6 ° °
3 2|9 3| 25 5%
5 y%“ 53 5 % ° o @ 5 s °
o 2 oo 8 ° o® 7] oo °
§ ° g § é og :o:% %g & % . & 4 00:5 °°°:6§ °
T T | o @ oshe | = 4
%40 ° :£§o° E‘] ° ° % % ;:’Q;s %3 oo c@% °
o °° % 8, a : @, ® o 0o ‘h’%g %o
eoo %, 9l 8 o 5 8°&
° s 2| See°
38 - 0 =
-1.08 -1.06 -1.04 -1.02 -1.00 -0.18 -0.16 -0.14 -0.12 -0.10 03 04 05 06 07 08
Q, Q R
ol° ¢ ) o2 ) 2|’
§ o ° g o ° ° ° § H E i
'-g * ° 8%: 000000 o .g ; ° oo ° g % g : g g E
o o0 o
g o o leg oo 2 0 = 1 e o Rl 1] e, ii °
o TS o% %’g 6’;’2" ° b= 08 ° ° % 0@0 0&8%‘208 ° o S $ ° 2
% o © ®% L B ° S o n“_s ° % B o 5 ® E 8 § §
0o © ¥ 2 oo
o S o0 0 L o 8 a 8
8 ° @, &2 g © 0 9
o °g o © °
7.0 6.5 -6.0 -1.5 -1.0 -0.5 0 1 2 3
E, Es Tl
0 = 2
0
5 e ° 5 5 °
N S Bl I & 2 R
7] o 0800 & ° o -5 ° o
¢ RN 354 \CHN I S PO . ¢ | A
3 © o buedber ol - S P T
D‘? oe% 0000003%% D‘Y 88% 80 n“_’-'lO 8o 0° ° 8
o® o oo b3 o @ o
MR ° : .8
°% °: ° & ¢
-1 -15
-80 -60 -40 -1.0 -0.5 0 0.5 1.0 -1.0 -05 0 0.5 1.0
AHg cos 2@, sin 24,
20 2 "
— 15 —
(3“ °°° ° %o g 1 °
% 10 ° 8 o o° % ° ° °o
fhd 0% ° ° o O (' 0o o o° ° %
o ' ° o
8 05 88?,8: ® &uooo ° ® o o o %§0°s 8 ° "
S o®° ° ° 0%° ° °
ool i o §0% Folgi et
0 o © S ALY
o o o
-0.5 -1
-10 08 -06 -04 02 O -1.0 -0.5 0 0.5 1.0
cos 40, sin 44

Figure 4. Plots of partial residuals for the variables of Model 4, showing the quality of the correlations.

N=144, R*=0.855, 0°=0.831, 5=0.45, oang=4X
107%7, dzopt = 55.4°, @popt = 88.0°, significant auto-
correlations Lag 4: R = —0.37, Lag 8: R=+0.23, Lag
12: R=-0.29, Lag 16: R= +0.23, Lag 20: R = —0.27.

Figure 6 shows a plot of log Kj observed against that
calculated from Model 7.

For Model 7 the terms with large positive residuals were
A2-A6, A25, D25, and E17. The compounds with large
negative residuals were B3, BS, B6, B7, B13, B20, B22,

C5, C24, C25, and D12.

Flip statuses, flip significances and residuals for the
seven models are reported in the Supplementary data.
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Figure 5. Plot of observed versus calculated log K; for CA II using
Model 4.

3.1. Analysis of flip status and flip significance

In none of the seven models did any of the symmetri-
cally substituted molecules reach a flip significance as
small as 0.1. This is as would be expected. If the values
for &y and @ were given their ideal values of 90° and
45°, respectively, rather than the calculated values, all
of these compounds would have had a flip significance
of exactly 1.

In Models 1 and 2, for the nonsymmetrically substituted
compounds, 12 compounds differed in flip status, but of
these only F1 did not have both flip significances greater
than 0.1. For Model 1 F1 has flip significance 0.037 and
for Model 2 0.054.

For Models 3 and 4, 11 nonsymmetrically substituted
compounds differed in flip status. Of these, 7 had both
significances less than 0.05. These were B2, D1, D2,
D12, E1, E12, and F2. For Models 4 and 5, 14 com-
pounds had discordant flip status. Of these seven had
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Figure 6. Plot of observed versus calculated log Kj for CA IV using
Model 7.

both significances less than 0.05. These were A9, Al4,
A19, B19, D21, E1, and E12.

For Models 6 and 7, no nonsymmetrically substituted
compounds had differing flip statuses.

Thus among four pairs of models of the same CA iso-
zyme having 96 nonsymmetric compounds there are 14
pairs of compounds differing in flip status with signifi-
cance better than 0.05. This is rather less than would
be expected by chance.

For Models 2 and 4, 45 out of 96 nonsymmetric com-
pound differed in flip status. Of these 12 had both signif-
icances better than 0.05. These were Al, A12, Al4, B12,
B15, C1, D1, D2, D13, E2, E17, and F1. For Models 4
and 7, 33 out of 96 compounds differed in flip status.
Of these 21 had both significances better than 0.05.
For Models 2 and 7, 39 out of 96 nonsymmetric com-
pounds had discordant flip status. Of these 16 had both
significances better than 0.05. Among these three models
61 significant differences in status were observed. This is
greatly in excess of expectation, and indicates that there
are substantial differences in orientational preference for
these drugs between the three isozymes. CA I most
nearly resembles CA II and CA IV differs greatly from
this pair. Because so many flip statuses have changed
in these cases, and because the final flip statuses are
indeterminate to a factor of £1, it is not possible in these
cases to compare individual flip statuses. Thus flip sta-
tuses are consistent within models for any one isozyme,
and by comparing them with the input orientation con-
clusions may be drawn about relative orientational pref-
erence on the receptor, and also the differences between
these preferences for different isozymes.

Because the data is structured with the six tails and the
24 rings in sequence, and the tails are not expected to
contribute greatly to flip status, an autocorrelation trial
on flip status was conducted. The compounds with sym-
metric rings were removed, leaving 16 rings, and auto-
correlation runs were conducted with lags of up to 32,
using NCSS. The results gave significant positive auto-
correlations with lag 16 in all seven cases, noted under
each model. Thus the nature of the tail is not dominant
in determining flip status, but did effect some influence,
or the autocorrelations would have been higher. In some
cases strong negative and positive autocorrelations were
also obtained with shorter lags, especially negative auto-
correlation with lag 4, indicating that there was some
unrecognized systematic variation with the sequence of
the rings themselves, which were not intentionally
placed in any particular order.

4. Discussion

The results of this study confirm the outcomes of
numerous other studies: the main factor influencing
the activity of sulfonamide inhibitors on all three of
these isozymes is the charge on the sulfonamide group,
either the total charge, or the charge on a particular
atom. As shown in the dendrogram in Figure 7, the
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charges of the sulfonamide atoms are strongly positively
correlated.

The secondary factors differ. For CA I and CA 1II the
second best descriptor is @p, while for CA IV it is &y.
The mean atomic charge is important in all three, while
I1,, is relatively unimportant. AHg is important for CA
IV, but less so for CA I and CA 1I. Ey is important for
CA I and Egy for CA 11, but neither is very important
for CA IV. Tail lipophilicity is moderately important
for CA I and CA 1I but less so for CA IV. The three best
models are of similar quality: R?is 0.83, 0.86, and 0.84,
while 0? is 0.80, 0.84, and 0.83 for CA I, CA II, and CA
IV, respectively. The activities of the drugs against the
three isozymes are highly correlated, as may be seen
from the dendrogram in Figure 8.

As may be seen from Models 1-7 there is reasonable
agreement between models for the optimum angles for
a given isozyme, but substantial difference between opti-
mum angles for different isozymes. For CA I and CA IV
the agreement between models for the same isozyme in
excellent, and between the two there is a discordance
of approximately 20° for @y and 10° for &, which is
appreciable, though not very great. For CA II the opti-
mum angles are very different: approximately 140° for
@y and close to 0° (or equivalently, 90°) for @;. Within
the CA 11 models the agreement between the models is
not as good as for the other two isozymes.

Correlation coefficient

1.0 0.0 -1.0

Qc
Qs—
Qn
Qo
Qn

Figure 7. Dendrogram of correlations for the B3LYP/6-31G* Mul-
liken charges of the atoms of the sulfonamide group for the 144
compounds.

Correlation coefficient

1.0 0.5 0.0

| — T 1

CAIl ———

CAI —

CATIV

Figure 8. Dendrogram of correlations for log Ky for the three
isozymes.

An idea of the conformational dependence of @ and
& may be obtained from Table 3. Those angles listed
in bold are for structures with bilateral symmetry. If
the conformation were such that the symmetry held per-
fectly, the @ values would have to be either 0° or 90°,
and for @; 0° or 45°. In the actual conformer calculated,
they differ from this by an average 1.8°, maximum 4.6°
for @y and on average 1.6°, maximum 3.5° for @;. This
is about the reliability that may be attached to the com-
puted values of the angular descriptors. Small differ-
ences in angle cannot be interpreted, owing to the
idealized nature of the model used in their calculation.

The reason for the dependence of activity on the orbital
angles remains to be explained. The most likely explana-
tion is the interaction of m-like orbitals on the drug with
similar orbitals on the receptor. Examination of the
structure of crystallized CA reveals no aromatic residues
close to the Zn atom to which the sulfonamide coordi-
nates. Other than aromatic amino acids, the m-system
that the drug interacts with could be on a guanidinium,
carboxylate or amide group. Alternatively, the m-system
may be binding the drug at a site remote from the active
site, thus preventing it from functioning, influencing
activity in this way.

The effect of orbital energy can be understood in terms
of the same =n-like orbitals on the drug, HOPO, SHOPO,
LUPO, SLUPO, as are involved in the angular term
interacting with similar orbitals on the receptor. Orbital
interactions are strongest when the orbitals are of simi-
lar energy. When the orbital energies of the drugs brack-
et that of the receptor the interaction is a maximum and
the linear dependence is small. When the orbital energies
of the drug are far from that of the drug dependence is
also small. Maximal dependence is obtained when the
difference in energy is relatively small and unidirectional.
The orbital energies for this set of compounds are only
weakly correlated, as shown in the dendrogram in Fig-
ure 9. The three isozymes differ in which energy or ener-
gies are significantly effective in influencing activity.

The formal statistics of the fit are not nearly as satisfac-
tory as was those of our previous results with thrombin
and collagenase inhibitors,'® that had a similarly wide
range of activities, perhaps because in contrast to the
present data set, the previous study used a set compris-
ing only benzenoid derivatives, while the present set has
also many and diverse five-membered aromatic ring sys-
tems. It is the usual experience in QSAR that it is much
more difficult to fit a heterogeneous data set than a
homogeneous one, and allowing for this, the results of
the present study are more encouraging than is usually
the case with diverse structures in Hansch-type analyses.
There is only one QSAR known that is completely gen-
eral. That is the QSAR for nonspecific, or baseline tox-
icity, that relates activity to lipophilicity, and applies to
all substances that do not have any other activity that
masks it. All other QSARSs apply only to limited ranges
of compounds. There are two ways of getting high R>
values. The first is to severely limit the diversity of struc-
tures studied. This was done, for example, in Refs.
15-18 where attention was restricted to, for example,
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Correlation coefficient
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Figure 9. Dendrogram of correlations for the four B3LYP/6-31G*
orbital energies for the 144 compounds.

meta and para monosubstituted benzenesulfonamides.
The other approach is to use more varied compounds
but more descriptors. Activity depends on many factors,
and satisfactory results will be obtained only if all rele-
vant factors are included. We have used more descrip-
tors than most workers do, but still not a large
number. Those we have chosen are ones that have been
useful in a number of studies on aromatic compounds,
particularly the nodal orientations. In our earlier work
on benzenesulfonamides with a complicated substitution
pattern'® we obtained R” values of better than 0.98. The
present study includes a diverse range of aromatic rings,
and the only parameters used to describe them are the
orientations of the nodes and the four orbital energies.
Our equations can only ever be an approximation, as
examples exist of aliphatic sulfonamides with CA inhib-
itory activity.

The additional descriptors can be easily understood. The
mean absolute atomic charge is a measure of localized
charge on a molecule that will favorably interact with
charges and polarizabilities on neighboring atoms of
the receptor. The polarizability of the drug will similarly
interact with local charges on the receptor. The solva-
tion energy is a measure of both enthalpic and entropic
differences in solvation of the drugs. The tail lipophilic-
ity is a similar indicator of the environment of the tail in
the drug-receptor complex.

A number of sources of systematic errors have been
pointed out, including the ambiguity of the treatment
of the disulfonamides and the wide diversity of the ring
systems. Study of the residuals throws little light on any
such influences. There seems to be no association of
large positive or negative residuals with any particular
ring system consistent throughout the six tails. Com-
pounds A3-A6, the symmetrically substituted benzene-
sulfonamides, typically gave large positive residuals in
all models, but this was not duplicated with the other
tails. Compound D12, a disulfonamide, gave large resid-
uals in Models 1-3, 6, and 7, and this may have been re-
lated to an inappropriate choice of sulfonamide group.
Similarly, A12 gave large residuals in Models 1 and 2,
B11 in Model 1 and C12 in Model 3.

Obviously there are factors influencing the activity of
these drugs that are not addressed by the descriptors

that we have employed. These may include steric and lo-
cal hydrophobic effects. The accuracy of measurements
is much better than the standard error of estimate in
Models 1-7 would indicate. However, because of the
very high significance of the randomization results,
and also the large number of drugs studied, it is proba-
ble that a large part of the electronic portion of the var-
iance in activity is covered by the factors included in the
present contribution.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmc.2004.12.055. Four tables, giving AM1 descriptor
values, and the flip significances, flip statuses, and resid-
uals for all seven models.
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