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SUMMARY

A quantitative structure-activity relationship (QSAR) (log K = 1.55« + 0.64 log P —
2.071, — 3.281, + 6.94) has been formulated for the binding of a set of substituted
benzenesulfonamides to human carbonic anhydrase. The binding constant (K) are from
the studies of King and Burgen [Proc. R. Soc. Lond. B. 193:107-125 (1976)], ¢ is the
Hammett electronic substituent constant, P is the octanol/water partition coefficient,
and I, and I, are indicator variables for meta and ortho substituents, respectively. The
negative coefficients with the indicator variables suggest steric hindrance by these
substituents in contrast to para substituents. Qualitative features of the QSAR are
correlated with a color stereomolecular graphics model of the enzyme-inhibitor complex
which was constructed from the X-ray crystallographic coordinates of the enzyme.

INTRODUCTION

In the study of drug structure-activity relationships
via quantitative techniques, one would like a system of
precisely known structure on which values of various
physicochemical parameters and mathematical tech-
niques can be tested. While X-ray crystallographic tech-
niques have not been used to establish structures of drug
receptors in general, structures of a number of enzymes,
some of which are important in medicine, have been
established. Recently, the use of computer graphics has
enormously facilitated the study of macromolecules. We
can now readily visualize from graphics what kind of
(polar or hydrophobic) surfaces are involved in the in-
teractions of ligands with enzymes. We can also appre-
ciate what parts of the macromolecule are causing steric
effects. This report shows how quantitative correlation
equations based on substituent constants can be com-
pared with the qualitative molecular graphics models.
These comparisons, using the enzyme carbonic anhy-
drase, provide direct evidence that the terms in our
QSAR? equations do bear a relationship to reality as seen
from X-ray crystallography.

Carbonic anhydrase (EC 4.2.2.2) is a zinc-containing
enzyme with a molecular weight of about 30,000. The
enzyme catalyzes the reaction CO; + H,O & HCO;™, the
hydration of certain aldehydes (1), and the hydrolysis of
some esters (2-5). Carbonic anhydrase is a well charac-

! Present address: Department of Biological Sciences, University of
Pittsburgh, Pittsburgh, PA 15260.

2The abbreviation used is QSAR, quantitative structure-activity
relationship.

terized enzyme whose three-dimensional structure has
been established by X-ray crystallography (6-8). The
structure-activity relationships of various sulfonamide
drugs have been studied by X-ray crystallography and
molecular modeling (8, 10-13). Sulfonamide inhibitors
of CA have found wide application as diuretics (14), have
shown promise as antiepileptic agents (15), and are a
possible treatment of glaucoma (16). There have also
been extensive studies of its mechanism of action (8).

The great practical as well as theoretical interest in
CA has spurred many kinetic studies on the action of
various inhibitors. Unfortunately, most of these studies
have been made with sets of congeners not well suited
for QSAR analysis. Two important exceptions come from
the studies of Kakeya et al. (17, 18) and King and Burgen
(19). Their work has provided data sets to analyze further
enzyme-ligand interactions by combining QSAR and mo-
lecular graphics (20, 21).

Kakeya et al. and King and Burgen both studied the
interactions of variations of I with CA; however, each
group used different types of X substituents.

/‘)—SOzNH,
X—
o~

STRUCTURE I

The Japanese study was concerned with relatively small

substituents containing rather good variation in elec-

tronic and hydrophobic characteristics of X. The QSAR

equations derived from their data are shown in Egs. 1

and 2. These equations were reformulated using log P

values instead of the = values used by Kakeya et al.
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log 1/K; = 1.02(+0.21)¢ + 4.75(%0.13)

1)
n =16, r = 0.939, r = 0.220, F;,, = 105
log 1/K; = 0.80(£0.22)¢ + 0.27(+0.18)log P
+ 0.33(x0.14)
2

n=16,r = 0.968, s = 0.168, F; ;5 = 11.0

In these expressions, K; is the inhibition constant of
bovine carbonic anhydrase,® ¢ is the Hammett constant
(22), P is the octanol/water partition coefficient of the
un-ionized form of the sulfonamide, n represents the
number of congeners upon which the equation is based,
r is the correlation coefficient, s is the standard deviation
from the regression equation, and F is the F statistic. In
Eqgs. 1 and 2, the parameter of greatest importance is o.
The positive coefficient on ¢ indicates that electron
withdrawal by X increases inhibitory potency. The log P
term reveals a less important but direct relationship
between hydrophobicity and inhibition. The most nega-
tive o was for 4-NCH3 (0 = —0.84) while the most positive
was for 3-CF3, 4-NO, (¢ = 1.21). Log P varied from —0.83
(4-NH_) to 1.91 (3-NO,, 4-d1). Although the substituents
were small in size, there was excellent variation in both
o and log P. The derivatives were selected so that there
was good coverage of data space between the extremes.

King and Burgen did not do a formal QSAR treatment
of their data, although they did point out the importance
of the hydrophobic effect of substituents. A QSAR treat-
ment was performed by Testa and Purcell (23) but with
novel parameters which cannot be compared with those
of Kakeya et al. We have treated King and Burgen’s data
with the same parameters used by the Japanese group.

RESULTS

The King and Burgen data, shown in Table 1, were
used to derive Eqs. 3-5 for the 4-substituted congeners
L

log K = 0.65(+0.22)log P + 7.30(%0.40)
3
n=19,r=0.834, s = 0.457, F,,; = 39.1

log K = 1.55(+0.39)¢ + 0.65(+0.10)log P + 6.93(+0.20)
4)
n=19,r=0.971, s = 0.204, F,,s = 69.4

K in these equations is not an inhibition constant as in
Egs. 1 and 2. It is instead a binding constant for absorp-
tion of the sulfonamides to human carbonic anhydrase
isoenzyme C prepared from erythrocytes.

The compounds in Table 1 show a large variation in
log P and a smaller variation in ¢. For this reason, Eq. 3
has log P as the most important single variable rather
than ¢ as seen in Eq. 1. Only 5-meta substituents were
studied by King and Burgen and they were obviously less
active than the corresponding para analogues. These
meta compounds were omitted in deriving Egs. 3 and 4.
Assuming the action of 3- and 4-substituents to be par-
allel, except for a position-dependent steric effect, the

3N. Kakeya, private communication.

TABLE 1
Parameters used to derive Eq. 3-8 for the binding of X-C¢eH(SO.NH,
to human carbonic anhydrase
Calcu-

X ¢ logP L I 0‘,’:"1"("" lated

log K

1. H 000 021 0 O 6.69 7.08
2. 4-CH3 -0.17 069 0 O 7.09 7.12
3. 4-C.Hs -0.15 131 0 0 7.53 7.55
4. 4-C3H, -0.15 164 0 0 7.77 7.76
5. 4-CH,p —0.15 245 0 O 8.30 8.28
6. 4-CsH;,, -015 297 0 0 8.86 8.62
7. 4-CO.CH, 045 064 0 O 7.98 8.05
8. 4-CO,C.H;s 045 117 0 0 8.50 8.39
9. 4-CO,C3H, 0.45 175 0 0 8.77 8.76
10. 4-CO,C.H, 045 234 0 0 9.11 9.14
11. 4-CO,C:H,, 045 271 0 0 9.39 9.38
12. 4-CO,Ce¢H,s 045 323 0 0 9.39 9.71
13. 4-CONHCH; 036 -031 0 0 7.08 7.30
14. 4-CONHC:H; 036 003 0 O 7.53 7.52
15. 4-CONHC;H, 036 051 0 0 8.08 7.83
16. 4-CONHCH, 0.36 1.05 0 0 8.49 8.17
17. 4-CONHC H,, 036 154 0 0 8.75 8.49
18. 4-CONHCeH,3 036 205 0 O 8.88 8.82
19. 4-CONHC-H,s 036 257 0 0 8.93 9.15
20. 3-CO.CH, 037 062 1 0 5.87 5.84
21. 3-CO.C:Hs 0.37 111 1 0 6.21 6.16
22. 3-CO.,C;H, 0.37 172 1 0 6.44 6.55
23. 3-CO.C(H, 037 224 1 0 6.95 6.88
24. 3-CO.CsH,, 037 271 1 0 6.86 7.19
25. 2-CO.CH, 045 045 0 1 441 4.65
26. 2-CO.C.H; 045 072 0 1 4.80 4.82
27. 2-CO.CsH, 0.45 149 0 1 5.28 5.32
28. 2-CO.C.H, 045 201 0 1 5.76 5.65
29. 2-CO.CsHn, 0.45 255 0 1 6.18 6.00

two types of congeners can be combined by using an
indicator variable given the value of 1 for 3-substituents
and 0 for 4-substituents:

log K = 1.55(+0.40)¢ + 0.62(+0.09)log P
— 2.07(+0.23)I + 6.98(0.20)
(5)
n=24,r=0982 s =0.210, F32 = 177

The coefficients with ¢ and log P and intercept of Eq. 5
are essentially identical to those of Eq. 4. The standard
deviations are also quite close. Hence, within the limits
of the standard deviation, the 3- and 4-substituents seem
to be acting in the same fashion once correction is made
for some sort of steric effect which lowers the activity of
the isolipophilic 3-substituents by a factor of 100.

The same treatment can be carried out with 2-substit-
uents as shown in Eq. 6:

log K = 155(£0.38) ¢ + 0.64(+0.08)log P
— 2.07(%£0.22)I, — 3.28(+0.23)I, + 6.94(£0.18) (6)

n= 29, r= 0.991, s = 0.204, F434 =324

Note that the parameters in Eq. 6, equivalent to those
in Eq. 5, have not changed significantly and the standard
deviations for the two equations are essentially identical.
The coefficient with I, shows that 2-substituents have
2000 times lower affinity than the equivalent 4-substit-
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uents. The interactions of the substituents with the
protein appear to be parallel, since the coefficients in
Eqgs. 4-6 are essentially the same.

From an inspection of the data in Table 1, it seems
clear that King and Burgen attained the maximum chain
length which could make hydrophobic contact with the
enzyme. Hydrophobic contact appears to be roughly the
same at the 3- and 4-positions. Activity has not yet
leveled off with the 2-CO,C;H,, derivatives, however, so
that the size of the hydrophobic region for 2-substituents
is less well defined. The bilinear model (24) of Eq. 7 has
been derived to account for what appears to be lack of
contact by the longer alkyl groups with hydrophobic
space.

log K = 1.59(%0.36)¢ + 1.07(+0.39)log P
— 0.59(£0.52)log(8 + 10"°¢F + 1) — 2.11(+0.21)I; (7)
— 3.33(%0.22) I, + 6.83(+0.20)

n =29, r=0.993, s = 0.190, log 8 = —0.846, F, 3, = 2.74

The F statistic shows that Eq. 7 is not significant (F2 22,01
= 2.95).

Another approach to evaluating this problem is to
delete four data points which appear to have reached the
limit for hydrophobic interaction. Dropping compounds
12, 18, 19, and 24 yields Eq. 8.

log K = 1.69(+0.34)0 + 0.72(%+0.08)log P
—2.05(+0.21)I; — 3.36(+0.20)1; + 5.85(+0.16) (8)

n=25r=099%,s=0.171

The coefficient for log P in Eq. 8 is close to that of Eq.
6, but not enough superoptimal log P data points are
available in Table 1 to justify the use of Eq. 8.

The variables of Eq. 6 are reasonably orthogonal as
shown in the following squared correlation matrix.

o I, log P L
' 1 0.02 0.00 0.10
I, 1 0.01 0.04
log P 1 0.00
I, 1

MOLECULAR GRAPHICS

The coordinates from human carbonic anhydrase C
determined from X-ray crystallography at 2.0-A resolu-
tion (7, 9, 11) were obtained from the Brookhaven Pro-
tein Data Bank (29). Coordinates for the benzenesulfon-
amide and its associated Zn atom, but not the protein,
were available from the crystallographic analysis of the
benzenesulfonamide-carbonic anhydrase C complex pub-
lished by Kannan et al. (11). (There was an error in the
published coordinates of the phenyl ring of the ben-
zenesulfonamide. The coordinates of C6 of the phenyl
ring were corrected to allow the ring to have standard
geometry.) A complete data set including enzyme, Zn,
and inhibitor was generated by merging the set coordi-
nates, and a rigid body optimization procedure was used
to refine the fit. Vedani and Meyer (13) doing a similar
model-building experiment noted apparent close con-
tacts between the benzenesulfonamide and the active site

CARBONIC ANHYDRASE INHIBITORS 495

which they relieve by reorienting the protein side chains
196-200°. In the current work, these apparently unfa-
vorable contacts were not observed after the fit was
optimized.

The inhibitor-enzyme complex (11) has the inhibitor
placed such that the sulfonamide group is bound in the
fourth coordination site of the zinc atom replacing a
water molecule. The distance between the sulfonamido
moiety and the zinc atom is 2.9-3.0 A and the sulfon-
amido group is oriented such that there is a hydrogen
bound to the oxygen (OG1) of Thr 199 (11). This position
also allows one of the oxygens of the sulfonamido group
to occupy a distant fifth coordination site of the zinc
atom (11). There are hydrophobic interactions between
the phenyl ring of the inhibitor and Val 121 (13). Move-
ment of the phenyl ring of the benzenesulfonamide ap-
pears to be restricted not only by the interactions of Val
121, but also by Gln 92 and Phe 131.

The active site of the enzyme is characterized by a
conical cavity approximately 12 A deep with a zinc atom
located near the bottom of the cavity. The active site
cavity is divided into two halves: a hydrophilic half
consisting of the residues Tyr 7, Asn 61, His 64, Asn 67,
Glu 69, Gln 92, His 94, His 96, Glu 106, His 119, and
Thr 199, and Thr 200 and a hydrophobic half consisting
of the residues Ala 65, Ile 91, Val 121, Phe 131, Leu 141,
Val 143, Gly 145, Pro 201, (cis) Pro 202, Val 207, Trp
209, and Val 211 (10-12). The active site surface was
extended to include the residues Asp 62, Val 135, and
Leu 198 (13). The zinc atom is coordinated to the residues
His 94 (at NE2), His 96 (at NE2), and His 119 (at NG)
and the oxygen of a water molecule in a distorted tetra-
hedral geometry (11, 13).

Models of the substituted benzenesulfonamide inhibi-
tors were built by adding substituents to benzenesulfon-
amide coordinates using standard geometries. The fit of
the substituents on the sulfonamides in the active site
was optimized by manipulating the substituent torsion
angles. Unfavorable inter- and intramolecular contacts
could be observed directly by use of the surface represen-
tations of the active site and the inhibitor. The position
of the benzenesulfonamido ring was maintained in the
position determined by the crystallographic data (11).

It was possible to orient the para substituents so that
the alkyl chains lie along the hydrophobic wall near Phe
131 and Val 135 or so that they lie in a small channel
between Asp 62 and Asn 67. Clearly, the area around
Phe 131 and Val 135 is more hydrophobic than the
channel and provides favorable interactions with the
alkyl chain. In addition, there is the possibility of a
hydrogen bond between the ester or amide groups and
GIn 92 (NE2).

meta substituents were found to be able to occupy the
same two sites in the active site cavity. A binding mode
near Phe 131 was again chosen as the most likely location
for the substituent due to the increased hydrophobocity.
Binding of meta substituents differs only from para in
that they make contact with the wall at Leu 198.

All ortho substituents display an unfavorable interac-
tion with Pro 201. Attempts to improve the fit by rotation
of the phenyl ring did not result in a better orientation

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

496 HANSCH ET AL.

of the substituents so the benzenesulfonamide was kept
constant as with the other inhibitors. The alkyl chain of
the ortho substituents is therefore constrained to occupy
the area along the hydrophobic wall near Leu 198. A
hydrogen bond might exist between the ester or amide
substituent and Thr 200 (OG1).

Fig. 1 shows the active site cavity with the surface
calculated using the MS program (27, 28). The surface
dots are color-coded red for hydrophobic surface (carbon)
and blue for polar surface (nitrogen and oxygen). Sulfon-
amide I, with an ester group in the para position, is
bound to the active site. The alkyl group falls outside the
narrow active site cavity onto the slightly concave hy-
drophobic (red) surface. From this view, it seems likely
that 60-70% of the surface of the alkyl group would be
in contact with the hydrophobic surface (red) which
would account for the coefficients in Egs. 6 and 8 being
0.6-0.7 rather than 1, which is expected for complete
desolvation (20).

Fig 2 shows a view of an ester moiety in the 2-position
of the sulfonamide. Beginning with the third carbon, the
ester alkyl group is interacting with the hydrophobic
active site wall. In Table 1, this hydrophobic effect can
be seen in the rise of the binding affinity values for the
ortho substituents beginning with the propyl ester. Long
alkyl groups from all three positions, ortho, meta, and
para, can interact with the large hydrophobic field.

All of the 3-substituents are of the type -COOR and
rotation of the carboxylate groups places R so that it
falls into the same groove as the 4-substituents. The 2-
substituents show some unfavorable interaction with the
enzyme but the R group falls into the same hydrophobic
groove. The longest 2-alkyl group does not cover the
hydrophobic wall of the cavity. Compound 25 (2-
COOCHs) in Table 1 is considerably less active than
predicted, but the other 2-COOR have well predicted
activities, indicating that the hydrophobic interaction of
the alkyl moeity of 2-COOR is the same as for 4- and 3-
alkyl groups. The large coefficient with I; in Eq. 6 sug-
gests that there is about 4.5 kcal of steric hindrance in

fitting 2-substituents into the active site, while the coef-
ficient with I, suggests about 2.8 kcal of steric hindrance
in fitting 3-substituents into the active site. Since one
has no idea how much “give” there might be between
inhibitor and receptor or how flexible the surface around
the active site may be, meaningful energy calculations to
check these values are not possible at this time.

The primary purpose of the molecular graphics models
of the active site is to show the viewer in a qualitative
way what the main features of the QSAR imply. There
obviously is a large hydrophobic surface for binding of
the alkyl chains. Steric hindrance by ortho and meta
substituents is to be expected. It is by this kind of testing
that QSAR modeling can be placed on a more firm
foundation.

DISCUSSION

Although King and Burgen did not attempt a QSAR
analysis of their results, it was clear to them that the
hydrophic interaction of the substituents was important.
Testa and Purcell (23) concluded that “the affinity con-
stant of the sulfonamides for carbonic anhydrase is mas-
sively structure-dependent, and depends only to a very
limited extent on the partition properties of the ligand.”
Their best equation is:

log AC = 0.26(+0.14) log P
+ 0.0226 (+£0.0061) V, + 1.08(+0.04)Dist (9)

n = 34, r> = 0.995, s = 0.536

In this expression, AC corresponds to K in our equations.
The V, is the molar volume of the substituents calculated
according to Bondi. It is rather co-linear with log P(r =
0.72), as one might expect for the type of substituents in
Table 1. The variable Dist is a measure in angstroms
between the S atom in the sulfonamide and the first C
atom falling into one of four possible sectors defined by
the X, Y, and Z Cartesian coordinates.

Note that Eq. 9 is based on 34 data points while our
study contains only 29. The additional five points are
thiophene analogues which we have not attempted to

F1G. 1. Carbonic anhydrase active site containing the inhibitor H,NSO,Ce¢H,-4-COOCgH,s.
The van der Waals surface of the active site is colored red for hydrophobic surface (carbon) and blue for polar surface (nitrogen and oxygen).
The “wire” model of the sulfonamide shows the nitrogen deep in the pocket bound to zinc while the long hydrophobic alkyl group falls onto a

large hydrophobic surface.
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F1G. 2. Carbonic anhydrase active site containing the inhibitor H,NSO,C¢H,-2-COOCsH,,.
Color coding of the active site is the same as in Fig. 1. The ester portion of the ortho substituent makes unfavorable contact with the enzyme
surface which is accounted for by I; in Egs. 6-8. The alkyl group of the ester then falls onto the hydrophobic surface and exhibits the same kind

of binding as the 3- and 4-substituted sulfonamides.

mix with the benzene derivatives. This could be done
with an indicator variable.

Two features of the Testa and Purcell results are at
odds with our study. We found, as did Kakeya et al, that
the electronic effect of the substituents is important, as
brought out by Eqgs. 3 and 4. In Eq. 2, the electronic term
is the most important term. Moreover, there is consid-
erable evidence that it is the anionic form of the sulfon-
amide which is bound to the enzyme (30). Kakeya et al.
reported ApK, values for the sulfonamides upon which
Egs. 1 and 2 are based. We have derived Eq. 10 from
their data.

ApK, = — 0.86(+0.14)¢ + 0.08(%0.09)
n =16, r = 0.962, s = 0.146

The ApK, parameter is simply the difference between
the pK, of a derivative and the parent compound. To
convert Eq. 10 into log Ka, one would multiply by —1.
The conversion yields a slope of 0.86 which is extremely
close to the coefficient with ¢ in Eq. 2; i.e., the electronic
effect of X on the ionization of the sulfas parallels exactly
the electronic effect of X on log 1/K;. Eq. 9 should be
redone to reflect the incontrovertible evidence that the
electronic effect of substituents on the binding of sulfon-
amide to CA is highly important.

Our second disagreement with the conclusions of Testa
and Purecell is that hydrophobicity is of great importance.
This point is somewhat compromised, however, by the
type of substituents used by King and Burgen because
the co-linearity between hydrophobicity and volume of
substituents is high; thus, it is possible that a combined
steric and hydrophobic effect is involved. If the log P
term in Eq. 7 represents only a hydrophobic effect, we
must ask ourselves why the coefficient with log P in Egs.
4 and 7 is higher than in Eq. 2. This could, of course, be
caused by different experimental conditions and different
sources of the enzymes. In Eq. 2, an inhibition constant
was determined, while in Eqs. 4-7, affinity constants
were used.

The QSAR data from two different laboratories sup-

(10)

port the importance of electronic and hydrophobic effects
of substituents on the binding of sulfonamide inhibitors
to carbonic anhydrase. The slope of the log P term of
between 0.64 (Eq. 6) and 0.72 (Eq. 8) suggests that
substituents are only partially desolvated. As we have
noted with other enzymes (20), what appears to occur is
binding to a surface rather than in a hydrophobic cleft
or pocket. In addition, steric effects are observed for
moderate size substituents in positions 2 and 3 of the
sulfonamide ring.

Although the role of the hydrophobic substituents in
Egs. 2 and 6 is different, this may be a result of the
difference in the structures of bovine enzyme. The amino
acid composition of carbonic anhydrase is known to vary
with its source (10).

The correspondence between the graphics model and
the mathematical model of Eq. 6 is gratifying. The
models can be used for the design of tighter binding
sulfonamides. Both Egs. 2 and 6 show that potency can
be gained by the use of electron-withdrawing substitu-
ents. It also appears that alkyl groups in the 4-position
as large as hexyl can make hydrophobic contact with the
carbonic anhydrase surface. An inhibitor can be designed
which uses the 4-substituent to maximize the hydropho-
bic contact. Then one is left with the sterically sensitive
2- and 3-positions for placement of electron-withdrawing
substituents. Due to steric restrictions, the best substit-
uent would appear to be F. If we assume 4-CgH,; has a
log K of 9.00 (a modest increase over 4-CsH,,) and we
introduce an F into the meta position, the calculated log
K (from Eq. 6) would be 9.5. With two meta fluorines, it
would be 10.0. An alternative approach would be to use
ring hetero atoms as in II or III to introduce electron-
withdrawing characteristics.

Although a number of ¢ constants have been reported
for 3-pyridyl (22), the value of 0.73 seems to be a reason-
able, conservative figure. Using this figure and assuming
that N can be oriented to allow the alkyl group to make
maximum contact with no detrimental effect by N, we
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SO.NH, ?OQNHg

| I

|
CeHis
STRUCTURE II STRUCTURE III

estimate log K to be 10.0. If we assume the electronic
effect of N to be additive, then a calculated value of 11.3
ensues for II1.

Many of the best clinical carbonic anhydrase inhibitors
contain heterocyclic rings. This is not surprising since
our study brings out the importance of electron with-
drawal on the SO,NH, group and the low steric effect of
such atoms. However, while II and III may have high
binding constants for isolated enzymes, this does not
mean that they would be ideal for clinical use. Their
overall partition coefficient would have to be adjusted so
that while maximum hydrophobic contact was obtained
by the 4-alkyl group, overall hydrophobicity would be
optimum for proper distribution in the body.

In conclusion, the combined use of QSAR and molec-
ular graphics offers an effective means for increasing our
understanding of the interaction of organic compounds
with biological receptors. The insight gained from such
studies will enable us to design more effective substrates
and inhibitors for biological process and eventually will
lead to better drugs.
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