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The in Vitro Activity of Sulfonamides against Red Cell Carbonic Anhydrases.

Effect of Ionic and Substrate Variation on the Hydration Reaction!
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The activity of 25 sulfonamides against dog red cell carbonie anhydrase wis stidied.

10-% A7,

Aliphatic compoinds were the least, and heterocyelic conipounds the most, active.
given to order of addition, equilibration, buffer systent, and temperatire.
against red cells of other species and pure enzynie from hnman red cells.

Lso ranged from 10~4 to
Attention was
Selected compoinds were assayed
The inhibitory effect of high tonic con-

centration npon enzyme activity, and upon the drirg-enzyme interaction, was probably ot eltough to alter i

#ivo relations in the varying milien of body cells and fhitid compartments,

Kinetics of inhibition of the hydration

reaction by acetazolamide, sulfanilamide, and ethoxzolainide was noncompetitive.

It the course of studying red cell earbonie anhydrase
inhibition by sulfonamides in v2éro over some 15 years,
the usual array of variables was encountered.  We wish
to report upon these i systematic fashton, with par-
tieular emphasis on those factors which are applicable
to #n o ithibition.

The following will be considered.

(1) The effect of variations i orgame structure
upon enzvme aectivity in standard test svstems
which the enzymie source was dog red eells and the tem-
peratire 0%, In these test systems, two buffers, car-
bouate and harhital, were used. Euach possessed ad-
vantages in differing situations: carbonate becanwe of
greater sohuibility allowed higher concentrations and
tonger reaction thues. making estimations of I, caster;
barbital was more suitable for kinetic work because the
pH change was minimal.2*  Analyvsis of data showed
that the activity of drugs was not sigmticantly different
between the two systems,

(2) A significant cireumstance was whether drug
was added to enzyme in the presence of substrate (SEI),
or ineubated with enzyme before substrate (EI).  The
former method simulates 4n v2ro events and was suit-
able for rapid sereening; the latter ensmres eqnilibrium
of enzyme and inhibitor.  As will be shown, differences
i activity of certain drugs between the two allows spee-
nlation as to interaction of substrate and inhibitor at the
active site.

(3) The effect of raising the temperature to 37°,

(1) The effeet of sulfonamides upon red cells of the
various species.

(5 The effects of 1ons on drug activity,

(6) The effect of substrate variation upon reaction
rates.

Tixtensive references to the literature wilhnot be made,
sinee a review including thiz subjeet has just been pnb-
lished.?

Methods

The analytical system {or enrbonie anhydrase s that reported
provionsly,? with certain additions. The earlier method, here
designated SEI (order of addition is substrate~enzyme-inhibitor
i tn principle as follows.  CO, gas at variohs concentrations was

(1) Supported by Grant N1XO1297 from Natiopal Institnces of Healtlh

(2y (a) 1. M. Maven, N, 1. Parvcell, amd MW, Malik, J. Pharmuarcol. Kryn
Ther,, 180, 584 (1460); (by L. . Maren, V. L. Nsl, and K. M. Hailey, Jr..
Bull, Johnsx Hopkins Hoxp., 95, 244 (10547 10y 1. 1L Naven, J. Fhucunend.
Frp, Ther., 189, 129 (1963).

(:3) ‘T, ML Maven, Fhysol. Rev., 47, 595 {10673,

bubibled threngh o solntion of phenol red. For the mmeatalyzed
rate, biffer was theit added and the time for the formation of aeid
was measired.  For the catalyzed or catalyzed-inhibited rate,
enzyme or enzyme and inhibitor were added in that order to the
phenol red solintion: inall cases the timed reaction was started hy
the addition of buffer.  Equilibration of this system was done hy
allowing all reactants to mix for the appropriate time (determined
tor cach drtg) before the addition of butfer. The new method des-
ignated EI (enzyme-inhibitor) was identical chemically to SIST,
huat here enzyme and inhibitor were preequilibrated outside the
reaction vessel, nsnally in 1-ml volime, and then added to the
COs-phenat red =olittion.  Again the reaction was started by ad-
dition of inhibitor.

led cell enzyme from the varions species was prepared hy lys-
ing whole blood in distilled water nginally at a concentration of
1:100.  The concentration of enzynie in the test was 2-5 X 10°?
M@ The pive human enzymes HCA-B and HCA-C were ob-
tained throngh the conrtesy of Dr. Sven Lindskog. Thelr prop-
crties have heen reviewed.?  Dog and hovine purified fractions
were prepared by Byvoet and Gotti

The dimgs were imade np hn aqueons solution; in some cases it
was necessary to add NaOH to effect solntion.  Drmgs of classes
A=D in Table I were obtained from the American Cyanamid Co.
thremgh the conrtesy of Dr. Selby Davis.  Class I drngs were ob-
tained from the appropriate pharmacentical company. Class
wis syithesized for ns by Peninsnlar Chemrescarch, Inc., Gaines-
ville, Flr.

Results and Discussion

The activity of drugs is expressed as the I, the molar
coneentration which inhibits the catalytic rate 509;.
The relation of this value to the Ky, the dissociation
constant of the enzyme—inhibitor complex, is given by
the relation Ky = I — V., where [0y 1s the mobar
concentration of active enzyine originally present. In
the case of most of the drugs of Table I, T, > £ sa
that the latter term drops out of the equation, and
L~ K,. Tordrugs with Ky < 10=% 3/, the I s in-
fluenced by the magnitude of Ep  As noted i the
footnote to Table T, however, £y 1s constant in these
tests, <o the [ rematns a reasonable estimate of ac-
tivity.  The Ay may be caleulated from the given
vahies of Iyp and £y, These relations are developed in
detail inref 2a.

Effect of Variation in Structure upon Activity.-
Table T shows the activity against erude dog red cell
carbonie anhydrase at 0° of 28 sulfonamides. They arc
divided nto six groups.

A.—The simple benzene sulfonamides, by the SEI
system, have activity in the 10-9-10-% A7 range. With
menbation (EI), aetivity increases.  Starting from the

(16 I Byveecand A, Gaudd, Mol Pharmacel., 3, 142 (1067).
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TabLE I

Is (X 107) oF SuLroNaMIDES AGAINST CRUDE Dog RBC CArBONIC ANHYDRASE AT 0.3°¢

SEI El
Class and compd Carbonate Barbital Time, min Carbonate Barbital Time, min
R. R,

A. Benzenesulfonamides: R‘QSQH\'H‘

R Re Rs
H H H 19 - Ne 2 . 4
H H CH;CONH 5 13 2 0.2 0.2 2
H H CH, 113 S 2 2.0 2
H NH. H 34 . Ne 2.7 2
NH, a a 40 . Ne 1.3 .. Ne
H H NH, 28 57 Ne 6.0 4.0 2
B. Aliphatic Sulfonamides: RCH,SO0,NH,
R
13! 3000 e Ne 3000 e 2
CH, 7200 . Ne 7200 . 2
CeH; 600 . Ne 300 ... 2
) . N
C. Benzothiazole Sulfonamides: RCEX/C—bO:I\Hz
R
H 0.04 15
0OC.H; (ethoxzolamide) 0.04 0.03 10 0.01 0.02 2
N—N
D. Thiadiazole Stlfonamides: R—g\s./l&—soq_NH:
R
NH, 0.6 . 2 .. ... 2
CH;CONH (acetazolamide) 0.2 0.2 2 0.03 0.02 2
CsH:SO.NH (I) 0.03 0.03 2 0.02 0.025 2
p-NH,C¢HSO.NH 0.04 . 2 - 2
0-CICsH, (IT) 0.03 0.03 1 0.03 0.02 2
CHN—N
CHyCON=C-C—S0:NH, (methazolamide) 0.17 0.12 2 0.07 0.07 5
E. Disnlfonamides (Saluretics) and Congeners
1,3-Disnlfamylbenzene 21 N Ne 0.08 . 2
1,4-Disulfamylbenzene 14 . Ne 0.06 e 2
1,3-Disulfamyl-4,5-dichlorobenzene (dichlorphenamide) 0.7 0.7 10 0.03 0.03 2
5-Chloro-2 4-disnifamylaniline (salamid) 22 . 5 . C
Cl NecH
H.NSO, /Il’H (chlorothiazide) 18 14 5 0.07 0.06 5
S0,
H
ot Nech, - N .
H.NSOs 56‘{”'[ (hydrochlorothiazide) 225 240 10 1.8 1.2 5
CF, SCH -
H.NSO, /A\l‘,H (lumethiazide) 123 . Ne 4 - 2
S0.
8
a ~CH—CHCL, . . .
H_/.\'so;@%.{'ﬁ (trichlormethiazide) 350 . 2 0.2 . 2

Nee—
Cl:@ < C”:SC”-‘Q (benzthiazide) 14 16 2 0.03 0.03 20
H.NSO, ~NH

30,

OH

MCI
O C/NH (chlorthalidone) 2 ces Ne 0.1

i 80,NH,
o]

=

Quaternary Ammonium Sulfonamide

(CH ,)JN+CH_/—-<\:>—SO_.NH_/ 300 Ce. 2 9 e 2

¢ Procedure is given in ref 2 and Methods section. The time given is the minimiim needed for equilibration. Ne means <15 sec.
The enzyme used was 0.25 ml of & 1:100 suspension of whole dog blood in water. This is approximately 5 X 10~? 3, and equivalent
to 2 enzyme units in the carbonate system and 5 in barbital.2s
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simplest. and prototype dmg, CsH;S0.NH,, it appears
that pace amination does not alter activity, but pare
methylation reduces it. The isomers of sulfanilamide
all have the same aetivity, It i of interest that
acctylation of the amino group of sulfanilanmide in-
creases activity: it appears (elass D below) that this
may be a general phenomemn. Whether this altera-
tion 1 related to the marked lowering of pA s not
known; if this ix the case it would only apply within a
given =eries, sinee drugs of widely varving pA, have
nraximal activity i this test (etasses CCand D bhelow).
Within elass AL nwoving from the SE1 to FI system
mereases  activity  5-H0-fold.  Turther  experiments
were done to see whether equilibria in the II systemn
could be displaced by prolonged contaet with CO..
Normally, in this fest, COs is bubbled o the enzyme
mhbifor mixture for about 5 10 =cc before addition
of butfer.  Thix exposure wa= increased to 10 min, and
the L of seven of the drugs tested then fell into two
gronps, LFor five of the drags, the Lg reverted to the
SET vahie; these are acetazolunide. methazolamide,
chlorthalidone, sulfanilamide. and hydrochlorothiazide.
Two drngs, bengthiazide and  dichlorphenamide. re-
tained their very high activity (151 test, Table I) even
after exposire to saturated C'Os for 30 nun. Clearly
there appear to be quite different kineties between
these two classes of drugs. It secems likely that the
present {inding i~ related to the observation of Leib-
man. o al.® that bengthiazide, unhke acetazolamide,
displays notable departure from reversible mhibition
kincties,

B. The abiphatic sulfonamides have very weak
activity in both INT and SET tests with Iy of the order of
10~ 1. The question inay arise as to whether activity
in this class may be due to contamination with trace
amtoutts of aromatie sulfonanmides--as little as 0.19%
could produce an inhibition which would appear active
i1 the range observed.  Bnt the faet that the aliphatic
compounds give the same values for the SEI and EI
test argues strougly that they are active as such. sihice
the aromatic sulfonamides arve all more active in the
Litter test.

C. - A few siple benzothiazolesulfonamides  ave
listed.  These are maxinally active, when it is con-
stdered that enzyme conecentration is 2.5 X 10-° 1/ in
the test. Thus there can be little difference between
ST and IT tests.

D. - Several thiadiazoles and related compounds are
shown,  All are active in the 10-%-10~2 17 range; those
with Tg of 107% in SET attain potency of 1079 with T2I
(¢f. acetazolaniide).  The data reported in parts A-D of
thix table agree with carber stndies in whieh benzene-
snlfonamides, aliphatic sulfonamides, and heterocyelic
sulfonamides have been compared.® The data from
the Iiteratnre on these and other structnral types have
been documented.? It is not possible yet to relate
strueture or chemical or physical properties to activity
i any meaningful way.  Two of the most aetive com-
ponnds,  cthoxzolannde  and  2-benzenesulfonamido-
thiadiazole-s-=ulfimamide (1), are antipodal in char-
acter; the formeris highly lipid =ohible and un-tonized.

Ay tar K, CL Leibuwan, U Mord, and XN Boade, S0 Pharmacal. Fape
Ther. 181, 271 (Y06 1) by Ro P Dovis, J. ol (e Sar., 810 5674 (10501,

WG tad T Atann and DL Keilin, Neture, 146, 164 (10401; ib) 1. 8, Kyeles,
Binckrg, J. 48, 525 CIDA8(: (e W, M. Aliler, V. ML Dessert gmd R, O
Reddou. o Y, Chep Snc, 72, 4801 (19501,
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the latter tome m character at pH 744 Attention has
not. however. been given to the charge surrounding the
SONH, gronp itself,

E. Disulonamides and saluretics of the thiazide
and related types are hsted together,  All salureties of
thix type coutain a .3-disulfamyl or I-sulfamyi-3-
carbanovl function. It s characteristic of these drugs
that they are quite weak carbouie anhydrase inhibitors
in the STo systenm, but patent in EI. This is not to -
phv that the latter explams thetr renal aetivity; it has
been shown clsewhere that this is winelated to carbonic
anhydrase inhibition*  Fhouethiazide, for example.
ix a potent dinretie (at 0.1 mg, k)™ and, at this dose,
even the EI poteney of T = 4 X 10771/ wonld not he
expeeted to vield any reasanable fraction of renal en-
zvme whibition @ oedro  In faet, the urine ix not
atkalinized at this dose. ™™ By contrast, acetazolamide
s at least ten times more potent e eedeo, vot requires
25 times this dase for the dinretie (and alkalinizing)
etfect.”™  However, the very large (np to 2000-fold)
hierease - aetivity in the 191 test shown by some of
these drngs 1s of kinetie interest.  As noted above for
benzthiazide, the effeet seems to hear on the question
of reversibility.®  Comparison of compounds in which
SEI ~ T1 with those in whieh SEI > LT mayv yvield
significantly different vahlues for the individual con-
stauts i Ay = fhop by

F.--This class 15 represented by only one compoutd,
but is of importance since it i the first cationic snl-
Tonamide to be reported i this context.  Activity is
comparable to the parent (and at pH 7.4, uncharged),
p-toluenesulfonammde.

Effect of Raising the Temperature to 37° (Table II).

Tanby I1
Lo X 10V 0 o SCLFONAMIDES A1 3T7°

Craan ot =1l 11
11 003 .05
lothoxzolamide D04 0. 06) 0,04
I 0D 03 0,05
Dichlorphenamtde D 0o D0
Benzthiazide 027 o3
Methazolamide D370 D37
Acetazolamide 03T D430 2
Chlorothiazide H 1

Hydrochlorothiazide Al S
snlfanttamide GO CHDO 0l
+ Dog red cell (0.25mlof 12100 hemoly=ate; was nsed us ehzyme
sonree.  All dimgs were equilibrated either with enzyme (K1) or
enzyme and =ubstrate (SEI. FEqnilibration 1ime varied with the
drmg, from {5 sec 10 3 mine COy was delivered from a 2090 mix-
tnre in air, vielding 6 mM in =ohition: data in parentheses are
fram COs caneentration of 3 md/. Barbital butfer.

In general, this does not alter activity greatly from
the standard 0° (SEI@) system.  Equilibration time is
generally reduced. The prineipal change is that the
difference between ST and T systems observed at 0°
is nearly obliterated for all the drugs except benzthi-
azide.  FEven this is reduced from about 500-fold (Table
1) to ninefold. It must also be pointed out that m
experiments of Table TI the (O, coneentration wis
reduced (from 10097 gas i the 0° test to 2697, and in a
few eases to 1207) i order 1o bring the reaetion mto a

(T o@) TN Marven and Co X0 Wiley, Jo Prarnaral, Exp. Ther., 143 204

(1060 (b1 K. L Beyer and 1LY Raer, Jfharmracal. Rer., 18, 417 (1061).
8 11 Marvew, J. Pharmarnl, Brp, Ther,, 189, 140 (1063).
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TasLg II1
I (X 107 M) oF Six SULFONAMIDES AGAINST RED CELL CARBONIC ANHYDRASE FROM VARIOUS SOURCES®

~—Human RBC— ——HCA-B——

Compound SEI El> SEI EI SEl
Acetazolamide 0.34 0.07 3.2 3.9 0.46
Sulfanilamide 35 18 234 280 31
II 0.07 0.44 0.06
I 0.15 0.32 0.10
Methazolamide 0.48 e 0.77 0.25
Ethoxzolamide 0.05 0.05 0.60 0.04

——HCA-Co——

Cord Purified Bovine Semipurified

RBC dog RBC RBC ~—bovine RBC— Rat RBC
EI SEI SEI SE1 SEI El SEl
0.05 0.32 0.21 0.25 1.2 0.06 0.26

32 35 53 83 128 7.5 35

0.1 0.06 0.06 0.10 0.03

0.14 0.14 0.03 0.07

0.38 0.35 0.4

0.05 0.04

¢ At 0° with carbonate buffer. One to two enzyme units (24 X 10~ M) were used in all cases except HCA-B, where these units

are equivalent to 20-40 X 10~% M/.3

Enzyme and drug were equilibrated thronghout.

TaBLE IV
ErrecT oF Ions oN ENzyME AND DRUG AcCTIVITY
Ion conen, e Iso X 107 M———————
T, °C mM (8), mif Method Drug* Carbonate Barbital
0 143 KCi 60 SEI . Veat,® Wiichanged Veaty 409 inhib
A 0.6
S 31
37 286 KCl 3 SEI . V caty 469 inhib
A 0.5
S 75
B 0.1
143 KCi Veat, unchanged
0 143 KCi 60 EI - V eaty 449, inhib
A 0.2
S 200
143 NaCl Veaty 70% inhib
0 143 NaHCO; 60 EI - V eaty 78% inhib
A 0.06
S 16
II 0.03
C 0.1

¢ A = acetazolamide, S = sulfanilamide, C = chlorothiazide, B = benzolamide (I).

feasible time range. In solution, the CO, was 3-6
mM. The SEI test at this temperature and substrate
concentration then represents the closest approach to
the n vivo situation, since substrate and enzyme are
present in the blood, and inhibitor added or injected
last. The values of Table IT for 37° and SEI have been
used for calculation of 4n vivo inhibition kinetics.3

Effect of Sulfonamides upon Red Cell Carbonic An-
hydrase of Various Species.—Table III shows the
inhibitory data (I5) of six representative sulfonamides
on red cell enzyme from human, newborn, dog, rat, and
ox. In addition, data are given for the two pure en-
zymes from human blood. With the exception of
certain of the values for HCA-B, it is evident that each
drug has about the same activity for the different red
cell species.

The discrimination between HCA-B and HCA-C
is particularly instructive in the case of sulfanilamide,
since it is a comparatively weak inhibitor. In this
case, I;p >> E,, and I is not influenced by the con-
centration of enzyme present. This is important, be-
cause much more enzyme is used in HCA-B assay than
for HCA-C and other enzymes, because it has lower
activity (¢f. legend to Table III; see also ref 3).
Acetazolamide, although stronger than sulfanilamide,
still has I;, > Eo, so the same principle applies. Use of
these two drugs then permits a decision as to whether
an enzyme source is akin to HCA-B or to HCA-C. 1In
cord blood for example, Table IIT shows a pattern simi-
lar to HCA-C; this agrees with the comparison based
on reaction rates.?

b Catalyzed velocity.

On the other hand, the group of strongest inhibitors,
ethoxzolamide and 2-benzenesulfonamido- (I) and 2-0-
chlorophenylthiadiazole-5-sulfonamide (II), does not
discriminate between HCA-B and HCA-C. The differ-
ences observed in I5 against the two enzymes for each
of these drugs is due to the larger amount of HCA-B
present, since the Iy, 1s essentially an equimolar titra-
tion of enzyme.?8

The Effect of Ions on Enzyme and on Drug Action.—
Table IV sets out various experiments showing the
effect of ions on enzyme and drug activity, In the
high concentrations of ions used, there was up to 739,
inhibition of the catalyzed rate. The following gives
additional data on the fractional inhibition (4) at
various concentrations of KCI in the EI system using
barbital buffer: 35 mM, 0.25; 71 mM, 0.36; 143 mM,
0.44; 214 mM, 0.62. For NaCl there is more inhibition
as follows: 35 mM, 0.42; 71 mM, 0.63; 143 mW, 0.70;
214 mM, 0.78. NaHCO; yields at 28 mM, 0.28; 70
mM, 0.4; 105 mM, 0.58; 142 mM, 0.64. Clearly, the
ions are all inhibitory. Previous work ou this subject
has also been reviewed.? It is important that the chief
intracellular cation, K+, does not inhibit more than
about 409, at the approximate concentration that is
found ¢n vivo, and in view of the very large excess of
enzyme normally found,® it is likely that this has no
physiological implications. In the presence of KCI,
inhibitory action of sulfonamides at 0° in the EI sys-
tem is reduced. The data of Table IV may be com-
pared with that of Table I and Table II. Perhaps the

(9) B. H. Gibbons and J. T. Edsall, J. Biol. Chem., 289, 2539 (1961).
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Figure 1.—Inhibition of purified canine red cell earbonic anhy-
drase* by sulfonamides. Velocities (V) are those of the catalyzed
reaction: total rate minus uncatalyzed rate. Numbers on lines
are drug concentrations in units of 107 M. All experiments
were at 0° in barbital buffer, 1sing EI system.

most huportant comparison in the n vivo context is that
for the 37° low substrate SEI system. The data of
Table IV, for 286 mA/ IKCl, agree within twofold with
that of Table II, for no IKXCIl, for the three drngs tested.

Table IV also shows (compare Table I) that very high
concentration of HCO;~ does not appreciably alter the
I of the sulfonamides in the enzymic hydration reac-
tion. This supports the idea that the enzymic site for
CO, and for HCO;— are not identical (discussed in ref
3).
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The Effect of Substrate on Inhibition.—I'igurc 1
shows plots for several of the drugs, to test the nature
of the inhibition. Following the careful critique of
Dowd and Riggs, ' we have used the plot of 17 (veloeity)
against 1/ [COs]. rather than the usual Lineweaver-
Burk plot.  In the method used, the slope is —K,, and
the ordinal intercept is 17, If experimental lines
representing uninhibited and inhibited reactions inter-
seet at the ordinate, the kinetics are competitive; if
the lines are parallel, kineties are noncompetitive,

The EI system was nsed, in which drug and enzyine
were equilibrated for 2 miu in 1-ml volume, then added
to the phenol red-COs mixture (5 ml) for 5-10 sec be-
fore addition of buffer.  Fxploratory tests showed that
the SIS system fatled to vield any consistent pattern
for acetazolamide.  Preswuably, this would also he
the case if CO; exposure time to the I mixture was
prolonged, since, as noted above, this caused, for acet-
azolamide and sulfanilamide, reversion of the E1-deter-
mined Iy to that of SEI. However, for ethoxzolamide,
the ET and SET inhibition were the same (Table D).

Ifigure 1 shows the kineties of all three drugs to be
noncompetitive.  The KA, was 16-20 md/. Under
these conditions the Ay's of the three drugs (X 10~7)
were gcetazolamide, 0.03; ethoxzolamide, 0.02; sul-
faniJamide, 30.

The data on acetazolunide and sulfanilamide agree
with those of Leibman, et al., and of Davis.?  Those for
cthoxzolamide are new and are of particular interest
sinee, as indieated, they apply to any order of addition
or time of exposure to CO,.

In spite of the rather clear kinetic plots, the displace-
ment of enzyme-inhibitor equilibria by CO, in the cases
of sulfanilamide and acetazolamide (and certain of the
other drugs of Table I) leaves sonwe doubt as to whether
the pattern is one of eclassical noncompetition. Tt ig
hkely that the true picture is more complex than this,
and that substrate and inhibitor sites on enzyme are
sufficiently elose so that mutual perturbations are pos-
sible.  They arce not observed with ethoxzolamide or
others of the ultrapotent group (see identity of SEI and
I'l data in several drugs of Table I) because of very
high affinity of drug and enzyme in these cases.  Such
affinity 15 abont 107 greater than substrate-enzyme
affinity, K, being about 20 miZ.*  The perturbations
observed for the wealker inhibitors may reflect the close
spacial relation between the Zn site and the mhibitor
site, as revealed by X-ray diffraction.!!

10y 1L I Dewd and D0 S0 Riges, J. Biol, Chem., 240, 863 (1005).
(1D K. Vridborg, K. K. Kannan, A. Liljas. J. Lundin, B. Strapdliery,
R. Strandberg, B. Tilawler, and G. Wirén, JJ. Mol. Biol., 25, 05 (1167).



