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SUMMARY

The activity and inhibition of carbonic anhydrase (EC 4.2.1.1.) were studied in intact
red blood cells by measuring the hemolytic rates induced when the cells were suspended in a
solution of NH,Cl and NaHCO;. The inward diffusion of CO; and its subsequent hydration
to HCO;~ within the cell are matched by the inward diffusion of NH; and formation of
NH,*+. The new ionic pair attracts water, leading to swelling and hemolysis of the red cells.
The rate-limiting step in the over-all process is the conversion of CO, to HCO;~. In the
native cell, the calculated hemolysis time is about 0.1 sec; our observed hemolysis time is
20 sec. When the enzyme is totally inhibited by 100 um ethoxzolamide, the hemolysis time
is increased to 50 min. This corresponds to the time in which the uncatalyzed hydration of
CO. generates an increase in ionic strength of about 60 % in the cell. This intact erythro-
cyte system differs from the usual carbonic anhydrase assay in solution, in the important
point that the catalytic hydration rate greatly exceeds the noncatalytic. This reflects the
very high (approximately 0.1 mM) enzyme concentration in the red cell, analogous to that
in certain secretory sites. Under these conditions, we have determined the K; values of
drugs at 99.99% inhibition, and have compared such values with the more conventional
I, data obtained from dilute enzyme in solution.

INTRODUCTION

Enzyme reactions are usually studied in
vitro in dilute systems, in which their cellular
milieu is destroyed. Extrapolation to systems
in vivo, in both rate and inhibition kinetic
studies, entails the assumptions that enzyme
activity is proportional to concentration
over perhaps a 10*fold range, and that the
composition and geometry of the cell do not
alter enzyme-substrate or enzyme-inhibitor
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relations. In our earlier work, the concen-
tration of carbonic anhydrase (EC 4.2.1.1.)
in cell lysates in vitro was at most 10— M; in
the cell water of erythrocytes in vivo the
concentration is about 10— m. Nevertheless,
the results of kinetic studies in vitro have
been applied to a variety of physiological
situations (for review, see ref. 1).

An opportunity to obtain kinetic measure-
ments on intact, living cells was afforded by
the work of Jacobs and Stewart (2) on the
role of carbonic anhydrase in certain ionic
exchanges in the erythrocyte. Figure 1 gives
a quantitative interpretation of the system
of Jacobs and Stewart, based on both their
results and our own. In this ionic milieu the
red cells swell and then hemolyze in about
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20 sec, as NH; enters the cell by diffusion
and is converted to NH,* ions in accord with
the pH equilibrium (1). The process re-
quires new anions within the cell, which may
be either HCO;~ or Cl—. Since Jacobs and
Stewart (2) found that sulfanilamide, as a
carbonic anhydrase inhibitor, reduced the
rate of hemolysis, it appears that conversion
of CO, to HCO;~ within the cell is a rate-
limiting event in the process. It is assumed
that, as the NH,* is formed, HCO;~ is
formed as the counter-ion and is then ex-
changed, wholly or in part, for external Cl-.
When a certain concentration of NH,Cl or
NHHCO; is attained (about 87 mmoles/
liter of original cell water; see Table 3 and
discussion), hemolysis occurs.

In the present experiments we have used
the powerful heterocyclic sulfonamide in-
hibitors of carbonic anhydrase to abolish
enzyme activity entirely, and thus have
determined the uncatalyzed rate of anion
accumulation in red cells. From this value
we have estimated the true catalytic rate in
the red cells and studied inhibition kinetics
with various drugs. The studies on drug
effects were of special interest, for the system
has the unusual characteristic of permitting
accurate estimations of fractional inhibition
in the range above 0.999.

METHODS

The standard electrolyte solution selected
for most tests (see the first section under
RESULTS) was a mixture of 5 ml of 150
mM NH,CI and 1 ml of 150 mm NaHCO; .
The pH of this solution was 7.65, and its
ionic composition was HCO;~, 24.2 mm;
CO:, 0.8 mm; NH,*, 123 mm; and NH;, 2
mM. We used an apparent pK, for HCOz/
CO; of 6.17 (reviewed in ref. 1) and a pK,
for NH;/NH,* of 9.25 (3). These and other
constants used are for 25°. Experiments were
done at room temperature. Figure 1 shows
chemical details of the system.

For red cells of the elasmobranch Squalus
acanthias, the same system was used, except
that the NH,CI concentration was raised to
500 mm, which yielded a solution essentially
isosmotic with the blood. These experiments
were done at the Mount Desert Island Bio-
logical Laboratory, Salisbury Cove, Maine.
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ION SOLUTION INSTANTLY ot HEMOLYSIS
mM mM mM
NH4' 123 o 87t
! i)
NH3 22— 2 2
HCO3 282413 7T 12 or more®
1) $ ¢
cop 08— 08 08
No* 25 132 132
K* 0 10 10
Hb™ o 20 20

Fia. 1. Ionic composition in test system

The ambient solution was 125 mmM NH,CIl and
25 mm NaHCO;. See the text under methods for
calculation of acid-base equilibria. To 6 ml of this
solution, 0.05-0.1 ml of dog erythrocytes was
added. At the time of addition the cells had the
composition shown under ‘“‘instantly.” The con-
centrations shown “‘at hemolysis’’ are those that
would obtain without a volume change, i.e. with-
out influx of water.

e Concentration in red cell water (if there were
no volume change) to match formation of HCO;~
in 50 min (the uncatalyzed time) from the rate
constant of 2.2 min~! and (CO;) of 0.8 mMm. See
the text under discussion.

b Concentration if all HCO;~ formed were ex-
changed for Cl-. If none were exchanged, Cl-
would be 110 mm, and HCO;™, 99 mm.

The reaction system contained either 0.05
ml of mammalian blood or 0.2 ml of elasmo-
branch blood. The approximate ratio of the
enzyme concentration in mammalian to
elasmobranch blood is 35:1 (1). Table 5 lists
the drugs used and their lipid solubility and
rate of diffusion into red cells. Their chem-
istry is fully reviewed in reference 1.

In some cases (method A) drug was added
to the electrolyte (outside) solution. The
highest concentration was 100 um, which had
an insignificant effect on the osmotic
strength. The reaction was started by the
addition of blood. Only very lipid-soluble
drugs were diffused from the electrolyte
medium to red cells rapidly enough to en-
sure the attainment of equilibrium well
before the 20-sec interval that comprised the
control period (i.e., without drug) required
for hemolysis. The concentrations of rela-
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tively lipid-insoluble drugs in the cell in-
creased as the hemolytic reaction proceeded.

For this reason, method B was used, in
which the drug, in sodium phosphate buffer,
pH 7.1, was incubated with an equal volume
of red cells for 30 min, after which 0.05 ml
of this mixture was added to the 6 ml of
electrolyte solution. This procedure allowed
both diffusional and chemical equilibrium
(with enzyme) to be attained within the
buffer-red cell mixture. The attainment of a
new equilibrium between the drug concen-
trations in the red cell and in the solution
was still slow, however, except for lipid-
soluble drugs. Therefore, the actual con-
centration of drug within the red cell at any
one time was difficult to estimate, and de-
creased as the reaction proceeded. For very
lipid-soluble drugs, equilibrium was com-
plete well before the 20-sec control hemolysis
time. Thus, the value of K; could be estab-
lished only for the lipid-soluble drugs, and
depended on closely corresponding experi-
mental results from methods A and B. Only
in this circumstance could we be sure that
the added calculated or measured concentra-
tion of drug in the outside solution (desig-
nated I,;) was in equilibrium with enzyme
within the cell.

The reaction was carried out in test tubes,
and hemolysis was gauged visually by clear-
ing of the solution to a degree that permitted
illuminated newsprint to be clearly legible
through the tubes. This end point was re-
producible within about 10%, and had the
advantage of being applicable to marine
biological laboratory conditions. Since the
range of time covered was 20-3000 sec,
small errors in determining the end point
were of little consequence.

Drugs. All drugs were supplied by the
Organic Chemical Division of Lederle Lab-
oratories (courtesy of Dr. Selby Davis),
except for ethoxzolamide, which was sup-
plied by Upjohn. Their properties have been
described fully (1) (see also Table 5).

Calculations. The following symbols, con-
stants, and calculations were used (1).

Vune = uncatalyzed velocity of the reac-
tion COQ—-)H2CO§

Vet = observed velocity of the reaction
in the presence of carbonic anhy-
drase
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Vebs = observed velocity of partially in-
hibited reactions

theoretical velocity of the enzy-
matic reaction

total molar concentration of car-
bonic anhydrase in red cells. In
human red cells this is 150 um,
taking into account both B (125
uM) and C (25 um) forms. In the
dog, the value is 36 um, and only
one form is found with certainty
(1)

free or active concentration of
carbonic anhydrase

total concentration of drug
concentration of drug-enzyme
complex

dissociation constant of [EI]:

[E, — EI I, — EIl
EI

Ve =
(Ele =

[E/]

(Zo]
(ET)

i K:

K1 = (1)

I,

free drug:
I = I 0o — EI (2)
fractional inhibition:

i=E

E,

Substituting Eqgs. 2 and 3 into Eq. 1 and
rearranging yields

3)

. I;

1= 1]+K] (4)
When I, > Egor EI, I; = I,, and
. I, _ T _
1= -Io‘l"—I(I or KI = ? IO (5)

The important term ¢ will be considered in
terms of rate, as a theoretical base, and then
in terms of time, to conform with the actual
observations. We define a term a, denoting
fractional activity, such thatz = 1 — a.

_E, _Eo— EI
a = E; = __EI (6)

— Vobs - Vune

=T @

Notice that the uncatalyzed rate is sub-
tracted from the observed rate to yield the
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true inhibited rate. Fractional inhibition is
then

Vobs - Vunc

Ve

If Viune < Vs , as is true for enzymatic and
partially inhibited reactions faster than
about 1000 sec in this system, V., may be
neglected in these expressions.

The value of 7 could be calculated directly
from measurements of the reaction periods.
With time denoted by T and using the same
subscripts as above, Eq. 8 becomes

TB M ( Tunc - Tobs)
Tobs' Tuno (9)

When Tyne > Tobs , the latter term may be
dropped from the numerator. It will be
shown that Ty = 0.1 sec. The simplified
equation then reduces to

(8)

i=1-—

1 =1-—

0.1 sec
(] 1-— —Tobs (10)
RESULTS

Effect of CO, and HCO;~ Concentrations on
Rate of Hemolysis

Development of “standard experiment.”’
Tables 1 and 2 show the relationship be-
tween CO, equilibria in the ambient solution
and the rate and time of hemolysis, respec-
tively. The hemolysis times denoted as
“catalyzed” in Table 2 refer to those ob-
served in the absence of inhibitor, and cor-
respond to rates designated Ve, . The times
denoted as ‘“uncatalyzed” refer to those
seen in the presence of appropriate inhibitors,
which are shown in the next section to have
abolished enzyme activity completely. These
hemolysis times correspond to rates desig-
nated by Vune. The data suggest that both
the catalytic (normal) and uncatalytic (in-
hibited) rates of red cell hemolysis depend
closely upon the CO, concentration in the
solution. Table 2 shows that these rates
change about 2-fold with a 2-fold change in
CO. concentration, under circumstances in
which the HCO;~ and H* concentrations
change 8-fold. This confirms the idea that
the driving force of the system is the con-
version of CO, to HCO;~ within the cell (2)
(Fig. 1).

The dependence of the uncatalyzed rate
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TaABLE 1

Hemolysis rates of human red cells (0.06 ml of blood)
in miztures of NH,Cl and NaHCO; (160 mx)

NH,Cl NaHCO; pH COs Veat
ml added mM sec™! X 100
5 0 5.70 0.1% 0.28
5 0.05 7.00 0.35 0.37
5 0.1 7.18 0.51 0.43
5 0.2 7.34 0.76 0.80
5 0.3 7.42 0.95 1.0
5 1.0 7. 1.6 3.3

¢ Calculated from final equilibrium of mixture,
not from measured pH.
b Source of CO: in this case was the red cells.

TABLE 2
Hemolysis times of normal and carbonic anhydrase-
inhibited canine red cells (0.06 ml of blood), in
miztures of NH,Cl and NaHCO; (160 mu)

Times for
hemolysis
NH.CI1 |NaHCO;| pH | HCO;~| CO;
Cata- | Uncata-
lyzed | lyzeds
ml added mM | mM sec
5.75 0.25 (7.15| 5.75 | 0.50| 30 3360
5.50 0.50 (7.40/ 11.9 | 0.60| 23 2520
5.0 1.0 |7.63| 24.2 | 0.80] 17 2000
4.5 1.5 |7.80| 36.6 | 0.90| 19 2000
4.0 2.0 |7.90[ 49.2 |0.80] 20 2000

s In the presence of 10~ m CL 13,580.

on CO, concentration is anticipated from the
simple first-order relation

Vunc = kl[S] (11)

where Vn is the velocity of the uncatalyzed
reaction, k,; is the rate constant, and [S] is
the CO, concentration. Similarly, the ob-
served catalytic rate, Vo, , is dependent on
[S], since the K,, is about 10 mm (reviewed
in ref. 1), and thus K,, > [S]. The relation-
ship is

Vmu'S
Kn+ S

in which S in the denominator may be
neglected.

Table 3 shows that the observed catalytic
rate increases when the volume of red cells

Veat = ( 12)
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TABLE 3
Effect of volume of dog red cells on observed
hemolysis time in mizture of 5§ ml of
NH ,C! (150 mu) and 1 ml of
NaHCO; (160 mu)

Times for hemolysis

Cells
Catalyzed Uncatalyzed®
ml sec
0.025 11 1680
0.050 17 1920
0.10 26
0.15 30
0.20 33 1920

s In the presence of 10~¢ M CL 13,580.

in the system decreases. The probable
explanation for this is that sensing of the
catalytic rate by clearing of the solution is
easier in the more dilute system. In the
much slower, nonenzymatic reaction, how-
ever, the rate is independent of the volume
of cells: here rapid sensing is not involved.
Theoretically, the catalytic as well as the
noncatalytic rate should be independent of
the volume of red cells, since ideally we are
studying events as they may be imagined in
a single cell.

Table 4 shows that red cells of the elasmo-
branch behave in the same general way as
mammalian erythrocytes. The longer hemol-
ysis times of inhibited elasmobranch eryth-
rocytes may reasonably be ascribed to
their greater osmolarity, which would neces-
sitate a greater accumulation of ions to cause
hemolysis. The fact that the 35-fold lower
concentration of carbonic anhydrase in the
elasmobranch cell is not reflected in the
observed catalytic rate further suggests that
the concentration of enzyme is not a limiting
event in this system, and will be discussed
in a later section.

From the data of Tables 1-3, the standard
system as described in METHODS Was selected
for further work. In this system (125 mm
NH(CI, 25 mmM NaHCO;, and 0.05 ml of
blood), the pH and CO; equilibria were close
to those found in vivo.

Complete Inhibition of Enzymatic Reaction

Quantitative aspects of enzyme-drug inler-
action using ethoxzolamide and methazolamide.

MAREN AND WILEY

TABLE 4

Hemolysis times of normal and carbonic anhydrase-
inhibited red cells from squalus acanthias

Times for hemolysis

NH,C! NaHCO,;
05w (015w CO: _ Catalyzed Uneate
0.1 ml 0.2 ml 0.1-0.2 ml
ml ml mM sec
5 1 1.16 38 65 >4800

@ These are the volumes of red cells used.
b In the presence of 10~ M CL 13,580.

Figure 2 shows an experiment carried out in
the standard system, using dog cells with
concentrations of ethoxzolamide added to
the aqueous solution (method A) from 0.02
to 100 uMm. The critical point is that the three
highest concentrations yielded essentially the
same rate, which now can be taken as that of
the uncatalyzed reaction. The suitability of
ethoxzolamide for this determination was
dictated by its very high activity against the
enzyme (1), and decisively by its high lipid
solubility, which permitted very rapid en-
trance into the red cell. Holder and Hayes
(4) found that the rate constant for entry
into dog red cells is about 0.7 sec?, so that
near equilibrium between drug in solution
and red cell is achieved within about 5 sec.
Since the observed catalytic rate is 20-30 sec
(Table 1), diffusion is not rate-limiting in
the system. Thus a smooth curve is gener-
ated, over the range of observed inhibited
times for hemolysis, from 40 sec to 50 min.

The uncatalyzed (fully inhibited) hemoly-
sis time of 50 min makes it possible to
estimate the true catalytic time, since
Roughton (5) and others (reviewed in ref. 1)
have calculated that carbonic anhydrase in
red cells increases the rate of CO, hydration
about 30,000-fold. Thus the enzymatic
reaction should be complete in 0.1 sec, 200
times faster than that observed. The differ-
ence is assumed to be due to our slowness in
sensing the hemolytic process.

The calculation of z from Eq. 9 or 10 does
not involve V.., the observed catalytic
time, which is about 20 sec. Thus the
“sensing error,” or delay, is not involved in
the estimation of fractional inhibition,
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F16. 2. Effect of carbonic anhydrase inhibition by ethozxzolamide on osmotic hemolysis of dog red cells

Method A, drug not incubated with red cells.

which is calculated from times much closer
to those of the nonenzymatic reaction. The
latter are so slow that the observed time is
the true time of the ionic transfer reactions
described in Fig. 1. In other words, the
physical limitations on detection determine
the rate observed experimentally in the
range of Vs and V., , but in the range of
Vune the rate-limiting event resides in the
chemistry of the reaction itself.

Knowledge of the true catalytic time per-
mits an analysis of inhibition kinetics, ac-
cording to the arithmetic model given in the
Calculations section above. Figure 2 shows
the fractional inhibition () throughout the
experiment. We have the interesting circum-
stance that very high degrees of ¢ may be
recognized with accuracy. Unlike our system
in vitro (6), the time of the uncatalyzed
reaction is much slower than the catalytic or
properly chosen inhibited reactions. This
arises from the large amount of enzyme in the
intact cell (on the order of 10— M), in con-
trast to that in the system in vitro (on the
order of 10~® M). The kinetics in this system
is therefore allied to that in wvive, where
similar enzyme concentrations exist, and
where similarly high degrees of fractional
inhibition have been studied (7).

From the fractional inhibition value of ¢
= 0.9999, the K; may be calculated with
the use of Eq. 5. Iy, the concentration of

drug in aqueous solution, is approximately
equal to I,, as demonstrated below. This
value, from Fig. 2, at 7 = 0.9999, is 2 um,
yielding K; = 2 X 10~ M. This may be
compared with the results obtained in the
dilute system in witro, in which E, was 10—
times that in the intact red cell and the K,
for ethoxzolamide was variously reported as
15 X 100 (8) and 3 X 10~ M (9). It has
been noted that K values calculated in this
way are not accurate for the very active
drugs, because I5y and E, are numerically
very close (6, 7).

Ethoxzolamide was also evaluated (meth-
od B) by preliminary incubation of drug with
red cells prior to addition of the cells to the
electrolyte solution. A curve similar to that
of Fig. 2 was obtained. Using the 1000-sec
time, which should theoretically yield : =
0.9999, we obtained a value for I, of 3 um,
which yielded a K; of 3 X 1071 u, in close
agreement with the findings in Fig. 2. It is
thus clear that equilibrium of drug between
cellular enzyme and solution can be attained
rapidly from either side.

A second lipid-soluble, highly active drug
against carbonic anhydrase, 2-o-chlorophen-
ylthiadiazole-5-sulfonamide (CL 13,580),
was used with results very similar to those
found with ethoxzolamide (Table 5). The
agreement between the K; values for intact
cells and hemolysates was particularly good.
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Figure 3 shows an experiment (method
A, dog cells) with methazolamide, a less
active drug, with a fairly rapid diffusion rate
into red cells. According to the data of
Holder and Hayes (4), the rate constant for
entry is about 0.06 sec™!, whence the half-
time to reach equilibrium is about 10 sec.
While this appears long in relation to the
observed catalyzed time (20 sec in this
experiment), the data show the same time
plateau of about 50 min, as is evident in
Fig. 2 for ethoxzolamide. Furthermore,
when methazolamide was incubated with dog
red cells according to method B, a curve
quantitatively similar to that of Fig. 3 was
generated. Thus equilibrium is achieved
within a time permitting quantification, as
for ethoxzolamide; conceivably diffusion is
more rapid in this system than in that of
Holder and Hayes (4).

The K, of methazolamide was calculated
from the 1000-sec (¢ = 0.9999) point of Fig.
3, which yields I, = I, = 160 um. From
these values, K; is 1.6 X 10~2 M; in the
dilute system n vitro it was 3.5 X 10— m
(8) or 6.5 X 1072 M (9).

Several additional points are relevant to
the quantitative interpretation of these
experiments. One concerns the effect of
NH.,* on the enzyme itself. When enzyme

99930 99989

99994 99996 99997

g

:

g
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cn,co~=c\s/c-so,~r42

.

METHAZOLAMIDE

SECONDS OBSERVED FOR HEMOLYSIS

g

0 100 0.00 0.‘000

Iiotar M
Fi6. 3. Effect of carbonic anhydrase inhibition
by methazolamide on osmotic hemolysis of dog red
cells
Method A, drug not incubated with red cells.
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activity ¢n vitro was measured by the stand-
ard method in this laboratory (6) but in the
presence of 125 mm NH,Cl and 25 mum
NaHCO;, the catalytic rate was decreased
about 50%. In the presence of these elec-
trolyte concentrations, however, the inhibi-
tory activity of the drugs was not altered.
When red cells were exposed to 125 mm
NH,Cl for 5 min and then centrifuged,
diluted, and analyzed in the usual way for
enzyme activity, the catalytic rate was
normal. It thus appears that the artificial
environment of thered cell usedinthe present
study does not substantially alter its car-
bonic anhydrase activity. The maximal cor-
rection factor that might be applied is a
decrease in the theoretical catalyzed rate by
half, making the time constant 0.2 sec (see
calculations above). However, the necessity
for this correction is not certain, and in any
case it would not seriously alter our calcula-
tions.

The second point concerns the binding of
drug to enzyme in the presence of the
artificial ionic solution. In a typical experi-
ment, 0.27 umole of ethoxzolamide was dis-
solved in 50 ml of the standard solution of
NHqu-N&HCOa (I o= 5.5 y.M), to which
0.4 ml of dog red cells was added. After 2
min the cells were centrifuged. They con-
tained 48 um drug (0.02 umole), while the
outside solution (I;) contained 5.2 uv. The
concentration in red cells was approximately
that found in earlier experiments in which
the entry of drug from plasma was studied
(10), and it agreed roughly with the con-
centration of carbonic anhydrase in the
cells (6). This experiment also shows that
drug can be recovered quantitatively from
the system. Finally, it is clear that the
amount of drug bound to the very small
volume of red cells was small relative to the
amount added, so that I, = I,. Similar
findings were obtained with methazolamide
and CL 13,580.

Experiments of the type of Figs. 2 and 3
were also carried out with human red cells.
Ethoxzolamide and CL 13,580, when tested
by either method A or method B, gave a
maximal time of 2049 sec, with a mean of
about 1800 sec, in a total of eight tests. The
K ; values were of the same order observed
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for the dog erythrocytes, and are sum-
marized in Table 5.

In the elasmobranch, using the system
outlined in Table 4, inhibition with CL
13,580 yielded no hemolysis in 80 min. Thus
the uncatalyzed reaction time, like the
catalyzed, was considerably longer than that
for the mammal, probably because of the
much higher osmolarity of the dogfish red
cell.

Behavior of other sulfonamides in the sys-
tem. In view of the early experiments with
sulfanilamide, the wide use of acetazolamide,
and our interest in the pharmacology of
benzolamide, it appeared worthwile to sum-
marize experiments with these drugs (Table
5). None of these three agents could be used
for the quantitative analysis of total inhibi-
tion described above, for a variety of reasons.
Sulfanilamide is too weak an inhibitor for
full inhibition; the other drugs diffused too
slowly for equilibration with enzyme in the
short time (<20 sec) before the beginning
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of hemolysis. Table 5 shows that the half-
time for diffusion of acetazolamide and
benzolamide was 2-3 min, far too long for
these drugs to have any effect when added to
the outside solution. Accordingly, they were
inactive when used in method A. Conversely,
when acetazolamide and sulfanilamide were
tested by method B, they seemed more
active than in the standard test in vitro,
because more drug than had been calculated
(on the basis of final diffusional equilibrium
between cells and aqueous solution) was
present in the red cells during the first few
minutes of the experiment. Sulfanilamide
yielded a K, far too low when tested by
method B, but showed reasonable agreement
with the K; value obtained in witro by
method A, suggesting that here diffusion was
nearly adequate. The rate of diffusion of
sulfanilamide into red cells is considerably
faster than that for acetazolamide and
benzolamide, although slower than for the
other three drugs of Table 5. Jacobs and

TABLE 5

K of sulfonamides against carbonic anhydrase, related to some physical properties
in intact red cells and solution

K;
D Ii:)tuigl’/ b t&“ ' Intact celld
rug er uffer to
partitions® red cells® B‘;ﬁfe‘s’}l Dog Human
Method A Method B Method A Method B
min e M M
Ethoxzolamide 140 0.017 1.5 0.2 0.3 0.4
CL 13,580° 79 0.1 0.5 0.4 0.3 2 0.6
Methazolamide 0.62 0.2 35 10 10 39
Sulfanilamide 0.15 0.5 9100 2310 212 5895 146
(500 sec) (100 sec) (253 sec) (70 sec)
Acetazolamide 0.14 2 40 0.2-2 N/ 1-5
CL 11,3669 (ben- 0.001 3 2.5 N»
zolamide

o From reference 11.

® From reference 4, except for CL 13,580, which was determined later by the same methods.

¢ From reference 8. K; = Isy —14 E,, where Eo = 5 X 10~° M.

4 From the concentration (Ig9.99) at which the hemolysis time is 1000 sec, whence 7 = 0.9999, except
for sulfanilamide, for which 7 =2 0.999 and the times are noted in parentheses.

¢ 2-0-Chlorphenylthiadiazole-5-sulfonamide.

7 The reaction time was 100 sec when the concentration was § mum in the outside solution. N denotes

essential inactivity in the test.

¢ 2-Benzenesulfonamido-1,3,4-thiadiazole-5-sulfonamide.
h The reaction time was 48 sec when the concentration was 70 uM in the outside solution. N denotes

essential inactivity in the test.
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Stewart (2) also observed that the effect of
sulfanilamide was somewhat limited by
diffusion. The K; for sulfanilamide was
calculated from the 100-500-sec point
(representing less inhibition than for the
other drugs), because full inhibition (more
than 99.99 %) could not be reached at maxi-
mum solubility.

Thus it is clear that only rapidly diffusing
drugs can yield quantitative information,
and that agreement between methods A and
B is the experimental criterion.

DISCUSSION

The results of these experiments will be
discussed in terms of (a) quantification of the
hydration of CO. to HCO;~ within the red
cell as it applies to the phenomenon reported
by Jacobs and Stewart (2), (b) use of the
system of Jacobs and Stewart for determin-
ing the kinetics of inhibition of carbonic
anhydrase at the levels (more than 99 %)
important in vivo, and (c) relevant earlier
work.

a. In the system described we have
achieved complete inhibition of carbonic
anhydrase activity, so that known rate con-
stants for the uncatalyzed hydration of CO,
can be applied. From this we can determine
the extent of intracellular HCO,~ and
NH,* formation. As noted in the introduc-
tion, and implicit in the model of Jacobs and
Stewart, HCO;~ is formed in the cell from
CO, but only because a new cation (NH,*)
is also available as a counter-ion. According
to Jacobs and Stewart, HCO;~ does not
necessarily accumulate in the cell, but may
be exchanged for external Cl—. In the model
shown in Fig. 1, the accumulated anion is
denoted as Cl—, with the representation that
less Cl- and more HCO;~ could be present.
This distinction is not important in the
present context, since the hydration of CO,
to form HCO; is the initial process and is
the one controlled by the enzyme. The sum
of newly present HCO;~ and Cl~ in the cell is
equivalent to the amount of HCO;~ formed,
and is also equivalent to the newly formed
NH,* within the cell.

It is simple to calculate the amount of
new HCO;~ formed under conditions of total
enzyme inhibition. The rate constant for the
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uncatalyzed hydration of CO, at 25° is 2.2
min—! (12), and the concentration of CO. in
the system is 0.8 mm. Thus the rate of
hydration (Eq. 11) is

Vuno kl (002)
2.2 min—1-0.8 mm
1.73 mM min™!

Hemolysis occurs in about 50 min, at which
time 87 mm HCO;~ has been formed,
“trapping” 87 mm NH,*. Some (or all) of
the HCO;~ will be exchanged for Cl—; in any
case, the cell (at constant volume) will in-
crease its osmolarity by 174 mOsm, or 58 %.
Actually, of course, this osmotic force causes
water to enter, swelling and hemolyzing the
cell. These forces appear roughly analogous
to those generated by adding red cells to
hypotonic (0.4 %) NaCl solutions.

In the catalyzed reaction in normal, unin-
hibited red cells, the same osmolar forces are
presumably at work, but are generated much
more rapidly. In terms of the end point used
here, 20 sec are required. But Jacobs and
Stewart (2) have demonstrated that swelling
begins within 1 sec after the cells have been
suspended with NH,+, HCO;~, and Cl-. We
have calculated that the true catalytic rate
is much greater than the actual swelling and
hemolysis rates observed by outselves or
recorded by Jacobs and Stewart (2). This
will be discussed in the following paragraphs.

b. From the data of Figs. 2 and 3, showing
the time course for the uncatalyzed reaction
(approximately 50 min), we obtain the
catalytic time, since the magnification of
rate by carbonic anhydrase in the red cell is
well known from the work of Roughton (5).
This value is about 30,000, and thus the
enzymatic reaction time is 0.1 sec. This is due
to the very high turnover number of car-
bonic anhydrase and its high concentration
in red cells (1), which places the catalytic
interconversion CO, = HCO;~ in the time
range of inorganic reactions.

Table 6 shows that 50 % inhibition of the
enzyme would be totally unrecognized in this
system; it would occur in 0.2 sec, which is
100 times faster than the observed normal
uninhibited rate of hemolysis. The factors
that make this observed rate relatively slow
have not been identified, but must include
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TABLE 6

Model relations between carbonic anhydrase activity and observed hemolysis rates
in dog red cells suspended in NHCl-NaHCO,;

Reaction Time Velocity E, EI i
sec M [min M B
Calculated Enzymatic
Normal 0.1 60 36 0 0
50% inhibited 0.2 30 18 18 0.5
Observed enzymatic
Normal 20 0.3% 0.18 35.82 0.995
Partially inhibited* 100 0.06 0.04 35.96 0.9990
1000 0.006 0.004 35.996 0.9999
Observed uncatalyzed = 3000 0.002¢ 0.001 ~36 0.99997

totally inhibited

a VE

b Vclt‘

¢ Drug effects begin here.
é V‘ll‘l“'--

diffusion rates, resistance of the membrane
to swelling, and our inability to determine
accurately the end point of hemolysis. The
relationship between the calculated and
observed enzymatic rates in this system is
the same as that observed n vitro, the former
being 102-103 times as fast as the latter (1).
Clearly, enzymatic catalysis is not rate-
limiting in the present model or in wivo,
unless it is inhibited more than 99 %.
Because of the very high concentration
and activity of the enzyme, an enormous
range of possible reaction rates occurs, from
the observed, which appears to utilize only
0.5% of available enzyme, to the totally
inhibited, which involves less than 0.003 %
of the enzyme. In the usual cell-free dilute
enzyme system, particularly at 37°, the
uncatalyzed rate is appreciable, and makes
determination of catalytic and inhibited
rates susceptible to considerable method
error. Determination of ¢ > 0.5 is particu-
larly difficult, and of ¢ > 0.8, virtually
impossible. The present experiments enabled
us to study a system ¢n vitro with three
unusual and important properties: intact
cells are used, enzyme concentration is high,
and fractional inhibition in the range of
0.999 may be estimated with accuracy. This
system provides all the properties of carbonic
anhydrase activity in vivo, in which enzyme
and inhibition kinetics can be approached.

Of cardinal interest was to find whether
drug activity in this high range of inhibition
would conform to the prediction from work
with cell lysates, in which the concentration
of enzyme interacting with drug was about
10—+ times lower than the concentration in
the intact cell. For three of the drugs for
which diffusion was not found to be rate-
limiting, the K; calculated from ¢ = 0.9999
in intact cells (see Table 6 for enzymatic
equilibra) was close to that calculated from
1 = 0.50 in solution (Table 5). This validates
our earlier work, in which fractional inhibi-
tion exceeding 0.99 was calculated for obser-
vations #n vivo, based on K; values for the
drugs derived from the I's, data obtained in
solution (7). Attempts have also been made
to show that cellular constituents do not
seriously alter the K; (8); this also appears
to be confirmed.

c. Keilin and Mann (13) were the first to
measure carbonic anhydrase within red
cells. They converted hemoglobin to methe-
moglobin, and used the colorimetric shift of
this pigment with pH to follow hydration or
dehydration of CO, within the cell. Wistrand
and Badthe (14) used this method to study
inhibitors and drew conclusions similar to
ours; i.e., when the catalyzed reaction rate
was reduced by 50 %, enzyme activity was
inhibited by 98.6% with one method of
calculation and by 99.95 % with another. The
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contributions of both human red cell en-
zymes B and C were taken into account.
Erythrocytes from various species and from
a human neonate were also studied. An
advantage of the method of Wistrand and
Béathe is that drug and enzyme could be
equilibrated (60 min was the longest time
necessary) before the reaction, after which
the reaction was carried out within 2 min.
Under these conditions, unlike ours, com-
plete inhibition was measurable for the
ionized compounds CL 11,366 and acetazola-
mide; about 10— M and 10—2 M concentra-
tions of drug were required, respectively. A
disadvantage of their method is the small
spread between the catalytic (30-sec) and
noncatalytic (120-sec) reaction times, mak-
ing the measurement of 7 inaccurate in the
0.99 range.

Constantine, Craw, and Forster (15)
studied CO, uptake by whole red cells in a
rapid-flow system. The uncatalyzed reaction
rate was magnified 7000-fold in this system,
but 1 mum acetazolamide (in full equilibrium
with enzyme) inhibited the catalyzed reac-
tion rate only by about 90%. This result,
taken in the context of our data and those of
Wistrand and Ba#the (14), suggests that
there exist other intracellular receptors than
carbonic anhydrase for CO,, and indicates
the extent of their participation, about 10 %.

Kernohan and Roughton (16) used a
rapid thermal measurement for CO, hydra-
tion in concentrated red cell lysates and
intact cells. They found that enzyme activity
was equal in these two situations, showing
that catalytic activity was not lowered in
concentrated solutions or in the cellular
milieu.

The present data thus accord with pre-
vious work in this and other laboratories,
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for both dilute and concentrated enzyme
solutions. The principal advances are the
study of the Jacobs and Stewart reaction in
the complete absence of active carbonic
anbhydrase, and the quantification of sul-
fonamide activity against enzyme when
inhibition exceeds 99 %.
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