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SUMMARY

Tine activity simnd imsinibitionn of canbonsic anuinydrase ( FX’ 4.2. 1 . 1 . ) us-eve studied ins intact
red blood cells by nsea.surinug the inemolytic rates induced us-hen tine cells were suspensded in a
solution of NH4CI amid NaHCO. Tine inuus-ard diffusion of CO� mind its subsequent isydration

to HCO uvitisinu tine cell are nssttcised by the innuvard diffusions of NH mind fonnsation of
NH4+. Tine incus- iomsic pair attracts usmster, beading to susellinng arid inemolysis of the red cells.

Tine nat.e-binsitinng step ins tine oven-sill process is tine connversionu of C0 to HCO�. Inn tine
nuative cell, tine cstlcuisited inemolysis time is about 0. 1 sec ; our observed iiensolvsis time is
20 sec. Wiuen tine enzyme is totabiv inuisibited by 100 ,�un etisoxzoianside. tine inemolysis time

is increased to 50 mirn. This corresponds to tine time in-i ss-inich tine uncsitnilyzed inydnations of

C0 generates ann increase inn ionic stvcnugth of about 60 � in tine cell. This intact erytisro-
cyte system differs from the usual carbonic mmninydrase asssiy imn solution, inn tine importamut

point that the catalytic inydration rate greatly exceeds tine nonncatalytic. Tinis reflects tine
very higis (approximately 0.1 mut) enzyme conncentrationn ins the red cell, analogous to that
ill certainn secretory sites. Unuder tines-c conditionus, us-c inave deternnumned the K, values of

drugs at 99.99 � imnhibition, amnci inave compared sucis values uvitin tine more connvenstionnal

150 data obtained fvons dilute ennzvme un solutiom.

INTRODTJCTI ON

Enzyme reactions are usually studied in

vitro in dilute systems, ins wisicis their cellular

milieu is destroyed. Extrapolations to systenns

in vivo, ins both rate and innisibition kinetic

studies, entails the assumptionns tisat enszynue

activity is proportiomnmil to concentration

over penisaps a 104-fold nannge, mind that tine

compositioi-i annd geonnetry of tine cell do not

alter enzvmc-substvate or enzyme-insiuibitor

These studies were supported by Nnitioiial

Institutes of Ilealtin (ramits NB 01297 amid GM
Al 16934. A preliminary report was given before

the American Society for Pharnnacology amid Ex-

perinnental Therapeutics [Fed. Proc. 23, 320

(1966)1.

relatiomns. Ins o�v earlier ssork, tine conncen-
tratiomi of carbonic sinnhydrstse (EC 4.2.1.1.)
ins cell lysates in vitro us-mis at most 10� M ; in

tine cell us-miter of erythnocytes in vivo tine

conscentrationn is mibout 10� �i. Nevertheless,
the results of kinetic studies in vitro have
beers applied to si variety of pinysiological
situatioms (for reviess-, see ref. 1).

An opportunity to obtain kimsetic measure-
menuts oms imntact, living cells us-as afforded by
tine usork of Jacobs arid Steus-art (2) on the
role of carbonic annhydrase in certain ionic
exchanges in the crytisnocyte. Figure 1 gives
a quantitative interpretation of tine system
of Jacobs and Stesvart, based on botis their
results and our ousnn. In this ionic nnilieu tine

red cells suvcll and themn isemolyze inn about
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20 see, as NH enters tise cell by diffusions

and is converted to NH+ ions in accord uvith

the pH equilibrium (1). The j)rocess re-
quires neuv anions within the cell, uvhich may
be either HC03 or Cl. Since Jacobs and
Steus-art (2) found that sulfanilamide, as a

carbomnic amnhydrase inlnibitor, reduced the
rate of inemolysis, it appears that conversion
of C0 to HC0 us-itisin the cell is a rate-

limiting event in the process. It is assumed

that, as tine NH4� is formed, HC03 is
formed as tine counter-ions and is tiscmn cx-

changed, wholly or ins part, for external Cl.
When a certain concentration of NH4C1 or

NH4HCO3 is attained (about 87 mmoles/
liter of original cell us’ater; see Table 3 and

discussions) , isemolysis occurs.
In the present experiments us-c have used

the pouserful inetenocyclic sulfonamide in-
hibitors of carbonic anisydrase to abolish
enzyme activity entirely, and tinus inave
determined the uncatalyzed rate of anion

accumulation in red cells. From this value
uve inave estimated the true catalytic rate in

the red cells and studied inhibition kinetics
with various drugs. The studies on drug

effects us-eve of special interest, for the system
has the unusual characteristic of permitting
accurate estimations of fractiomsal inhibition
in the range above 0.999.

METHODS

The stanndard electrolyte solution selected
for most tests (see the first section under

RESULTS) was a mixture of 5 ml of 150
mu NH4C1 and 1 ml of 150 mtn NaHCO3.
The pH of this solutions was 7.65, and its
ionic compositions us-as HC03, 24.2 nn�n;

Co-i , 0.8 m�n ; NH4�, 123 mu ; and NH3 , 2
mun. We used an apparent pica for HCOi/
C0 of 6.17 (revieuved ins ref. 1) and a
for NH3/NH4� of 9.25 (3). Tinese and otiner
constants used are for 25#{176}.Experiments uvene
done at room temperature. Figure 1 shoss-s
chemical details of the system.

For red cells of the elasmobranch Squalus

acanthias, the same system was used, except

that the NH4C1 concentration was raised to

500 m�, usthich yielded a solution essentially

isosmoticuvith the blood. These experiments

were done at the Mount Desert Island Bio-

logical Laboratory, Salisbury Cove, Mainuc.

0

NH3 2� -‘ 2 2

CL I25�a- 110 �-l97orless�

. .. .-. b

2 4 2-� I 2 --�- I 2 or more -

� \l’
CO2 O8� ‘ 08 08

No� 25 32 (32

0 (0 (0

Hb 0 20 20

FIG. 1. Ionic composition in test system
The ambient solution was 125 mu NH4C1 amid

25 mum Na1ICO,. See the text under mnnetisods for

calculation-i of acid-base equilibria. To 6 ml of this

solution, 0.05-0.1 n-il of dog erythrocytes was

added. At the time of addition the cells had the
composition showmi under “instamntly.” The con-

centrations shown “at hennolysis” are those that

would obtain without a volume chamge, i.e. with-

out influx of water.

a Concentratioms in red cell water (if there were

no volume change) to match formatiomi of HCO,

un 50 miii (the unncatalyzed time) from tine rate

constamit of 2.2 mimr’ and (C02) of 0.8 nnun. See

the text under discussions.

b Concemntratiomn if all HCO, formed were cx-

changed for Cl. If none were excluainged, Cl
would be 110 mM, and IICO,, 99 mum.

The reaction system contained eitiuev 0.05
ml of mammalian blood or 0.2 ml of elasmo-

branch blood. The approximate ratio of tine

enzyme concentration in msimmaliann to
elasmobranch blood is 35 :1 (1). Table 5 lists
the drugs used and their lipid solubility arid
rate of diffusion into red cells. Their ciiem-
istry is fully reviewed inn reference 1.

In some cases (method A) drug us-sis midded
to the electrolyte (outside) solutiomn. The
highest concentrations was 100 �iun, usinicin isad
an insignificant effect 0i5 tine osnsotic

strength. The reaction us-as started by tine

additions of blood. Only very lipid-soluble

drugs uscre diffused from tine electrolyte
medium to red cells rapidly enougis to en-

sure the attainment of equilibrium uvell

before tine 20-sec interval that comprised tine

control period (i.e., without drug) required

for hsemolysis. The concentrations of rela-



If = free drug:

11=10-EI (2)

. El a

5=K� (,3)

Substitutinng Eqs. 2 and 3 into Eq. 1 arid
veanvangimug yields

. If (4)

When Jo > E0 or El, l� � Io , stfl(1

10
01� K1 =-�-I�

i
(5)
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tivcly lipid-innsolubbe drugs in tine cell its-
creased as tine isensobytic remictionn proceeded.

For this reasorn, nsetisod B us-as used, in
usinich the drug, in sodium phosphate buffer,
pH 7.1, usas inscubated svith an equal volume

of red cells for 30 mm, after us-hich 0.05 ml
of this mixture ussis ridded to tine 6 nil of

electrolyte solution. Tinis procedure alloss-ed

both diffusionnal and chemical equilibrium
(witis enzyme) to be attainsed usithin tine

buffer-red cell mixture. The attainment of si
new equilibrium betsveeis tine drug concen-
trations in the red cell ansd inn the solutions
was still sbous, houseven, except for lipid-

soluble drugs. Therefore, the actual con-
centration of drug uvithin tine red cell at amy
one time usas difficult to estimate, and dc-

creased as the reaction proceeded. For very
lipid-soluble drugs, equilibrium us-as com-
pletc well before the 20-sec control hemolysis

time. Thus, tine value of K1 could be estab-
lished only for tine lipid-soluble drugs, and
depended ons closely corresponding experi-

mental results from metinods A and B. Only
in this circunistance could us-c be sure that

the added calculated or measured concentra-
tion of drug in tine outside solution (desig-
nated I�) was ins equilibrium us-ith enzyme
within the cell.

The reaction us-as carried out in test tubes,

and hemolysis un-as gauged visually by clear-
ing of the solution to a degree that permitted
illuminated newspninst to be clearly legible
through the tubes. This end point us-as ye-

producible within about 10 %, and mad the
advantage of being applicable to marine

biological laboratory conditions. Since the
range of time covered us-as 20-3000 see,
small errors in deternsining tine end point
us-eve of little consequenuce.

Drugs. All drugs us-eve supplied by the

Orgainic Cinemical Division of Ledenle Lab-
oratories (courtesy of Dr. Selby Davis),
except for ethoxzolamide, us-hich us-mis sup-
plied by I.Tpjohnn. Tincin properties inave been
described fully (1) (see also Table 5).

Calculations. The following symbols, con-
stants, mind calculation-is us-crc used (1).

vunc = uncatalyzed velocity of tine reac-
tion CO.�-�H2CO3

� observed velocity of tine reaction
in the presence of carbonic anhy-

drase

1Oi)S observed velocity of partially in-
isibited reactions

yE = tiseoretical velocity of tine enszy-
matic reaction

[ P4}o = total molar concentrations of car-

bonic aninydrase in red cells. In
human red cells this is 150 j.ism,

taking into account both B (125

tLM) and C (25 jzM) forms. In the
dog, the value is 36 �n, and only
one form is found with certainty

(1)

[E11 = free or sictive concentration of
carbonic anhydrase

[I�} = total concentration of drug
I El] = concentration of drug-enzymecomplex

-im:K1 = dissociation constant of [Eli:

[E0 - El] EI� - El]
K1- 1 (1)

i = fractional inuinibitions:

. ‘0

S - I�rK;

Tine innportanut term i uvill be considered in
terms of rate, as a theoretical base, arid then
in terms of time, to conform usitin the actual

observatioms. We define a term a, dennotiing
fractional activity, suds that i = 1 - a.

Ef E0-EI
a=�-= El (6)

FOl)S Vuflc
a=-�- (7)

VE

Notice tinat tine unscatalyzed rate is sub-

tracted from tise observed rate to yield tine



TAmmn�E 1

Hemolysis rates ofhuman red cells (0.05 ml of blood)

in UhixtureS of �VH4Ci and XaHCO:u (150 uiof)

(5) NH4C1 NaHCO:u 1)H C02’

ml added nz.ii sec’ X 100

aCalculated froni fimial e(luilibriunn of nixture,

mnot from nnea_sured p11.
b Source of C0 in this case was the red cells.

NH4CI NaHCO3� j)H HCO�

ml added � �

5.75 � 0.25 7.15� 5.75

5.50 0.50 7.40� 11.9

5.0 1.0 7.63 24.2

4.5 1.5 7.80 36.6

4.0 2.0 7.90 49.2

a Inn the presemuce of 10� M CL 13,580.
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true inhibited rate. Frsictionsal ininibition is.

then

V. _
- ohs unc

S = 1 -

If � << T�oba , uS �S true for enzymatic arid
partially inhibited reactionns faster tinars

about 1000 sec ins this system, TT��0 may be
neglected ins tinese expnessions.

The value of i could be calculated directly
fn’om measuvensents of tine reaction periods.

\Vithn time denoted by T arid using the smime

subscripts mis above, Eq. 8 becomes

. TE(Tunc _T0m)$)
S = 1 - -�-� -�- (9)

T obs � Tunc

Whens � >> TOm)S � the latter term may be

dropped from the usumerator. It us-ill be
shousn that 1E - 0.1 sec. The siml)lified
equation then reduces to

(10)

RESULTS

Effect of CO2 and HC0 Concentrations an

Rate of Hemolysis

Development of ‘ ‘stan(lard experiment.”

Tables 1 ansd 2 shouv the relationsisip be-

tuveen CO2 equilibria in tine ambient solutions
and tine rate and time of hcmolysis, respec-
tively. The hemolysis times denoted as

“catalyzed” irs Table 2 refer to those ob-
served in tine absence of inhibitor, and cor-
respond to rates designated Vcat . The times

denoted as “unscatalyzed” refer to those
seen in the presence of appropriate inhibitors,
uvhich are shouvn in the isext section to have
abolished enzyme activity completely. These

hemolysis times correspond to rates desig-
nated by Vunc . The data suggest that both
the catalytic (normal) and uncatalytic (in-
hibited) rates of red cell incmolysis depend

closely upon the CO2 concentrations in the
solution. Table 2 shous-s that these rates

change about 2-fold with a 2-fold cisannge in
CO2 conncenntration, under circumstances in
us-hich the HC0 and 11+ concentrations

change S-fold. Tisis confirms the idea that
the driving force of tine system is tine corn-
version of CO2 to HC03 within the cell (2)
(Fig. 1).

The dependence of the uncatalyzed rate

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 7.65 1.6 3.3

TAJILE 2

Hemolysis times of normal and carbonic anhydrase-

inhibited canine red cells (0.05 ml of blood), in

mixtures of .VHC1 and A\aHCO3 (150 mu)

Times for

hemolu-sis

CO�

� Cata- Uncata-

� lvzed lvzed’

??l.%f � sn

0.50� 30 3360

0.60� 23 2520

0.80� 17 � 2000

0.90 19 2000

0.80� 20 2000

on CO2 conicenstnationn is ansticipated from tine

simple first-order relatiorn

1� - 7.

unc 1

ushere Tune is tine velocity of tine unscmitalyzed
reactionn, k1 is tine rate consstmint, anud [8] is
the CO2 concentrations. Sinsibarly, the ob-
served catalytic rate, Vcat , �5 depcnsdennt ons
[SI, since tine Km �S about 10 mu (reviewed
in ref. 1), and thus Km > [5S]. The n-elation-

ship is

V - VrnaxS (1�)cat K�, + S

in usinichn S ins tine denominator may be

neglected.

Table 3 sisosss that the observed catalytic

rate increases us-men tine volume of red cells
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TAI3LE 3

Effect of volume of dog red cells on observed

hemolysis- time in mixture of 5 ml of

iVH4CI (150 rn-mi) and 1 ml of
NaHCO, (150 mJf)

Times fo
Cells �.

r hemolvsis
�-.

Catalyzed Uncatalvzed’

0.025

0. 050

0.10
0.15

0.20

a In the presence of 10� M CL 13,580.

irs 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
muds 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 us-c are
studying events as they may be imagined in
a single cell.

Table 4 shows that red cells of the elasmo-
branch beisave in the same general uvay as
mammalian erythrocytes. The longer hemol-

ysis times of inhibited elasmobranch eryth-
rocytes may reasonably be ascribed to

their greater osmolarity, us-h ich would neces-
sitate a greater accumulation of ions to cause
hemolysis. The fact that the 35-fold bus-cr

concentration of carbonic anhydrase in the
elasmobrancis 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 us-ill 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 m�n

NH4C1, 25 m�n NaHCO3 , arid 0.05 ml of

blood), the pH and C0 equilibria us-crc close

to those foumid in vito.

Complete Inhibition of Enzymatic Reaction

Quantitative aspect.s- of enzyme-drug inter-
action. u.�ing ethoxzolannide and methazalam ide.

TABLE 4

Hernolysis times of normal and carbonic anhydrase-

inhibited red cells from squalus acanthias

NH4CI
(0.5 M)

NaHCO
(0.15 M)

CO.

Times for hemoli-sis

Catah-zed Uncata-
lvzed’

0.1 ml’ 0.2 ml 0.1-0.2 ml

ml ml mu sec

5 1 1 . 16 38 65 >4800

aThese 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 us-ith
concentrations of ethoxzolamide added to
the aqueous solution (method A) from 0.02

to 100 � The critical point is that the three
highest concentrations yielded essentially tine
same rate, which now can be taken as tinat of
the uncatalyzed reaction. The suitability of

ethoxzolamide for tins determinations us-as

dictated by its very high activity against the
enuzyme (1), and decisively by its high lipid
solubihity, ushich permitted very rapid en-

trance into the red cell. Holder and Hayes
(4) found tisat the rate constant for enstry
into dog red cells is about 0.7 sec’, so tinat
near equilibrium bctus-een drug in solution
annd red cell is achieved uvithin about 5 sec.

Since the observed catalytic rate is 20-30 sec
(Table 1), diffusion is riot rate-limiting in

the system. Thus a smooth curve is genuer-
ated, over the range of observed inhibited
times for hemolysis, from 40 sec to 30 mini.

The uncatalyzed (fully irshibited) inemoly-
sis time of 50 mm makes it possible to
estimate the true catalytic time, since

Roughton (5) arid others (reviewed ins ref. 1)
have calculated that carbonic anhydrase in
red cells increases the rate of CO2 hydrations

about 30,000-fold. Thus the enzymatic
reaction should be complete in 0.1 see, 200

times faster than that observed. Tine differ-

ence i�s assumed to be due to our sbus-ness in

sensing the lnemolytic process.

Tine calculation of i from Eq. 9 or 10 does

not involve VCat , the observed catalytic

time, usiiicii is about 20 sec. Thus the

“sensinng error,” or delay, is not involved in

tine estimation of fractional inuhibitionn,
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FIG. 2. Effect of carbonic anhydrase inhibition by ethoxzolannide on osmotic hemolysis of dog red cells

Method A, drug not incubated with red cells.

ushich is calculated from times niuch closer

to those of the nonen.zymatic 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
pinysical limitations on detection determine

the rmtte observed experimentally in the
range of VE and Vcat , but in the range of

vunc tine rate-limiting event resides in the
chemistry of the reaction itself.

Knouvledge of the true catalytic time per-

nuts an analysis of inhibition kinetics, ac-
cording to the arithmetic model given in the
Calculations section above. Figure 2 shows

tine fractional inhibition (i) throughout the
experiment. We have the interesting circum-

stance that very highs degrees of i may be
recognized with accuracy. Unnlikc our system
in, vitro (6) , the time of the unscatalyzed

reaction is mucin sbus-er 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� si), in con-

trast to that in the system in vitro (on the
order of 10� sn). Tine kinetics in this system

is therefore allied to that in vivo, where
similar enzyme concentrations exist, and
usherc similarly high degrees of fractional

irsinibition have been studied (7).
From the fractional inhibition value of i

= 0.9999, the K1 may be calculated usitin

tue use of Eq. 5. Io , the concentration of

drug in aqueous solution, is approximately
equal to I�, , as demonstrated below. This

value, from Fig. 2, at i = 0.9999, is 2 j�t,

yielding K1 = 2 X 10’#{176}un. This may be
compared with the results obtained in the
dilute system in vitro, in which E0 us-as 10�
times that in the intact red cell and the K1
for ethoxzolamide us-as variously reported as
15 X 10-�� :ii (8) and 3 X 10-’#{176}i�r (9). It has
been noted that K1 values calculated in this
wav are not accurate for the very active

drugs, because 1�o and E0 are numerically
very close (6, 7).

Ethoxzolamide us-as also evaluated (meths-
od B) by preliminary incubation of drug us’ith
red cells prior to addition of the cells to the

electrolyte solution. A curve similar to that
of Fig. 2 uvas obtained. Using the 1000-sec
time, which should theoretically yield i =

0.9999, we obtained a value for I., of 3 �i.ui,

which yielded a K1 of 3 X 10’#{176}�n, inn close
agreement with the findings ins Fig. 2. It is

thus clear that equilibrium of drug betus-een
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 usith ethoxzolamide (Table 5). Tine
agreement betuseen tine K1 values for intact

cells and hemobysates us-mis particularly good.
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Method A, drug not incubated with red cells.

Figure 3 shous-s sims experiment (method

A, dog cells) usitis metisazolamide, a less
active drug, us-itin a fairly rapid diffusion rate
into red cells. Accondimug to tine data of

Holder mind Hayes (4) , tine rate cornstanut for
entry is about 0.06 sec’, uvhence the iualf-

time to reach equilibrium is about 10 sec.
While this appears long inn relationu to tise
observed catalyzed time (20 sec inn this

experiment) , the data sinous tine same time
plateau of about 50 mm, as is evident irs
Fig. 2 for ethoxzolamide. Furthermore,

when mcthazolamide us-as incubated with dog
red cells accordinug to method B, a curve
quantitatively similar to that of Fig. 3 uvas

generated. Thus equilibrium is achieved
within a time permitting quantification, as
for ethoxzolamide ; conceivably diffinsiorn is

more rapid in this system than in thuat of

Holder and Haves (4).
The K7 of methazolamide uvas calculated

from the 1000-sec (i = 0.9999) point of Fig.
3, whicis yields 1� = I� = 160 �n. From

these values, K7 is 1 .6 X 10_8 .n� ; in tine
dilute system in vitro it us-as 3.5 X 10� �n
(8) or 6.5 X 10_8 -� (9).

Several additional points are relevant to
the quantitative interpretation of these
experiments. Onse concerns the effect of

NH4+ on the eruzyme itself. When enzyme

3000
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FIG. 3. Effect of carbonic anhydrase inhibition

by methazolannide on os,notic hemolysis of dog red

cells

snctivitv in vitro uvas nscasuncd by tine stand-
ard method inn this laboratory (6) but ins tine
presence of 125 m�n NH3CI mnnnd 25 mn

NaHCO , tine catalytic rate was decreased
about 50 Yc . In tine presence of tinese dcc-
tnoivte concentrations, inous-ever, tine ininibi-
tony activity of the drugs us-as riot altered.

When red cells us-crc exposed to 125 nnu
NHCI for 5 mm mind then centrifuged,

diluted, mind anualyzed imi tine usual usay for
enzyme activity, the catalytic nmnte us-as
nornsal. It thus appears tinat tine artificial

ennvinonnment of theredcell usedinithie present
study does riot substantially alter its car-
bonic anhydnase activity. Tise 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) . Housever, 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 binnding of

drug to enzyme in tue presence of tine
artificial ionic solution. In a typical expeni-
mcnt, 0.27 �imole of ethoxzolamide us-as dis-
solved in 50 ml of tine standard solution of
XHC1-NaHCO3 (I� = 5.5 sun), to ushicis
0.4 ml of dog red cells uvas added. After 2
mini the cells us-eve centrifuged. Tisey corn-
tamed 45 /AM drug (0.02 ,�mole), us-idle the
outside solution (Ii) contmninsed 5.2 gun. Tine
concentration in red cells us-as approximately
that found irs earlier experiments inn us-hnich

the enstrv of drug from plasma us-as studied
(10), arid it agreed roughly uvitin the corn-
centration of carbonic annlnydnsise in-i tine
cells (6). This expenimeint also shoss-s that
drug cans be recovered quantitatively from
the system. Finnally, it is clean that the

amount of drug bounnd to the very small
voiume of red cells us-as small relative to tine
amount added, so tinat I� � l� . Similar
6 nndinngs us-crc obtained usitin nnetinsnzolamide

arid CL 13,550.

Experiments of tine type of Figs. 2 and 3

usene also carried out usith inumans red cells.

Etisoxzolamide arnd C’L 13,550, us-inemi tested

by eitiser metinod A or metinod B, gave a

nsaximal time of 2049 see, usitin a nseans of

about 1500 see, iii a totmi.l of eight tests. Tine

K � values uvene of tine same order observed



Ethoxzolamide 140 0.017 1.5 0.2 0.3 0.4

CL13,580” 79 0.1 0.5 0.4 0.3 2

Methazolamide 0.62 0.2 35 10 10 39

Sulfanilamide 0.15 0.5 9100 2310

(500 see)

212

(100 see)

5895

(253 see)

Acetazolannide 0.14 2 40 0.2-2 N’

CL 11,366� (ben- 0.001 3 2.5 N”

zolannide

0.6

146
(70 see)

1-5
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for tine dog erythrocytes, mind mire sum-

manizcd inn Table 5.
Inn the elasmobrancin, usinng the system

outlined in Table 4, inhibition us-itin CL
13,580 yielded mo hemolysis inn SO mimi. Thus
tine umscatalyzed reaction time, like the

catalyzed, us-as considerably longer than that
for the mammal, probably because of tine
niuch higher osmolanity of the dogfish red

cell.
Behavior of other sulfonamides in the sys-

teni . In vieus- of tine early experiments us-ith
sulfanihamide, tine wide use of acetsizolamide,

and our interest ins the pharmacology of
benzolamide, it appeared us-ortinwile to suns-

manize experiments with these drugs (Table
5) . None of tisese three agents could be used

for tine quantitative analysis of total innhibi-
tion described above, for a variety of reasonss.

Sulfanilamide is too us-eak an inhibitor for
full inhibition ; tine other drugs diffused too
slouvly for equilibratiors with enzyme in tine
short time ( < 20 see) before the beginnining

of inemolysis. Tsible 5 shnouss that tiue hssilf-

tinse for diffusioni of acetazolmimide ansd
bennzolamide us-as 2-3 mini, far too long for
these drugs to inave sinuy effect us-hens added to
tine outside solutions. Accordingly, tiney uvere
inactive us-lien used inn method A. Conversely,
ushenn aceta zolannide arid sulfanihamide us-crc

tested by method B, they seemed more
active than ins the stansdard test in vitro,

because more drug than had beers calculated
(on the bsisis of final diffusional equilibrium

betusecn cells and miqueous solution) us-as
present in tine red cells during the first feuv
minutes of the experiment. Sulfanilamide
yielded a K1 far too loss- when tested by

method B, but showed reasonsable agreement
us-ith the K1 value obtained in vitro by
method A, suggesting tinat mere diffusion uvas
inesurly adequate. The rate of diffusion of
sulfanilamide into red cells is considerably

faster than that for acctazolamide ansd
benzolamide, although sbus-er than for the
otiner three drugs of Table 5. Jacobs sind

TABLE 5

K1 of sulfonamides against carbonic anhydrase, related to some physical properties

in intact red cells and .molntion

Drug
Ether/
buffer

l)artitions’

t112 ,

buffer to
red celisi

K1

D H

l�s�tesc

Me

Intac t celld

.-______Dog -� Human

Method B Method A Method Bthod A

‘C Fronn reference 11.

mis

h From reference 4, except for CL 13,580, which was deternnined later by the same n-methods.

C From reference 8. K1 = I� �3/� E0, where E, = 5 X 10� M.

(I Fronn the concentration (199.99) at which the hemolysis time is 1000 see, whence i = 0.9999, except

for sulfainilamide, for which i � 0.999 and the times are noted in parentheses.
e2-o-Chlorphennylt.hiadiazole-5-suifonamide.

I The reaction time was 100 sec when the concentration was 5 man in the outside solution. N denotes
essential inactivity in the test.

1/ 2-Benzenesulfonanuido-1 , 3 , 4-thiadiazole-5-sulfonnannide.

h The reaction-i time was 48 sec when the concentration was 70 j�M in the outside solution. N denotes

essential inactivity in the test.
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Stcusart (2) also observed that tine effect of
sulfanilamide us-as someus-inat limited by

diffusion. The K1 for sulfannilamide us-as
calculated from tine 100-500-sec point
(representing less inhibition than for the

other drugs), because full iinhibition (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 CO2 to HCOc uvithin the red

cell as it applies to the phenomenon reported

by Jacobs and Steusart (2), (b) use of the
system of Jacobs arid 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 us-c have

achieved complete inhibition of carbonic
anhydrase activity, so that knouvn rate con-
stants for the uncatalyzed hydration of C0

can be applied. From this we can determine
the extent of intracellular HC03 and
NH4� formation. As noted in the introduc-
tion, and implicit in the model of Jacobs and

Stewart, HCOc is formed in the cell from

CO2 , but only because a new cation (NH4+)
is also available as a counter-ion. According

to Jacobs and Stewart, HC03 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 HCOr could be present.

This distinctions is not important in the
present context, since the hydration of CO2
to form HC03 is the initial process and is

tine one controlled by the enzyme. The sum
of newly present HC03 and Cl in the cell is

equivalent to the amount of HCO formed,

and is also equivalent to the newly formed

NH4� within the cell.

It is simple to calculate the amount of
mew HC03 formed under connditions of total

enzyme inhibition. The rate constant for the

uncatalyzed inydration of C0 at 25#{176}is 2.2
nsiis’ (12), and tine concentration of C0 inn

the system is 0.8 msr. Thus tine rmite of

hydration (Eq. 11) is

TT0�� = k1 (C02)
= 2.2 min’#{149}O.S m�ir

= 1.73 msr nsinv’

Hensolysis occurs in about 50 mm, sit us-hicin
tinse 87 nw HCO3 inas beers formed,
“trapping” 87 msi NH4�. Some (or all) of
the HC03 uvill be exchanged for C1 ; irs any
case, the ccli (at constant volunne) us-ill inn-
crease its osmolarity by 174 mOs�r, or 55 %.

Actually, of course, this osmotic force causes
water to enter, swelling arid hemolyzirug the

cell. These forces appear roughly annalogous
to those generated by adding red cells to

hypotonic (0.4 %) NaCl solutions.
In the catalyzed reaction in normal, unins-

hibited red cells, the same osmolar forces are

presumably at work, but are generated muds
more rapidly. In terms of the end point used
here, 20 sec are required. But Jacobs arid

Steuvart (2) have demonstrated that swelling
begins uvithin 1 sec after the cells have beers
suspended with NH4�, HC0, and C1. We
have calculated that the true catalytic rate

is much greater than the actual suvelhing annd
hemolysis rates observed by outselves or

recorded by Jacobs and Stewart (2). This
uvill be discu�ssed in the following paragraphs.

b. From the data of Figs. 2 and 3, shous-ing
the time course for the uncatalyzed reactions
(approximately 50 mm), us-c obtain the
catalytic time, since the magnsification of
rate by carbonic anhydrase in tine red cell is
well knosvn from the uvork of Roughtonn (5).
This value is about 30,000, and tiuus tine

enzymatic reaction time is 0.1 sec. This is dune
to tine very high turnover number of car-
bonic amnhydrase and its high concentrations
in red cells (1) , which places the catalytic

interconversion C0 ± HC0 ins tine time

range of inorganic reactions.

Table 6 shows that 50 % inhibition of tine

cnszyme usoubd be totally unsrccognized ins this

system; it usould occur in 0.2 see, which is

100 times faster than the observed nnormal

uninhibited rate of hemolysis. The factors

that make this observed rate relatively slow
inave not been identified, but must include
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TABLE 6

.lfodel relations between carbonic anhydrase activity and observed heinolysis rates

in dog red cells suspended in �VH4Cl-NaHCO,

Reaction Time Velocity Ej El i

sec .if,’min p.3.1 /5)!

Calculated Enzymatic

Normal 0.1 60 36 0 0

50% inhibited 0.2 30 18 18 0.5

Observed enzymatic

Normal 20 03b 0.18 35.82 0.995

Partially inhibitedc 100 0.06 0.04 35.96 0.9990

1000 0.006 0.004 35.996 0.9999

Observed unncatalyzed = 3000 0002” 0.001 ‘-‘36 0.99997

totally inshibited �0 �1

(a VE
b

C Drug effects begin here.
d

diffusion rates, resistance of the mcnsbvanne
to suselling, and our usability to determine
accurately the end point of hemolysis. The
relationship between the calculated and
observed enzynnatic rates in this system is
the same as that observed in 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 vivo,

unless it is inhibited more than 99%.
Because of the very high concentration

and activity of the enzyme, ann enormous
range of possible reactions rates occurs, frons

the observed, us-inicis appears to utilize only
0.5 % of available enzyme, to tine totally
inhibited, uvinichi involves less than 0.003 %
of tine enuzyme. In the usual cell-free dilute

enzyme systens, particularly at 37#{176},tine
unicatalyzed rate is appreciable, arid makes

determination of catalytic arid inhibited
rates susceptible to considerable method
error. 1)eterminationn of i > 0.5 is particu-
larly difficislt, and of i > 0.8, virtually
impossible. Tue present experiments enabled

us to study a system in vitro ss-iths three

unusual and important properties : instact

cells are used, enzyme concentrations is isigh,

and fractional inhibitions inn tine nange of
0.999 may be estimated uvith accuracy. This

system provides all tine properties of carbonnic

arsisydrase activity in vivo, inn usrhichs enzyme

arid inhibition kinsetics cans be approacined.

Of cardinal interest uvas to find us-hetlie,-
drug activity in this high range of inhibition
uvould conform to the prediction from uvork

with cell lysates, in which the concentration
of enzyme interacting with drug was about
10-i times lower than the concentration in

the intact cell. For three of the drugs for
which diffusion was not foursd to be rate-
limiting, the K1 calculated from I = 0.9999

in intact cells (see Table 6 for enzymatic
equilibra) was close to that calculated from
i = 0.50 in solution (Table 5). This validates

our earlier uvork, ins uvisich fractionsal inhnibi-
tion exceeding 0.99 was calculated for obser-

vationns in vivo, based on K1 values for the
drugs derived from tine ‘no data obtained in
solution (7). Attempts have also beenn nunade

to shsous’ tisat cellular constituents do riot
seriously alter the i (8) ; this also mippears

to be confirmed.

c. Keilin and Manins (13) uvere tine first to
measure carbonic minsisydrase usithini red
cells. They converted inensoglobin to nnetine-
nioglobin, and used tue colonimetric shift of

this �)igmenst with pH to follow- hsydrationn or

dehydration of CO2 uvithinn the cell. Wistrand

and B#{224}ttthe (14) used thus method to study
inhibitors ansd drew conclusions similar to

ours; i.e., when the catalyzed reactions rate

us-as reduced by 50 �‘ , einzynne activity uvas

inhibited by 98.6 U/c usith one method of

calculation anud by 99.95 � us-ith annotiser. The
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contributions of botin human red cell en-
zymes B and C us-crc taken in-ito account.
Erytisrocytes from various species mind from

a human neonate us-crc also studied. An
advanutmngc of the method of Wistrand and

BMtthne is tisat drug and enzyme could be
equilibrated (60 minn was the longest time
necessary) before the reaction, after us-hicli

the reaction uvas carried out within 2 mini.
Under these conditions, unlike ours, com-
plete inthibition us-as measurable for the
iornized compounds CL 1 1 ,366 and acetazoia-

mide ; about 10� u and 10� .�i concentra-
tions of drug were required, respectively. A

disadvantage of their method is the small
spread between the catalytic (30-see) an-id
nionicatalytic (120-see) reaction times, mak-

ing tine measurement of i inaccurate in the

0.99 range.
Constantine, Crass-, and Forster (15)

studied CO uptake by us-mole red cells in a
rapid-flow system. The uncatalyzed reaction

rate uvas magnified 7000-fold in this systens,
but 1 mu acetazolamide (in full equilibrium
with enzyme) inhibited tine catalyzed reac-
tion rate OfllV by about 90 %. This result,
taken in the context of our data mind those of
Wistransd and BMtthe (14), suggests that
tisere exist other intracellular receptors than
carbonic anhydrase for CO2 , and indicates
the extent of their participation, about 10%.

Kernohan mind Roughton (16) used a

rapid thermal measurement for CO2 Isydra-
tion in concentrated red cell lysates and
intact cells. They found that enzyme activity
usas equal in these tus-o situations, shosving

that catalytic activity was not louvered in
concentrated solutions or in the cellular
milieu.

The present data thus accord with pre-
vious usork inn this and other laboratories,

for both dilute arid concenntrated enzyme
solutions. Tine principal advansccs are the
study of the Jacobs anud Steus-art reactions in

the complete absence of active carbonic
anhydnase, arid the quantification of sub-
fonuamide activity againust enzyme ss-hsen
inhibition exceeds 99%.
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