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SUMMARY

Renal carbonic anhydrase from the dog and rat is found chiefly in the supernatant

fraction. Based on molar activity and inhibition kinetics, the cytoplasmic enzyme has
properties closely akin to the iluman red cell fraction C, which may be taken as a proto-

type for most vertebrate tissue and red cell enzymes. Tile data show that acetazolamide
and allied drugs can readily inhibit >99% of cytoplasmic enzyme in vivo at low (5-20

mg/kg) doses. A smaller but definite concentration of enzyme is found in microsomes; on
the basis of present criteria this enzyme is different from that of the supernatant. Al-
though somewhat higher concentrations of drugs are necessary for inhibition of micro-
somal enzyme, these are still within the range attainable in vivo. Physiological manifes-

tations of the system are discussed.

INTRODUCTION

The kinetic characteristics and intracel-
lular localization of renal carbonic anhy-
cirase are of great physiological importance,

in view of the role of this enzyme in kidney

function (1). Nothing has heretofore been

published on the kinetics; preliminary in-
hibition data from this laboratory show
that the activities of acetazolamide and
sulfanilamide against dog renal carbonic
anhydrase are close to those against crude
dog red cell enzyme and the pure human
red cell enzyme designated C (1, 2). The
question of intracellular localization re-

suited in divergent reports, one study
showing the enzyme from rat kidney in
mitochondria as well as in the soluble
fraction (3) and another claiming that the

particulate enzyme was artifactual (4). In
another study, small amounts of enzyme

were also found in nucleus and microsomes,
as well as mitochondria, but whetiler this
was native to the structures was not deter-

mined (5). The present paper, together
with earlier data from this laboratory on

the separation (2) and immunology (6) of
canine renal carbonic anllydrase provide

a characterization of the renal enzyme

from dog and rat in terms of its activity
and cellular distribution.

METHODS AND MATERIALS

The kidneys were removed Irom adult

male Sprague Dawley rats and mongrel
clogs and thoroughly perfused with 0.25 M

sucrose through the renal artery until the
kidney was a light tan in color and the
effluent colorless. The tissue was then
placed in ice and the following manpula-
tions were carried out at �4#{176} This tissue
was weighed, thoroughly minced, and ho-

mogenized using a Pottcr-Eivehjem glass
homogenizer with a motor-driven glass

l)estle. Particulate cellular components
were isolated following tile differential

eenti’ifugation procedure of Schneider and

Hogehoom (7). All precipitates were
washed ill 0.25 M sucrose tilree times or
until the washes were devoid of enzymic

activity.

Contamination due to blood ill case of

incomplete perfusion, 01’ the presence of

whole cells due to incomplete homogeniza-
tion, is likely to occur. Thus, the effect of

503



504 MALlEN AND ELLISON

Mo!. Pliarmacol. 3, 503-508 (1967)

blood contamination was evaluated by

comparing perfused (as above) witil un-

perfused kidneys (Table 1). As a test for
adsorption of supernatant U�01l miciosomal

elements, l)ai’tially purified canine renal

CA, as prepared by Byvoet and Gotti (2),
and killdly supplied by Dr. P. Byvoet, was

added to microsomes in tile same concen-

tration as that normally present in the

cytoplasmic fraction. Incubation of this

mixture was carried out for 24 hours in the

cold and tilen centrifuged and reanalyzed

(Table 2).

Enzyme assays and drug analyses using

bicarbonate buffer were done by a nlodifi-

cation of the cilanging pH metllod for

carbonic anhydrase (8). Tile systenl as

used for kinetic analysis is described in

(9). The drugs were supplied by the
Lederle Division of American Cyanamid

Company. Their structure, physical and

chemical properties are given in (1).
Protein concentrations were determined

by the method of Lowry et al. (10).

RESULTS

Enzymic Distribution

The distribution of carbonic anhydrase

in the various cell fractions of dog and rat

kidney is shown in Table 1. It is seen that
87% of tile total activity is found in the
supernatant portion of the cell. The super-

natant fraction also contains the largest

enzyme concentration, 3.1-3.3 enzyme units

(e.u.) lei� milligram of proteill. The micro-

somai fraction contains one-half to one-

third this concentration. Tile amount of

enzyme in the mitochondria is small and

migilt occur as a result of contamination
with tile supernatant. The data on unper-

fused i’at kidney show that contamination
by red cell enzyme appears to affect largely

the nuclear fraction and does not alter the

other relations observed.

TABLE 2
Incubation of pure renal carbonic anhydrase

wit/i time microsomal fractien

The microsomal fraction was derived from 3.7 g

of wet canine kidney. For B-E, 10 ml of solution

was used, and the microsomal pellet was separated
and analyzed.

Sample

Enzyme units

in particulate

A. Original microsomal fractien 32

B. A + 1 mg pure enzyme (2) 72

C. B after 24 hours 47

D. C after 2 washes 30

F. C after 6 washes 30

Table 2 shows a separate set of experi-

ments, in which pure dog kidney enzyme
was added to the microsomal fraction.

Data indicate clearly that added enzyme
was readily washed out, suggesting that the

carbonic anhydrase originally found in

TABLE 1
Carbonic anhydrase in various fractions of dog and rat kidney

Rat data are mneamis of 2 animals which agreed within 5%. Dog data are from one animal and are repre-

sentative of 3 experiments, which agreed within 5% for particulate fractions and about 20% for soluble

fraction.
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Fic. 1. Renal carbonic anhydrase inhibition and enzyme activity

The equation for these lines is

= K1 � + F:0
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Experimental details are according to Maren et al. (11). Eo/e.u. and K1 values given in time inset are

X 10#{176}M. The drug used is CL 13,580, 2-o-chlorphenyl-1,3,4-thiadiazole-5-sulfonamide. Dog renal enzyme

used as follows: (A) Whole cortex; (B) purified (2) ; (C) supernatant; (D) microsomes.

microsomes (and which could not be

washed out) was not the result of adsorp-

tion from the cytoplasm.
The real nature of tile microsonlai

enzyme fraction is further established by
the fact that on further homogenization of

the microsomal fraction in distilled water
no enzymic activity was observed in the
supernatant. Thus, it is conClude(l that the

microsomal enzyme is an entity and is

intrinsically bound to the membrane.

From Table 1 the homogenates of rat

(248 e.u./g tissue) and dog (402 e.u./g

tissue) kidney may be conlpared to lysates
of red cells, which for rat contains 2600

e.u./ml and for dog 1630 e.u./mi using tile
same method of assay.

Specific Activity and Inhibition

Figure 1 shows plots, originally devel-

oped by Easson and Stednlan (11) of vari-
ous fractions of (log kidney enzyme (2)

against a very powerful inhibitor, CL
13,580 (2-o-chlorpilenyi-1 ,3,4-thiadiazole-

5-sulfonamide). The ordinal intercept

yields the molar concentration of enzyme
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(E,) ill tile procedure, and the value E0/

enzyme unit (e.u.) is a measure of the

specific activity of the enzyme. The slope
yields the K� or, dissociation constant of
(El), the enzyme inhibitor complex (9).

Figures 1A, 1B, and 1C show E0/e.u.

and K1 values in tile same range as those
previously determined for dog blood (9),

dog liver (12) and pure human carbonic
anhydrase HCA-C (1). E0/e.u. is about
2-5 X 10� M and K1 about 10� M. It is
thus clear that tile supernatant fraction
(Fig. 10) which contains the largest
amount and concentration of enzyme

DISCUSSION

Tile data are of intrinsic biochemical

interest, and also are useful in the inter-

pretation of pilysiologic and pharmacologic

events. We shall discuss localization of the

enzyme and kinetic properties.

Localization. The present data appear to

resolve the issue as to whether renal car-

bonic anhydrase is truly present in particu-

late matter (3) or whether it is an artifact

(4). Based on weight of whole tissue,

about 85% enzyme is found in the super-

natant fraction in both rat and dog. How-

TABLE 3
Inhibition of carbonic anhydrase in kidney fractions of dog (M X 10�)

Fraction

Acetazolamide

Lo Iso

Sulfanilamide

Lo ‘90

Methazolamide

150 ‘90

CL 13,580

F0 I�o

Homogenate
Nuclear

0.33

0.48

-

---

37
37

--

�

0.39

()39
0.04
0.03

Mitechondria 0.47 -- 34 0.52 -- 0.03 -

Microsomes 1.2 6.3 60 633 0.89 -- 0.32 2.6

Supernatant

DogRBC

Rat RBC

0.2$

0.30

0.20

1 .2

1.6

1.8

34

28

40

128

200

245

0.29

0.24

0.40

-

0.91

2.0

0.03
0.02

0.03

0. 13
0.13

-�

1ICA-C 0.30 1 -9 24 - 0.20 - 0.04 0. 10

(Table 1) is closely related to tile other
vertebrate enzymes of which HCA-C is the
kinetic prototype. Figure 1D shows that

the microsomal enzyme is different in
having higher K1 and lower specific activity
(see discussion for relation between E0/

e.u. and turnover number).
Table 3 shows inhibition data for three

other drugs; these fit with the findings of
Fig. 1. For each of the compounds, the
I�’s and 190’s (molar concentration to

inhibit 50% and 90% of enzyme) are sim-

ilar among the various renal fractions, and
red cells, except for renal microsomes. All

drugs tested were less active against the

microsomes than any of the other prepara-
tions. The relation between the I�o and the
� for all fractions is within the range
predicted by theory; for weak inhibitors

where E0 < � 190/150 is theoretically 9,

and where E0 - � 190/150 is �2.

ever, the small amount in microsomes (3-
5%) ilas been shown not to be artifactual,

as had been claimed (4). On the basis of
weight of protein, the microsomes contain
one-half to one-third as much enzyme as

the supernatant fraction. The mitochon-
dna contain lesser amounts on this basis,

and it is not certain whether this may
result from contamination by the soluble
fraction. We have reported a similar distri-

bution of carbonic anhydrase in the liver

(12).
The idea of two sites for carbonic an-

hydrase in the proximal tubule was put

forth by Rector et al. (13) on the basis of

their finding that enzyme inhibition in-
creased [Thj of proximal lumen fluid. Thus
while inhibition of (presumably) the super-
natant enzyme results in a lowered acidi-
fication rate, the H2CO3 formed in the
lumen is not rapidly dehydrated, because
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of inhibition of a (particulate) enzyme at

the luminal border. A model for this situa-

tion is given in (1). Histochemical localiza-

tion of the enzyme at the luminal border

has been claimed (14), but we do not feel

that such illethods are necessarily specific

(15).
Kinetic properties. A review of the ki-

netic properties of the various vertebrate

carbonic anhydrases reveals that tile pro-

totype enzyme may be considered to be the

isoenzyme from human (or monkey) red

cells designated HCA-C. Two principal
criteria are considered: turnover number

or specific activity, and in vitro L0 against

two representative drugs, acetazolamide

and sulfanilamide.

Since turnover number has not been

determined for crude tissue enzymes, tile

specific activity, molar concentration of

enzyme per enzyme unit (E01/e.u.), may be

used, as ill Fig. 1 and earlier studies cited.

All tile vertebrate enzymes heretofore

examined (except HCA-B which is much

less active, and rat liver enzyme (14)
whicil is not inhibited) have E0/e.u. values

in the range 2 to 5 X 10� M. In the pi’es-

ent study all the renal fractions examined

except the microsomes fit this pattern.

Thus tile use of the turnover number estab-

lished for HCA-C or (log red! cells (about.

40 X 106 miw1) is provisionally used for

kidney supernatant fraction.
This relation between turnover number

(V9,. ‘E0) and E/e.u. holds strictly only
at V011�. In the present experiments we are

working at high substrate concentration

and reasonably close to V� (16). We
claim only that for a given pattern of E /

eu. and K1, it is reasonable that a cotie-

sponding turnover number will be found.
Ultimately a kinetic analysis of the dif-
ferent fractions should include K,, to

solidify these points. With the present tech-
niques, however, there is more variability
ill determining Km thaii ill K1 (16).

The I501s of the several drugs against

HCA-C are noted in Table 3. It will be
seen that rat and dog red cells, and dog

renal supernatant, give almost exactly tile
same figure. Microsomal enzyn�e is clearly
different, requiring some 2-15 times more

drug for 50% inhibition. While this is an

interesting point with respect to tile chem-

ical individuality of particulate and super-

natant enzyme, tile activity is still high

enough so that inilibition in vivo can be

readily aellieved; acetazolamide, for ex-
ample, achieves renal concentration of free

drug of about 50 �i following 5 mg/kg,
whence fractional inhibition of supernatant

and microsomal fractions are both >99%,
and the renal effect is near maximal (1).

Other information on tile renal enzyme

will be briefly reviewed. Using the cyto-
plasmic fraction there appears to be but

one main peak on DEAE chromatography.
Using gel electrophoresis, the mobility of
clog kidney supernatant enzyme (like that

of clog red cells) corresponds to that of

HCA-B (2). Canine kidney homogenate
gave precipitation reactions with rabbit
antisera prepared from HCA-B and HCA-

C. In this study it was also reported that
Tween 80 increased the activity of kidney

homogenates (6), presumably by liberating
membrane-bound enzyme; kinetically this

must be of the HCA-C type (2). This

tecilmque will i)e of value in further

investigation.

ACKNOWLEDGMENT

This work was supported by TJSPHS Grant No.
NB-01297.

REFEREN CES

1. T. H. Maren. Physiol. Rev. 47, in Press.

2. P. Bvvoet and A. Gotti, Mol. Pharmacol. 3,

142 (1967).
3. R. Karler and D. M. Woodbury, Biochem. I.

75, 538 (1960).

4. P. K. Datta and T. H. Shepard, Arch. Bio-

diem. Biophys. 81, 124 (1959).

5. H. Baumann, �tcta Biol. ?mIed. Ger. 6, 229
(1961).

6. P. J. Wistrand and S. N. Rao, Biocimiin. Bio-

p/i ys. Acta in press.

7. W. C. Schneider and G. H. Hogeboom, J.

Biol. Chem. 183, 123 (1950).

8. T. H. Maren, V. I. Ash and E. M. Bailey,

Jr., Bull. Jo/ins hopkins Hosp. 95, 244
(1954).

9. T. H. Maren, A. L. Parcell and M. N. Malik,

J. Pharmacol. Expt!. Therap. 130, 389

(1960).

10. 0. H. Lowry, N. J. Rosebrough, A. L. Farr



508 MAREN AND ELLISON

and II. J. Randall, J. Biol. C/meon. 193, 265 13. F. C. Rector, N. W. Cartei and D. W. Seldin,

(1951). J. Cliii. Invest. 44, 278 (1965).

11. L. H. Ea�son and E. Stedman, Proc. I?oy. Soc. 14. G. Hilusler, Hi.stoc/,#{128}-i,iie 1, 29 (1958).

B127, 142 (1936). 15. T. F. Muther, Federation Proc. 25, 320 (1966).

12. T. H. Maren, A. C. Elli�on, S. K. Fellner and 16. T. H. Maren, J. Pliormiteol. Exp!7. Therap.

W. B. Graham, Mol. Pliarmacol. 2, 144 139, 129 (1963).

(1966).

illol. Phainitcil. 3, 503-508 (1967)




