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1. Introduction 

Three isozymes of carbonic anhydrase, CA I, CA II 
and CA III, have been characterized from the tissues 
of a variety of vertebrate species. CA I (low-activity, 

sulfonamide-sensitive form) has been found mainly in 
red cells but also occurs in other tissues (e.g., rumen 
epithelium, caecum, colonic mucosa, pituitary gland, 
ciliary body), CA II (high-activity, sulfonamide-sensi- 
tive form) is found in red blood cells and in a majority 
of other tissues, and CA III (low-activity, sulfonamide- 
resistant form) has been reported to occur largely in 
red skeletal muscle; cf. [l-7]. Although all 3 isozymes 
catalyze the reversible hydration of CO*, hydrolyze 
certain ester linkages, and are selectively inhibited by 
heterocyclic sulfonamides such as acetazolamide 

(Diamox), their relative activities and degrees of sul- 
fonamide inhibition can vary considerably. For exam- 
ple, the CA II isozymes have the highest CO2 hydrase 
and esterase (toward p-nitrophenyl acetate) activities 
and the highest affinities for sulfonamides, followed 
by the CA I isozymes, while the CA III isozymes 
exhibit markedly lower CO2 hydrase and esterase activ- 
ities and are only weakly inhibited by sulfonamides 
[l-4]. 

Early studies on carbonic anhydrase activity in rat 
liver homogenates [8,9] showed that its CO* hydrase 
activity was poorly inhibited by acetazolamide com- 
pared to the strong inhibition of rat red cell carbonic 
anhydrase (presumably CA I and CA II) activities. A 
partial characterization of a carbonic anhydrase iso- 
lated from livers of adult male rats [IO] showed that 
the specific CO* hydrase activity of this form was 
-1% that of the high-activity CA II isozyme purified 

114 

from rat red cells, and that it was -10 OOO-times less 
sensitive to inhibition by acetazolamide. The produc- 
tion of rat liver carbonic anhydrase, separated from 
CA II, could be specifically induced by testosterone 

[I 11. 
From these immunodiffusion, electrophoretic and 

amino acid sequence studies, the sulfonamide-resistant 
carbonic anhydrase of the male rat liver appears iden- 
tical or very closely related to the major carbonic 
anhydrase isozyme, CA III, of rat skeletal muscle. This 
rat liver CA III should prove to be a valuable marker 
for studies on the hormonal control of mammalian 
gene expression. 

2. Materials and methods 

2.1. Purification of carbonic anhydrase isozymes 

The rat CA I and CA II isozymes were purified from 

rat hemolysates by affinity chromatography on sul- 
fonamide (Prontosil) columns as in [ 121. The putative 
CA III isozymes were initially prepared from rat skel- 
etal muscle and liver homogenates by affinity chro- 
matography [ 121 on similar columns equilibrated with 
0.01 M Tris-SO4 (pH 8.7) and eluted with a O-O.4 M 
KI gradient. Further purification was carried out on 
DEAE32 cellulose columns equilibrated with 0.01 M 
Tris-HCl buffer @H 8.7) and eluted with a O-O.2 M 
NaCl gradient. Subsequent purification of the CA III 
isozymes was carried out by passage through a Sephadex 
G-75 column equilibrated with 0.005 M Tris-HCl 
buffer (pH 8.0). All stages of purification for the 

CA III isozymes contained 0.5 mM dithiothreitol, as 
CA III from human and rabbit muscle is known to 
dimerize [3,6]. 
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2.2. Acetazolamide inhibition 3. Results 
The I,e-values for acetazolamide were determined 

on the carbonic anhydrase activity in the supernatant 
fractions of crude liver and muscle homogenates. The 
CO* hydrase activity were measured using the bromo- 
thymol blue assay, after correction for CA I and CA II 

contamination [6]. 

3 .l . Electrophoretic identity 

2.3. Immunological procedures 
Ouchterlony, double immunodiffusion plates were 

prepared by the standard methods. Antisera raised in 
New Zealand White rabbits to bovine CA III and rat 

CA I and CA II were prepared by subcutaneous injec- 
tions of a mixture containing 1 mg purified antigen in 
0.8 ml physiological saline (0.85%) and 0.8 ml Freund’s 

complete adjuvant. The same procedure (with Freund’s 
incomplete adjuvant) was followed 3 weeks later, with 
additional injections at weekly intervals for the fol- 

lowing 2 weeks. The rabbits were bled 1 week after 
the last injection, and the serum harvested. 

As seen in fig. 1, the electrophoretic mobilities in 
cellulose acetate of the purified rat liver and rat muscle 
carbonic anhydrases are identical but different from 
both CA I and CA II. Of the 4 forms, CA II most 
readily generates secondary bands. The molecular 
masses of the liver and muscle carbonic anhydrases also 
appear to be identical based on their similar migration 
patterns in SDS-polyacrylamide gel electrophoresis 
(fig.2). 

The sulfonamide resistance of the liver and muscle 
isozymes could be readily demonstrated in that the 
activities of the red cell CA I and CA II isozymes 
(after cellulose acetate electrophoresis) were completely 
inhibited by treatment with IO4 M acetazolamide, 

2.4. Electrophoresis and isoelectric focusing 
Electrophoresis was carried out for 2 h at 350 V 

on cellulose acetate gels (Cellogel) at pH 9.1 (0.09 M 
Tris, 0.003 M EDTA, 0.01 M boric acid). The carbonic 
anhydrase bands were then located by their COz 
hydrase activity with the bromothymol blue method 
[ 131, and stained for protein with a 0.3% solution of 
Coomassie brilliant blue. Slab SDS-polyacrylamide 
gel electrophoresis (12.5% separating gel, 5% stacking 
gel) was done essentially as in [ 141. For the isoelectric 
focusing in polyacrylamide gel, 75 1.18 purified samples 
of the carbonic anhydrase isozymes were applied to 
an LKB Ampholine PAG plate (PH 5.5-8.5) and run 
for 2.5 h at 10°C. 

2.5. Amino acid sequence analysis 
The sequencing procedures employed were essen- 

tially as in [ 13,151. The desalted, lyophilized carbonic 
anhydrase isozymes from liver and muscle were cleaved 
using cyanogen bromide in 70% formic acid. The 

cleaved fragments were then separated by gel filtra- 
tion on Sephadex G-75 in 10% acetic acid, and the 
lyophilized peaks were subjected to automated 
sequencing. The PTH-amino acids were identified by 
isocratic high performance liquid chromatography 
[ 131, or, in the case of PTH-Arg, by a spot test [ 151. 

1:ig.l. Electrophoretic patterns of CA I and CA II purified 

from rat erythrocytcs and CA III purified from rat liver and 

skeletal muscle: (1) CA I; (2) CA II; (3) muscle CA III; (4) 
liver CA III. Electrophoresis done in cellulose acetate (pH 9.1). 

See text for details. 
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1 2 3 4 5 

Fig.2. SDS-polyacrylamide gel electrophoresis of CA I and 

CA II purified from rat erythrocytes and CA III purified from 

rat liver and skeletal muscle: (1) M, markers (X 1 Oe3, from 

top) - bovine serum albumin (66), ovalbumin (45), human 

CA II (29) and bovine RNase (14); (2) CA I; (3) CA II; (4) 

muscle CA III; (5) liver CA III. See text for details. 

whereas the CO2 hydrase activities of the liver and 
muscle enzymes still retained considerable activity in 
the presence of this concentration of the sulfonamide. 

The isoelectric focusing experiment (not shown) 

revealed that the CA I, CA II, liver and muscle iso- 

zymes had similar mobilities. Once again, CA II, pure 
as judged by SDS-polyacrylamide gel eleckophoresis, 
gave multiple bands on isoelectric focusing gels. 

3.2. Inhibition identity 

Z,O-values of -1 Od M were consistently obtained 
for the inhibition of carbonic anhydrase activity with 
acetazolamide in rat liver and muscle extracts, in 
general agreement with I,,,-values (acetazolamide) 
obtained for CA III purified from rabbit and ox muscle 

[4,161. 

3.3 . Immunological identity 
The immunodiffusion patterns of the liver and 

muscle carbonic anhydrase isozymes were identical to 
each other and to human muscle CA III, and showed 
a line of identity (with spurring) to bovine CA III 
(fig.3). The rat red cell CA I and CA II isozymes did 
not cross-react with rabbit anti-bovine CA III sera. 
Precipitation bands with rabbit anti-rat CA II sera were 
observed only with rat CA II, and cross-reaction with 
rabbit anti-rat CA I sera was seen only with rat CA I. 

3.4. Amino acid sequence identity 

Homologous cyanogen bromide fragments from 
rat liver and muscle carbonic anhydrases were partially 
sequenced and found to be identical (table I). The 15 
residues in this sequence (representing positions 79- 
92) were also found to be highly homologous with 
sequences of CA III isolated from human, gorilla and 

Fig.3. Double immunodiffusion patterns of antiserum against bovine CA III (center well, A), rat CA II (center well, B) and rat CA I 

(center well, C). Outer wells: (1) human muscle CA III; (2) bovine muscle CA III; (3) rat red cell CA II; (4) rat red cell CA I; (5) 

rat liver CA III; (6) rat muscle CA III. See text for details. 
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Table 1 

June 1981 

Amino acid sequences of cyanogen bromide fragments from rat liver and muscle carbonic anhydrases aligned with 

homologous sequences of other mammalian carbonic anhydrase isozymes 

Species Isozyme Source Residue numbera [Ref.] 

Fat "CA III" 

Rat CA III 

Human/Gorilla CA III 

OX CA III 

Human CA II Red Cell Val-Leu-Lys-Gly-Gly-Pro-Leu-Asp-Gly-Thr-Tyr-Arg-~u-Ile-Gln 

Ox/Sheep CA II Red Cell Val-Leu-Lys-Asp-Gly-Pro-Leu-'Ihr-Gly-~r-~r-~g-~u-Val-Gln 

Rabbit CA II Red Cell Val-Leu-Lys-Glu-Gly-Pro-Leu-Glu-Gly-Thr_u-Ile-Gln 

CA I 

CA I 

CAI 

Red Cell 

Red Cell 

mmen 

80 85 90 

* * 
Val-Leu-Lys-Gly-Gly-Pro-Phe-Ser-Asp-Ser-~r-Arg-Leu-Phe-Gln 

Val-Leu-Lys-Asp-Gly-Pro-Leu-Pro-Gly-Ser_u-Val-Gln 

Val-Leu-Lys-Gly-Gly-Pro-Leu-Ser-Glu-Ser-Tyr-Arg-Leu-Phe-Gln 

[18,191 

141 

[cf. 151 

[261 

[41 

[cf. 271 

[cf. 271 

[271 

a Based on human CA I numbering; cf. [4] 

* Residues located in the active sites of human CA I and CA II cf. [4] 

Residues in boxes appear to be unique to CA III isozymes 

ox skeletal muscle, and shared residues at 4 positions 
(78-Met, 87-Pro, 80-Arg and 91-Arg) which appear to 
be unique to the CA III isozymes. Thus, the rat liver 
and muscle isozymes are clearly more homologous to 
other CA III isozymes than to the CA I and CA II 

isozymes. 

4. Discussion 

Because relatively highlevels (i.e., l-2% wet muscle 
wt) of a low-activity, sulfonamide-resistant carbonic 
anhydrase isozyme has been reported from the skeletal 
muscle of chicken [2], cat [2], sheep [2], ox [4], rab- 
bit [3,16],mouse [17],human [6,18] andgorilla [19], 
it has been generally believed that these isozymes are 
all homologous forms of an isozyme, designated 
CA III, that are essentially confined to skeletal muscle. 
Nevertheless, trace amounts of CA III have also been 
detected immunologically from sheep lung [ 171, rab- 
bit liver [ 171, and human liver, smooth muscle, lung, 
and cardiac muscle [20]. 

It now appears that high levels of CA III which is 
structurally indistinguishable from rat muscle CA III 
is also normally present in mature male rat liver. 
Utilizing an electrophoretic immunoassay [20,21], it 
was estimated that the concentration of CA III in 
adult male rat livers was -2.5-times that found in rat 
skeletal muscle, i.e., -5% of the soluble liver protein 

and 2% of the soluble muscle protein was CA III. 

Interestingly, this isozyme can be induced by testos- 
terone since it is reduced in the livers of castrated rats, 
and increased in livers of female rats (where it is nor- 
mally absent) by testosterone treatment [ 111. Further- 
more, it appears that the high-activity, sulfonamide- 
sensitive CA II isozyme can be induced by estrogen in 
the livers of both male and female rats [22]. It thus 
seems that normally the main adult rat liver isozyme 
is CA 11 in the female and CA III in the male. 

Although our results suggest that the CA III iso- 
zymes of rat liver and skeletal muscle are the products 
of the same gene, this can only be resolved when 
additional structural and genetic evidence is obtained. 
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For example, in humans 2 closely-linked genes code 
cy-globins of identical amino acid sequence and 2 
closely-linked genes code y-globins which differ by 
only an electrophoretically silent Ala/Gly interconver- 

sion; cf. [23]. Clearly, even complete sequencing does 
not always indicate the presence of 2 gene loci. 

[4] Tashian, R. E., Hewett-Emmett, D., Stroup, S. K., 

Other rodent liver proteins, rat o12,-globulin and 
mouse major urinary proteins (MUP’s), are known to 
be inducible by testosterone; cf. [ 241. Rat cY2,-globulin 
is similar to rat liver CA III in that it is normally syn- 
thesized in adult male rats and absent in female rats. 
In contrast, MUP’s (which may be evolutionarily related 
to a2,-globulin) are excreted by both adult male and 
female mice, although males excrete higher levels. In 
this respect, it is of interest that both adult male and 

female mice appear to exhibit similar levels of CA III 
in their livers [2]. 

The finding [25] that a sulfonamide-sensitive form 
of carbonic anhydrase is present in guinea pig liver 
and skeletal muscle mitochondria, but absent from 
heart, brain and kidney mitochondria, is noteworthy 
because it appears to parallel the distribution of rat 
CA III reported here. 

[I51 

[I61 
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