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Summary 

Rabbit muscle carbonic anhydrase III, a recently discovered third isoenzyme 
(possibly muscle specific) of carbonic anhydrase (carbonate hydro-lyase, EC 
4.2.1.1) (Register, A.M., Koester, M.K. and Noltmann, E.A. (1978) J. Biol. 
Chem. 253, 4143--4152) has been subjected to isoelectric focusing. When mono- 
mer samples, shown to be homogeneous by both ion-exchange and molecular 
sieve chromatography, were analyzed by this technique, three subspecies were 
produced, which were similar in amino acid composition and specific CO2 
hydratase activity. In addition to having either monomer  or dimer status, the 
subspecies differed in the extent of oxidation of their sulhydryl groups and in 
their isoelectric pH values (9.3, 8.8, and 8.4, respectively). Also, the presence 
of dithiothreitol will affect their relative concentrations. These subforms are 
therefore designated as pseudoisoenzymes and are considered to be neither 
genetically nor functionally separate enzyme species. 

Introduction 

Carbonic anhydrase (carbonate hydro-lyase, EC 4.2.1.1), which catalyzes the 
hydration of CO2 and dehydration of HCO;, has been found to occur as two 
major isoenzymes in erythrocytes and other tissues of numerous species [1,2]. 
According to Tashian's nomenclature [3], these are designated as carbonic 
anhydrase I (the low activity form) and carbonic anhydrase II (the high activity 
form). We have recently identified and characterized a third major isoenzyme, 
carbonic anhydrase III [4], which is different from the other two major forms 
and which is possibly muscle specific. This third isoenzyme has 20% of the CO2 

* To w h o m  c o r r e s p o n d e n c e  should  be  sent .  
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hydratase activity of the low activity carbonic anhydrase I, is comparatively 
resistant to the highly specific carbonic anhydrase inhibitor acetazolamide, and 
is immunochemically distinct from the two erythrocyte isoenzymes [5]. It 
exists in both monomer (mol. wt. 29 000) and dimer (mol. wt. 58 000) forms, 
the latter being the disulfide oxidation product of the monomer [4]. 

Many electrophoretic variants of carbonic anhydrase I and II have been 
observed in mammalian tissues [6--16]. Some of these have been shown to be 
genetic variants, while others have been demonstrated to be epigenetic modi- 
fications or artifacts resulting from preparative procedures or aging of the tissue 
extract. All of these forms, regardless of their origin, cross-react immunochem- 
ically with either carbonic anhydrase I or carbonic anhydrase II, which are in 
turn immunochemically distinct from each other [17,18]. 

The present paper describes the generation of sulfhydryl oxidation sub- 
species of rabbit muscle carbonic anhydrase III by isoelectric focusing, a 
finding which is particularly relevant since carbonic anhydrase I and carbonic 
anhydrase II have been reported to exist in muscle, in addition to carbonic 
anhydrase III, solely on the basis of multiple bands of CO2 hydratase activity 
appearing on electrophoresis [ 19,20]. 

Materials and Methods 

Preparation of enzyme. Rabbit muscle carbonic anhydrase III was prepared 
as described previously [4]. 

Assays. Protein was determined by measurement of the absorbance at 280 
nm with use of an extinction coefficient ~e °'1% ~ of 2.32 [4]. CO2 hydratase 2 8 O n t o /  

activity was assayed by the modified [6] method of Wilbur and Anderson [21], 
as previously described [4,5,16]. 

Isoelectric focusing. Preparative isoelectric focusing was performed in an 
LKB Model 8101 column (capacity, 110 ml) with the application of a constant 
potential of 600 V for 96--120 h at 4°C. Sucrose density gradients containing 
LKB ampholines or Brinkmann pHisolytes (pH range 8--10) were prepared 
with an LKB Model 8121 gradient mixer. Fractions of 1 ml were collected 
(flow rate, 30 ml/h) and were assayed for pH, protein concentration and CO2 
hydratase activity. For the determination of isoelectric pH values, protein 
samples of 10--15 mg produced profiles that remained within the narrow part 
of the pH gradient and which were sharply resolved. For the generation of 
ample supplies of the modified subspecies for further analysis, the column was 
loaded with 40--50 mg material. 

Removal of ampholytes. Ampholytes were removed with Biorad bifunctional 
resin AG 501-X8 (D) according to the method of Baumann and Chambrach 
[22], followed by dialysis to remove the sucrose. Alternatively, both sucrose 
and ampholyte were removed by chromatography on a Sephadex G-75 column 
similar to that employed for the isolation of carbonic anhydmse III [4], for 
which the elution profiles of the monomer and the dimer forms had been previ- 
ously determined by calibration against known standards. 

Amino acid analysis. Aliquots of each species generated by isoelectric 
focusing were hydrolyzed for 20 h and analyzed for amino acid content by 
standard procedures employed in this laboratory [23]. Total half-cystine was 
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analyzed as cysteic acid after performic acid oxidation according to Moore 
[24] and free sulfhydryls were determined by the p-mercuribenzoate method 
of Boyer [25]. 

Results 

Generation of  subforms of  carbonic anhydrase III 
Fig. 1 shows the species carbonic anhydrases III1, III2 and III3 generated on 

isoelectric focusing in the pH range from 8 to 10. The sample applied was 
from a highly purified carbonic anhydrase III monomer preparation, which 
eluted as a single peak on both carboxymethyl-Sephadex and Sephadex G-75 
chromatography [4]. Some characteristic properties of these subforms are 
summarized in Table I and the amino acid compositions are shown in Table II. 
Within the accuracy of the methods used, all three are essentially identical with 
respect to amino acid composition and specific activity in the CO2 hydratase 
assay, these parameters showing good correlation with previous data obtained 
for carbonic anhydrase III [4,5]. They differ only in their states of sulfhydryl 
oxidation and in their isoelectric pH values. 

Effect of  sulfhydryl-reducing agent on the distribution of  carbonic anhydrases 
III1, III2 and III3 

Fig. 2 shows the effect of  10 mM dithiothreitol on the subform distribution 
pattern. Without dithiothreitol, carbonic anhydrase IIIl is 76% of the total 
protein, carbonic anhydrase III2 is 15%, and carbonic anhydrase III3 is 9%; in 
the presence of the reducing agent the distribution is 55, 28, and 17% for 
carbonic anhydrases III1, III2, and III3, respectively. Dithiothreitol therefore 
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F i g .  1 .  Preparative i soe lectr ic  focus ing  o f  rabbit  m u s c l e  carbonic  anhydrase  III in the  pH range o f  8 - - 1 0 .  A 

prote in  sample  o f  4 0  m g  was  appl ied  and th e  focus ing  e x p e r i m e n t  was  p e r f o r m e d  w i t h o u t  d i th io thre i to l .  
E n z y m e  units  are d e f i n e d  as ~tmol H + re leased  • 1 - I  . s - I  at  0 ° C .  C A ,  carbonic  anhydrase .  
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T A B L E  I 

S U M M A R Y  OF C H A R A C T E R I S T I C S  OF T H E  C A R B O N I C  A N H Y D R A S E  I S O E L E C T R I C  F O C U S I N G  
F R A C T I O N S  OF C A R B O N I C  A N H Y D R A S E S  I I I  1 , I I I  2, A N D  I I I  3 F R O M  R A B B I T  M U S C L E  

Carbonic  Carbonic  Carbonic  
anhydrase  I I I  1 anhydrase  I I I  2 anhydrase  I I I  3 

Isoelect r ic  p H  * 
Free  su l fhydry l s  
( p - m e r c u r i b e n z o a t e  t i t r a t ion )  
CO 2 h y d r a t a s e  specific ac t iv i ty  
( # m o l  H + • s - I  • /~mol p ro t e in  - l )  
Pe rcen t  to ta l  p ro t e i n  dur ing  
focus ing  w i t h o u t  d i th io th re i to l  * * * 
Pe rcen t  to ta l  p ro t e i n  dur ing  
focusing wi th  10 m M  d i th io th re i to l  *** 

9 .34  ± 0 .06  8.76 ± 0 .04  8.41 ± 0 .12  
5.08 -+ 0 .10  (4)  ** 5.51 -+ 0 .04  (4)  6.01 + 0 .10  (6)  ** 

1.2 + 0 . 2 . 1 0 3  1.2 - + 0 . 3 . 1 0 3  1.1 + 0 . 3 . 1 0 3  

76% 15% 9% 

55% 28% 14% 

* Calcula ted  f r o m  5 or  6 separa te  values wh ich  were  o b t a i n e d  u n d e r  cond i t ions  of  analy t ica l  isoelectr ic  
focus ing  as descr ibed  u n d e r  Materials  a nd  Methods  (see also ref.  4)  

** The  n u m b e r s  of  free su l fhydry l s  have  prev ious ly  [4 ]  been  ca lcu la ted  to  be  5.87 4- 0 .12  an d  4 .94  ± 0 .13  
pe r  m o n o m e r  equ iva len t  (tool.  wt .  29 0 0 0 )  for  the  ca rbon ic  an h y d ra se  I I I  m o n o m e r  an d  d imer ,  
respec t ive ly .  The  n u m b e r s  in pa ren theses  ind ica te  the  n u m b e r  of  assays. 

*** As i l lus t ra ted  in Fig. 2. 

T A B L E  II  

AMIN O  ACID C O M P O S I T I O N  OF T H E  I S O E L E C T R I C  F O C U S I N G  F R A C T I O N S  OF C A R B O N I C  AN- 
H Y D R A S E S  I I I1 ,  I I I  2, A N D  I I I  3 

The  values r ep resen t  an average o f  the  n u m b e r  of  analyses  ind ica ted  in pa ren theses ,  h y d r o l y z e d  for  20 h 
in 6 M HCI. The  da t a  have  n o t  been  e x t r a p o l a t e d  to ze ro - t ime  hydro lys i s  or  to  m a x i m a l  r e co v e ry ,  and  are 
t he r e fo r e  n o t  d i rec t ly  c o m p a r a b l e  to  r e p o r t e d  values [4]  for  those  res idues  wh ich  are readi ly  deg raded  or  
i n c o m p l e t e l y  h y d r o l y z e d .  

A m i n o  acid Carbonic  a nhyd ra s e  

l l I l  (8) I l l  2 (6) III 3 (6) 

Lys  17.8  17 .7  17.7 
His 11.1 11.1 10.6 
Arg 12.6 13.1 1 " . 6  
Asp 28.1 28 .6  28.2 
Th r  10 .8  10.9 11 .0  
Ser  18.3 18 .0  17.8 
Glu 18.8 18 .5  18.9 
Pro 22.9 22 .9  22 .5  
GIy 18.8  18.8 18.6 
Ala 14 .4  14.3 14.3 
Val 12 .5  12 .4  12 .4  
Met  2.1 1.5 1.7 
Ile 9.1 9.4 9.2 
Leu  19.3 19.8 19.1 
T y r  8.4 8.2 8.9 
Phe 10 .5  11 .7  11.7 
Cys*CH * 5.0 5.5 6.0 
'Prp * *  ~ 1 0  ~ 1 0  ~ 1 0  

* Free  cys te ine  was  d e t e r m i n e d  i n d e p e n d e n t l y  by  t i t r a t ion  wi th  p - m e r c u r i b e n z o a t e  [ 2 5 ] .  
** Values  for  t r y p t o p h a n  are based  on  abso rbance  m e a s u r e m e n t s  a t  280 n m  for  wh ich  t h e  e 2 8 0 n m ,  0.1% 

values  of  the  th ree  s u b f o r m s  were  all w i th in  ±3% of  the  prev ious ly  r e p o r t e d  [4 ]  va lue  o f  2 .32 ,  wh ich  
co r r e sponds  to  10 res idues  pe r  m o l e c u l e  of  p ro t e in  p r io r  to  sepa ra t ion  b y  isoelectr lc  focusing.  



2 6 0  

I.- 

n-" 
I.- 
z 
h i  
(D 
Z 
O 
(D 

Z 

LIJ 
I'-- 
O 
rY 
cl 

L A' ' r r 

L 

B 

I I I I I I I 

WITHOUT DI THI0 THREI T0L 

TH 10ram DITHIOTHREITOL 

12 

i 
8~ 

4 

I -  

8 

I0 20 50 40 50 60 70 80 90 I00 It0 120 
FRACTION NUMBER 

Fig. 2. Effect  of  d i thiothrei to l  o n  the distribution of  the carbonic  anhydrase  subspecies  I lI  1 , I lI  2,  and I l l  3 
during isoelectric  focusing in the pH range o f  8 - -10 .  Protein samples  of  4 0 - - 5 0  mg were appl ied to  each 
co lumn.  A,  Focus ing  w i t h o u t  dithtothreitol;  B, focus ing wi th  10 rnM dithiothrei to l .  (Occas ional ly ,  as in B, 
denatured prote in  was produced  at the H2SO 4 (0 .01  M) anode-sucrose  gradient interface.)  CA,  carbonic  
anhydrase .  

causes the latter two species to double in relative yield with a corresponding 
reduction in carbonic anhydrase IIIl, indicating that the sulfhydryl oxidation 
state has been affected. 

In order to obtain some insight into the identity of the three forms, each 
species (from Fig. 1) was subjected to chromatography on Sephadex G-75. 
Both carbonic anhydrases III2 and III3 are predominantly (>90%) monomer, 
while carbonic anhydrase IIIl is 45% dimer and 55% monomer. We have previ- 
ously [4] shown that carbonic anhydrase III forms a dimer species under 
oxidizing conditions; however, the dimer concentration was never more than 
20% of  the total carbonic anhydrase III. Application of  a strong electrical 
potential in a medium of basic pH seems to be much more effective in 
generating the dimer species, since the carbonic anhydrase III~ form dominates 
the isoelectric focusing profile. Nonetheless, during the pooling of  the sample 
with ampholytes present and the subsequent rechromatography on Sephadex 
G-75 in phosphate buffer (pH 6.9), about half of  the dimer species reverted to 
"the monomer form. Identification of  carbonic anhydrase III~ obtained immedi- 
ately after isoelectric focusing as dimer is confirmed by p-mercuribenzoate 
titration {Table I). 
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Fig. 3.  R e c h r o m a t o g r a p h y  o n  S e p h a d e x  G-75  o f  rabbit  m u s c l e  carbon ic  a n h y d r a s e  (CA)  subspec ies  III I,  
I l l  2 ,  and  III 3. C h r o m a t o g r a p h y  was  p e r f o r m e d  as prev ious ly  descr ibed  [ 4 ] .  The  e lu t ion  buf f er  was  0 .1  M 
s o d i u m  p h o s p h a t e  (pH 6 . 9 )  w i t h o u t  d i th io thre i to l  present .  Carbonic  a n h y d r a s e  III 2 a n d  III 3 poo l s  ( f rom 
Fig. 1)  w e r e  appl ied  d irec t ly  to  the  c o l u m n  but ,  to  avo id  c o n t a m i n a t i o n  f r o m  the  ne ighbor ing  peak ,  o n l y  
the  l e f t  ha l f  o f  the  c a r b o n i c  a n h y d r a s e  III 1 p e a k  was  appl ied.  The  A 2 8 0 n  m p e a k  at  f rac t ion  No .  1 1 0  has 
no  CO 2 hydra tase  act iv i ty .  Based on  its a b s o r b a n c e  at  4 0 0  n m ,  it  corre sponds  to  the  a m p h o l y t e  present  
in the  sample  appl ied  to the  c o l u m n .  E n z y m e  uni ts  are de f ined  as in the  l egend  to  Fig. I .  

It is significant to recall in this context  that we have previously noted strong 
oxidizing effects to occur during isoelectric focusing of  another muscle 
enzyme,  phosphoglucose isomerase. As in the case of  carbonic anhydrase III, 
the most  reduced species of  phosphoglucose isomerase was found to dominate 
the carboxymethyl-Sephadex profile, but the most  oxidized species dominated 
the isoelectric focusing profile [26] .  For both enzymes,  dithiothreitol cannot 
prevent the formation of  the more oxidized forms during isoelectric focusing 
but it does inhibit the process of  oxidation to some extent.  

The carbonic anhydrase III3 subspecies can clearly be identified as reflecting 
the monomeric  form of  carbonic anhydrase III on the basis o f  its elution 
profile on Sephadex G-75 {Fig. 3C) and its free sulfhydryl content.  The 
identity of  carbonic anhydrase III2 is, however, not  obvious. One possibility is 
that it may consist o f  a subform with an internal disulfide bond. Another is 
that there is a pH-dependent conformational change induced by the isoelectric 
focusing process itself, a phenomenon which has been described from a 
theoretical standpoint by Cann and Stimpson [27] .  A third is that both sub- 
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forms III2 and III3 are fully reduced monomers, one of which has been 
deamidated. It has been previously demonstrated [8] that incubation of 
carbonic anhydrases I and II in basic solutions can produce an additional series 
of increasingly deamidated enzyme species which are successively more acidic. 
However, the pH at which the deamidated forms of carbonic anhydrases I and 
II were generated was much higher than that employed here. Furthermore, it 
must be kept in mind that deamidation is irreversible whereas the various sub- 
forms of muscle carbonic anhydrase observed by us are at least partially con- 
vertible in either direction. 

The possibility of amino acid differences among the subforms within the 
1--2% analytical error inherent in the amino acid analysis cannot be ruled out 
unequivocally but is considered to be unlikely due to the homogeneity of the 
original sample on carboxymethyl-Sephadex chromatography. Ion~xchange 
chromatography has been shown to readily separate such variants of carbonic 
anhydrase I and carbonic anhydrase II [8,11,12,16]. 

Discussion 

Both of the isoenzymes of carbonic anhydrase found in erythrocytes (Type I 
and Type II) have electrophoretic variants which may originate in vivo or in 
vitro. These have been shown to arise primarily from point mutations (for 
example, refs. 9 and 10) and deamidation [8,13]. In addition, 'conformational' 
isoenzymes have been postulated [28] as well as various unspecified modifica- 
tions due to harsh preparative procedures [11,14,15]. Sulfhydryl oxidation, 
though it has been shown previously to result in the production of pseudoiso- 
enzymes (e.g. ref. 26), has not been considered in the past to be the origin of 
multiple electrophoretic bands of mammalian erythrocyte carbonic anhydrases 
because of their low cysteine content [2,3]. Nonmammalian carbonic anhy- 
drases of high sulfhydryl content, however, have been shown to exist as multi- 
mers [29--31]. Also, dimerization of a carbonic anhydrase II of low sulfhydryl 
content has recently been reported for a carbonic anhydrase variant in which a 
cysteine is substituted for the arginine at position 180, this substituted cysteine 
being highly reactive compared with the one other normally present. As a 
result, small amounts of carbonic anhydrase II dimer were formed as well as a 
protein-glutathione derivative [33]. 

Because of the frequently automatic conclusion that multiple electro- 
phoretic forms of enzymes can be equated with genetically different enzyme 
species (for discussion, see ref. 32) it is significant to stress that in the case of 
muscle carbonic anhydrase (as previously shown for another muscle enzyme 
[26]) the procedure of isoelectric focusing itself generates multiple forms from 
starting material which consists of homogeneous and fully reduced monomer. 
Furthermore, the sulfhydryl-reducing agent dithiothreitol alters the propor- 
tions of these species. These modified forms are therefore pseudoisoenzymes 
[26,33] rather than genetically distinct isoenzymes with different primary 
structures. Holmes [19,20] has claimed that skeletal muscle contains, in addi- 
tion to carbonic anhydrase III, the isoenzymes I and II and also that carbonic 
anhydrase III itself is found in tissues other than muscle [19]. The basis for 
these conclusions has been that multiple carbonic anhydrase activity bands 



263 

were observed on electrophoresis in a buffer system of  pH 9.2. It would appear 
that this claim must be substantiated by more rigorous means in view of the 
lability of  muscle carbonic anhydrase III in basic, oxidizing systems which we 
have demonstrated here. Although changes in the sulfhydryl oxidation state 
may not  account for the presence of  all of  the observed subspecies of  carbonic 
anhydrase III, the only other likely alternatives (i.e. the potential formation of  
conformationally different monomers or the remote possibility of  deamida- 
tion) would also be at variance with the conclusions of  Holmes [19 ,20] .  Since 
all o f  the species found in our laboratory are identical in specific CO2 hydratase 
activity and ovelall amino acid composit ion,  they must be defined as pseudo- 
isoenzymes of  carbonic anhydrase III. They are neither chemically nor func- 
tionally distinct from each other and clearly do not  appear to  be derivatives of  
carbonic anhydrases I or II. 
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