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ABSTRACT 

S o l u b l e  c a r b o n i c  anhydrase  ( c a r b o n a t e  d e h y d r a t a s e ,  EC 4 . 2 . 1 . 1 )  f rom t h e  pa- 

p i l l a r y  and i n n e r  medu l l a ry  r e g i o n s  o f  t ho rough ly  p e r f u s e d  human donor  k i d n e y s  

was i s o l a t e d  by a f f i n i t y  chromatography.  The p u r i f i e d  enzyme w a s  homogenous 

w i t h  r e s p e c t  t o  s e d i m e n t a t i o n  i n  t h e  u l t r a c e n t r i f u g e  and i s o - e l e c t r i c  f o c u s i n g .  

It  had  a n  amino-acid compos i t ion  and behaved c h r o m a t o g r a p h i c a l l y ,  k i n e t i c a l l y ,  

e l e c t r o p h o r e t i c a l l y  and i m u n o c h e m i c a l l y  l i k e  t h e  h i g h - a c t i v i t y  (wi th  r e s p e c t  

t o  CO ) e r y t h r o c y t e  c a r b o n i c  a n h y d r a s e  HCA-C, and t h e  r e n a l  enzyme p r e v i o u s l y  

i s o l a t e d  from e x t r a c t s  o f  t h e  whole k i d n e y .  The r e s u l t s  s u g g e s t  t h a t  a l l  re- 

g i o n s  of t h e  human k idney  c o n t a i n s  one s o l u b l e  form of  c a r b o n i c  anhydrase  s i m i -  

l a r  t o  and p r o b a b l y  i d e n t i c a l  w i t h  HCA-C. Small  immunoassayable amounts (1/30 

o f  t o t a l  enzyme p r o t e i n )  o f  t h e  l o w - a c t i v i t y  e r y t h r o c y t e  isoenzyme HCA-B were 

a l s o  found ,  b u t  are  c o n s i d e r e d  t o  b e  a con taminan t .  The re  w a s  no i n d i c a t i o n  f o r  

t h e  p r e s e n c e  of  s u l f o n a m i d e - r e s i s t a n t  isoenzymes.  
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INTRODUCTION 

To b e  a b l e  t o  e v a l u a t e  t h e  p h y s i o l o g i c a l  r o l e  of  r e n a l  c a r b o n i c  anhydrase  

( c a r b o n a t e  d e h y d r a t a s e ,  EC 4 . 2 . 1 . 1 )  f o r  t h e  a c i d i f i c a t i o n  of  t h e  u r i n e  and ex- 

c r e t i o n  of  e l e c t r o l y t e s ,  i t  i s  of  obv ious  impor t ance  t o  know t h e  t y p e  and pro- 

p e r t i e s  o f  t h e  enzyme i n  t h e  v a r i o u s  r e g i o n s  of  t h e  k idney .  S e v e r a l  c y t o p l a s m i c  

forms of  t h e  enzyme have  been  i s o l a t e d  from mamnalian t i s s u e s  and found t o  d i f -  

f e r  g r e a t l y  w i t h  r e s p e c t  t o  s u b s t r a t e  and i n h i b i t o r  k i n e t i c s .  They cou ld  h a v e  

d i f f e r e n t  p h y s i o l o g i c a l  f u n c t i o n s  (1). There are  c o n f l i c t i n g  r e p o r t s  i n  t h e  li- 

t e r a t u r e  a b o u t  t h e  d i s t r i b u t i o n  and p r o p e r t i e s  of  t h e  enzyme b o t h  i n  an ima l  ( c f .  

r e f .  2 )  and human k i d n e y s .  I n  o u r  l a b o r a t o r y  we have i s o l a t e d  and c h a r a c t e r i z e d  

t h e  s o l u b l e  form o f  c a r b o n i c  anhydrase  from e x t r a c t s  o f  t h e  whole human k i d n e y .  

The enzyme w a s  found t o  b e  s imi l a r  and p robab ly  i d e n t i c a l  w i t h  t h e  h i g h - a c t i v i t y  

( w i t h  r e s p e c t  t o  CO ) C-form of  t h e  e r y t h r o c y t e s  ( 3 ) .  I n  a n o t h e r  s t u d y  ( 4 ) ,  how- 2 
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ever,  t h e  human r e n a l  c o r t e x  w a s  r e p o r t e d  t o  c o n t a i n  o n l y  t h e  C-form whereas  

t h e  medu l l a ,  i n  a d d i t i o n  t o  t h e  C-form, w a s  found t o  c o n t a i n  r e l a t i v e l y  l a r g e  

amounts of t h e  e r y t h r o c y t i c  B-form. Moreover,  t h e  human k idney  h a s  been  clai,med 

(5)  t o  have a t i s s u e - s p e c i f i c  isoenzyme d i f f e r e n t  f rom t h e  e r y t h r o c y t e  forms.  

S i n c e  t h e  c o n t r o v e r s y  ma in ly  conce rns  what t y p e  o f  enzyme i s  p r e s e n t  i n  t h e  

r e n a l  medu l l a ,  w e  have chosen  i n  t h e  p r e s e n t  work t o  s t u d y  t h e  medu l l a ry  and 

p a p i l l a r y  r e g i o n s  o f  t h e  human k idney  i n  more d e t a i l .  We have  used an  a f f i n i t y  

ch romatograph ic  t e c h n i q u e  c a p a b l e  o f  s e p a r a t i n g  and p u r i f y i n g  isoenzymes w i t h  

d i f f e r e n t  a f f i n i t i e s  f o r  su l fonamide  i n h i b i t o r s ,  and a new rad io inmunosorben t  

t e c h n i q u e  f o r  t h e  a s s a y  of  B- and C-types of  c a r b o n i c  anhydrase  i n  human t i s -  

sues .  The s t u d y  was done on  f r e s h  donor k i d n e y s  which had  been  tho rough ly  per-  

f u s e d  f r e e  f rom b l o o d .  

MATERIALS AND METHODS 

M a  t e r  i a Is 

Sepha rose  6 B was pu rchased  from Pharmacia  F i n e  Chemicals (Uppsa la ,  Sweden), 

ca r r ie r  empho ly te s ,  AmpholineR from LKB-Produkter (Bromma, Sweden), a c r y l a m i d e  

and b i s a c r y l a m i d e  w e r e  f rom Eastman Kodak ( R o c h e s t e r ,  I l l . ,  U.S.A.). S u l f a n i l -  

amide w a s  f rom Sigma ( S t .  L o u i s ,  Mo., U.S.A.) and a c e t a z o l a m i d e  from L e d e r l e  

L a b o r a t o r i e s  ( P e a r l  R i v e r ,  N . Y . ,  U.S.A.). A l l  o t h e r  chemica l s  employed were 

r e a g e n t  g r a d e .  Human e r y t h r o c y t e  c a r b o n i c  anhydrases  HCA-B and HCA-C were pre-  

p a r e d  by a f f i n i t y  chromatography i n  o u r  l a b o r a t o r y  as r e p o r t e d  p r e v i o u s l y  ( 3 ) .  

P r e p a r a t i o n  o f  t h e  k idney  e x t r a c t s  

F r e s h  k idneys  from two donors  were u s e d .  The re  w a s  no h i s t o r y  of  r e n a l  d i -  

sease. T h i a z i d e  o r  o t h e r  d r u g s  o f  impor t ance  had n o t  been  a d m i n i s t e r e d  t o  t h e  

d o n o r s ,  as f a r  as i t  i s  known. Immediately a f t e r  removal ,  t h e  k i d n e y s  were 

p e r f u s e d  w i t h  400-100 ml o f  c o l d  R inge r -dex t r an  t y p e  o f  s o l u t i o n  ( P e r f a d e x  , 
Pharmac ia ,  Uppsala ,  Sweden),  c o n t a i n i n g  10 m i l l i o n  IU b e n z y l p e n i c i l l i n ,  50 m l  

2% l i d o c a i n e  (Xy loca ineR,  As t ra ,  S G d e r t Z l j e ,  Sweden) and 5000 I U  h e p a r i n  p e r  

1000 m l  s o l u t i o n .  Th i s  w a s  fo l lowed  by p e r f u s i o n  w i t h  400-1000 m l  o f  10% in -  

v e r t o s e  s o l u t i o n  ( I n v e r d e x  , Pharmacia ,  Uppsa la ,  Sweden) t o  which sodium b i -  

c a r b o n a t e  had been  added.  The p e r f u s i o n  p r e s s u r e  w a s  150 mm Hg. The w a r m  i s c h a e -  

m i c  p e r i o d  v a r i e d  between 30 and 60 min. 

t i s s u e  p r e p a r a t i o n  s t a r t e d  w i t h i n  24 h of  p e r f u s i o n .  S l i c e s  were c a r e f u l l y  d i s -  

s e c t e d  o u t  from t h e  i n n e r  medu l l a  and t h e  p a p i l l a r y  r e g i o n  of  b o t h  k i d n e y s  and 

g e n t l y  homogenized f o r  3 min i n  i c e - c o l d  0 . 2  M s u c r o s e  u s i n g  a g l a s s  

z e r  and a motor-dr iven T e f l o n R  p e s t l e .  An a l i q u o t  of  t h e  homogenate w a s  t a k e n  

f o r  a s s a y  o f  t h e  c a r b o n i c  anhydrase  a c t i v i t y  and i t s  i n h i b i t i o n  by a c e t a z o l -  

amide ( s e e  be low) .  The homogenate w a s  c e n t r i f u g e d  a t  100,000 x g f o r  60 min. 

The p a r t i c u l a t e  f r a c t i o n s  and t h e  f l u f f y  t o p  l a y e r  were removed. The superna-  

R 

R 

The k i d n e y s  w e r e  s t o r e d  a t  4OC and 

homogeni- 
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t a n t  w a s  d i a l y z e d  a g a i n s t  10 mM HEPES b u f f e r ,  pH 8.3, c o n t a i n i n g  200 WM sodium 

EDTA. I t  w a s  f r o z e n  b e f o r e  t h e  immunoassay of  C- and B-types o f  c a r b o n i c  an- 

h y d r a s e  ( s e e  be low) .  I t s  c o n t e n t  o f  p r o t e i n  w a s  de t e rmined  by t h e  method o f  

Lowry e t  a l .  ( 6 )  and o f  hemoglobin by  t h e  cyan-methemoglobin method ( 7 ) .  T h i s  

l a t t e r  method p robab ly  o v e r e s t i m a t e s  t h e  c o n t e n t  of  hemoglobin by a b o u t  50% 

due t o  t h e  p r e s e n c e  i n  t h e  k i d n e y  o f  o t h e r  i r o n  p o r f y r i n  c o n t a i n i n g  enzymes 

( 4 ) .  The s u p e r n a t a n t  was  cha rged  t o  t h e  a f f i n i t y  ch romatograph ic  coliimn as 

d e s c r i b e d  i n  t h e  l egend  of  F i g .  1-2. 

A f f i n i t y  chromatography 

S u l f a n i l a m i d e  coup led  t o  a g a r o s e  v i a  o x i r a n e  groups i s  a s t a b l e ,  e f f e c t i v e  

and s e l e c t i v e  a d s o r b a n t  f o r  b o t h  low- and h i g h - a c t i v i t y  forms o f  c a r b o n i c  an- 

h y d r a s e  (8) .  The u n s p e c i f i c  a d s o r p t i o n  i s  low and t h e  enzymes e l u t e d  are h i g h l y  

p u r i f i e d  ( 2 , 3 ) .  The a c t i v a t e d  m a t r i x  i s  formed by r e a c t i o n  of  Sepha rose  6 B 

w i t h  1,4-bis(2,3-epoxypropoxy-)butane (EGA Chemie, S t e i n h e i m ,  GFR). S u l f a n i l -  

amide i s  coup led  t o  t h e  l o n g  h y d r o p h i l i c  s p a c e r  by an a l k y l a m i n e  bond. The 

amount o f  coup led  s u l f a n i l a m i d e  w a s  200 pmol p e r  m l  g e l ,  by s u l p h u r  and n i t r o -  

gen a n a l y s i s .  A f t e r  a d d i t i o n  of  t h e  s u p e r n a t a n t  t o  t h e  column, t h e  p r o t e i n s  

which w e r e  n o n - s p e c i f i c a l l y  r e t a i n e d  by t h e  g e l  were f i r s t  deso rbed  by i n c r e a s -  

i n g  t h e  i o n i c  s t r e n g t h  o f  t h e  b u f f e r .  The l o w - a c t i v i t y  B-forms of  c a r b o n i c  an- 

h y d r a s e ,  bound t o  t h e  g e l ,  were t h e n  e l u t e d  by add ing  c h l o r i d e ,  an  a n i o n i c  i n -  

h i b i t o r  which i n h i b i t s  t h e  B-form s t r o n g e r  than  t h e  C-form o f  t h e  enzyme. The 

l a t t e r  forms were e l u t e d  by r a i s i n g  t h e  c h l o r i d e  c o n c e n t r a t i o n  and l o w e r i n g  t h e  

pH of t h e  b u f f e r .  F i n a l l y  s u l f a n i l a m i d e  w a s  added t o  d e s o r b  a l l  r e t a i n e d  enzyme 

p r o t e i n s .  

The same t e c h n i q u e  as d e s c r i b e d  p r e v i o u s l y  ( 3 )  w a s  u sed  e x c e p t  f o r  t h e  app- 
R 

l i c a t i o n  of  a g r a d i e n t  e l u t i o n  s y s t e m  ( U l t r o g r a d  g r a d i e n t  mixe r ,  LKB 11300,  

LKB-Produkter, Bromma, Sweden). The ch romatograph ic  p r o c e d u r e  i s  d e s c r i b e d  i n  

d e t a i l  i n  t h e  l egend  t o  F i g .  1. 

Enzyme a s s a y s  

The enzyme a c t i v i t i e s  i n  t h e  t i s s u e  homogenate,  i n  t h e  s u p e r n a t a n t  and i n  

t h e  Chromatographic  f r a c t i o n s  were measured by a pH-changing method of  P h i l p o t  

and P h i l p o t  ( 9 ) .  B r i e f l y ,  a l i q u o t s  o f  samples  w e r e  added t o  a phenol  r e d  s o l u -  

t i o n  c o n t a i n i n g  N a 2 C 0 3  and s a t u r a t e d  w i t h  C 0 2 .  A f t e r  t h e  a d d i t i o n  o f  b i c a r b o -  

n a t e  b u f f e r  t h e  t i m e  r e q u i r e d  f o r  t h e  i n d i c a t o r  c o l o r  t o  s h i f t  f rom r e d  t o  

y e l l o w  i s  r e c o r d e d .  One enzyme u n i t ,  U ,  i s  t h e  amount o f  enzyme t h a t  h a l v e s  

t h i s  t i m e .  The s e n s i t i v i t y  o f  t h e  enzyme a c t i v i t y  towards i n h i b i t i o n  w a s  ex- 

p r e s s e d  as 150, which i s  t h e  mola r  c o n c e n t r a t i o n  i n  t h e  f i n a l  a s s a y  sys t em t o  

r educe  50% o f  t h e  enzyme a c t i v i t y .  Immunoassayable levels o f  t h e  isoenzymes 
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CA-C and CA-B were de t e rmined  i n  t h e  same t i s s u e  f r a c t i o n s  by a r a d i o i m u n o s o r -  

b e n t  t echn ique  (10).  The s e n s i t i v i t y  of t h i s  method i s  about  0 . 2  ng/ml f o r  bo th  

isoenzymes and t h e  p r e c i s i o n  i s  abou t  5% i n  d u p l i c a t e  d e t e r m i n a t i o n s .  The a n t i -  

b o d i e s  used were monospec i f i c  a g a i n s t  CA-C and CA-B and p repa raed  as d e s c r i b e d  

p r e v i o u s l y  (11). The p resence  i n  a t i s s u e  of  up t o  20 times h i g h e r  concen t r a -  

t i o n s  o f  one isoenzyme w i l l  n o t  i n t e r f e r e  w i t h  t h e  a s say  of t h e  o t h e r .  The ti- 

t r a t i o n  cu rves  o b t a i n e d  w i t h  t h e  r e n a l  C and B t ypes  of  enzymes were p a r a l l e l  

w i t h  t h o s e  of t h e  p u r i f i e d  e r y t h r o c y t e  enzyme HCA-C and HCA-B ( n o t  shown). 

C o n c e n t r a t i o n s  of  t h e  pu re  enzyme was a l s o  measured from t h e  absorbance a t  

280 nm u s i n g  a v a l u e ,  A280'  cm -1 , of 18.7 (3 ) .  

I s o e l e c t r i c  f o c u s i n g  

This  w a s  done i n  tubes  acco rd ing  t o  a p rocedure  s i m i l a r  t o  t h a t  of Convay- 

Jacobs  and Lewin( l2 ) .  A pH g r a d i e n t  between 3.5 and 9 .5  was o b t a i n e d  by mixing 

c a r r i e r  ampholytes (Ampholine ) i n  po lyac ry lamide  g e l s .  Focusing w a s  performed 

by a s tep-wise i n c r e a s e  of  t h e  v o l t a g e  t o  g i v e  a power p e r  t ube  n o t  exceed ing  

200 mW. E q u i l i b r i u m  w a s  ach ieved  a f t e r  4 h .  The g e l s  were s t a i n e d  by Coomassie 

b r i l l i a n t  b l u e  (Svenska I C I  AB,  Gothenburg, Sweden) and d e s t a i n e d  a c c o r d i n g  t o  

t h e  p rocedure  g iven  by LKB-Produkter (Bromma, Sweden). 

R .  

Amino a c i d  a n a l y s i s  

Th i s  w a s  performed by i o n  exchange chromatography a c c o r d i n g  t o  Moore and 

S t e i n  (13) on a Beckman 1 2 1  M au tomat i c  amino a c i d  a n a l y z e r .  P r o t e i n  samples 

w e r e  hydrolyzed i n  6 M H C 1  a t  l l O ° C  f o r  2 4  h .  

A n a l y t i c a l  u l t r a c e n t r i f u g a t i o n  

Sed imen ta t ion  v e l o c i t y  experiments  were performed i n  a Spinco Model E ana- 

l y t i c a l  u l t r a c e n t r i f u g e ,  equipped w i t h  a UV-scanning o p t i c a l  system. The r o t o r  

speed w a s  40,000 r ev . /min  f o r  s e d i m e n t a t i o n  r u n s .  Exposures w e r e  t aken  eve ry  4 

min f o r  3 h.  The s e d i m e n t a t i o n  c o n s t a n t  was c a l c u l a t e d  and c o r r e c t e d  t o  g i v e  

v a l u e s  i n  w a t e r  a t  Z O O C ,  s acco rd ing  t o  Svedberg and Pede r sen  ( 1 4 ) .  
20,w' 

Sed imen ta t ion  e q u i l i b r i u m  u l t r a c e n t r i f u g a t i o n  w a s  done u s i n g  t h e  long.-column 

men i scus -dep le t ion  t echn ique  of  Chervenka (15) .  The enzyme was d i s s o l v e d  i n  

10 mM HEPES 300 pM EDTA b u f f e r ,  pH 8 .3 ;  i t s  c o n c e n t r a t i o n  had a n  abso rbance  

v a l u e  A280 ( 1 . 2  cm 

doub le - sec to r  c e l l  w a s  used a t  20°C. The c e n t r i f u g e  was run  a t  28,000 r ev . /min  

f o r  abou t  20 h.  The molecu la r  we igh t  was c a l c u l a t e d  from t h e  s l o p e  of  I n  C 

v e r s u s  r . 

-1 
) of 0 . 7 .  A 12-m 4' c a p i l l a r y - t y p e  s y n t h e t i c  boundary 

2 
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RESULTS 

Enzyme purification 

The elution of the proteins from the first affinity chromatographic run is 

seen in Fig. 1 A-B. More than 99.8% of the applied protein was not retained by 

the column, steps 1-11. Small amounts of CA-B (3.5~g), CA-C (Ill pg) and 

hydrase activity were found among this protein (Fig. 1 A-B). These fractions 

were therefore rechromatographed on a fresh column and this time all material 

with hydrase activity and antigenic properties like CA-C and CA-B became speci- 

fically bound to the gel (Fig. 2 A-B). 

Fig.1 (left). Bioaffinity chromatography on sulfanilamide agarose of carbonic 
anhydrase from the medullary and papillary regions of the kidney. 
First chromatography 
A. Desorption as followed by protein determinations (open columns) and hydrase 

B. Desorption as followed by radio-immunological determination of the B (open 

The column was equilibrated with 10 mM HEPES, pH 8.3 and loaded with 0.43 g re- 
nal soluble-protein mixture in 97 ml of the same buffer, step I. Nonspecifical- 
ly bound proteins were displaced by increasing the ionic strength, 50 mM HEPES- 
1 M Na2S03, pH 8.3 (step 11) followed by washing with'50 mM HEPES, pH 8.3 (step 
111). The carbonic anhydrases bound to sulfanilamide were liberated by first 
increasing the concentration of the anionic inhibitor chloride (step IV) in the 
buffer eluate by mixing 50 mM HEPES, pH 8.3, with 250 mM HEPES, -2M NaCl pH 7.0, 
and then lowering the pH by mixing 250 mM HEPES, -2M NaCl pH 7.0 with 1.25 M 
HEPES, pH 5.0 (step V). Finally the column was washed extensively with 0.1 M 
sulfanilamide in 10 mM HEPES buffer, pH 8.3, to desorb all retained enzyme. 
Fractions were usually of 3.3 ml volume. They were pooled, concentrated and dia- 
lyzed against 10 mM HEPES, pH 8.3, 200 WEDTA. The flow was 10 ml/h, the tem- 
perature was 4OC. 

Fig.2 (right). Rechromatography of the non-specifically bound material from 
the first run. 
A .  Desorption as followed by hydrase activity (filled column) and protein deter- 

mination (open column). 
B. Desorption as followed by radio-immunological determination of the B (open 

column) and C (filled columns) types of enzyme. The procedure was the same 
as described in legend of Fig. 1. The elution pattern shows that the non- 
adsorbed and non-specifically bound material with hydrase activity of the 
first chromatographic run (Fig. 1 A-B) became specifically bound when re- 
chromatographed on a fresh column. 

activities (filled columns). 

co1umns)and C (filled columns) types of enzyme. 



When t h e  s p e c i f i c  d e s o r b t i o n  s t a r t e d  i n  t h e  f i r s t  chromatography by  a p p l y i n g  

t h e  c h l o r i d e  g r a d i e n t ,  s t e p  I V ,  a smal l  amount of  p r o t e i n  w a s  e l u t e d ,  immuno-, 

c h e m i c a l l y  i d e n t i f i e d  as CA-B ( a ,  F i g .  1 B).  It  was h a r d l y  d e t e c t a b l e  c a t a l y -  

t i c a l l y  o r  by t h e  p r o t e i n  a s s a y .  When a p p l y i n g  t h e  pH g r a d i e n t  ( F i g .  1 A) w h i l e  

m a i n t a i n i n g  t h e  h i g h  c h l o r i d e  c o n c e n t r a t i o n ,  s t e p  V,  more of  t h e  B-type and 

some C-type o f  enzymes were e l u t e d  ( b ,  F i g .  1 B),  s t i l l  h a r d l y  d e t e c t a b l e  as 

h y d r a s e  a c t i v i t y .  However, between pH 5.5 and 5.0 ( F i g .  1 A) a l a r g e  s h a r p  pro- 

t e i n  peak ( c ,  F i g .  1 B) appea red  which r e a c t e d  immunochemically l i k e  a C-type 

o f  enzyme. I t  had a c a t a l y t i c  a c t i v i t y  o f  1570 U/mg p r o t e i n  s imi l a r  t o  t h a t  o f  

HCA-C (Tab le  111) .  S i n c e  t h e  s u p e r n a t a n t  c o n t a i n e d  8 . 2  U/mg p r o t e i n  (Tab le  I )  

t h e  p u r i f i c a t i o n  w a s  192- fo ld  (Tab le  I.  The a d d i t i o n  o f  0 . 1  M s u l f a n i l a m i d e ,  

s t e p  V I ,  d i d  n o t  d i s p l a c e  f u r t h e r  amounts o f  p r o t e i n .  The e l u t i o n  p a t t e r n  of  

t h e  r ech romatograph ic  r u n  ( F i g .  2 A-B) e x h i b i t e d  t h e  same s h a r p  peak of  h y d r a s e  

a c t i v i t y  and CA-C t y p e  of  p r o t e i n .  L i k e  i n  t h e  p r e v i o u s  s t u d y  (3)  where a f f i n i -  

t ych romatography  w a s  u sed  t o  i s o l a t e  t h e  r e n a l  enzyme from e x t r a c t s  o f  t h e  

whole k i d n e y ,  t h e  r e c o v e r y  of enzyme a c t i v i t y  w a s  a b o u t  80% (Tab le  I ) .  I t  was 

somewhat l ower  i n  t h e  immunochemical d e t e r m i n a t i o n s ,  p a r t i c u l a r l y  f o r  HCA-B. 

Very l i t t l e  b l o o d  w a s  c o n t a m i n a t i n g  t h i s  k idney  as judged from t h e  v a l u e s  of  

hemoglobin i n  t h e  s u p e r n a t a n t  cha rged  t o  t h e  column. The c o n t r i b u t i o n  o f  HCA-C 

and HCA-B from e r y t h r o c y t e s  w a s  t h e r e f o r e  s m a l l  as c a l c u l a t e d  i n  t h e  l egend  o f  

Tab le  I. 

T a b l e  I. P u r i f i c a t i o n  o f  c a r b o n i c  anhydrase  from human r e n a l  medu l l a .  The 
amount of s t a r t i n g  ma te r i a l  w a s  1 5 . 6  g of  r e n a l  t i s s u e .  CO h y d r a t i o n  a c t i v i t y  
w a s  measured by t h e  i n d i c a t o r  method of  P h i l p o t  & P h i l p o t  f 9 ) .  The B- and C- 
forms o r  t h e  enzyme w a s  a s s a y e d  by a radioimmunosorbent  t e c h n i q u e  (10). Con- 
c e n t r a t i o n s  o f  t h e  p u r e  enzyme was de te rmined  by  abso rbance  measurements a t  
280 nm o r  by t h e  immunoassay. The s u p e r n a t a n t  w a s  chromatographed two times on 
t h e  a f f i n i t y  column ( F i g .  1 , Z ) .  Values are  t h e  t o t a l  r e c o v e r i e s  f rom t h e s e  r u n s  

T o t a l  T o t a l  S p e c i f i c  a c t i v i t y  
P u r i f i c a t i o n  s t e p  enzyme a c t i v i t y  immunoassayable ( u n i t s / m g  e x t r a c t -  

( u n i t s )  enzyme a b l e  p r o t e i n )  
(ug )  

- B C 

Homogenate 4064 40 1290 3 .5  

- - P a r t i c u l a t e  f r a c t i o n  289 1.6 

Supe mat  an t*  3526 44.6 1300 8 . 2  

A f f i n i t y  
chromatography 2895 25.8 907  1570 

*The s u p e r n a t a n t  c o n t a i n e d  0 . 6 4  mg of  hemoglobin.  Con tamina t ing  b l o o d  would 
t h e r e f o r e  c o n t r i b u t e  7 . 7  pg HCA-B and 1 .0  i.lg HCA-C, s i n c e  b l o o d  c o n t a i n s  
1 2 . 1  yg HCA-B and 1 . 5  ug HCA-C p e r  mg Hb ( 1 0 ) .  
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HCA C 
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Fig .  3. I s o e l e c t r i c  f o c u s i n g p a t t e r n  of  c a r b o n i c  anhydrase isoenzymes s e p a r a t e d  
by a f f i n i t y  chromatography. The r e n a l  f r a c t i o n  ( c ,  F i g .  1 B) w i t h  hydrase  a c t i -  
v i t y  and immunological ly  s i m i l a r  t o  HCA-C, i s  compared w i t h  HCA-B and HCA-C 
from hemolysate .  About 20 vg of  t h e  p r o t e i n s  were a p p l i e d .  The c o n c e n t r a t i o n s  
of  ampholytes i n  t h e  g e l s  was 2 . 1 %  (w/v) and acrylamide T=5.8% (w/v) and 
C=4.8% (w/v)(28) .  

C r i t e r i a  of p u r i t y  

The p u r i t y  of  t h e  r e n a l  enzyme was t e s t e d  by i s o e l e c t r i c  f o c u s i n g  where i t  

e x h i b i t e d  a p a t t e r n  s i m i l a r  t o  t h a t  of  HCA-C ( c f .  c and HCA-C of  F i g .  3) .  The 

major  bands of t h i s  enzyme and of HCA-C were found t o  focus  a t  i d e n t i c a l  pos i -  

t i o n s ,  pH 7 .3 ,  d i f f e r e n t  from t h a t  of  HCA-B. Minor enzyme forms,  more a c i d i c  i n  

n a t u r e  t h a n  t h e  major  bands ,  were a l s o  found, p a r t i c u l a r l y  f o r  t h e  e r y t h r o c y t e  

forms. They co r re spond  t o  those  r e p o r t e d  p r e v i o u s l y  ( 4 ) .  The enzyme was homo- 

genous w i t h  r e s p e c t  t o  s e d i m e n t a t i o n  i n  t h e  u l t r a c e n t r i f u g e .  I n  t h e  sedimenta-  

t i o n  v e l o c i t y  experiment  t h e  enzyme sedimented a s  a s i n g l e  symmetr ical  d i s t r i -  

b u t i o n  cu rve  th roughou t  t h e  run  of  3 h .  The molecu la r  we igh t  d i s t r i b u t i o n  

a l s o  i n d i c a t e d a r n o n o - d i s p e r s e  system. 

Comparative p h y s i c a l  and chemical  p r o p e r t i e s  of t h e  r e n a l  and e r y t h r o c y t e  

enzymes 

The a n a l y s e s  of t h e  amino-acid composi t ion of  t h e  r e n a l  medu l l a ry  enzyme 

and of t h e  e r y t h r o c y t e  enzyme HCA-C and HCA-B were r u n  s i m u l t a n e o u s l y .  From da- 

t a  of  Table  I1 i s  s e e n  t h a t  t h e  r e n a l  enzyme and HCA-C are i d e n t i c a l  w i t h i n  t h e  

l i m i t s  of t h e  method and d i f f e r e n t  f rom HCA-B. The v a l u e s  f o r  t h e  number of  ami- 

no a c i d s  a r e  from one 24-h h y d r o l y s i s  o n l y ,  and d i f f e r  t h e r e f o r e  s l i g h t l y  from 

t h o s e  p r e v i o u s l y  r e p o r t e d  (16)  where more e x t e n s i v e  h y d r o l y s i s  w a s  done. Deter- 

mina t ions  of  t h e  molecu la r  we igh t  and t h e  Svedberg u n i t s  of  t h e  enzyme from t h e  

c e n t r i f u g a t i o n  d a t a  gave v a l u e s  s l i g h t l y  lower t h a n  t h o s e  p r e v i o u s l y  o b t a i n e d  

f o r  HCA-C (Tab le  111). The r e a s o n  f o r  t h i s  d i f f e r e n c e  i s  n o t  a p p a r e n t .  

K i n e t i c  p r o p e r t i e s  

The homogenate c o n t a i n e d  enzyme a c t i v i t y  co r re spond ing  t o  260 U/g w e t  t i s s u e  

(Table  I ) .  I t s  a c t i v i t y  was i n h i b i t e d  by ace t azo lamide  g i v i n g  an 150 of 34 nM. 

The I f o r  t h e  p a r t i c u l a t e  f r a c t i o n  and t h e  s u p e r n a t a n t  w a s  56 and 18  nM r e -  

s p e c t l v e l y ,  v a l u e s  r a t h e r  s i m i l a r  t o  t h a t  of t h e  pu re  r e n a l  enzyme (Table  111). 

The s p e c i f i c  a c t i v i t y  of t h e  r e n a l  enzyme was s i m i l a r  t o  t h a t  of HCA-C and d i f -  

f e r e n t  from t h a t  of  HCA-B (Table  111). 

50 
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Table 11. Amino-acid composi t ion of human r e n a l  medulla and e r y t h r o c y t e  carbo- 
n i c  anhydrases.Va1ue.s of one 24-h h y d r o l y s i s .  The number of r e s i d u e s  w a s  calcu-  
l a t e d  assuming t h e  t o t a l  number of amino a c i d s  t o  be  259 (27). 

Number of r e s i d u e s  Amino a c i d s  
Renal medulla HCA-C HCA-B 

Lys i n e  23.4 24.1 18.0 

His t i d i n e  11.7 12.1 11.2 

Argin ine  7.5 7.5 7.4 

A s p a r t i c  a c i d  27.6 29.2 30.4 

l 'hreonine 12.2 11.9 14.0 

S e r i n e  16.4 17.7 27.6 

Glutamic a c i d  25 .O 25.7 20.0 

P r o l i n e  16.9 16.3 17.4 

Gly c i n e  21.3 22.3 15.6 

Alanine 13.8 13.6 18.1 

Valine 15.3 13.7 16.6 

M e  t h i  onine 1.1 1.1 2.1 

I s o l e u c i n e  8.1 7.0 7.3 

Leucine 26 .O 24.7 20.8 

Tyros ine  8.1 7.7 7.7 

Phenyla lan ine  12.7 11.5 10.2 

Cys t e i n e  0.8 0.5 0.3 

Table 111. Comparative p r o p e r t i e s  of t h e  c a r b o n i c  anhydrases from human renal 
medulla  and e r y t h r o c y t e s  

Isoenzyme Proper ty  

Renal medulla HCA-C HCA-B 

Molecular weight  
(from c e n t r i f u g a t i o n )  

P a r t i a l  s p e c i f i c  volume 

(Svedberg u n i t s )  

I s o e l e c t r i c  p o i n t  (pH) 
( F i g .  3) 

Amino a c i d  composi t ion,  
Table I1 

S p e c i f i c  a c t i v i t y ,  Ulmg 

I n h i b i t i o n  by a c e t a z o l -  

S k W  

amide, 150 (nM) 

Innnunochemical r e a c t i v i t y  

Against  anti-HCA-C 

Against  angi-HCA-B 

27400 28000 25000 

0.734 

3.0 

7.3 

0.734 (16) 0.729 (16) 

3.3 (16) 3.2 (16) 

7.3 6.6 

Same a s  HCA-C Same as kidney D i f f e r e n t  from 
kidney and HCA-C 

15 70 1500 83 

18 20 560 

+ + - 
- - + 
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DISCUSSION 

The c a r b o n i c  anhydrase  i s o l a t e d  from t h e  medu l l a ry  and p a p i l l a r y  r e g i o n s  o f  

t h e  human k i d n e y  i s  s imi l a r  t o  and p robab ly  i d e n t i c a l  w i t h  t h e  h i g h - a c t i v i t y  

e r y t h r o c y t e  f rom HCA-C (Tab le  111)  and t h e  r e n a l  enzyme, p r e v i o u s l y  ( 3 )  i s o l a -  

t e d  from e x t r a c t s  of  t h e  whole k idney .  We propose t h a t  t h i s  enzyme i s  t h e  o n l y  

c y t o p l a s m i c  form p r e s e n t  i n  t h e  k i d n e y ,  and b e l i e v e  t h a t  t h e  s m a l l  amount of  

t h e  B-form d e t e c t e d  inununochemically (F ig .  1 , 2 ;  Tab le  I)  o r i g i n a t e d  from r e d  

ce l l s  c o n t a m i n a t i n g  t h e  k idney  t i s s u e .  Our main r e a s o n  f o r  t h i s  i s  t h a t  t h e  

amount o f  CA-C i s o l a t e d  from d i f f e r e n t  k i d n e y s  h a s  been  found t o  b e  r a t h e r  con- 

s t a n t ,  whereas  t h a t  o f  CA-B varies and a p p a r e n t l y  so  w i t h  t h e  b l o o d  c o n t e n t .  I n  

t h e  f i r s t  p r e p a r a t i o n  o f  t h e  r e n a l  enzyme i n  t h i s  l a b o r a t o r y  CA-B w a s  a b o u t  30% 

of  t h e  t o t a l  enzyme p r o t e i n  b u t  of  a magnitude which w a s  s i m i l a r  t o  t h a t  which 

c o u l d  be  c a l c u l a t e d  t o  o r i g i n a t e  f rom c o n t a m i n a t i n g  b l o o d .  I n  t h e  p r e s e n t  pre-  

p a r a t i o n ,  where s t r o n g  p r e c a u t i o n s  were t a k e n  t o  avo id  b l o o d  c o n t a m i n a t i o n ,  t h e  

amount of  CA-B w a s  o n l y  2.7% of  t h e  t o t a l  amount of  e x t r a c t e d  enzyme (Tab le  I ) .  

It  i s  t r u e  t h a t  t h e  measured amount of CA-B w a s  h i g h e r  t h a n  c o u l d  b e  c a l c u l a t e d  

t o  o r i g i n a t e  f rom t h e  b lood  c o n t e n t  (Tab le  I) b u t  i t  i s  p o s s i b l e  t h a t  t h e  s imul-  

t aneous  p r e s e n c e  o f  h i g h  amounts ( a b o u t  40 t i m e s  h i g h e r )  o f  CA-C i n  t h e  sample 

i n t e r f e r e s  i n  t h e  immunoassay o f  CA-B so  t h a t  t h e  v a l u e s  o f  t h i s  enzyme become 

o v e r e s t i m a t e d .  The same c r o s s - r e a c t i o n  between h i g h  c o n c e n t r a t i o n s  o f  t h e  C- 

enzyme and t h e  a n t i b o d i e s  a g a i n s t  CA-B used i n  t h e  immunoassay of  t h e  B-enzyme, 

p robab ly  e x p l a i n s  why t h e  c o r t e x  o f  w e l l  p e r f u s e d  monkey (Macaca n e m e s t r i n a )  

k i d n e y s  w a s  found t o  c o n t a i n  29 t i m e s  more C- t h a n  B-enzyme ( 1 7 ) .  But i t  d o e s  not 

e x p l a i n  t h e  f i n d i n g  ( 4 )  t h a t  t h e  medu l l a  c o n t a i n s  r a t h e r  s i m i l a r  amounts ,  1 . 7 3  

and 0.99 mg/g p r o t e i n ,  of immunoassayable CA-C and CA-B. However, i n  t h i s  l a t -  

ter  s t u d y  an  a u t o p s y  k idney  w a s  u sed  which c o n t a i n e d  much more hemoglobin t h a n  

d i d  o u r  p e r f u s e d  f r e s h  donor  k i d n e y s ,  which s h o u l d  make t h e  c o r r e c t i o n  f o r  

blood c o n t a m i n a t i o n  more d i f f i c u l t .  

The s p e c i f i c  a c t i v i t y  of  t h e  p u r i f i e d  enzyme was 1570 enzyme u n i t s f m g  pro-  

t e i n  whereas  t h e  r e n a l  t i s s u e  c o n t a i n e d  2710 u n i t s l m g  (3526 u n i t s f l . 3  mg CA-C; 

T a b l e  I ) .  The r e l a t i v e l y  h i g h  a c t i v i t y  i n  t h e  t i s s u e  c o u l d  depend on t h e  pre-  

s e n c e  of o t h e r  isoenzymes,  immunochemically d i f f e r e n t  f rom CA-C and CA-B. How- 

ever,  t h i s  i s  n o t  l i k e l y ,  s i n c e  a l l  ma te r i a l  w i t h  c a t a l y t i c  a c t i v i t y  w a s  bound 

t o  t h e  a f f i n i t y  column when rechromatographed and w a s  e l u t e d  as a s i n g l e  peak 

which c o n t a i n e d  o n l y  p u r e  CA-C ( F i g .  1 and 2 ) .  The a c t i v i t y  o f  t h e  whole homo- 

g e n a t e  and s u p e r n a t a n t  w a s  i n h i b i t e d  by a c e t a z o l a m i d e  l i k e  t h a t  o f  t h e  p u r e  re- 

n a l  enzyme ( R e s u l t s  s e c t i o n )  which s p e a k s  a g a i n s t  t h e  p r e s e n c e  o f  su l fonamide -  

r e s i s t a n t  c a r b o n i c  anhydrases  i n  t h e  human k i d n e y .  Such enzymes have  been  shown 

t o  e x i s t  i n  l i v e r  (18) and s k e l e t a l  muscle  ( 1 9 ) ,  and have  been  c l a imed  ( 2 0 )  t o  

b e  p r e s e n t  a l s o  i n  t h e  r a t  k i d n e y .  Taken t o g e t h e r ,  t h e  p r e s e n t  d a t a ,  however,  
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s u g g e s t  t h a t  CA-C i s  t h e  o n l y  c y t o p l a s m i c  c a r b o n i c  anhydrase  i n  t h e  human k i d -  

ney.  Most an ima l  s t u d i e s ,  i n  dog ( 2 1 , 2 2 ) ,  r a t  (2,22-24) and ox ( 2 5 ) ,  where per-  

f u s e d  k i d n e y s  were used ,  have  a l s o  i n d i c a t e d  t h e  p r e s e n c e  o f  o n l y  one c y t o p l a s -  

m i c  enzyme, k i n e t i c a l l y  s i m i l a r  t o  t h e  e r y t h r o c y t e  C-form. The f u n c t i o n  o f  t h i s  

enzyme i s  p robab ly  t o  e n s u r e  t h e  r a p i d  h y d r a t i o n  o f  C02 which w i l l  m a i n t a i n  n e a r  

CO - e q u i l i b r i u m  and maximal b u f f e r i n g  c a p a c i t y  w i t h i n  t h e  t u b u l a r  c e l l  d u r i n g  

t h e  s e c r e t i o n  o f  a c i d .  The re  i s ,  however,  c a r b o n i c  anhydrase  a c t i v i t y  ( a b o u t  

10-152 o f  t o t a l )  a l s o  i n  t h e  p a r t i c u l a t e  f r a c t i o n  (Tab le  I )  which p r o b a b l y  o r i -  

g i n a t e s  f rom a membrane-bound enzyme d i f f e r e n t  f rom t h e  c y t o p l a s m i c  form ( 2 6 ) .  

The f u n c t i o n  of  t h i s  membrane-bound enzyme remains an  o u t s t a n d i n g  problem. 
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