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A r a p i d l y  r e c o r d i n g  s t o p p e d - f l o w  appa ra tu .~  h:z.~ h r e n  u.,a~d to  m e a s u r e  t h e  r a t e  o f  
r e a c t i o n s  cataiy.-:cd b y  c a r b o n i c  a tdzvdr ; t .~ .  T h e  meth~Jd a l lows  h igh  c o n c c n t r a t i o n ~  
o f  e n z y m e  t o  b e  u.~ed .~, t h a t  the  c o n t r i h u t i o n ~  tc~ t h e  o b s e r v e d  r a t e  b v  tla~ ncm- 
c a t a l y s e d  a n d  b u f f e r - c a t a l y z e d  r a t e s  b e c o m e  u n i m p o r t a n t .  T h e  r a t e s  t )bse rved  were  
p r o p o r t i o n a l  to  t h e  e n z y m e  c o n c e n t r a t i o n  u p  to  the  h i g h e s t  c o n c e n t r a t i t m s  .~tudied, 
a ix )u t  one  t e n t h  o f  t h a t  f o u n d  in t h e  red  b lood  cell. 

I t  w a s  ~]zown t h a t  u n d e r  p h y s k f l o g i c a l  c o n d i t i o n s  the  e n z y m t ,  is l a rge ly  in t h e  
fi~rm u n c n m b i n e d  w i t h  -;ub.~trate. T h e  a c t i v i t y  o f  h u m a n  c~zrhonic a n h v d r a s e  a t  
p h y s i o l o g i c a l  t e m p e r a t u r e ,  pl-[, i~mic s t r e n g t h  a n d  s u b s t r a t e  c 0 n c e n t r a t k m  w a s  
m e a s u r e d  d i r e c t l y .  F r o m  th i s  it c an  be e ~ t i m a t e d  t h a t  t h e  e n z y m e  in t h e  red cell 
increa.se~ t h e  r a t e  o f  CO z {~utput f r o m  b i c a r | x } n a t e  b v  al~otlt 13 f',~x) fold+ "l'hi~ f igure  
m a y  he  c o m p a r e d  w i t h  t h e  7o0- fo ld  i nc rea se  n e c e s s a r y  fl,r ( ' O ,  ev t ) ln t ion  d u r i n g  t h e  
t r a n s i t  o f  t h e  b l o o d  t h r o u g h  the  l u n g  capi l l a r ies .  

I N T R O D U C ' F I O N  

M a n y  a t t e m p t s  h a v e  linen m a d e  to  e s t i m a t e  t h e  c a t a l y t i c  a c t i v i t y  ~,f c a r b o n i c  an -  
h y d r a s e  in t h e  h u m a n  red  cell u n d e r  p h v s i o l o ~ c n l  cnndit ion.~ 1-s. Most  o f  t he se  es t i -  
m a t e s  h a v e  i n v o l v e d  e x t r a p o l a t i o n  f r o m  t h e  resu l t~  o f  measureme 'n t .~  m a d e  in v e , y  
d i l u t e  e n z y m e  .-.oIutions a t  t e m l ~ r a t u r ~  be low 2,1". B y  uMng a r a p i d l y  r e c o r d i n g  
s top |md-f l t~w a p p a r a t u s  it ha s  been  pos s ib l e  to  m a k e  m e a s u r e m e n t s  on the  c a t a l y t i c  
a c t i v i t y  o f  h u m a n  c a r b o n i c  a n h ) ' d r a s e  , ,vcr  a wide  r a n g e  o f  e n z y m e  c o n c e n t r a t i o n  
u p  to  o n e  t e n t h  o f  t h a t  f o u n d  in the  red. cell a t  physiohJgic ' ,d  p H ,  tenq~e;-a ture ,  
ionic  s t r e n g t h  a n d  s u b s t r a t e  c o n , ' c n t r a t i o n .  A nev¢ e .~t imate  for  t h e  c a t a l y t i c  a c t i v i t y  
in t h e  red  cell  is t h e n c e  d e r i v a b l e .  

T h e  m e t h o d s  u sed  i~t tile pa~-,t t o  :t,~:dv the  k ine t i c s  o f  t he  r e a c t i o n s  ca ta lv . sed  
b y  ca rb~mic  a n h y d r a s e ,  t h e  h y d r a t i o n  o f  CO~. a n d  t h e  d e h y d r a t i o n  o f  c a r b o n i c  ac id ,  
fal l  i n t o  t w o  m a i n  clas.-.es: m a n o m e t r i c  t e chn iques*  a n d  less a c c u r a t e  C h a n g i n g - p H  
meth~xlw s. Bot i t  ty la ,S o f  m e a s u r e m e n t  a r e  s e r i t m s l y  l im i t ed  b y  t h e i r  s lownes~  so t h a t  

" P r e t e r i t  athlr¢..~i~ D i v i s i o t t  ~J[ Bi<}vht.tlfi.,itry a n d  Gt .n t r ra l  N u t r i t i o n ,  C . S . I . R . O . .  t ' n i v e r s i t y  
o f  A d t r l a i d e . . ~ , o u t h  Au .~ t r a l i a .  
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alley can  be  e m p l o y e d  on ly  w-ith v e r y  low e n z y m e  c o n c e n t r a t i o n s .  T h e  r eac t i ons  
c a t a l y ~ . d  b y  the  e n z y m e  p roceed  fa i r ly  r a p i d l y  in t h e  a b s e n c e  o f  e n z y m e  a n d  t he i r  
r a t t~  are  incleas¢_~ v e r y  m a r k e d l y  b y  rise o f  t e m p e r a t u r e .  T h e y  a re  a lso  c a t a l y s e d  b y  
n o n - e n z y m i c  so lu tes  p a r t i c u l a r l y  the  m o r e  e l e c t r o n e g a t i v e  c o n s t i t u e n t  o f  m a n y  
buffer.~ *.~. U n d e r  these  c o n d i t i o n s  o f  low e n z y m e  c o n c e n t r a t i o n  t h e  o b ~ r v e d  r eac t i on  
ve loc i ty  is t hus  the  s u m  of  t h e  u n c a t a l y s e d  r eac t i on  p lus  c o n t r i b u t i o n s  d u e  to  c a t a -  
Ivsi.¢ b y  tile e n z y m e  ant i  the  buf fe r  s y s t e m .  A f u r t h e r  c o m p l i c a t i o n  is t h a t  in d i lu te  
s, , lution ca rbon i c  a n h v d r a ~  is v e ~ "  suscep t ib l e  to  inact ivat ior~ b y  t r a ce s  of  i m p u r i t i e s ,  
and  t×~.~ihly also b y  a d s o r p t i o n  a t  in te r faces .  In  m u c h  o f  t he  ear l i e r  w o r k  c o r r e c t  
a l lowaw' , ,  h.'.:s not  l-~on re:ida for  t hese  fac to rs ,  so t h a t  a g r e a t  dea l  o f  the  p u b l i s h e d  
d a t a  is c~mt rad i c to ry  (see d iscuss ion  b y  CLARK A N D  PERRINa). 

CI.ARK AND PERRIN used  a c o m b i n a t i o n  o f  t h e  c h a n g i n g - p H  m e t h o d  w i t h  a 
rap id  r eac t ion  t e c h n i q u e  in s t u d y i n g  the  eff~ct o f  a c t t v a t o r s  o f  c a r b o n i c  a n h y d r a s e .  
Th i s  p r o c e d u r e  a l lowed  t h e m  to  w o r k  w i t h  m u c h  h igher  c o n c e n t r a t i o n s  o f  the  en-  
z y m e  t h a n  h a d  been  t>os¢~ble p r e v i o u s l y .  Th i s  w a s  a g r e a t  a d v a n t a g e  s ince the  en-  
z y n u c a l l y  catal.,-~ed r eac t i on  cou ld  be m a d e  t h e  o n l y  s igni f icant  c o n t r i b u t o r  to  t h e  
, b s e r v e d  k ine t i cs  a n d  also becaus e  the  e n z y m e  is m o r e  s t ab l e  a t  h igher  c o n c e n t r a t i o n s  t. 

EXPERIMENTAL 

T h e  t t~ 'hn ique  e m p l o y e d  in t he  p r e ~ n t  s t u d y  w a s  s imi l a r  to  t h a t  o f  CLARK A N D  

PEuI¢l x s  All k~netic m e a s u r e m e n t s  re l~Jr ted  he re  were  m a d e  w i t h  a r a p i d l y  r e c o r d i n g  
~ tnpped- f low a p p a r a t u s  of  the  t y p e  d e s c r i b e d  b y  G I b s o N  AND ROUGHTO~ "le. T h e  
c h a n g e s  in p H  were  fo l lowed b y  the  i n d i c a t o r  p - n i t r o p h e n o l ,  wh ich  is p a r t i c u l a r l y  
m i t a h t e  for th is  work .  I t  has  a low p ro t e in  e r ro r  a n d  has  b e e n  s h o w n  to  be  v i r t u a l l y  
non i n h i b i t o r y  a t  the  conce r  t ions  u ~ d n .  T h e  a b s o r p t i o n  m a x i m u m  of  t h e  bas ic  
f o r m  nea r  4000 ,~, is close to  ~ae p e a k  s e n s i t i v i t y  o f  t h e  p h o t o m u l t i p h e r  u sed  in the  
~ topped- f low a p p a r a t u s .  

R e a c t i o n s  were  i n i t i a t ed  by  m i x i n g  a buf fe r  so lu t ion  c o n t a i n i , g  e n z y m e  a n d  
i n d i c a t o r  wi th  a so lu t ion  o f  c a r b o n  d i ox i de  or  s o d i u m  b i c a r b o n a t e .  C h a n g e s  in p H  
wi th  t i m e  were  fo l lowed p h o t o m e t r i c a l l y  a n d  r e c o r d e d  b y  a n  osci l loscope.  C a l i b r a t i o n  
, f  t he  a p p a r a t u s  w a s  perf~wmed b y  m e a s u r i n g  the  d i s p l a c e m e n t  o f  t h e  osc i l loscope  
b e a m  w h e n  a bu f fe r  so lu t ion  c o n t a i n i n g  i n d i c a t o r  in the  o b s e r v a t i o n  t u b e  w a s  re-  
p l aced  b y  a s imi lar  so lu t ion  to  which  sma l l  a m o u n t s  o f  HC1 or N a O H  h a d  b e e n  
added .  B y  l imi t ing  the  t o t a l  p H  c h a n g e  to  o . t - o . 2  un i t  i t  was  possl, ble to  w o r k  u n d e r  
condi t ion~  whe re  t he  d i s p l a c e m e n t  w a s  p r o p o r t i o n a l  to  the  a m o u n t  uf  HCI  or  N a O H  
added .  Th i s  va l ib r ' t t ion  was  p e r f o r m e d  for each  buf fe r  c o n c e n t r a t i o n  a n d  p H  used.  
I t  w a s  found  t a  be  m o r e  c o n v e n i e n t  t h a n  t h e  c a l i b r a t i o n  m e t h o d  desc r ibed  b y  CLARK 
AND PEtCRIN a. T h e  resl-xm,c~e t i m e  a n d  s t a b i l i t y  o f  the  r e c o l d i n g  s y s t e m  e m p l o y e d  
were  retch t h a t  reaction.~ w i th  h a l f  time.q v a r y i n g  f r o m  a b o u t  5 m s e c  u p  to  s e v e r a l  
,,.,econds could  be  fol lowed readi ly .  T h e  c a l c u l a t i o n  o f  t he  r e a c t i o n  r a t e  is d e s c r i b e d  
in a l~ter sectic, n 

T h e  t e m p e r a t u r e  of  the  r e ac t i ng  ~ f lu t ion  in t h e  o b s e r v a t i o n  t u b e  was  m e a s u r e d  
to  an  a c c u r a c y  of  i o . I  ~ b y  m e a n s  of  a c o p p e r - c o n s t a n t a n  t h e r m o j u n c t i o n  p l a c e d  
in the- tub(, a f¢.xv m i l l l m c t r e s  f rom ti le o b s e r v a t i o n  po in t .  E x p e r i m e n t s  a t  b o d y  
t e m p e r a t u r e  were  ca r r i ed  nu t  in a c o n s t a n t - t e m p e r a t u r e  room.  

Bio~Asm. Biophys, .4¢/~. (;7 {t96J) 3 t - 4 ;  
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M a t e r i a l s  

The precau t ions  in the man ipu l a t i tm  :~t enz)  me solut ions  d e ~ r i b e d  b v  ROUGH'rex 
AND BOOTH 4 were observed.  W a t e r  used wa~ distilled o n c e  from a meta l  still and  
t h e n  f rom g!ass. In  tile earl)" pa r t  (~f this work  de-ioni ,~d w a t e r  f rom " B i o d e m i n -  
ro l i t "  m i x e d - b e d  resin was  u.~.d. No et'iect.~ a t t r i b u t a b l e  to thi~ change  were ob-  
served.  Glassware  was  cleanett in chromic  acid and  r in .~d well wi th  glass-disti l led 
wate r .  Ana la r  , :hemicals  where  ava i lab le  were used in ma' tdng up buffer  solut ions.  
P o t a s s i u m  chlor ide  wa_~ recrystallis*~d twice friml glass-d;st i | led water .  )b-Nitrophcnol  
. . . . .  L~--'*~L~*I V~*J--~ i+et. ly.-~tdl l lP~E:tt  [l%'il:l*. i+ l t l : l l  ([l~-itl i l iZ[*~ W~lLir. I I lL '  i l l l l l ) ~ l l  I ~ I IZV I I lU  Llbt2U 

wins a c rude  ch lo ro fo rm preparii t i t ln m a d e  bv  the  m e t h o d  descr ibed bv  ROLGtlTON 
AND BOOTH* f rom o u t d a t e d  t ransfus ion  bh~od, i t  was s tored in .~mall ba t ches  a t  
- .2o ° a n d  u n f r . z P n  just  pr ior  to use. I t  w a ;  found  t -  be s table  under  these  condition:5 
o f  s torage .  E n z y m e s  p repa red  in the  same way from sheep and  Im!h~,ck [>h~l~tl tJb- 
ta ined  at a slaughter-hou.,a~ were also u~ed. 

Ca rbon  d ioxide  solut ions  were m a d e  up  in t o n o m e t e r s  by  equ i l ib ra t ing  wa te r  
wi th  c a r b o n  d iox ide  gas  a t  the  requi red  pres.~urt.. I f  used at  3 8o they  were t rans -  
ferred anae rob ica l ly  to  s~Tinges before  being warmed .  Ca rbon  dioxide  c o n c e n t r a t i o n  
was  e s t i m a t e d  by  the  V a n  S lykc  m a n o m e t r i c  appa ra tus .  B i c a r b o n a t e  solut ions  were 
m a d e  up  sho r t l y  before  use a n d  were s tored in syringes.  The  p H  of  the  b i ca rbona te  
~>lution wa.~ d e t e r m i n e d  o n  several  occasions  and  ",','as a lways  ch~e  to F H 8. showing 
t h a t  negligible a m o u n t s  o f  c a r b o n a t e  were pre-~nt .  

For  CO~-uptake  e x p e r i m e n t s  t2. 5 />7 mA'/ p h o s p h a t e  buffers were usted :is in 
p rev ious  work .  For  CO~ o u t p u t  however .  2o m:' t t  imidazole  imidazole  hvdr ,chlorid~-  
buffer  so lu t ions  were prefer red  for the  fol lowing reasons :  (a) Since on ly  un iva len t  
ions are  i n v o l v e d  the  activity,  corre~:tions are  m u c h  s impler ;  (b) Othe r  compl ica t ions  
also o c c u r  in p h o s p h a t e  buffers  which do  not  seem to arise in imidazole  .-~fluti-n; (c) 
Th,  ~ ca*alyt ic  a c t i v i t y  o f  the imidazok~ is even lower t h a n  t h a t  nf  pho.~phate buffers 
o f  the  s a m e  s t r e n g t h ;  (d) I t  is t rue  t h a t  the chlor ide ¢ o m e n t  o f  the imidazole  |~uffet+-, 
wou ld  cause  some  sl ight  inhib i t ion  o f  tht  ~ e n z y m e ;  this  did no t  p rove  to lx~. a dis- 
a d v a n t a g e  in this  work  since fu r the r  chlor ide  in the fnrm of  KCI was  a lways  added  
to  b r ing  the  ch lor ide  c,,nc~ntrati~>n up  to 80 m ~ [  in o rder  to s imula te  cond i t i ons  in 
the  red c¢11, {el The  iomzing  g r o u p  ~n this  buffer  is s imilar  to the  g r o u p  in haemo-  
globin witich is predui l i iaa , i t ly  respt,n-~ibb2 for bl,~od buffer ;ng  t inder phy.~iolo.~ical 
condi t ions .  

A B 

~ e  o4 

g ~ t l p q : ¢ r  

C . . . .  D 

Time (n~-ec) 

0 bO ~0 TSO 2~0 250 300 350 

Fig. 1. Typical reaction trice, 
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CAt.CULATION 

The  reac tk ,a  traces were en!a rged  on to s q u a r e d  p a p e r  and  d r a w n  careful ly .  A typ ica l  
t race is :;hown in Fig. I .  The  c h a n g e  in p H  be tween  the  init ial  and  final cond i t ion  
in this  case was o.z8 un i t  . T h e  line A B  is p r o d u c e d  b y  the  second b e a m  of  the  oscil- 
loscol~  and serves  on ly  to define the  d i rec t ion  o f  the  t ime axis. The  line CD repre-  
sents  the  final equ i l ib r ium condi t ions  and  was  recorded  on each  reac t ion  t race  by  
: e t r lgger ing  tile osci lhmcope .~an a t  a t i m e  gre~ter  t h a n  ten  t imes  the  ha l f  t ime  of  the  
reac t ion  observed .  Since t h e  ca l ib ra t ion  showed  t h a t  the  def lect ion o f  the  osci l loscope 
t race  was  p r o p o r t i o n a l  to the  a m o u n t  of  H*  a d d e d  to or r e m o v e d  from the buffer  
the  d i sp lacement  o f  the  t race  will also be l inear ly  re la ted  to the  a m o u n t  o f  CO z 
l ibera ted  or b o u n d  b y  the  react ions .  

(a) COt -t- lttO -~ H* -t- ltCO t- 

(b) i1" t HC(),- --~ HtO + CO t 

I h e  ca lcu la t ion  of  the  resul ts  de lmnds  on the  f u n d a m e n t a l  pr inciples  unde r -  
lyi,tg the  kinet ics  of  reversible e n z y m i c  reac t ions ,  t'|AI.I)ANE 12 showed  t h a t  for a 
reversible  e n z y m e  react ion r ep resen ted  by  

E . i  S . - ,  E S  ~ E P w *  E ~ P (t) 

the  r a t e  of  a p p r o a c h  to equ i l ib r ium is g i v e n  by  

V~t Vp 
_d_'~."/'_ ~ K=~ ( . )  

d l  d l  ,s p 
z : . . . . .  I 

where  Km~ and  Kmp are the  respec t ive  .Michaelis c o n s t a n t s  of  the  e n z y m e  for sub-  
s t ra te  a n d  p roduc t ,  s and  # are i n s t a n t a n e m l s  va lues  o f  _~ubstrate a n d  p r o d u c t  con-  
cen t ra t ion ,  a n d  I t ,  a n d  V v are the  respec t ive  m a x i m u m  ra tes  o f  e n z y m i c  ca t a lys i s  
o f  subs t r a t e  and of  p roduc t .  

ds  
At equ i l ib r ium ~tt -=- o, a n d  so 

:% i<.~s, p.~ 11:" (3)  

where K" is the equilibrium con.~tant of tile reaction .b'~ I*..nd s~ and p=~ are 

the  respect ive  c o n c e n t r a t i o n s  o f  s u b s t r a t e  a n d  p r o d u c t  a t  equi l ibr ium.  
By  the  r,rinciple o f  c o n s e r v a t i o n  

s + p  = s ~ : - - p ~  (4) 

"Aq, ence b y  Equs .  2, 3 and  4 

d s  v ,  (s --  *~) (t  + l J K ' )  
x (s) 

dt K=, (, + ~,fK~,- :  #fkmp) 

Provided therefore tha t  S[Kmm anti P/KIn2, are both small the rate ()f the enzymic 
reac t ion  is ~iven b y  

ds  V0 
• '< i s  - s ~ ) ( ~  + x l K ' )  " (1~ - -  K , ~ ,  

V~ 
~- k Is S~) w'herc k = ~ ( t  -- ilK') (6) 

Bloc.him. Biophy>..4aao 6 7  { ; 9 6 3 )  3 t - 4  ~. 
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In  cond i t ions  in  v/t,o, in the case of the catalv+q+~ of  t;O+ u p t a k e  an~' CO.  o u t p u t  it 
can  be shown t h a t  S;Knxn and  , r"Kmp :'+re be th  h:~s than  0.05. and  in the exper;.ment++ 
r epo r t ed  in this  paper  in which  m a m m a l i a n  t,hy~iulogical condi t ions  were s imula ted ,  
this l imi ta t ion  was  observed .  

Since {s --  s<¢) is pr ,~por t i .na l  t,~ the display-t-merit Y of the u.+~illuscope t race  
f r o m  the  line CD, it foll:~ws frt,m Eqn .  ~ tha t  a [riot of  h~g. Y agains t  t ime sh~mht 
give a s t r a igh t  line of  slope equal  to k,'z~3oj.L .'quch plot~ were m a d e  nv,:r t he  first 
3o-4o~+~, of  the reac t ion  and  w ..... f,,u,,,I l,, I,t. linear. A t~'pit::d I,,g. t)lot is shown 
in Fig. z. 

0.175 

O.~sr 

0.125 

0.100 

!o~0 Y 
0.075 

O.05Q 

(],.025 

' ' ' J b 3  ' ' 
T,~e ( rese t )  

Fig. z. Log. plot dehydration reaction: pl ! 7. I. 2o'. x z 5 ~a.+,l phosphate bu~.: ,  z.5 m.ll Na[ IC( J~. 
llumran enzvrne prcparati~,n t in 8 o .  

The  va lue  of  [CO~ t - 0 can  be ca lcu la ted  from the  eonrposi t ion  of  the  solution+. 
to be mixed,  as can  aL~u the value  - f  '.+CO, t - -~. p rov ided  tha t  the  pK '~  o f  the buffer  
s y s t e m  and  o f  the. first a p p a r e n t  dis+~¢iation ,~f ( 'O 2 are+ also k n o w n  under  the con-  
dJtions o f  ionic s t r e n g t h  a n d  t e m p e r a t u r e  emp loyed .  

S t r i c t ly  speak ing  the a b o v e  t r e a t m e n t  is unlv val id if the p H  remains  cona tanr  
t h r o u g h o u t  the  process.  ~,Vith the  small  chan[4c.~ o f  p H  in ot :r  a c t u a l  exper iment~.  
the  e r rors  frt~m neglec t ing  t h e m  in the applieatit++a of  Eqn.  5 are v e r y  slight. 

I(ESUI.T,~; A>;1) I ) [SCL: . '~SION 

E~zym¢ ¢o~c¢ntration 

The  c a t a l y t i c  effect o f  the  e n z v m e  has  hc..-n ft,,and to be |)rop~)rii(ma[ to its 
c o n c e n t r a t i o n  up  to the  h ighes t  con( :en t ra t inn  e m p l o y e d  u n d e r  a h n o s t  all the con- 
ditiorts s tudied.  This  p r o p o r t i o n a l i t y  holds for b o t h  the  h v d r a t i n n  and  d e h y d r a t i o n  
reac t ions .  T h e  effect noticc~l p rev ious ly  by  une of  us la o f  a l imi t ing ca t a ly t i c  ac t i v i t y  
a t  high e n z y m e  concent ra t i¶m wa~ not  conf i rmed.  This  effect was indeed fi)und tu t>e 
due  to  the  inf luence o f  t|.= iinite respunse t ime of  the  z954 record ing  a p p a r a t u s  o n  

t he  r eac t ion  traces.  C I I A N C E  14 state.~ tha t  if the hal f  t ime of  response  of  the measu r ing  
a p p a r a t u s  is sx+mewhat le+~+s t h a n  the  ha l f  t ime of  the reac t ion  to  be followed t h e n  
the  a p p a r a t u s  m a y  be+ safely  u~ed to foilow the r eac t io , .  Th i s  m a y  he the  case ft)r the  

kJio~him. Biophys. .4clu, 07 (E9~3) 3z -4  
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m a i n  por t ion  o f  t h e  reac t ion  traLe h u t  SZRS za h a s  s h o w n  t h a t  u n l e s s  t h e  h a l f  t i m e  o f  
re sponse  o f  the  a p p a r a t u s  is le~s t h a n  ~/n0th to  ~ /~ th  o f  the  h a l f  t i m e  o f  t h e  reac t ion  
the  init ial  part  o f  the, r e a c t i o n  t race  wi l l  be  g r e a t l y  d i s tor ted .  It  is the  ini t ia l  part  
o f  the  trace w h i c h  ~,~ o f  in teres t  in th i s  case .  

The resul t s  /or  the  h y d r a t i o n  r e a c t i o n  us ing  sheep  c a r b o n i c  anhydrar.c  arc 
s h o w n  i ,  Fig.  3 u n d e r  c c n d i t i o n s  i d e n t i c a l  t o  t h o s e  used  b y  F(m~F.ST to. 

3 g L" " "  

._c 

c 

9 
--J | 1 I 

3 2 1 O 
LOgiO dilL, t.O¢~ 04' s e m i p u r i f ~ c l  enJ:yme s o l u t e  

["ig~ 3" ~-atai)'s~s h%" sl~tx-'.~ c.~rt:om~: anhydra.~: ,  H)'tlr~.~l~Jn . ~ , ~ t i o n ,  i~H 7-7. zo ' ,  6 7 m.~'! p h o s p h a t e  
bullet, <J.3 mM CO=. 

The  p lot  of  the  h)gar i thm ()f in i t ia l  rate  o f  CO a u p t a k e  a g a i n s t  l o g a r i t h m  o f  
e n z y m e  c o n c e n t r a t i o n  g i v e s  +t s t ra ight  l ine o f  s lope  p r a c t i c a l l y  e q u a l  t o  u n i t y ,  t h u s  
i n d i c a t i n g  p r o p o r t i o t , a l i t y  b e t w e e n  c a t a l y t i c  a c t i v i t y  a n d  e n z y m e  c o n c e n t r a t i o n  o v e r  
a z o o - f o l d  range .  T h e  l imi t ing  veh>city p r e v i u u s l y  r e p o r t e d  b y  FORkF.ST ha.s b e e n  
e x c e e d e d  four time.~ wi th~mt  an)' s ign o f  a p l a t e a u  a p p e a r i n g  at t h e  h i g h e s t  ra tes  
m e a s u r a b l e  b y  the  s t o p p e d - f l o w  t e c h n i q u e .  W e  h o p e  a t  an  ear ly  d a t e  t o  m e a s u r e  
rates  zo  or ~) time~: fas ter  hy  <)ptical and  t h e r m a l  c o n t i n u o n s - f l o w  m e t h o d s .  T h e  

3 

c 
4L= 

.5 

-F 

/ /  
/ 

I l l - 
3 ~' I 

LOglO ¢l! :~t iOn Of ¢~-r~ig~uri f~(: l  e q z y r r ~  $ o l t / t i o n  

Fig. ~. C~t~lysi~ tny h u m a n  c~rbonic anbydrase. / iydr~tion reactioo, pH 7+8, 3~ +, zz+ 5 m.a~ r 
p h o s p h a t e  buffer ,  x.35 mM C O  e, 8o  m,~/  K C I .  
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l a t t e r  m e t h o d  h a s  t h e  poss ib le  a d v a n t a g e  o f  b e i n g  a p p l i c a b l e  e v e n  in s o l u t i o n  con-  
t a i n i n g  h a e m o g l o b i n  o f  t h e  o r d e c  o f  c o n c e n t r a t i o n  f o u n d  in t h e  r ed  cells. / h e  r e s u l t s  
o f  a COa h y d r a t i o n  e x p c i i m e n t  w i t h  h u m a n  c a r b o n i c  a n h y d r a s e  a t  p H  7.8 a n d  37:  
a r e  s h o w n  in Fig.  4, w h i c h  ag~tin i n d i c a t e s  p r t~po r t i ona l i t y  b e t w e e n  e n z y m i c  a c t i v i t y  
a n d  c o n c e n t r a t i o n .  

In  s t r o n g e r  p h o s p h a t e  bu f f e r s  it w a s  f o u n d  t h a t  t h e  hurn.q.n, enz:,~.~c, i f  p t ~ z x t  
in e n n c e n t r ~ t , ~ !  :;;~]utiu,, ita_s a luglaer specif ic  a c t i v i t y  t h a n  in d i l u t e  s o l u t i o n .  T h e  
spec i f i c  a c t i v i t y  o f  t he  d i l u t e  e n z y m e  ~ob.,tion.~ cou ld  b e  increa.~t.~rl to  t h a t  f o u n d  in 
m o r e  c o n c e n t r a t e d  e n z y m e  .~dution.~ b y  a d d i n g  [o .t M E D T A ,  b.,)vine .serum a l b u m i n  
(o .o5~o) ,  or  xn - a m  r e d u c e d  glut~ , th ione .  T h e  i n h i b i t i o n  wa.s t h e r e f o r e  p r o b a b l y  d u e  
t o  i m p u r i t i e s  in t h e  p h o s p h a t e  bu f f e r  used .  No  such  i nh ib i t i on  a t  low e n z y m e  c o n -  
c e n t r a t i o u  in t he se  bu f f e r s  w a s  n o t e d  w i t h  t h e  l-x~x.me a n d  .gher-p ~mzyme  p r e p a r a t i o n .  
T h e  r e s u l t s  o f  a d e h v d r a t i t m  e x p e r i m e n t  a t  p ! !  7.z a n d  38" a r e  s h o w n  in Fig.  5- 

oi l  

I = -  

_o 

0 
I I __  I 

3 2 1 0 
LOgto d , l u t ~  of semipur-rlied enzyrr~ ~ u t i o n  

Fig. 5. cataly.~is I)y human carbo~fic anhydrase+ L)ehx.dr~tion reaction, p l l  7.2, 3 8  ~', . to  rn.'lf 
imitla2ole buffer, z 5 m.lf NaHCO~, ,~o ,n,gI tt)t.x] chloride. 

E x p e r i m e n t s  o n  t i le i n f luence  o f  t e m p e r a t u r e  on  the  r a t e  o f  rea¢:tion g a v e  a 
t e m p e r a t u r e  coef f ic ien :  o f  1.45 pe r  Iu  ° for  t h e  h y d r a t i o n  r e a c t i o n  a n d  r. 4 for  the  
d e h y d r a t i o n  r e a c t i o n .  T h e  l a t t e r  f igure  is in g o o d  a g r e e m e n t  ~d th  t h e  r ev i sed  v a l u e  
g i v e n  b y  ROUGHTON ~t. T h e m  e x p e r i m e n t s  we re  c a r r i e d  o u t  a t  low s u b s t r a t e  con-  
c e n t r a t i o n  so t h e  c h a n g e  in c a t a l y t i c  a c t i v i t y  m i g h t  b e  d u e  to  t h e  in f luence  o f  t e m -  
p e r a t u r e  on  b o t h  K m  a n d  Vtnsx . U n d e r  o h  vs io log ica l  c o n d i t i o n s  t h e  s u b s t r a t e  con-  
c e n t r a t i o n  is a l so  low .~  t h e  s a m e  t e m p e r a t u r e  coef f ic ien ts  w o u l d  a p p l y .  

Influence of  anions 

T h e  h u m a n  red  c e l l  coa t ; f i n s  a b o u t  80  m g  ions  o f  ch lo r i de  pe.r l i t re  o f  w a t e r .  
T h i s  c o n c e n t r a t i o n  o f  ch l o r i de  w a s  f t m n d  t o  r e d u c e  t h e  a c t i v i t y  o f  t h e  e n z s , m e  in. t h e  
h y d r a t i o n  r e a c t i o n  ( L 2  m M  CO, ,  p H  7.3,  1/m M p h o s p h a t e  buf fe r )  t o  5 2 %  o f  i t s  

l~iaaltim. Biopkys. Acta, 67 (z963) 3r -4  z 
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a c t i v i t y  in the  a b s e n c e  o f  ch lor ide .  Th i s  is a s l igh t ly  sma l l e r  ef fec t  t h a n  would  be, 
e x p e c t e d  frown the  f igures  g iven  b y  ROUGItTON AND BOOTH t~ on ch lo r ide  inh ib i t ion .  

,~rbstratc conc¢nlration 

D E V o r  .~r~T~ KL'XTmKOWSKV t7 f o u n d  t h a t  h u m a n  ca rbon i c  a n h y d r a . m  (lid no t  
ohev  M~chae!i¢, k inet ics .  Th i s  f inding m a y  be  r e l a t e d  to  the  d e m o n s t r a t i o n  b y  NVMAN IR 

thltt  the  e l l zymc  exi.~t.'~ in d i f ferent  f o r m s  n o t  all  h a v i n g  t h e  s a m e  specif ic a c t i v i t y .  
A m i x t u r e  o t  d i f tcront  ft,t-JHs of  an  enz@'me n e e d  ~o t  oL~_y Miehael is  k ine t i c s  a l t h o u g h  
such kind,tics cou ld  a p p l y  t(> each  f o r m  i n d i v i d u a l l y .  I t  is c lear  t h a t  a n y  f u r t h e r  
k ine t ic  .Mudies shou ld  he  m a d e  on t h e  s e p a r a t e d  fo rms .  

i t  i~ possible  to  show e x p e r i m e n t a l l y  t h a t  u n d e r  phys io log ica l  c o n d i t i o n s  t he  
enzvrne  is on ly  ~l ight ly c o m b i n e d  w i t h  s u b s t r a t e  or  p r o d u c t  a n d  c o n s e q u e n t l y  t h a t  
the  h y d r a t i o n  and. d e h y d r a t k m  r e a c t i o n s  a re  a p p r o x i m a t e l y  first  o r d e r  w i t h  r e spec t  
to  CO 2 a h d  I-ICO n c o n e e n t r a t i c m s  r e s p e c t i v e l y .  I f  t h e  e n z y m e  w a s  s a t u r a t e d  or  a~.- 
mo.~t s a t u r a t e d  wi th  e i the r  s u b s t a n c e  the  r eac t i on  wou ld  be zero  o r d e r  or  i n t e r -  
me~l ia t t  b e t w e e n  zt.r<) a n d  first  o rder .  Th i s  po in t  is i m p o r t a n t  w h e n  the  overMi  
p rocess  of  CO,, l oad ing  a n d  u n l o a d i n g  b y  t h e  red cell is be ing  cons ide red .  T h e  d e m o n -  
s t r a t i (m  a s , u m e s  t h a t  o n l y  (me fi)rtn o f  c aabo n i c  a n h y d r a s e  is p r e m n t  b u t  shou ld  no t  
he  .,,eriou.~lv upse t  if t w o  or m o r e  form~ are  pre-~ent. ¥IALDANE'$ expre.~sion E q n .  2 
m a y  19f, r e w r i t t e n  

l "p  I"~, 
(I .~ I ( "  Km ~ $ -- /~'mp p 
ds s p (7)  

T h e  ini t ial  rea~:Lit,n r a t e  wi th  .~ubstrate c o n c e n t r a t i o n  s is g iven  b y  

K~ i:p 

d t  s (8) 

a n d  the  r a t e  of  t h e  b a c k  r e ac t i on  w i t h  s u b s t r a t e  c ( m c e n t r a t i o n  t~ 

I"ll ~ 
ds Kmp P 

t -t ~ m ~  

I f  s is iden t i f i ed  w i t h  CO~_ a n d  p wi th  bicarb,~nat t .  

A'" :.: :.HCO,-] [ l l *  [ l i e u  3-i Kt' 
[co,]  [vI*] '_Co.. ~ 0 i ' ]  

w h e r e  K l'  is the  a p p a r e n t  f irst  ionL~.ation c o n s t a n t  o f  c~trl-,onic acid.  
T h e  r e su l t s  o f  ae t i~dty  m e a s u r e m e n t s  on  h u m a n  c a r h o n i c  a n h y d r a s e  u n d e r  con -  

d i t ions  close to  phys io log ica l  a re  ~hown in T a b l e  I.  
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p H  7 . [  I .  ,%0 m 3 f  K C ] .  3 .~'. K "  r -  I f . , .  

3 . -  > m . l T  C. t-)~ t 7+z u ,  moh :~ / I . ' . ~cc  
z o  m.' l , t  N a |  [1"1 )~ q,.,.~, unr .o l e .~ ] l ] ,~cc  
3--' mM ~-()~_ i .,o m.'4 Na}lt  i n~ 6. 9 m~llO|iJq,'l;sL~ 

39 

A p p l y i n g  E q n 5 .  8 a n d  9 t o  t h e s e  d a t a  it f(~llc~','s t i m t  

| 'g,  

1< m.a.._. 

t t K.,', 
~,+.;S a n d  u - m ~ , _  - 0 . 4 ' ) ;  

/ (  .:l ,~ 

Therefi)re 

K , , , .  

# 
I t  m o 

H e n c e  
¢ p 

7 < . , ;  ~ ~<.K,; 

()r b o t h  them:  q u a n t i t i e s  a rv  v e r y  m u c h  snmll,,.r t h a n  u n i t y .  I n  t i le  I ( )nnl ' r  c a s e  t h e  
use o f  E q n .  7 a b o v e  g i v e s  

. ,t'r..-. " 3--" -:~)) 
. I t"  m t * - 

. .  _ t ~ .  9 

i I, 2 
m ~u 

F r o m  E t l n s .  8 a n d  O it f o l l ows  t h a t  
| . * p  

Kmp ( 3 5 . 8  : o )  

. . . .  ( ' 7 , ~  - -  % 0 )  = 7 . 3  
$ 

| _1 . .  
• l ~ m l  

H e n c e  
$ 

l f  ,~s  ( , . 9  

s 7 , 3  
t -~ J l<m~ 

h e n c e  
s _~_ p 

K m j  K m p  

T h e  a c t u a l  v a l u e s  o f  Km~ a n d  A'mp xvbich cou ld  be  d e r i v e d  in thi~; w a y  are  not  v e r y  
rel iable  as  s l ight  inaccurac i e s  in th~ a c t i v i t y  m e a s u r e m e o t s  repor ted  in T a b l e  I 
w o u l d  lead to  different  v a l u e s  o f  these  c o o s t a n t ~  b e i n g  der ived .  It i.~ c lear h o w e v e r  

O i o c k i m .  B i o p k y s . . - f e t e .  6 7  ( t 0 6 3 )  3 t - 4 ~  
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t h a t  Kraeo t mid K m x c o t  - are  bo th  m u c h  la rger  t h a n  the  concent . ra t ions  of  these  

subs t ances  in the  red  cell u n d e r  ph3~iological  condi t ions .  Eqns .  8 and  9 can t h e n  
he simplified to  

t] [cot]  - I{" ltp [COs) (In) 
dt Kmp 

and  
~.ttltco~-] = ill_=_ ttCO,- 

dt If mp" 
01) 

T h e  r a t e  mul t ip l i ca t ion  by  ca rb tmic  a n h y d r a s e  is t hus  p r o p o r t i o n a l  to  K" V;~/Krnp 
in the  ca.~e of  CO t u p t a k e  a n d  to  V~/ l fm~ in t h e  case o f  COa o u t p u t ,  a n d  so d ep en d s  
upon  cnzxmae c o n c e n t r a t i o n  bu t  no t  on s u b s t r a t e  or  p r o d u c t  c o n c e n t r a t i o n s .  

Enzyme coment of the red cell 

Various  e s t ima tes  of  the  c a t a l y t i c  e f fec t  o f  t h e  ca rb o n i c  a n h y d r a s e  h a v e  been  
m a d e  by  previou.~ workers .  In  these  ca lcu la t ions  it  has  been  gene ra l ly  a s s u m e d  
t h a t  t he  effect  rem~tins p r o p o r t i o n a l  to  the  e n z y m e  c o n c e n t r a t i o n  o v e r  t h e  whole  
r ange  e x t e n d i n g  f rom the  d i lu te  ( o . I - I . o  rag/l) c a r b o n i c  a n h y d r a s e  so lu t ions  in which  
t he  a c t i v i t y  was  m e a s u r e d  up  to  the  c o n c e n t r a t i o n s  (2-3  g/l) f o u n d  in t h e  red  cell. 
Th i s  a s s u m p t i o n  ha s  now been ver i f ied  for  semi -pur i f i ed  ca rb o n i c  a n h y d r a s e  u p  to  
c o n c e n t r a t i o n s  o f  a b o u t  one t e n t h  o f  t hose  in t h e  red  cell an d  th is  p r o v i d e s  some 
s u p p o r t  for  the  basic ~ s u m p t i n n  in t he  ear l ie r  ca lcu la t ions .  U n f o r t u n a t e l y  owing  
to  the  op t ica l  i n t e r f e r ence  b y  t he  h a e m o g l o b i n  i t  is no t  po.~ible to  a p p l y  the  
p re sen t  m e t h o d  to  red  cell h a e m o l y s a t e s  a t  h ighe r  c o n c e n t r a t i o n s  t h a n  h a v e  al- 
r e a d y  been  s t ud i ed  b y  the  classical  m a n o m e t r i c  methock~, b u t  i t  is h o p e d  how-  
eve r  to  get  o v e r  th is  d i f f icul ty  b y  m e a n s  o f  o t h e r  method.~, e.g. t h e  r ap id  t h e r m a l  
t echn ique .  

We a s sume  how:,ver ,  t h a t  the  r a t ~  o f  e n z y m e  c o n c e n t r a t i o n  in the  semi -pur i f i ed  
so lu t ion  to  t ha t  in the  h u m a n  red cell c an  be d e d u c e d  f rom a c o m p a r i s o n  o f  the  
c a t M y t i c  a c t i v i t y  of  d i l~ ted  semi-pur i f ied  so lu t ion  a n d  red  cell h a e m o l y s a t ~ .  

In  the ca~.cu[ation now to  be g iven  t he  fo l lowing d a t a  were used :  (a~ T h e  non-  
e n z y m i c  r a t e  o f  CO e o u t p u t  at  37 ~ f rom 25 rm~/ N a H C 0 2  and  2o m M  imidazo le  
buffer  a t  p H  7.2 in pre~ence of  8o m M  chlor ide ,  was  fo u n d  to  be 0.33 m M  CO2tsec; 
(h) In p resence  o f  ~emi-purif ied e n z y m e  s~lnt ion,  d i lu t ed  ~ in 5, t h e  r a t e  o f  CO s 
o u t p u t  f rom the  m i x t u r e  used in (a) was  288 r a M / s e e ;  (c) T h e  e n z y m e  c o n t e n t  o f  
the  semi-pur i f ied  e n z y m e  solu t ion  was 3 3 . 5 %  o f  the  av e r ag e  pre.~ent in the  h u m a n  
red cell tg. 

T h e  magn i f i ca t i on  o f  the  r a t e  o f  CO t o u t p u t  in the  red cell, u n d e r  phys io logica l  
cond i t ions ,  shou ld  t h e n  be 

z88 i 
" - - ~  , ~ X  I I I  ~ '~  t 3  I D O O  

o.33 0.335 

Thi~ e s t i m a t e  m a y  be  c o m p a r e d  wi th  p r ev io u s  o n e ,  which  ha~ e r an g ed  f r o m  xSOO 
to 850o fold,  b u t  it  m a y  be  p o i n t e d  ou t  t h a t  t h e  co n d i t i o n s  in o u r  pre~ant  ca lcu la t ion ,  
t h o - g h  still no t  f~lly phys io logica l ,  a t e  m u c h  n e a r e r  th i s  ideal  t h a n  h a v e  o b t a i n e d  

Bio~him. Biophys Act~, 67 (x963)  3 t - 4 t  



CARI$ONIC ANPIYDRASE ACTIVITY 4 ~ 

in  a n y  w o r k  h i t h e r t o .  T h e  p r e s e n t  e ~ t i m a t e  o f  t 3  o o o - f o l d  m a g n i f i c : t t i o n  g i v e s  a b o u t  

zStm°A,  m a r g i n  o f  s a f e t y  o v e r  t h e  m i n i m u m  f i g u r e  b y  w h i c l ~  t h e  r e a c t i n n  

l ' l "  [ H C O  s- ~- C ( ) ~ - .  l i f o  

needs to  be catalysed,  if it is not  to restrict  the ra te  of  CO.. ou tpu t  in the lung (see 
Table ix of ROUGHTOX~°). 
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