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~nowledge of the dissociation constants and heats e 
center of an enzyme would provide valuable inforr 

zyme activity. DIXON ~ has recently described meth 
ants of groups at the active center may be obtained fr 
ants and inhibition constants with pH. The purpos, 
;imilar information may be obtained from the variatio 
pH. 
it is generally found that there is an optimum pH oi 
¢zed reaction. In more acidic or basic solutions the acl 
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sible loss of catalytic activity may result from ionizat 
enzyme which affect the reaction. If  this is the case 

ity versus pH must be a symmetrical bell-shaped cur~ 
dow, and by use of this equation the ionization cons 
tained from the experimental data. 

variation of maximum initial veloci; 

or range of pH for an enzym 
activity diminishes toward zer 

PECHSTEIN a suggested that th 
from ionization of acidic and basic grou] 

case the plot of maximum initi 
curve as represented by equatk 
constants of the two groups m~ 

)N 4 it is important to distinguish between loss of activi; 
of the enzyme by acid and base and reversible loss 

will be restricted to reversible effects and, therefore, on 
which irreversible losses of activity have been eliminate 
~y also result from ionization of the substrateS,6, 7, but su( 

present treatment although it could be readily introduce 
1 of the pH variation of the velocity at any particul~ 
)re involved than the interpretation of the maximum initi 
olation s to infinite substrate concentration, the followii 
to interpretation of the maximum initial velocity. In son 
;elocity may be closely approximated by initial velociti 
?ntration, provided that substrate inhibition or activatic 
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reversible 
of the 
velociO 
(6) below, 
be obtair 

As discussed by JOHNSON 4 
resulting from denaturation 
activity. Our considerations 
apply to experiments from which 
Variation of rate with pH may 
ionization is omitted from the 

Since the interpretation 
substrate concentration is more 
velocity obtained by extrapolation s 
treatment will be restricted to 
cases the maximum initial velo, 
at some high substrate concentr~ 
does not occur. 
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act ive  form. Equa t i ons  (1) and  (2) r epresen t  the  ne t  
Equa t i ons  (I) and  (2) represen t  the  s imples t  hypo t  

>ss of a c t i v i t y  in bo th  acidic and basic solutions,  b 
er n u m b e r  of ionizable  groups  m a y  p lay  an impor t a l  
"he combina t ion  of S with  E" and  the subsequent  d 
ranted by  

E ~ + S ~ E'~q ---~--,  E '~ 

c t ions  (1)-(3) are the  only ones considered i t  m a y  b 
[ ve loc i ty  will be i ndependen t  of pH.  This resul ts  sinc 
)s t ra te  the  equi l ib r ia  are d i sp laced  so t ha t  all of the 
y hydrogen  ion concent ra t ion .  Therefore,  it  is neces= 
issociation of the  two ionizable  groups  in the  enzyme 
"he to t a l  mechan i sm is r ep resen ted  b y  

E n - 1  KaE  \ E n KbE ~, E;'Z bl 

E"- IS  ~ E"S KbEs\ g n bl S 

- subs t r a t e  complex.  

.s the  mos t  genera l  one discussed by  WALEY ? who has give 
or the  case t h a t  the  hydrogen  ion equi l ibr ia  are ad jus te  
e (E)o is the  t o t a l  molar  concen t ra t ion  of the  enzymica l l  
s s t e a d y - s t a t e  t r e a t m e n t  m a y  be expressed in t e rms  of th 
)r the  in i t ia l  ve loc i ty  v 

I + (H+)/K~Es + Kb~s/(H +) 

This  mechan i sm is the  same as 
the  s t e ady - s t a t e  t r e a t m e n t  for 
r ap id ly  and  (S) >~ (E)o, where 
ac t ive  sites. The  resul t  of this  
usua l  MICHAELIS 9 equa t ion  for 

where  

V =  
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~s of t h e  o n z v n l e  \~Thi(-h ~tTe o s s e  

,', t K,a,: K" . = tl I * 
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tiw> form. and K~u. and  K~R ar 
h m a y  be any  t ype  of ionizable grin 
t the  ionizat ion of a "bas i c "  grou 
e on the enzyme or even the acti  
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~S, and (H +) if the hydrogen ion equilibria are ass 
mparison with the steps of reaction (3). Although 
ed to yield product at slower rates than E"S, the fact 
)ached in acidic and basic solutions indicates that  su 
ese complexes did yield product then asymmetrical 
:, and the extent of asymmetry  would be related to th 

three enzyme-substrate  complexes. 
it is worth considering what the relationship betwee: 
may  be. If  the substrate is an ion its electrostatic effe 
e vicinity of the binding site may  be predicted. A 
;ule will cause the protons of the nearby acid group 
at K~E > K~Es and KbE > KbKS. On the other hanc 

molecule will exert an acid-strengthening effect. 

CALCULATION OF I O N I Z A T I O N  CONSTANTS F 

MAXIMUM I N I T I A L  VELOCITY V E R S t  

Equation (6) represents the bell-shaped plot of V ve 
ned experimentally. A series of plots for K~Es = io-  

= I. I t  is evident th  

FROM PLOTS OF 

VERSUS pH 

versus pH which is frequent] 
lO -6 and a variety of values 
that  when the curve is broa 

i 

It 

i n i t i a l  v e l o c i t y  w i t h  p H  a c c o r d i n g  to  eqn .  (6) w i t h  k3(E)0 = 
o a n d  for  v a l u e s  for  p K  b g i v e n  on t h e  g r a p h .  

g c  

obtained 
KbEs are given in Fig. I for ka(E)0 

IC 

V 05 

4 5 

Fig .  [. V a r i a t i o n  of  m a x i m u m  
p K  a = 6.oo a n d  
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k:~) : + (H+)/K#E +KbE /(H +) 

: + (H+)K,Es + Kb~/ (H +) 

for the pH variation of Km whi 
he determination of the var ious:  

liscussion of the determination ( 
make some general remarks abe 

E "-1 + S ~ En-IS and E "+: + 
assumed to he lacking but becaus 
will always be determined by t] 
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f r t l la x 

at equat ion (6) may  be wri t ten as 

7 1  7" +),, is the hydrogen ion concentrat ion at which I i l :  m~ 
is the hydrogen ion concentrat ion at the correspon 

,y be shown from equat ion (IO) that  

5 tu t ing  into (IO) yields 

K~ .--: (n+)~ ff (H*)b - -  4 (n  ,) 

['hus by use of equation (i2) or (,3) the ionization 
lated even when the pK ' s  are not  well separated. The:  
then be calculated by use of equation (8) or (II) .  How 
cror in the calculated value of pK~ which results from 

constant  of group ~, may  1 
ionization constant  of group 

However,  as pKb becomes small 
a given error in pHa and pt  

by  the da ta  in Table I which gives pH~ and pH~ for 
,K~ held constant  at 6.oo. The error in pK~ resulting tro 

p H  of half m a x i m um velocity on the acidic side being o.~ 
m a x i m u m  velocity on the basic side being o.o 5 too hi{ 

• Thus it is seen tha t  if pKo < pK~ extremely aecura 
required to obtain very  accurate pK ' s  for the two ionizab 

fact tha t  if pK~ ~ pK~, the shape of the curve is near 
lat is, a ra ther  large change in pK~ or pKb has a ra th 
the peak. The preceding colmnn (A pH) which gives tt 

f m a x i m um  velocity shows tha t  as pKb decreases the curv 
le width of the plots is a useful guide in indicating tl 

and pK> The width  of the curve depends only up( 
:h is the same for p K ~ -  7 and pKl, = 6 as for pK<: == 

or int roducing (8), 

T h  
calcula 
m a y  then be 
the error 
increases. This is i l lustrated 
series of pKb values with pK~ 
the experimental  value of t h e  
too low and the pH at half 
is given in the last column• 
experimental  da ta  would be 
groups. This results from the 
independent  of the pK's, tha t  
small effect on the width of 
widths of the plots at the half maxkr  
become narrower, and so the 
relative magni tudes  of pK~ 
( p K ~ p K ~ ) .  Thus the width 
and pKa = 5. 
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l,c rc~Ld o i l  as the p H s  ;~t wh ich  
1 the case in which the two ioni~ 
t is nceessary to use a different a 1 
/e pH of max inmm act ivi ty  and 
,ing discussion for K~i~;s and ]{t, ES 
equation (I,) equal to zero. This yi 
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3 3.92 
2 3.43 

)ifference between the correct value of (6.00) and tha 
ar and pHb being o.o5 too high. 

)nce K a and  Kb have  been de t e rmined  in th is  way, 
heory  is whe the r  or not  equa t ion  (6) represents  the  dat  

THE EFFECT OF BUFFER IONS ON THE MAXIMUI~ 

if the  concen t ra t ion  or na tu re  of the  buffer has an el 
i ty  of the  enzymic  reac t ion  at  a g iven p H  the inte: 
)e as s imple as t ha t  ou t l ined  above.  In  order  to ac 
sa ry  to  include buffer -enzyme equi l ibr ia  in the  mec 
imple  case in which the form of equa t ion  (6) is un( 
t ion of KaE s and  KbEs is a l tered.  Tha t  is the  case 
which affect the  m a x i m u m  ini t ia l  ve loc i ty  become sl 
r concen t ra t ion  so t h a t  the  enzy0ae m a y  be s tudied 
uffer-binding si tes are sa tu ra ted ,  t ha t  is, fur ther  inc 
uffer p roduces  no fur ther  effects on the  kinetics.  When  
an t s  d e t e r m i n e d  b y  use of equa t ion  (6) will be thos 

account  Ior buffer effects i t  
mechanism 1°. However ,  there  
unchanged,  and  only the  inte  

in which t i le buffer-bindir~ 
s a t u r a t e d  at  a sufficiently lo 

s tud ied  under  condi t ions  such th~ 
increas ing the concent ra t ion  ( 

When  this  is the  case the  ionizat ic  
those for enzyme s a t u r a t e d  wit 

max imum ini t ia l  ve loci ty  versus p H  m a y  resul t  f rom t~ 
is in var ious  p H  ranges if there  are apprec iab le  in te rac t io i  
rots of the  buffer. I f  the  enzyme in te rac t s  wi th  anions, tt: 
:eros can be g rea t ly  reduced  by  using uncharged-base  ty!~ 
hy l ) -aminomethane  since the  concent ra t ion  of a given anio 
wide range of pH.  
:e phospha te  there  is the  poss ib i l i ty  t ha t  a t  low p H  valu( 
enzyme m a y  be affected by  bound  H2PO ~- ions while 
o u p s  are affected by  bound  H P 0 4  -2 ions. However ,  tk 
e two ions m a y  be ve ry  different  so t ha t  d iva len t  ions al 
Lt low p H  where the  monova len t  ions are more a b u n d a i  
ase of a buffer l ike phospha te  i t  is impossible  to  de t e rmi r  
whe the r  the  values  of p K ' s  ob ta ined  are those for enzylr  

-2 ions or each a cer ta in  f rac t ion of the  t ime.  

one slm 
p re t a t i on  
si tes 
buffer  
the  b t  
the  buffer 
cons tan t s  
buffer  as well as subs t ra te .  

A s y m m e t r i c a l  plots  of m a x l m t  
use of different  buffer sys tems  
of the  enzyme wi th  componen t s  
effect of changing  buffer sys tems  
buffers l ike t r i s - ( h y d r o x y m e t h  3 

can be held  cons tan t  over  a 
In  the  case of buffers l ike 

the  ionizable  groups  of the  enz~ 
high p H  values  ionizable  grouic 
aff ini ty of the  enzyme for the  
bound  p r e d o m i n a t e l y  even at  
(or vice versa).  Thus  in the  case 
from this  t ype  of expe r imen t  
b ind ing  HzPO ~- ions, H P O (  2 
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TABLE I 

LOTS OF M A X I M U M  I N I T I A L  VELOCITY ( 
Rsus pH FOR pKa = 6.00 

Error  
PHb zJpH pK a 

lO.O2 4.04 o.o 
9.05 3.1o o.o 
8.14 2.28 o.o 
7.35 i .7 ° o.i 
6.68 i .36 0.2 
6.11 1.22 0. 4 
5.58 1.17 0. 7 
5.08 1.16 i . i  
4.57 1.14 1.6 
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he methods described earlier may be used for the ( 
the case of equations (6) and (7) this equation is sl 

tction of buffer with the en'_,yme is without effect on 
n favourable cases it should not only be possible t 
tble groups essential for enzymic activity but alsc 
es of maximum initial velocity at a series of tempe1 
th p K  and A H for ionizing groups in enzymes it si 
mizable groups in the vicinity of the active site witt 
in the case of heme-linked acid groups for hemoglob: 
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groups from plots of m a x i m u m  init 

between components  of the buffer and the enzyme upon the valu 

~r the de terminat ion  of the p K ' s  of the ionizing groups in the fr 
:he enzyme-subs t ra te  complex. 

e initiale max imunl  d 'une r6action enzynlat ique en fonction du 
?clarion de deux groupes acides qui jouent  un r61e dans l 'aet iv 

ionisables sur les p K ' s  de ces groupes est discut6e. 
ioint une m6thode de calcul des p K ' s  des groupes ionisables & par  
~tion de la vitesse initiale m a x i m u m  en fonction du pH.  
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2 .  

3. 
velocity versus  p H  is developed. 

4. The effect of interact ion 
of the p K ' s  is discussed. 

5. A method is suggested for 
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