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could be as high as 2. The inverse observed effect seems to 
require that the k-\ and k2 steps have different mecha
nisms. For example, if the k2 transition state were of the 1, 
3, 4, or 5 type, while the k\ transition state had the 2 struc
ture, then the solvent isotope effect on k2 could be larger 
than that on k-\, and the observed inverse effect on a could 
be explained. Perhaps such a dissymmetry in the mecha
nisms of the two paths open to the intermediate could also 
account for their observed7 unsymmetric catalysis. 
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and Coleman3 and was found to be in agreement with the 
observed physicochemical properties of carbonic anhydrase. 
Of particular pertinence are the experimental observations 
that the activity of the enzyme depends on the state of ion
ization of a group in the active site with a pA"a near 7, that 

Buffer Dependence of Carbonic Anhydrase Catalyzed 
Oxygen-18 Exchange at Equilibrium 

D. N. Silverman* and C. K. Tu 

Contribution from the Department of Pharmacology and Therapeutics, University of Florida, 
Gainesville, Florida 32610. Received October 18, 1974 

Abstract: The carbonic anhydrase (human C and bovine) catalyzed rate of exchange of oxygen-18 between bicarbonate and 
water was measured at chemical equilibrium with and without buffers. An increase of the buffer 1,2-dimethylimidazole (pK3 

= 8.3) from 0 to 10 mM was accompanied by an enhancement of up to 80% in the rate of catalyzed oxygen-18 exchange 
near pH 8.3; this enhancement diminished as pH increased. However, the rate of exchange was not further enhanced by the 
addition of buffer beyond a 10 mM concentration. Similar effects were observed using tris sulfate. The addition of these 
buffers had no influence on the uncatalyzed rate of oxygen-18 exchange. Furthermore, 1,3-dimethylimidazolium sulfate and 
pyrrole, which are not buffers in the pH range studied, did not increase the carbonic anhydrase catalyzed exchange rate. 
Ionic strength was held constant in all experiments using Na2SO<i; bicarbonate concentrations were as low as 0.5 mM, and 
enzyme was 5 X 1O-9 M. We interpret these results as evidence for the involvement of a buffer-assisted proton transfer in 
the hydration-dehydration mechanism of carbonic anhydrase. In the absence of added buffers, the enzymatic rate is deter
mined by alternating hydration-dehydration steps at equilibrium, which do not require proton transfer to the enzyme. In ad
dition, bicarbonate itself may act as a buffer. As the buffer concentration is increased, the exchange data show a change in 
the rate-determining step. In the region of low buffer concentration, proton transfer is rate limiting and the catalytic ex
change rate increases as buffer increases. Near 10 mM buffer, the maximum enzyme activity is reached and further buffer 
does not affect the catalytic rate. 

Silverman, Tu / Buffer Dependence of Carbonic Anhydrase 



2264 

STEP 3 

-H2O-CO2 

STEP 3' 

H2O'C O2 

STEP I' 
H* 

=?EH*-HC0: 

STEP 

STEP 2 

EH* 
Figure 1. A possible mechanism for carbonic anhydrase showing that 
the basic form of the enzyme is active in the hydration of CO2 and the 
acidic form is active in the dehydration of bicarbonate. 

the acid form is active in the dehydration of HCO3-, and 
that the basic form is active in the hydration of CO2.4 Ac
cording to such a scheme, the catalyzed dehydration mea
sured far from equilibrium can proceed only as fast as the 
enzyme can be protonated. This is a problem because the 
observed turnover rate for dehydration (~105 sec-1) is 
greater than the rate at which solvent water can protonate 
the active site (~102-103 sec-1) and has led to the hypothe
sis of a buffer-mediated proton transfer to the enzyme.3-5,6 

That is, it is postulated that a buffer donates a proton to the 
active site and that this acid form of the enzyme is active in 
the dehydration of HCO3-". Another hypothesis attempts to 
explain this very efficient catalysis by identifying H2CO3 as 
substrate in the catalyzed dehydration.7 The problem of the 
diffusion limit of H2CO3, which arises in this case, is dealt 
with by assuming a large reaction distance for the catalyzed 
process with diffusion of substrate over the surface of the 
enzyme to the active site. 

To assess the buffer dependence of the catalyzed reac
tion, we have measured the dehydration activity of carbonic 
anhydrase using oxygen-18 exchange techniques under 
equilibrium conditions. This study was suggested by Khali-
fah5 as one which can be carried out with relatively small 
substrate concentrations and no buffer. Another approach 
to this problem has been taken elsewhere: the measurement 
under equilibrium conditions of the carbon-13 NMR line 
widths of CO2 and HCO3- in the presence of carbonic 
anhydrase.* The goal of such investigations is to lower the 
external buffer concentrations to a point where proton 
transfer from the buffer species to the active site of the en
zyme becomes kinetically significant. This goal is compli
cated by the fact that the substrate itself, bicarbonate, has 
the ability to donate protons. 

Methods 
Kinetic Method. The measured variable in this technique 

is the rate of depletion of oxygen-18 from labeled bicarbon
ate. Such depletion can occur in a catalyzed or uncatalyzed 
process by the dehydration of labeled bicarbonate in water 
followed by hydration of the resulting carbon dioxide. 
Equations 1 and 2 demonstrate the uncatalyzed depletion 
for the case of doubly labeled bicarbonate in alkaline solu
tion. If 18O is released in the hydroxide ion, as shown in eq 
1, it is essentially infinitely diluted by 16OH -. Thus, eq 2 
occurs with unlabeled hydroxide and yields lsO-depleted bi
carbonate. For simplicity and convenience, this depletion is 
measured at chemical equilibrium. If carbonic anhydrase is 
present in solution, the rate of depletion of oxygen-18 from 
bicarbonate is enhanced since the reactions represented by 
eq 1 and 2 are catalyzed by this enzyme. 

HC16O18O18O" — C16O18O + 18OH- (1) 

C16O18O + "OH" —* HC16O16O18O" (2) 

The rate equations describing the depletion of 18O from 
bicarbonate have been presented in complete form by Mills 
and Urey9 and also by Gerster.10 The complete approach 
considers the two mechanisms for the uncatalyzed dehydra
tion" and the depletion of singly, doubly, and triply labeled 
bicarbonate. Consistent with the notation of previous 
work,912 the atom fraction of oxygen-18 in bicarbonate is 7 
as defined by eq 3. The atom fraction of oxygen-18 in car
bon dioxide, a, is defined by eq 4. The kinetics of depletion 

y = 

[HC16O16O18Q-] + 2[HC16O18O18O-] + 3[HC18O18O18O-] 
3[HCO3-J 

(3) 

(4) [C16O18O] + 2[C18O18O] 
a= 2Tco7T 

of 18O from HCO3- and CO2 is then measured by observ
ing the decay d(7 — y*,)/dt and d(a — a«)/dr, where 7» 
and a . are the atom fractions at infinite time and are close 
to the natural abundance of 18O which is 0.002. For con
ciseness in the derivation, we write 7 and a instead of 7 — 
7„ and a — a*, and reintroduce 700 and a» in the final re
sult. 

The rate of change of 7 and a can then be expressed by 
eq 5 and 6 as shown by Mills and Urey.9 R is the rate of de-

-3[HCO3-]^ = R(3y - 2a) 

- 2 [ C O 2 ] ^ = R(2a - 2y) 

(5) 

(6) 

hydration of HCO3- at equilibrium, which is equal to the 
rate of hydration of CO2 at equilibrium. The solution of 
these equations for 7 results in eq 7 where 8\ is defined by 
eq 8. The second term on the right in eq 7 becomes negligi
ble almost immediately after the isotope exchange begins.9 

R 
3[HCO3 it 

• = a{e 

[HCO3 

[HCO3-J + 

i l + a ,e"2 l 

[CO2T 
fR 

3IHCO3-J 

(7) 

(8) 

The ratio in brackets is / Above pH 8 the equilibrium be
tween HCO3 - and C03 2 - must be considered. The rate of 
proton transfer between these two species is nearly instanta
neous in comparison with the time scale of 18O exchange; 
however, its presence must be accounted for since CO3

2 -

cannot be depleted of 18O but must be converted to HCO3
-

for depletion to occur. Considering this additional equilibri
um in eq 5 and 6 yields an expression identical with eq 8 but 
with 

/ 
[HCO3-] 

[CO3
2-] + LHCO3-] + [CO2J 

Consequently, a plot of In (7 — 7,») vs. time for an unca
talyzed 18O exchange yields 6\ = fkancs.il'3, where A:uncat = 
7?/[HCO3

-J. In the presence of carbonic anhydrase 

h = 3^c + kmCit) (9) 

where kc = (R/ [HCO3
-J) - &uncat. An interpretation of 

that part of R which represents the catalyzed process is 
given by Boyer.13 It is the rate of the catalyzed dehydration 
(and hydration) at equilibrium and is dependent on the 
total enzyme concentration as well as on the kinetic and 
equilibrium constants of the enzyme-substrate system in a 
way that is determined by the number of enzyme-substrate 
intermediates in the catalytic mechanism. In the present 
work, the rate constant kc is taken as a qualitative indica
tion of enzyme activity, a procedure which does not require 
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that assumptions be made concerning the number of inter
mediates in the mechanism. 

Materials. An oxygen-18 enriched mixture of potassium 
carbonate and potassium bicarbonate was prepared by dis
solving these compounds in 180-enriched water (Miles Lab
oratories, up to 60 atom %, normalized). After 12 hr the 
water was removed by vacuum distillation. 

Human carbonic anhydrase C (HCA-C) was prepared by 
the method of Armstrong14 and stored in a saturated solu
tion of ammonium sulfate at 3°. Before each run, enzyme 
was prepared by passing a small aliquot (about 5 ml) of the 
enzyme-(NH4)2SC>4 solution through a column (80 by 2.5 
cm in diameter) containing Sephadex G-25. Enzyme was 
then used immediately in the ,sO-exchange runs. Bovine 
carbonic anhydrase (BCA) was obtained in lyophilized 
form from Worthington Biochemical Corp. and before each 
experiment was handled by the above procedure. Tris(hy-
droxymethyl)aminomethane sulfate (tris sulfate, Sigma) 
and sodium barbital (Merck) were obtained commercially 
and used without further purification as was imidazole 
(Eastman). 1,2-Dimethylimidazole (Aldrich) was purified 
by vacuum distillation; pyrrole was distilled. 1,3-Dimethyli-
midazolium iodide was prepared by the method of Overber-
ger et al.15 and recrystallized from ethyl acetate. 1,3-Di-
methylimidazolium sulfate was prepared by passing the io
dide through an ion-exchange resin pretreated with H2SO4. 

Procedure. The experimental procedure and apparatus 
were similar to that described earlier.12 The purified en
zyme solution was diluted to the appropriate activity and 
divided into four to six portions; each was used in a differ
ent experiment within a 3-4-hr period. Carbonic anhydrase 
activity was measured by the changing pH method of 
Maren16 in the procedure and was determined to be con
stant during the course of each series of experiments. 

Approximately 15 ml of a buffered or unbuffered solu
tion of carbonic anhydrase was placed in a flask containing 
the enriched carbonate-bicarbonate mixture. Ionic strength 
was maintained at 0.20 M by the addition of the noninhibi-
tory Na2SC>4. The pH was set roughly by the molar ratio of 
carbonate to bicarbonate in the enriched mixture. Fine ad
justments in the pH were made with two microsyringes 
using either 0.05 N NaOH or 0.05 N H2SO4. This solution 
was then injected into the reaction vessel, a gas-tight, glass 
syringe fitted with a water circulation jacket to provide con
stant temperature (25.0 ± 0.05° maintained with a Haake 
Model FE constant temperature circulator). 

Aliquots (2.5 ml) were removed at intervals and injected 
into an evacuated flask containing 9 M sulfuric acid. The 
CO2 liberated by this procedure was passed through a trap 
immersed in a Dry Ice-acetone bath to remove water vapor 
and then collected in vials. Each CO2 sample was then ana
lyzed for 18O enrichment on a Finnigan 3000 mass spec
trometer at an ionizing voltage of 70 eV. At alkaline pH 
there is a negligibly small concentration of CO2 in the reac
tion solution (for pH >8, % CO2 is 2% or less). As a result, 
the atom fraction of 18O in the CO2 liberated by acid is 
taken as equal to the atom fraction 7 of 18O in the bicar
bonate of the reaction solution. The 18O enrichment in the 
CO2 samples was determined by the following formula 

0.2Ch 

r-r_ 

y = 
7,(46) + (48) 

(44) + (46) + (48) 

where (44), (46), and (48) are the heights of the corre
sponding mass peaks. The standard deviation obtained from 
four to ten measurements of 7 was 1.5-2.0%. 

At the end of each exchange experiment the pH of the 
contents of the reaction vessel was measured. This reading 
agreed, within 0.03 pH units, with the reading taken prior 

^ 0 ' 
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Figure 2. The rate of depletion of oxygen-18 from labeled bicarbonate 
at 25° in the presence of 5 X 10~9 M human carbonic anhydrase C. 
Total concentration of carbonate species was 7 mM with Na2SC>4 
added to make an ionic strength of 0.2 M. The atom fraction of 18O in 
bicarbonate is 7-. (D) pH 9.40, ( • ) pH 9.15, (O) pH 8.40. 

Table I. Rates Derived from the Depletion of 18O 
from Bicarbonate a 

pH 

10.00 
9.15 
8.90 
8.35 

sec - ' X 103 

0.094 
1.16 
1.47 
4.29 

L- C 

"-uncat' 
sec -1 X 104 

1.95 
2.26 
2.56 
4.29 

k d 
sec""1 X 103 

0.24 
3.48 
4.37 

12.9 

a Carbonic anhydrase (human C) was 5 X 10 "̂  A/and total car
bonate 7 mM at 25°. Ionic strength was made 0.2 M Na2SO4. b Ob
served rate of depletion, given in eq 9. c Rate constant for uncata-
lyzed dehydration at 25°. d Rate constant of the catalyzed dehy
dration at equilibrium and 25°. 

to the start of the experiment. For a series of experiments 
using different buffer concentration but the same pH, the 
values of pH agreed within 0.07 pH units. 

The rate constant for catalyzed dehydration at equilibri
um, kc of eq 9, is a linear function of carbonic anhydrase 
concentration in the range of enzyme concentrations em
ployed here (10-9-10~8 M). In addition, the effects of buff
ers on 6\ were the same when the lsO-exchange reactions 
were carried out in vessels with and without a hydrophobic 
surface coating (Desicote, Beckman). 

Results 
18O Depletion in Unbuffered Media. Carbonic anhydrase 

catalyzed 18O depletion of bicarbonate was measured in the 
absence of added buffers. The reaction solutions contained 
5 X 10~9 M HCA-C or BCA and from 5 X 10~4 to IO"2 M 
total carbonate species with an overall ionic strength adjust
ed to 0.2 M with sodium sulfate. These reaction solutions 
were buffered only to the extent that the enzyme and sub
strate themselves are buffers at the concentrations used and 
values of pH reported. 

Experimental results at several values of pH using HCA-
C are shown in Figure 2. The slopes of these plots are de
scribed in terms of the contributions of the catalyzed and 
uncatalyzed reaction rates to the values of 9\ of eq 9. The 
relative contributions of fcunca, and &c at several values of 
pH are given in Table I. Addition of a powerful carbonic 
anhydrase inhibitor such as ethoxzolamide (K\ = 1O-9 M) 
at a concentration of 10~5 M abolishes kc leaving a deple
tion rate equal to that found in a solution lacking carbonic 
anhydrase. The magnitude of £Uncat at each pH was deter-
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Figure 3. The first-order rate constant kc for the catalyzed component 
of the dehydration of bicarbonate at equilibrium and 25° as a function 
of pH. The concentration of bovine carbonic anhydrase was 5 X 1O-9 

M with a total concentration of carbonate species of 0.5 mA/ and suffi
cient Na2SC>4 to bring the ionic strength to 0.2 A/. 
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Figure 4. The first-order rate constant kc for the catalyzed component 
of the dehydration of bicarbonate at equilibrium and 25° vs. the 1,2-
dimethylimidazole concentration. The concentration of bovine carbonic 
anhydrase was 5 X 1O-9 A/ with total carbonate at 0.5 mA/ and suffi
cient Na2SC>4 to bring the ionic strength to 0.2 A/. The dotted lines 
represent values of kanQau measured in the absence of enzyme. 

mined from experiments identical with those described pre
viously but without the addition of carbonic anhydrase. 
Values of &Uncat determined by this l80-exchange method 
are in good agreement with the dehydration rate constants 
determined by Gibbons and Edsall.17 The plot of kc vs. pH 
in Figure 3 gives the high pH extension of the pH profile for 
bovine carbonic anhydrase dehydration activity, determined 
also by Kernohan18 for an alkaline pH region. A similar pH 
dependence was found for HCA-C in the absence of buff
ers. 

18O Depletion in Buffered Media. Following procedures 
identical with those described in the previous section, iso
tope depletion kinetics were measured as a function of in
creasing external buffer concentration, maintaining ionic 
strength at 0.2 M with Na2SO4. Two of the buffers used, 
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Figure 5. The rate constant k0 at 25° vs. the concentration of tris sul
fate. The concentration of human carbonic anhydrase C was 5 X 10~9 

A/ with total carbonate at 7 mA/ and sufficient Na2S04 to bring the 
ionic strength to 0.2 M. 

tris sulfate and sodium barbital, are primary or secondary 
amines, and the possibility exists that they will form carba
mates with CO2. This possibility was determined to be neg
ligible with tris sulfate and barbital in the range of pH of 
these studies by adding barium chloride to the reaction so
lutions. Barium precipitates free carbonate but not carba
mates. With tris sulfate and barbital all of the carbonate 
was accounted for by weighing the precipitate. Further
more, no evolved CO2 was detected when acid was added to 
the supernatant, decomposing any carbamates that might 
have formed. After addition of acid to the supernatant, gas 
pressure was monitored to detect any CO2 evolved. 

The effect on kc of bovine carbonic anhydrase caused by 
increasing concentrations of the buffer 1,2-dimethylimida-
zole (pA'a = 8.3) is shown in Figure 4. Data obtained with 
HCA-C showed a similar dependence of kc on concentra
tion of 1,2-dimethylimidazole. The effect of tris sulfate 
(pKa = 8.3) on &c of HCA-C, using a different substrate 
concentration, is shown in Figure 5. Since kc in these exper
iments is at least an order of magnitude greater than &uncat, 
it is unlikely that the effects shown in Figures 4 and 5 are 
caused by buffer acting on the uncatalyzed depletion. This 
was demonstrated by performing l80-exchange experi
ments in the presence of 1,2-dimethylimidazole but in the 
absence of enzyme. The dotted lines on Figure 4 illustrate 
that the uncatalyzed rate of depletion of '8O from labeled 
bicarbonate is relatively independent of the concentration of 
this buffer. This result was confirmed in subsequent runs 
taken in an alkaline pH region. 

To test whether the buffer dependence exhibited in Fig
ure 4 is caused by a solvent effect, the dependence of kc on 
1,3-dimethylimidazolium sulfate was determined as shown 
in Figure 6. This compound is structurally analogous to the 
buffer 1,2-dimethylimidazole and, like the buffer in proton-
ated form, bears a positive charge. However, 1,3-dimethyli
midazolium cannot donate or accept a proton. Results simi
lar to those of Figure 6 were also obtained with pyrrole, 
which is also incapable of proton donation in the pH region 
of these studies. 

Discussion 
The main advantage afforded by the oxygen-18 exchange 

technique in studying the buffer dependence of carbonic 
anhydrase is that this is an equilibrium technique in which 
it is possible to measure catalysis of bicarbonate dehydra
tion in the presence of very low concentration of buffers. In 
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view of the hypothesis of buffer involvement in the catalytic 
mechanism of carbonic anhydrase,3'5-6 the main goal of this 
work is to determine whether buffer concentration can be 
decreased to a region in which the postulated proton trans
fer between buffer and enzyme active site limits the catalyt
ic rate. 

As a step toward this goal, the results of the isotope-ex
change experiments using BCA in the absence of added 
buffers are given in Figure 3. A primary observation from 
these data is that even in the absence of added buffers, and 
at low substrate concentration (5 X 1O-4 M total carbonate 
species), the catalytic dehydration rate constant at equilib
rium, kc, is substantial. Very similar results were obtained 
with HCA-C. From eq 9 and the data in Figure 3 at pH 8.5, 
the rate of catalyzed dehydration at equilibrium is kc 
[HCO3-] =* (7 X 10~3 sec-')(5 X ICr4 M) = 3.5 X 1(T6 

M sec - ' . This dehydration rate is comparable to the rate of 
catalyzed dehydration measured far from equilibrium but 
at the same enzyme and initial bicarbonate concentrations. 
This high enzyme activity at equilibrium obtained without 
added buffers is compatible with the hypothesis of buffer 
aided catalysis because of the following considerations. 

First, at equilibrium the need for a proton-transfer mech
anism from buffer or water to the active site is less than in a 
nonequilibrium experiment. At equilibrium, an enzyme 
molecule can alternate between hydration and dehydration 
(i.e., between steps 3',2' and 2,3 of Figure 1) and avoid a 
need for the proton-transfer mechanism altogether. Second, 
the substrate molecule itself, bicarbonate, can donate a pro
ton and carbonate can accept a proton. It is likely that, to a 
certain extent, bicarbonate acts as a buffer providing pro
tons to the active site. 

Figures 4 and 5 demonstrate that the catalytic dehydra
tion rate constant at equilibrium, kc, is large in the absence 
of added buffers and increases by up to 80% as buffer con
centration is increased. Evidence that this is not a solvent 
effect is demonstrated in Figure 6 by using 1,3-dimethylim-
idazolium sulfate, a charged molecule similar to 1,2-di-
methylimidazole but not able to donate or accept a proton. 
Results similar to Figure 6 were also obtained with increas
ing concentrations of pyrrole, which is also incapable of do
nating or accepting protons in the pH region of this study. 
Furthermore, the effect on kc is not caused by the enhance
ment of the uncatalyzed rate by buffers, as shown by the 
dotted lines in Figure 4. A possible explanation of the be
havior in Figures 4 and 5 is that the buffer, through a pro
ton donating-proton accepting mechanism, enhances the 
catalytic rate. The proton transfer causing this enhance
ment could occur at a number of possible steps in the cata
lytic pathway. These lsO-exchange experiments do not 
identify the step involved. If protonation of the zinc hydrox
ide is responsible for the pKd of the enzyme, then E of Fig
ure 1 is RZnOH. If bicarbonate forms an inner-sphere 
complex with zinc prior to the catalyzed dehydration, it is 
likely that RZn18OH forms to a certain extent. In order for 
18O depletion to occur, this label must be lost to solvent 
water. This occurs by protonation to Zn18OHj+ followed by 
ligand exchange with bicarbonate, releasing H2

18O. For 
this case, steps 1 and 1' could be rate determining in the ab
sence of buffers. It is also possible that proton transfer in
volving an enzyme-substrate complex is responsible for the 
observed enhancement of catalytic rate. The following step, 
not shown in Figure 1, could be involved in proton transfer 
involving buffer: ECO2 ^ EH+CO2. 

To explain these effects as due to buffer-assisted catalysis 
it is necessary to determine whether the buffer concentra
tions of Figures 4 and 5 required to bring about enhance
ment of catalysis give an estimate of the expected magni
tude for the rate constant of proton transfer from the en-

IO 20 30 40 50 

0,3 - Dl METHY UMIDAZOLIUM SULFATE] mM 

Figure 6. The rate constant kc at 25° vs. the concentration of 1,3-di-
methylimidazolium sulfate: (•) the concentration of bovine carbonic 
anhydrase was 5 X 1O-9 M with total carbonate at 0.5 mM. (O) the 
concentration of human carbonic anhydrase C was 5 X 1O-9 M with 
total carbonate at 7 mM. All solutions were made 0.2 M in ionic 
strength with Na2S0,». 

zyme-active site to the buffer. The catalytic rate can be ex
pected to increase when added buffers cause the rate of step 
1 and the rate of step 1' in Figure 1 to be comparable to or 
greater than the catalyzed hydration-dehydration rate at 
equilibrium given by steps 3',2' and 2,3. More specifically, 
when steps 1 and 1' are slow, the enzyme molecule must al
ternate regularly between one hydration step and one dehy
dration step in the absence of a proton donor-acceptor. But 
if steps 1 and 1' are comparable to or greater than steps 2,3 
and 3',2', sequences of only hydration reactions or only de
hydration reactions by the enzyme molecule are allowed. In 
this latter case, the rate of catalysis will be enhanced. 

Using data from Figure 4 for BCA at pH 8.3 and 1 mM 
1,2-dimethylimidazole: 

rate of dehydration = ^0[HCO3"] = 
(14.3 x 1O-3 sec-1)(5.0 x 10'4 'M) =7.2 x 10'e M sec"1 

If the contribution of buffer to the catalysis is neglected, 
and H3O+ is taken as proton donor in step 1 of Figure 1 
preceeding dehydration, a lower limit for the rate constant 
k\ of step 1 can be calculated. Kd for the enzyme active site 
is 10~7. 

^1[E][H+] 2 rate of dehydration 

fe.[ETot] ^ f V j [ H l = 

&,[5 x ICT9 A/][0.95][10-8-3 M] z 7.2 x IQ"6 Msec"1 

fei £ 3 x 1011 AT1 sec-1 

This rate constant is larger than the diffusion limit for the 
transfer of a proton from H3O+ to the enzyme.19 The need 
to hypothesize some facilitated proton transfer exists under 
these experimental conditions. 

Consider the proton transfer involving buffer and en
zyme: 

*r 
B + EH* ===- BH* + E 

i r 

An estimate of k( can be obtained by assuming that the rate 
of proton transfer from the enzyme to buffer is equal to or 
greater than the rate of dehydration at equilibrium calcu
lated above. The pKa of 1,2-dimethylimidazole is near 8.3 
and the concentration of unprotonated buffer at pH 8.3 is 
taken as 5 X IQ-4A/. 
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Figure 7. The rate constant kQ vs. the concentration of 1,2-dimethylim-
idazole at 25°. The concentration of bovine carbonic anhydrase was 5 
X IO -9 M in each case. At pH 8.3 the concentration of total carbonate 
species was (O) 0.5 mM and (A) 5.0 mM, At pH 8.75 the concentra
tion of total carbonate species was (•) 0.5 mM and (A) 10.0 mM. 
Na2SC>4 was added to bring all solutions to 0.2 M in ionic strength. For 
clarity, data at each pH are plotted to give the same intercept on the 
ordinate. 

kf[ B][EH+] s ra te of dehydration = 

ra te of hydration 

fcf[B][ETot]pJj^L- = kt[5 x 10"4 M] x 

[5 x 10"9 M](4.8 x 1O-2) > 7.2 x IO"6 M s e c - 1 

kt a 6.0 x 107 Af1 sec"1 

This result is for the case in which the pKd of the accep
tor is greater than the pATa of the donor. For small mole
cules with this ApA"a one anticipates a value of k{ near 109 

M~l sec - 1 , the diffusion limit.19 The rate of exchange of 
protons between />-nitrophenol (p/sTa = 7.14) and imidazole 
(pA:a = 6.95) is near 5 X 1 0 8 M~[ sec - 1 in both direc
tions.19 The lower limit for kf obtained above involving the 
active site of carbonic anhydrase and 1,2-dimethylimidazole 
is smaller by an order of magnitude than the small molecule 
analogy. This is possibly a result of hindrance of the ap
proach of buffer by the geometry of the enzyme active site. 

Figures 4 and 5 demonstrate that increasing the buffer 
concentration causes an increase in kc up to a maximum 
value and then is incapable of increasing kc further. This 
behavior would be expected for a catalytic pathway consist
ing of at least two mechanistic steps, the first dependent 
and the second independent of buffer concentration.20 At 
very low concentration of buffer, the first step is rate limit
ing and the overall catalytic rate constant kc is controlled 
by this step. As buffer is increased, the rate of the first step 
eventually exceeds the rate of the second step. Then the sec
ond step becomes rate limiting and the overall catalytic rate 
constant is independent of further increases in buffer con
centration. Such a scheme for carbonic anhydrase catalyzed 
dehydration can be rationalized in terms of Figure 1. As
sume the protonation of the enzyme in step 1, prior to the 
binding of bicarbonate, is buffer mediated;3-5'6 that is, the 
rate of this step is dependent on the concentration of the 
acidic buffer species in solution. The binding of substrate 
and subsequent chemical reaction in the active site, steps 2 

and 3, are expected to be independent of buffer concentra
tion for dehydration. Consequently, as buffer concentration 
is increased, the rate of step 1 increases to a point where it 
is faster than subsequent steps. At this stage, further in
creases in buffer concentration cannot cause corresponding 
increases in kQ. The extent to which kc is enhanced by buff
er increases as pH decreases (Figures 4 and 5), an expected 
result since the rate of step 1 depends upon concentration of 
the acidic buffer species. In this regard, addition of imidaz
ole (pAfa = 6.95) and barbital (pA â = 7.43) to the enzyme 
solution at a pH (pH >8.7) in which these compounds are 
protonated to a very small extent did not increase the cata
lytic rate. 

In Figures 4 and 5, the values of kc in the absence of 
added buffer represent catalysis along steps 2,3 and 3',2' of 
Figure 1 plus a possible contribution of steps 1 and Y by the 
bicarbonate and carbonate buffer system. To clarify the 
role of the substrate in the catalysis, catalytic rates at equi
librium were measured varying bicarbonate concentration 
from 10 to 0.5 mM in the absence of added buffers. With 
our apparatus we could not accurately measure kc below 
0.5 mM bicarbonate because of absorption of atmospheric 
CO2. The results clearly showed no substantial decrease in 
catalytic rate when bicarbonate concentration was de
creased to 0.5 mM in the pH region 8-9.21 In fact, an in
crease in kc with decreasing bicarbonate concentration was 
observed, as reported at higher bicarbonate concentration 
by Silverman.12 Consequently, we were not able to decrease 
bicarbonate in the absence of buffers to the point where a 
possible contribution of protons in step 1 by H C O 3 - limits 
the catalytic rate. A careful study of kc in regions of low bi
carbonate concentrations is necessary to separate the possi
ble effects on kc of bicarbonate as a buffer and the effects 
on kc of bicarbonate as substrate (the latter as described by 
Boyer13). However, in support of the idea that bicarbonate 
itself can affect kc as a proton donor, Figure 7 demonstrates 
that the effect of added buffers on kc is greater when the bi
carbonate concentration is low. An alternative explanation 
of the data in Figure 7 is possible by consideration of the 
fact that step 3' and step 2 become more favored at the 
higher substrate concentration. That is, at a higher sub
strate concentration a larger proportion of the catalysis oc
curs along the slower, buffer-unassisted pathway. 

With the above considerations, this is one interpretation 
of the data in Figure 4. The values of kc in the absence of 
added buffers are due in large part to alternating hydration 
and dehydration steps at equilibrium. At a bicarbonate con
centration of 5 X 1O-4 M there is possibly a contribution to 
kc caused by this substrate acting as a buffer. The increase 
in kc over this value as buffers are added represents an in
crease in catalysis at equilibrium caused by the availability 
of steps 1 and 1' of Figure 1 or caused by the availability of 
steps which are enhanced by proton transfer to an enzyme-
substrate complex. 

The conclusion of these experiments is that the activity of 
carbonic anhydrase at equilibrium is enhanced, to a moder
ate extent, by the availability of protons as provided by a 
buffer. It is expected that this dependence extends into re
gions near neutral pH which cannot be effectively investi
gated by our apparatus because of the very rapid rate of 
18O exchange near neutral pH. These experiments provide 
evidence that, in the narrow pH region studied here, the 
maximal activity of carbonic anhydrase is dependent on the 
presence of buffers in the proximity of the active site, as has 
been proposed35-6 to account for the large turnover number 
for this enzyme. 
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