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The kinetics of complex formation between Co(H)-carbonic anhydrase B and the anions cyanate, thiocyanate and cyanide has 
been studied at different pH values employing temperature-jump relaxation spectrometry. Formation of the 1 : 1 complex occurs via 
binding of the deprotonated state of the anion to an acidic state of the enzyme. Tbe determined formation rate constants range fmm 
lo8 to 3 X 10’ M-’ s- ’ and are two to three orders of magnitude higher than the value estimated for a ligand coordination to the 
central Co’*, based on a solvate substitution mechanism. These kinetic results strongly indicate that the deprotonated anion binds to 
an unoccupied coordination position of the protein-bound heavy metal ion in the form of an addition reaction. Upon binding of the 
anion, the coordination number of the Co’ + m the acidic state of the enzyme is increased from four to five. In the case of cyanide, a 
2: 1 anion complex is also formed. The formation rate constant is 5 X 10’ M-’ s-l which provides good evidence that this binding 
process is controlled by a solvate substitution mechanism. 

1. Introduction 

Carbonic anhydrase (EC 4.2.1.1), originating 
from mammalian erythrocytes, is a small metal- 
loenzyme which exists in the form of several isoen- 
zymes. It catalyzes the hydration of CO,, respec- 
tively the dehydration of bicarbonate. The native 
form of the enzyme contains a strongly coordi- 
nated Zn”, which is part of the active-site region. 
Considerable attention has been devoted to the 
specificity and function of the coordinated heavy 
metal ion [l]. Removal of Zn” . IS accompanied by 
the complete loss of enzymatic activity. Only Zn2+ 
and Co2’ are capable of reactivating the apoen- 
zyme with full retention of enzymatic activity. 

Dedicated to Professor Manfred Eigen on the occasion of his 
60th birthday. 
Correspondence address: E. Grell, Max-Planck-Institute for 
Biophysics, Heinrich-Hoffmann-Str. 7, D-6000 Frankfurt 71, 
F.R.G. 
* Present address: Tala Institute of Fundamental Research, 

Homi Bhabha Road, Bombay 400 005, India. 

The currently existing X-ray structure analysis 
of the human enzyme [2] does not enable one to 
make an unequivocal determination of the coordi- 
nation geometry and of the coordination number 
of the bound heavy metal ion, which is wordi- 
nated to three histidine side chains of the protein. 
Thus, at least one coordination position is likely to 
be occupied by a water molecule. The analysis of 
X-ray absorption spectra obtained for an unspeci- 
fied isoenzyme mixture of the bovine Co(H)- 
substituted protein [3] suggests a coordination 
number of four for its alkaline state and its com- 
plexes with many strong anionic inhibitors and 
five for its acidic state and some complexes with 
weak ionic ligands. 

Carbonic anhydrase exhibits outstanding dy- 
namic properties and represents the most powerful 
of all known acid-base catalysts. Its most active 
isoenzymes reach turnover numbers up to lo6 s-l, 
indicating that lo6 substrate molecules are con- 
verted into product per unit time. Therefore, in- 
vestigation of the kinetic properties and mechanis- 
tic aspects is of great interest. With regard to the 
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reaction mechanism, the protonation of the active 
site is assumed to be rate-limiting [4]. Proton 
transfer is expected to occur from buffer mole- 
cules to the active-site region via a shuttle residue 
at the protein surface. If the turnover number is 
lo6 SK’, we can condude that the rate constants 
of all other first-order processes such as substrate 
or product dissociation must be at least as high. 
Let us consider the binding and dissociation of 
CO2 and bicarbonate, respectively. In the case of 
the uncharged CO,, which is not assumed to be 
directly coordinated to the central metal ion, very 
fast binding {even diffusion-controlled) as well as 
fast dissociation is likely to occur. Since no direct 
interaction with the heavy metal ion is known, no 
differences between the properties of the ZnZf- 
and Co2’ -substituted protein are expected. This 
situation, however, is different when we consider 
the binding and dissociation of the anionic bi- 
carbonate, which is assumed to coordinate to the 
protein-bound heavy metal ion. 

According to the Eigen-Wilkins substitution 
mechanism for complex formation between metal 
ions and ligands, the final inner sphere coordina- 
tion occurs via the formation of an outer sphere 
complex (dissociation constant K,). If the inner 
sphere solvate substitution rate constant is ki, the 
overall complex formation rate constant is equal 
to K,‘ki. In the case of an enzymatic reaction, we 
have to introduce in addition a probability factor 
PO_ This factor accounts for the fact that only the 
collision between ligand and a fraction of the total 
protein surface can lead to the outer sphere com- 
plex formation. Based on this simple model, the 
overall formation rate constant is P,K,‘k,. If we 
now assume PO to be 0.1, KD to be 0.04 M and ki 
to be 4 x 10’ and 3 x lo5 s-* for solvated Zn2’ 
and Cd’, respectively, according to the metal ion 
substitution rate constants given in ref. 5, we can 
calculate an estimated value of the overall forma- 
tion rate constant for the Zn(II)-protein of 10’ 
M-i S-I and 7.5 X lo5 M-l s-l for the Co(U)- 
protein. Based on a dissociation constant for bi- 
carbonate binding to both metalloproteins of lo-’ 
M, we can calculate both bicarbonate dissociation 
rate constants employing the estimated values for 
the overall formation rate constant. A value of lo6 
s-l thus results for bicarbonate dissociation from 

the Zn(II)-protein and of only 7.5 X lo3 s-l for 
the Co(B)-protein. Similar conclusions concerning 
differences in the dynamic parameters of both 
proteins have to be expected for small anions 
other than bicarbonate. This substitution mecha- 
nism for anionic ligand binding -predicts forma- 
tion rate constants which are independent of the 
nature of equally charged ligands for a given 
metal ion, but different formation rate constants 
for different metal ions. Thus, the values of these 
rate constants should depend on the nature of the 
cation [5]. What can we now conclude in the case 
of carbonic anhydrase, where the rate-limiting re- 
action process was assumed to be a proton trans- 
fer with a rate constant of approx. lo6 s-l [4]? 

A bicarbonate dissociation rate constant of 
about lo6 s-l in the case of the Zn(II)-enzyme 
would be consistent with the mechanistic aspects 
indicated above. However, in the case of the more 
than lOO-times slower bicarbonate dissociation 
from the Co(B)-enzyme, a much faster process 
with a rate constant of lo6 s-l of course could no 
longer act as the rate-determining step in a first- 
order reaction. Since bicarbonate dissociation 
would be rate-limiting here the rate of the total 
catalytic cycle would have to be reduced drasti- 
cally, as compared to the Zn(II)-enzyme. This 
simple estimation leads to the main conclusion 
that Co(II)-carbonic anhydrase would have to be 
much less catalytically active than Zn(II)-carbonic 
anhydrase. However, this prediction is not at all 
consistent with the experimental observation, since 
both metal ion derivatives exhibit the same en- 
zymatic activity [ 11. 

In order to investigate and elucidate the mecha- 
nistic aspects of anion binding to carbonic 
anhydrase, a kinetic study was carried out employ- 
ing temperature-jump relaxation spectrometery (61. 
Since the Co(II)-substituted protein has spectral 
properties (e.g., its visible adsorption spectrum) 
which make it more amenable to spectroscopic 
studies than the native Zn(II)-enzyme, the experi- 
mental studies were performed on a bovine 
Co(II)-carbonic anhydrase (isoenzyme B). Instead 
of the weakly bound bicarbonate, stronger coordi- 
nating anions such as cyanate, thiocyanate and 
cyanide were used. 
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2. Experimental 

Bovine carbonic anhydrase was obtained from 
Miles and Sigma. The B isoenzyme (identical with 
carbonic anhydrase II) was purified on DEAE-cel- 
lulose DE 32 (Whatman) similarly to the method 
in ref. 7. Zn” was replaced by Co” according to 
ref. 8. After formation of the Co(H)-enzyme, the 
sample was dialyzed for 3 days against four 
changes of comparatively large volumes of 
double-distilled water. The protein concentration 
was measured photometrically on the basis of an 
extinction coefficient of 57000 M-l cm-l at 280 
nm. The rate constant of hydrolysis of the artifi- 
cial substrate 4-nitrophenyl acetate (0.05 M Tris- 
H2S04, pH 8.0, at 25°C; ionic strength 0.1 by 
Na,SO,; 0.4 mM substrate and about 10s6 M 
enzyme) was around 1000 M-’ s-t, which corre- 
sponds to 100% activity. 

Spectrophotometric titrations at 25 o C were 
performed on a Car-y 14, Cary 118 and HP 8450 
spectrophotometer, equipped with special cuvette 
holders for efficient temperature control. The er- 
rors of the pK values are estimated to be about 
* 0.25. The determined equilibrium constants rep- 
resent apparent values, valid for the particular 
media used in this study. 

Temperature-jump relaxation studies were car- 
ried out at 22°C with a spectrometer built by 
Rabl [9]. The temperature jump induced by Joule 
heating was about 3” C. The errors of the 
determined rate constants are estimated to be 
about f 40%. 

3. Results 

3.1. Binding studies 

Before carrying out relaxation measurements, it 
is necessary to determine the equilibrium dissocia- 
tion constants K, of the investigated complexes in 
the medium used for the kinetic studies. Since the 
temperature-jump instrument used here is equip- 
ped for absorption detection, it is furthermore 
important to measure the absorption spectra of 
the complexes between bovine Co(II)-carbonic 
anhydrase B and the anions. Fig. 1 shows the 
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Fig. 1. Temperature dependence of visible absorption spectrum 
of bovine Co(Il)-carbonic anhydrase B in the presence of 0.05 
M cyanate and 0.085 M tbiocyanate at pH 6.75. 

visible absorption spectra (attributed to d-d tran- 
sitions of CL@+) of the 1: 1 cyanate and thio- 
cyanate complexes. The spectra of these com- 
plexes exhibit no significant temperature or pH 
dependence. This suggests that both complexes 
exist in the form of a rather uniform state. The 
absorption spectra of the 1: 1 and 2 : 1 cyanide 
complexes are given in ref. 10. The spectra of all 
these complexes differ significantly from those of 
the uncomplexed enzyme. The visible absorption 
spectrum of free Co(II)-carbonic anhydrase, how- 
ever, is sensitive to pH which is understood in 
terms of a pH-dependent, protolytic equilibrium 
with a pK, value of 6.8 11,111. The overall 
dissociation constants K, of the anion complexes 
can thus be determined either by spectrophoto- 
metric titration or from the inhibition of hydroly- 
sis of p-nitrophenyl acetate in the presence of 
bovine Co(H)-carbonic anhydrase B (fig. 2). K, is 
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defined as 

K, = [E”IW’l 
[E-L] 

where [E’] and [Lo] correspond to the total equi- 
librium concentrations of enzyme and &and; [E 
- L] represents that of the complex, 

The observed pH dependence of pK, can be 
explained by the following reaction scheme 

H++E + LH (2) 
TJKE” tJKl.H 
EH + L-+H+ 3 EH-L-+H+ 

where K,, is the protolytic dissociation constant 
of the anionic ligand, and K characterizes the 
complex formation equilibrium between the acidic 
state of the enzyme EH and the deprotonated 
state of the ligand L-. For the pH-dependent 
dissociation constant K, we obtain: 

(3) 

The calculated values of the dissociation constants 
K for 1 : 1 complex formation with cyanate, 
thiocynate and cyanide are given in table 1. For 
PK,, a value of 6.8 was taken and the K,, 
values used are specified in table 1. The data are 
consistent with results of earlier studies performed 
under similar conditions [1,12]. 

The pH dependence of the dissociation con- 
stant characterizing the 2 : 1 cyanide complex was 
determined by employing spectrophotometric 
titrations (fig, 2). This additional binding process 
is only found in the presence of cyanide, which 
exhibits the strongest ligand field of all the in- 
vestigated anions. Under conditions where no un- 
complexed enzyme exists, the following reaction 
scheme is postulated 

EH-L- f L- + H+ s EH-(L-)2 + H+ (4) 

Fig. 2. pH dependence of overall dissociation constants KI of 
different anion complexes at 25” C. Data from (0) inhibition 
studies, (@) spectrophotometric titrations. (-) Calculated 
according to eqs. 3 and 5 with pKE~ = 6.8 and the parameters 
given in table 1. 
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Table 1 

Complex formation between anionic ligands and Co(U)-carbonic anhydrase B: thermodynamic and kinetic parameters 

K,,, protolytic dissociation constant; K, complex dissociation constant for binding of deprotonated anion to acidic state of enzyme; 
klz, formation rate constant for 1: 1 complex between deprotonated anion and acidic state of enzyme; kzl, corresponding 
dissociation rate constant; k,,, formation rate constant for 2 : 1 complex involving deprotonated anion; k,,, corresponding 
dissociation rate constant. 

Ligand PxLH PK k12 kzl k 23 k32 
LH CM- 1 

I s-1 
W1) Of- ) 

1 s-1 
(s-1) 

Cyanate (OCN ) 3.9 4.9 108 104 
Tbiocyanate (SCN - ) 0.9 4.3 2x10p 7x109 
Cyanide (CN- ) 9.3 1.1 3x10g 5x103 

(1 : 1 complex) 
3.5 5x105 103 
(2 : 1 complex) 

where 

h*=K(l+gy 
The experimentally determined K value for 2 : 1 
cyanide complex formation is given in table 1. 

3.2. Kinetic studies 

The kinetic studies were performed by tempera- 
ture-jump relaxation spectrometry. Since the 
Co(II)-enzyme alone in the absence of coordinat- 
ing anions already exhibits relaxation processes 
(relaxation times rl,z) in the millisecond time range 
[13], studies in the presence of anions could only 

200 mV I 
100psec 

Fig. 3. Temperature-jump relaxation process measured at 22“ C 
and pH 9.05. The sum of the free concentrations of Co(H)- 
carbonic anbydrase B and cyanate was 6.7 mM. Recording was 
performed at 599 run. 

by performed under limited conditions. Fig. 3 
shows a typical relaxation process observed in the 
presence of cyanate. The corresponding relaxation 
time r3, which is shorter than r1,2, depends on 
enzyme concentration and pH. Fig. 4 illustrates 
the linear dependence of rj’ as a function of the 
sum of the total equilibrium concentrations of 
enzyme and ligand (calculated from K,, see fig. 2) 
according to the kinetic reaction scheme 

k;; 
E”+L“ Ft E-L 

k,, 

with 

(6) 

r;’ = k;,([E”] + [Lo]) + k,, 

Temperature-jump measurements related to 1: 1 
complex formation in the presence of cyanate 
were made at pH 6.0, 6.5, 8.2 and 9.0; with 
thiocyanate at pH 6.0,7.05,7.65 and 8.7; and with 
cyanide at pH 7.4, 8.0 and 10.2. From the data it 
follows (see fig. 4 in the case of cyanate) that the 
dissociation rate constant kzl does not depend on 
pH. Thus, the experimentally observed pH depen- 
dence (fig. 4) is attributed to the overall formation 
rate constant ky2, according to: 

(k;*)-l= (k12)-l l+ ( $+(1+E) (8) 

where k,, represents the pH-independent forma- 



222 B.S. Prabhananda et alp/Kinetics and mechanism of mimic &and binding lo carbonic anhydrcxse 

T,-‘x10-’ 
[ set-‘I 

0 1 2 3 

( [Ee]+[Lq)xlo2 [d 

Fig. 4. Relaxation kinetics of 1: 1 complex formation between 
cyanate and Co(U)-carbonic anhydrase B. Plot of reciprocal 
relaxation time r3 vs. the sum of the free concentrations of 
enzyme and ligand at pH 6.5 (o), 8.2 (A) and 9.0 (0). 

tion rate constant which characterizes the binding 
of the deprotonated anion L- to the acidic state of 
the enzyme EH. From the known pK,, value and 
the thermodynamic data given in table 1, the k,, 
values of the 1: 1 complexes have been calculated. 
For the cyanide anion a rate constant of 3 x 10’ 
M-l SK’, for the thiocyanate anion of 2 X 10’ 
M-’ s-i, and for the cyanate anion of 10’ 
M-’ s-i are obtained. The corresponding dissoci- 
ation rate constants are also listed in table 1. 

For principle reasons, the enzyme-ligand com- 
plex EH-L- can be formed on the basis of two 
different reaction paths, namely, by recombina- 
tion of EH and L-, as hitherto assumed, or by 
recombination of EP and LH (not shown in eq. 2). 
If EH predominantly recombines with L-, the 
already given value of 10’ M-r s-l is valid for 
the formation of the cyanate complex. However, if 
E- were to recombine with the protonated state of 
anion LH, a value of 10” M-’ s-i would result 
for this reaction path. This estimate seems to be 

unreasonably high for a diffusion-controlled reac- 
tion involving a protein molecule. Thus, the reac- 
tion path based on the recombination of EH and 
L- (as shown in eq. 2) is much more probable and 
cannot be excluded. 

From the kinetic parameters (table 1) of the 
1 : 1 complex formation reaction, the ratio k21/k12 
can be calculated and compared with the corre- 
sponding equilibrium constants K. A fairly large 
deviation of about one order of magnitude results 
for the cyanate complex. This deviation raises the 
question as to whether an additional, more stable 
state of this complex may exist. Indeed, a further 
relaxation process TV of small intensity in the 300 
ps time range was observed under certain condi- 
tions in the presence of cyanate. However, whether 
this relaxation can be attributed to the postulated, 
additional stabilization process is not yet clear. 
Also, in the presence of thiocyanate, an extra 
relaxation process K, has been found. In contrast 
to the cyanate complex, the relaxation time of the 
transition r4 of the thiocyanate complex is shorter 
(approx. 5 ks) than that of the anion-binding step 
5-3. 

At high cyanide concentrations, an intense re- 
laxation process TV in the 100 JLS range has been 
found in addition to that of the faster 1 : 1 com- 
plex formation step r3. The reciprocal relaxation 
time r5 depends linearly on the sum of the total 
free concentrations of the 1: 1 cyanide complex 
E - L and of cyanide Lo, which is consistent with 
the following reaction scheme: 

E - L + L” ‘2 E - (L)? 
k,z (9) 

Temperature-jump experiments were carried out 
at pH 6.4, 7.3, 8.1, 8.5, 8.9 and 10.2. The value of 
k,, is independent of pH. Thus, the experimen- 
tally observed pH dependence is attributed to the 
overall formation rate constant k& with 

(k&)-l = (k,,)-l 1+ ( !gy (10) 

where k,, characterizes the recombination be- 
tween the 1: 1 cyanide complex of Co(II)-carbonic 
anhydrase B and the deprotonated state of the 
anion. The experimentally observed pH depen- 
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dence of ki3 is consistent with eq. 10 and leads to 
a k,, value of 5 X lo5 M-l sP’. The value for k,, 
is listed in table 1. 

4. Discussion 

From the kinetic results obtained for the bind- 
ing of cyanate to Co(U)-carbonic anhydrase it is 
concluded that the deprotonated protolytic state 
of the anion binds to a protonated state of the 
enzyme: 

kl2 
EH+L- e EH-L- 

k,, 
(11) 

The acidic group of the enzyme involved in anion 
binding may be due to a water molecule coordi- 
nated to the central Co” (see fig. 5). 13C-NMR 
studies [14] have indicated that CN- and not 
HCN is bound to this metalloenzyme. Thus, the 
reaction scheme shown above is also very likely to 
be valid for anions other than cyanate. 

Based on a solvate substitution mechanism, the 
rate constants of complex formation between 
anionic ligands and Co(H)-carbonic anhydrase are 
expected to be around 7.5 x lo5 M-l s-l (see 
section 1) and to be essentially independent of the 
nature of the anion. However, the data presented 
in this study (table 1) clearly show that the experi- 
mentally determined formation rate constants k,, 
can reach values as high as 3 X lo9 M-’ s-l. They 
are two to three orders of magnitude higher than 
the estimated rate constant. In addition, the k,, 
values of the three ligands investigated differ by 
more than one order of magnitude. All this evi- 

dence strongly supports the conclusion that no 
solvate substitution can take place upon binding. 
As the relevant binding mechanism we have to 
suggest the coordination of the deprotonated an- 
ion to a free coordination position of the Co*’ 
(not preoccupied by a solvate molecule) in the 
form of an addition reaction (see fig. 5). Since the 
binding site is surrounded by the protein moiety, 
this reaction is expected to occur in a local region 
of comparatively low dielectric constant. This may 
also partly explain why so many anions exhibit 
surprisingly high affinities to the central heavy 
metal ion of carbonic anhydrase. 

Since no solvate molecule is substituted by the 
bound anionic ligand, the coordination number of 
the Co2’ must increase upon binding of the anion 
to the acidic state of the enzyme, as indicated 
schematically in fig. 5. We thus assign coordina- 
tion number four to the acidic state of the enzyme 
(I in fig. 5) and coordination number five to its 
anion complexes (II in fig. 5). At least as far as the 
cyanide complex is concerned, this straightfor- 
ward interpretation is not consistent with conclu- 
sions derived from X-ray absorption studies [3] 
and visible absorption spectra [15]. As possible 
explanations, we have to consider that possibly 
more than one state of the anion complexes may 
exist which can contribute to the equilibrium 
properties, as indicated by the observation of ad- 
ditional relaxation times TV_ 

Cyanide can also form a higher 2 : 1 complex, 
due to the binding of a second deprotonated anion 
to the preformed 1: 1 complex. The corresponding 
formation rate constant is 5 x lo5 M-’ s-l (table 
1). This value is now consistent with that expected 

I II III 

Fig. 5. Schematic illustration of complex formation between anions and Co’+ coordinated to three histidine residues of carbonic 
anhydrase. State III is only significantly populated in the presence of cyanide. 
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for a solvate substitution process (see section 1). 
We thus assume that the solvate molecule remain- 
ing in the 1: 1 complex is substituted by the 
cyanide ion as shown schematically by state III in 
fig. 5. Thus, coordination number five of the 
central Cd’ remains upon binding of the second 
cyanide ion. 

For a conclusive discussion of the additional 
relaxation processes observed which are attributed 
to first-order rearrangement processes of the 1 : 1 
complexes, further experimental evidence is re- 
quired. 
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