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Abstract

Studies of native and Cd(II)-substituted carbonic anhydrase with special 
reference to their interaction with inhibitors

Lena Tibell
Department of Biochemistry, University of Umeå, S-901 87 Umeå, Sweden

The major aim of this work has been to gain further insights into the 
catalytic mechanism of carbonic anhydrase (carbonate hydro-lyase, EC
4.2.1.1).

One approach has been to replace the essential Zn(II) ion by Cd(II) which 
has favourable spectroscopic properties. The Cd(II)-enzymes have appreciable 
4-nitrophenyl acetate hydrolase activities. These activities increase with 
pH as if dependent on the basic form of a group with pKa near 10. The 
Cd(II)-carbonic anhydrases also have significant carbon dioxide hydration 
activities. Jhe Cd(II) derivatives are strongly inhibited by monovalent 
anions.

The 113-Cd(II) derivatives have also been studied by 113-Cd NMR as a 
function of pH and bicarbonate or inhibitor concentration. Plots of chemical 
shift versus pH give sigmoidal titration curves in the studied pH range,
6.9-10.3. The p«a values vary from 9.2 to 9.7 correlating reasonably well 
with the activity profiles. When bicarbonate is added to the samples the 
113-Cd resonances shift upfield to new characteristic positions. The 
inhibitors CN", SH", and SCN” bind directly to the metal ion with their C, 
S, and N atoms, respectively. The results are best explained by assuming a 
rapid exchange between three species in which the open coordination site of 
the metal ion is occupied by'hydroxide, water, or bicarbonate.

Another approach has been to study kinetic properties of the active en
zyme. A number of monovalent anions were investigated as inhibitors of 
carbon dioxide hydration catalyzed by human carbonic anhydrase II. 
Predominantly uncompetitive inhibition patterns were observed at pH near 9 
in all cases. The inhibition of human carbonic anhydrase II by the organic 
compounds tetrazole, 1,2,4-triazole, 2-nitrophenol, and chloral hydrate was 
also investigated. These inhibitors, together with phenol, can be classified 
in three groups depending upon the kinetic patterns of inhibition of carbon 
dioixde hydration at pH near 9. The first group, represented by tetrazole 
and 2 -nitrophenol, yields predominantly uncompetitive inhibition under these 
conditions in analogy with simple, inorganic anions. The second group, 
represented by 1,2,4-triazole and chloral hydrate gives rise to essentially 
noncompetitive inhibition patterns whereas phenol, representing the third 
group, is a competitive inhibitor of carbon dioxide hydration.

These results are analyzed in terms of two rivaling mechanism models, a 
kinetic scheme originally proposed by Steiner et al. (Eur. 3. Biochem. 
(1975) 59, 253-259) and a rapid-equilibrium kinetic scheme proposed by 
Pocker and Deits (3. Am. Chem. Soc. (1982) 104, 2424-2434). It is concluded 
that the observed steady-state inhibition patterns are compatible with both 
models, but hat discriminatory data, strongly favouring the model of Stêiner 
et al., are available in the literature.

Key words: Carbonic anhydrase, Cd(II), 113-Cd(II)-NMR, inhibition, catalytic 
mechanism.
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1. SOME HISTORICAL MILESTONES

In 1928 a very important discovery was made (1): The escape of carbon 

dioxide (CO2 ) from hemolyzed blood was found to be significantly 

faster than the spontaneous conversion of bicarbonate (HC0^~) to CO^. 

An explanation was found some years later (1932 and 1933) by Meldrum 

and Roughton (2) and Stadie and O ’Brien (3) independently. They 

demonstrated that red blood cells contain an enzyme catalyzing the 

interconversion of CO^ and HCO^-. The enzyme was named carbonic 

anhydrase (EC 4.2.1.1. carbonate hydro-lyase). Already at this early 

stage, it was also observed that low concentrations of monovalent 

anions, such as cyanide, sulfide, and azide, were inhibitory (4). 

Furthermore, Mann & Keilin (3) discovered the inhibitory action of 

aromatic sulfonamides.

In 1939 it was demonstrated that carbonic anhydrase contains stoichio

metric quantities of zinc (6,7). This was the first time this metal 

ion had been shown to have a defined physiological function.

In the early fourties the first papers on purification of the erythro

cyte enzyme were published (7-11). After further improvements of the 

purification methods several investigators showed (1960-62) that human 

erythrocytes contain two forms of carbonic anhydrase now called CAI 

and CAII with different catalytic and other properties (13-15). In 

1975-77 the preparation procedure was significantly simplified when an 

affinity chromatography method was developed (16,17). In 1976 a third 

form of carbonic anhydrase, CAIII, was discovered in skeletal muscle
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from sheep,' cat, chicken, and rabbit (23,24-,85).

For a long time carbonic anhydrase was considered to have an absolute 

substrate specificity. However, in the years 1963-65 the ability of 

carbonic anhydrase to catalyze the hydrolysis of certain esters was 

independently discovered in a number of laboratories (116-119), and 

Pocker and Meany (120) discovered that the enzyme catalyzes the 

hydration of aldehydes. The great catalytic versatility of carbonic 

anhydrase has been reviewed by Pocker and Sarkanen (122).

The complete amino acid sequences of human carbonic anhydrase I and II 

were published in 1972-76 (19,20). Totally 11 mammalian carbonic 

anhydrases have so far been completely sequenced (54).

The tertiary structures of human CAI and CAII were first determined by 

X-ray diffraction to a resolution of 2Å by Liljas et. al. in 1972 

(121) and Kannan et. al. in 1975 (36).

2. DISTRIBUTION, PHYSIOLOGICAL FUNCTIONS, GENETICS, AND EVOLUTION

Carbonic anhydrases have been detected in representatives of nearly 

all the major groups of living species, in vertebrates, i n 

vertebrates, higher plants, algae, and in certain bacteria. Several 

important physiological functions, other than the transport of C 0 £ 

between tissue and lungs, are known to be related to carbonic 

anhydrase activity. Examples of such physiological functions are C0£~ 

fixation in plants and algae, pH regulation, various secretory 

processes, as in kidney and gastric mucosa, and the calcification of 

shells in molluscs and in eggs of birds (115). However, in all known
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physiological processes in which the enzyme takes part its specific 

catalytic role is the interconversion of carbon dioxide and 

bicarbonate (26).

It is now known that at least three isoenzymes, CAI, CAII, and CAIII, 

are present in amniotes (birds, reptiles, mammals).

The high activity carbonic anhydrase isoenzyme CAII is expressed in a 

wide range of tissues where it is thought to be involved in a variety 

of physiological functions. For example, in addition to being present 

in red blood cells, it has also been identified in gastric mucosa, 

lung, kidney, pancreas, retina and lens (25,26) in mammals.

The low activity carbonic anhydrase CAI is found in higher levels than 

CAII in red cells of most mammals, but its tissue distribution appears 

to be more limited than that of CAII. CAIII is present in high con

centrations in skeletal muscle, but it has also been found in the 

liver of male rats (23,25,29,30). Carbonic anhydrases have also been 

identified in mitochondria (31) and bound to membranes (32,33), but 

they may represent additional isoenzymes.

The isoenzymes CAI, CAII, and CAIII are controlled by separate gene 

loci. The genes for CAI and CAII from mouse have been shown to be 

located on chromosome 3 near the centromer (28). Furthermore, the gene 

coding for human CAII was recently assigned to chromosome 8 (27). The 

fact that the CAI and CAII genes appear to be closely linked in 

several mammals (25,27) suggests that these genes are also linked in 

humans. It will be interesting to see whether also CAIII is linked to 

CAI and CAII. On the basis of the completely or partially known amino 

acid sequences of carbonic anhydrases from different species it has
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been possible to construct a phylogenetic tree of the carbonic 

anhydrase isoenzymes (25). The order of gene duplications that gave 

rise to the three isoenzymes can not be decided, but in view of the 

presence of CAI, CAII and CAIII in birds and reptiles it is apparent 

that these duplications took place before the branching out of the 

amniotes, about 300 million years ago (25, 27).

3. SOME PROPERTIES OF THE ISOENZYMES

The mammalian isoenzymes are monomeric, singlestranded proteins with a 

polypeptide chain of 259 or 260 amino acid residues. They have 

molecular weights of about 30 000, and contain one zinc ion which is 

essential for catalysis.

The three genetically and immunologically distinct isoenzyme forms of 

carbonic anhydrase, CAI, CAII and CAIII, all have homologous 

structures but they have some striking differences in their catalytic 

properties and inhibition characteristics (Table I). Isoenzyme CAII is 

the most efficient of the three forms, with a maximal turnover number 

for CO 2 hydration of 1 x 10^ s'* at 25 °C. Isoenzyme CAI is less 

efficient than CAII with a maximal CO2 hydration turnover number of 

about 1x10^ s" 1 at 25 °C. Both CAI and CAII are strongly inhibited by 

aromatic sulfonamides (Table I). Isoenzyme CAIII has several unique 

properties. Its specific activities towards CO 2 , HCO 3 and p- 

nitrophenyl acetate are markedly lower than those of the other two 

isoenzymes (Table I). In addition both K m and kcat for CO 2 appear to 

be pH independent between pH 5 and 8  (34), which is in contrast to CAI
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and CAII where K m is pH independent and kcat varies with pH (33). 

Furthermore, CAIII is only weakly inhibited by sulfonamides (Table 1).

The variations in both activity (Table I) and distribution of the 

different isoenzymes imply that they may have been selected for 

different functions. Some of the most obvious questions are:

1) Why is the level of CAI so high in red blood cells of some species, 

and why is CAI absent in red blood cells of other species?

2) What is the role of the very low activity isoenzyme CAIII? Does 

this enzyme act on substrates other than CO^ and HCO3 ’?

3) Why have the low activity forms, CAI and CAIII, been conserved 

during more than 300 million years of evolution in the presence

of the very efficient isoenzyme, CAII?

Considering the similarities in structures and amino acid sequences, 

it is very difficult to understand the differences in kinetic 

properties of the three carbonic anhydrase isoenzymes on a molecular 

level. Studies of naturally occurring variants have led to very little 

progress. Clearly, a deeper understanding of structure-activity 

relations requires the construction of novel variants by site-directed 

mutagenesis altering the amino acids of interest, especially in the 

active site.



Sane physical properties and kinetic parameters of seme carbonic anhydrases (21,22/74,85,123,124)

Enzyme
source

Abbreviation Activity
type

Molecular 
weight 
(dcil ton)

Isoelectric
point

OOj-tumover
ntmber

"ta (002) 
(ntt)

4-nitrophe- 
nyle hydrolase 
activity (M“ls"l) 
at pH 7.5

for
azetacolttuide

(M) pH 7.5

Human
erythro
cytes

HCAI Low 28850 5.85 1.2 X 105 X 4.2 X 500 1.6 x 10

HCAII High 29300 7.25 1 x 106 x 8.3 X 2200 6 x 10"8
Bovine
erythro
cytes

BCAII High 30300 5.65 1 x 106 12 900 1.2 x 1Ô“8

»
Skeletal
muscle

GAIII Very low 29500(B) 8.3 (B) 103 (C>° 10 (C) 3.5 <B> 9 x 10“5 (E

XpH 8.9 °pH 7.5 B *» bovine C « cat

4. THE ACTIVE SITE

The three-dimensional structures of human CAI and CAII have been

refined to 2Â resolution by high resolution X-ray diffraction studies

of enzyme crystals (36,37). Representatives of all three isoenzymes

from different sources have been completely or partly sequenced. In 

addition the complete cDNA for mouse CAII has recently been sequenced 

(38,39). A large part of the active site cavity is built up by four 

strands of B-structure assigned a $ % and * (Figure 2).
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Figure 1 Figure 2

The active site cavity 
of human carbonic 
anhydrase II (53).

The secondary structure of HCA II 
The cylinders represent the 
a-helices and the arrows the 
^-structure (53).

The active site residues of particular interest appear to be His-94, 

His-96, and His-119, forming ligands to the catalytically essential Zn 

ion in all three isoenzymes, and the residues at positions 64 and 200 

(Figure 1). Residue number 6b is a His in both CAI and CAII and Lys in 

CAIII. It seems possible that residues number 6b and 200 are of 

critical importance as modifiers of catalytic behaviour (bO). The 

presence of His 200 in CAI isoenzymes is the only unique feature 

distinguishing the active sites of CAI and CAII. In most CAII's and in 

C A I I I  t h e r e  is T h r  in p o s i t i o n  200. T h e  r e s i d u e s  

7,29,92,106,107,117 ,194-, 199,209,24-4-, and 246, which participate in an 

intricate hydrogen-bond network linked to the metal ligands, 

(40,41,42), have been conserved in all the sequenced carbonic anhyd

rase isoenzymes.
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5. THE CATALYTIC METAL ION

The zinc ion in the center of the active site of carbonic anhydrase is 

essential for the catalytic activity of the enzyme. In fact, the zinc 

ion is directly involved in the catalytic carbon dioxide - bicarbonate 

interconversion (Figure 3, page 28) and in inhibitor binding.

This zinc ion can be removed from CAI, CAII and CAIII by dialysis 

against certain chelating agents. In the cases of CAI and CAII 1,10- 

phenanthroline at pH 5 (4-3) or pyridine-2,6 -dicarboxylic acid at pH 7

(44) are used, while these agents have been found to be without 

desired effect on CAIII (43). In the latter case dialysis against 2- 

carboxy-l,10-phenanthroline at pH 5.5 has been shown to be efficient

(45). The resulting apoenzymes are stable and catalytically inactive, 

but the activity can be completely restored by the addition of one 

equivalent of Zn(II).

Various metal-ion substituted derivatives are easily prepared by 

direct addition of the metal salt of interest to the apoenzyme 

solution or by dialysis of the apoenzyme against a metal solution. 

This replacement with other divalent metal ions has a great interest 

since Zn(II) is an almost spectroscopically silent metal. Among the 

metal derivatives of carbonic anhydrase that have been prepared are 

those with Co(II), Co(III), Cd(II), Mn(II), Hg(II), Cu(II), Ni(II) and 

V(IV)0^+. Most of these metallocarbonic anhydrases are catalytically 

inactive or have substantially altered catalytic properties. The 

Co(II) carbonic anhydrase has been the most informative metal 

derivative so far, since it combines favourable spectroscopic
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properties with very native-like catalytic properties. The great 

variety of studies on ligand binding and catalytic properties of such 

Co(II) carbonic anhydrases has been summarized in two recent review 

articles (53, 5*0.

The only other metal-derivatives that have been shown to be 

catalytically active are the Cd(II) enzymes (4-6-4-Ö), and the Mn(II) 

enzymes (4-9-51). The aim of the metal substitution studies has mainly 

been to elucidate the detailed geometry around the metal ion in the 

metallocarbonic anhydrases and their inhibitor adducts. The 

coordination sphere has been shown to be somewhat flexible showing 

four-, five- or even six-coordination depending on the identity of the 

metal ion and the extraneous ligand.

Cd(II)-carbonic anhydrases

Cd(II) and Zn(II) are both d ^  ions. The Cd(II) ion forms stronger 

complexes than the Zn(II) ion with many ligands. This is, for example, 

the case for halogenide ions and thiol groups. On the other hand, 

Zn(II) binds more tightly to oxygen- and nitrogen containing ligands 

(67).

The Cd(II)-carbonic anhydrases have been ignored for a long time since 

they were found to be inactive under standard assay conditions at pH 7 

(4-9,55,56). Furthermore, Cd(II) was considered to be spectroscopically 

silent. However, in 1976 two reports were published which altered this 

view:

1) Bauer et al. (4-6) published a study of the angular correlation
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of y-rays emitted from an excited nuclear state of ^^Cd(II) (PAC 

technique) bound to human CAI. They found evidence for a high and a 

low pH- form of the enzyme with a pKa close to 9. They also reported 

the high-pH form to have 4-nitrophenyl acetate hydrolase activity. 

Thus, failure of detecting activity had simply been due to "wrong” pH 

during the assay.

2) Armitage et al. (57) reported the first ^ ^ C d  NMR study of

Cd(II)-carbonic anhydrase. They studied the effects of pH on the 

113 Cd(II) substituted carbonic anhydrase isoenzymes. These reports 

made a more detailed characterization of the Cd(II) carbonic 

anhydrases essential.

In Paper I we report some features of the Cd(II) derivatives of human 

CAI, human CAII and bovine CAII. The Cd(II) ion in these derivatives 

was found to be easily displaced by Zn(II) which led to large problems 

and irreproducible results in the early phase of the work. 

Particularly when working with low Cd(II)-carbonic anhydrase 

concentrations the problems with Zn(II) became annoying since Zn(II) 

is a ubiquitous contaminant as illustrated by the analytical data in 

Table II.

The Cd(II) carbonic anhydrases were found to have appreciable 4- 

nitrophenyl acetate hydrolase activities, increasing with pH with a 

pKa near 1 0 .

The Cd(II)-carbonic anhydrases were also shown to have significant 

C0 2 _hydration activities. However, due to technical difficulties in 

measuring C O 2 -hydrat ion above pH 9, no attempt was made to 

characterize the pH dependence of this activity.



All three Cd(II) carbonic anhydrases were strongly Inhibited by mono

valent anions, and the dissociation constants were generally smaller 

than for the corresponding native Zn(II) enzymes. Furthermore, the 

sulfonamides acetazolamide and ethoxzolamide (own unpublished results) 

were found to be strong inhibitors of Cd(II) HCAII although their 

affinities for the Cd(II) enzyme are about one order of magnitude less 

than their affinities for the Zn(II) enzyme.

2 +Table II. Zn contents in various solutions as determined 
by atomic absorption spectroscopy. The analyses were made 
immediately after the preparation of the materials unless 
indicated otherwise. Demetallized plastic vessels were 
used throughout.

Material [Zn2+] (yM)

glass distilled water 0.5
twice deionized water

- fresh 0.02
- after 10 min 0.25
- after 20 min 0.35

50 mM Tris-F^SO^ buffer in
twice deionized water 0.05
0.2 M CdSO^ in twice deionized water 0.51

The kind of information that can be obtained from spectroscopic 

studies of Cd(II) derivatives of carbonic anhydrase are mainly of a 

structural character. As previously described, the metal ion is 

liganded by the three imidazole groups from His-9*f, His-96, and His- 

119 (58), but with exception of these, the coordination sphere appears 

to be rather flexible.
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The results of Bauer et al. (4-6, 47) showed the existence of two pH 

dependent forms of cadmium enzyme. The pKa = 9.0 of this intercon

version was in close agreement with their 4-nitrophenyl acetate 

hydrolase activity measurements (46). The pH dependence of the 

quadropole parameters, derived from the PAC measurements, was found to 

be consistent with an ionization of a metal-bound water (46). From a 

detailed analysis of the PAC-data, they suggested the low-pH form of 

human l-^Cd(II)CAI to be four-coordinated with a water molecule as the 

fourth ligand. Furthermore, the high-pH form and the complexes of the 

enzyme with sulfonamides and imidazole were suggested to be five- 

coordinated (with a hydroxide ion and a water molecule or an inhibitor 

as the fourth and the fifth ligand, respectively) (47).

1-^Cd NMR studies of ^ ^ C d  CA derivatives

To get interpretable NMR-spectra, spin 1/2 nuclei are preferred. The 

H-^Cd nucleus (I = 1/2) has a high sensitivity compared to ^ Z n  

(1=5/2). This, in combination with the chemical similarities between 

Cd(II) and Zn(II), made ^ ^ C d  a reasonable first candidate for NMR- 

studies of Zn-containing biomolecules. The large paramagnetic 

contribution of the ^^ C d  nucleus to the shielding constant leads to 

large changes in the chemical shift with changes in the nature of 

bonding to the metal ion. This fact, coupled with its high sensitivity 

and a large dipolar contribution to the relaxation mechanism, makes 

^ ^ C d  an ideal NMR probe for characterization of zinc-binding sites in 

metalloproteins.
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Many of the first reports on -^Cd-NMR studies of biological molecules 

have been highly valuable in the development of the method. The 

chemical shifts observed for ^^^Cd-substituted proteins are 

qualitatively consistent with the general trends found in 

nonbiological systems (6 6 ). The reports on NMR-spectra of H-^Cd(II) 

carbonic anhydrases have partly been conflicting (57,59-61,Paper II), 

probably because of contaminating HCO3 ” coming from atmospheric CÛ2 *

In Paper II, the ^^Cd-substituted human carbonic anhydrases I and II, 

and bovine carbonic anhydrase were studied with ^^Cd NMR. Great care 

was taken to avoid undesired atmospheric CO 2 , HCO 3 , SO^ and other 

anions. Human ^^Cd(II)CAI tends to give rather broad lines as 

compared to the other two ^^Cd(II)-substituted isoenzymes, and this 

indicates that exchange processes contribute to the observed line- 

widths. The ^ ^ C d  chemical shifts varied continously with pH in the 

pH-range 6.9 to 10.5. Plots of chemical shifts versus pH gave 

sigmoidal titration curves with pKa values between 9.2 and 9.7. This 

is in reasonable accordance with the 4-nitrophenyl acetate hydrolase 

activity profiles for the correponding Cd(II) carbonic anhydrase 

derivatives (46, Paper I). The relatively large apparent discrepancy 

in the pKa value for human Cd(II)CA II (pKa ^  9.2 in Paper II and pKa 

^  9.8 in Paper I) are probably mainly due to the large experimental 

difficulties in obtaining sufficiently accurate data at very high pH 

values (above pH ~  10). Furthermore, stepwise addition of bicarbonate 

was carried out for all three enzyme derivatives. The HC0 3 ~ complexes 

have distinctly different chemical shifts (shifted upfield) as c om
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pared to the HCC^'-free enzymes. These results are consistent with a 

model involving three inner-sphere complexes of the enzyme-bound ^^C d  

ion in rapid exchange.

H+ HCO3 '

E-OH" -A-*- E-H2 o ' ^ Y '  E-HCO3 '

h 2o

Furthermore, the binding of the ^C-labeled inhibitor cyanide to the 

enzymes was investigated. The resonances for all three derivatives 

were similarly shifted downfield and split into doublets, the latter 

finding indicating a direct binding between -^^Cd and in *^CN”. 

Additional support for a direct coordination of the C-atom comes from 

the observation that no ^ ^ C d - ^ N  coupling could be detected in the 

complex with (6 8 ). The NMR-spectra were also found to be

insensitive to pH or to the addition of more than one equivalent of 

^ C N ”, suggesting that there is only one site available for CN “ 

coordination. In addition, the spin-coupling constants for all three 

^■■^Cd-derivatives are virtually identical indicating identical 

geometries of the Cd-CN coordination.

In our own unpublished results (summarized in Table III) we have shown 

that other anionic inhibitors, Cl”, Br", SCN", and MS", move the 

^■^Cd-NMR signal to characteristic chemical shift positions. These 

shifts were shown to be insensitive to pH and to the addition of more 

than one equivalent of inhibitor indicating only one inhibitor binding 

site. No splitting was observed in the human ^ ^ C d ( I I ) C A I I - S ^ C N ”
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spectrum, indicating that SGN“ is not coordinated with its C-atom. The 

chemical shift of the thiocyanate complex (273 ppm) implies that the 

coordination is to the N-atom rather than to the S-atom in SCN”.

For the human ^^Cd(II)CAII-HS” adduct the ^^Cd-resonance was split 

into a doublet with a proton coupling constant of 48 Hz. This fact 

together with the relatively high value of the chemical shift (Table 

III) indicates a direct binding between the S-atom and the metal ion.

Table H I
113Cd Chemical Shifts of Complexes of C d (II) Carbonic 
Anhydrases and Anions

Compound Ó113Cd (ppm) J (Hz)

HCAI - Cl" 243
HCAII - Cl" 240
HCAII - HS" 374 48
HCAII - Br" 240
HCAII - S 13CN" 273

Sulfonamides (R-SO2 NH2 ), which are strong inhibitors of carbonic an

hydrases I and II, have been useful in studies of the mechanism of 

carbonic anhydrase because of their highly specific interaction with 

the active site. Results from X-ray crystallographic studies indicate 

a direct binding of sulfonamides to the zinc ion (64). However, it is 

not clear from these studies whether the sulfonamide is coordinated to



the metal ion via the oxygen (70), nitrogen (6 M  or both (4-7). 

Furthermore, it has also been a case in question if the anionic R- 

SO2 NH’ or the nonionized R-SO2 NH2 form of the sulfonamide binds to the 

metal ion. The metal-sulfonamide interaction in complexes of 

^-■^Cd(II)-substituted carbonic anhydrases and the *-*N-enriched 

aromatic sulfonamides benzenesulfonamide and neoprontosil have been 

studied with ^ ^ C d  NMR (62). Both sulfonamides were shown to split 

the ^ ^ C d  resonance into a doublet O ^ ^ C d - ^ N  ̂  200 Hz) which was 

interpreted as a direct Cd-N bond in the sulfonamide complex. This is 

particularly plausible since no two-bond coupling could be detected in 

the complex with C ^ N ~ ( 6 8 ). This suggestion is also supported by 

another report (65) where the binding of the ^N-labelled inhibitors, 

cyanate (^NC 0 ~) and benzenesulfonamide to the active site of native 

HCAI has been studied by ^N-NMR. The observed shieldings of the 

enzyme-bound inhibitors were taken as strong indications of 

complexation of the cyanate nitrogen, or the sulfonamide nitrogen to 

Zn(II). Both the positions of chemical shifts of the complexes (ü 390 

ppm) and their pH-independence (pH 7-10) led the authors to suggest 

that sulfonamides bind as anions (62).
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6 . KINETICS AND MECHANISM

Since, in particular, the CAII isoenzymes catalyze the reversible 

hydration of CO2 with extraordinary efficiency with a maximal turnover 

rate of 1 x lO^s"^- at 25 °C (Table I), all elementary steps in the 

reaction mechanism must be very rapid. As a consequence, it has so far 

not been possible to investigate the transient state, and all kinetic 

information comes frçm studies of the reaction in the steady state or 

at chemical equilibrium.

Although the carbonic anhydrase-catalyzed reaction involves only six 

substrate atoms, it has been very difficult to find a generally 

accepted mechanism for the reaction.

C02 + H20 ^ = ±  HCO3 " + H+

As early as 1946 Roughton and Booth (75) had described many important 

characteristics of carbonic anhydrase including the pH dependence of 

the C0 2 hydration reaction. Unfortunately, most of the earlier 

investigations were influenced by the presence of inhibitory anions in 

the assay solutions. However, all the accumulated data for both the 

C0 2 hydration and HCC^- dehydration reactions indicate a simple 

Michaelis-Menten behaviour of the enzyme kinetics.

The C0 2 /HC0 3 ~ activity of the human and bovine isoenzyme forms I and 

II and the affinity constants of anionic inhibition appeared to be 

controlled by a single titratable group with pK around 7. Furthermore, 

all the other hydrolytic activities of carbonic anhydrase seem to 

follow the same pH dependence. The basic form of the titratable group 

seems to be required in the hydration reaction, and the acidic form of
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the group in the dehydration reaction. The pH-rate profiles for both 

functions are roughly sigmoidal. However, it is now evident that in 

the CAII isoenzymes, there is a second group that plays an important 

role in catalysis (see below). Spectroscopic studies of the Co(ll) 

enzyme showed a parallell behaviour between the pH dependences of the 

absorption spectrum and the catalytic activity (76). These results 

together with kinetic information, theoretical calculations, and 

results from NMR studies support a mechanism where the catalytic group 

is a zinc-coordinated hydroxide ion. Although several alternative 

mechanisms have been proposed (see 77-79), the zinc-hydroxide 

mechanism now appears to be generally accepted.

The Zn-bound HgO

In most studies of human and bovine carbonic anhydrases, S 0 ^ ~  ions 

are used for the control of ionic strength. However, it has later been
P _

shown that SO^ " interacts with the active site of the enzyme and 

perturbes the ionization behaviour of the metal-linked group (80, 81). 

This led Simonsson et al (82) to investigate how the pH dependence of 

the 4-nitrophenyl acetate hydrolase activity of bovine CAII and the

spectroscopic properties of the Co(II) derivative were influenced by

2 -  2 - SO^ ions. It was shown that 50^ inhibits the activity at low pH

and that the inhibitor binding is strongly dependent on ionic

strength. It was proposed that there is a substantial electrostatic

interaction between two groups in the active site, the activity linked

group and, probably, His 6k. The microscopic pKa values for the two



27

groups were estimated to be similar with a pKa of 5.1 when the other 

group is protonated and 6 . 8  when the other group is unprotonated. 

Human CAII has been shown to behave in a similar way (74).

The pKa for the catalytic group in CA I isoenzymes appears to be about

0.5 pH-unit higher than for the CAII isoenzymes (40, 83). The CO? 

hydration activity of enzyme III seems to be almost independent of pH 

in the range 5.0 to 8.5 (84). However, a weak increase in CO 2  

hydration activity has been reported above pH 8 (85, 22). In addition, 

the visible absorption spectrum of Co(II) substituted bovine carbonic 

anhydrase III is pH independent above pH 6  (45). The spectrum is very 

similar to the alkaline forms of Co(II) substituted isoenzymes I and 

II (40). Thus, it was considered probable that the pKa of metal-H^O in 

isoenzyme III is quite low and therefore outside the pH range of the 

measurements. Since too little is known about the kinetics of the 

CAIII isoenzymes, these will not be discussed in the following 

sections.

The catalysis

Each cycle of CO 2 hydration (HC0 3 ~ dehydration) must involve the 

following six chemical events

1) Binding (dissociation) of CO2

2) Binding (dissociation) of H2 O

3) Breaking (formation) of an 0-H bond in H 2 O

4) Formation (breaking) of an 0-C bond, C0 2 "HC0 3 ~ transformation

5) Dissociation (binding) of HCO3 ”



6 ) Dissociation (binding) of H+
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Some of these steps might occur in separate reaction steps, while 

others might be combined (Figure 3).

For each catalytic cycle, one H+ ion must be transported between the 

active site and the reaction medium. If this H+ transfer could only 

take place between the active site group and 1^0 or 0H~, this reaction 

would limit the turnover rate to 10^ - lO^s"* at pH 7 (69).

Fiyure 3 
The zinc-hydroxide mechanism
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However, the observed turnover rates are at least 10 times higher at 

this pH, which leads to the conclusion that the H+ transfer must occur 

by some alternative mechanism. A rapid transfer of H+ between the 

activity linked group and buffer molecules was proposed by several 

authors (70-72).

EH+ + B — " E + BH+
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Indeed, the transport of H+ between the active site and the bulk 

solution was shown to be buffer mediated in the CO2 hydration rection 

(73). Apparent rate constants for H+ transfer from EH to B ( = buffer 

base) were estimated to be about 2 x 10® M'^s”* for human CAII (73) 

and about 3 x 10^M~^s”  ̂ for human CAI (74). Thus, at high buffer 

concentrations this step would not be rate limiting for the turnover 

number of any of the two isoenzymes.

Rates of CO 2 -HCO 3 interconversion can be estimated from line 

broadening of ^C-NMR resonances when carbonic anhydrase is added to 

labelled substrates (8 6 ). The catalyzed exchange rates vexc^ were 

found to follow Michaelis-Menten kinetics.

vexch [S]

Etot Keff + ^

k ^ ^ ( t h e  effective, maximal exchange rate constant) appeared to be 

nearly pH independent whereas Keff (equal to an apparent dissociation 

constant for the substrate) depended strongly on pH in both isoenzymes 

I and II. Furthermore, the exchange rates appeared independent of the 

presence of buffer, or if they were obtained in H20 or D 2 O. These 

observations are strong evidence that the buffer dependent step is not 

involved in the CO2 - HCO3 ” interconversion. In addition, the values 

of k^ ^ 1 indicate that in isoenzyme II the steps in the CO 2 -HCO3  

exchange pathway do not limit the turnover rate 1 . 8  • 1 0 ^s”^

for human CAII), while in isoenzyme I the rate limiting step appears 

to reside within the CO2 - HCO3 " interconversion (kç*£h= 3.6 * 10^ s"^ 

for human CAI)(40,86). The observed isotope effect of 1 in k ^ ^ i s
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simplest explained by assuming that this interconversion does not 

involve H + transfer. It might rather be an OH" from HCO^" that is

transferred to Zn(II)(40, 74-, 87) as shown in Figure 3.

For each turnover cycle of CO 2 hydration an 0-H bond in H 2 O ftiust be

broken. Kinetic information on this reaction comes from studies of

kinetic hydrogen isotope effects on steady-state parameters (35) and 

1 ftfrom AO0 exchange studies at chemical equilibrium (8 8 ) on human CAII. 

Steady state kinetic studies at high buffer concentration (50 mM) in

H 2 O and D 2 O showed hydrogen isotope effects of 3-4 in both kcat and

Km . These results led to the suggestion that the rate-limiting step at 

substrate and buffer saturation involves a H + transfer between two 

sites in the enzyme. The isotope effect of 1 in kcat/Km indicates that 

the H+ transfer is uncoupled from the CO2 -HCO3 ” transformation (35). 

Steiner et al. (35) proposed the rate limiting step to be a H + 

transfer between the catalytic group, Zn-bound HpO/OH”, and a proton 

transfer group, probably His 64, which in its turn transfers the 

proton to the buffer.

EH ►  HE

HE +  ►  E" + BH+

This means that the catalytic group is unable to deliver H+ directly 

to the buffer.

Venkatasubban and Silverman (8 8 ) have shown that the isotope effect in

kcaj. depends exponentially on the atom fraction of deuterium in

H 2 O/D 2 O mixtures. Furthermore, Tu et al (89) found that micromolar 

concentrations of Cu^+ or Hg£'+ specifically inhibit the release from
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the active site of H2 ^ 0 , containing from H C ^ C ^ ’, while the rate 

of CO 2 -HCO 3 exchange is uninhibited. In addition, there are 

unpublished X-ray data (see 4-0) showing that there is a specific Hg^ + - 

binding site at His 64. The simple zinc-hydroxide mechanism shown in 

Figure 3 can now be expanded to include the intramolecular H+-transfer 

step as shown in Figure 4. H to the right of E indicates a H 2 O 

coordinated to the Zn(II), while H to the left of E indicates 

protonated His-64.

Figure 4

H. U

The dissociation of H 2 O from the active site of carbonic anhydrase has 

been studied by Silverman and coworkers (89, 90) by measuring two 

types of exchange at chemical equilibrium: The exchange of 

between CO 2 and H 2 O and the exchange of between -^C and ^ C -

containing species of CO2 . Their interpretation of the results can be 

summarized as in Figure 3.
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Figure 5

A kinetic scheme which is in agreement with the observed properties of 

the steady-state and equilibrium kinetic parameters was presented by 

Lindskog (91) (Figure 6 ).

Figure 6

H E "  C O i U E U - H C O ^

H e

CO;

Kinetic mechanism scheme (35,54,91).
Diagonal line represents the intramolecular proton 
transfer step which limits the turnover rate at 
high substrate and buffer concentrations.
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7. INHIBITION

Inhibitors are useful tools in the study of enzymic active sites. 

There are two main types of information that can be extracted from 

inhibition studies: Structural information about the active site 

(especially around the metal ion), and information about the mechanism 

(kinetic studies). These types of information are often closely 

coupled.

Carbonic anhydrase is inhibited by a variety of compounds. Aromatic 

sulfonamides are powerful and specific inhibitors (see above) which 

have been used in chemical as well as physiological studies of the 

enzyme (42, 92). Monovalent anions are another class of carbonic 

anhydrase inhibitors. There is a wealth of data in the literature 

showing that both sulfonamides and anions bind to the active site 

metal ion (42). A number of organic compounds have been shown to 

interact with the active site (47,94-99, 109-110), but very little was 

known about their kinetic inhibition patterns until recently (1 1 1 , 

Paper IV). Cu(II) ions have been found to inhibit HCAII (108) (see 

page 30).

Anion inhibition

Carbonic anhydrase is reversibly inhibited by a large number of mono

valent anions (i.g. HS” , CN", NCO", NCS", I” , N 3 , Br , Cl , NO 3 , 

Au(CN)2 ~). A 1:1 anion-enzyme complex is formed either by displacing
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H2 O or by adding to the metal coordination sphere, yielding a tetra- 

coordinated or pentacoordinated metal ion, respectively (42, 53). 

Thus, a strong binding of an anionic inhibitor seems to require the 

protonated form of the activity linked group (EH). The possible 

binding forms of the free enzyme are shown in Figure 7.

Figure 7
Possible inhibitor binding forms of carbonic 
anhydrase

WE.A —--—-----------  He V,A

EH

E A

The pH dependence of the anion binding is usually well described by

E~  » EH ---► EHA’ (A" = anion inhibitor)
H+ A“

when SO^ 2 is used for controlling the ionic strength. However, in the
o _

absence of SO^ ~ more complex patterns are observed (82). At high pH, 

the affinity constants for anions are small, which means that under 

most conditions the formation of EA (Figure 7) can be neglected. From 

the effects of anion titration of His-64 (^H-NMR) (100-102) it seems 

as though HE has a much weaker anion affinity than EH. Simonsson et al 

(82) showed that SO^ 2 inhibited bovine carbonic anhydrase at low pH 

(below pHrv.7 ) as if SO^.2- binds with a high affinity only when both 

His -64 and the catalytic group are protonated. Furthermore, SO^2' and
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I" were demonstrated to be mutually competitive in the low pH-range. 

From the pH dependence of the inhibition constant for A ” (in the 

absence of SO^2”), it is obvious that HEH has a higher affinity for A” 

than EH (82, Paper III). This is also the case in CAI, where 

protonation of His-200 seems to increase the anion affinity (103,10*0.

The main features of the proposed catalytic mechanism described above 

for CA can be summmarized in

e-+co2 *— ^E-C02 - ^  EH+-HC03~ EH+ + HC03‘ (1)

EH+ — *-+HE (2)

+HE + B -*-*■ E + BH+ (3)

Now we can add

EH + A” EHA" (A” = anion inhibitor) (*0

Based on these assumptions (equation 1-*»-) the following predictions 

can be made. (Inhibition patterns are illustrated in Figure 8 ).

1) A competitive inhibition of the C 0 2 -HC0 3  exchange rate at 

equilibrium is expected since E -  C02 and EH-HCO3 are assumed not 

to bind A", and since all equilibria are coupled. Indeed a com

petitive effect of Cl” on the C0 2 -HC0 3 ~ exc^an9e rate catalyzed

by human CAI has been observed (82).

2) Since HCO3 ” and A” are assumed to bind to the same enzyme forms, EH 

and HEH, a competitive anion inhibition is expected (Figure 8 ) for 

the HCO3 " dehydration reaction. This is in agreement with the 

results of Pocker et al. (105, 106).
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3) In the high pH limit an uncompetitive inhibition pattern of CO 2  

hydration is expected. At high pH and low (^-concentrations the 

dominating enzyme form is E” which binds A' poorly. This means 

that the effect on kcat/Km is very small. On the other hand, the 

consequence at saturating CO^ concentrations will be that EH+ 

accumulates because of the rate limiting H+-transfer step 

(equation 2), and since EH+ binds A" strongly it will decrease the 

apparent kcat* The overall effect will be an uncompetitive 

inhibition pattern. This behaviour was also confirmed by Pocker 

and Deits (106) and by our own results (Paper III). However the 

former authors interpret these results differently.

Figure 8 
Inhibition patterns

VJ \J V

_v/__

Competitive Noncompetitive Uncompetitive

In paper III we report anion inhibition studies of the CO^ hydration 

reaction in the steady state. At pH near 9 all the anions tested (I", 

N 3 ” , SCN~, NC0~ and A u ( C N ) 2 ~) s h o w e d  m i x e d  u n c o m p e t i 

tive/noncompetitive patterns. Essentially noncompetitive patterns were 

obtained at pH 7.3 with SCN" and Au(CN)2 ~. The inhibition by SCN~ was
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also studied at pH 6.4 which resulted in an essentially noncompetitive 

pattern.

At low anion concentrations the data fit well with the simple model 

presented above (equation 1-4) while the behaviour is more complicated 

at high anion concentrations. For example, the kcat at 180 mM SCN” is 

about 3 times higher than predicted by extrapolating the observed 

inhibition at low SCN' concentrations. This results in nonlinear plots 

of 1/v versus [SCN']. Qualitatively similar results were obtained with 

the other anions tested. Only NCO", which is the most strongly 

inhibiting anion (of those tested), gave linear plots in the investi

gated concentration range. The Dixon plots of 1/v versus [A ] at pH 

7 . 3  also appear to be nonlinear, but less pronounced than at higher 

pH.

These results can be interpreted as if the enzyme has a finite 

residual activity at high C0£ and inhibitor concentrations. This can 

be explained in our model by assuming that H+ can be transferred from 

the EHA' complex to His 64 yielding an HEA' complex (Figure 9). 

Furthermore, the pH dependence of the SCN inhibition of the 4-nitro- 

phenyl acetate hydrolase activity was investigated, both in presence 

and absence of S0^~. From these results and results of ^H-NMR 

titrations of His-64, it could be concluded that the anion affinity 

constants decrease in the order HEH>EH>HE>E. Computer simulations of 

steady state initial rates based on the scheme in Figure 9 indeed 

resulted in anion inhibition patterns quite similar to those 

experimentally observed.
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If the idea is right that an intramolecular H+ transfer can occur when 

the anion inhibitor is bound, EHA HEA, than it seems necessary to 

assume that EHA complex is a mixture between four- and five- 

coordinated species with H 2 O as fifth ligand. Our results suggest that 

the residual activity is largest with I” and Au(CN)2 > intermediate 

with N^', and SCN~, and very small with NC0~. This might reflect the 

relative extent of pentacoordination in the respective EHA complexes. 

This is roughly in accordance with the ideas presented by Bertini et 

al. (33,107).

F-igure 9

VAE-ÇO;

co.

V\E

C O ,

v\co;

Proposed formal mechanism. Reaction steps indicated by thick lines 
correspond to equations 1 to 3. Verticle lines correspond to buffer- 
facilitated H+ transfer steps (see figure 6). From ref. 40.
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Inhibition by organic compounds

Several organic compounds have been shown to inhibit carbonic 

anhydrase. Their interaction with the active site has been studied by 

several investigators (4-7,94-99,109-110), while their kinetic patterns 

have been less well investigated (93,111).

Aniline, anthranilate, benzoate, phenol, chloral hydrate, imidazole 

(inhibits only CAI), tetrazole, 1,2,3-triazole, 1,2,4-triazole, alkyl 

carbonates and alkyl carboxylates are all inhibitors of carbonic 

anhydrase known to bind the metal (4-7,93-95, 97-99,109,110,113). 

Methanol is a weak inhibitor which has been proposed to interact with 

the active site without binding to the metal (94,97,99,110). The 

affinity constant for methanol has been reported to increase with pH. 

However, the inhibitory effect on the 4-nitrophenyl acetate hydrolase 

activity has been proposed to be mainly an effect of methanol on the 

solubility and, hence, the thermodynamic activity of the ester 

substrate (97).

In Paper IV the kinetic behaviour of some of the organic compounds 

inhibiting human CAII has been investigated. These compounds can be 

divided into three categories depending on their effects on the CO 2  

hydration reaction at high pH.

A. Aniline, tetrazole, 2-nitrophenol (Paper IV), alkyl carbonates and 

alkyl carboxylates (113) all give rise to nearly uncompetitive 

inhibition patterns. Furthermore, the affinity constants for tetrazole 

and aniline decrease with increasing pH. This means that these co m 
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pounds behave like anions. Also, the competitive inhibition of HCO3  

dehydration by tetrazole is analogous to the behaviour of anions 

(Paper IV). Since both tetrazole (pKa 2 = 4.89) and 2-nitrophenol (pKa 

= 7.2), are anions at the pH values where inhibition has been studied 

this "anion behaviour" can be easily understood. The behaviour of the 

neutral compound, aniline, is more difficult to explain. However, the 

nucleophility of aniline might explain an anion-like binding to the 

active site metal.

B. The second category is represented by 1 ,2 ,4-triazole and chloral 

hydrate which give rise to noncompetitive inhibition patterns both 

towards CO^ and HCO 3 ”. The pH dependence of the inhibition of the 

esterase activity by these compounds is compatible either with a 

binding of the neutral compounds to the basic form of the catalytic 

group or with a binding of the anionic forms to the acidic form of the 

catalytic group (Paper IV). Possibly the inhibition patterns can be 

explained by assuming that both of these pathways for the formation of 

the enzyme-inhibitor complex are kinetically significant.

C. The third category is represented by phenol, which is a competitive 

inhibitor of CO2 hydration. The binding affinity of phenol decreases 

with pH like those of chloral hydrate and 1 ,2,4-triazole. These 

observations led to the assumption that neutral phenol binds to the 

same enzyme forms as CO 2 (E and HE)(93). The optical spectrum of the 

phenol complex with human Co(II)CAII is similar to that of the high pH 

form of the enzyme alone.

Imidazole, which inhibits HCAI (but not the CAII isoenzymes) is 

another example of a competitive inhibitor of the CO 2 hydration



reaction. However, the affinity of imidazole for the enzyme appears to 

be almost pH independent (47, 111).

8. CONCLUDING REMARKS

The aim of this work has been to gain further insights into the 

catalytic mechanism of carbonic anhydrase. One approach has been to 

study the ligand binding properties of the active site metal ion and 

their implications for the catalytic mechanism. The Cd(II) derivatives 

have catalytic activity and they are inhibited by anions and 

sulfonamides. ^ ^ C d  NMR results implicate differences in metal co

ordination at high and low pH, and provide strong evidence for direct 

binding of anions to the metal. Another approach has been to supple

ment available kinetic data with investigations of inhibition patterns 

for anionic and organic inhibitors. These patterns are in complete 

accordance with the mechanistic model proposed by Steiner et al. (35) 

and can be taken as additional support for this model.
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