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ABSTRACT: The functional importance and structural determinants of a conserved hydrophobic pocket in 
human carbonic anhydrase I1 (CA 11) were probed by preparing and characterizing 13 amino acid substitutions 
at  Leu-198, situated at  the mouth of the pocket. The pH dependence of the esterase activity reveals that 
activity decreases (up to 120-fold) as the amino acid size and charge at  position 198 are varied while the 
pKa of the zinc-bound water molecule increases (up to 1 pH unit). Intriguingly, the pH dependence of the 
Leu-198-Glu substitution is parabolic (pKas = 6 and 9), consistent with introduction of a general base- 
catalyzed mechanism. Kinetic characterization of C02/HC03- interconversion catalyzed by four variants 
(Leu-l98+Ala, His, Arg, and Glu) reveals that increasing the size of the hydrophobic pocket (Ala) does 
not compromise catalysis (=3-fold decrease); however, substitution of charged (Arg and Glu) and larger 
(His) amino acids decreases kcat/& for C02 hydration substantially (17-fold, 19-fold, and 10-fold, 
respectively) but not completely. log kcat/& for C02 hydration, HC03-  dehydration, and p-nitrophenyl 
acetate hydrolysis correlates with the hydrophobicity of the residue at  198, likely reflecting desolvation or 
electrostatic destabilization of the ground state. The X-ray crystal structures of the Leu- 1984His,  Glu, 
and Arg variants (Nair & Christianson, 1993) indicate that the His and Glu side chains are accommodated 
by minor structural reorganization leading to a wider mouth for the hydrophobic pocket while the Arg side 
chain blocks the pocket. Infrared spectroscopy of C02 bound to either wild-type CA I1 or the Leu- 
198-Arg variant indicates that the Arg substitution both decreases the affinity and alters the position of 
C02 binding, suggesting that the hydrophobic pocket forms the C02 binding site in CA 11. Finally, a 
1.5-fold increase (Leu-198-Ala) and 12-fold decrease (Leu- 198-Arg) in k,, for COZ hydration, indicative 
of the rate constant for intramolecular proton transfer from zinc-bound water to His-64, are likely mediated 
by changes in the active site solvent structure. 

Carbonic anhydrase is a zinc metalloenzyme which effi- 
ciently catalyzes the hydration of C02 to form bicarbonate 
and a proton. Catalysis of C02 hydration by one isozyme, 
human carbonic anhydrase I1 (CA 11,' EC 4.2.1. l) ,  approaches 
the diffusion-control limit at lo8 M-' s-l and has a maximum 
turnover rate of more than lo6 per second [for recent reviews, 
see Silverman and Lindskog (1988) and Christianson (1 99 l)] . 
CA I1 also catalyzes the hydrolysis of aromatic esters and is 
potently inhibited by sulfonamide compounds and monovalent 
anions. 

A crystal structure of CA I1 has been solved (Liljas et al., 
1972) and refined (Eriksson et al., 1986, 1988; Hikansson et 
al., 1992) to 1 S4-A resolution, providing tremendous insights 
into structure-function relationships within the enzyme. The 
zinc cofactor lies at the base of the conical active site cleft 
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where it is coordinated to three histidine residues and a solvent 
molecule in a tetrahedral geometry. The zinc-bound hydroxide 
acts as a nucleophile to catalyze C02 hydration and ester 
hydrolysis (Coleman, 1967; Lindskog & Coleman, 1973). 
Catalysis of C02 hydration occurs in two steps: C02/HCO3- 
interconversion generating a zinc-bound water intermediate 
followed by regeneration of the zinc hydroxide species by 
proton transfer to solvent using the active site residue His-64 
as a proton shuttle (Steiner et al., 1975; Tu et al., 1989). 

The active site cleft is split into hydrophobic and hydrophilic 
regions; the side chains of Val-121, Val-143, Leu-198, and 
Trp-209 form a hydrophobic pocket adjacent to the zinc 
hydroxyl group, as shown in Figure 1 (Eriksson et al., 1986, 
1988). Infrared spectroscopy (Riepe & Wang, 1968) and 
theoretical studies (Merz, 1990, 1991; Liang & Lipscomb, 
1990) have implicated this pocket in C02 binding. This site 
is consistent with a variety of spectroscopic studies [for 
example, Bertinietal. (1983,1987) and Williamsand Henkens 
(1985)], suggesting that C02 binding does not involve inner- 
sphere coordination with zinc. Structure-function studies in 
the hydrophobic pocket at Val-121 (Nair et al., 1991) and 
Val-143 (Fierke et al., 1991; Alexander et al., 1991) indicate 
that the hydrophobicity of this pocket is important for the 
stabilization of the transition state for C02 hydration and 
ester hydrolysis. Random mutagenesis studies of the Asp- 
190-Ile-210 region of human CA I1 indicate that substitution 
of Arg or Pro at position 198 decreases catalytic activity and 
sulfonamide binding (Krebs & Fierke, 1993). A leucine side 
chain is found at this position for all CA I and CA I1 isozymes 
while phenylalanine is present in CA I11 isozymes (Hewett- 
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FIGURE 1: Structure of the hydrophobic pocket in the active site of 
recombinant human carbonic anhydrase I1 taken from the X-ray 
crystal structure of Alexander et al. (1991) showing the zinc 
coordinated to three imidazole ligands, His-94, His-96, and His- 1 19; 
four amino acids defining the hydrophobic pocket, Val- 121, Val- 
143, Leu- 198, and Trp-209; and an essential catalytic residue, Thr- 
199. The position of the substituted amino acid for Leu- 198-Arg 
and Leu-198-Glu CA I1 is taken from the X-ray crystal structures 
of these variants (Nair & Christianson, 1993). The position of COz 
was determined from a least-squares superposition of the backbone 
atoms of CA I1 with the calculated CA 11-CO2 complex (Merz 1990, 
1991). 

Emmett & Tashian, 1991); this structural difference is 
proposed to be a key determinant of the catalytic properties 
of CA I11 (Eriksson et al., 1988; LoGrasso et al., 1991). 

To further probe the structure-function relationships within 
the CA I1 active site, 13 substitutions in Leu- 198 at the mouth 
of the hydrophobic pocket were created and their hydrase and 
esterase activities determined. The properties of four variants, 
including truncation of the side chain (Ala) and substitution 
with charged (Arg and Glu) and larger (His) amino acids, 
were determined using spectroscopic and steady-state kinetic 
techniques. The Leu- 198-Arg substitution alters the position 
of bound C02 as assayed by the infrared spectrum of C02, 
such that it does not overlap with bound azide, an active site 
inhibitor, as observed for wild type. A correlation between 
hydrophobicity and log kcat/KM for C02 hydration, HC03- 
dehydration, and p-nitrophenyl acetate hydrolysis indicates 
that charge delocalization occurs in the chemical transition 
state. However, catalysis is not abolished by radical substi- 
tutions; this can be understood in light of the crystal structures 
of these variants (Nair & Christianson, 1993). 

MATERIALS A N D  METHODS 

Mutagenesis. Oligonucleotide-directed mutagenesis of the 
cloned CA I1 gene in plasmid pCAM-a1 (Krebs & Fierke, 
1993) was performed according to the method of Stannsens 
et al. (1 989) using T4 DNA polymerase and Escherichia coli 
DNA ligase with a 25-base oligonucleotide in which the Leu- 
198 codon (CTG) was replaced by a degenerate codon (an 
equimolar mixture of all four bases). The resulting DNA 
was first transformed into WK6 mutS and then into BL21- 
(DE3) pLysS using the procedure of Hanahan (1983). 
Colonies with plasmids encoding mutant CA I1 were identified 
using esterase and sulfonamide binding activity screens (Krebs 
& Fierke, 1993). The entire DNA sequence of the CA I1 
gene was determined by the method of Sanger (1977) for 
each mutant candidate prior to purification. 

Protein Expression and Purification. BL2 1 (DE3) pLysS 
cells (Studier & Moffat, 1986) containing pCAM-a 1 encoding 
either wild-type or mutant CA I1 were grown, and CA I1 was 
induced by addition of 1 mM isopropyl P-D-thiogalactopy- 
ranoside and 0.3 mM ZnS04 followed by incubation at 3 1-34 
"C for 5-6 h. Cells were pelleted, and a crude lysate was 
prepared by EDTA/lysozyme lysis followed by removal of 
cellular remnants by centrifugation (20000g, 20 min) (Krebs 
et al., 1991). Leu-198 variants were purified from these cell 
extracts using sulfonamide affinity chromatography at pH 
8.0 (Osborne & Tashian, 1975). Protein samples were then 
extensively dialyzed against 5 mM potassium phosphate buffer 
(pH 7 .9 ,  lyophilized, and stored at -20 "C. 

Esterase and COz Hydration Assays. The specific activity 
for p-nitrophenyl acetate (PNPA) hydrolysis in cell extracts 
was determined at 25 "C at 0.5 mM PNPA (0.1 M Tris-SO4, 
5% acetone, pH 8.0, I = 0.2 with Na2S04), by measuring the 
change in A348/min (e348 = 5000 M-I cm-I) (Armstrong et al., 
1966). The pH dependence of esterase activity was measured 
in 50 mM Na-MES (5.5-7.0), Tris-SO4 (7.5-9.0), or Na- 
CHES (9.0-10.0) buffer with the ionic strength adjusted to 
0.1 M using sodium sulfate. The apparent second-order rate 
constants, (kcat/KM)obs, were calculated from initial rates after 
subtraction of the acetazolamide-inhibited rates. The con- 
centration of CA I1 was determined either by stoichiometric 
titration of esterase activity using acetazolamide (Pocker & 
Stone, 1967) or from absorbance using e280 = 5.4 X lo4 M-1 
cm-I (Tu & Silverman, 1982). The pH-independent rate 
constant, kcat/KM, and the catalytic PKa were determined by 
fitting the observed pH dependence of esterase activity to 
either eq 1 or eq 2 (Leu-198-tGlu) using the curve-fitting 
program SYSTAT (Systat, Inc). 

CO2 Hydration and Bicarbonate Dehydration. The C 0 2  
hydration activity of each variant was measured in cell extracts 
by the pH-indicator assay of Brion et al. (1988) at 2 "C in 
20 mM imidazole, 5 mM TrisS04, and 0.2 mMp-nitrophenol. 
Initial rates of C02 hydration and bicarbonate dehydration 
were measured in a Kin-Tek stopped-flow apparatus at 25 OC 
by the changing pH-indicator method (Khalifah, 197 1). 
Buffer/indicator pairs (with the wavelengths observed) were 
MES/chlorophenol red (pH 6.1, 574 nm), MOPS/p-nitro- 
phenol (pH 6.7-7.7, 407 nm), and TAPS/m-cresol purple 
(pH 8.3-8.9, 578 nm). The buffer concentration was either 
50 mM (COz hydration) or 100 mM (bicarbonate dehydration) 
with the ionic strength adjusted to 0.1 M with sodium sulfate 
and 0.1 mM EDTA added to prevent inhibition by metal ions. 
The assay was initiated by a 2 5  dilution of CA I1 (10 nM-20 
pM final concentration) into substrate (either 3-27 mM C02 
or 4-200 mM HCO3-). Solvent isotope effects were measured 
using identical substrate and buffer/indicator solutions pre- 
pared with 99.9% DzO. The solution pD was determined by 
adding 0.4 to the pH meter reading (Glasoe & Long, 1960). 

Infrared (IR) Spectroscopy. Enzyme samples were pre- 
pared for IR spectroscopic analysis by dissolving lyophilized 
CA I1 (100-150 mg) in 10 mM Tris-S04, pH 8.0,4 "C. In 
one series of experiments, solid ethoxzolamide was added to 
the samples to act as an inhibitor. CA I1 was then dialyzed 
against 10 mM MES, pH 5.5 (2X), followed by 0.25 mM 
MES, pH 5.5 (2X, either with or without 10 pM ethoxzola- 
mide), and relyophilized. Before the IR spectrum was 
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obtained, the enzyme samples were redissolved in 1 mM MES, 
pH 5 .5 ,  with or without 10 mM sodium azide, to a protein 
concentration of 6-9 mM. The samples were equilibrated at 
room temperature for a minimum of 2 h with defined mixtures 
of C02/N2 in a glove bag and stored in equilibrated gas-tight 
vials. 

Aliquots of the enzyme402 sample were removed from 
the sample vials using a 0.1 -mL Hamilton syringe; the enzyme 
solutions were then loaded onto a demountable IR transmission 
cell equipped with CaF2 windows and 12-pm spacers (Harrick 
Scientific, Ossining, NY). Transmission infrared spectra of 
the enzyme402 samples were obtained using a Digilab FTS- 
60 Fourier transform infrared spectrometer (Bio-Rad, Digilab 
Division, Cambridge, MA) equipped with a narrow-band, 
liquid N2-cooled HgCdTe detector (Infrared Associates, 
Orlando, FL) at 2-cm-l resolution with triangular apodization 
and one level of zero filling. In order to eliminate any 
extraneous C02 of atmosphericorigin from the spectrometer's 
optical path, the entire spectrometer (including optical bench, 
sample chamber, and interferometer air bearing) was purged 
with pure N2 gas (obtained from the boil-off of a high-pressure, 
liquid N2 tank) for approximately 12 h before data collection 
began. In addition, after the samples were changed, the sample 
chamber of the spectrometer (which can be sealed off from 
themain optical bench) was further purged for at least 10 min 
prior to data collection. Absorbance spectra were obtained 
by ratioing the single-beam IR spectrum of the enzyme-CO2 
complex to that of an empty cell background. Typically, 256 
scans were collected to improve the signal-to-noise ratio in the 
final spectra. The IR spectra presented here have been baseline 
corrected but have not been smoothed. Vibrational wave- 
number positions were calculated using a center of gravity 
algorithm (Cameron et al., 1983) and are accurate to better 
than fO.l cm-I. For each individual sample, carbonic 
anhydrase activity and protein concentration were measured 
on the material recovered from the transmission cell after 
measurement of the IR spectra. 

C02 difference spectra were obtained by subtraction of the 
spectrum of freely dissolved C02 in aqueous solution from the 
spectrum of C02 in the presence of the inhibited or uninhibited 
enzyme. The relative levels of enzyme-bound and free C02 
were determined from the integrated intensities of the C02 
difference spectrum and the corresponding total C02 spectrum 
after correction for the bound C02 component. The integrated 
intensity of the protein amide I11 band between 1355 and 
1205 cm-I in combination with UV absorbance values a t  280 
nm was used to normalize the integrated intensities of the 
total and bound C02 in order to correct for minor differences 
in path length and protein concentration. Spectral data files 
were downloaded from the spectrometer's dedicated computer 
to an IBM-type personal computer for further data analysis. 
Integrated peak areas were determined using the program 
LabCalc (Galactic Industries, Nashua, NH). The relative 
levels of enzyme-bound and free C02 were determined from 
the peak areas of the C02 difference spectrum and the 
corresponding total C02 peak. The fraction of enzyme 
containing bound CO2, X b u n d ,  was determined from the 
normalized, relative integrated areas of the bound and free 
C02 peaks: 

Krebs et al. 

where [E] is the total concentration of enzyme in the sample. 
RESULTS 

Activity Screen. The PNPA esterase and COz hydrase 
activity of 13 variants at Leu- 198 (Table I) were measured 

Table I: Hydrase and Esterase Activity of CA I1 Variants at 
Leu- 198" 

PNPA hydrolysisb CO2 hydrase activity 
variant (M-I s-l) (relative to wild type) 

wild type 
Leu-198 - Met 
Leu-198 - Cys 
Leu-198 -Ala 
Leu-198 - Gly 
Leu-198 - Arg 
Leu-198 -Val 
Leu-198 -His 
Leu- 198 - Pro 
Leu-198 - Lys 
Leu-198 - Trp 
Leu-198 - Ser 
Leu-198 - Glu 
Leu-198 - Asp 

2500d 
3500d 
3300 

340 
820 
680d 
360 
300 
1 80d 
140 
100 
60 
20 
20 

1 .Od 
1 .3d 
1 . 1  
1.2 
0.11 
0.02d 
0.92 
0.13 
0.04d 
0.16 
0.27 
0.23 
0.07 

"Specific activity of CA I1 measured in crude cellular lysates. 
Measured at 0.5 mM PNPA and 0.1 M Tris-SO,, pH 8.0, I = 0.2 with 

sodium sulfate, 25 OC. Assayed at 2 "C using imidazolelp-nitrophenol 
as the buffer/indicator pair (Brion et al., 1988). Taken from Krebs and 
Fierke (1993). 

as a preliminary characterization of the functional conse- 
quences of substitution at this site. The esterase activity was 
measured under kc,t/KM conditions (0.5 mM PNPA), and 
the hydrase activity was determined using a qualitative pH- 
indicator assay (Brion et al., 1988) at an initial C02 
concentration of 38 mM (kcat conditions for wild-typeenzyme). 
Conservative substitutions (Met, Cys) have little effect on 
catalytic activity; however, substitutions which vary the size 
(Trpand Gly), hydrophobicity (Ser and His), or charge (Arg, 
Lys, Asp, and Glu) decrease both esterase and hydrase activity 
significantly but not completely. Insertion of negative charge 
(Asp and Glu) at this position decreases esteraseactivity more 
than additional positive charge (Arg and Lys). The catalytic 
pK,, estimated from the ratio of the esterase activity at pH 
8.0 and 6.5, is not affected by uncharged substitutions (data 
not shown). 

Esterase Activity. To further examine the structural 
requirements of this region of the hydrophobic pocket, the 
catalytic properties of four Leu-I98 variants (Leu-l98+Ala, 
Arg, Glu, and His), including truncation of the side chain and 
charge substitution, were determined in detail. The pH 
dependence Of ( kCat/KM)ob for PNPA hydrolysis was measured 
(Figure 2). The decrease in esterase activity was time- 
independent, indicating that it was not due to enzyme 
instability. With the exception of the Leu- 1 9 8 4 1 ~  mutant, 
the pH dependence of esterase activity is consistent with the 
ionization of a single enzymic group; the pH-independent rate 
constant, kcat/&, and the PKa for esterase activity are listed 
in Table 11. For wild-type CA I1 this PKa is proposed to 
reflect the ionization of the catalytically important zinc-water 
ligand (Lindskog, 1966). The pH dependence of the Leu- 
1 9 8 4 1 ~  mutant has a parabolic shape (Figure 2), consistent 
with a model in which esterase activity is dependent on the 
ionization of two distinct groups (described by eq 2), where 
inactive enzyme species are formed at low and high pH. 

CO, Hydration and HC03- Dehydration. The pH depen- 
dence of the C02 hydration activity of Leu- 198 variants (Table 
111) was measured using the pH-indicator method of Khalifah 
(1 97 1). Michaelis-Menten kinetic behavior was observed for 
all variants. kcatco2/KM decreases 3-fold for truncation of 
the side chain (Ala) and 17-1 9-fold for insertion of a charged 
amino acid. For wild-type CA 11, the pH dependence for 
kcatC02/KM and kcatCo2 is consistent with the ionization of a 
single group with a pKa near 7.1 and 7.4, respectively (Steiner 
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FIGURE 2: pH dependence Of kcat/& for PNPA esterase activity for 
Leu-198 variants, wild type (A), Leu-198-ly (O) ,  Leu-198-Arg 
(+),Leu-198-Ala (A), Leu-198-His (O),andLeu-l98-Glu(O), 
measured at 0.5 mM PNPA and 50 mM buffer, 25 OC, with the ionic 
strength maintained at 0.1 with sodium sulfate. The lines were fit 
to the data using either eq 1 or eq 2 (Leu-198-lu) with the curve- 
fitting program SYSTAT using the kinetic parameters listed in Table 
11. 
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agreement between the calculated zinc-water pKas (Table 
11) and those measured using esterase activity, with the 
exception of Leu- 198-His and Leu- 198+Glu. Therefore, 
for these variants either the pH dependence of esterase activity 
does not directly reflect the ionization of the zinc-water species 
or the estimated limiting values are incorrect. 

To determine if a proton transfer is occurring in the rate- 
limiting step, the solvent deuterium isotope effects on the 
steady-state kinetic parameters for C02 hydration at pD 8.9 
and HC03- dehydration at pD 6.1 were also measured (Tables 
I11 and IV). Since these pHs are significantly distant from 
the observed pKas (with the possible exception of Leu- 
198+Glu), the isotope effects should be derived primarily 
from kinetic rather than equilibrium isotope effects (Showen, 
1977). No significant isotope effect is observed in kat/& 
in either direction for the majority of Leu-198 substitutions, 
indicating that the rate-limiting step under these conditions 
does not involve a proton transfer. However, a solvent isotope 
effect of 3.2 is observed in kcat/KM for HC03- dehydration 
catalyzed by the Leu- 198-Ala mutant, suggesting that a 
proton transfer is partially rate-limiting. An isotope effect on 
kcatCo2 for C02 hydration is observed for wild-type CA 11, 
indicative of rate-limiting proton transfer from the zinc-solvent 
molecule to His-64 (Steiner et al., 1975; Tu et al., 1989); this 
isotope effect is retained for all Leu- 198 substitutions. In the 
reverse direction, a solvent isotope effect in kcatHC03- is observed 
for both wild-type and Leu- 198-Ala enzymes, reflecting 
intramolecular proton transfer, but the isotope effect is 
decreased for the Arg and Glu substitutions, indicating a novel 
rate-limiting step. 

ZR Spectroscopy. Although the intense IR absorbance of 
water makes IR studies in aqueous solutions problematic, freely 
dissolved C02 absorbs at 2343.5 cm-l, a frequency which 
occurs in a spectral region otherwise devoid of vibrational 
bands due to the protein and most other organic molecules, 
thus making this region of the spectrum ideal for the study 
of bound ligands to the active site of CA I1 (D’Esposito & 
Koenig, 1978; Thomas & Kyogoku, 1977). In dissolved 
aqueous solution, the COZ vibration occurs on the shoulder 
of the so-called “water association” band centered around 
2100 cm-l (Cameron et al., 1979). However, simple spectral 
subtraction of the underlying H20 band is sufficient to 
accurately calculate the frequency, bandwidth, and area of 
the COZ vibration (Figure 3B). 

The COz IR band at 2343 cm-l is derived from the 
asymmetric stretching vibration of the COZ molecule, a 
vibrational mode which is particularly sensitive to solvent 
polarity (Riepe & Wang, 1968). To examine the interactions 
between C02 and CA 11, the pH of the solution must be less 
than the apparent pKa of HCO3- (6.2) so the equilibrium will 
favor the formation of COz. Both wild-type and mutant 
enzymes are stable at low pH; no significant decline in esterase 
activity is observed when the enzyme is incubated at pH 5.5 
for >2 h. Furthermore, only small decreases in activity 
(<20%) are observed after exposure to the IR beam path 
under experimental conditions. Addition of azide or ethox- 
zolamide completely inhibits the observed esterase activity. 

The equilibration of atmospheric C02 gas (Pco2 = 1 atm) 
with a solution of CA I1 (7-17 mM in 1 mM MES, pH 5.5) 
results in a slight shift of the frequency of the overall COZ 
band shape to a lower wavenumber (center of gravity = 2342.5 
cm-l) (Figure 3A). A frequency shift of this magnitude and 
direction has also been observed in the IR spectrum of bovine 
carbonic anhydrase equilibrated with C02 (Riepe & Wang, 
1968). Spectral analysis of the COZ peak using deconvolution 

Table 11: pH Dependence of Esterase Activity“ 
variant kcat/KMb (M-I s-’) pKab measured pKae calculated 

wild type 2680 f 80 6.93 f 0.05 7.3 
Leu- 198 - Ala 3 9 0 f  10 7.07 f 0.03 7.1 
Leu-198 -Arg 940 f 10 7.48 & 0.03 7.3 
Leu-198 - Gly 840 f 20 7.25 f 0.04 
Leu- 198 - His 520 f 6 7.90 f 0.02 7.1 
Leu- 198 - Glu 2 7 f  1 5.92 f 0.07 6.9 

8.92 & 0.06 
(I The PNPA esterase activity was measured as described for Figure 

1. The pH-independent rate constant for PNPA esterase activity, kcat/ 
K M ,  the observed pKa, and the standard error were calculated from a 
nonlinear least-squares fit of the data using SYSTAT with eq 1 or 2 
(Leu-198 - Glu). The pKa was calculated using the Haldane relation 
(eq 4) from the ratio of kcat /& for COz hydration at pH 6.1 and HC03- 
dehvdration at DH 8.9. 

et al., 1975). The observed pH dependence of kcatC02/KM for 
Leu-1 98+Ala and Leu- 198-His variants is similar, sug- 
gestive of a PKa near 7, while kcatCo2/KM for Leu-198-Arg 
and Leu-l98+Glu enzymes is roughly pH independent in 
this region. However, kcatC02 for the Leu-198 variants 
increases 3-10-fold when the pH is increased from 7.1 to 8.9, 
suggesting that the PKa for this parameter is >7.4. The pH 
dependence of kcatC02/KM for Leu-l98+Glu CA I1 is not 
bell-shaped, as observed for esterase activity. 

The kinetic parameters for HC03- dehydration catalyzed 
by Leu- 198 variants were measured at pH 6.1, varying the 
HC03- concentration in the range 4-200 mM, as shown in 
Table IV. Under these conditions all variants exhibited 
Michaelis-Menten kinetic behavior. Since pH 6.1 is well 
below the observed pKa, the majority of the enzyme should 
be in the catalytically active form. Substitutions at position 
198 cause minor decreases in kcatHcoJ-/KM (2-1 5-fold), as 
observed for C02 hydration. However, the Leu-198-Arg 
substitution significantly lowers kcatHCoJ- (89-fold). 

To check the accuracy of the pH-independent kcat/KM for 
C02 hydration and HC03- dehydration estimated from the 
data at pH 8.9 and 6.1, respectively, the pKa of the zinc-water 
group was calculated for each variant using the Haldane 
relation (Segel, 1975) shown in the equation: 

where KaH2Coj is the apparent dissociation constant for H2CO3 
(-6.3 X lo-’ M) (Steiner et al., 1975). There is good 
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Table 111: pH Dependence of Steady-State Kinetic Parameters for CO2 Hydration of CA I1 Variants at Leu-198' 

amino acid at position 198 

parameter PH Leu Ala His Glu Arg 
kcai/KM (@M-'S-') 7.1 67 f 3 

7.7 80 f 6 
8.9 120* 2 

k,,, b s - 9  7.1 400 f 10 
7.7 630 f 30 
8.9 980 f 100 

7.7 8.0 f 1 
8.9 8.6 f 2 

KM (mM) 7.1 6.0 f 0.3 

(kc*t/KM)H/(kot/KM)D 8.9 1.1 f 0.2 
kcatH/kcatD ' 8.9 4.0 f 0.3 

25 f 3 

35 * 10 12f3 
48 f 2 

270 f 40 
8.9 f 1 

5.3 * 0.6 

160 f 10 

1600 f 300 
6.3 f 0.7 

46f 13 23 f 5 
1 .o f 0.2 
6.5 f 1.6 

2.7 f 0.3 
3.2 f 0.2 
6.3 f 0.3 

120 f 30 
130f 10 
330 f 50 
44f 15 
41 f 16 
54f 1 1  
1.3 f 0.1 
2.7 f 0.5 

8.7 f 1 

7.1 * 0.6 12f 1 

23 2 
39 f 6 
78 f 3 
2.6 f 0.3 
3.3 * 0.2 
1 .o f 0.2 
4.0 f 0.5 

1 1  f 1 

Activity measured as a function of [CO,] in 50 mM buffer, 25 OC, I = 0.1 with sodium sulfate, using a pH-indicator assay (Khalifah, 1971). kD 
measured in 99.9% D2O. 

Table IV: Steady-State Kinetic Parameters for HCO7- Dehydration of CA I1 Variants at Leu-198" 

kcatlKM kcat 
variant MM-I s-I kH/kD ms-1 kHlkD KM (mM) 

~ 

wild type 9.4 f 1 1 .O f 0.4 720 f 80 3.9 f 0.8 77 f 10 
Leu-198 -Ala 4.8 f 0.5 3.2 f 0.6 450 f 60 2.7 f 0.7 95 f 20 
Leu- 198 - His 1.5 f 0.2 130 f 20 85 f 30 
Leu-198 - Glu 1.1 f 0.06 1.0 f 0.1 170 f 30 1.2 f 0.2 160 f 40 
Leu- 198 - Arg 0.63 f 0.08 1.4 f 0.4 8.1 f 0.4 1.1 f 0.2 13f2 

Activity measured as a function of [HCOj-] in 50 mM MES, pH 6.1, 25 OC, I = 0.1 with sodium sulfate, using a pH-indicator assay (Khalifah, 
1971). kD measured in 99.9% DzO. 

or derivative techniques reveals that this band is actually 
composed of two overlapping IR vibrations centered at 2353.5 
and 2340 cm-I (data not shown). The band at 2343.5 cm-I 
is due to dissolved C02 gas in solution, as discussed previously. 
We have found that the frequency, intensity, or half-width of 
the band due to freely dissolved C02 gas is not affected by 
the presence of buffer or inhibitors in solution. Therefore, 
thenew vibration at 2340 cm-I can be attributed to the binding 
of C02 by the enzyme. The binding of C02 by CA I1 results 
in a vibrational frequency for the bound COZ species which 
is shifted slightly to lower wavenumbers compared to the freely 
dissolved C02 gas, indicating a more hydrophobic environment 
for the bound ligand compared with the dissolved gas. The 
bound C02 band is clearly observed in the spectrum of C02 
in the presence of CA I1 when the spectrum of freely dissolved 
C02 gas in solution is subtracted from that of [C02 + CA 111 
(Figure 3C). 

We have also obtained the IR spectrum of the wild-type 
CA I1 enzyme in a solution equilibrated with C02 (PCQ = 
1 atm) and the enzyme inhibitor ethoxzolamide. The IR 
spectrum of a solution of [COZ + CA I1 + ethoxzolamide] 
reveals a C02 band whose peak position (~2343 .5  cm-l) and 
band parameters are similar to that of freely dissolved C02 
(Figure 3D). Deconvolution and derivative analysis of this 
spectrum suggest that the C02 band in the enzyme-inhibitor 
sample is composed of only a single component. Subtraction 
of the spectrum of freely dissolved C02 gas from the spectrum 
of [C02 + CA I1 + ethoxzolamide] reveals no new bands 
shifted to lower frequency (Figure 3E), but only a small 
residual intensity attributed to free C02 gas. A similar result 
is obtained when C02 is equilibrated with CA I1 and the 
enzyme inhibitor sodium azide (data not shown); that is, 
subtraction of free C02 from [COz + CA I1 + azide] does 
not result in any additional peak attributable to a bound C02 
species. Since both ethoxzolamide and azide bind to the zinc 
cofactor, these results provide additional evidence that the 
difference band at 2340 cm-I is due to the specific interaction 
of C02 with the enzyme active site. The intensity of the bound 

C02 band (as assayed from the [C02 + CA 111 - [CO2] 
difference peak at 2340 cm-l) increases roughly as the COZ 
concentration increases. Assuming a single binding site, the 
fraction of enzyme containing bound C02 (&,und, eq 3) as a 
function of C02 concentration is consistent with the disso- 
ciation constant for COz of 0.1 M measured by Riepe and 
Wang (1968) for the BCA-COZ complex. 

The binding of C02 to the Leu- 198+Arg variant of CA I1 
was also studied. We have observed a C02 peak at 2343 cm-I 
in the IR spectrum of the Leu-l98+Arg variant equilibrated 
with COZ in a 100% COz atmosphere (&o2 = 1 atm) (Figure 
4A). When the IR spectrum of freely dissolved COZ was 
subtracted from the spectrum of [COz + Leu-l98+Arg CA 
111, a significant difference peak was observed at 2341 cm-l 
(Figure 4B). However, unlike the case of the wild-type 
enzyme, we also observe a significant difference peak at  2341 
cm-I when the spectrum of free COZ is subtracted from the 
spectrum of COz in the presence of Leu- 198-Arg CA I1 and 
inhibitor. Figure 4D shows the difference spectrum which 
results when the spectrum of freely dissolved C02 is subtracted 
from the spectrum of [C02 + Leu- 198-Arg CA I1 + azide]. 
This suggests that the difference peak at 2341 cm-I is derived 
from a C02 species interacting with the enzyme outside the 
active site. The intensity of the bound COZ difference peak 
at 2341 cm-l in the Leu-198-Arg CA I1 variant is smaller 
than the intensity of the bound C02 difference peak in the 
wild-type CA 11, which would be consistent with an increased 
KD for C02 binding to this variant. 

DISCUSSION 

In the current study the plasticity of a hydrophobic pocket 
in CA I1 was probed by catalytic, spectroscopic, and crys- 
tallographic (Nair & Christianson, 1993) studies of substi- 
tutions at Leu-198. Structurefunction (Krebs & Fierke, 
1993; Fierke et al., 1991; Nair et al., 1991; Alexander et al., 
1991; LoGrasso et al., 1991, 1993), spectroscopic (Riepe & 
Wang, 1968), theoretical (Merz, 1990, 1991; Liang & 
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FIGURE 3: Infrared spectra of the asymmetric C02 stretching vibration obtained by dissolving COZ gas (PCo, = 1 atm) in 0.25 mM MES, 
pH 5.5, in the presence of wild-type CA 11. (A) Spectrum of C02 in solution in the presence of 7.5 mM wild-type CA 11. (B) Spectrum of 
freely dissolved C02 in solution in the absence of any protein in solution. (C) Difference spectrum obtained by subtracting the spectrum of 
freely dissolved CO2 from CO2 in the presence of CA I1 (Le., A - B). The resulting difference spectrum reveals the IR spectrum of CO2 bound 
to CA 11. (D) Spectrum of C02 in solution in the presence of 7.5 mM wild-type CA I1 plus 7.5 mM ethoxzolamide. (E) Difference spectrum 
obtained by subtracting the spectrum of freely dissolved C02 from CO2 in the presence of CA I1 and inhibitor (Le., D - B). The resulting 
difference spectrum reveals that the ethoxzolamide inhibitor successfully blocks COz binding to CA 11. 

Lipscomb, 1990), and model compound (Woolley, 1975) 
studies have implicated this region in substrate binding and 
lowering the pKa of the zinc solvent molecule. The combination 
of kinetic and structural measurements leads to an under- 
standing of the accommodation of different amino acids at 
this position as well as the catalytic function of Leu-198. 

Esterase Activity. The esterase activity of CA I1 is relatively 
insensitive to substitutions at  position 198 with a maximum 

decrease of 120-fold observed for insertion of a negative charge. 
With the exception of positively charged (Arg and Lys) and 
large (Trp) amino acids, esterase activity decreases roughly 
as the hydrophobicity of the amino acid at residue 198 
decreases. The linear correlation of log k c a t / K ~  versus 7r (log 
of the distribution coefficient of acetyl amino acids in octanol/ 
water; Fauchbre & Pliska, 1983) (Figure 5) or AG~/1.36 
(amino acid solvation energy; Eisenberg & McLachlan, 1986) 
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FIGURE 4: Infrared spectra of the asymmetric C02 stretching vibration obtained by dissolving COz gas (Pco, = 1 atm) in 0.25 mM MES, 
pH 5.5 ,  in the presence of the Leu-198-Arg CA I1 variant. (A) Spectrum of C02 in solution in the presence of 10 mM Leu-198-Arg CA 
11. (B) Difference spectrum obtained by subtracting the spectrum of freely dissolved C02 (Figure 3B) from C 0 2  in the presence of 10 mM 
Leu-l98-.Arg CA I1 (Le., panel A - panel B of Figure 3). The resulting difference spectrum reveals the IR spectrum of C 0 2  bound to 
Leu-1984Arg CA 11. (C) Spectrum of COz in solution in the presence of 10 mM Leu-1984Arg CA I1 plus 10 mM sodium azide. (D) 
Difference spectrum obtained by subtracting the spectrum of freely dissolved COZ (Figure 3B) from COz in the presence of Leu-1984Arg 
CA I1 and inhibitor (i.e., panel C - panel B of Figure 3). The resulting difference spectrum reveals that, in this case, C02 can bind to the 
inhibited Leu-1984Arg variant. 

-1.5 -0.5 0.5 1.5 2.5 
hydrophobicity, x 

FIGURE 5:  Plot of log k,,/KM for amino acid substitutions at Leu- 
198 in CA 11, measuring either PNPA hydrolysis (0, @), bicarbonate 
dehydration (e), or COz hydration (m) versus hydrophobicity of the 
substituted amino acid as measured by T [log of the relative 
distribution coefficient in octanol/water of acetyl amino acids 
(Fauchbre & Pliska, 1983)]. The symbols indicate the substituted 
amino acid using the one-letter amino acid code. The data (excluding 
the open symbols) are fit to a line using the fitting program SYSTAT 
(Systat, Inc.). 
gave slopes of 0.76 f 0.18 (R = 0.83) and 0.8 f 0.2 (R = 
0.81). A similar result was obtained for substitutions at both 
Val-121 and Val-143 in the hydrophobic pocket (Nair et al., 
1991; Fierke et al., 1991). Overall, the results indicate that 
hydrophobicity stabilizes the transition state for ester hy- 
drolysis relative to the unbound ester, likely due to either 

charge delocalization in the transition state or desolvation of 
the zinc hydroxide. In addition, substitution of either lysine 
or arginine for Leu-198 creates variants that are more active 
than predicted by their hydrophobicity; perhaps the positive 
charge stabilizes an anionic tetrahedral transition state similar 
to that observed in ester hydrolysis by carboxypeptidase 
(Christianson & Lipscomb, 1989). Finally, although esterase 
activity is not compromised by a larger active site cavity as 
indicated by the high activity of Ala substitutions at positions 
12 1,143, and 198, the decreased activity of the Trp substitution 
at position 198 and Phe and Tyr substitutions at position 143 
is indicativeof steric hindranceof thesubstrateas it approaches 
the zinc hydroxyl (Nair et al., 1991; Fierke et al., 1991). 
However, substitution of other amino acids such as His are 
accommodated by protein rearrangement as observed by X-ray 
crystallography (Alexander et al., 1991; Nair & Christianson, 
1993). 

Enzyme pK,. The pH dependence of esterase activity for 
wild-type CA I1 (pKa -6.8) is proposed to reflect the ionization 
of the zinc-water moiety in the active site (Lindskog, 1966). 
This value is lower than the ionization of water in many zinc 
complexes (pKa of =9; Woolley, 1975; Sillbn et al., 1971) but 
can be modeled by tetracoordinate small molecule complexes 
(Kimura et al., 1990; Groves & Olson, 1985). Except for 
Leu-l98+Glu, substitution at position 198 causes only 
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moderate increases (<1 unit) in the pKa. The observed pH 
dependence of esterase activity for the Leu- 1 9 8 - 4 1 ~  variant 
is parabolic with the activity decreasing upon ionization of 
either of two groups with apparent pKas of 5.9 and 8.9. The 
additional pKa is likely caused by the ionizable Glu side chain 
in this mutant which is packed against a hydrophobic surface 
(Figure 1) (Nair & Christianson, 1993). However, since the 
pKas for zinc-water and side-chain carboxylates in hydro- 
phobic environments can be significantly perturbed (Fersht, 
1985), the pH dependence is consistent with either of two 
ionization mechanisms: 
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increasing hydrophobicity (Riepe & Wang, 1968). 
The intensities of the bound COZ band in the [C02 + CA 

111 complex are consistent with a dissociation constant of 100 
mM for Con, similar to that calculated for BCA (Riepe & 
Wang, 1968), assuming a 1: 1 stoichiometry for the inhibitor- 
displaceable binding site. This affinity of the zinowater form 
of CA I1 for C02 is extremely small, and it is unlikely to 
increase significantly upon ionization of the zinc water. The 
KM for CO2 hydration is 10 mM, indicating a lower limit for 
the C 0 2  KD since it mainly reflects a change in rate-limiting 
steps in the steady-state kinetics (Silverman & Lindskog, 
1988). The weak affinity is required for the rapid formation 
of C02 from HC03-reflected in katex = 2 X 1 O6 s-l (Simonsson 
et al., 1979), which sets a lower limit for the dissociation rate 
constant. Given a diffusion-controlled association rate con- 
stant of 108-109 M-’ s-l (Eigen & Hammes, 1963) and single- 
step binding, a minimum KD of 2-20 mM can be calculated 
which is smaller than the KD determined spectroscopically. 
This weak binding of C02 indicates that CA I1 is an efficient 
catalyst; the enzyme stabilizes the transition state without 
“wasting” excessive energy stabilizing the ground-state com- 
plex (Jencks, 1975). 

The decreased affinity of the inhibitor-displaceable COZ 
binding site to the CA I1 variant, Leu-l98+Arg, combined 
with the decreased catalytic activity of this variant, further 
suggests that the IR difference peak at 2340 cm-l reflects 
C 0 2  binding at the active site. This decreased affinity is also 
observed for the inactive Val-143-Tyr variant (data not 
shown; Fierkeet al., 1991). In addition, thecrystalstructures 
of these two mutants (Alexander et al., 1991; Nair & 
Christianson, 1993; also see Figure 1) indicate that the 
substituted side chains impinge on the theoretical C02 binding 
sitein the hydrophobic pocket shown in Figure 1 (Merz, 1990, 
1991; Liang & Lipscomb, 1990), thereby providing experi- 
mental confirmation of this site. Interestingly, the Leu- 
198-Arg mutant decreases the binding of cyanate 8-fold 
(Krebs and Fierke, unpublished data), which is proposed to 
mimic the binding of COZ to the active site (Lindahl et al., 
1993). In wild-type human CA I1 there is no evidence for 
additional binding sites. However, a C02 peak that is not 
displaceable by azide is observed for the Leu- 198-Arg 
mutant, indicating that the position of C02 binding is altered 
[since the azide binding mode is unchanged (Nair & 
Christianson, 1993)], perhaps reflecting alternative C02 
binding sites (Merz, 1990, 1991; Liang & Lipscomb, 1990). 

CO2 and HCOj- Interconversion. In addition to decreasing 
C02 binding, substitutions at Leu- 198 cause significant 
decreases in kcat and kcat/KM for both C02 hydration and 
HC03- dehydration. These effects may best be interpreted 
in the context of the accepted catalytic mechanism (Silverman 
& Lindskog, 1988). There is considerable evidence that 
hydration of C02 by CA I1 consists of two steps: C02/HCO3- 
interconversion involving the metal center (eq 7) followed by 
a proton-transfer step involving a “proton-shuttle” group 
(proposed to be the His-64 side chain) and containing a buffer- 
dependent reaction (eq 8). 

(5) 

inactive active inactive 

Although eq 5 is plausible given the wild-type CA I1 
mechanism, it implies that the Glu substitution significantly 
decreases the pKa of the zinc solvent molecule, contrary to 
simple electrostatic models, and that the pKa of the carboxylate 
group is significantly increased due to the hydrophobic 
environment. In the alternative proposal (eq 6), the PKa 
assignments appear more reasonable. However, the mech- 
anism of ester hydrolysis must be altered with the Glu-198 
carboxylate group acting as either a nucleophile or general 
base [as observed in zinc proteases such as carboxypeptidase 
(Christianson & Lipscomb, 1989)l. A variety of data are 
consistent with this second mechanism. The pH dependence 
of the visible spectrum of Co2+-substituted Leu- 198-Glu 
CA I1 increases with two inflection points consistent with 
pKas of about 6 and 9, indicating that ionization of both groups 
affects the electronic environment of the active site metal 
(data not shown). The conformation of the Glu side chain in 
the Leu- 198-Glu variant is unchanged as the pH is increased 
from 8 to 10 (Nair & Christianson, 1993); this is consistent 
with a pKa <8 for the carboxylic acid, assuming that ionization 
would cause movement of the side chain. However, in the 
X-ray crystal structure [Figure 1; also see Nair and Chris- 
tianson (1993)l the Glu side chain forms a hydrogen bond 
with an active site water molecule, not the zinc-bound water 
molecule as might be expected for a general base-catalyzed 
mechanism. Nevertheless, the Glu side chain may have enough 
flexibility to occasionally directly interact with the zinc water, 
or an active site hydrogen bond network may act as an 
intermediary. Finally, LoGrasso et al. (1993) have observed 
that the Phe- 198-Asp substitution in CA I11 causes the zinc- 
water pKa to increase from <5 to 9.2. 

CO2 Binding. A previous IR spectroscopic study of bovine 
carbonic anhydrase (BCA) by Riepe and Wang (1968) 
suggests that C02 binds in a hydrophobic environment in the 
active site. In the current work involving CA 11, we similarly 
observe a COS difference peak in the IR spectrum of the C02- 
equilibrated enzyme which is shifted to lower wavenumbers 
when compared to freely dissolved C02 in solution (2340 vs 
2343.5 cm-I, respectively) (Figure 3). The disappearance of 
this peak upon the addition of active site inhibitors (sulfon- 
amide or azide) (Vidgren et al., 1990; Nair & Christianson, 
1993) indicates that it is caused by C02 binding to the active 
site. The small shift in wavenumbers (3.5 cm-I) indicates 
that C02 is not appreciably strained when bound. However, 
this wavenumber decrease does indicate that the bound C02 
residues in a more hydrophobic environment than free, 
dissolved C02 in solution, since the wavenumber peak position 
of the asymmetric C02 stretching vibration decreases with 
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The second-order rate constant, kcat/KM, is only a function 
of the rate constants up to and including product release (eq 
7) but not proton transfer (eq 8). For wild-type CA I1 the 
pH-independent kcatCo?/KM = klk2k3/(k2k3 + k-lk3 + k-lk-2) 
= klk2lk-l and kcatHCoi /KM = k-,k-2k-3/(k2k3 + k-,k3 + 
k-lk-2) = k-2k-3/k3 because k-2 < k3 (Lindskog, 1984; Rowlett, 
1984) and k-1 1 k2 since the viscosity dependence of kcat'"/ 
KM suggests that this parameter does not attain the diffusion- 
control limit (Pocker & Janjrc, 1987). Therefore, kcat/KM in 
either direction reflects the transition state for CO2/HCO3- 
interconversion in wild-type CA TI. The observation that log 
kcat/KM for both directions is linearly related to the hydro- 
phobicity of the side chain (Figure 5) as measured by either 
7r (Fauchbre & Pliska, 1983) or AG~l1.36 (Eisenberg & 
McLachlan, 1986) with slopes for C02 hydration of 0.5 ( R  
= 0.97) and 0.41 ( R  = 0.86), respectively, and for HC03- 
dehydration of 0.44 ( R  = 0.96) and 0.41 ( R  = 0.91), 
respectively, suggests that these simplifications are also 
applicable to the mutants. These are higher correlations than 
observed for kcatCo?/KM with similar substitutions at position 
198 in CA 111; in thiscase bicarbonate dissociation is partially 
rate-limiting (LoGrasso et al., 1993). The effect of hydro- 
phobicity on C02/HCO3- interconversion may suggest that 
the transition state is less polarized (or has greater dispersion 
of electron density) than the ground state composed of CA 
I1 and unbound substrate. Finally, the observation of a solvent 
isotope effect in kcatHCOi /KM for the Leu-198-Ala mutant 
indicates either a change in the rate-limiting step or a change 
in the mechanism; perhaps an internal proton transfer in zinc- 
bound bicarbonate, proposed by Liang and Lipscomb (1987), 
becomes kinetically significant. 

At saturating substrate concentrations the observed rate 
constant, kat, is a function of both C02/HCO3- interconversion 
and proton transfer (eqs 7 and 8). A significant solvent isotope 
effect on kcatCo: is observed for all substitutions, indicating 
that kq, the intramolecular proton transfer from zinc-water 
to His-64, is a significant rate-contributing step. Analogously, 
k 4  is the rate-limiting step for HC03- dehydration for wild- 
type and Leu-198-Ala CA 11. The solvent isotope effect on 
kcatHCo~ disappears for the Leu- 198-431~ and Leu-198-Arg 
variants, indicating that one of the interconversion steps (eq 
7) is rate-limiting; hence, kcatHCol = k-I k-2/(kz + k-2 + k-1). 
For the Leu- 198-Arg variant, this measurement most likely 
reflects k-2 since C02 binding decreases and a solvent isotope 
effect is observed for C02 hydration. Furthermore, thesteady- 
state and equilibrium kinetic measurements [KefPCoj = 47 
mM (Leu-198-Arg) versus 150 mM (wild-type) at pH 7 
(Simonsson et al., 1979)] indicate that HCO3- binding does 
not decrease and may actually increase compared to wild type. 
Therefore, the introduction of a positive charge at this position 
stabilizes the E.HC03- complex and destabilizes the transition 
state for dehydration. 

The intramolecular proton transfer from zinc-H2O to His- 
64 is both increased (Leu-1 98-Ala) and decreased signif- 
icantly (Leu-198-Arg) by substitutions at position 198; this 
was not observed for mutations at other residues in the 
hydrophobic pocket (Nair et al., 1991; Fierke et al., 1991). 
Since the transfer is proposed to occur via water molecules 
(Eriksson, 1988; Venkatasubban & Silverman, 1980), these 
effects are likely mediated by the changes in the active site 
water structure observed in the crystallographic studies of 
these mutations (Nair & Christianson, 1993). Previous 
structure-function studies of the Thr-200-Ser mutant of CA 
I1 indicated that proton transfer is unaffected by the side- 
chain conformation of His-64 (Krebs et al., 1991). However, 

Krebs et al. 

the increased pKa for His-64 in the Leu-198-Ala mutant 
[indicated by the elevated observed pKa for kcat''' (Simonsson 
et al., 1979)] makes the transfer of a proton from zinc-H2O 
to His-64 more thermodynamically favorable, and this may 
be reflected in the increased rate constant. 

Comparison to C A  III. The low catalytic activity and 
decreased inhibitor binding of CA I11 isozymes are proposed 
to result from blockage of the active site by the Phe-198 side 
chain present in this isozyme (Eriksson, 1988). LoGrasso et 
al. (1991) have demonstrated that the properties of the Phe- 
198-Leu variant of CA I11 are similar to CA 11; kcat/KM for 
both COz hydration and p-nitrophenyl acetate hydrolysis 
increases, the pKa for the zinc-bound water increases, and 
sulfonamide binding increases. However, substitution of Phe 
for Leu-198 in CA I1 has little or no effect on the catalytic 
properties (Ren et al., 1991). This difference can be 
rationalized by the varied side-chain conformation in the two 
isozymes. The X-ray crystal structure of the Leu-198-His 
variant (Nair & Christianson, 1993) indicates that the His 
side chain, and likely the Phe side chain as well, packs against 
a hydrophobic surface (formed by residues Pro-202, Phe- 13 1, 
Leu-141, and Leu-204) enlarging the hydrophobic pocket. In 
bovine CA 111, the Phe-198 side chain points into the active 
site, decreasing the volume of the pocket (Eriksson, 1988). 
This difference may be mediated by substitutions in the 
hydrophobic surface of bovine CA I11 including Leu- 141-Ile 
and Leu-204-Glu. Substitutions of other amino acids at 
position 198 also lead to differing properties in CA I1 compared 
to CA I11 (LoGrasso et al., 1993), which are probably due to 
varied side-chain positions as well. 
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