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Abstract

In the site-specific mutant of human carbonic anhydrase in which the proton shuttle His64 is replaced with alanine, H64A HCA
II, catalysis can be activated in a saturable manner by the proton donor 4-methylimidazole (4-MI). From 1H NMR relaxivities, we
found 4-MI bound as a second-shell ligand of the tetrahedrally coordinated cobalt in Co(II)-substituted H64A HCA II, with 4-MI
located about 4.5 Å from the metal. Binding constants of 4-MI to H64A HCA II were estimated from: (1) NMR relaxation of the
protons of 4-MI by Co(II)-H64A HCA II, (2) the visible absorption spectrum of Co(II)-H64A HCA II in the presence of 4-MI, (3)
the inhibition by 4-MI of the catalytic hydration of CO2, and (4) from the catalyzed exchange of 18O between CO2 and water. These
experiments along with previously reported crystallographic and catalytic data help identify a range of distances at which proton
transfer is efficient in carbonic anhydrase II.
� 2005 Elsevier Inc. All rights reserved.
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Carbonic anhydrase II, one of the most efficient iso-
zymes in the a class of carbonic anhydrases [1,2], cata-
lyzes the hydration of CO2 in two stages [2,3]. The
first is the conversion of CO2 into bicarbonate by reac-
tion with a zinc-bound hydroxide; the dissociation of
bicarbonate leaves a water molecule at the zinc (Eq. (1))

CO2 þ EZnOH� Ð EZnHCO�
3 Ð

½H2O�
EZnH2OþHCO�

3 :

ð1Þ
The second step is the transfer of a proton to regen-

erate the zinc-bound hydroxide (Eq. (2)); here B denotes
a proton acceptor, either an exogenous proton acceptor
from solution or a residue of the enzyme itself.
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A number of studies have shown that His64 in hu-
man carbonic anhydrase II (HCA II)1 functions as a
proton acceptor/donor in the shuttling pathway [2–
5]; that is, His64 acts as the proton transfer residue
B of Eq. (2). The three-dimensional structure of
wild-type HCA II at pH 8.5 shows His64 located in
the active-site cavity with its imidazole ring approxi-
mately 7.5 Å from the zinc ion when this side chain
replaced with Ala; 4-MI, 4-methylimidazole; Co(II)-H64A HCA II,
cobalt-substituted H64A HCA II; TSP-d4, sodium 3-trimethylsilyl-
2,2,3,3-tetradeuteropropionate; Hepes, N-(2-hydroxyethyl)piperazine-
N 0-(2-ethanesulfonic acid).
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is the ‘‘in’’ conformation oriented roughly in the direc-
tion of the zinc [6–8]. The position of His64 and its
distance from the zinc ion suggest that proton transfer
proceeds through intervening hydrogen-bonded water
bridges.

A decrease in catalysis by a site-specific mutant of
HCA II in which His64 is replaced by Ala (H64A
HCA II) supports the hypothesis that His64 participates
in the proton transport pathway [5]. The turnover num-
ber for catalysis, kcat, of CO2 hydration by H64A HCA
II was decreased approximately 10- to 100-fold com-
pared to the wild-type enzyme. The decrease in catalysis
could be rescued in a saturable manner by the addition
of exogenous proton acceptors in solution, such as imid-
azole, pyridine, and derivatives [5,9]. It has been an
intriguing observation that the chemical rescue of
H64A HCA II by small exogenous proton donors and
acceptors is substantial, with catalysis at saturation lev-
els of certain imidazole and pyridine derivatives
approaching that of wild-type HCA II [10]. This sug-
gests that useful information about proton translocation
in carbonic anhydrase could be obtained by kinetic anal-
ysis of the extent of activation of H64A HCA II by
exogenous proton acceptors and donors, and by struc-
tural localization of the binding sites of these exogenous
agents.

Although binding sites within the active-site cavity
have been estimated by X-ray crystallography for acti-
vators and small molecules [9–11], it is not clear that
these represent sites from which proton transfer occurs.
For example, X-ray diffraction of H64A HCA II crystals
soaked in 4-methylimidazole (4-MI) showed a binding
site 12 Å from the zinc ion associated with Trp5 in the
active-site cavity [10]; however, this binding site was
not productive in proton transfer in catalysis as demon-
strated with subsequent kinetic analysis [9]. Moreover,
imidazole and other heterocyclic aromatic compounds
can be inhibitors of carbonic anhydrase by binding at
or near the metal [2].

To observe the effect of these exogenous proton do-
nors on catalysis by H64A HCA II, we have made ki-
netic and structural measurements to establish the
range of distances for efficient proton transfer. 4-MI
binds in the active-site cavity of H64A HCA II at
three known locations with distances from 4.5 to
13 Å from the metal. Although 4-MI is an activator
of carbonic anhydrase through a proton transfer
mechanism, data show that none of these sites are
productive in proton transfer. Comparison of catalytic
and structural data on other known proton donors in
this catalysis shows that the binding sites of 4-MI that
we have located help establish distances that are upper
and lower limits for proton transfer in the active site
of HCA II. These features are discussed in terms of
the requirements for proton transfer in an active-site
environment.
Materials and methods

Enzymes

Site-specific mutants of HCA II (H64A; H64A-E69A-
D72A) were prepared and expressed by transforming
into Escherichia coli BL21(DE3)pLysS [12] as previously
described [5,9]. The sequences were confirmed from the
DNA of the entire coding region for carbonic anhydrase
in the expression vector. Carbonic anhydrases were puri-
fied using affinity chromatography with p-(amino-
methyl)-benzenesulfonamide coupled to agarose beads
[13], followed by extensive dialysis. Matrix assisted laser
desorption ionization–time-of-flight mass spectrometry
gave results consistent with the protein sequences. Purity
of enzyme samples was verified by electrophoresis on a
10% polyacrylamide gel stained with Coomassie. Con-
centrations of HCA II and mutants were determined
from the molar absorptivity at 280 nm
(5.5 · 104 M�1 cm�1) and by titration with the tight
binding inhibitor ethoxzolamide while observing enzyme
catalyzed 18O exchange between CO2 and water. These
two methods gave excellent agreement.

Metal substitution

Apo-H64A HCA II was made by addition of 0.5 M
dipicolinic acid to enzyme in 0.25 M Hepes buffer at
pH 7.3 and stirring for 4 h at 4 �C. After extensive dial-
ysis against 1 mM Tris at pH 8.0 under N2 to remove
chelator from solution, CoSO4 (final concentration
1 mM) was added. Excess cobalt was removed by dialy-
sis against 1 mM Tris, pH 8.0. Metal substitution was
verified from the visible absorption spectrum; Co(II)-
substituted HCA II has two distinctive maximal absor-
bances at 618 and 640 nm [14]. The concentration of
Co(II)-H64A HCA II was determined by titration with
ethoxzolamide while observing catalytic 18O exchange.

1H NMR of the complex of 4-MI and H64A HCA II

Samples (0.6 ml) containing 0.5 mM Co(II)-H64A
HCA II in 1 mM Tris and 8 mM of TSP-d4 reference
standard in 60% D2O were placed in 5 mm NMR tubes.
1H NMR spectra were obtained at 25 �C on a Bruker
Avance spectrometer at 500 MHz. Typical spectra con-
sisted of 8–16 scans with 16 K data points over a spec-
tral width of 12 kHz. An additional 5 Hz line
broadening was introduced to all spectra to improve sig-
nal-to-noise ratio. Spectra for the diamagnetic sample
Zn(II)-H64A HCA II were measured under the same
conditions as for the Co(II)-substituted enzyme. Proton
spin–lattice relaxation times, T1, were measured by the
inversion–recovery method (180 �–s–90 �) after estima-
tion of the longest T1 for 4-MI protons. A total of
10 variable delay time values were used for each run.
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The inversion–recovery pulse sequence included a pre-
saturation of 54 dB for suppression of the water signal.

The paramagnetic contribution to the proton relaxa-
tion rate of 4-MI, T�1

1P , was obtained by subtracting the
relaxation rate of 4-MI in the presence of Zn(II)-H64A
HCA II from the relaxation rate in the presence of
Co(II)-H64A HCA II. The normalized relaxation rate,
T�1

1P =½E�, as a function of 4-MI concentration was fitted
with Eq. (3) [15–17] for a single 4-MI binding site on
Co(II)-H64A HCA II to obtain T�1

1M, the relaxation rate
of bound 4-MI. In Eq. (3), KD is the equilibrium disso-
ciation constant for 4-MI binding, T�1

1P =½E� is the relaxiv-
ity, and [E] is the total concentration of Co(II)-H64A
HCA II (0.5 mM)

T�1
1P =½E� ¼ T�1

1M=ðKD þ ½4-MI�Þ: ð3Þ
The Solomon equation (Eq. (4)) was used to analyze

T�1
1M for proton resonances of the 4-MI bound to the

paramagnetic enzyme and to calculate averaged dis-
tances between 4-MI binding sites and the paramag-
netic cobalt, assuming a predominant dipolar
contribution to the relaxation [18,19]. In this equation,
l0 is the permeability of vacuum, cN is the magnetogy-
ric ratio, ge is the electron g factor, lB is the electron
Bohr magneton, S is the total electron spin, sc is a cor-
relation time, xI and xS are the nuclear and electron
Larmor precession frequencies, and r is the distance be-
tween the monitored 1H nuclei and the paramagnetic
cobalt

T�1
1M ¼ 2

15

lo

4p

� �2

� c2Ng
2
el

2
BSðS þ 1Þ
r6

7sc
1þ x2

ss
2
c

þ 3sc
1þ x2

Is2c

� �
: ð4Þ

The correlation time sc used for our calculations is
dominated by the electronic relaxation time (10�11–
5 · 10�13 s) characteristic of four- and five-coordinated
Co(II)-substituted CA [15,20–22].

Oxygen-18 exchange

The exchange of 18O between CO2 and water cata-
lyzed by carbonic anhydrase in the presence of 4-MI
was measured using membrane-inlet mass spectrometry
[23]. The reaction solution was in contact with a mem-
brane permeable to gases. CO2 passing across the mem-
brane entered a mass spectrometer (Extrel EXM-200)
providing a continuous measure of isotopic content of
CO2. The uncatalyzed and enzyme catalyzed exchange
of 18O between CO2 and water at chemical equilibrium
was measured at 25 �C. The total ionic strength of solu-
tion was kept at a minimum of 0.2 M by the addition of
Na2SO4.

The rates of two processes can be determined from
this exchange [23]. R1 is the rate of interconversion of
CO2 and HCO�

3 , steps that are not dependent on proton
transfer. However, we have observed a decrease in R1

upon increasing concentration of 4-MI, an inhibition
of catalysis. These data for R1 were fitted to Eq. (5).
Here, KI is the equilibrium dissociation constant for 4-
MI at a site that is an inhibitor of the binding of sub-
strate. R0

1 is the value of R1 in the absence of 4-MI.
The substrate concentration in these experiments is
much lower than that of the apparent binding constant
of substrate to enzyme; consequently Eq. (5) is consis-
tent with competitive or noncompetitive inhibition

R1 ¼ R0
1KI=ðKI þ ½4-MI�Þ: ð5Þ

The second rate, RH2O, is the proton transfer depen-
dent rate of release from enzyme of H2

18O [23]. As
demonstrated for catalysis by Zn(II)-H64A HCA II
[9,24], imidazole and pyridine derivatives can act as a
proton donor to activate catalysis (dehydration direc-
tion); the resulting effect on RH2O is described by Eq.
(6). In this equation, R0

H2O
is the observed maximal va-

lue of RH2O, and K4-MI
app is an apparent equilibrium dis-

sociation constant of the exogenous activator 4-MI to
the enzyme. These data typically showed a very slight
inhibition at higher concentrations of 4-MI with inhibi-
tion constant KI. R

0
H2O

is the value of RH2O in the ab-
sence of 4-MI

RH2O ¼ R0
H2O

f½4-MI�=ðK4-MI
app þ ½4-MI�Þg

� fKI=ð½4-MI� þ KIÞg þ R0
H2O

: ð6Þ

The constants in Eqs. (5) and (6) were determined by
fitting to experimental data using a nonlinear least-
squares method (Enzfitter, Elsevier-Biosoft).

Stopped-flow kinetics

Initial rates of CO2 hydration catalyzed by Co(II)-
H64A HCA II were measured at pH 7.8 by following
the change in absorbance of a pH indicator, phenol
red at 558 nm. Data were taken on an Applied Photo-
physics (SX.18MV) stopped-flow spectrophotometer.
Rates were measured at concentrations of 4-MI ranging
from 2 to 100 mM. Total ionic strength was kept at a
minimum 0.2 M by addition of Na2SO4. CO2 solutions
were prepared by bubbling CO2 into water at 25 �C with
final concentrations after mixing ranging from 0.7 to
17 mM. The initial rates at each concentration of 4-MI
were determined from five reaction traces comprising
the initial 10% of the reaction. The uncatalyzed rates
were determined in a similar manner and subtracted
from the total observed rates. Enhancement by the exog-
enous proton acceptor 4-MI in CO2 hydration can be
described by ping-pong kinetics [2], from which at satu-
rating CO2 concentrations,

kcat ¼ k0cat½4-MI�=ðK4-MI
M þ ½4-MI�Þ: ð7Þ

Determination of kcat, k
0
cat, and K4-MI

M was carried out by
a nonlinear least-squares method.
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Visible absorption spectroscopy

The visible absorption spectrum of Co(II)-H64A
HCA II, taken on a Hewlett Packard 8453 spectropho-
tometer, was used to measure the binding of 4-MI to
the enzyme. The spectra were measured at 25 �C after
addition of increasing amounts of a stock solution of
4-MI (pH 7.9) to a cuvette containing 1 ml of 0.2 mM
of Co(II)-H64A HCA II and 0.2 M Na2SO4 to control
ionic strength. The equilibrium dissociation constant,
KD, of 4-MI was determined by fitting Eq. (8) to the mo-
lar absorptivity

e ¼ ðemaxÞKD=ðKD þ ½4�MI�Þ: ð8Þ
Molecular modeling

The binding of 4-MI to H64A HCA II was simulated
on a Silicon Graphics workstation using Sybyl 6.9 (Tri-
pos, Inc.). The initial coordinates for H64A HCA II
were taken from a crystal structure which shows two
molecules of 4-MI bound in the active-site cavity (Pro-
tein Data Bank Accession No. 1MOO [25]). This model
was modified to contain one 4-MI molecule (not proton-
ated) with distances between the cobalt and C2–H, C5–
H, and CH3 constrained to the values determined from
NMR data (Table 1). Charges were estimated using the
Gasteiger–Huckel method [26]. A subset minimization
process was carried out using the Powell method [27]
and a gradient termination, 0.1 kcal/(mol Å).
Results

1H NMR paramagnetic relaxation

The binding of 4-MI to Co(II)-H64A HCA II was
analyzed by measuring the paramagnetic relaxation
enhancement, T�1

1P , of the proton resonances of 4-MI
at 25 �C and pH 7.9. The absence of extensive line
broadening for the proton signals of 4-MI and the high
Table 1
Proton relaxivity T�1

1M, equilibrium dissociation constant KD, and
distance of protons in 4-MI from the cobalt in the interaction of 4-MI
with human Co(II)-H64A HCA IIa

Proton signal T�1
1M (s�1)b KD (mM)b Distance (Å)c

C2–H 360 ± 24 230 ± 50 4.86 ± 0.05
C5–H 330 ± 70 370 ± 96 4.93 ± 0.18
CH3 130 ± 23 200 ± 16 5.75 ± 0.17

a NMR spectra were taken at 25 �C in solutions at pH 7.9 containing
0.5 mM of Co(II)-H64A HCA II and 8 mM of the reference TSP-d4.
b T�1

M and KD values were obtained by fitting of data to Eq. (3).
c Estimated values for the distance between 4-MI and paramagnetic

cobalt were calculated using sc = 10�11 s in Eq. (4). The distances
obtained using sc = 5 · 10�13 s are 3.49 ± 0.04 Å (C2–H),
3.54 ± 0.13 Å (C5–H), and 4.13 ± 0.12 Å (CH3).
values of KD estimated to be near 200 M (Table 1) sug-
gest that 4-MI is in fast-exchange between the bound
and free forms. In fast-exchange, the relaxation rate
enhancement can be described by T�1

1P ¼ fmT�1
1M, where

fm is the mole fraction of bound 4-MI, and the measured
relaxation gives averaged distances between bound 4-MI
and Co(II) [15]. The relaxation times T1 for C

2–H, C5–
H, and CH3 of 4-MI varied from 1.0 to 2.5 s as the con-
centration of 4-MI was increased; the relaxivities
T�1

1 =½E� were plotted against 4-MI concentration (Fig.
1). These relaxivities were adequately fit by Eq. (3), con-
sistent with a single binding site for 4-MI within the
sphere of influence of the paramagnetic cobalt. Binding
constants were in the range of 200–370 mM (Table 1).

A value for the relaxation rate of bound 4-MI, T�1
1M,

was obtained from Eq. (3) and substituted in the Solo-
mon equation (Eq. 4) to estimate the distance of 4-MI
to the cobalt. Since the electronic relaxation time of co-
balt in the Co(II)-H64A HCA II system was not mea-
sured, a range of electron correlation times sc from
5 · 10�13 to 10�11 s was studied to obtain distances,
assuming that the electron correlation time is predomi-
nant in our system. These correlation times depend on
the coordination geometry of the metal [21,22]. Substi-
tution into Eq. (4) of the relaxation rate of bound 4-
MI, T �1

1M, and a long electron correlation time of
10�11 s consistent with tetrahedral coordination about
the cobalt [21,22] gave distances from 4.9 to 5.8 Å be-
tween the protons of 4-MI and the cobalt (Table 1).
The distances resulting from substitution into Eq. (4)
of a shorter electron correlation time of 5 · 10�13 s con-
sistent with penta-coordination gave distances from 3.5
to 4.1 Å between the protons of 4-MI and the cobalt
Fig. 1. The dependence on the logarithm of concentration of 4-MI (M)
of the proton relaxivities of the C2-H (d), C5-H (s), and CH3 (j)
resonances of 4-MI in the presence of 0.5 mM Co(II)-H64A HCA II.
The relaxivity is T�1

1 =½E� where [E] is total concentration of Co(II)-
H64A HCA II. Solutions at pH 7.9 contained no additional buffer. The
solid lines are nonlinear least-squares fits of Eq. (3) to the data.



Table 2
Comparison of constants for the interaction of 4-MI with H64A HCA
II

Method (mM)

Electronic spectra (525 nm) 170 ± 30
KD of Eq. (8)

NMR relaxation (C2–H) 230 ± 50
KD of Eq. (3)

Inhibition of 18O exchange 260 ± 30
KI of Eq. (5)

Activation of 18O exchange 25 ± 4
K4-MI

app of Eq. (6)
Steady-state hydration of CO2 17 ± 2

K4-MI
M of Eq. (7)
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(footnote in Table 1). The electronic absorption spectra
discussed below indicate a tetrahedral geometry about
the metal in the complex with 4-MI. It is important to
emphasize that the distances obtained from these
NMR data may represent a weighted average among
different binding modes heavily influenced by the 1/r6

factor of Eq. (4).

Catalysis

We determined the rate constants in catalysis R1/[E]
and RH2O=½E� from mass spectrometric measurement of
the catalyzed exchange of 18O between CO2 and water.
RH2O=½E� describes the proton transfer dependent release
of 18O-labeled water from the active site (Eq. (6)) and
R1/[E] describes the catalyzed rate of CO2=HCO�

3 inter-
conversion (Eq. (5)) [23]. Addition of 4-MI caused a
weak inhibition of R1/[E] in catalysis by Co(II)-H64A
HCA II (Fig. 2). From these data, an equilibrium disso-
ciation constant KI of 260 ± 30 mM was estimated using
Eq. (5). This value is roughly consistent with the equilib-
rium dissociation constant from the NMR experiments
(200–370 mM).

The values of RH2O=½E� for Co(II)-H64A HCA II are
not significantly enhanced upon addition of 4-MI be-
cause bicarbonate itself is a significant proton donor in
the exchange of 18O catalyzed by Co(II)-H64A HCA
II [28]. However, we show in Fig. 2 the enhancement
in RH2O=½E� for Zn(II)-H64A HCA II upon addition of
4-MI measured by the 18O exchange method (data from
Tu et al. [28]). The activation of RH2O=½E� shown in Fig.
2 can be fit by Eq. (6) with K4-MI

app ¼ 25� 4 mM. This
binding constant determined by equilibrium 18O ex-
change represents a tighter binding at a proton transfer
Fig. 2. The dependence on the concentration of 4-MI of (j) R1/[E]
catalyzed by Co(II)-H64A HCA II, and (h) RH2O=½E� catalyzed by
Zn(II)-H64A HCA II. The solid line for R1/[E] is a least-squares fit of
Eq. (5) to the data resulting in KI = 260 ± 30 mM. The data for
RH2O=½E� are fit by Eq. (6) with K4-MI

app ¼ 25� 4 mM. Data were
obtained at pH 7.8 and 25 �C with solutions containing 25 mM of all
species of CO2; total ionic strength of solution was maintained at a
minimum of 0.2 M by addition of Na2SO4.
site or sites than the binding of 4-MI at the site that
causes inhibition of the CO2 and HCO�

3 interconversion
measured by R1 (Table 2).

We also measured the activation by 4-MI of the CO2

hydration activity of Co(II)-H64A HCA II under stea-
dy-state conditions using stopped-flow spectrophotome-
try (Fig. 3). Under these initial velocity conditions, the
very low concentrations of bicarbonate prevent it from
significantly influencing catalysis. We measured the
dependence of kcat for CO2 hydration on concentration
of the proton acceptor 4-MI (Eq. (7)) and determined
K4-MI

M to be 17 ± 2 mM (Fig. 3). These data confirm that
4-MI is an activator of catalysis by Co(II)-H64AHCA II.
The steady-state constantK4-MI

M is not a binding constant;
however, we note that this value is in the same range as
the value K4-MI

app of 25 mM determined for Zn(II)-H64A
HCA II by the 18O exchange method. Table 2 compares
constants determined by the methods we have used.

The presence of a binding site for 4-MI associated
with the side chains of Glu69 and Asp72 detected in a
Fig. 3. The dependence on the concentration of 4-MI of kcat for
hydration of CO2 catalyzed by Co(II)-H64A HCA II determined by
stopped-flow spectrophotometry. The solid line is a least-squares fit of
Eq. (7) to the data resulting in K4-MI

M ¼ 17� 2 mM. Data were
obtained at pH 7.8 and 25 �C. Total ionic strength of solution was
maintained at a minimum of 0.2 M by addition of Na2SO4.



Fig. 5. The molar absorptivities at (j) 525 nm; (s) 560 nm; (m)
617 nm; and (d) 640 nm as a function of 4-MI concentrations obtained
from visible absorption spectra of Co(II)-H64A HCA II at pH 7.8 and
25 �C. Ionic strength was kept at a minimum of 0.2 M by addition of
Na2SO4. The solid lines are a fit of Eq. (8) to the data resulting in
KD = 170 ± 30 mM from the data at 525 nm, and KD = 130 ± 30 mM
from the data at 560 nm.
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crystal structure of H64A HCA II [25] prompted studies
to evaluate whether this binding site was effective in
proton transfer. For this purpose, we purified the triple
mutant H64A-E69A-D72A HCA II. The addition of
4-methylimidazole at pH 7.8 to this mutant activated
RH2O=½E�, the proton transfer dependent release of
H2

18O (Eq. (6)) from the enzyme (Fig. 4A). This activa-
tion appeared to fit a hyperbolic curve; at 200 mM 4-MI
there was nearly a fourfold activation of RH2O. Based on
these data, a rough estimate of the binding constant of
4-MI at the proton transfer site or sites on the triple mu-
tant was K4-MI

app of 45 ± 12 mM determined by a fit of Eq.
(6) to the data of Fig. 4. This value is compared with
that for H64A HCA II of 25 ± 4 mM (Table 2). It was
evident from the data on R1/[E], the rate of interconver-
sion of CO2 and bicarbonate, that 4-MI caused inhibi-
tion of catalysis by both H64A and H64A-E69A-
D72A HCA II (Fig. 4B). This presumably is caused by
the very weak binding of 4-MI to the zinc. It is interest-
ing that the extent of inhibition appears greater for
H64A HCA II than for the triple mutant in Fig. 4. This
very weak inhibition was neglected in our estimates of
K4-MI

app .

Visible absorption spectra

The electronic absorption spectrum of Co(II)-H64A
HCA II in the visible region was similar to that of
Co(II)-substituted wild-type CA II with peaks at 525,
560, 617, and 640 nm having maximal molar absorptiv-
ities of 250–350 M�1 cm�1 at pH near nine [14,29].
There was an increase in absorption as 4-MI was added,
especially for the peaks at 525 and 560 nm (Fig. 5). The
larger increases in molar absorptivity at 525 and 560 nm
were fit with one binding site as described by Eq. (8),
both fit by an equilibrium dissociation constant KD near
170 ± 30 mM for the binding of 4-MI to Co(II)-H64A
HCA II (see legend to Fig. 5). This value is consistent
with the binding constants determined from the kinetics
and NMR experiments (compared in Table 2).
Fig. 4. The effect of 4-MI on (A) RH2O=½E� and (B) R1/[E] catalyzed by (s)
conditions were as described in Fig. 2.
Discussion

The participation of exogenous proton donors and
acceptors is necessary to achieve maximal velocity in
catalysis by carbonic anhydrase of the hydration of
CO2 and dehydration of HCO�

3 [2,3]. In this aspect, these
exogenous proton donors and acceptors are second sub-
strates for carbonic anhydrase. Proton transfer between
the zinc-bound water and buffers in solution (Eq. (2)) oc-
curs in steps separate and distinct from the interconver-
sion of CO2 and HCO�

3 (Eq. (1)). This effect of
exogenous proton donors is amplified in the mutant
H64A HCA II lacking the internal proton shuttle
His64. Proton transfer by 4-MI has been demonstrated
by the saturable enhancement of 18O exchange between
CO2 and water catalyzed by H64A HCA II and by
H64A HCA II, and by (d) H64A-E69A-D72A HCA II. Experimental
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stopped-flow spectrophotometry [9]. The maximal pro-
ton transfer activity of H64A in the presence of saturat-
ing levels of 4-MI closely approximates that of wild-type
HCA II [10]. This gives significance to the binding sites of
4-MI within the active-site cavity, to learn the location of
efficient proton donors and provides an opportunity to
comment on the range of distances that are effective in
proton transfer in the active site of carbonic anhydrase.

4-MI binding near the metal

We have used Co(II)-H64A HCA II to study the
binding properties of 4-MI to the enzyme. The substitu-
tion of Zn(II) by Co(II) does not alter the crystal struc-
ture of HCA II; the conformation of the Co(II)-
substituted enzyme is nearly identical with zinc-contain-
ing HCA II, with a root-mean-square deviation for Ca
atoms of 0.09 Å [30]. The pKa near 7 of the catalytic
metal-bound water is not altered significantly by this ex-
change of metals [31]. Moreover, the catalytic activity
kcat/Km for the hydration of CO2 by the Co(II)-substi-
tuted wild-type CA II is similar to the zinc-containing
enzyme and represents the metal substitution that re-
tains the highest catalytic activity when compared to
nickel, manganese, and others [14,29].

The 1H NMR relaxation of 4-MI caused by Co(II)-
H64A HCA II allowed us to estimate the distances of
a 4-MI binding site from the cobalt (Table 1). These cal-
culated distances are dependent on the electronic corre-
lation time of the cobalt (Eq. (4)), which is itself
dependent on the geometry of coordinating ligands,
including 4-MI, to the metal. The equilibrium dissocia-
tion constant of 4-MI in complex with Co(II)-H64A
HCA II near 200 mM (Table 2) measured by NMR, vis-
ible absorption, and inhibition of catalytic activity indi-
cates a binding site of very low affinity. Moreover, the
increase in the molar absorbance at 525 and 560 nm to
values above 300 M�1 cm�1 upon adding 4-MI (Fig. 5)
indicates 4-MI binds closely to the metal though not sig-
nificantly changing the tetrahedral coordination with
His94, 96, and 119, and a solvent molecule as ligands
[29,32]. A tetrahedrally coordinated metal in Co(II)-
substituted CA is consistent with a long correlation time
of sc = 10�11 s [21,22]; substitution of this value into Eq.
(4) results in distances of 4.9–5.8 Å from C2-H, C5-H,
and CH3 of 4-MI to the metal (Table 1). These distances
appear similar to other inhibitors of carbonic anhydrase
that do not coordinate directly with the metal such as
cyanate and nitrate, a mode of binding often found
for unprotonated inhibitors that do not donate a hydro-
gen bond to the Oc1 of Thr 199 [33]. These inhibitors
typically form hydrogen bonds with the backbone NH
of Thr 199 and are located in a hydrophobic cavity
3 Å from the metal at the closest. This is the proposed
mode of binding of 4-MI to H64A Co(II)-HCA II as
determined by NMR. In this binding mode with 4-
MI,the cobalt retains a solvent molecule as the fourth li-
gand in the bound complex, although the geometry
about the metal may become distorted tetrahedral.

The distances obtained for a long correlation time
sc = 10�11 s (Table 1) were used to locate a binding site
of 4-MI using a reported crystal structure of (zinc-con-
taining) H64A HCA II (Protein Data Bank Accession
No. 1MOO [25]) and assuming that the structure of
the cobalt-substituted H64A HCA II is not significantly
different. With molecular modeling (Sybyl version 6.9,
Tripos, Inc.), we have simulated a binding location of
4-MI. Fig. 6 shows this model with an unprotonated
4-MI molecule positioned at distances constrained to
be those given in Table 1. This energy-minimized bind-
ing mode shows 4-MI to be oriented face-on to the metal
as a second-shell inhibitor. This is in agreement with
previous spectroscopic studies showing that 4-MI has
no significant binding at the metal in Co(II)-substituted
bovine carbonic anhydrase II [34]. The binding of 4-MI
in Fig. 6 appears to be stabilized by interaction of the
N1 of 4-MI with the NH of Thr 199 at 3.3 Å. This dis-
tance is too long for a significant hydrogen bond; how-
ever, the calculation is certainly affected by the
uncertainties in the distances of Table 1, and these sim-
ulations suggest that such a hydrogen bond is formed in
the inhibited complex. In addition, the methyl group of
4-MI forms hydrophobic interactions with the side
chains of residues Val 121 and Val 143 on the hydropho-
bic side of the active-site cavity. In this configuration, 4-
MI displaces the ‘‘deep water’’ in the hydrophobic cavity
formed by residues 121 and 143 that have often been
suggested as the catalytic binding site of CO2 [3].

The binding constant of 4-MI near 200 mM deter-
mined by spectroscopic methods and inhibition of catal-
ysis (Table 2) can be contrasted with the value of the
apparent equilibrium dissociation constant K4-MI

app of
25 ± 4 mM (Eq. (6)) for 4-MI in the activation of catal-
ysis by H64A HCA II (Fig. 2). This value was deter-
mined by 18O exchange at chemical equilibrium, and
although not strictly an equilibrium binding constant
it represents a value that we estimate is close to the true
binding constant at the productive binding sites for 4-
MI. Strictly, K4-MI

app of Eq. (6) includes the binding of sub-
strate 4-MI in all enzyme species that contribute to the
proton transfer steps of catalysis [35]. These data dem-
onstrate that the binding site near the metal of 4-MI
as estimated by NMR (Fig. 6) is inhibitory and is not
a site from which there is significant contribution of pro-
ton transfer in catalysis.

Other 4-MI binding sites

Two other different binding sites for 4-MI in the ac-
tive site of H64A HCA II were found by crystallography
and reported previously; one forms a p stacking interac-
tion with the indole side chain of Trp5 [9,10]. A second



Fig. 6. The active site of H64A HCA II showing a binding position of 4-MI consistent with the NMR data. The cobalt ion (purple sphere) is
coordinated to His 94, 96, and 119, and to a cobalt-bound solvent molecule (orange sphere). 4-MI is shown in an energy minimized (Sybyl 6.9)
location with distances constrained to those determined by NMR (Table 1). Also shown are the backbone NH of Thr 199 close to the N1 of 4-MI,
and hydrophobic residues Val 143 and Val 121 near the methyl group of 4-MI. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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is situated adjacent to the side chains of Glu69 and
Asp72 [25], near a binding site for histamine in the ac-
tive-site cavity of HCA II [11]. 4-MI binding at both
of these sites participates in hydrogen bonding with or-
dered water in the active-site cavity; however, a com-
pleted proton transfer pathway from these binding
sites of 4-MI to the zinc-bound water cannot be ob-
served from the crystal structures [9,25]. Nevertheless,
4-MI as a proton donor activated the catalysis of 18O ex-
change catalyzed by both H64A and W5A-H64A HCA
II [9], and by H64A and H64A-E69A-D72A HCA II
(Fig. 4), with nearly superimposable kinetics showing
that these binding sites for 4-MI are nonproductive in
catalysis of the hydration of CO2.

These experiments, along with previously reported
crystallographic and catalytic data given in Table 3,
Table 3
Rate constants for proton transfer and approximate distances between proto

Enzyme Proton donor

Co(II)-H64A CA II 4-MI
H64A-T200H CA IIa His200
H64A-N67H CA IIb His67
Wild-type CA II His64
H64A-N62H CA IIb His62
Y131C CA Vc Modifying imidazole
H64A CA IId 4-MI (Trp5 site)
H64A CA IIe 4-MI (Glu69, Asp72 site)

a D. Bhatt, Z. Fisher, C.K. Tu, R. McKenna, D.N. Silverman, unpublishe
b Ref. [8].
c Ref. [39].
d Ref. [9,10].
e Ref. [25].
present an array of distances of potential proton donors
to the metal in carbonic anhydrase II (and one example
of CA V). These considerations help establish distances
for significant proton transfer in the active-site cavity of
carbonic anhydrase. The binding site of 4-MI about
4.5 Å from the metal determined in this NMR study is
so close to the metal as to be inhibitory to catalysis,
and perhaps too near the metal to transfer protons be-
tween the metal-bound solvent and solution. The bind-
ing sites for 4-MI found by crystallography at 12–13 Å
are too distant from the metal-bound solvent to transfer
protons.

The significance of the distance between the donor
and acceptor in proton transfer in catalysis by carbonic
anhydrase is usually discussed in terms of the number of
intervening water molecules since many calculations
n donor and zinc in catalysis by carbonic anhydrase

Distance to zinc (Å) kproton transfer (ms�1)

4.5 Inhibitory
5.5 300
6.6 200
7.5 800
8.2 30
8.4 3
12 Not detected
13 Not detected

d.
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have shown that the barrier height for proton transfer
depends on the solvent structure in the active site. Cui
and Karplus [36] have presented density functional cal-
culations of proton transfer through intervening hydro-
gen-bonded water in modeled active sites of carbonic
anhydrase. The calculated barrier height for proton
transfer was seen to increase with the number of inter-
vening water molecules. In addition, calculations show
that the barrier height should include the energy needed
to organize the water bridge in the active site, up to 2–
3 kcal/mol as calculated by Lu and Voth [37]. Further
calculations also emphasize the effect of peripheral water
molecules, not directly in the proton transfer pathway,
to increase the barrier height [37,38].

The location of efficient proton donors is near 7 Å
from the metal: His64 in HCA II (7.5 Å from the zinc);
and His67 in H64A-N67H HCA II (6.6 Å) (Table 3). Of
course, there are considerations other than distance
which influence proton transfer rates in carbonic anhy-
drase, for example, the effect of nearby residues on the
range of side-chain conformations of the proton donor
[39,40] and water structure in the active site [41]. Never-
theless, the data of Table 3 establish that distance is a
prominent consideration and show the range of dis-
tances in the active site of HCA II for which proton
transfer is efficient.
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