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ABSTRACT: The catalysis of CO2 hydration by human carbonic anhydrase II (HCA II) is limited in maximal
velocity by proton transfer from a zinc-bound water molecule to the proton shuttle His64. This proton
transfer occurs along a hydrogen-bonded water network, leading to the proton shuttle residueHis64, which in
turn transfers the proton to bulk solvent. The side chain of His64 occupies two conformations in wild-type
HCA II, pointing inward toward the zinc or outward toward bulk solvent. Previously, several studies have
examined the roles of residues of the active site cavity that interact with the solvent-mediated hydrogen-
bonded network between His64 and the zinc-bound water. Here these studies are extended to examine the
effects on proton transfer by mutation at Lys170 (to Ala, Asp, Glu, and His), a residue located near the side
chain ofHis64 but over 15 Å away from the active site zinc. In all four variants, His64 is observed in the inward
conformation associated with a decrease in the pKa of His64 by as much as 1.0 unit and an increase in the rate
constant for proton transfer to as much as 4 μs-1, approximately 5-fold larger than wild-type HCA II. The
results show a significant extension of the effective active site of HCA II from the zinc-bound water at the base
of the conical cavity in the enzyme to Lys170 near the rim of the cavity. These data emphasize that the active
site of HCA II is extended to include residues that, at first glance, appear to be too far from the zinc to exert
any catalytic effects.

The carbonic anhydrases (CAs) catalyze the hydration of CO2

to produce bicarbonate and a proton. This catalysis involves two
separate and distinct stages. One is the reaction of CO2 with the
zinc-bound hydroxide of the enzyme, yielding bicarbonate and
leaving a water molecule at the zinc (eq 1). The other is the
regeneration of the zinc-bound hydroxide by the transfer of a
proton to bulk solution (eq 2).

CO2 þEZnOH- h EZnHCO3
- h

H2O
EZnH2OþHCO3

- ð1Þ

His64-EZnH2OþB h HþHis64-EZnOH- þB

h His64-EZnOH- þBHþ ð2Þ
Here, B is an exogenous proton acceptor from solution, and Hþ

shown before His64 in eq 2 represents a protonated site on the
enzyme. The rate-determining step for maximum velocity in
catalysis by human carbonic anhydrase II (HCA II)1 in the pre-
sence of adequate buffer is the intramoleclular proton transfer of
eq 2. In this stage the proton is transferred via a hydrogen-bonded
network of water molecules to the solvent-accessible residue
His64, which transfers the proton to bulk solvent (1, 2).

The side chain ofHis64 in crystal structures ofHCA II is found
in two orientations, inward, pointing toward the protonwire, and

outward, pointing toward bulk solution (3-5). This orientation
is somewhat pH dependent with the inward orientation favored
at high pH and the outward at low pH (4). The availability of
these two conformational states has been suggested as promoting
the efficient proton transfer of catalysis (6, 7), although this issue
is not settled (8).Moreover, it has been found that the orientation
of His64 is quite sensitive to residues that line the conical cavity.
The replacement of Thr200 in HCA II with serine, some 5 Å
distant fromHis64, altered the conformation of the side chain of
His64 predominantly to the outward orientation (9). In addition,
the replacement of Tyr7 in this cavity caused the side chain of
His64 to be predominantly in the inward orientation (10).

To determine whether the properties of His64 are sensitive to
residues near the surface of the protein, that is on the distal side of
residue 64, Lys170 has been investigated. This residue lies in a
basic patch of amino acids (Lys168, Lys170, and Lys172) on the
surface of HCA II (Figure 1A). The side chain amino group of
Lys170 is∼6 Å fromNε2 of His64 in the outward orientation and
15 Å from the zinc at the active site (Figure 1). Moreover, this
residue is conserved in CA II from species as diverse as chicken,
rat, and bovine (11). In this structure-function study usingX-ray
crystallography and kinetic methods, we report that replacement
of Lys170 altered the orientation of the side chain of His64 and
decreased its pKa. In addition, site-specific variants at residue 170
had increased rate constants for proton transfer in the catalyzed
dehydration of bicarbonate. This shows that the effective active
site of HCA II extends to a region of the conical cavity quite
distant from the zinc and close to the exterior of the enzyme.

†This work was supported by a grant from the NIH (GM 25154).
*To whom correspondence should be addressed. R.M.: phone, 352-

392-5696; fax, 352-392-3422; e-mail, rmckenna@ufl.edu. D.N.S.: phone,
(352) 392 3556; fax, (352) 392 9696; e-mail, silvrmn@ufl.edu..

1Abbreviation: HCA II, human carbonic anhydrase II.



Article Biochemistry, Vol. 49, No. 30, 2010 6395

MATERIALS AND METHODS

Site-Directed Mutagenesis and Purification. Variants of
HCA II were generated using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) and a plasmid vector
containing theHCA II coding region.Mutations were verified by
sequencing of the entire HCA II coding region. Plasmids were
then transformed into Escherichia coli BL21(DE3)pLysS expres-
sion cells. The lysate was run on a preequilibrated column
consisting of an agarose matrix conjugated to p-(aminomethyl)-
benzenesulfonamide (12). HCA II variants were eluted with
0.1 M Tris-HCl and 0.4 M sodium azide, pH 7.0. After extensive
buffer exchange against 15 mM Tris-HCl, pH 8.0, the samples
were concentrated to approximately 10 mg/mL as measured by
UV spectroscopy (ε=54800M-1 cm-1). SDS-PAGE followed
byCoomassie stainingwas used to verify greater than 95%purity
of the sample.

18O Exchange. This technique measures the depletion of 18O
from species of CO2 measured via membrane inlet mass spectro-
metry (13). The CO2 passing across a silicon rubber membrane
enters a mass spectrometer (Extrel EXM-200), thus providing a
continuous measure of the isotopic content of the CO2. The
dehydration of the labeled bicarbonate has a probability of
transiently labeling the active site zinc with 18O (eq 3). The
subsequent protonation the zinc-bound hydroxide produces
H2

18O, which is then released into bulk solvent (eq 4).

HCOO18O- þEZnH2O / EZnHCOO18O

/ COOþEZn18OH- ð3Þ
HþHis64-EZn18OH- / His64-EZnH2

18O

/ His64-EZnH2OþH2
18O ð4Þ

This method provides two rates for CA-catalyzed 18O ex-
change. The first isR1, the rate of exchange of CO2 andHCO3

- at
chemical equilibrium.

R1=½E� ¼ kexcat½S�=ðKs
eff ½S�Þ ð5Þ

In eq 5, kexcat is the rate constant for the maximal interconversion
of substrate and product, KS

eff is the apparent binding constant
for substrate to enzyme, and [S] is the concentration of substrate,
either carbon dioxide or bicarbonate. The ratio kexcat/K

S
eff is, in

theory and in practice, is equal to kcat/Km obtained by steady-
state methods.

The second rate obtained, RH2O
, is the rate of release from the

active site of water that bears 18O. It is this component of 18O
exchange that is dependent on the donation of protons to the 18O-
labeled zinc-bound hydroxide (eq 4).

RH2O=½E� ¼ kB=ð½1þðKaÞdonor=½Hþ��½1þ ½Hþ�=ðKaÞZnH2O
�Þ ð6Þ

The value of this rateRH2O
can be interpreted in terms of the rate

constant for proton transfer from the proton donor to the zinc-
bound hydroxide according to eq 6. In this equation, kB is the rate
constant for proton transfer and (Ka)donor and (Ka)ZnH2O

are the
ionization constants of the proton donor, predominantly His64
in these experiments, and zinc-bound water. To determine the
kinetic constant kB and the ionization constants, nonlinear least-
squares methods were used in the program Enzfitter (Biosoft) to
fit eq 6 to pH profiles of RH2O

/[E].
The measurements for HCA II-catalyzed and uncatalyzed 18O

exchange were made at 25 �C in the presence of a total substrate
concentration (all species of CO2) of 25 mM. Additionally, the
total ionic strength of solution was kept at 0.2M by the addition
of sodium sulfate.
Esterase Activity. To correctly assign values of pKa obtained

from 18O exchange, another kinetic assay was performed, which
allows assignment of the pKa of the zinc-bound solvent. The CAs
in the R class possess the ability to hydrolyze ester linkages,
although there is no known physiological role for this acti-
vity (14). Tomeasure this activity, the hydrolysis of 4-nitrophenyl
acetate was monitored by UV spectroscopy at 348 nm, the
isosbestic point of 4-nitrophenol and its conjugate base, nitro-
phenylate anion (ε = 5000 M-1 cm-1) (15).
Stopped-Flow Spectrophotometry.Tomeasure initial rates

of CO2 hydration, the change in absorbance of a pH indicator
was followed using theApplied Photophysics (SX.18MV) stopped-
flow spectrophotometer (16). Briefly, pH indicator-buffer pairs
were used over a pH range from 6.1 to 9.3. Reaction conditions
were 25 mM buffer concentration with 0.2 M sodium sulfate and
initial CO2 concentrations ranging from 0.7 to 14 mM. The initial
rates were obtained from the first 10% of the reaction, and the
kinetic constants kcat and kcat/Km were determined from nonlinear
least-squares fits of the data (Enzfitter, Biosoft).

FIGURE 1: Crystal structure of the active site of wild-type HCA II showing the position of Lys170 and His64 (PDB ID 1tbt (5)). (A) Surface
representationofHCA II showing the relative locations of the active site (green),His64 (orange), and the basic patch of lysines (blue), withLys170
indicated by the red arrow. (B) Detailed view of the active site showing the location of the solvent proton wire (red spheres) and relevant side
chains. The red, dashed line indicates the distance between Lys170 (blue) andHis64 (orange). The side chain of His64 is shown in the inward and
outward orientations.
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Crystallization and Data Collection. Crystals of the HCA
II variants were grown under standard conditions (15 mg/mL of
protein,1.4 M sodium citrate, 100 mM Tris-HCl, pH 8.5) using
the hanging-drop vapor-diffusion technique (10). Crystals ap-
proximately 1.0� 0.5� 0.25 mm3 appeared after 2-3 days. The
crystals were then sealed in quartz capillaries containing a small
amount of mother liquor. Diffraction data were collected in-
house at room temperature using an R-AXIS IVþþ image plate
system with osmic mirrors and a Rigaku RU-H3R Cu rotating
anode operating at 50 kV and 100 mA. The crystal-detector
distance was set at 100 mm.
Data Processing and Refinement. Diffraction data were

indexed, integrated, and scaled using the HKL2000 program
package (17). Final statistics were similar for the four variants
(Table 1). Model refinement was accomplished using the RE-
FMAC5 in the CCP4 suite of programs (18) with the 1.54 Å
resolution structure of wild-type HCA II (PDB ID: 1tbt (5)) with
both Lys170 and His64 mutated to Ala to avoid model bias and
the zinc, alternate conformations, and all solvent molecules
removed. After an initial round of rigid-body fitting, simulated
annealing to 3000 K was carried out using CNS (19). Energy
minimization, B-factor refinement, and electron density map
generation followed.After the first round, the zinc ionwas placed
in the active site, and side chains weremanually refined as needed
using the molecular graphics program Coot (20). It was noted
that, even after several rounds of refinement, no density was
visible for the outward conformation of His64. Waters were then
placed and confirmed in Coot during several rounds of refine-
ment until the Rcryst reached convergence. Final refinement
statistics for all four variants are given in Table 1. Final models
and structure factors were submitted to the Protein Data Bank
(http://www.pdb.org) with the following accession codes: 3mnh
(K170A), 3mni (K170D), 3mnj (K170E), and 3mnk (K170H).

RESULTS

Catalysis. Catalysis by site-specific variants of HCA II with
replacements of Lys170 was measured by the exchange of 18O
betweenCO2 andwater. Values of k

ex
cat/K

CO2
eff were obtained by

a fit of eq 5 (with substrate S as CO2) to the data. The pH profiles
of kexcat/K

CO2
eff for the hydration of CO2 were closely super-

imposable with each other and with wild-type HCA II (Figure 2,

Table 2). This was expected since the side chain of the replaced
Lys170 is far from the zinc at the active site; the distance from the
Nς of Lys170 to the zinc is about 15 Å (5). These data were fit to a
single ionization, the pKa of which is an estimate of the ionization
of the zinc-bound water (21). For each of the variants at residue
170 the pKa was found to be very close to 7 for the zinc-bound
water, unchanged compared to wild-type HCA II (Table 2).
These values of pKa were confirmed by a second independent
measurement of the pKa of the zinc-bound water obtained from
the pH profile of kcat/Km for the hydrolysis of 4-nitrophenyl
acetate (Table 3). These data confirm that the pKa close to 7 of the
zinc-boundwaterwas unchanged in the variants of Tables 2 and 3.

On the other hand, the values of the proton transfer dependent
rate of release of H2

18O from the enzyme RH2O
/[E] were clearly

perturbed for each of the variants, as shown by the superimposed
pHprofiles given in Figure 3. These data indicate that the rates of

Table 1: Data Collection and Refinement Statistics for the Lys170 Variant Structures of HCA II

K170A K170D K170E K170H

PDB accession no. 3mnh 3mni 3mnj 3mnk

space group P21 P21 P21 P21
cell dimensions

a, b, c (Å) 42.6, 41.6, 72.8 42.6, 41.6, 72.8 42.6, 41.5, 72.7 42.7, 41.6, 72.8

β (deg) 104.5 104.4 104.4 104.5

resolution (Å) 50-1.65 (1.71-1.65) d 50-1.75 (1.81-1.75) 50-1.75 (1.81-1.75) 50-1.75 (1.81-1.75)

Rsym
a (%) 6.9 (41.4) 6.2 (38.7) 6.7 (38.8) 5.4 (32.3)

I/(σ)I 12.5 (2.1) 20.7 (2.4) 16.4 (2.3) 19.0 (3.3)

completeness 98.4 (98.1) 92.2 (80.9) 93.1 (80.4) 92.7 (80.9)

redundancy 2.7 (2.6) 3.2 (3.0) 3.1 (2.8) 3.2 (3.1)

Rcryst
b/Rfree

c (%) 16.8/19.7 16.6/19.8 16.9/20.3 16.3/19.5

no. of atoms (protein/solvent) 2076/139 2071/101 2075/84 2081/102

B-factors (Å2) (main chain/side chain/solvent) 14.9/17.5/29.2 14.8/17.4/26.7 15.7/17.1/26.4 15.3/18.1/27.3

rmsd bond lengths (Å)/angles (deg) 0.011/1.299 0.012/1.361 0.013/1.388 0.012/1.334

Ramachandran statistics (%), most favored,

additionally allowed, generously allowed

88.9, 10.6, 0.5 88.9, 10.6, 0.5 88.9, 10.6, 0.5 88.9, 10.6, 0.5

aRsym= (
P

|I- ÆIæ|/
P

ÆIæ)� 100. bRcryst= (
P

|Fo|- |Fc|/
P

|Fo|)� 100. cRfree is calculated in samemanner asRcryst, except that it uses 5% of the reflection
data omitted from refinement. dValues in parentheses represent highest resolution bin.

FIGURE 2: pH dependence of kexcat/K
CO2

eff (M
-1 s-1) for the hydra-

tion of CO2 catalyzed by the following variants of HCA II: (2)
K170A; (]) K170D; (0) K107E; and (b) K170H. Lines were
obtained by a fit of eq 5 to 18O exchange data with constants given
in Table 2. Solutions at 25 �C contained 25mMof all species of CO2.
Ionic strengthwasmaintained at 0.2Mbyaddition of sodium sulfate.
No buffers were used.
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proton transfer between His64 and the zinc-bound hydroxide
and/or their pKa values have been affected by the replacements at
residue 170. The lines in Figure 3 are fits of eq 6 to the data with
values of apparent pKa for proton donor (His64) and acceptor
and derived rate constant for proton transfer kB given in Table 2.
There are two prominent solutions of eq 6 in best fits to the data
for each variant of Figure 3. An interchange of the values of the
pKa of the zinc-bound water and the pKa of His64 both provide
satisfactory convergence of eq 6 to the data. However, the pKa of

the zinc-bound water appears to be firmly established from both
18O exchange and ester hydrolysis and assigned appropriately.

The data of Table 2 show two general trends. One trend is that
the apparent pKa of the predominant proton donor His64
appears lower in the variants than for wild type (Table 2). The
apparent pKa for His64 estimated from 18O exchange data
appears between 6.3 and 6.7 for the variants of Table 2, lower
than the value of 7.2 estimated for wild-type HCA II. A second
trend for the variants was an increased value of kB, the rate
constant for proton transfer in the dehydration direction ob-
tained from 18O exchange results. This value is 0.8 μs-1 for wild-
typeHCA II (10, 22). Although the propagated uncertainty in the
values of kB can be large (as great as 13% in Table 2), it is clear
from the data that kB was increased for each of the variants. It is
interesting that the rate constant for proton transfer kB for
K170H HCA II was similar to that for K170A. The Ala residue
at 170 is not capable of proton transfer; hence, the data suggest
that His170 is not significantly involved as a proton shuttle.

These data on catalysiswere compared todataobtainedat steady
state by stopped-flow spectrophotometry. The bicarbonate dehy-
dration kinetics of K170A HCA II were measured at pH 5.8 and
6.0. Deviations from Michaelis-Menten behavior were observed,
and steady-state rate constants could not be obtained. In the CO2

hydration direction, catalysis by K170A HCA II was adequately
described by Michaelis-Menten kinetics with maximal values of
kcat = (0.50 ( 0.04) μs-1 and kcat/Km = (100 ( 10) μM-1 s-1.
Crystallography. The crystal structures of the four variants

K170A, K170D, K170E, and K170H HCA II were solved to
between 1.65 and 1.75 Å resolution with final Rcrysts of ∼16.5%
and Rfrees ∼20% (Table 1). Overall, no major structural pertur-
bations were observed with CR rmsd of approximately 0.09 Å for
all four variants when compared to wild-type HCA II. The
hydrogen-bonded solvent network in the active site cavity was
conserved in all four structures, indicating that the replacements
at residue 170 had not affected this aspect of active site structure.
A large electron density peak was noticed near the side chains of
His64, Asn62, andAsn67 andwasmodeled as a sodium ion, as the
placement of a water molecule could not account for the entirety
of the observed density.However, the exact identity of this atom is
not clear from crystallographic analysis as the resolution of the
structures and the possibility of partial occupancy of this atom
preclude an absolute determination of the atom type.

The proton shuttle residue, His64, which occupies two con-
formations in wild-type HCA II (4, 23), was observed only in the
inward conformation in all four variants. Additionally, in these
four variants, there was a change in the occupancy and position
of residues His3 and His4. Typically at this resolution, electron
densities for His3 and His4 are not observed due to the inherent
disorder of the N-terminus of wild-type HCA II. In the four
variants of Table 2, distinct electron density was observed for
His3 and His4, showing that these residues occupy a conforma-
tion that is distinct from previous structures that have been
reported for these residues (5, 23) (Figure 4, Supporting Informa-
tion Figure S1). This is most clear for His4 for which electron
densities appear for the entire side chain in each of the four
variants and not as clear for His3 in which electron densities are
less complete except for K170D (Figure 4). The position of these
residues is such that the side chain of His3 is located near what
would be the outward conformation of His64 (Figure 5A). A
small amount of additional density was observed extending off of
the backbone of His3; however, it was not modeled as it does not
cover an entire residue.

Table 2: Apparent Values of pKa andMaximal Rate Constants for Kinetic

Measurements of Catalysis by Wild-Type and Site-Specific Variants of

HCA II at Residue 170 Obtained by 18O Exchange at 25 �Ca

from RH2O
from R1

pKa

(His64)b
kB

(μs-1)b
pKa

(ZnH2O)

Kex
cat/K

CO2
eff

(μM-1 s-1)

wild type 7.2( 0.1 0.8( 0.1 6.9 100

K170A 6.7( 0.1 1.2( 0.1 7.0 110

K170D 6.7( 0.1 1.5( 0.2 7.0 120

K170E 6.3( 0.1 4.0( 0.4 7.1 150

K170H 6.7( 0.1 1.6( 0.1 6.9 120

aSolutions contained 25 mM of all species of CO2 at sufficient sodium
sulfate to maintain ionic strength at 0.2 M. No buffers were added. Data
were obtained by fits of eq 5 for R1 and eq 6 for RH2O

to data shown in
Figures 2 and 3. bThese values were obtained by a least-squares fit of the
data of Figure 3 to eq 6.

Table 3: Values of pKa for Zinc-Bound Water and Maximal Value of kcat/

Km for Catalysis of Hydrolysis of 4-Nitrophenyl Acetate by Variants of

HCA II at 25 �C

pKa (ZnH2O) kcat/Km (M-1 s-1)

wild type 7.0 2800

K170A 7.0 1600

K170D 7.1 1850

K170E 6.9 1890

K170H 6.9 1760

FIGURE 3: pH dependence of RH2O
/[E] (μs-1), the rate constant for

the release of H2
18O from the enzyme catalyzed by the following

variants of HCA II: (2) K170A; (]) K170D; (0) K107E; and (b)
K170H. The lines are a fit of eq 6 to the data with constants given in
Table 2. Conditions were as described for Figure 2.
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DISCUSSION

It is apparent that the replacement of Lys170 has caused
changes in three prominent properties of the proton shuttle
residue His64: its orientation within the active site cavity, its
pKa, and the rate constant for proton transfer from His64 to the
zinc-bound hydroxide in catalysis. In all four variants examined
here, the side chain of His64 exists predominantly in the inward
conformation in contrast with the wild-typeHCA IIwhich shows
both orientations in crystal structures. Interestingly, the inward
orientation of His64 is apparently stabilized by the side chain of
His3. Typically in crystal structures of HCA II at this resolution,
His3 and His4 are not able to be placed in any electron density
due to the inherent flexibility of the N-terminus. In the structures
of all four Lys170 variants, the side chain of His3 is seen to
apparently π-stack with Trp5, in a position that would overlap
the outward conformation of His64 (Figure 5A). Of note are the
differences in the levels of electron density around His3 in the
four variants. The highest level of electron density is seen in
K170D, where the side chain of Asp170 interacts with the
backbone carbonyl oxygen of Asn62 (distance= 3.2 Å). In turn,
this carbonyl oxygen appears to interact with the Nδ1 atom of
His64 (Figure 5B). However, this interaction is only seen in this
variant and thus does not fully explain the pKa effects of the

Lys170 mutations. Moreover, K170D, the variant with the
highest electron density for His3, does not have the most efficient
rate constant for proton transfer kB (Table 2).

The apparent pKa for His64 in the variants of Table 1
estimated from 18O exchange data is between pKa 6.3 and 6.7
(Table 2), lower than the value of 7.2 in similar experiments for
wild-typeHCA II (10). This decrease in apparent pKa forHis64 is
probably due to the inward orientation of this side chain in each
of the variants, an orientation in which it is located in a more
hydrophobic environment. This same effect was observed for
Y7F HCA II (10) and in variants containing replacements of
Asn62 with hydrophobic residues (N62A, N62V, N62L) (24) in
which the orientation of His64 is also in the inward orientation.
In these cases the pKa of His64 was near 6.0.

The rate constants for proton transfer kB in catalytic
dehydration were increased from 0.8 μs-1 for wild-type HCA
II to 1.2-4.0 μs-1 for the variants (Table 2). This effect is not
large but represents as much as a 5-fold enhancement of kB,
most likely attributed to the changes in properties of His64
discussed above, specifically the decrease in the pKa of an
inward His64 which makes it a better proton donor in the
dehydration direction. This lower value of pKa also makes it a
poorer proton acceptor in the hydration direction, a feature
which is supported by the value of kcat = 0.50 μs-1 for
hydration of CO2 catalyzed by K170A HCA II. This is lower
than the value of kcat= 1.0 μs-1 for hydration catalyzed by wild
type (16).

FIGURE 4: Electron density for His3 and His4 as seen in all four
variants at position 170: (A)K170A; (B)K170D; (C)K170E; and (D)
K170H. The level of electron density varies between the four struc-
tures and is the highest forK170D (B). Density maps shown are Fo-
Fc maps contoured at 1.5σ.

FIGURE 5: (A) The side chain of His3 overlaps with the typical
position of the outward conformation of His64 in wild-type HCA
II. (B) The carboxylate of Asp170 in K170D is within hydrogen-
bonding distance of the backbone carbonyl of Asn62, which in turn
can form a hydrogen bond with His64 in the inward orientation.
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These explanations are amplified in the more complex analysis
provided by computational simulations. Multistate empirical
valence bond simulations of Maupin et al. (25) show that the
side chain of Lys170, among other residues, lies close to the
pathway for proton transfer with His64 in the outward orienta-
tion. These studies indicate a higher energy barrier for proton
transfer with His64 in the outward compared with inward
orientations, due in large part to larger water clusters associated
with the outward state. However, combined quantum mecha-
nical/molecular mechanical simulations of Riccardi et al. (26)
emphasize electrostatics and suggest that the inward orientation
ofHis64 offers no advantage in rate constants for proton transfer
compared with the outward.

The decreased pKa for His64 explains in part why these
mutations at residues 7 and 170 do not appear in nature. To
maintain maximal activity in both hydration and dehydration
directions, it is necessary that the values of pKa for the proton
donor and acceptor be closely matched, as they are in HCA II.
This allows the enzyme to function efficiently in both hydration
and dehydration as required in respiration and in regulation of
cellular pH. Thus it appears that one function of Lys170 is to
maintain an environment of His64 that maximizes proton
transfer and hence catalysis of the hydration of CO2 and
dehydration of bicarbonate. However, this may not describe
entirely the function of Lys170. Although Lys170 appears in CA
II from chicken, rat, bovine, and humans, all of which have
His64, it also appears in CA III and CA V, which do not have a
histidine at residue 64 (11).

In summary, these results show a significant extension of the
effective active site of HCA II from the zinc-bound water at the
bottom of the conical cavity in the enzyme to Lys170 about 15 Å
from the zinc and near the rim of the cavity. It is now apparent
from this and other work (10, 24) that at least four residues in the
active site cavity with side chains more than 7 Å from the zinc
(Tyr7, Asn62, Asn67, and Lys170) serve to finely tune the proton
transfer properties ofHis64. This also explains in part why nature
needs so large an enzyme to catalyze efficiently such a simple
reaction as the hydration of CO2.

SUPPORTING INFORMATION AVAILABLE

A diagram of the conformations of the N-terminal ends of
K170A, K170D, K170E, and K170H compared with wild-type
HCA II. This material is available free of charge via the Internet
at http://pubs.acs.org.
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