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ABSTRACT: The rate-limiting proton transfer (PT) event in the site-specific mutant N67L of human carbonic
anhydrase II (HCA II) has been examined by kinetic, X-ray, and simulation approaches. The X-ray
crystallography studies, which were previously reported, and molecular dynamics (MD) simulations indicate
that the proton shuttling residue, His64, predominantly resides in the outward orientation with a significant
disruption of the ordered water in the active site for the dehydration pathway. While disorder is seen in the
active-site water, water cluster analysis indicates that the N67L mutant may form water clusters similar to
those seen in the wild-type (WT). For the hydration pathway of the enzyme, the active site water cluster
analysis reveals an inability of the N67L mutant to stabilize water clusters when His64 is in the inward
orientation, thereby favoring PT when His64 is in the outward orientation. The preference of the N67L
mutant to carry out the PT when His64 is in the outward orientation for both the hydration and dehydration
pathway is reasoned to be the main cause of the observed reduction in the overall rate. To probe the
mechanism of PT, solvent H/D kinetic isotope effects (KIEs) were experimentally studied with catalysis
measured by the exchange of 18O between CO2 and water. The values obtained from the KIEs were
determined as a function of the deuterium content of solvent, using the proton inventory method. No
differences were detected in the overarching mechanism of PT between WT and N67L HCA II, despite
changes in the active-site water structure and/or the orientation of His64.

Human carbonic anhydrase II (HCA II1) is a zinc-metalloen-
zyme that catalyzes the reversible hydration and dehydration of
carbon dioxide and bicarbonate (eqs 1 and 2) (1-3):

CO2 þEZnOH- a EZnHCO-
3 sfrs

þH2O

-H2O

EZnH2OþHCO-
3 ð1Þ

His64-EZnH2Oþ BaHþHis64-EZnOH- þ
B aHis64-EZnOH- þ BHþ ð2Þ

Here, B is an exogenous proton acceptor from solution. The rate-
limiting step in themaximal velocity of catalysis byHCA II under
well-buffered conditions is the active-site water proton transfer
(PT) of eq 2, in which the solvent-accessible residue His64,
positioned along the side of the active-site cavity, acts as the
proton shuttle in the catalysis (4-6).

The side chain of His64 is about 8 Å away from the zinc (7, 8).
This distance is too great for direct PT between His64 and the
zinc-bound solvent molecule. Therefore, the proton transfer is
hypothesized to be dependent on thewater structure in the active-
site cavity in a concerted or stepwise mechanism (9, 10). X-ray
crystallography of wild-type (WT) HCA II shows 60%-80%
inward (His64 directed toward the active site) versus outward
(His64 directed away from the active site) orientation for pH
values ranging from 6 to 8 (8, 11).

In WT HCA II, there are several amino acids extending into
the active-site cavity with side chains 6-8 Å from the zinc. These
residues (Tyr7, Asn62, and Asn67) are believed to be critical to
the stabilization of the active-site water network consisting of
Zn-H2O/OH-, W1, W2, W3a, and W3b (Figure 1A) (11-13).
Measures of the rate of catalysis, combined with analysis of the
X-ray crystal structures of mutants at these positions, have
shown changes in the side-chain orientation of His64, in the
pKa of the imidazole of His64, and in ordered water structures of
the active-site cavity (12). In N67L HCA II crystals, the His64
side chain is completely in the outward orientation, and the
active-sitewater network is disrupted (Figure 1B). In this enzyme,
the pKa for His64 (pKa 7.5) was elevated by about one pK unit
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above that of the wild type, and the rate constant for PT was four
times less than that for WT HCA II (12).

In light of the aforementioned observations, this study seeks to
understand the effects of changes in the structure of ordered
water and the orientation of His64, as observed in the crystal
structures, on catalysis through the lens of molecular dynamics
(MD) simulations. Specifically, the goal of this work is to help
understand how the mutant enzyme N67L HCA II, with no
organized active-site water in the crystal structure and the His64
side chain oriented away from the active site, can still generate a
significant rate of catalytic PT, only four times less than that of
WT HCA II. In order to do this, proton inventory, the
dependence of the kinetics of catalysis on the atom fraction of
deuterium in solvent, was investigated (14). Such a proton
inventory study is sensitive to the number of protons transferred
in catalysis by carbonic anhydrase (15). In addition to the kinetic
studies, MD simulations are used to determine the potential of
mean force (PMF) for the rotation ofHis64 about the χ1 dihedral
(N-CR-Cβ-Cγ). These simulations, in conjunction with X-ray
crystallographic data, give insight into the orientational distribu-
tion of His64. MD simulations are also used to evaluate the
stability of the active-site water cluster for both forms of the
enzyme (i.e., hydration and dehydration pathway), with His64 in
either the inward or outward orientation. Such atomistic struc-
tural data allows for a detailed analysis of the active-site water
cluster, which is considered to be an integral part of the rate-
limiting PT step (6, 13). To evaluate the effects of deuterium on
the active-site water cluster, quantum path integral molecular
dynamics (PIMD) simulations were conducted in which the
nuclear motion is quantized. These simulations reveal the differ-
ences in the formation and stabilization of the active-site water
cluster during KIE experiments.

MATERIALS AND METHODS

Expression and Purification of Enzymes. The mutant
N67L of HCA II was made by site-directed mutagenesis using
expression vectors containing the HCA II coding region (4, 16).
A plasmid with the mutation N67L in cDNA of HCA II was
made by site-directed mutagenesis using QuikChange II Kit
(Stratagene, La Jolla, CA). The sequence of this mutant was
confirmed by sequencing theDNAof the entire coding region for
carbonic anhydrase (CA) in the expression vector. Expression of
the mutated vector was done by transforming into Escherichia coli
BL21 (DE3) pLysS, which does not express any indigenous CA

under these conditions. Purification was performed by affinity
chromatography using p-(aminomethyl)benzenesulfonamide coup-
led to agarose beads (17). Electrophoresis on a 10% polyacryla-
mide gel stainedwithCoomassie Blue was used to confirmpurity,
which was greater than 96% for all enzyme samples. The enzyme
concentrations were determined by titration of the active sites
with ethoxzolamide, which binds tightly to WT and N67L HCA
II. Rates of catalysis weremeasured by the 18O exchange between
CO2 and water, as discussed below, analyzing data with the
Henderson approach (18).
Oxygen-18 Exchange. This method of rate determination is

based on the depletion of 18O from species of CO2 asmeasured by
membrane inlet mass spectrometry (19, 20). CO2 passing across
the membrane enters a mass spectrometer (Extrel EXM-200),
providing a continuous measure of isotopic content of CO2.
In the first stage of catalysis, the dehydration of labeled bicarbo-
nate has a probability of transiently labeling the active site with
18O (eq 3). In a subsequent step, the protonation of the zinc-
bound 18O-labeled hydroxide results in the release ofH2

18O to the
solvent (eq 4).

HCOO18O- þ EZnH2Osfrs
-H2O

þH2O

EZnHCOO18O-

aCOOþEZn18OH- ð3Þ
HþHis64-EZn18OH- aHis64-EZnH2

18O

sfrs
þH2O

-H2O

His64-EZnH2OþH2
18O ð4Þ

This approach yields two rates for the 18O exchange catalyzed
by carbonic anhydrase (19). The first isR1, the rate of exchange of
CO2 and HCO3

- at chemical equilibrium, as shown in eq 5. Here
kcat
ex is a rate constant for maximal interconversion of substrate

and product;Keff
S is an apparent binding constant for substrate to

enzyme; and [S] is the concentration of substrate, either CO2 or
bicarbonate (21). The ratio kcat

ex /Keff
S is, in theory and in practice,

equal to kcat/Km obtained by steady-state methods.

R1=½E� ¼ kexcat½S�=ðKS
eff þ ½S�Þ ð5Þ

Asecond rate determined by the 18O-exchangemethod isRH2O
,

the rate of release from the enzyme of water-bearing substrate
oxygen (eq 4). This component of the 18O exchange is dependent
upon the donation of protons to the 18O-labeled zinc-bound
hydroxide (4, 19). In this step, His64 is the predominant proton
donor in catalysis (eq 4). The value of RH2O

can be interpreted in
terms of the rate constant for PT to the zinc-bound hydroxide
according to eqs 4 and 6, in which kB is the rate constant for PT to
the zinc-bound hydroxide, and (Ka)donor and (Ka)ZnH2O

are the
ionization constants of the proton donor and zinc-bound water
molecule, respectively. The kinetic constant kB and ionization
constants of eq 6 were determined by nonlinear least-squares
methods (Enzifitter, Elsevier-Biosoft, Cambridge, U.K.)

kobsB ¼ kB= 1þ ðKaÞdonor=½Hþ�
h i

1þ ½Hþ�=ðKaÞZnH2O

h i� �
ð6Þ

Unless stated otherwise, the uncatalyzed exchange and the
carbonic-anhydrase-catalyzed exchange of 18O between CO2

and water at chemical equilibrium were measured in the presence
of buffer at a total substrate concentration of 25 mM, using
membrane-inlet mass spectrometry (19). The temperature was
25 �C, and the total ionic strength of the solution was kept at a
minimum of 0.2 M by the addition of Na2SO4. Deuterium oxide

FIGURE 1: Active site of (A) WT and (B) N67L HCA II taken from
the crystal structures of Fisher et al. (12) Red spheres represent
ordered water molecules and are numbered (W1, W2, W3a, and
W3b), and red dashed lines indicate distances consistent with hydro-
gen bonds (2.6-3.2 Å). The side chain of His64 is shown in both the
inward and outward conformations in theWT (A), but exists only in
the outward conformation in N67L (B).



7998 Biochemistry, Vol. 48, No. 33, 2009 Maupin et al.

(99.9% D2O) was obtained from Sigma-Aldrich and distilled
from activated charcoal before use.
Molecular Dynamics Simulations. All simulation systems

were based on the WTHCA II X-ray structure with a resolution
of 1.54 Å (PDBaccession number 2CBA) (22). TheN67Lmutant
was created by using the Swiss-PDBViewer (23) tomutateAsn to
the most appropriate rotamer of Leu. This mutation was
simulated for both the hydration and dehydration of HCO3

-.
The hydration system contained a zinc-bound water and an
unprotonated His64 (ZnH2O

2þ-His) and was modeled with
His64 in both inward and outward orientations. The dehydration
system contained a zinc-bound hydroxide and a protonated
His64 (ZnOHþ-HisHþ), and was modeled with His64 in the
outward position only. The choice to model only the outward
orientation for the dehydration system was based on the results
from theN67L χ1 dihedral PMF forHis64 (described below) and
on recent X-ray results (PDB accession numbers 2NWY and
2NWZ) (12). The 2CBA X-ray crystal was used as the template
for theMD simulations rather than the 2NWY or 2NWZ crystal
structures, as both X-ray and MD simulation research projects
were being conducted independently at the same time (12). The
N67L mutant of HCA II along with the 220 X-ray waters was
then solvated in a cubic box (L ≈ 75 Å) of modified TIP3P
water (24). The parm99 (25) force field was used to describe the
enzyme, while the active site was described by the parameters
used in Maupin and Voth (26). The ZnH2O

2þ-His and the
ZnOHþ-HisHþ systems were equilibrated for 250 ps in the
constant NVE ensemble, followed by a 1.0 ns equilibration run
in the constant NPT ensemble (27). Data were then collected
from a 2.0 ns simulation in the constant NVT ensemble (27).
All simulations used periodic boundary conditions. Long-range
Coulomb interactions were calculated by a particle-mesh Ewald
summation, while short-ranged, nonbonded interactions and
forces were subject to a 10 Å cutoff (28). The enzyme simulations
were conducted at 298.15 K and used the leapfrog Verlet
integrator with a time step of 0.5 fs. The NPT ensemble
simulations were conducted at 1 atm; all constant-temperature
simulations used Langevin dynamics for the thermostat.
Normal Mode Path Integral Molecular Dynamic

(PIMD) Simulations. PIMD simulations were conducted to
evaluate the quantum effects of deuterium on the structure of the
active-site water cluster. PIMD is a computationally efficient
method for calculating the equilibrium properties of a quantum
many-body system. The use of PIMD methods to calculate PT
isotope effects in aqueous (29) and enzyme systems (30, 31),
including the WT HCA II (32), have been carried out by others.
However, the use of PIMD in the current study is restricted to an
exploration of the structural characteristics of the active site
water cluster. An explicitly reactive potential is not used in this
work in an effort to calculate actual PT rates. The present
simulations were carried out using the normalmode path integral
molecular dynamics (NMPIMD) methodology implemented in
AMBER 10 (33). The fundamentals of PIMD have been covered
in detail elsewhere and therefore will not be described here
(34, 35). The initial coordinates for the NMPIMD simulations
were taken from the final step of the MD data collection
simulations. The NMPIMD simulations were then quantized
using 16 path integral quasi particles per physical particle.
The systems were equilibrated for 25 ps in the constant NVT
ensemble, followed by 1 ns of data collection. A Nos�e-Hoover
chain thermostat coupled to each degree of freedom was used to
keep the system temperature at 298.15 K (36). The leapfrog

integrator was used to propagate the system with a time step of
0.5 fs. Thewatermodel used in the simulationswas a simple point
charge, flexible water model specifically developed for investiga-
tions of nuclear quantum effects (37). To approximate deuterium,
the mass of all labile hydrogens, on water and amino acids, was
set to 2.014 g/mol in all simulations.
Active Site Water Cluster Analysis. The previously out-

lined unbiased MD simulations were analyzed for continuous
water clusters connecting the zinc-bound water to His64 in the
hydration systems or the zinc-bound hydroxide to His64Hþ in
the dehydration systems. The active-site water cluster is defined
as a continuously hydrogen-bonded network of water in which
(a) the donating and accepting oxygens are within 3.5 Å of each
other; (b) the acceptor oxygen and the donating oxygen’s
hydrogen are within 2.5 Å; and (c) an angle of less than 120�
exists between the donating oxygen-donating hydrogen vector
and the donating oxygen-accepting oxygen vector. The water
cluster distribution was further analyzed by determining the
smallest water cluster, given that a water cluster is present. In
addition to the distribution of water cluster sizes, the water
cluster lifetimes were evaluated for each participating water
cluster size. In all calculations, the zinc-bound water and zinc-
bound hydroxide are included in the water cluster size and
lifetime count. For the evaluation of the NMPIMD simulations,
the water cluster analysis was conducted on each of the quasi-
particles and then averaged over the quasiparticles to obtain the
final result. Since NMPIMD does not yield dynamical informa-
tion, the water cluster lifetime was not evaluated for those
simulations.
Active Site Water Occupancy Analysis. Active-site water

occupancy analysis was conducted on the previously outlined
unbiasedMD simulations to determine the stability of the active-
site waters for the hydration and dehydration systems. To
evaluate the stability of the active-site waters, each system was
first centered and fitted with a nonlinear least-squares method to
the average configuration. After orienting the simulations to a
common reference, the Volmap tool in VMD (38) was used to
generate the average occupancy of the water oxygens in the active
site. The average occupancy of the active-site water clusters was
analyzed at both the 50% and 75% occupancy isosurfaces.
Umbrella Sampling Simulations. The umbrella sampling

biased simulation procedure was used to evaluate the potential
of mean force (PMF) profile for rotating the His64 about the
χ1 dihedral angle (26). This procedure was chosen because the
barrier of rotation between the inward and outward orientations
was larger than kBT. To more thoroughly sample areas corre-
sponding to relatively large free energy, an umbrella potential of
the form

Uumbrella
n ðξχ1Þ ¼ kn

2
ðξχ1 - ξn0Þ2 ð7Þ

was used to restrain the sampling of the dihedral angle. A
dihedral force constant, kn, of 40 kcal mol-1 rad-2 was placed
on 10 windows spaced equidistantly over a range of ξ0

n = -100�
to 100�. The initial umbrella sampling simulation conformations
were taken from the final classical MD configuration of the
unbiased simulations. The windows were then equilibrated for
500 ps followed by a data collection period of 1 to 2 ns in the
constant NVT ensemble, depending on convergence. The MD
time integration step and the temperature were set to 1 fs and
298.15 K, respectively. The biased sampling data were then
recombined using the weighted histogram analysis method
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(39, 40) (WHAM) to generate a continuous PMF curve for the
rotation of His64 about the χ1 dihedral angle.

RESULTS

SolventHydrogen IsotopeEffects (Dehydration).The pH
profile of the rate constant RH2O

/[E] catalyzed by N67L HCA II
in H2O, which has been reported previously (Figure 3 of Fisher
et al. (12)), was bell-shaped, similar to the pHprofile forWTHCA
II (41). This experiment was repeated for different atom fractions
of deuterium in solvent. The resulting pH profiles were fitted
using eq 6 to provide estimates of the pKa for the donor (His64)
and acceptor (zinc-boundwater), and the rate constant kB for PT.
These values inH2Owere (pKa)His64=7.7 and (pKa)ZnH2O

=6.4;
the changes in these values in 99.8%D2OwereΔ(pKa)His64= 0.7
and Δ(pKa)ZnH2O

= 0.3 (ΔpKa = (pKa)D2O
- (pKa)H2O

). These
values fall within the range of solvent H/D isotope effects on the
ionization constants of well-behaved acids (Table 2 of ref 13).

The proton inventory plot for kB for catalysis by the mutant
N67L HCA II is shown in Figure 2. The overall H/D kinetic
isotope effect (KIE) on kB (kB,H2O

/kB,D2O
) observed for N67L

HCA II was 4.6 ( 0.5, large enough for an interpretable proton
inventory plot. The comparable KIE for WT HCA II, obtained
from previously reported proton inventory experiments, is 3.8 (
0.6 (5, 15). The overall H/D KIEs on R1/[E] for N67L and WT
HCA II were 1.2 ( 0.1 and 1.2 ( 0.1, respectively. These results
indicate no rate-contributing PT in the first stage of catalysis
(eq 1) for either the WT or the N67L mutant. That is, these
isotope effects are consistent with direct nucleophilic attack of the
zinc-bound hydroxide on CO2 for both WT and N67L HCA II.
Orientational Stabilization ofHis64 in theN67LMutant

(Hydration and Dehydration). The PMFs for the rotation of
His64 about the χ1 dihedral angle for the hydration and
dehydration systems of N67L HCA II are shown in Figure 3
(A and B, respectively). The N67L mutant for the hydration
system has increased the orientational mobility of His64 around
the χ1 dihedral, yielding an approximate 50/50 inward/outward
distribution. It is apparent that this mutation has significantly
affected the orientational stability of His64 relative to the WT
system, in which the distribution is 80% inward (26). In addition
to the χ1 dihedral, the χ2 dihedral also shows an increased
sampling while in the inward orientation compared toWT. These
changes to the χ1 and χ2 dihedral sampling in the N67L mutant

indicate a reduced ability of the active-site water to stabilize
His64 in the inward orientation as compared to that in the WT.

For the dehydration pathway, both theWT (26) and theN67L
mutant (Figure 3B) prefer the outward orientation significantly
more than the inward one. In addition to the χ1 dihedral, the
χ2 dihedral possesses sampling patterns very similar to those of
the WT. These results reveal that the N67L mutant does not
significantly affect the dehydration system, which indicates that
the PT for this system may be similar to that of WT.

The X-ray crystal structures for the N67L mutant (PDB
accession numbers 2NWY and 2NWZ) (12) show the His64
almost exclusively in the outward orientation, which agrees very
well withMD simulations of the dehydration system. Given that
the N67L HCA II X-ray crystal structures were studied at pH
values of 8.2 and 6.0 (2NWY and 2NWZ, respectively) and that
kinetic experiments determined the pKa of the ZnH2O to be near
6.0 (12), the probability that the crystal structures are represented
by the dehydration system (ZnOH-) is significant (especially for
2NWY). Taken together, the kinetic and X-ray crystallographic
data show excellent structural agreement between experiment
and simulation.

In addition to the protium simulations, deuterium simulations
(unbiased NMPIMD) of the N67L HCA II hydration (inward
and outward) and dehydration (outward) systems were con-
ducted. Evaluation of the χ1 dihedral sampling for the deuterium
systems for both the hydration and the dehydration systems
indicated no significant effect of deuterium substitution on the

FIGURE 2: Rate constants for proton transfer kB as a function of
atom fraction of deuterium in solvent for catalysis byN67LHCA II.
The lines represent (green) a linear dependence and (blue) a logarith-
mic dependence on the atom fractionof deuterium in solvent. The red
line and black circles represent the experimental data. Solutions
contained 25 mM of all species of CO2 at 10 �C, sufficient Na2SO4

to maintain 0.2 M ionic strength, and no added buffers.

FIGURE 3: Free energy profile (PMF) for the rotation ofHis64 about
the χ1 dihedral angle in N67L (black) and WT (red) HCA II (26):
(A) for the hydration (ZnH2O

2þ-His) system; and (B) for the
dehydration (ZnOHþ-HisHþ) system. The sampled distribution of
the His64 about the χ2 dihedral angle is represented by the gray area.
The error of the curves estimated by bootstrap error analysis and
boxcar averaging is e0.2 kcal/mol.
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sampling of the χ1 dihedral angle (data not shown). As with the
χ1 dihedral sampling, deuterium in the outwardorientation of the
dehydration system had no significant effect on the χ2 dihedral
sampling. Unlike the dehydration system, the χ2 dihedral sam-
pling for the deuterium hydration system indicates minor per-
turbations when compared to that in the protium system
(Supporting Information). These perturbations are due to differ-
ences in the strength of the deuterium and protium hydrogen
bonds (42, 43).
Active Site Water Cluster Formation and Lifetime Ana-

lysis.Thedistribution ofwater cluster sizes in the active site of the
N67L HCA II mutant is shown in Figure 4A. The peak of this
distribution shows the size of water clusters that a particular
enzyme prefers to form, and gives insight into which water cluster
is most important in the rate-limiting PT event. For the N67L
mutant in the hydration system with His64 in the inward
orientation, the water clusters range from 3 to 10 molecules.
The presence of clusters containing 3 or 4 water molecules is
similar to the results for theWTHCAII enzyme (13, 44). Both the
hydration and dehydration systems in the outward orientation of
the N67L mutant contain water clusters of 5 to 10 molecules
because His64 resides at a greater distance from the zinc-bound
water/hydroxide. Both outward-oriented systems have their most
probable water clusters at larger sizes 8 and 6 for the hydration
and the dehydration system, respectively. The relatively large

standard deviations of these distributions indicate significant
instability in the active-site water cluster, a characteristic not
shared by the catalytically more efficient WT HCA II (13).

To study the effect of deuterated solvent, the cluster sizes of
D2O molecules in the active site of N67L HCA II were examined
(Figure 4B). It is evident that in the deuterium system the
variability seen in the protium clusters is largely eliminated. The
reduction in variability is due to the stronger deuterium bonds
(d-bonds) in D2O as compared to H2O (h-bonds). The overall
distribution of sizes in the D2O clusters is similar to that of the
H2O clusters discussed earlier. Analysis of the deuterium clusters
for the inward orientation of the N67LHCA II hydration system
reveals that the smaller cluster sizes are very rare, which indicates
that this mutation has significantly affected the ability of the
enzyme to form and stabilize smaller cluster sizes (sizes 3 and 4).

Lifetimes can also yield important information on the stability
and probable efficiency of these water clusters in facilitating the
PT event. The data on water cluster lifetimes for the N67L
mutant are found in Figure 5. The lifetimes of water clusters for
the hydration system are markedly different than those of the
WT. For the N67L mutant, the lifetimes of water clusters do not
exceed 1 ps; while for WT, they can last as long as 3 to 6 ps. This
indicates that the N67L mutation has altered the ability of the
water clusters to form in the active-site cavity. The outward
orientations for both the hydration and dehydration systems in
N67L possess lifetimes that are similar to those of the WT HCA
II. Along with the cluster size results, this result indicates that the
N67L mutation affects the inward orientation of the hydration
system predominantly by significantly reducing the formation
and lifetime of the active-site water clusters, whereas the outward
orientations of both the hydration and dehydration systems are
relatively unaffected. (The lifetime calculations were not per-
formed on the NMPIMD simulations because of the fact that
dynamical data cannot be obtained from such simulations.)
Active Site Water Cluster Occupancy. The water cluster

occupancy data depict the positions and relative stability of the
active-site H2O and D2O clusters. The occupancy data for the
classical MD simulations can be found in Figure 6. For the
quantum NMPIMD simulations, negligible differences were
found between deuterium and protium system occupancies.
The water occupancy levels for the inward orientation of the

FIGURE 4: Histogram for size of water clusters in the active-site
cavity of N67L HCA II. (Red) Hydration (ZnH2O

2þ-His) system
with His64 in the inward orientation; (black) hydration system with
His64 in the outward orientation; and (green) dehydration (ZnOHþ-
HisHþ) system with His64 in the outward orientation for the H2O
system (A) and the D2O system (B).

FIGURE 5: Histogram for lifetime of water clusters in the active-site
cavity of N67L HCA II. (Red) Hydration (ZnH2O

2þ-His) system
with His64 in the inward orientation; (black) hydration system with
His64 in the outward orientation; and (green) dehydration (ZnOHþ-
HisHþ) with His64 in the outward orientation.
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hydration system ofN67LHCAII and the equivalentWT system
are strikingly similar. It appears from Figure 6A that the N67L
mutation has not disrupted the occupancy of the active-site water
cluster. This result is in contrast with the water cluster formation
and lifetime data, both of which indicate a disrupted water
cluster. Upon closer inspection of the atomistic details, we found
that the spatial orientation of the waters in the water cluster is
disordered for the N67L mutant. The N67L mutation has
affected the hydrogen bonding orientation found in the water
cluster, specifically betweenW1,W2,W3b, andW3a (Figure 6A).
The atomistic analysis revealed that these waters rarely hydrogen
bond to one another. In the instances when hydrogen bonding
does occur, the water clusters typically are not directional, that is,
they may not be as capable of transferring an excess proton in a
singular direction.
Correlation Analysis for the Active Site Water Cluster

and Stabilizing Amino Acids. Correlation analysis of the
active-site water cluster and critical amino acids in the active site
of the N67L mutant allows for a better understanding of the
complex interplay of hydrogen bonding and enzyme fluctuations.
These long- and short-range correlations between species may
stabilize or destabilize the active-site water cluster. A correlation
analysis for the entire hydration system, including both inward
and outward orientations of His64, is found in Figure 7. The
most evident feature of Figure 7A is an absence of significant
correlations in the active site as compared to that in theWT (13).
There appears to be a small correlation betweenW2,WD, and the
ZnH2O. It is evident that the N67L mutation has disrupted the
ability of the active-site amino acids to affect thewater cluster to a
significant degree. Another difference between the WT and the
N67L HCA II is the lack of correlation between the active-site
water cluster and WD in the N67L mutant. Because of the fact
that hydrogen-bonded species generally have high degrees of
correlation, the correlation patterns for the N67L mutant
indicate that the hydrogen-bonding network has been disrupted
in the active site.

When looking at the outward orientation of the dehydration
system of the N67L mutant, a significantly different pattern of
correlation can be seen when compared to that in the previous
correlation analysis. Figure 7B clearly reveals significant levels of
positive correlation between amino acids and the active-site water
cluster, and between waters inside the active-site water cluster.
A point of interest is water W1*, which does not correspond to
water W1 in the WT. W1* resides near the top of the active site,
above the position typically occupied by W1. While this water
can donate a proton to the Zn-bound hydroxide, it does not

reside in the typical water cluster chain, which is stabilized by
Thr199 and Thr200. The correlation level in the outward
orientation of the dehydration system reveals that the hydro-
gen-bonding network has been somewhat restored, indicative of
a system that is capable of PT.

DISCUSSION

The aim of this work is to pursue a more complete under-
standing of the kinetics of PT inHCAII, specifically in relation to
two structural features in the active-site cavity ofWTHCAII: the
ordered water cluster and the orientation of the side chain of
His64. The N67L HCA II mutant was chosen for two character-
istics: its lack of ordered water in the active-site cavity, and the
outward orientation of its His64 side chains, as seen in the X-ray
crystal structure (12). The fundamental question of interest is
how the N67L mutant, with these substantial structural differ-
ences fromWT, could maintain a rate of PT in catalysis, 0.2 μs-1

(Figure 2), that is only four times less than that of WT HCA II
and possess a similar mechanism for PT (KIE and proton
inventory similar to those of the WT). Kinetic experiments
(KIE and proton inventory), X-ray crystal structures, and MD
simulations of the ZnOHþ-HisHþ system are used to evaluate the
dehydration pathway, whereas the hydration pathway is evalu-
ated solely through simulations of the ZnH2O

2þ-His system.
Through these detailed analyses, a more complete understanding
of the kinetics and atomistic structural properties of the N67L
mutant is achieved.Our data elucidate the role and significance of
the ordered water structure and the orientation of His64 in
catalysis by carbonic anhydrase.
Dehydration pathway (ZnOHþ-HisHþ). Orientation of

His64. While the proton acceptor/donor His64 is believed to
play a fundamental role in the PT event (16), an understanding of
how its orientation (inward vs outward) affects the rate-limiting
PT event has, so far, been elusive. Recent kinetic and X-ray
studies have shown that allowing orientational freedom (i.e., the
ability to adopt both inward and outward orientations) results in
an enzyme with a PT rate similar to that of WT HCA II, while
restricting the orientational freedomofHis64 (i.e., only inwardor
outward orientations are permitted) has a detrimental effect on
the observed rate (45). In these studies, restricting His64 to the
outward orientation reduces the rate to a larger degree than
restricting His64 to the inward orientation. While these results
seem to indicate a straightforward relationship between His64
orientation and the observed rate, there are othermutations which
defy such simple explanations (12, 46). Recent computational

FIGURE 6: Occupancy of water clusters in the active-site cavity of N67L HCA II. The red surfaces correspond to the 75% isosurface, while the
transparent surface corresponds to the 50% iso-surface. (A and B) hydration (ZnH2O

2þ-His) systems with His64 in the inward and outward
orientations, respectively; (C) the dehydration (ZnOHþ-HisHþ) system with His64 in the outward orientation for the classical MD simulation.
Because of the absence of a stabilized water in the typical W1 position, W1* was selected as the most stable water hydrogen-bonded to the zinc-
hydroxide.
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work has even predicted that the orientation of His64 does not
influence the observed rate (47). Conflicting results such as these
have hampered the efforts of experimentalists and theorists alike
in determining the exact role of the orientation of His64 on the
observed rate. Clearly, it seems evident that a more thorough
evaluation of the orientation of His64 and its impact on the
active-site water cluster and PT is needed.

Understanding the orientational preference of His64 is a
crucial first step to clarifying the role of its orientation on the
observed rate. To this end, X-ray and simulation data were used
in the present work to gain insight into the orientation preference
of His64 in the N67L mutant. X-ray data on the N67L mutant
indicate that the side chain of His64 occupies the outward
orientation almost exclusively (12). Given the pH of the crystal
and the pKa of the zinc-boundwater andHis64, we reasoned that
theX-ray data is indicative of the dehydration system. In an effort
to expand on the X-ray data, MD simulations for the dehydra-
tion system of the N67L mutant were conducted. The orienta-
tional stability ofHis64 in theN67Lmutant, as determined by the
PMF for the χ1 dihedral angle (Figure 3B), reveals that the side
chain of His64 is almost always in the outward orientation. This
result agrees with the crystal structure X-ray data. Thus, the
outward orientation of His64 is predominant in the dehydration

system, a result also seen in the MD simulation work on the WT
and Y7F mutant HCA II (13, 26).

To gain a better understanding of the factors that are influen-
cing the observed rates, the characteristics of the active-site water
cluster, believed to be important in the rate-limiting PT event,
were also evaluated. While the X-ray data yield the positions of
water oxygens, they do not provide information on the water
cluster size distribution, orientations, and/or lifetimes, all of
which are important to understanding the effect of His64’s
orientation on the active-site water. This information could,
however, be obtained from the MD simulation data. Taking into
account the outward preference ofHis64 in theN67Lmutant, the
water cluster size distribution was evaluated, and it was found
that active-site waters clusters are similar to those found in the
WT system, typically 6 water molecules or more (Figure 4B).
Cluster lifetimes also indicate negligible differences between WT
and theN67Lmutant. These results at first seem to contradict the
X-ray data, which indicate disorder in the active-site water
cluster. To clarify this discrepancy, occupancy datawere analyzed
(Figure 6), and a correlation analysis (Figure 7B) was conducted.
The occupancy data revealed a level of disorder in the oxygen
positions quite similar to that seen in the X-ray data. Thus,
although there is disorder in the water positions, it appears that

FIGURE 7: Correlation analysis for the active-sitewater cluster and stabilizing aminoacids inN67L.Hydration (ZnH2O
2þ-His) systemwithHis64

in the inward orientation (A top left), hydration system with His64 in the outward orientation (A bottom right), and dehydration (ZnOHþ-
HisHþ) systemwithHis64 in the outward orientation (B). Becauseof the absence of a stabilizedwater in the typicalW1position,W1*was selected
as the most stable water hydrogen-bonded to the zinc-hydroxide.
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continuously hydrogen-bonded water clusters may still form and
exist for an appreciable amount of time. To explore this possi-
bility, the correlation analysis was used to inspect possible
stabilizing interactions. It was found that similar levels of
stabilizing hydrogen bonding were occurring in the N67Lmutant
and theWT systems. Together, these data point to the creation of
hydrogen bonding networks in both systems, albeit through
different types of water clusters, which on average are stabilized
by the active site environment.

The above results shed light on the possible ways in which the
HCA II enzyme can adjust to various mutations. It also suggests
that the presence of static disorder in the water positions does not
necessarily preclude the formation of dynamic water clusters.
Indeed, as seen in the WT and N67L mutant, water clusters can
still form by various pathways. In addition to helping explain
how the N67L mutant retains a rate similar to that of WT, these
results stress the reduced importance of specific water clusters in
the transfer of the proton from donor to acceptor when His64 is
in the outward orientation.While the presence of water clusters is
still important, their role is changed in the N67L system. Water
clusters are dynamic, and PT is not necessarily restricted to a
specific type of cluster. This degree of freedom appears to be
related to the distance between donor and acceptor, in that longer
paths increase the importance of the diffusive nature of the excess
proton. It should be stressed that the water cluster size and
lifetimes likely play a larger role when His64 is in the inward as
compared to the outward orientation. With this view of the
intricate interplay between the orientation ofHis64 and the water
cluster characteristics, it seems clear that the N67Lmutant, while
modifying the orientation of His64, does not have a significant
impact on water cluster distribution. It should be noted that the
inward orientation for the dehydration pathway was not studied
because of its very low probability of occurrence ofe10% in the
X-ray data and e1% in the MD simulations.

Having studied the effect of the N67L mutation on the
orientation of His64 and the active-site water clusters, the next
step was to determine how these changes might affect the
observed PT rate. Considering the similarities in the orienta-
tion of His64 and the characteristics of the water cluster
between WT and N67L HCA II, the fundamental cause of
the 4-fold decrease in the observed rate for the N67L mutant
can now be addressed. Because of the similarities between the
water cluster’s characteristics in theWT andN67Lmutant, the
nature of the PT event in the WT system is likely sufficient to
describe the corresponding PT event in the N67L mutant.
Recent multistate empirical valence bond (MS-EVB) simula-
tions of WTHCA II indicate a rate of∼0.1 μs-1 when His64 is
in the outward orientation (6). Indeed, a 4-fold decrease in the
rate of PT as seen in kinetic studies of the N67Lmutant, which
is predominantly in the out configuration, yields a rate of
0.2 μs-1, in good agreement with the aforementioned WT
His64 out simulation. These results indicate that the funda-
mental physics that alter the PT free energy barrier in the WT,
between His64 in the inward and outward orientations, are
also at play in the N67L mutant. It is the greater distance
between proton donor and acceptor, necessitating the presence
of a larger water cluster, which ultimately influences the
observed rate and causes it to be lower in N67L.

Deuterium Studies. One of the few experimental ways to
assess a possible role for water molecules in the transition state of
the PT is through a proton inventory experiment, which evaluates
the dependence of the PT rate constant on the atom fraction of

deuterium in solvent (denoted n) (14). This property of the KIE is
sensitive to the participation of water molecules, including the
number of protons transferring in the transition state. The proton
inventory plot for kB for the N67L mutant was examined and
compared with that of WT HCA II (Figure 2). The overall H/D
KIE ratio was near 4 for both for N67L and WT HCA II,
consistent with a PT process that is rate-contributing to the same
extent for both enzymes. In addition, both proton inventory plots
are concave downward and curved to a nearly identical degree.
For bothN67L (Figure 2) andWTHCA II (data reported earlier
in ref 14), the dependence of kB on n is very close to logarithmic,
consistent with a change in bonding to many hydrogen
atoms (14). Within the precision characteristic of this analysis,
a change in fractionation factors by one or two protons in the
transition state for N67L can be excluded, consistent with the
case forWTHCAII in an earlier report (15). It is assumed in such
studies that the proton motion occurs in the transfer of protons
through transiently formed intervening water structures from
His64 to the zinc-bound solvent or in the change in bonding to
these protons and many other protons of the solvent structure,
which may alter H/D fractionation factors of many solvent
molecules in the transition state. As the proton inventory results
appear the same in the kinetics of PT byWT and N67L HCA II,
we concluded that differences inwater cluster characteristics have
no significant impact on the proton inventory of these two
systems. That is, there is no evidence that N67L and WT HCA II
employ different mechanisms of PT (for example, concerted
versus stepwise). We again note that the proton inventory
method would not be sensitive to changes in bonding to three
or more hydrogens.

To explore the kinetic deuterium studies at an atomistic level,
NMPIMD deuterium simulations were conducted on the
dehydration system and, for completeness, on the hydration
system as well.When deuterium studies are used, the similarities
of active-site water cluster characteristics for an enzyme in D2O
compared to an enzyme in H2O must be considered. The data
show that deuterated systems and protonated systems result in
similar water cluster distributions (Figure 4B), but the former
has a lower standard deviation. This fact indicates that the
stronger deuterium bonds are stabilizing the active-site solvent
cluster to an appreciable extent. However, the degree of
stabilization is not enough to alter the cluster distribution in
this particular system. Therefore, we concluded that the deuter-
ium and protium systems involve similarly sized clusters in the
rate-limiting PT event. Given this information and our recent
PMF for the PT in the WT enzyme (6), an atomistic description
of the KIE is possible. Recent MS-EVB simulations of the WT
HCA II including His64 in both the inward and outward
orientations have found that the barrier for the PMF describing
the PT event was best characterized by an Eigen cation
(H9O4

þ) (6), consistent with WT HCA II KIE experiments that
indicate changes in bonding to many hydrogen atoms (15).
Because of the presence of an Eigen complex at the transition
state in the WT PMF’s for both the inward and outward
orientations, similar KIE values would be predicted for both
WT systems. Indeed, if the WT PMF for His64 in the outward
orientation is used to describe the PT event in theN67Lmutant,
similar KIE values would be predicted for both the WT and
N67L HCA II, as is found experimentally (see Supporting
Information for a more detailed description of this analysis).
Hydration Pathway (ZnH2O

2þ-His). While our experi-
mental data have focused on the dehydration pathway of the
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N67L mutant, its hydration pathway is also important in
understanding the full effect of the mutation on the inward/
outward orientation of His64, water cluster characteristics,
and the observed rate. Simulation results from the χ1 dihedral
PMF (Figure 3A) indicate that for the hydration reaction,
His64 is equally likely to be in either orientation. To study the
role of His64 orientation during the rate-limiting PT event, we
analyzed the water cluster size, distribution water cluster
lifetimes, and the correlations between various types of water
clusters and amino acids. Water cluster size distributions and
probabilities are comparable for the N67L mutant and WT
enzyme, for both inward and outward orientations of
His64 (13), although the N67L mutant clusters have signifi-
cantly greater variance. The lifetimes of the water clusters for
the hydration system indicate that the mutation at position 67
has significantly altered the ability of the enzyme to stabilize
water clusters for an appreciable amount of time when His64
is in the inward orientation (e0.8 ps). The corresponding
water cluster lifetimes for the WT enzyme are between 1 and
6 ps (13). It is of note that when His64 is in the outward orien-
tation, the water cluster sizes and lifetimes for WT and N67L
are similar, further indicating no significant change between
WT and N67L when His64 adopts the outward orientation.

From the correlation analysis, it seems clear that the degree of
correlation between the water clusters and the surrounding
amino acids for the inward orientation of N67L is reduced
compared to correlations observed in the WT system (13). The
lack of correlation results in an enzyme with a reduced ability to
stabilize any active-site water clusters. This idea is in line with our
earlier data showing that the N67L mutant forms water clusters
that are unstable and short-lived compared to the WT system,
despite having about the same size distribution. For the hydra-
tion pathway with His64 in the outward orientation, little
correlation between the water cluster and the surrounding amino
acids is present. This absence of stabilizing hydrogen bonding is
similar to that seen in the corresponding WT system and is also
reflected in the occupancy plots which indicate disorder in the
active site. Even though disorder occurs, PT is possible as seen in
the WT, but with a reduced overall rate.

These results indicate that when His64 is in the inward
orientation for the N67L mutant, the instability and short
lifetime of the water clusters connecting proton donor and
acceptor preclude a significant contribution of the inward
orientation of His64 to the overall rate of PT, thereby favoring
PT through systems with His64 in the outward orientation. It is
this preference for the outward orientation which is reasoned to
cause the somewhat elevated barrier to PT. Although the degree
of preference is difficult to quantify, our observations are in
agreement with the experimental observation that the PT rate
constant is four times less in N67L than in WT. These results
stress the importance of evaluating not only the orientation
of His64 but also the active-site water cluster characteristics.
A simple prediction that the orientation of His64 should be
around 50/50 is not enough to dictate the use of a specific or
exclusive orientation in this particular system. Evaluation of the
active-site water cluster characteristics is valuable to help deter-
mine if a particular orientation of His64 is viable for PT.

CONCLUSIONS

This work has increased our knowledge of the driving forces
behind the HCA II PT mechanism and its rate in the N67L
mutant. Furthermore, it has shown that to fully understand the

impact of specific mutations on an observed rate, the orienta-
tional stability of His64 and the active-site water cluster char-
acteristics are important to take into account. In the dehydration
system of the N67L mutant, the His64 side chain is predomi-
nantly in the outward orientation, but this does not drastically
alter the observed rate, causing only a 4-fold reduction. Analysis
of the active-site water cluster has shown significant similarities
between theWT andN67LHCA II, indicating that the mutation
has not inhibited the enzyme’s ability to create a favorable
environment for PT. Indeed, the reduction in the rate can likely
be attributed to the PT event proceeding through a water cluster
connecting the donor and acceptor when His64 is in the outward
orientation, as seen supported by recent simulations (6). Further
analysis has revealed that for the hydration reaction, the muta-
tion has significantly disrupted the water cluster whenHis64 is in
the inward orientation, thereby causing the enzyme to utilize
His64 in the outward orientation for PT. The use of the outward
orientation for the hydration reaction as well as for the dehydra-
tion reaction is in agreementwith the experiment, which indicates
a reduced rate of dehydration in theN67Lmutant relative to that
in the WT. While the observed rate is affected by the N67L
mutant as compared toWT, the mechanism of PT is unchanged.
Kinetic and simulation data further indicate that the transition
states for both the WT and the N67L mutant are occupied by an
Eigen cation. The notion of an Eigen cation at the transition state
is in line with the observed KIE results for both the WT and the
N67L mutant.

SUPPORTING INFORMATION AVAILABLE

The χ1 and χ2 sampling for His64 in the NMPIMD simula-
tions and a discussion of how the character of the hydronium
cation, Eigen or Zundel, may impact the KIE. This material is
available free of charge via the Internet at http://pubs.acs.org.

REFERENCES

1. Silverman,D.N., and Lindskog, S. (1988) The catalytic mechanism of
carbonic anhydrase: implications of a rate-limiting protolysis of
water. Acc. Chem. Res. 21 (1), 30–36.

2. Christianson, D. W., and Fierke, C. A. (1996) Carbonic anhydrase:
Evolution of the zinc binding site by nature and by design.Acc. Chem.
Res. 29 (7), 331–339.

3. Lindskog, S. (1997) Structure and mechanism of carbonic anhydrase.
Pharmacol. Ther. 74 (1), 1–20.

4. Tu, C., Silverman,D.N., Forsman,C., Jonsson, B.-H., andLindskog,
S. (1989) Role of histidine 64 in the catalytic mechanism of human
carbonic anhydrase II studied with site-specific mutant. Biochemistry
28 (19), 7913–7918.

5. Steiner, H., Jonsson, B. -H., and Lindskog, S. J. (1975) The catalytic
mechanism of carbonic anhydrase. Hydrogen isotope effects on the
kinetic parameters of the human C isoenzyme.Eur. J. Biochem. 59 (1),
253–259.

6. Maupin, C., M., McKenna, R., Silverman, D. N., and Voth, G. A.
(2008) Elucidation of the proton transport mechanism in human
carbonic anhydrase II. J. Am. Chem. Soc. 131 (22), 7598–7608.

7. Liljas, A., Kannan, K. K., Bergsten, P. C., and Waara, I. (1972)
Crystal structure of human carbonic anhydrase C. Nature 235, 131–
137.

8. Nair, S. K., and Christianson, D. W. (1991) Unexpected pH-depen-
dent conformation of His-64, the proton shuttle of carbonic anhy-
drase II. J. Am. Chem. Soc. 113, 9455–9458.

9. Silverman, D. N., and McKenna, R. (2007) Solvent-mediated proton
transfer in catalysis by carbonic anhydrase. Acc. Chem. Res. 40, 669–
675.

10. Kresge, A. J., and Silverman, D.N. (1999) Application ofMarcus rate
theory to proton transfer in enzyme-catalyzed reactions. Enzyme
Kinet. Mech., Pt. E 308, 276.

11. Fisher, Z., Hernandez, Prada, J. A., Tu, C., Duda, D., Yoshioka, C.,
An, H., Govindasamy, L., Silverman, D. N., andMcKenna, R. (2005)



Article Biochemistry, Vol. 48, No. 33, 2009 8005

Structural and kinetic characterization of active-site histidine as a
proton shuttle in catalysis by human carbonic anhydrase II. Biochem-
istry 44 (4), 1097–1105.

12. Fisher, S.Z., Tu,C., Bhatt,D.,Govindasamy,L.,Agbandje-McKenna,
M., McKenna, R., and Silverman, D. N. (2007) Speeding up proton
transfer in a fast enzyme: kinetic and crystallographic studies on the
effect of hydrophobic amino acid substitutions in the active site of
human carbonic anhydrase II. Biochemistry 46, 3803–3813.

13. Maupin, C. M., Saunders, M. G., Thorpe, I. F., McKenna, R.,
Silverman, D. N., and Voth, G. A. (2008) Origins of enhanced proton
transport in the Y7F mutant of human carbonic anhydrase II. J. Am.
Chem. Soc. 130 (34), 11399–11408.

14. Schowen, K. S., and Schowen, R. L. (1982) Solvent isotope effects on
enzymes-systems. Methods Enzymol. 87, 551–606.

15. Venkatasubban, K. S., and Silverman, D. N. (1980) Chemical rescue
in catalysis by human carbonic anhydrase II and III. Biochemistry 41
(9), 3235–3242.

16. An, H., Tu, C., Duda, D., Montanez-Clemente, I., Math, K., Laipis,
P. J., McKenna, R., and Silverman, D. N. (2002) Chemical rescue in
catalysis by human carbonic anhydrase II and III.Biochemistry 41 (9),
3235–3242.

17. Khalifah, R. G. (1977) Histidine-200 alters inhibitor binding in
human carbonic anhydrase B: C-13 nuclear magnetic resonance
identification. Biochemistry 16, 2236–2240.

18. Segel, I. H. (1975) Enzyme Kinetics , Wiley-Interscience: New York.
19. Silverman, D. N. (1982) Carbonic anhydrase: Oxygen-18 exchange

catalyzed by an enzyme with rate-contributing proton-transfer steps.
Methods Enzymol. 87, 732–752.

20. Silverman, D. N., Tu, C., Chen, X., Tanhauser, S. M., Kresge, A. J.,
andLaipis, P. J. (1993)Rate-equilibria relationships in intramolecular
proton transfer in human carbonic anhydrase III. Biochemistry 32,
10757–10762.

21. Simonsson, I., Jonsson,B.H., andLindskog,S. (1979)C-13NMRstudy
of carbon dioxide-bicarbonate exchange catalyzed by human carbonic
anhydrase-C at chemical equilibrium. Eur. J. Biochem. 93, 409–417.
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