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Abstract: Human carbonic anhydrase II (HCA II) is one of the fastest known enzymes, which utilizes a
rate-limiting proton transport (PT) step in its enzymatic reaction. To evaluate the PT event at an atomistic
level, the multistate empirical valence bond (MS-EVB) method has been utilized in this work. It is observed
that the PT event in HCA II exploits a transient active site water cluster to transport the excess proton
between the catalytic zinc-bound water/hydroxide and the proton shuttling residue, His64. This PT event
is found to be dependent on the enzyme’s ability to form and stabilize the active site water cluster in addition
to its ability to orient His64 in a favorable conformation. Evaluation of the PT free energy barrier for different
orientations of His64 reveals this residue’s vital role as a proton transporter and elucidates its direct effect
on the barrier to PT through the active site water. It is suggested that the rate-limiting step oscillates between
the active site water PT event to His64 and the de/protonation of His64 depending on the exogenous
buffer concentration and the orientation of His64. In the absence of a PT acceptor/donor at position 64, it
is found that the excess proton will utilize one of three distinct paths to enter/leave the active site. This
latter result not only allows for an increased understanding of how enzymes capitalize on the protein/
solvent interface to guide excess protons to/from areas of interest, it also provides valuable insight into the
chemical rescue experiments on HCA II mutants.

1. Introduction

Carbonic anhydrases (CAs) are mostly zinc-metalloenzymes
that catalyze the reversible hydration of carbon dioxide to form
bicarbonate and the release of a proton:

CO2 + H2O a H+ + HCO3
- (1)

CAs are ubiquitous and well-studied enzymes found in microbial
organisms, plants, and animals. There are currently five known
CA families, comprised of the structurally characterized R-, �-,
and γ- classes and the more recently discovered δ- and ε- classes.
The ability of CA to carry out the CO2 hydration/dehydration
reaction near the diffusion controlled limit has made CA central
to respiration and cellular pH maintenance.1-6 The mammalian
R-class CAs have become one of the most extensively charac-
terized enzymes that utilize a proton transport (PT) event in

their catalysis. They have also become a cornerstone of PT
research because they are unique in occupying the boundary
between proton transport and transfer (i.e., proton exchange
through several intervening waters versus proton exchange
directly between donor and acceptor groups, respectively).1,7-23
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Research on the catalytic event in CA has provided invaluable
insight into how an enzyme can stabilize and transport protons.

Human carbonic anhydrase II (HCA II) is the fastest of the
known expressed and catalytically active R-CA isozymes with
a turnover number approaching 0.8 µs-1. Its catalytic mechanism
can be described by two distinctly separate reactions (the “ping-
pong” mechanism). The first, which is not rate limiting, is the
conversion of carbon dioxide into bicarbonate by the nucleo-
philic attack of a zinc-bound hydroxide and the subsequent
dissociation of the bicarbonate that results in a water molecule
bound at the zinc:

CO2 + EZnOH+ a EZnHCO3
+ {\}

H2O

H2O
EZnH2O

2+ + HCO3
-

(2)

The second part of the reaction, the PT step, is the transfer
of a proton to solution to regenerate the zinc-bound hydroxide.
This step, which is rate limiting, has been shown to be dependent
on the exogenous buffer concentration.1,24 At physiological
conditions where the exogenous buffer concentration is in
excess, the PT from the zinc-bound water through an active
site water cluster to a proton shuttling residue, His64, is believed
to be the rate-limiting step:9,25,26

EZnH2O
2+ + His a EZnOH+ + HisH+ (3)

During this process, the proton is transferred 8 to 10 Å across
the active site by utilizing an active site water cluster (see Figure
1).3,11,27 When the exogenous buffer concentration is limited,
the PT event from His64 to the exogenous buffer becomes the
rate-limiting step:

HisH+ + B: a His + BH+ (4)

Previous studies have shown residue His64 to be the major
contributor to the proton acceptor/donor shuttling in the catalytic
mechanism, as the mutation of His64 to Ala (H64A HCA II)
had the effect of reducing the PT step by ∼20-fold and therefore
significantly reducing the catalytic turnover number.28,29 It has
also been shown that the addition of an exogenous buffer,
4-methyl-imidazole (4MI), can almost fully recover the catalytic
activity of H64A HCA II to wild-type (WT) levels. In addition
to the kinetic studies, the X-ray crystal structures of H64A HCA
II in complex with 4MI have been determined, and two possible
binding sites for 4MI have been identified.18 One of the binding
sites is near Ala64 (the site of the mutation), at the rim of the

active site cavity, where 4MI π-stacks with the indole ring of
Trp5, while the other is in a cleft within the active site, located
in close proximity to residues Asn67, Glu69, Asp72 and Ile91.
Kinetic analysis reveals that both of these binding sites may be
nonproductive thereby indicating that the chemical rescue PT
event utilizes a yet unknown pathway.30,31

In addition to the proton donor/acceptor mediator, the other
critical aspect of the PT event is the nature of the active site water
cluster. Ab initio studies have indicated that smaller water clusters
are more conducive to PT, thereby implying that the HCA II
reaction will utilize relatively small water clusters.32 Computational
and experimental studies indicate that the active site water cluster
consists of between two and four water molecules that are
involved in the rate-limiting PT event.10,11,14,32-36

Recent simulations of the rate-limiting step in HCA II
conducted with the semiempirical self-consistent charge-density
functional tight-binding (SCC-DFTB) method have raised
questions about the importance of the active site water cluster,
the orientation of His64, and the role of proton vs proton-hole
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Figure 1. Schematic representation of the WT HCA II active site showing
the active site water cluster. Coordinates were taken from the X-ray
crystallographic structure PDB accession # 2CBA.14 Red dotted lines
indicate hydrogen bonding.
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transport.33,37-39 These SCC-DFTB simulations, which suggest
the proton-hole hypothesis, indicate that the position of His64,
and therefore the size of the active site water cluster, has a
negligible impact on the overall free energy pathway (potential
of mean force or PMF) describing the rate-limiting step.39 The
use of the semiempirical SCC-DFTB method also indicates that
PT in the H64A HCA II mutant provides a PMF with a free
energy barrier of ∆Fq ≈ 21.4 kcal/mol, which is significantly
different from the experimentally determined barrier in the
H64A mutant of ∆Fq ≈ 11 kcal/mol. (For comparison, the
autoionization of water yields a ∆Fq ≈ 21.6 kcal/mol.) While
the SCC-DFTB simulations predict that the orientation of His64
and the size of the active site water cluster are not important in
the rate-limiting reaction of HCA II, it should be noted that the
SCC-DFTB method has received limited validation for the
hydrated proton and hydroxide in aqueous environments.

The multistate empirical valence bond (MS-EVB) method23,40-43

used on the present work yields significantly different results from
those generated by the SCC-DFTB method for the PT event in
HCA II. As described below, the MS-EVB simulations reported
here reproduce experimental PT values for the WT HCA II
system and, because the simulations allow for extensive
sampling and analysis, provide clear atomistic insight into the
reaction mechanism. The MS-EVB description of the PT event
indicates that the orientation of His64, the size of the active
site water cluster, and the concentration of the exogenous buffer
are crucial for the rate-limiting PT event in HCA II.

The MS-EVB model has been shown to accurately model
the delocalized nature of the excess proton in bulk water,41-44

weak acids,45-47 and biomolecules.23 MS-EVB differs signifi-
cantly from the standard EVB approach of Warshel and
co-workers48-50 as discussed in ref 23. The most important
difference is that MS-EVB fully describes the dynamical charge
defect delocalization and Grotthuss shuttling involving the
hydrated proton and multiple water molecules. The present work
expands on the MS-EVB description of the ionizable moieties47

previously incorporated into the MS-EVB model by including
the zinc-bound water/hydroxide of HCA II. During the param-
etrization of the zinc-bound solvent moiety, a more efficient
way of incorporating environmental effects into the underlying
ab initio potential energy surface has been implemented, which
increases the accuracy of the resulting model while reducing
the time needed for parametrization. The resulting MS-EVB
model, which includes the zinc-bound solvent, active site water

cluster and the proton acceptor/donor (His64) was then used to
evaluate how the HCA II enzyme stabilizes the excess proton,
active site water cluster, and the orientation of His64 to produce
a fast and efficient enzymatic PT behavior.

2. Methodology

MS-EVB Potential. The MS-EVB methodology, which has been
described in detail elsewhere, will only be briefly described
here.23,40-43,47 Given a set of nuclear coordinates, rb, the MS-EVB
algorithm determines a set of classical valence states that depict
the different possible bonding arrangements (Figure 2). The valence
bond states, |i〉, which are defined by a classical force field, in this
case the AMBER parm9951 force field, are used as the diagonal
portion of the MS-EVB Hamiltonian:

HEVB( rb) ) ∑
ij

|i〉hij( rb)〈j| (5)

where the vector rb represents the complete set of nuclear degrees
of freedom. The off-diagonal elements of the MS-EVB Hamiltonian
describe the coupling between the EVB states |i〉 and |j〉. The
functional form of the off-diagonal elements are represented by

hij(q, RDA) ) Vij
constf(RDA)g(q) (6)

where q is the PT coordinate, RDA is the distance between the donor
(D) and acceptor (A) atoms, and Vij

const is an adjustable parameter
as described previously.47 The functional form of f(RDA) and g(q)
are given, respectively, by

f(RDA) ) [Ce-R(RDA-aDA)2
+ (1 - C) × e-�(RDA-bDA)2] ×

[1 + tanh{ε(RDA - cDA)}] (7)

g(q) ) exp(-γq2) (8)

where C, R, �, γ, ε, aDA, bDA, and cDA are adjustable parameters
determined during the parametrization process (described below).
The PT coordinate q is a geometric reaction coordinate based on
the distance between the excess proton and the donor molecule
projected on the line connecting the donor and acceptor molecule,
as described by
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Figure 2. Schematic picture of the ZnH2O2+-(H2O)2 (|1〉) and
ZnOH+-H2O-H3O+ (|2〉 and |3〉) EVB states used in the MS-EVB model
and the corresponding Hamiltonian matrix. Several additional states are
used to represent the excess proton shuttling through active site water.
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q ) |RbDH+ - rsc

RbDH+

2 | (9)

where

rsc ) rsc
0 - λ(RDA - RDA

0 ) (10)

and rsc
0 , λ, and RDA

0 are additional adjustable parameters determined
during the parametrization process. It is often beneficial to modify
the bond between the donating molecule and the excess proton from
the standard harmonic approximation to a Morse potential:

UMorse(r) ) a0[1 - e-a1(r-a2)]2 (11)

where a0, a1, and a2 are parameters. The is done, for example, in
the next subsection. The MS-EVB2 model,43,47 which currently
simulates an excess hydrated proton but not a hydroxide, was used
as the baseline parameter set in this work.

The most common method of tracking the charge defect
associated with the excess proton in MS-EVB simulations is the
use of the center of excess charge (CEC).43 The CEC is the
preferred method of following the protonic defect because it
eliminates the discontinuity of following an arbitrarily defined
excess proton, which changes identity during a simulation due to
Grotthuss shuttling. The CEC is given by

rbCEC ) ∑
i

NEVB

ci
2( rb) rbi

COC (12)

The CEC is the summation of the MS-EVB coefficient weighted
center of charge (COC), where the COC is described by

rbi
COC )

∑
k

{i}

|qk| rbk

∑
k

{i}

|qk|

(13)

and the summations are over all the atoms (with partial charge qk)
composing the ith EVB state.

Parametrization of the (His)3-Zn-H2O2+/OH+ Moiety. The
MS-EVB2 parametrization of the zinc-bound solvent in the active
site of HCA II is based on the original parametrization scheme
published previously for the histidine and glutamic acid systems.47

In this parametrization, the underlying ab initio potential energy
surface (PES) was generated using a two-layered ONIOM model52-60

as defined in the Gaussian03 software package.61 The use of a
hybrid QM/MM method allows for the environmental effects of
the enzyme to be incorporated into the ionization PES. As
previously described,16 the ONIOM (B3LYP/6-31G(d):AMBER)
system was used to determine the classical point charge representa-
tion, using a restrained electrostatic potential fitting procedure
(RESP).62 The QM/MM system was also utilized to determine the
parameters for the Morse potential, which were used to describe

the labile protons on the zinc-bound water. The fitting of the Morse
function to the QM/MM deprotonation potential energy profile
yielded the following parameters: a0 ) 90.97 kcal/mol, a1 ) 2.33
Å-1, and a2 ) 0.97 Å. In addition to the classical point charges
and Morse potential, the ONIOM system was also utilized to create
a PES describing the deprotonation event of the zinc-bound water
in the HCA II system by conducting relaxed optimization scans of
the system while constraining the RDA and RDH+ bond lengths
(Supporting Information Figure S1). The ONIOM (B3LYP/6-
31G(d):AMBER) PES surface was then used as the reference
surface to which the MS-EVB2 parameters were fit. The fitting
procedure was conducted by using a variant of the Simplex
algorithm63 to generate a nonunique set of MS-EVB2 parameters
that minimize the sum of square deviations between the MS-EVB
PT PES and the ONIOM (B3LYP/6-31G(d):AMBER) PT PES.
With the newly determined MS-EVB parameters, RESP charges
and Morse potential for the labile hydrogen, the MS-EVB2 model
for the HCA II active site was complete.

The parameters for the His64 ionizable moiety in this study
are a variant of the histidine parameters previously published.47

The variation was made to the Vii term, which was modified to
be -101.4229 kcal/mol. These modified parameters yield a pKa

in the bulk water environment of 5.9 ( 0.3, which is in good
agreement with experimental results (6.04-6.07). The method used
to determine the pKa has been outlined in a previous publication47

and is in agreement with a recent publication stressing the
importance of the standard state correction.64

MS-EVB Simulation Setup. The MS-EVB2 systems for the WT
HCA II simulations were taken from the X-ray crystal structure
(PDB accession # 2CBA) with its original 220 placed waters.14

The system was then solvated in a cubic simulation box (L ) 60
Å) of modified TIP3P43 water molecules. The AMBER parm9951

force field was used to describe the enzyme while the parameters
for the catalytic zinc active site were taken from previously
published work.16 Two independent HCA II systems were created
to study the rate-limiting PT event. These two systems consisted
of the zinc-bound water and an unprotonated His64 (EZnH2O2+-
His) with either the His64 oriented toward the active site, the “in”
orientation, or away from the active site, the “out” orientation. These
two conformers of the WT HCA II are observed in X-ray crystal
structure (PDB accession #s 2CBA and 2ILI).14,65 The two systems
were pre-equilibrated for 200 ps of molecular dynamics (MD) in
the constant NPT ensemble followed by 2.5 ns in the constant NVT
ensemble.66 The pre-equilibration was conducted in the AMBER
8 software package at 300 K using periodic boundary conditions
with long-range Coulombic interactions calculated by the Ewald
summation.67,68 The short-ranged nonbonded interactions and forces
were subject to a 9 Å cutoff. The MD integration time step within
the leapfrog Verlet integrator was 1 fs in all simulations. Within
the constant NPT ensemble, simulations were run at 1 atm and
with Langevin dynamics utilized for the thermostat. The pre-
equilibrated systems were then transferred to a modified DL-POLY
2.15 software69 package incorporating the MS-EVB2 algorithm.
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In the MS-EVB2 simulations the excess proton charge defect is
delocalized due to explicit Grotthuss shuttling behavior, which
requires additional equilibration for the system to accommodate
the newly delocalized charge. Therefore, the two systems were
equilibrated in the constant NVT ensemble for an additional 500
ps using the MS-EVB2 code.

Three separate deprotonation free energy profiles (PMFs) were
generated to evaluate different aspects of the PT in the HCA II
enzyme. The first PMF entailed the deprotonation of the zinc-bound
water through the active site water cluster and out to the bulk
environment. In this system His64 was in the “out” orientation and
was not explicitly involved in the MS-EVB state space. Eliminating
His64 from the MS-EVB state space ensured that in this particular
PMF the excess proton would explore alternate water cluster paths
that the excess proton may take to reach the bulk environment,
such as in the case of the H64A HCA II mutant. The simulation
consisted of 72 umbrella sampling windows spanning the range of
�0

n ) 2.0-16.0 Å, where �0
n is defined as the distance between the

zinc ion and the excess proton CEC. An umbrella force constant,
kn, was used with values between 40 and 160 kcal mol-1 Å-2 to
ensure adequate sampling along the reaction coordinate. Each
window was equilibrated in the constant NVT ensemble for 200
ps followed by a data collection period of 500 ps to 1 ns depending
on convergence of the window.

The second simulation entailed calculating the PMF for the
deprotonation of the zinc-bound solvent, the subsequent transport
through the active site water, the deposition of the excess proton
onto His64 while in the “out” orientation and the final release of
the excess proton from His64 to the surrounding bulk environment.
This calculation required the use of 66 adaptive umbrella sampling70

windows and spanned �0
n ) 2.0-18.0 Å. The initial guess for the

adaptive potential was taken from the zinc-bound water deproto-
nation simulation. The geometries for the adaptive windows were
taken from the final configuration of a representative window from
the 72 windows used in the zinc-bound water deprotonation
simulation. The windows were then equilibrated for 25 ps in the
constant NVT ensemble followed by up to 1 ns of data collection
in the constant NVT ensemble.

The third and final PMF evaluated the mechanism involving the
deprotonation of the zinc-bound water, PT transfer through the
active site water, the deposition of the excess proton on His64 while
in the “in” orientation, the rotation of the His64 amino acid from
the “in” to the “out” orientation and the release of the proton into
the bulk environment. This computation required 72 adaptive
windows spanning �0

n ) 2.0-18.0 Å. The initial guess for the
adaptive potential was taken from the zinc-bound water to His64
“out” simulation. The geometries were taken from the zinc-bound
water to His64 “out” when applicable. When geometries from the
previous MS-EVB simulations were not available appropriate
configurations from the AMBER simulations were used. If con-
figurations from the AMBER simulations were used, additional pre-
equilibration and equilibration runs were conducted as stated earlier.
Each of the 72 windows was equilibrated for 25 ps in the constant
NVT ensemble followed by up to 1 ns of data collection in the
constant NVT ensemble. For the MS-EVB simulations the number
of waters included in the EVB state set varied dynamically from 5
to ∼20, with ∼20 representing a bulk water environment. All
simulation were run at 300 K, used the Nosé-Hoover thermostat,
periodic boundary conditions with long-range Columbic interactions
calculated by the Ewald summation, a 9 Å cutoff for the short-
range nonbonded interactions and a Verlet integrator step of 1 fs.
In all cases, the weighted histogram analysis method (WHAM)71,72

was used to match the umbrella sampling windows together to form
a continuous free energy profile. The error for all PMF calculations

was evaluated by calculating PMFs for subsets of the total data
and then directly calculating the standard deviation using these
PMFs.

Differences in the Helmholtz free energy (∆F) calculated from
the current simulations are used throughout the manuscript inter-
changeable with the differences in the Gibbs free energy (∆G). In
the limit of constant volume and small fluctuations around the
average pressure as in the present studies, the differences in the
Helmholtz free energy may be directly compared to the differences
in the Gibbs free energy.

Occupancy and Correlation Analysis. The stabilization of the
active site water cluster and the CEC were analyzed by utilizing
the correlation analysis of the active site water cluster and the
surrounding amino acids. To determine the position of the water
molecules in the active site that are stable throughout the trajectory,
occupancy plots of the water oxygens were created. To create the
occupancy plots the trajectories were first centered and root-mean-
square (rms) fitted to the average configuration and then the volmap
tool in VMD73 was used to generate the average occupancy of
the water oxygens in the active site. The water positions that
were stable for over 50% of the trajectory were then used to
determine the identity of the waters that would subsequently be
used for the correlation analysis.74 The identity of the water
was chosen by selecting the water in each frame that was closest
to the conserved water position (50% occupancy). The residues
in the protein were then mapped to one site, at the center of
mass for the residue, and the mass-weighted correlation of the
movement for these points with the movement of the water oxygens
was evaluated to yield a mass weighted correlation matrix. The
analysis of the occupancy and correlation analysis was conducted
using the utility ptraj with the AMBER 7 suite.68

3. Results and Discussion

Throughout the remainder of the paper the reader is reminded
that the acronym “CEC” refers to the center of excess charge
(center of the charge defect) associated with the excess proton
as mathematically defined in eqs 12 and 13 for the MS-EVB
model.

Zinc-Bound Water. The results for the MS-EVB2 param-
etrization of the zinc-bound water in HCA II are given in Table
1. Bond lengths and angle values for the active site residues
and the active site water cluster from the biased sampling
simulations were compared to the X-ray crystal structures (PDB
accession #s 2CBA and 2ILI)14,65 and were in good agreement
(Table 2). In addition to geometrical properties, the pKa of the
zinc-bound water was determined from the PMF using methods

(70) Mezei, M. J. Comput. Phys. 1987, 68, 237–248.
(71) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg,

J. M. J. Comput. Chem. 1992, 13, 1011–1021.
(72) Roux, B. Comput. Phys. Commun. 1995, 91, 275–282.

(73) Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graphics 1996, 14,
33–38.

(74) Reinhard, F.; Grubmüller, H. J. Chem. Phys. 2007, 126, 014102.

Table 1. MS-EVB2 Parameters for the Zn-Bound Water of HCA II

parameter Zn

Vii
0 -88.99

Vij
constant -42.48

rsc
0 1.09 Å

λ 0.073
RDA

0 1.00 Å
C 0.53
R 1.24 Å-2

aDA 3.29 Å
� 5.16 Å-2

bDA 1.83 Å
ε 42.38 Å-1

cDA 2.45 Å
γ 1.72 Å-2
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previously discussed in the literature.47,64,75 The value for the
pKa derived from the PMF was determined to be 7.1 ( 0.3,
which is in good agreement with the experimental value of 6.9
( 0.1.13 Given the structural and pKa value agreement of the
newly parametrized MS-EVB model with the X-ray structure
and kinetic experiments, and the ability of the model to transfer
a proton based on a surface that was fit to a QM/MM PES, the
model was then used in the study of the PT event in HCA II.

The results for the deprotonation of the zinc-bound water with
His64 in the “out” orientation and not as an explicit acceptor
state in the MS-EVB state space is shown in Figure 3. The
choice to exclude the contribution of the His64 residue from
the PT process in this case was made in order to study the PT
event without any bonding of the excess proton with His64.
This not only allowed for a more direct analysis of the pKa of
the zinc-bound water, but it also explores alternate paths that
the excess proton can utilize to enter/leave the active site other
than transferring to/from His64.

Inspection of Figure 3 reveals a weakly stabilized contact
ion pair between the zinc-bound hydroxide and the hydronium
cation at ∼2.8 Å. Examination of the largest MS-EVB amplitude

indicates that the contact ion prefers the Zundel cation form
H5O2

+ (cmax
2 ∝ 0.5), which is formed from the zinc-bound water

and W1. It is apparent from the MS-EVB simulations that the
zinc-bound water is the primary (lowest free energy) species,
which is in agreement with previous analysis based on standard
MD and the atomic resolution crystal structure of the WT HCA
II (PDB accession # 2ILI).16,65

The rate-limiting step of a reaction generally corresponds to
the highest free energy barrier in the PMF. In the ionization
process of the zinc-bound solvent this barrier corresponds to
the transport of the excess proton through the active site water.
When evaluating the character of the CEC as described by the
square of the maximum MS-EVB coefficient, Figure 3 indicates
that at the barrier of the PMF the CEC corresponds to a high
free energy Eigen cation, H9O4

+. This structure supports the
hypothesis22,32 that a split or branching in the active site water
cluster, which may reflect the transient formation of an Eigen
cation, is responsible for the barrier. It is evident that near the
third water, W3, is the location of the barrier and not the second
water, W2, as previously thought.32 Inspection of the CEC
character reveals that the W1 corresponds to an Eigen cation,
W2 corresponds to a Zundel cation, and the barrier corresponds
to an Eigen cation more in line with waters near W3b. These
results modify the previous hypothesis that an Eigen cation at
W2 is the location of the barrier and shifts the origin of the
barrier to a high free energy Eigen cation on W3b or other
nearby waters.

The barrier for the PT event that does not utilize His64 as a
proton acceptor is ∆Fq ) 14.6 ( 0.4 kcal/mol, indicating the
free energy cost of the excess proton leaving the active site by
one or more of the alternate paths and bypassing His64. This
barrier converts to a rate of ∼0.0004 µs-1 using

krxn )
ω0

2π
exp(-∆Fq

kBT ) (14)

where krxn is the transition state theory rate constant, kB is the
Boltzmann constant, T represents the standard temperature, ω0

is the fundamental frequency of the reactant state around its
minimum, and ∆Fq is the free energy barrier height. The
fundamental frequency was calculated to be ω0 ) 3336 cm-1,
where ω0 ) �j(∂2PMF(r)/∂r2)/meff. This expression was deter-
mined using the equipartition theorem, meff〈υ2〉/2 ) kBT/2, to
obtain the effective mass, meff, of the reaction coordinate from
the value of 〈υ2〉 calculated from the MD trajectory. The second
derivative of the reactant well PMF at its minimum was obtained
from the umbrella sampling data. Kinetic experiments on the
WT HCA II enzyme13 and H64A mutant17 yielded rate constants
of 0.8 and ∼0.02 µs-1, respectively. It is evident that this
particular calculated PMF gives a significantly lower overall
rate when compared to the WT enzyme and a rate suggesting
an inactivated enzyme, thus illuminating the importance of a
functioning proton donor/acceptor group at position 64 for the
overall PT event.

To evaluate the alternate pathways accessible to the excess
proton as it enter/leaves the HCA II active site, spatial occupancy
plots of the CEC were created and are shown in Figure 4. It is
seen that the CEC utilizes three distinct paths to enter/leave
the active site as revealed by the occupancy isosurface data.
The most densely populated path takes the excess proton along
the top of the active site cavity tracking near the hydrophobic
residue of Phe130 and Val134. The preference of the excess
proton to associate near these hydrophobic residues is interesting

(75) Gilson, M. K.; Given, J. A.; Bush, B. L.; McCammon, J. A. Biophys.
J. 1997, 72, 1047–1069.

Table 2. Structural Comparisons between Experiment and
Simulation

2CBAa 2ILIb MS-EVBc Zn-H2O2+ MS-EVBd Zn-OH+

RZn-O 2.1 Å 1.9 Å 2.02 ( 0.03 Å 1.79 ( 0.06 Å
RN119-Zn 2.1 Å 2.0 Å 2.04 ( 0.09 Å 2.05 ( 0.08 Å
RN96-Zn 2.1 Å 2.0 Å 2.03 ( 0.08 Å 2.03 ( 0.08 Å
RN94-Zn 2.1 Å 2.0 Å 2.03 ( 0.08 Å 1.98 ( 0.08 Å
AN119-Zn-O 111° 115° 112 ( 4° 107 ( 6°
AN96-Zn-O 113° 117° 110 ( 4° 116 ( 6°
AN94-Zn-O 113° 105° 112 ( 4° 112 ( 6°
AN96-Zn-N119 99° 99° 104 ( 5° 103 ( 4°
AN94-Zn-N119 115° 115° 113 ( 4° 112 ( 4°
AZn-O-O106 72° 67° 81 ( 7° 78 ( 7°
AZn-O-O199 106° 103° 130 ( 11° 118 ( 9°

a Data from ref 14. b Data from ref 65. c Data from MS-EVB
simulations corresponding to RZn-CEC ≈ 2 Å. d Data from MS-EVB
simulations corresponding to RZn-CEC ≈ 13 Å.

Figure 3. Free energy profile (PMF) for the zinc-bound water deprotonation
reaction when His64 is not included as a proton acceptor in the MS-EVB
model. The PMF is plotted as a function of the radial distance of the CEC
to the catalytic zinc, RZn-CEC. The thickness of the line denotes the standard
deviation, which was evaluated to be 0.4 kcal/mol. Also shown is the largest
EVB state population cmax

2 (colored contours) as a function of the center of
excess charge coordinate RZn-CEC. Red indicates high probability while blue
indicates low probability. A Zundel cation has a cmax

2 ≈ 0.5, whereas the
Eigen cation has a cmax

2 ≈ 0.65.
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given the recent discovery of the excess proton’s affinity for
the liquid/vapor and liquid/hydrophobic interfaces.76-82

Another path that the excess proton may take brings it within
the vicinity of Glu69 and Asp72, a known binding site for the
chemical rescue agent 4MI.18 While these residues are not
hydrophobic they stabilize water molecules in the active site,
via hydrogen bonding, that are in turn favorable for the excess
proton. When evaluating the actual distance of the CEC density
from the residues it is again apparent that the excess proton

(76) Petersen, M. K.; Iyengar, S. S.; Day, T. J. F.; Voth, G. A. J. Phys.
Chem. B. 2004, 108, 14804–14806.

(77) Petersen, P. B.; Saykally, R. J. J. Phys. Chem. B. 2005, 109, 7976–
7980.

(78) Petersen, M. K.; Voth, G. A. J. Phys. Chem. B. 2006, 110, 7085–
7089.

(79) Iuchi, S.; Chen, H.; Paesani, F.; Voth, G. A. J. Phys. Chem. 2008, .
in press.

(80) Tian, C.; Ji, N.; Waychunas, G. A.; Shen, Y. R. J. Am. Chem. Soc.
2008, 130, 13033–13039.

(81) Levering, L. M.; Sierra-Hernanadez, M. R.; Allen, H. C. J. Phys. Chem.
C 2007, 111, 8814–8826.

(82) Tarbuck, T. L.; Ota, S. T.; Richmond, G. L. J. Am. Chem. Soc. 2006,
128, 14519–14527.

Figure 4. Spatial occupancy plot of the CEC for the excess proton in the HCA II enzyme active site. The left panels (top and bottom) are determined from
simulations of the HCA II enzyme when His64 is not included as an explicit acceptor group of the excess proton. The right panels (top and bottom) are
determined from simulations of the HCA II enzyme with His64 included as an explicit acceptor group for the excess proton. The gray volume represents the
isosurface wherein the excess proton CEC resides 98% of the time. The numbers indicate the respective paths for the CEC (i.e., 1, 2, or 3). (Top) Representation
looking down the active site cavity with H64 near the bottom, T200 and T199 on the left, N62, N67, and E69 on the right, and D72, F130, and V134 on
top. (Bottom) Representation looking from the side with H64 on bottom and the zinc at the base of the isosurface on the left. The black boxes represent
binding sites for the chemical rescue agent 4MI from 1MOO.pdb. The black line depicts the most probable path the CEC may take inside the CEC density.
The black circle at the beginning of each path resides on the catalytic zinc.
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resides closer to the hydrophobic residues than it does the
hydrophilic ones. In fact, the distance of the CEC density from
Glu69 and Asp72 would indicate a bridging water between the
residues and the excess proton; this is not the case with Phe130
and Val134. The third and least densely populated path is for
the CEC to travel out of the active site passing near Trp5 and
position 64. This path also intersects a known binding site of
4MI, in this case Trp5.18 While the CEC density and the binding
sites of 4MI indicate possible chemical rescue paths, recent
kinetic studies indicate that there may exist a third pathway not
yet detected by X-ray.13,31 From the present CEC density
analysis it is proposed that the third path resides around Phe130
and Val134. Further work into binding of 4MI to the H64A
mutant and the explicit simulation of the proton defect using
the MS-EVB methodology is currently underway. In addition
to the implications for chemical rescue another important feature
of Figure 4 is how the excess proton moves along the interface
between the solvent and the enzyme. The overall density appears
as a “catcher’s mitt” as the proton avoids the bulk solvent and
utilizes the protein/water interface to be channeled in/out of the
active site. This ability of the enzyme to direct the proton to

and from the active site opens new avenues for mutation
experiments. These mutation experiments could probe the
enzymes ability to utilize the protein/water interface to direct
proton movements by mutating residues far from the active site
that are in the path of the CEC density.

Proton Transfer Event in the WT HCA II. With the
parametrized MS-EVB2 model for the zinc-bound moiety in
hand it is now possible along with the modified MS-EVB2
histidine model to simulate the rate-limiting PT event in the
WT HCA II enzyme. To evaluate the effect of the orientation
of His64 on the PT event, two PMFs were generated. Figure
5A shows the PT PMF for His64 in the “out” orientation while
Figure 5B depicts the PT PMF for His64 in the “in” orientation
and the subsequent rearrangement of His64 to the “out”
orientation. These PMFs reveal the role of His64 as the proton
acceptor/donor in the PT event in HCA II. When His64 is in
the “in” orientation the free energy barrier, ∆Fq, for PT through
the active site water is lowered from the 14.6 ( 0.4 kcal/mol
(i.e., the pathway not utilizing His64 as the proton donor/
acceptor described in the previous subsection) to 10.0 ( 0.4
kcal/mol. The relatively low free energy barrier for PT through

Figure 5. Free energy curve for the zinc-bound water deprotonation reaction as a function of the radial distance of the CEC to the catalytic zinc, RZn-CEC.
The thickness of the line denotes the standard deviation, which was evaluated to be 0.4 kcal/mol. Also shown is the largest EVB state population cmax

2

(colored contours) as a function of the center of excess charge coordinate RZn-CEC. Red indicates high probability while blue indicates low probability. (A)
His64 in the “out” orientation. (B) His64 in the “in” orientation.
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the active site water cluster when His64 is in the “in” orientation
is due to smaller water clusters and the stabilizing force that
the His64 in the “in” orientation has on the active site water
cluster, as well as the delocalized charge defect of the hydrated
excess proton. As the proton moves from the Eigen cation on
W1 through a Zundel cation containing W2, to an Eigen cation
on W3a, and finally to His64 it is clear that indeed an Eigen
cation resides at the barrier as previously hypothesized. At the
barrier the active site water cluster is dominated by a high free
energy Eigen cation represented by the excess proton residing
on W3a with a small amplitude contribution from W2 and
His64. Similar to the PMF without His64 as the proton donor/
acceptor, the Eigen does not reside on W2 but on W3, in this
case on W3a and not W3b (see Figure 1). The MS-EVB
amplitude analysis reveals that W2 is primarily populated by a
Zundel cation changing the previous notion that it would be an
Eigen cation and therefore the cause of the barrier.32

When the excess proton has moved to His64, the orientational
rearrangement of His64 can now easily be accomplished after
passing through a relatively small free energy barrier. The “out”
orientation of protonated His64 appears to be more favorable
than the “in” orientation (as seen in Figure 5B and ref 16), which
facilitates the transport of the excess proton from inside the
active site to a more bulk like region outside the active site.
The direction of the free energy shift between the “in” and “out”
orientations indicates a lower pKa (acidification) for His64 in
the “in” orientation when compared to the “out” orientation.
This acidification of His64 has been confirmed by experimental
studies of mutant HCA II systems.7 The acidification of His64
when in the “in” orientation ensures that the His64 is either
donating its excess proton to the zinc-bound hydroxide (dehy-
dration reaction) or unprotonated and waiting to accept the
proton from the zinc-bound water (hydration reaction).

Evaluation of the CEC probability density during this PT
event (utilizing His64 as the proton donor/acceptor) is signifi-
cantly different from the density found for the PT transfer to
solution utilizing alternate pathways (Figure 4), with almost all
of the density residing in the bottom pathway (i.e., toward
His64). This illustrates the important role of His64 as the
transporter of the excess proton into and out of the active site.
After the deprotonation of His64 the CEC density plot indicates
that the excess proton does not proceed directly to the bulk
environment. Instead it moves between the cleft at the bottom
of the active site and tracks along the protein/solvent interface.
This behavior of the excess proton to prefer the interface region
raises important questions as to how enzymes may funnel
protons to areas of interest.

To better understand the behavior of the active site water
during the proton transfer event, correlation analysis was
conducted on the active site water and surrounding amino acids,
shown in Figure 6. Correlation analysis as used in this context
generally indicates long-range interactions and hydrogen bond-
ing patterns. When analyzing the ZnH2O2+-His system with
His64 in the “in” orientation and the CEC residing between
the zinc-bound solvent and W1, the CEC correlates with the
zinc-bound solvent and W1 as one would expect, due to direct
hydrogen bonding. Yet, when the CEC resides on the His64
while in the “in” orientation a significantly different correlation
pattern emerges. In this system there appears to be two main
overlapping correlated groups. The first group consists of the
ZnOH+, Wd, W1, W2, and the CEC while the second group
consists of the CEC, Wd, W1, and W3a. The correlation analysis
from MD simulation of the WT HCA II enzyme reveals that

for the ZnH2O2+-His system there are three uncorrelated
groups.83 The analysis of the ZnOH+-HisH+ system with
protonated His64 in the “in” orientation was not conducted in
the previous study83 due to the short lifetime of the ‘in’
orientation before reorienting to the ‘out’ orientation for this
protonation state. The “in” orientation for the ZnOH+-HisH+

system, at least for the hydration pathway, is thus assumed to
be primarily there to accept the proton and then carry it out of
the active site. Therefore, the active site water correlation is
not of great importance after the PT event in the hydration
direction. In the dehydration pathway the correlation of the
active site water is crucial due to the short lifetime of the “in”
orientation. During the dehydration pathway the presence of
two overlapping correlated groups indicates that in order to
capitalize on the “in” orientation the HCA II enzyme has created
an environment that is more favorable for hydrogen bonded
active site water. This implies that even though the “in”
orientation for the ZnOH+-HisH+ system is rare, when it
happens the active site waters are favored to form a complete
water cluster that will carry the excess proton to the zinc-bound
hydroxide.

Looking at the PT free energy barrier when His64 is always
in the “out” orientation (Figure 5A) reveals the ∆Fq for PT
through the active site water to be 11.4 ( 0.4 kcal/mol. The
coupling of the His64 accepting group with the active site water
has the effect of lowering the barrier to a value closer to that
measured by WT kinetic experiments (krxn ) 0.8 µs-1),
compared to the alternate pathway PT not involving His64. It
is clear from the “in” and “out” PMFs in Figure 5 that the
orientation of His64 and therefore the active site water cluster
size is intimately coupled to the active site PT barrier. Analysis
of the character of the CEC reveals that the barrier is dominated
by an Eigen cation and the position of the barrier precludes
W2 from carrying an appreciable amount of the protonation
probability. Instead, the barrier region corresponds to W3b or
other waters in that region. The CEC occupancy for the His64

(83) Maupin, C. M.; Saunders, M. G.; Thorpe, I. F.; McKenna, R.;
Silverman, D. N.; Voth, G. A. J. Am. Chem. Soc. 2008, 130, 11399–
11408.

Figure 6. Correlation analysis of the active site residues and the active
site water cluster. (Top left) Correlation analysis for the ZnH2O2+-His
system with the excess proton CEC residing on the zinc-bound solvent (i.e.,
zinc-bound water). (Bottom right) Correlation analysis for the
ZnOH+-HisH+ system with His64 residing in the “in” orientation. The
black circles encompass the two separate correlated groups.
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“out” system is very similar to the His64 “in” to “out” system
(data not shown). The only noticeable difference is an increased
sampling of the CEC on other waters in the active site before
transferring to His64. The deprotonation of His64 and the
subsequent CEC density moving between the cleft at the bottom
of the active site are similar between the His64 “in” systems
and the His64 “in” to “out” system. It is apparent that the free
energy change between the zinc-bound water and the protonated
His64 (Figure 5A and B) is near zero. This would indicate
similar pKa values for both species and an overall thermoneutral
reaction for this PT event, both in agreement with experiment.3,13

Exogenous Buffer Concentration and the Rate-Limiting
Step. It should be noted that for all the simulations reported
here the exogenous buffer concentration is nonexistent. Kinetic
studies that vary the exogenous buffer concentration find that
at high buffer concentrations the reaction proceeds optimally,
yet when the buffer concentration is reduced the overall rate of
the reaction is also reduced.1,24 This has generally been
interpreted as shifting the rate-limiting step from the active site
water to the de/protonation of His64. Due to the large number
of pathways that an excess proton may take between His64 and
an exogenous buffer, explicit simulation of such a reaction is
currently computationally intractable. Therefore, defining a range
of values for the PT barrier is presently more useful for
understanding the rate-limiting step than attempting to calculate
the PT barrier for every exogenous buffer type, concentration,
environment, and separation distance. To this end, computational
and experimental data are used here to determine upper and
lower bounds for the PT barrier between His64 and an
exogenous buffer.

Examination of the PT event with His64 in the “in”
orientation reveals that the rate-limiting step may not reside in
the active site water cluster as suggested by kinetic studies at
high buffer concentration. It is clear from the PT PMF for the
His64 in the “in” orientation that the active site water cluster
PT transfer barrier to the His64 acceptor is ∼10.0 kcal/mol (see
Figure 5B), while the deprotonation of His64, in the absence
of exogenous buffer, is 12.0 ( 0.4 kcal/mol. It is noted that at
RZn-CEC > 18 Å, when the excess proton CEC leaves the protein/
water interface for the bulk environment, the tail of the PMF
converges to ∼12.0 kcal/mol, for both Figure 5A and B, in
agreement with the PMF in Figure 3 (data not shown). This
reveals that the deprotonation of His64 consists of ∼9.7 kcal/
mol free energy barrier for the deprotonation of His64 to the
protein/water interface and another ∼2.3 kcal/mol barrier for
the PT between the protein/water interface and the surrounding
bulk solvent, for a total barrier of ∼12.0 kcal/mol in the absence
of exogenous buffer. This suggests the rate-limiting step is on
the de/protonation of His64 with a ∆Fq ) 12.0 ( 0.4 kcal/mol
and would result in a rate of krxn ≈ 0.03 µs-1, which is in line
with experimental data in the limit of no/low exogenous buffer.28

As exogenous buffer concentrations are increased the probability
of the excess proton transferring from the His64 to an exogenous
buffer or from the protein/water interface to an exogenous
buffer, instead of transferring directly to the bulk solution,
greatly increases. Therefore, at adequate/high exogenous buffer
concentration the ∼2.3 kcal/mol barrier for the PT from the
protein/water interface to the bulk solvent would be replaced
by a more probable protein/water interface to exogenous buffer
PT reaction, which is predicted to be almost barrierless based
on the current PMF’s and His64 deprotonation PMF’s in

mutant.84 Therefore, at adequate/high exogenous buffer con-
centrations the rate-limiting step is a combination of the PT
through the active site water and the de/protonation of His64,
both due to processes having the same barrier within statistical
error. For the active site water PT the ∆Fq ) 10.0 ( 0.4 kcal/
mol with a krxn ≈ 1.0 µs-1 and the de/protonation of His64 PT
has a ∆Fq ) 9.7 ( 0.4 kcal/mol with a krxn ≈ 1.5 µs-1.

With the His64 in the “out” orientation, due to the higher
PT barrier through the active site water cluster to His64, it is
more difficult to decipher the possible position of the rate-
limiting step when there is no/low exogenous buffer. The overall
free energy barrier for PT (when His64 is in the “out”
orientation) is between ∼11.4 kcal/mol and ∼12.0 kcal/mol,
depending on the concentration of the exogenous buffer. Like
in the His64 “in” PMF as the exogenous buffer concentration
is lowered the free energy barrier to PT will approach ∼12.0
kcal/mol. Therefore, the rate-limiting step in the absence of
exogenous buffer will be a combination of the de/protonation
of His64, as predicted by experiment, and the PT through the
active site water. Again, within the uncertainty of the measure-
ment these two paths are equivalent. As the exogenous buffer
concentration is increased the rate limiting step becomes the
PT event involving the active site water, in line with the
hypothesis determined from exogenous buffer concentration
experiments.

Taking these limits on the PT barrier into account it is
concluded that the rate-limiting step shifts between the PT in
the active site water cluster to His64 and the de/protonation of
His64 to the bulk solvent depending on His64’s orientation and
the exogenous buffer concentration. As to the importance of
His64’s orientation to the overall observed rate, the results here
are different than those proposed by Riccardi et al. (ref 39). By
invoking the proton-hole mechanism, the semiempirical SCC-
DFTB methodology utilized in ref 39 suggests that the reaction
would be insensitive to the orientation of His64 and the size/
stability of the intramolecular water cluster. As a result, the “out”
orientation was hypothesized to be as productive as the “in”
orientation. This is in contrast to the present MS-EVB simula-
tions, which predict that the His64 “in” orientation is more
productive (lower barrier) than the “out” orientation. In addition
to indicating the importance of the orientation of His64 the MS-
EVB results also suggest an important role for the intramolecular
water cluster. Due to the shorter water cluster being more
conducive to PT the rate-limiting step may be shifted to the
deprotonation of His64 to the bulk and may not reside within
the intramolecular water cluster as seen in Figure 5B. However,
this does not mean there is no functional advantage for the
enzyme to maintain small water clusters. If there were no small
water clusters the barrier to PT through the intramolecular water
cluster would increase, possibly making it the rate-limiting step
and thereby decreasing the observed rate. Therefore, it seems
important to have facile PT through smaller water clusters
because this, in addition to the pKa of donor and acceptor, places
the barrier at ∼10.0 kcal/mol, as seen in Figure 5B.

To summarize, when His64 is “in” and there exists adequate/
high exogenous buffer the rate-limiting free energy barrier
corresponds to a combination of the de/protonation of His64
and the PT through the active site water with a value of ∼10.0
kcal/mol and a krxn ≈ 1.0 µs-1. When there is low/no exogenous
buffer the rate-limiting free energy barrier, which also corre-
sponds to the de/protonation of His64, converges to ∼12.0 kcal/

(84) Roy, A.; Taraphder, S. J. Phys. Chem. B. 2008, 112, 13597–13607.
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mol and a krxn ≈ 0.03 µs-1. When His64 is “out” and there
exists adequate/high exogenous buffer the rate-limiting free
energy barrier corresponds to the PT through the active site
water to His64 with a value of ∼11.4 kcal/mol and a krxn ≈
0.09 µs-1, but when there exists no/low exogenous buffer
concentration the rate-limiting free energy barrier shifts to a
combination of the de/protonation of His64 and the PT through
the active site water with a free energy barrier of ∼12.0 kcal/
mol and a krxn ≈ 0.03 µs-1. Therefore, the overall reaction at
adequate/high exogenous buffer concentrations is a combination
of the PT through the active site waters and the de/protonation
of His64, depending on the orientation of His64. For the
hydration of CO2, ZnH2O2+-His system, previous simulation
work has indicated a 86% “in” orientational preference of His64
while for the dehydration of CO2, ZnOH+-HisH+ system, His64
is 97% “out”.16 This would result in an overall hydration rate
of ∼0.9 µs-1 (krxn

total ) 0.86 × 1.0 + 0.14 × 0.09) and an overall
dehydration rate of ∼0.1 µs-1. At the low/no exogenous buffer
concentrations the overall free energy barrier, for both hydration
and dehydration, converges to 12.0 ( 0.4 kcal/mol and a krxn

≈ 0.03 µs-1 corresponding to a greatly reduced overall rate when
compared to adequate/high exogenous buffer concentrations,
again in agreement with experiment.28

4. Conclusions

In this paper, an in depth analysis of the rate-limiting PT
event in HCA II has been presented within the MS-EVB2 model
framework. The PT free energy pathway for His64 in both the
“in” and “out” orientations reveals that the “in” orientation has
a reduced free energy barrier for the PT through the active site
water. The transition state (free energy barrier) in the PT through
the active site water is identified as a high free energy Eigen
cation, and the identity of the most probable protonated water
is predicted to be W3a instead of W2 (cf. Figure 1). Taking
into account the effects of the exogenous buffer concentration
on the deprotonation of His64, it is also possible to identify
where the rate-limiting step occurs. It was found that the rate-

limiting PT step shifts from the PT through the active site water
to His64 to the de/protonation of His64, depending on the
orientation of His64 and the exogenous buffer concentration.
Correlation analysis of the ZnOH+-HisH+ with His64 in the
“in” orientation suggests that the dehydration direction of the
reaction capitalizes on the short-lived “in” orientation by
reducing the number of uncorrelated active site water groups
needed to form the active site water cluster.

When elucidating alternate PT paths for the excess proton
CEC in the absence of direct participation by His64, three
distinct paths that may be utilized to enter/leave the active site
were found. Two of the three paths were shown to intersect
known binding sites of the chemical rescue agent 4MI, thereby
indicating possible chemical rescue pathways. These results
suggest new avenues for future mutagenesis experiments to
enhance or inhibit these pathways in an effort to better
understand how HCA stabilizes and transports excess protons
and its implications for the chemical rescue pathway. A modest
preference of the excess proton to follow water pathways near
hydrophobic residues was also found from the MS-EVB2
simulations. These latter results may therefore suggest that
enzymes may use hydrophobic interfaces76,79 to facilitate the
transport of an excess proton toward/away from the active site.

Acknowledgment. This work was supported by the National
Institutes of Health (R01-GM53148 and R01-GM25154). The
computational resources for this project have been provided in part
by the National Institutes of Health (Grant # NCRR 1 S10
RR17214-01) on the Arches Metacluster, administered by the
University of Utah Center for High Performance Computing. We
thank Dr. Vinod Krishna for helpful discussions.

Supporting Information Available: Figure S1. Complete refs
61 and 68. This material is available free of charge via the
Internet at http://pubs.acs.org.

JA8091938

7608 J. AM. CHEM. SOC. 9 VOL. 131, NO. 22, 2009

A R T I C L E S Maupin et al.


