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ABSTRACT: Combined quantum mechanical/molecular mechanical (QM/MM) simulations are carried out
to analyze factors that dictate the proton transfer in carbonic anhydrase II (CAII), an enzyme that has
been used as a prototypical example of long-range proton transfers in biomolecules. In contrast to the
long-held conjecture in the experimental literature, the computed potentials of mean force (PMF) suggest
that the proton transfer in CAII is not very sensitive to the orientation of the acceptor group (His 64) and,
therefore, the number of water molecules that bridge the donor (zinc-water) and acceptor groups.
Perturbative analysis indicates that a series of polar and charged residues close to the transfer pathways
make the dominant contribution to the barrier and exothermicity of the proton transfer reaction, thus
supporting the proposal from previous studies of Warshel and co-workers using a somewhat simpler QM/
MM model that electrostatic interactions play a major role in the proton transfer in CAII. The PMF results
are in striking contrast to previous analysis using the same QM/MM method but an ensemble of minimum
energy path (MEP) calculations, which found a steep dependence of the barrier height on the number of
bridging water molecules. Analysis of the configurations sampled in the PMF and MEP simulations suggests
that this difference arises because the PMF simulations sample a largely stepwise mechanism while the
local MEP calculations artificially favored concerted transfers due to the specific protocol used to generate
the initial configurations. Therefore, this study presents a compelling argument for carrying out proper
conformational sampling in the study of long-range proton transfers. Finally, we illustrate thatΦ analysis,
which has been widely used in protein folding studies, can potentially generate new mechanistic information
for long-range proton transfers regarding the sequence of events. The results of the perturbation analysis
and theΦ analysis provide opportunities for experimentally testing the mechanistic proposals from this
study and our recent work in which a stepwise “proton hole” transfer pathway has been proposed.

Proton transfers across a long distance are prevalent in
biology, particularly in bioenergetics-related processes (1).
The large number of protein residues and/or water molecules
that potentially mediate the long-distance transfer makes the
mechanistic analysis difficult using experiments alone. For
example, mutations may perturb the water structure and
modify the transfer pathway, which make it less straight-
forward to interpret the result in terms of establishing the
role of specific residues in the wild-type enzyme. Reliable
theoretical analyses can complement experimental studies
by offering mechanistic insights, provided that the relevant
structural, dynamic, and energetic characteristics of the
system are all properly described (2-5). Here we report a
theoretical analysis of the proton transfer in human carbonic

anhydrase II (CAII)1 using QM/MM simulations (6-8).
Although this process has been treated as a prototypical
model of long-range proton transfers in biology and therefore
has been analyzed by many experimental (9, 10) and
theoretical studies (11-23), the fundamental microscopic
factors that dictate the kinetics of the transfer remain
controversial. In particular, it has long been believed that
the proton transfer depends sensitively on the number of
water molecules that bridge the donor (zinc-bound water)
and acceptor groups (His 64) and, therefore, the orientation
of the His 64 side chain (24, 25). For example, the “out”
configuration of His 64 observed in the X-ray structure
(Figure 1) has been thought to be unproductive toward the
proton transfer to or from the zinc site (26). In previous
studies by Warshel and co-workers, who carefully analyzed
the proton transfer kinetics in both the wild type and mutants
of CAII (11-13) and CAIII (14, 15) using the empirical
valence bond-based methodology (27), the roles of electro-
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static interactions and protein reorganization have been
emphasized over the importance of acceptor orientation.
However, the role of acceptor orientation has not been
studied explicitly; it is entirely possible that the electrostatic
environments of the “in” and out configurations of His 64
are substantially different and therefore lead to significantly
different rates of proton transfer toward the acceptor.

In this work, we explicitly study the proton transfer
energetics in CAII associated with different orientations of
the acceptor group using potential of mean force (PMF)
calculations and a calibrated QM/MM potential (23, 28). The
results suggest that acceptor orientation does not play a major
role in CAII. Instead, supporting the view of Warshel and
co-workers (12), perturbative analyses of the PMF results
highlight the importance of specific electrostatic interactions
along the transfer pathway, which is rather extensive in space.
The striking difference between the PMF results and the
findings from previous gas-phase model studies (20) and
minimum energy path (MEP) calculations (22) emphasizes
the importance of properly sampling the enzyme and solvent
configurations in the study of long-range proton transfers.
The current study also suggests that systematicΦ analysis
(29) can be an interesting experimental approach that
complements, for example, linear free energy analysis (9,
12, 15), for gaining additional insights into the mechanism
of long-range proton transfers.

COMPUTATIONAL MODEL AND METHODS

The QM/MM simulations are carried out using the same
SCC-DFTB (30)/MM-GSBP (31, 32) protocol as described
in details in ref23 and therefore only summarized briefly.
As discussed in recent studies (22, 33), the self-consistent
charge-density functional tight binding (SCC-DFTB) ap-
proach is a reasonable compromise between computational
speed and accuracy, a feature that is crucial to a meaningful
study of long-range proton transfer in biomolecules. For
example, SCC-DFTB is sufficiently fast that on the order of
10 ns of sampling can be done for PMF simulations, which
is substantially longer than most QM/MM simulations
published to date (8, 34, 35). At the same time, the method
is quite accurate for the potential energy surfaces of proton
transfers involving the current donor, acceptor, and water
molecules as compared to high-level (B3LYP, MP2 with
triple-ú plus polarization quality basis sets) QM calculations
(see the Supporting Information). The solvation free energies
of proton and hydroxide are two quantities that are crucial
for a highly quantitative description of proton transfer
reactions in the condensed phase but remain to be improved
at the SCC-DFTB level (see discussions in ref23); we are
making developments (36) with the goal of improving the
description of these quantities in a systematic rather than an
ad hoc manner. With regard to the boundary condition of
the QM/MM simulations, previous simulations in our lab
(22, 32) have established that a careful treatment of

FIGURE 1: Active site of human carbonic anhydrase II based on the X-ray structure [PDB entry 2CBA (52)]. The proton transfer under
study is between the zinc-bound water and His 64 (in ball-and-stick form), which has been resolved to adopt two orientations (in and out).
A number of residues, which include the ligands of the zinc ion (His 94, His 96, and His 119) and those found to make significant contributions
to the proton transfer energetics, are shown in line form. Water molecules within 7 Å of thezinc are shown as red spheres. The protein
backbone is shown in ribbon form with the following color scheme: red for acidic, blue for basic, green for polar, and white for apolar.
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electrostatic interactions is crucial for preventing artificial
side chain orientations and overflooding of the active site
and that the generalized-solvent-boundary-condition (GSBP)
protocol (31) is appropriate when the process of interest is
far from the inner-outer boundary (37).

The SCC-DFTB region includes the zinc ion, its ligands,
the His 64 side chain, and all water molecules in the active
site between the donor and acceptor groups (10 and 22 for
the in and out simulations, respectively); the QM waters are
selected on the basis of two spheres centered on the zinc
and His 64 Nδ, and thus, the number of waters in the QM
region depends on the orientation of the acceptor. Using
proton transfers between two 4-methylimidazole molecules
in solution, it was established that the PMF is not very
sensitive to the number of QM waters (see the Supporting
Information of ref23). The H64A mutant is constructed in
silico by changing His 64 to Ala. A water molecule tethered
to a dummy atom with a harmonic spring is used as the
proton acceptor in the H64A simulations, where the dummy
atom is placed 12 Å from the zinc corresponding to the out
configuration of His 64 in the WT enzyme; 24 water
molecules are included in the SCC-DFTB region in the H64A
simulations.

For the rest of the system, all atoms within 20 Å of the
zinc are treated explicitly using the CHARMM22 force field
(38) and form the inner region of the GSBP setup (31, 32);
more distant protein and water molecules are treated as the
outer region on the basis of the Poisson-Boltzmann con-
tinuum electrostatics model. In the PMF simulations, a
collective variable (ú) based on the position of the “center
of excess charge” relative to the proton donor (oxygen of
zinc-bound water) and acceptor (e.g., Nδ of His 64 for the
WT) is used as the reaction coordinate (3). As it varies from
0 to 1, this collective coordinate reports the migration of
the center of excess charge from the donor to the acceptor.
The use of a collective coordinate is crucial here because
the configurations of water molecules that connect the donor
and acceptor groups vary on the picosecond scale (32) and
therefore should be properly averaged in the PMF simulations
(39). Twenty windows are used for each system configuration
(in and out for WT and one set for H64A) where each
window typically lasts for 300 ps. To prevent the protonated
His 64 from flipping out in the in set of simulations, a NOE
restraint (with a force constant of 50 kcal mol-1 Å-2) is
applied to the CG atom of His 64 when it is more than 8.8
Å from the zinc atom. Note that the purpose of adding a
restraint is to make it more transparent to compare the proton
transfer energetics with those of the in and out His 64
configurations; due to the nature of the NOE restraint, the
effect of the restraint is minimal when the His 64-zinc
distance is below 8.8 Å, which is the case during the majority
of the His 64 in simulations.

To help analyze the nature of the proton transfer configu-
rations sampled in the current PMF and previous MEP (22)
simulations, the “excessive coordination numbers” for the
zinc-bound oxygen, His 64 Nδ, and oxygen in the intervening
water molecules are calculated for the save configurations
from these simulations. The excess coordination,ν0

X i, of
each heavy atom of interest, Xi, is determined using an
expression introduced by Chakrabarti et al. (40):

where fsw(d) and wX i are the same switching function and
weight, respectively, used to define the center of excess
charge (23); the coordination is normalized as follows

This normalization enables the qualitative descriptor to
determine how the protonation states vary in space, relative
to the reaction coordinate. The parametersdsw and rsw are
adjusted for optimum differentiation between hydroxide and
hydronium geometries (rsw ) 1.25 Å anddsw ) 0.04 Å).
For the position of the heavy atoms, we use an expression
similar to ú to measure the distance relative to the donor
and acceptor atoms

In short, the excess coordination number plots (Figure 3)
report the variation of protonation states (ν0

X i) for heavy
atoms of interest as a function of the collective reaction
coordinate (ú) and the relative positions of the corresponding
heavy atoms (úX i). For the classical Grotthuss mechanism,
such a plot exhibits a diagonal feature; for the “proton-hole”
mechanism (23), it exhibits an antidigonal feature, and for a
concerted mechanism, it shows stripes of peaks perpendicular
to theú axis and parallel to theúX i axis.

To estimate the contribution of a specific group to the
PMF, a change in the mean force on the reaction coordinate
is computed and integrated along the reaction coordinate
when the partial charges on that group are set to zero. Such
analysis is perturbative in nature because snapshots from the
original PMF simulations (when all charges are present) are
used. Compared to the similar analysis commonly conducted
for MEP (41), the effects of thermal fluctuations are naturally
included.

RESULTS AND DISCUSSION

PMFs for Two Different His 64 Orientations.As shown
in Figure 2, the calculated PMF profile for the proton transfer
between the zinc-bound water and His 64 is not very sensitive
to the orientation of the His 64 side chain. Regardless of
whether His 64 adopts the in or out configuration, the PMF
is nearly thermoneutral and has a barrier around 12-13 kcal/
mol. The thermoneutrality of the reaction is consistent with
experimental kinetic measurements, which suggested that
both the zinc-bound water and His 64 have a pKa of 7 (42).
The computed classical barrier of 12-13 kcal/mol is also
consistent with the experimental rate constant that points to
an apparent activation free energy barrier of∼10 kcal/mol
(with the transition state theory, assuming a transmission
coefficient of 1.0 and a prefactor ofkBT/h); previous studies
(8, 13, 43) indicate that nuclear quantum effects for proton
transfers in enzymes at 300 K have major contributions from

νX i ) ∑
j)1

NH

fsw(dX i,Hj
) - wX i (1)

ν0
X i )

νX i

∑
j)1

NX

νX j

(2)

úX i
) |rD - rX i|

|rD - rX i| + |rA - rX i|
(3)
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zero-point energies, which typically reduce the barrier by
2-3 kcal/mol.

The PMF for the out configuration has a barrier similar
to that of the in configuration, and the difference is
comparable to the statistical uncertainty of the PMF calcula-
tions. What is clear, however, is that the out configuration
is likely as productive for proton transfer as the in config-
uration, in contrast to the previous conjecture that the out
configuration was unproductive at all for proton transfer (10,
26). Analysis of the excess coordination number plots (23)
(Figure 3) indicates that the proton transfers in both cases
follow the proton-hole mechanism (23) in which the His 64
extracts a proton from the nearby water to form a hydroxide
in the initial stage of the reaction, which then propagates
toward the zinc-bound water. As shown in panels a and b of
Figure 4, the transfer pathway spans a rather broad region
in the active site.

Proton Transfer in H64A CAII.In our recent analysis of
the proton-hole transfer versus the classical Grotthuss mech-
anism (23), we emphasized that the relative weight of the
two mechanisms estimated by computations depends sensi-
tively on the accuracy of the computational model, especially
the treatment of interaction between hydronium or hydroxide
and the protein or solvent environment and the intrinsic
proton transfer energetics for the reactive moieties. Through
carefully designed benchmark calculations in solution (23),
we also showed that the SCC-DFTB/MM approach used here
overestimates the solvation of hydroxide over hydronium,
which therefore overestimates the weight of the proton-hole
mechanism in CAII. Thus, it is important to demonstrate that
the lack of distance dependence of the proton transfer
observed in our PMF simulations is not unique to the proton-
hole mechanism.

To this end, we study the proton transfer in the H64A
mutant from the zinc-bound water to a location at the
protein-solvent interface that is close to the position of His
64 Nδ in the out orientation in the WT enzyme; note that
only the classical hydronium-based Grotthuss mechanism is
possible for the H64A mutant (Figure 4c,d). The calculated
PMF is uphill for smallú (which is a collective variable that
describes the progress of the proton transfer; see refs3 and
23 for detailed discussions) and quickly reaches a plateau

region for ú beyond 0.3, as expected for a proton transfer
without a high pKa acceptor group. The barrier region is
rather broad and∼21.4 kcal/mol above the reactant; thus,
the apparent effect of mutation (21.4- 13 ) 8.4 kcal/mol)
is overestimated by almost 7 kcal/mol versus experiment (20-
fold slower than that of WT) (44). As discussed thoroughly
in the benchmark calculations in ref23, we understand that
this overestimation has contributions from both errors in
proton affinity and solvation energy by the current SCC-
DFTB/MM parametrization. Instead of constructing a system-
dependent correction, we leave the result as is to emphasize
that an accurate theoretical description of “delocalized”
chemistry with a general QM/MM protocol remains an
important challenge; efforts are being directed toward
systematically improving the proton affinities and hydrogen
bonding properties at the SCC-DFTB level in the condensed-
phase setting (36). Most importantly, we note that the current
study does not aim to argue, on the basis of the computed
PMFs, that the proton hole is the dominant mechanism in
CAII. The point is to illustrate that even with the classical
Grotthus mechanism, there is only a weak dependence of
the proton transfer energetics on the length of the water wire,
as suggested by the shape of the calculated PMF.

PMF Versus MEP Analysis.As shown in the previous
simulations with either a classical model (45) or a QM/MM
model (16, 22, 32), both the in and out His 64 configurations
are correlated with water wires of diverse lengths that connect
the zinc-bound water and His 64. Due to the longer distance
from the zinc-bound water, the out configuration requires
substantially longer water wires (four to six waters) than the
in configuration (two or three waters) for proton transfers
(32). Therefore, the fact that the two His 64 orientations have
similar computed PMFs is in remarkable contrast to our
previous analysis using extensive sets of local minimum
energy path (MEP) calculations (22). In that study, the MEPs
were collected from multiple simulations of three protonation
states (CHOH, COHH, or “TS-reorganized” where the proton
is delocalized across constrained water bridges with lengths
of two, three, and four molecules). Essentially all the atoms
were allowed to move in the MEP optimizations, but the
inherently limited reorganization yielded reaction energetics
that, on average, depended on the protonation state of the
simulation. Insights into the largely static nature of the protein
environment and the importance of water reorganization were
gained. From the thermoneutral “TS-reorganized” results, the
MEP barriers exhibited a steep dependence on the length of
the water wire, increasing from 6.8 kcal/mol to 12.6 kcal/
mol to 17.4 kcal/mol as the length of the bridge was increased
from two to three to four molecules, respectively.

To emphasize the mechanistic difference between the PMF
and MEP results, the excess coordination plots (23) from
these simulations are compared in Figure 3. For the MEPs,
the proton is transferred in a delocalized (concerted) fashion;
for the PMF simulations, the plots indicate a stepwise process
regardless of the proton-hole or Grotthuss transfer mechanism
or the in or out orientation of His 64. Therefore, the steep
distance dependence in the MEP results is likely an artifact
of the concerted transfer process imposed by the specific
protein/solvent configurations used as the initial configura-
tion.

In a framework dominated by stepwise transfers, as shown
schematically in Figure 5, the barrier is expected to be less

FIGURE 2: Calculated potential of mean force (PMF) for the proton
transfer between the zinc-bound water and His 64 in the in and out
configurations in WT CAII. Also shown is the PMF for the proton
transfer in the H64A mutant from the zinc-bound water to a location
at the protein-solvent interface that mimics the position of His 64
Nδ in WT CAII. The x-axis is a generalized coordinate (ú) that
characterizes the progress of the proton transfer (3, 23).
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sensitive to the length of the intervening wire (assuming the
transfer is limited by thermal activation rather than diffusion
of the hydronium/hydroxide), regardless of whether the
microscopic process follows a classical Grotthuss mechanism
or the proton-hole mechanism raised in our recent work. Here
the barriers are largely correlated with the largest pKa drop
during the sequence of transfers. In CAII, since both the zinc-
bound water and His 64 have a pKa near 7.0, the rate-limiting
step is expected to be either the proton transfer from the
zinc-bound water to the active site waters or the proton-hole
transfer from His 64 to the active site waters. The hetero-
geneous protein environment can shift the weights of these
two pathways as well as the location of the transition state
through electrostatic interactions [i.e., modifying the effective
pKa of water in the active site, as eloquently emphasized by
Warshel and co-workers in their studies (5, 12)].

It should be stressed that although the lack of distance
dependence is obvious for a strictly stepwise mechanism,
the insensitivity of the PMF to the His64 orientation is not
a trivial result. First, the degree of “concertedness” for proton

transfers in a realistic molecular environment cannot be
predicted a priori, which is precisely the reason that the
distance dependence of proton transfer in CAII has been a
lingering debate despite many studies (10). Second, even in
a framework where electrostatics play the major role, it is
entirely possible that the in and out configurations of His
64 correspond to very different electrostatic environments
and thus very different proton transfer rates. Therefore,
evaluating the proton transfer energetics and kinetics for the
in and out configurations of His 64 in a consistent manner
has been an outstanding challenge to both experimental and
theoretical studies.

PerturbatiVe Analysis of Protein Contributions in WT
CAII. To identify the protein residues that play an important
role in controlling the energetics of the proton transfers in
CAII, perturbative analysis is done for the PMFs on the basis
of decomposing the residual contribution to the mean force
along the approximate reaction coordinate (see Computa-
tional Model and Methods). As shown in Table 1, many polar
and charged residues make notable contributions to both the

FIGURE 3: Excess coordination number plots (23) (see discussions of eqs 1-3 in the text) for different sets of PMF and MEP simulations.
The patterns show that the WT PMF simulation follows the proton-hole mechanism, the H64A PMF simulation follows the classical Grotthuss
mechanism, and the MEP calculations for the WT enzyme follow a very concerted mechanism.

Proton Transfers in Carbonic Anhydrase Biochemistry, Vol. 47, No. 8, 20082373



reaction energy and barrier, some similar in spirit to the
findings discussed in the studies of Warshel and co-workers
(11, 14, 15). For the reaction energies, many of the same
residues have been identified in our previous study to make

a significant contribution to the pKa of the zinc-bound water
(37), although the magnitude is different, as expected. For
example, two glutamates (Glu 106 and Glu 117) strongly
disfavor the proton transfer from the zinc-bound water to
His 64, while Arg 246 favors the process. Asn 62, a residue
very close to His 64, favors the proton transfer, although it
does not have a large impact on the zinc-bound water pKa

due to its charge neutrality and rather long distance from
the zinc-bound water (Figure 1). Another residue, Lys 170,
which is at the surface of CAII and spatially close to His 64
(Figure 1), disfavors the proton transfer to His 64, especially
for the out orientation. Overall, the protein disfavors the
proton transfer to His 64 by a significant amount,∼25.0
kcal/mol (see below).

For the barrier, the same set of residues makes major
contributions. For some residues (e.g., Asn 62), the contribu-
tion to the barrier is almost the same as that to the reaction
energy, and for others (e.g., Glu 106 and Glu 117), the
contribution to barrier is nearly half of that to the reaction

FIGURE 4: Locations of the center of excess charge (3) sampled in the PMF simulations for (a) WT and (c) H64A CAII, which illustrate
the spatially broad transfer pathways associated with the proton transfers; different colors for the center of excess charge indicate sampling
from different umbrella windows. (b and d) Snapshots from the transition state region (i.e., correspond to peaks in the computed PMFs) are
shown to illustrate the local environment of (b) hydroxide in the WT and (d) hydronium in H64A simulations. The water wires that connect
the zinc-bound water and His 64, including the hydroxide in the WT and hydronium in H64A, are colored purple.

FIGURE 5: Schematics that illustrate the relative energetics of the
Grotthus and proton-hole transfer mechanisms, which involve
stepwise transfer of either hydroxide or hydronium ions. When pKa
differences are large, the basic energetic profile can be estimated
on the basis of the pKa values of the donor/acceptor groups (AH
and BH) and water (W) as well as hydronium (WH+), and the
distance between the donor and acceptor is not an important factor
(assuming that the process is not controlled by the diffusion of the
hydronium or hydroxide).
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energy; in the language used for protein folding studies, this
corresponds toΦ values (29) of 1 and 0.5, respectively. This
difference reflects the fact that the interaction between the
reactive moieties and some residues, such as Asn 62, is
similar in the transition state and in the product state; for
other residues such as Glu 106 and Glu 117, the interaction
in the transition state is still substantially different from that
in the product state. In the proton-hole mechanism sampled
here, a negative charge migrates from His 64 toward the zinc-
bound water; thus, it is expected that residues close to His
64 have highΦ values while those close to the zinc-bound
water have lowΦ values (see below).

Since a large number of water molecules are treated as
QM, their contributions to the reaction are not readily
revealed in the perturbative analysis. For waters in the MM
region, the contribution is smaller, for both reaction energy
and barrier, than that from the protein, especially for the out
configuration. Previous analyses, however, indicated that
water molecules undergo significant reorganizations (46)
(reorientations) as the charge distribution of the active site
changes during either proton transfer (22) or titration (37).

It is not straightforward to directly compare the pertur-
bative results to available experimental mutation data because
many mutations involve putting fairly large hydrophobic
groups [Leu or Phe (47)] into or near the active site, which
may significantly perturb the solvent structure and therefore
transfer pathway. A more direct comparison can be made to
a recent study in which Lys 170 has been mutated to an Ala
or Glu, where the mutations were found to accelerate the
proton transfer (D. N. Silverman, private communication).
This is in qualitative agreement with the unfavorable
contribution we found for Lys 170 in the WT enzyme; the
very large magnitude of the result in Table 1 is due to the
perturbative nature of the analysis, which has been shown
to particularly overestimate the contribution of charged
residues (37). The effect of Arg 246, which is not extremely
close to the zinc-bound water but shown to be significant in
Table 1, deserves further mutation studies.

PerturbatiVe Analysis of Protein Contributions in H64A
CAII. It is valuable to compare the protein contributions in

H64A to those in WT CAII because any major difference
might point to a way to experimentally distinguish the proton-
hole mechanism from the Grotthuss mechanism in CAII. At
the first glance (see Table 1), the result is somewhat
disappointing in that the key residues make largely similar
contributions in H64A as in WT CAII. For example, the
major unfavorable contributions are from Glu 106, Glu 117,
and Lys 170, while favorable contributions are from Asn 62
and Arg 246. This is not entirely surprising because the net
flow of charges during the reaction is fairly similar in both
the proton-hole (WT) and Grotthus (H64A) mechanisms.

A closer look, however, reveals interesting differences in
the Φ values in the WT and H64A enzymes. For residues
with significant contributions and spatially close to His 64,
such as Asn 62 and Lys 170, the estimatedΦ value is near
1.0 in the WT simulations; the values in the H64A mutant,
by contrast, are much smaller. On the other hand, for those
with significant contributions but spatially close to the zinc-
bound water, such as Glu 106, Glu 117, and Gln 92, the
estimatedΦ values for the WT are close to or smaller than
0.5 while the corresponding values are substantially larger
in the H64A mutant. These trends are consistent with the
differences in the charge distribution of the reactive moieties
in the proton-hole and Grotthus mechanisms. In the proton-
hole mechanism, which is sampled in the WT simulations,
the protonation state of His 64 and zinc-bound water in the
transition state is similar to that in the product and reactant
states, respectively; therefore, key residues close to His 64
are expected to have highΦ values while those close to the
zinc-bound water lowΦ values. By contrast, in the Grotthus
mechanism, which is sampled in the H64A mutant simula-
tions, the zinc-bound water is already deprotonated in the
transition state. Therefore, key residues close to the zinc-
bound water are expected to have highΦ values while those
more distant have lowΦ values. This realization suggests
that by systematic mutation of key residues near the active
site and analysis of theΦ values as functions of the distance
to the donor/acceptor groups, it should be possible to reveal
whether the proton-hole or the Grotthus mechanism is
dominant in CAII! In other words, theΦ analysis is an

Table 1: Contributions from Protein and Water to the Barrier and Reaction Energy (in kilocalories per mole) Associated with the Potential of
Mean Force for the Proton Transfer from the Zinc-Bound Water in CAIIa

perturbationb distance (Å)c WT-IN WT-OUT H64Ad

exgr - 1.1 (0.3) 0.8 (-0.7) 3.3 (2.9)
protein - 27.4 (12.2) 28.8 (5.5) 27.0 (27.3)
water - -11.2 (-5.9) 0.2 (1.6) -10.4 (-12.8)
T199 6.0 0.8 (-0.2) [-0.25/-0.25*] -0.5 (-1.3) [2.6/2.2*] 0.3 (0.8) [/2.7*]
T200 7.2 1.5 (1.0) [0.67/0.60] 2.5 (1.9) [0.76/0.56] 1.0 (0.7) [/0.70]
L198 7.2 -2.1 (-1.7) [0.81/0.67] -3.0 (-2.4) [0.80/0.50] -1.3 (-0.8) [/0.62]
E117 7.6 10.8 (6.0) [0.56/0.47] 12.2 (6.0) [0.49/0.30] 10.4 (7.5) [/0.72]
E106 8.0 18.3 (9.4) [0.51/0.43] 23.7 (11.6) [0.49/0.19] 18.4 (13.5) [/0.73]
R246 9.1 -3.9 (-2.4) [0.62/0.51] -5.4 (-3.3) [0.61/0.30] -3.8 (-2.5) [/0.66]
N67 9.5 0.0 (-0.1) [-*] -0.1 (-0.8) [-*] -1.9 (-1.1) [/0.58]
Q92 10.1 2.0 (0.8) [0.40/0.30] 2.2 (0.5) [0.23/0.18] 1.2 (1.3) [/1.1*]
N62 12.5 -3.1 (-2.7) [0.87/0.84] -4.9 (-5.4) [1.1/1.1*] -3.4 (0.1) [/-0.0]
Y7 13.3 0.8 (0.1) [0.13/0.0] 2.4 (1.6) [0.67/0.33] 0.5 (0.0) [/0.0]
K170 16.9 7.7 (6.0) [0.78/0.70] 12.7 (10.5) [0.83/0.63] 9.2 (3.7) [/0.40]

a The results were obtained via charge perturbation analysis (see Computational Model and Methods). Contributions to the reaction free energy,
∆Wpert(ú=1), and the barrier,∆Wpert(úTS), are shown without and with parentheses, respectively. The value in brackets is theΦ value (29) for each
residue, defined as the∆Wpert(úTS)/∆Wpert(ú=1) ratio; for the position of the transition state, both the WT PMF peak position (before slash) or
simply ú ) 0.5 (after slash) are used to explore the sensitivity of the estimatedΦ values. Note that althoughΦ is expected to be between 0 and
1, the value can be out of this range when∆Wpert(ú=1) is close to be zero (indicated with an asterisk).b Labels correspond to the set of MM charges
set to zero (both main chain and side chain atoms are included for a specific residue).c The distance is measured in the X-ray structure [PDB entry
2CBA (52)] between the corresponding CR and the zinc ion.d The transition state is approximately set toú ) 0.5.
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alternative way to correlate thermodynamic and kinetic data
for proton transfer reactions compared to the linear free
energy analysis. Although the latter can be formulated
rigorously in terms of Marcus models, the interpretation
depends on the number of diabatic states in the model
(9, 15).

CONCLUDING DISCUSSIONS

Long-range proton transfer reactions in biomolecules are
fascinating because many factors potentially contribute to
the determination of the kinetics and the underlying micro-
scopic events. Revealing all the mechanistic details and
pinning down the relative importance of various factors are
tasks difficult to accomplish by experimental studies alone.
Theoretical analysis can play a critical role, although a major
challenge concerns how to distinguish new physical insights
from artifacts caused by the approximate nature of compu-
tational techniques, a problem not dissimilar to the potential
ambiguity in the interpretation of experimental results.

In this work, the issue of interest is whether the acceptor
orientation and, therefore, the length of the mediating water
wire are likely important limiting factors for the proton
transfer in CAII. This is not a trivial issue because the
competition between “concerted” and “stepwise” proton
transfers cannot be predicted a priori in a realistic molecular
environment and the different acceptor orientations may
correspond to rather different electrostatic environments. We
analyze these mechanistic issues using an efficient QM/MM
approach that has been carefully analyzed by various
applications (22, 48) and benchmark studies (also see the
Supporting Information). Although systematic errors in the
QM/MM method remain, which we do not attempt to conceal
using system-dependent “corrections”, the method is suf-
ficient for the current purpose of studying the wire length
dependence of the proton transfer in CAII (see below).

The PMF simulations that used a flexible collective
variable as the reaction coordinate sampled stepwise transfers
in both the proton-hole and Grotthus pathways; note that
there is no intrinsic bias toward a stepwise mechanism by
the collective coordinate. Therefore, the height and position
of the barrier are largely determined by the electrostatic
interactions in the active site, which modulate the effective
pKa of the water molecules and the donor/acceptor groups,
as confirmed by perturbative analysis of the mean forces
along the reaction coordinate. The length of the mediating
water wire does not come into the picture as an important
factor. The qualitative difference between the PMF and the
recent MEP results (22), especially concerning the energetics
for the proton transfer to the out configuration of His 64,
once again highlights the importance of carrying out
extensive and proper sampling for long-range proton trans-
fers. These conclusions are largely consistent with the
findings of Warshel and co-workers, who have emphasized
the importance of electrostatics in CAII and were able to
reproduce a significant body of experimental data (11, 12,
14, 15). The major differences lie in the less-system-specific
QM/MM protocol used in our study, the explicit comparison
of proton transfer energetics for the different acceptor
orientations, and different ways of analyzing the protein
contributions.

It is important to discuss these findings in the context of
available experimental studies that have been interpreted to

support the distance dependence of proton transfer in CAII.
In the study of Fisher et al. (25), double mutants H64A/
N62H and H64A/N67H were constructed and the proton
transfer rates were measured. It was found that the H64A/
N67H mutant is more effective than H64A/N62H for proton
transfer by nearly 1 order of magnitude. The crystal structures
of these mutants revealed that while His67 is connected to
the zinc-bound water via two water molecules, His 62 is at
least three water molecules from the zinc-bound water. The
result was interpreted to suggest that the length of the water
wire is responsible for the difference in the proton transfer
rates in the two mutants. However, a closer inspection of
the two active sites suggests that His 62 is involved in
hydrogen bonding interactions with both of its nitrogen atoms
and therefore is not in a position to accept a proton.
Therefore, the proton transfer rate in H64A/N62H is expected
to be similar to that in H64A, which is indeed consistent
with the experimental measurement (25). An explicit com-
putational analysis of the two double mutants is of great
interest and being carried out. We note that this is not a trivial
computational study since the proton transfer pathway in
H64A/N62H, as argued above, may not be clearly defined.

Another key experimental observation that has been used
to argue that the out configuration of His 64 is unproductive
for proton transfer is based on combined mutation and small
molecule rescue studies (26). It has long been established
that small molecules such as 4-methylimidazole (4-MI) can
enhance the proton transfer rate in H64A to the same level
as that of WT CAII (44). An X-ray structure has captured
the binding of 4-MI near Trp 5 throughπ-stacking interac-
tions (49). Mutation of Trp 5 to Ala, Leu, or Phe had no
significant impact on the rescue effect of 4-MI, which led
to the conclusion that the observed binding site is unproduc-
tive toward proton transfer (26). Since this binding site of
4-MI closely mimics the position of His 64 in the out
configuration, it was inferred that the out configuration of
His 64 must be unproductive toward proton transfer as well.
In our opinion, this interpretation is not unique. The lack of
change in the rescue effect of 4-MI can be due to the
existence of multiple binding sites, which may, in fact,
suggest that the rescue ability of 4-MI is not very sensitive
to the distance separation from the proton donor.

In short, we believe that although those experimental
studies are highly instructive, the observations have alterna-
tive explanations that in fact underline the importance of
electrostatic interactions in the active site rather than the
length of the water bridge. Although the validity of the
mechanistic proposals in our studies needs to be further
examined by more extensive comparisons between computa-
tions and experiments, we note that the rate-limiting proton
transfer in CAII is not dramatically accelerated on the basis
of pKa considerations; i.e., the proton transfer rate is not very
different from the expectation based on pKa values of the
donor, acceptor groups, and water, and thus, the pressure to
“fine-tune” the proton transfer rate is not great. The real
evolution pressure seems to be maintaining similar pKa values
for the zinc-bound water and His 64, as reflected by the
significant protein contributions to increase the pKa of the
zinc-bound water (37), such that the enzyme can work with
a similar efficiency in both the hydration and dehydration
directions. Along this line, although pKa is intrinsically a
thermodynamic parameter, revealing factors that control the
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pKa values of essential groups is an important step toward
understanding proton transfers, as emphasized by us (37) and
particularly by Warshel (5, 46, 50).

Finally, we emphasize that the flexibility of the QM/MM
framework has been essential for revealing the potential
importance of the proton-hole pathway (23). The systematic
errors in the QM/MM potential energies are expected to be
less significant in the discussion of relative quantities such
as the importance of a residue or length of the water wire.
In the current context, the most severe issue is that the
solvation free energies of proton and hydroxide are not
described well at the current SCC-DFTB level, which may
overemphasize the importance of the proton-hole mechanism
over the classical Grotthuss mechanism in CAII (23). One
may argue that the overstabilization of hydroxide may also
artificially favor a stepwise over a more concerted pathway
in the PMF simulations and thus underestimates the distance
dependence of the proton transfer. Although this remains a
possibility, we note that the PMF also quickly reaches a
plateau in the H64A simulations where the mechanism is
the proton-based Grotthuss mechanism. Nevertheless, it is
crucial to further improve the description for the potential
energy function of proton transfers (36) and to go beyond
the equilibrium analysis performed here using activated
dynamics or transition path sampling (51). Ultimately, all
computational predictions have to be verified by experimental
studies; along this line, we believe that theΦ analysis can
be an interesting way to complement other popular ap-
proaches such as the linear free energy analysis (9, 12, 15)
to glean new mechanistic information for long-range proton
transfers in complex systems.
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SUPPORTING INFORMATION AVAILABLE

Additional benchmark studies that support the use of SCC-
DFTB for probing proton transfers in carbonic anhydrase
based on gas-phase model calculations at both the B3LYP
and MP2 levels. This material is available free of charge
via the Internet at http://pubs.acs.org.
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