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ABSTRACT: Deprotonation of zinc-bound water in carbonic
anhydrase II is the rate-limiting step in the catalysis of carbon
dioxide between gas- and water-soluble forms. To understand
the factors determining the extent of dissociation, or pKa, of
the zinc-bound water, we apply quantum chemistry calcu-
lations to the active site coupled with a continuum model of
the surrounding environment. Experimentally determined changes in pKa associated with mutations of the active site are well
reproduced by this approach. Analysis of the active site structure and charge/dipole values provides evidence that mutations
cause changes in both conformation of the active site structure and local polarization, which accounts for the shifts in pKa. More
specifically, the shifts in pKa correlate with the dipole moments of the zinc-bound water upon deprotonation. The data further
support the conclusion that the distinct pKa values found in mutations of the same type, but applied to different sites, result from
asymmetric ligation and different electronic environments around the zinc ion.

Developing efficient techniques for carbon dioxide (CO2)
sequestration remains a priority because of the

continuously increasing atmospheric level of CO2, which is
the main cause of global warming.1 About 80% of the annually
added CO2 is removed from the air through either dissolution
in the oceans or absorption by living organisms. Dissolution
proceeds slowly, first with solvation of the neutral gas by water,
followed by hydration reactions that convert carbon dioxide to
water-soluble forms such as bicarbonate ion (HCO3). In plants
and animals, carbonic anhydrase enzymes facilitate CO2
absorption by catalyzing the interconversion of carbon dioxide
and bicarbonate ion via hydration and dehydration reactions.
Carbonic anhydrase is one of the fastest enzymes of all, with
forward and reverse reaction rates on the order of 106 s−1.2,3

Therefore, understanding the mechanisms of CO2 hydration by
liquid water and CO2−bicarbonate conversion by carbonic
anhydrase enzymes can lay the groundwork to help design
artificial programmable biopolymers to sequester, and release,
CO2 efficiently. In a prior work, we studied the hydration of
neutral CO2 in water with quasi-chemical theory.4 In this study,
we focus on the enzyme.
Type II carbonic anhydrase (CA II), which exists in the

human body, assists in the separation, uptake, and transport of
CO2 in the lungs and circulatory systems. CA II catalyzes the
reversible hydration of carbon dioxide at its zinc-centered active
site. The zinc ion (Zn2+) is coordinated with three histidine
residues (H94, H96, H119) plus a water molecule (H2O)
arranged in a tetrahedral geometry, according to crystal
structure data of the CA II active site (PDB ID 2CBA).5

Figure 1 illustrates the widely accepted model of the carbonic
anhydrase catalytic conversion of carbon dioxide to bicarbonate
ion, which is based on a large number of experimental6−11 and
theoretical investigations.12−22 In the first step of the catalytic
cycle, the zinc-bound water forms zinc-bound hydroxide ion

after losing a proton (H+) through a proton-transfer process. In
the second step, a CO2 molecule enters the catalytic site and
forms a bicarbonate ion by reacting with the deprotonated
water, OH−, which is still bound to zinc. The zinc-bound
bicarbonate ion undergoes intramolecular structural rearrange-
ment before it is replaced by a nearby water molecule in the
final step, by which the active site recovers its original form.23

Much of the prior work in the literature has focused on the
proton transfer mechanism associated with the first step of the
catalytic cycle in Figure 1. In this ongoing debate, some
advocate transport of the dissociated water proton out of the
active site by “proton hops”24,25 while others advocate a
“proton holes” mechanism.26,27 The nature of the water bridge
involved in the proton relay, especially the number of water
molecules, is similarly debated.28 Nevertheless, there is a
general consensus that deprotonation of the zinc-bound water
is the rate-limiting step in the catalytic reaction. Further,
deprotonation triggers the whole process. Therefore under-
standing the factors that determine the acidity of the zinc-
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Figure 1. Key reactions in the reversible conversion of CO2 to
bicarbonate ion by carbonic anhydrase (represented by En).
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bound water, characterized by the equilibrium acid dissociation
constant (Ka), or its logarithm (pKa), is important for
understanding the catalytic mechanism of carbonic anhydrase.
The pKa of the zinc-bound water in the wild type carbonic

anhydrase II is 6.8.29 For comparison, the pKa value of a water
molecule in bulk conditions is 15.7,30 substantially higher than
water at the active site of CA II. A smaller pKa value indicates
that water in the active site of CA II is more acidic and thus
deprotonated to a greater extent than bulk water. A single
mutation of one of the zinc-coordinating ligands dramatically
increases the pKa of the zinc-bound water. In particular,
replacing a single histidine (H or Hist) with aspartic acid (D or
Asp), such as H119D or H94D, results in a shift in pKa of the
zinc-bound water to 8.6 and 9.6, respectively.29 This
phenomenon implies that replacing a histidine ligand with a
negatively charged aspartate stabilizes water relative to its
dissociated form, thus significantly hindering loss of a proton
from the zinc-bound water. Since catalysis initiates with
deprotonation of the zinc-bound water, understanding the
factors that determine pKa of the water will aid in under-
standing the mechanism of the catalytic activity of carbonic
anhydrase.
In this work, we investigate the pKa shifts of zinc-bound

water due to mutations to the active site of CA II using a
density functional theory (DFT)/continuum technique. Our
calculations and analyses support the conclusion that changes
in conformation and electronic polarization in mutated active
sites account for altered deprotonation behavior of the zinc-
bound water. These insights into the origin of the catalytic
reaction of the enzyme should help design artificial materials
that mimic the function of the carbonic anhydrase enzyme to
capture CO2 efficiently.

■ PKA PREDICTIONS
In general, the logarithm of the acid dissociation constant for a
molecule, pKa, can be estimated by calculating the free energy
of deprotonation, scaled by absolute temperature (T) and the
gas constant (R), based on the following relationship:31
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The free energy of deprotonation, ΔGenv
deprot, is the change in free

energy for losing a proton to the surrounding environment,
here defined by solvent and protein.
The free energy change is commonly estimated by free

energy perturbation (FEP) with atomistic simulations,32 first
introduced and applied to pKa calculations on protein residues
by Warshel et al. in 1986.33 A number of studies used the
empirical valence bond method16,17,34 to estimate the catalytic
reaction energies and pKa’s in enzymes, including carbonic
anhydrase. A simpler method, the linear response approx-
imation (LRA) in combination with a protein dipole/Langevin
dipoles (PDLD) model, also can predict pKa with reasonable
accuracy.35 Attempts have been made to evaluate pKa in
proteins using molecular mechanics and generalized Born
surface area (MM-GBSA) methods based on molecular
dynamics simulation trajectories coupled to implicit solvation
models.36−38 Predictions of pKa from molecular mechanics
approaches sometimes deviate significantly from experimental
values.39 Moreover, these predictions are based on assumptions
about the protonation states of the protein residues and the
known pKa values of the amino acids in bulk.38,39

Quantum mechanical (QM) methods provide more reliable
predictions of pKa. The first successful applications, by the
Karplus group in the early 90s, predicted pKa values for small
molecules in solution using quantum mechanics to describe the
molecule and continuum models to describe the surrounding
solvation environment.31,40 In recent years, pKa predictions for
small molecules have used quantum mechanics based on DFT,
coupled with a polarizable continuum model (PCM) of the
solvation environment.41,42 A more rigorous ab initio molecular
dynamics (AIMD) simulation technique used by Leung, et al.
correctly predicted the pKa of ionic groups at the surface of
silica.43

Because of the computational demand, it is impractical to
treat a whole protein with QM to calculate pKa values.
Alternatively, a hybrid quantum mechanical/molecular mechan-
ical (QM/MM) potential can be used to estimate pKa values in
macromolecules. Cui’s group carried out extensive pKa
calculations on various proteins with quantitative
accuracy.44−49 Kamerlin et al. reported an accelerated QM/
MM scheme to calculate the pKa in enzymes and obtained
properly converged results.50

In this study, we apply DFT to the zinc-centered active site
of carbonic anhydrase II, coupled to an implicit model of the
surrounding environment, to estimate changes in pKa of the
zinc-bound water with mutations. Bottoni51 and Miscione52

applied a similar macroscopic solvation model to study other
aspects of the catalytic mechanism of carbonic anhydrase. Their
calculations helpfully interpreted the experimental data on
proton transfer reaction rates.
In our work, the DFT-continuum approach follows the

formulation of quasi-chemical theory (QCT), a rigorous
statistical mechanical framework for free energy calculations
in which free energy is divided into local and distant solvent
contributions.53,54 Here we choose the active site, composed of
the zinc ion and its ligating residues, as the local solvation
environment for the proton. We treat the active site quantum
mechanically to capture the highly polar local environment
around zinc. A dielectric continuum represents the distant
solvation environment. This representation assumes that the
environment influences the active site mainly through long-
ranged dispersive and electrostatic interactions. The environ-
ment may also influence the structure of the active site.55−57

Since our studies pertain to mutations applied only to the active
site, we assume that the environment permits rearrangements
of the active site to lowest energy structures.58 The energy-
minimized structure of the wild type carbonic anhydrase active
site supports this assumption as it deviates only modestly from
the crystal structure (see below). Finally, we focus on the
relative pKa changes caused by active-site mutation, rather than
absolute pKa values. Thus, the long-ranged interactions from
the protein environment do not play as critical a role on water
deprotonation as the local chemistry at the active site.
Therefore, we argue that the QM/continuum method applies
in this case.
The theory and methodology of QCT, both in its original

form as a liquid state theory and in its adaptation to
heterogeneous environments like proteins, have been discussed
in detail previously.57−59 Furthermore, an explicit test
confirmed the equivalence of QCT, based on a DFT minimum
energy description of ions and their ligating waters coupled to a
dielectric continuum model of the remaining environment, with
thermodynamic integration using a full ab initio molecular
dynamics simulation.60 In prior work, QCT applied to ions
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predicted hydration properties of monovalent61−65 and divalent
ions66,67 as well as the hydration properties of nonpolar
molecules.4,68−72 Moreover, QCT with a QM/continuum
approach has proven to be a consistent approach for modeling
metal binding site in proteins as well. For example, QCT was
employed to examine K+/Na+ selectivity in potassium channel
proteins by studying the relationship between constraints on
binding site composition and configuration and free energies
for selective ion binding from water.55−57,73 A QCT
thermodynamic cycle that incorporated these structural
constraints was recently formulated for calculating solvation
free energies of ions in proteins by applying coordination
constraints at the ion binding site.58

■ COMPUTATIONAL METHODS
The pKa shifts due to the His/Asp mutations at the active site
of CA II are estimated as the differences in pKa for wild type
and mutant enzymes. The shift in pKa can be translated from
the difference in deprotonation free energies of wild type (WT)
and mutant (MT) proteins via eq 1. The deprotonation free
energies can be computed from standard thermodynamic cycles
(see, for example, ref 74) shown in Scheme 1. Reference 75
defines the relationship between this cycle and quasi-chemical
theory.

Direct calculation of deprotonation free energy in the
environment surrounding the active sites (red arrows in the
thermodynamic cycles) is somewhat complicated because the
proton must be turned off gradually in multiple steps during
free energy perturbation analysis. Alternatively, we can follow
the other path in the cycle to calculate the deprotonation free
energy in a more convenient way.
According to eq 2, the deprotonation free energy in the

environment (ΔGenv
deprot) is the sum of the deprotonation free

energy in the gas phase (ΔGgas
deprot) and the solvation free energy

contributions (ΔGsolv) from products (X−OH−, symbolized by
*, and H+) and reactant (X−H2O) in the deprotonation
reaction. In this calculation, we only take into account two
discrete end-point states in the gas phase, which are the
protonated (X−H2O) and deprotonated (X−OH−) active sites.
Thus, ΔGgas

deprot is given by the difference in free energies for
active-site product and reactant (Ggas* − Ggas). Since we
ultimately seek the relative deprotonation free energy between
mutant (MT) and wild type (WT) enzymes, ΔΔGenv

deprot =
ΔGenv

deprot (MT) − ΔGenv
deprot (WT) or the related ΔpKa (see eq

1), the solvation free energy of the proton in bulk liquid water
(ΔGsolv

H+ ranging from −265 to −251 kcal/mol), which is
challenging to compute,42,76 cancels out. Thus, we include only
contributions from the active site in the total solvation free
energy calculated for a single deprotonation reaction, ΔΔGsolv
= ΔGsolv* − ΔGsolv.
The starting structure of the wild type enzyme is taken from

the X-ray crystal structure of human carbonic anhydrase II
determined by Hakansson et al. at 1.54 Å resolution (PDB ID
2CBA).5 In the wild type enzyme, the active site consists of a
zinc ion (Zn 262), three histidine residues (His 94, His 96, and
His 119), and a water molecule (H2O 263). Only the active site
structure is under explicit consideration in gas phase
calculations due to the following reasons. First, deprotonation
occurs at the active site of the enzyme. Although the rest of the
protein also affects the pKa of the zinc-bound water, we assume
that details of the surroundings are not as crucial as for these
polar residues directly coordinating with zinc. Thus the
surrounding protein and solution environment will be
represented with a coarser continuum method that accounts
for electrostatic and long-ranged dispersive interactions with
the active site, as discussed below.
Second, we are computing the pKa change (ΔpKa) between

wild type and mutant enzymes. The mutations also occur at the
active site. For both wild type and mutant enzymes, we assume
the environment permits structural rearrangements of the active
site to achieve low energy conformations. This proposition is
supported by the observation that the predicted lowest energy
active site structure of the wild type enzyme closely matches the
crystal structure (as described below).
Lastly, DFT calculations are computationally demanding.

Taking into account more atoms requires more computational
resources, but is not necessarily needed. Prior tests of ion
solvation in water in fact confirmed that local application of
QM coupled to continuum descriptions of the environment can
be sufficient. Specifically, free energy calculations based on a
minimum energy QM description of an ion and its coordinating
ligands, coupled to a continuum model of the remaining
environment, gave nearly identical hydration free energies as
when based on a full ab initio molecular dynamics simulation.60

Comparison of predicted shifts in pKa values between wild type
and mutants with those measured by experiment help confirm
that these approximations are valid.
The active-site cluster is further simplified by truncating the

backbones of the histidines; hence, three ligands of zinc in the
active site become imidazole molecules. In the mutant clusters,
we replace one histidine with a negatively charged aspartic acid
molecule truncated to acetate anion. Truncation of the histidine
backbones is also performed in the mutant structures. The
PYMOL program77 is used to determine initial positions for
hydrogen atoms and the mutated residues based on the wild
type crystal structure.
A total of four types of inner-shell clusters representing

various active sites are constructed for the studies: wild type
(WT) protonated; wild type (WT) deprotonated; mutated
(MT) protonated; mutated (MT) deprotonated. To calculate
deprotonation free energy in the gas phase (ΔGgas

deprot), each
cluster is first energy-minimized with the hybrid B3LYP density
functional and the 6-311+G(2d,p) basis set using the Gaussian
09 quantum chemistry package.78 The choice of B3LYP/6-
311+G(2d,p) level of theory is based on its overall balance of
computational efficiency and accuracy.4,66 Single point energies
for the lowest energy structures are calculated in the same way.

Scheme 1
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Vibrational frequencies are evaluated to ensure that no
significant imaginary components exist, thus confirming that
the geometries are fully minimized in potential energy. The
frequency calculations also yield estimates of zero-point energy
(ZPE) and thermal corrections to the electronic energy
estimated at room temperature and standard pressure, 298.15
K and 1 atm.
The solvation free energies (ΔGsolv) are computed with the

APBS package79 by treating the system beyond the active site
clusters as a dielectric continuum. The calculation is done at
room temperature, 298.15 K. A dielectric constant of ε = 1 is
used for the solute, or active site cluster. To describe the
environment, we use ε = 40.0 to represent the collective
electrostatic contributions from both the surrounding protein
and solvent. According to Warshel et al., a continuum model
with dielectric constant value 40 is optimal to describe the
charge−charge interactions in proteins.80 By using a similar
dielectric constant, success has been achieved by Miscione et al.
in studies of proton transfer in carbonic anhydrase,52 the same
enzyme we investigate in this study. The number of grid points
per processor is set to 97 for each dimension. The atomic
charges for the solute clusters are determined by the ChelpG
scheme81 in the Gaussian quantum mechanics package78 at the
B3LYP/6-311+G(2d,p) level of theory. The atomic radii are
taken from the Amber force field with the exception of Zn(II),
which is set to 2.1 Å.82 The radius for the ion is determined by
the first peak of the experimental radial distribution of oxygen
atoms in zinc solvated by water.
The continuum calculations are also performed with a

polarizable continuum model83 as implemented in Gaussian 09
using the SMD solvation model.84 The SMD model is a novel
continuum solvation model based on the quantum mechanical
charge density of a solute molecule interacting with a
continuum description of the surrounding solvent. The UFF
(universal force field) radii set85 is used for all atoms except for
Zn(II), which again is given the radius of 2.1 Å. By default, the
Gaussian 09 program constructs the solute cavity using the
UFF radii, which places a sphere around each solute atom,
including hydrogen atoms, using radii scaled by a factor of 1.1.
To be consistent with APBS continuum calculations, the
dielectric constant for the environment is set to 40.0. The SMD
calculation is performed at standard temperature and pressure
by default. Optimization is followed by frequency calculation at
the level of B3LYP/6-311+G(2d,p). The SMD calculation gives
the total free energy of the cluster in aqueous phase, which is
the same as computing the free energy change described by the
red arrows in Scheme 1. Therefore there is no need to calculate
the solvation free energies and gas phase free energies
separately. Hence, the deprotonation free energy in the
environment is just the difference of the aqueous phase free
energies from the SMD calculations. Note that the proton
solvation free energy (ΔGsolv

H+ ) drops out when calculating the
relative pKa values for wild type and mutated enzymes.
The atomic partial charges of the active site complexes are

determined with the AIMALL package,86 which calculates the
atomic charges based on Bader’s quantum theory of atoms in
molecules technique (QTAIM).87 The dipole moment (μ) of
the active-site water molecule in each complex is estimated by
summing up all the atomic dipole moments from the AIMALL
calculation. In the atoms in molecules methodology, the
molecular dipole moment consists of two components: a fixed
charge component, based on the atomic partial charges, and a
polarization component. We are using the dipole moment as an

indicator of the amount of polarization in the zinc-bound water
and hydroxide. The experimental measurements for the dipole
moments of water and hydroxide molecules in gas phase are
1.85 D and 1.66 D, respectively.88 The dipole moments are
slightly overestimated by the B3LYP/6-311+G(2d,p) calcu-
lation, giving 2.08 D for H2O and 1.71 D for OH−.

■ RESULTS AND DISCUSSION
pKa of Zinc-Bound Water. As mentioned above, pKa shifts

of the zinc-bound water corresponding to His/Asp mutations
were determined experimentally by Kiefer and Fierke.29 Two
CA II variants were examined: H94D and H119D (see Figure 2

for positions of the three histidines at the active site of the
native enzyme). In our calculations, we estimate the pKa change
by mutating one histidine at a time for all three histidines at the
active site (His94, His96, and His119). The results obtained are
summarized in Table 1.

The relative shifts in pKa from experiments based on mutants
H94D and H119D are 2.8 and 1.8, with H94D causing a larger
change in pKa. These values are well reproduced by our
calculations (2.78 and 2.03). While the change in pKa for the
H96D mutation has not been determined experimentally, the
same computational method predicts a shift of 3.52, the largest
change of all the mutants. On the basis of the agreement with
experiment found for the other mutants, this prediction should
be reasonably accurate. Not surprisingly, all His/Asp mutations

Figure 2. Superposition of cluster structures in the zinc-centered active
site of carbonic anhydrase II, including the crystal structure (opaque),
optimized protonated structure (transparent, tan), and optimized
deprotonated structure (transparent, pink). Hydrogen atoms are
hidden for clearer illustration.

Table 1. Free Energy Components of pKa Calculations for
Wild Type and Mutant CA IIa

CA II ΔGgas
deprot ΔΔGsolv ΔΔGenv

deprotc ΔpKa exp

WT 181.93 103.48
H119D 262.94 25.26 2.79 2.03 1.8b

H94D 261.39 27.84 3.82 2.78 2.8b

H96D 261.05 29.19 4.83 3.52
aFree energy unit is kcal/mol. bExperimental data from ref 29. pKa
values for wild type and variant CA II were estimated by measuring the
pH-dependence of the esterase activity of the enzyme. cDeprotonation
free energy difference between mutant and native enzyme.
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of the zinc coordinating ligands do indeed increase the pKa of
zinc-bound water from its value of 6.8 in the wild type enzyme.
In other words, the mutations destabilize deprotonation of the
zinc-bound water, which in turn impedes CO2 capture by the
enzyme. It is also worth noting that mutations at different
positions result in different increases in pKa, with the order
being H96D > H94D > H119D. We will explore the possible
reasons causing this functional asymmetry in the following
discussion.
As pointed out earlier, the pKa value is converted from

differences in deprotonation free energies in wild type and
mutant enzymes based on eq 2. The deprotonation free energy
is composed of the free energy change for deprotonation of the
active site cluster in gas phase (ΔGgas

deprot) and solvation of
products and reactants (ΔΔGsolv) in the deprotonation reaction
due to interactions with the environment (listed in Table 1).
The deprotonation reaction not only destabilizes the active site
cluster in gas phase, but also yields an overall unfavorable
solvation of deprotonated versus protonated states. Note that
the proton has been omitted from the calculations due to
cancellation when calculating free energy differences between
wild type and mutant enzymes. Since the solvation free energy
of a proton is roughly ΔGsolv

H+ = −250 kcal/mol, the total
solvation free energy of a single deprotonation reaction
(ΔΔGsolv) would be favorable for the mutants and the wild
type if ΔGsolv

H+ were included. The contribution of proton
solvation does not change the overall relative deprotonation
free energy between wild type and mutant enzymes tabulated in
Table 1. While the gas phase component is comparable to the
solvation contribution in the wild type enzyme, the gas phase
contribution dominates in deprotonation free energy for all the
mutant enzymes due mainly to unfavorable enthalpy changes.
On the basis of the agreement between our calculation and

experimental measurements for the pKa values, we believe the
simple continuum model with ε = 40 is sufficient to take into
account the simultaneous presence of the remainder of the
protein and solvent. To be noted, a paper published recently by
Rao et al. compared metal binding affinity to a protein
computed with QM/continuum and QM/MM methods.89 As
their calculations show, the solvation contribution estimated
with higher dielectric constant in the QM/continuum method
tends to yield better agreement with QM/MM methods, which
also corroborates the possibility of reproducing experimental
data with the ideal choice of dielectric constant.
For comparison, the pKa shifts are also calculated using the

SMD solvation model. The ΔpKa values estimated with this
approach are 5.91, 8.15, and 9.28 for H94D, H119D, and
H96D, respectively. While the pKa shifts are well reproduced by
the DFT+APBS method, the SMD polarizable continuum
model performs less well. The discrepancy between the two
strategies possibly comes from the following: (1) the different
treatments of the solvation contribution; (2) the different
choices of solute charges and radii; (3) the slightly different
cluster structures (the cluster structures taken from gas phase
optimization are optimized again in the SMD approach).
Challenges in predicting accurate metal−ligand interactions
energies using the SMD solvation model, especially in the
presence of anionic ligands, have been described elsewhere.90

Structural Analysis. The crystal structure of the active site
of CA II is shown in Figure 2 together with the optimized
protonated and deprotonated clusters. It is worth noting that
His119 and His94 form two stabilizing hydrogen bonds with
pairs of O−HN interactions in the backbones, whereas His96

sits alone on the opposing side of the active site. Since the
cluster model was simplified by truncating the backbones, the
hydrogen bonding restraint on His96 no longer exists. Thus the
optimized structures of protonated and deprotonated states of
the active site for the imidazole models deviate from the
original histidine crystal structure slightly, whereas the positions
of the imidazole nitrogen atoms that coordinate Zn(II) occupy
nearly the same positions. Interestingly, both His94 and His96
are in the same form with the protons on the epsilon nitrogen;
however, His119 is in the form with the proton on the delta
nitrogen. In other words, the zinc ion coordinates with two
epsilon nitrogens (from His94 and His96) and one delta
nitrogen (from His 119). This adds to the overall asymmetric
structure of the cluster, which in part explains the distinct pKa
shift by His/Asp mutations at different locations (94 or 96
versus 119).
We examine the zinc binding site structure by measuring the

distance between the zinc ion and its four ligands (Table 2).

The optimized structures are in good alignment with the crystal
structure (root-mean-square deviation, or rmsd, less than 1.3
Å). As displayed in Figure 2, the tetrahedral structure is fairly
well maintained after optimization with ligand-ion-ligand angles
all around 110 degrees (measured using the coordinating atoms
and the Molden visualization package91). The data in Table 2
indicate that the three imidazoles are drawn slightly (less than
5%) toward the zinc ion in both protonated and deprotonated
states, with the deprotonated state a little expanded compared
to the protonated state. The water and hydroxide ion, however,
show opposite behaviors after optimization: the water from the
protonated state is pushed out further and the hydroxide from
the deprotonated state pulled closer. Hydroxide ion approaches
zinc more closely than the water molecule in part because OH−

is less bulky than the water. Additionally, the strong
electrostatic attraction between the negative charge on
hydroxide and the positively charged zinc ion accounts for
the closer interaction. Note that the zinc-bound water in the
crystal structure is expected to be in the deprotonated state,
which corresponds with the closer approaches of the hydroxide
ion compared to imidazole and histidine nitrogens in both
crystal and model structures (see Table 2).
In the mutated active sites, the structural changes due to the

replacement of one histidine (imidazole) by an aspartate
(acetate) are of particular interest because we are studying the
effect of mutation on the pKa change. In principle, acetate may
offer two oxygen atoms to coordinate with the zinc ion, thus
increasing coordination of zinc from 4- to 5-fold. As seen in
Figure 3, however, acetate does not act as a bidentate ligand
except for the H94D mutant. Acetate offers only one oxygen
atom to the zinc ion in the cases of H96D and H119D. When
the acetate is monodentate, the other oxygen atom either
hydrogen bonds with the hydrogen atom of water (protonated

Table 2. Distances between Zn(II) and Its Four Ligands,
Including Three Nitrogen Atoms from the Imidazoles and
One Water Oxygen Atom for the Crystal Structure and
Optimized Protonated and Deprotonated Structuresa

(Å) Zn−Nδ119 Zn−Nε94 Zn−Nε96 Zn−Ow

crystal 2.11 2.10 2.12 2.05
protonated 2.00 2.00 2.02 2.16
deprotonated 2.07 2.05 2.07 1.88

aNumbers are in units of Å.
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state) or does not interact with any atom (deprotonated state).
The water molecule essentially competes with the Zn(II) for
ligation with the acetate molecule.
Coordination of zinc ion is flexible.98 In bulk water, 6-fold

coordination of Zn(II) is reported.66,82 Although four-
coordinate zinc complexes are more commonly seen in zinc
proteins,92 there is strong crystallographic and spectroscopic
evidence showing that the binding of certain bidentate ligands
to zinc is five-coordinate.93,94 For example, carboxy-peptidase A
(CPA) is a homologue of CA II. At its zinc binding site, the
cation is found to be ligated by His69, His196, Glu172, and a
water molecule (Figure 4). The Glu172 is bidentate and thus
the zinc complex is five-coordinate. Although the detailed
catalytic mechanism of carbonic anhydrase still remains unclear,
consensus has been reached that the zinc-centered transition
state with bicarbonate is five-coordinate.7,95 Therefore, it is not
unexpected that both 4-fold and 5-fold coordination are
observed in the CA II aspartic acid mutants. Distances between
Zn(II) and its ligands for the mutants are summarized in Table
3.
Similar to the wild type enzyme, the hydroxide anion of the

deprotonated state is located closer to zinc than the water
molecule of the protonated state in every mutant. Furthermore,
imidazole groups expand slightly in the deprotonated states of
the mutants, just as they did in the wild type. The distance
between Zn(II) and the monodentate acetate (H96D and
H119D) is shorter than that between Zn(II) and the bidentate
acetate (H94D, protonated). This is likely due to steric effects

because a bidentate ligand takes up more space in the
coordination volume than a monodentate ligand. After
deprotonation, the bidentate acetate ligand becomes mono-
dentate (H94D) and contracts to a position closer to Zn(II),
while the monodentate acetate ligands (H119D, H96D) stay
about the same distance from zinc. All acetate ligands in the
deprotonated states approach Zn(II) more closely than the
imidazole groups, but not as close as hydroxide. This reflects
strong electrostatic interactions between negatively and
positively charged ions, and the differences in size between
acetate and hydroxide ions.
The molecular structure of the zinc-bound water is also

affected by the mutations (Table 4). The average experimental

Figure 3. Partial structure of the zinc binding site, including Zn(II)
(gray), acetate, and water/hydroxide. The protonated state is
represented by tan, and the deprotonated state is represented by
pink. Dashed lines connect Zn(II) and coordinating oxygens (see
Table 3), and the hydrogen of water to oxygens of acetate within
hydrogen bond distance (1.44 Å for H119D, 1.49 Å for H96D). (a)
H119D; (b) H94D; (c) H96D.

Figure 4. Five-coordinate active site crystal structure of carboxy-
peptidase (PDB ID 5CPA). The residues are truncated in the same
way as in the CA II system: histidine is represented by imidazole,
glutamic acid by acetate. Distances between Zn(II) and its five ligating
atoms are labeled (Å).

Table 3. Distances between Zinc Ion and Its Coordinating
Ligands Measured from the Mutant Active Site Complex
after Optimization (units of Å)a

Zn-119 Zn-94 Zn-96 Zn−Ow

H119D 1.95/3.09 2.02 2.01 2.05
1.96 2.11 2.13 1.89

H94D 2.02 2.07/2.16 2.04 2.26
2.12 1.99 2.16 1.87

H96D 2.01 2.01 1.95/3.08 2.05
2.12 2.08 1.96 1.90

aFor each mutant, the top row describes the protonated complex and
the bottom row, the deprotonated complex. Note that acetate ligands
provide only one coordinating oxygen to zinc in H96D and H119D
mutants and in the deprotonated state of H94D mutant.

Table 4. Structural Properties of the Zinc-Bound Water
Molecule in Bulk Water and in Wild Type and Mutant CA
IIa

H−O−H angle O−H bond1 O−H bond2

BULK 104.5 0.96 0.96
WT 107.0 0.97 0.97
H119D 108.7 1.06 0.96
H94D 106.9 0.97 0.96
H96D 108.7 1.05 0.96

aAngles in degrees and bond lengths in Å.
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H−O−H angle of water in bulk is 104.5° and the O−H bond
length is 0.96 Å. In the context of the optimized structure of the
zinc-centered active site in wild type CA II, the water structure
is slightly expanded, with the bond length stretched by 1%
(0.01 Å) and the H−O−H angle increased by 2% (2.5 deg). In
the five-coordinate H94D mutant, acetate coordinates zinc as a
bidentate ligand and thus does not interact with the water
ligand. Consequently the zinc-bound water structure in the
H94D mutant closely resembles the wild type. In contrast,
hydrogen-bonding between water and acetate in mutants with
4-coordinate ligation of Zn(II) (H96D and H119D) disrupts
the structural symmetry of the zinc-bound water. Specifically,
the water angle expands another 2 degrees to 108.7°, giving a
4% increase compared to bulk water, and the O−H bond closer
to the acetate oxygen atom (bond1) lengthens 10% compared
to the other O−H bond. The 0.1-Å extension of a single O−H
bond is clearly related to the strong hydrogen-bond interaction
with the acetate ligand. These structural changes in zinc-bound
water correlate with calculated shifts in the water dipole
moment, as described in the next section (see Table 5).
Electrostatics Properties. According to Christianson and

Fierke,96 the pKa change due to mutations at the active site of
the enzyme is a sensitive indicator of changes in the
electrostatic environment of Zn(II). Table 5 summarizes the
charges of zinc ion and its ligands in wild type and mutant
clusters. With substitution of negatively charged aspartate
ligands in place of neutral imidazole ligands, the partial charges
on zinc and its coordinating ligands shift. Specifically, the partial
positive charge on zinc ion is slightly smaller in the wild type
than in the mutant cluster by roughly 2.3% in both protonated
and deprotonated states. Moreover, the charge of zinc ion
shows a mild decrease from the protonated (H2O) to the
deprotonated state (OH−) by less than 1.6% for all complexes.
The partial charge on the oxygen atom of the water molecule is
systematically less negative than that of the corresponding
hydroxide anion. The molecular charges of the ligands,
including water/hydroxide and imidazole, are nearly all lower
(either less positive or more negative) in the mutant complexes
compared to the wild type complex. This is because the overall
charge of the mutant complex is lower than the wild type by 1
unit of charge. This difference of 1 unit charge is distributed
over the entire complex, which in turn reduces the charges of all
ligands in the mutant complexes. These observations are in
reasonable agreement with Bertini’s ab initio calculations97 in
which the pKa of the enzyme is found to be partially
determined by electronic properties of the metal complex.

Deprotonation results in different shifts in net molecular
charge on the acetate ligand of the mutant complexes,
depending on the substitution site. The acetate molecule is
more negatively charged in the deprotonated compared to
protonated state in all three mutants. The shift of the molecular
charge of acetate in the deprotonation reaction shows the
following trend: H119D > H94D > H96D. This trend in
diminishing change in the acetate charge correlates with the
trend in increasing pKa shift (H119D < H94D < H96D).
Not surprisingly, the dipole moments of the water/hydroxide

in the enzyme active site fluctuate around the calculated gas-
phase values of 2.08/1.71 D. The variation in dipole moment of
water/hydroxide is a result of differences in electronic
interactions for each active-site complex, which influence the
pKa shifts. To be more specific, the structure of zinc-bound
water in mutant H94D closely resembles the bound water in
the wild type complex in terms of angle and bond length.
Furthermore, partial charges of the coordinating oxygen for
water in the H94D mutant and wild type complex are similar.
Consequently, the dipole moment of the zinc-bound water in
H94D and wild type are similar, with values slightly smaller
than gas phase water (2.06 and 1.92 D, respectively). In
contrast, the structure of the zinc-bound water in H96D and
H119D mutants is somewhat distorted compared to gas phase
water while the partial charges on the coordinating water
oxygens are enhanced to more negative values (−1.20 au in
mutants vs −1.08 in gas phase). This correlates with smaller
water dipole moments in these mutants (1.7 D) compared to
gas phase water. In the more crowded five-coordinate
protonated mutant, H94D, the zinc-bound water is pushed
away from zinc ion by roughly 0.1 Å. On the contrary, the water
molecules in both four-coordinate H96D and H119D mutants
occupy closer positions to the metal than in the wild type,
which presumably relates to the more negative partial charge on
the coordinating oxygen atoms of water in these mutants
compared to wild type.
The shift in dipole moment of zinc-bound water during

deprotonation of water to hydroxide ion is the most relevant
property to understanding pKa shifts. In the wild type enzyme,
OH− is less polarized than H2O by 0.56 D, which mimics the
behavior in the gas phase. In the mutant enzymes, on the
contrary, OH− tends to have a bigger dipole than H2O except
for mutant H119D. In the H119 mutant, the dipole is roughly
the same for the zinc-bound water before and after the
deprotonation reaction. To summarize, these shifts in dipole
moment of zinc-bound water upon deprotonation, Δμ, show

Table 5. Charge Distributions Derived from AIMALL for the Active Site Systems of Wild Type and Mutant Enzymesa

Zn Ow Wat His Asp μ(Debye) Δμ(Debye)

WT(H2O) 1.269 −1.148 0.072 0.226 1.915 −0.559
WT(OH−) 1.251 −1.231 −0.716 0.155 1.356
119(H2O) 1.299 −1.199 0.014 0.190 −0.695 1.704 −0.036
119(OH−) 1.288 −1.231 −0.726 0.117 −0.796 1.669
94(H2O) 1.303 −1.135 0.051 0.186 −0.727 2.060 0.605
94(OH−) 1.284 −1.212 −0.712 0.115 −0.801 2.664
96(H2O) 1.296 −1.198 0.018 0.191 −0.701 1.659 0.658
96(OH−) 1.289 −1.233 −0.733 0.121 −0.733 2.316

aThe first column describes the CA II enzyme, the second and third columns give the partial charges on Zn and the oxygen of water/hydroxide. The
fourth column (labeled “Wat”) is the total charge of the water/hydroxide molecule. The fifth column is the average charge of the imidazole ligands
and the sixth column is the charge of the acetate ligand in the mutant complexes. The molecular dipole moment of the zinc-bound water/hydroxide
molecule and the dipole change upon deprotonation for each species are also listed in the seventh and eighth columns, respectively (Debye). Charge
is in atomic units (a.u.).
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the following trend: H119D < H94D < H96D. This ordering
pattern agrees exactly with the trend observed earlier in ΔpKa
values (Table 1). This correlation suggests that the dipole
moment change in zinc-bound water due to deprotonation is a
direct indicator of the pKa change. In other words, the increase
in pKa with His → Asp mutations applied to specific residues in
the carbonic anhydrase II active site may be a consequence of
more positive changes in dipole moment in the deprotonation
reaction from zinc-bound H2O to OH−.
To gain further insight about the catalytic mechanism of

carbonic anhydrase, future work will include predicting pKa
shifts due to mutations of active site residues further from the
zinc center, investigating the effect of salt concentration and
metal substitution on the enzymatic activity, and including
dynamical information available from ab initio molecular
dynamics simulations. The same computational methodology
potentially can be used to study the pKa shifts in other
metalloenzymes as well.

■ CONCLUSION
Carbonic anhydrase II is one of the most efficient enzymes in
nature. CA II converts CO2 gas into water-soluble bicarbonate
ion. The reaction rate is governed by the pKa of the zinc-bound
water in the active site because deprotonation of that water is
the rate-limiting step of the catalytic reaction. Experiments have
shown that mutation of the direct ligands of zinc, in which one
histidine is replaced with a negatively charged aspartic acid,
raises the pKa of that particular water molecule, which in turn
impedes the activity of the enzyme. In this study we estimated
the pKa shifts due to mutations at the active site of CA II and
investigated changes in structural and electrostatic properties
associated with the shifts. We used density functional theory to
model the active site as a cluster and a dielectric continuum
model to treat the surrounding protein and solvent environ-
ment.
The pKa predictions using this combined approach agreed

well with experimental measurements for His/Asp mutations
applied to residues 119 and 94. Specifically, these mutations
increased the pKa of zinc-bound water. Prediction of the pKa
shift in the experimentally unmeasured H96D mutant produced
this overall asymmetric trend: H119D < H94D < H96D.
Decomposition of the free energy difference between mutant
and wild type enzymes showed that the increase in pKa of the
mutants is associated with large unfavorable enthalpy changes
in gas phase deprotonation reactions.
To gain insight into the source of the pKa shifts and their

asymmetry, we compared the structural properties of wild type
and mutant zinc clusters. Histidine ligands in the active site, and
the imidazole molecules used to model them, naturally possess
asymmetry in terms of the groups that coordinate zinc. H119
coordinates zinc with the delta nitrogen while H94/H96
coordinates with the epsilon nitrogen. Furthermore, mutations
of imidazole to aspartate in the active site affect the
coordination structure between zinc ion and its ligands, with
H94D producing a 5-fold coordination structure around zinc.
Mutations at different positions also induce variations in the
structure of the zinc-bound water, including the coordination
number and lowest energy conformation. These shifts in active
site structure help explain why the same type of mutation
applied to different residues results in different pKa changes.
Finally, we carried out an electrostatics analysis to obtain

more insights into the pKa changes due to the mutations. In
particular, the partial charges of the oxygen atom of the zinc-

bound water/hydroxide and zinc ion were computed based on
QTAIM theory. Although the atomic charges do not change by
a large amount, the variation in the electrostatic environment
due to mutation is significant enough to affect the pKa of the
zinc-bound water. We also found a correlation between the
electrostatics, including charges and dipoles of the zinc ligands,
and the pKa shift. On one hand, the change in partial negative
charge of the ligating acetate molecule shows trends in
diminishing negative charge that follows the trend in increasing
shifts in pKa. On the other hand, the dipole moment change of
the zinc-bound water during deprotonation is correlated with
the pKa shift due to mutation. Specifically, increasing shifts in
pKa to less favorable values for deprotonation correspond to
enhanced dipole moments of the zinc-bound water upon
deprotonation.
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