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Abstract
Human carbonic anhydrase II (HCA II), among the fastest enzymes known, catalyzes the reversible
hydration of CO2 to . The rate-limiting step of this reaction is believed to be the formation of
an intramolecular water wire and transfer of a proton across the active site cavity from a zinc-bound
solvent to a proton shuttling residue (His64). X-ray crystallographic studies have shown this
intramolecular water wire to be directly stabilized through hydrogen bonds via a small well-defined
set of amino acids, namely, Tyr7, Asn62, Asn67, Thr199, and Thr200. Furthermore, X-ray
crystallographic and kinetic studies have shown that the mutation of tyrosine 7 to phenylalanine,
Y7F HCA II, has the effect of increasing the proton transfer rate by 7-fold in the dehydration direction
of the enzyme reaction compared to wild-type (WT). This increase in the proton transfer rate is
postulated to be linked to the formation of a more directional, less branched, water wire. To evaluate
this proposal, molecular dynamics simulations have been employed to study water wire formation
in both the WT and Y7F HCA II mutant. These studies reveal that the Y7F mutant enhances the
probability of forming small water wires and significantly extends the water wire lifetime, which
may account for the elevated proton transfer seen in the Y7F mutant. Correlation analysis of the
enzyme and intramolecular water wire indicates that the Y7F mutant significantly alters the
interaction of the active site waters with the enzyme while occupancy data of the water oxygens
reveals that the Y7F mutant stabilizes the intramolecular water wire in a manner that maximizes
smaller water wire formation. This increase in the number of smaller water wires is likely to elevate
the catalytic turnover of an already very efficient enzyme.

1. Introduction
Many biologically relevant enzymes catalyze proton transfer (PT) reactions, yet few are as fast
and efficient or have been as extensively characterized as carbonic anhydrase (CA).1-18 CA
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catalyzes the interconversion of carbon dioxide to bicarbonate and an excess proton at a rate
near the diffusion controlled limit (Equation 1).2,19-21

(1)

Ubiquitous in nature, CA is responsible for CO2 transport and the regulation of pH in biological
life from bacterial organisms to plants and animals. The PT event in HCA II is unique in that
it represents the boundary between proton “transfer”, the proton exchange between a single
donor and acceptor group, and proton “transport”, the proton exchange through several water
molecules via Grotthuss shuttling.14,22-24 The PT event in CA is believed to proceed by
means of an enzyme stabilized intramolecular water wire. Understanding how CA facilitates
the formation of this intramolecular water wire and the stabilization of the PT event will also
offer insight into the fundamental nature of PT in biological systems.

Human carbonic anhydrase II (HCA II) is among the fastest of the expressed catalytically active
CA isozymes which together are fundamental to CO2 transport, fluid and acid secretion and
pH buffering in physiology.25,26 The rate-limiting step in HCA II's efficient catalysis, at high
buffer concentrations, is the PT between the zinc-bound water/hydroxide and His64, which is
connected through an intramolecular water wire spanning 8−10 Å.6,19,27 The rate-limiting
step is one of the two distinctly separate steps involved in HCA II's catalysis, which is described
by ping-pong kinetics. The initial step in the hydration direction, involves the nucleophilic
attack of the zinc-bound hydroxide by the carbonyl carbon of CO2, generating a bicarbonate
ion (Equation 2).

(2)

The subsequent step (Equation 3) involves the PT between the zinc-bound water and an
exogenous buffer, thereby regenerating the initial zinc-bound hydroxide species and priming
the catalytic cycle.4,19,28,29

(3)

The PT event in HCA II between the zinc-bound solvent and the exogenous buffer can be
subdivided into two PT events. The first of these PT events is from the zinc-bound solvent to
His64 (Equation 4) and the second is the PT event from the protonated His64 to an exogenous
buffer (denoted as B in Equation 5).

(4)

(5)

Which of these two events is the rate-limiting step depends on the exogenous buffer
concentration. When the exogenous buffer concentration is high the rate limiting step is given
by equation 4 where the PT event is between the zinc-bound solvent and His64 by means of
the intramolecular water wire. 30 Conversely when the exogenous buffer concentration is low
the rate-limiting step is given by equation 5 where the PT event is between the protonated
His64 and an exogenous buffer.2 His64 is believed to be the proton acceptor/donor in equations
4 and 5 based on mutation studies showing that when His64 has been mutated to an alanine
(H64A HCA II) this leads to a significant reduction in the catalytic turnover, kcat , for the
hydration of CO2.31,32 In the case where the exogenous buffer concentration is not the limiting
factor the role of the intramolecular water wire and the orientation of His64 becomes paramount
in understanding the PT event. Numerous experimental and theoretical studies have focused
on the nature of the intramolecular water wire and a consensus has been reached that two to
four water molecules are involved.5,6,9,33-37 Several residues including Tyr7, Asn62, Asn67,
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Thr199, and Thr200 are believed to stabilize the intramolecular water wire. Therefore, a
mutation of any of these critical amino acids is believed to influence the observed rate of PT.

It is of note that recent theoretical simulations using the SCC-DFTB semiempirical
method37,38 have suggested that hydroxide transport and not the transport of an excess proton
is fundamental to the rate limiting reaction in HCA II.39,40 These simulations have also
theorized that the orientation of His64 and the intramolecular water wire are not important in
the rate limiting step of catalysis. These theoretical simulations propose a new mechanistic
interpretation to the rate limiting step yet; they do not disprove the standard Grotthuss proton
hopping mechanism. While the intramolecular water wire may not be the only limiting factor
in the PT event it is clearly crucial to the standard Grotthuss hopping mechanism. In addition
to the pKa change between the donor/acceptor (diabatic free energy difference between the
donor/acceptor) the orientation of His64 and the direct effect of His64 on the distribution/
stabilization of water wire sizes/lifetimes in the active site are likely to be fundamental to the
rate limiting PT event in HCA II.12,41

This work presents classical molecular dynamics (MD) simulations of the fully solvated wild
type (WT) HCA II and mutant tyrosine 7 to phenylalanine (Y7F HCA II, PDB accession #
2NXR)1. From X-ray crystallographic studies and MD simulations of WT HCA II it has been
postulated that Tyr7 is important in stabilizing the W3a water in the observed ordered
intramolecular water wire of the active site cavity (Figure 1).9,12 Due to the proximity of Tyr7
to His64 the effect of the Y7F mutation on the intramolecular water wire, correlated system
movements, and the orientation of His64 were investigated. Correlated motion analysis is
effective at indicating long range interactions and regions of coupling in the enzyme. These
correlated motions are believed to be mediated by hydrogen bonds and changes in the correlated
motions often reflect alterations in hydrogen bonding patterns.42 In this study, correlated
motions of the active site waters and enzyme residues indicate persistent hydrogen bonding
patterns. Thus, changes in correlated motions reveal rearrangements of the hydrogen bonded
networks in the active site. Correlation and other analyses of the proton acceptor (His64) and
the intramolecular water wire also provide insight into the catalytic process in the WT and Y7F
mutant. As in our previous investigation of His64 orientation12, the simulations presented here
will include the hydration direction (zinc-bound water and neutral His64) and the dehydration
direction (zinc-bound hydroxide and protonated His64) with His64 in both the “in” and “out”
orientations.

2. Methodology
Molecular Dynamics Simulations (MD)

To evaluate the effect of the zinc-bound water/hydroxide on the active site of HCA II several
systems representing the hydration of CO2 and the dehydration of  were created. The
first system contains a zinc-bound water and an unprotonated His64 (ZnH2O2+-His) and was
modeled with His64 in both the “in” and “out” orientations while the second system contains
a zinc-bound hydroxide and a protonated His64 (ZnOH+-HisH+) and was modeled with His64
in the “out” position only. The “in” and “out” positions were selected for the ZnH2O2+-His
system based on the dual occupancy of the histidine residue as seen in X-ray experiments and
MD simulations.9,12,41 The ZnOH+-HisH+ system was modeled with His64 in the “out”
orientation only, based on recent computational evidence that the ZnOH+-HisH+ system
predominantly adopts the “out” orientation and due to several independent “in” oriented
simulations spontaneously converting to the “out” orientation.12,15,43 To evaluate the effect
of residue 7 on the stabilization of the intramolecular water wire, the ZnH2O2+-His and
ZnOH+-HisH+ systems were created for the WT and the Y7F mutant of HCA II. The 1.54 Å
resolution X-ray structure9 (Protein Data Bank reference 2CBA) was used for the initial
coordinates of the WT simulations. The Y7F mutant was created by using the Swiss-PDB
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Viewer44 to mutate Tyr7 to Phe7 and to subsequently adjust Phe7 to the most appropriate
rotamer. The WT and Y7F mutant of HCA II along with the 220 X-ray waters were then
solvated in a cubic box (L ≈ 75 Å) of modified TIP3P water.45 The parm9946 force field was
used to describe the enzyme while the zinc active site was described by the parameters used
in an earlier publication.12 All systems were equilibrated for 250 ps in the constant NVE
ensemble followed by 1.25 ns in the constant NPT ensemble.47 The “out” orientations were
created in the initial 250 ps of the constant NPT simulations by placing a harmonic restraint
on the distance between the zinc and the Nδ of His64 using a spring force constant of 40 kcal
mole−1 Å−2. After the equilibration phase was completed, a data collection phase consisting
of 2.0 ns was conducted in the constant NVT ensemble which was used to determine water
occupancy in the active site as well as correlated movements of the WT and Y7F mutant.47
All simulations used periodic boundary conditions with long-range Coulombic interactions
calculated by particle mesh Ewald summation, while short-ranged non-bonded interactions
and forces were subjected to a 10 Å cutoff.48 Simulations were conducted at 298.15 K and
used an MD time integration step within the leap-frog Verlet integrator of 0.5 fs. During the
constant NPT ensemble the simulations were run at 1 atm, while all simulations used Langevin
dynamics for the thermostat.

Correlation Analysis
To determine which water positions in the active site are most stable over the course of the
trajectories, the trajectories were first centered and rms fitted to the average configuration and
then the volmap tool in VMD49 was used to generate the average occupancy of the water
oxygens in the active site. The water positions that were stable for over 75% of the trajectories
were used to determine which waters would subsequently be used for correlation analysis.50
The water in each trajectory frame that was closest to the conserved water position (75%
occupancy) was selected. Each residue in the protein was mapped to one site, at its center of
mass, and the mass-weighted correlation of the movement of these points with the movement
of the water oxygens, selected above, was calculated using the AMBER 8 program, yielding
a mass weighted correlation matrix51

Water Wire Analysis
In addition to the previous simulations an additional independent set of simulations were
created which were used to analyze water wire properties such as water wire size and lifetime
in the WT and Y7F mutant. The independent simulations were created by using the final
structures from the data collection period from the first set of simulations. The structures were
then re-equilibrated using the same protocol described above followed by a data collection
phase of 2.5 ns conducted in the constant NVT ensemble. The data collection phase was then
analyzed for continuous water wires connecting either the zinc-bound water to His64 or
connecting His64H+ to the zinc-bound hydroxide. A water wire is defined as a continuously
hydrogen bonded network of waters that has the donating and accepting oxygens within 3.5
Å, the acceptor oxygen and donating oxygen's hydrogen within 2.5 Å, and an angle of less than
120° between the donating oxygen-donating hydrogen vector and the donating oxygen-
accepting oxygen vector.

Umbrella Sampling Simulation
The use of biased sampling procedures such as umbrella sampling allow for the analysis of
fundamental processes that have barriers larger than kBT. The rotation of His64 between the
“in” to “out” orientation, which is believed to be critical to the overall proton transport process
of HCA II, is one such process.12 To sample the rotation of His64 about the χ1 dihedral (N-
Cα-Cβ-Cγ) 30 umbrella windows of the form
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(6)

were used to restrain sampling of the dihedral angle. A dihedral force constant of 40 kcal
mol−1 rad−2, kn, was placed equidistantly over the range of  = −65° to 80° to enhance
sampling. The biased sampling data was then recombined using the weighted histogram
analysis method (WHAM) to generate a continuous free energy plot of the rotation of His64
about the χ1 dihedral.52,53 Each umbrella window was equilibrated for 500 ps followed by a
data collection period of 2 ns in the constant NVT ensemble. The MD time integration step
within the leap-frog Verlet integrator was set to 1 fs for all umbrella windows. Convergence
of the resulting potential of mean force (PMF) was achieved when the a PMF calculated with
the first half and second half of the data possessed differences ≤ 0.25 kcal/mole, and the error
determined by the Monte Carlo bootstrap error analysis was relatively small, ≤ 0.1 kcal/mole.

3. Results and Discussion
The effect of mutating residue 7, Y7F, from an amino acid that participates in the hydrogen
bonding intramolecular water wire to an amino acid that does not participate has significant
effects on the catalytic ability of HCA II as seen by experimental data.1 To understand the
effect of the Y7F mutation on catalysis an extensive analysis of the intramolecular water wire
and the orientation of His64 was conducted for both the WT HCA II and the Y7F mutant. The
distribution, probability of formation, and the lifetime of the intramolecular water wire were
analyzed to understanding how HCA II utilizes the intramolecular water wire for the PT event.
In addition to these properties the spatial occupancy of water wire oxygens and their correlated
movements with respect to each other and with the enzyme were investigated to understand
how the WT and Y7F mutant stabilize their respective intramolecular water wires. Theoretical
studies on PT through water wires of different sizes indicate that smaller water wires transport
protons more efficiently.36 Therefore, focusing analysis on relatively small water clusters
should prove insightful when evaluating the impact of mutations on the intramolecular water
wire.

Probability and Lifetime of the Intramolecular Water Wire
Non-biased MD simulations were analyzed for continuous hydrogen bonding water wires that
would allow for the transport of an excess proton from the zinc-bound water to the unprotonated
Nδ of His64 for the ZnH2O2+-His system or the transport of an excess proton from the
protonated Nδ of His64 to the zinc-bound hydroxide in the ZnOH+-HisH+ system. The water
wire analysis was conducted for both the WT and Y7F simulations. In all cases the cluster size
includes the zinc-bound water/hydroxide. After the average probability of forming a
continuous hydrogen bonded water wire was evaluated (Supplemental Figure 1) the data was
further analyzed for the distribution of the smallest water cluster size given that a continuous
hydrogen bonded water wire existed. The smallest water cluster distribution was chosen for
evaluation because it is believed that the smaller water wires are more conducive to PT. In
addition this analysis eliminates the counting of multiple water wires of the same size at a given
point in time.

The average probability for the smallest continuous hydrogen bonded water wires in the active
site for the ZnH2O2+-His and ZnOH2+-HisH+ systems for both the WT and Y7F mutant are
found in Figure 2. When evaluating water cluster sizes there is an important distinction between
water clusters of size 3 and those that are larger than size 3. The water cluster size of 3 is unique
in that it represents an un-branched water wire connecting the donating zinc-bound water to
the accepting Nδ of His64. It is possible that a water cluster of size 3 will proceed in a concerted
fashion that is almost barrier-less. Water wires of sizes greater than 3 represent clusters that
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may possess branching and therefore could exhibit an Eigen cation, H9O4
+, in the water cluster,

which has been shown to elevate the proton transport (PT) barrier when compared to smaller
un-branched water wires.36 In the Y7F's ZnH2O2+-His system with His64 in the “in”
orientation the dominant cluster size is 3 (72 ± 7%), while the WT's dominant cluster size is 4
(41 ± 4%). The WT ZnH2O2+-His system does form water clusters of size 3 but at a significantly
reduced probability when compared to the Y7F mutant. The probabilities for forming water
clusters of sizes 5 and larger are typically less than 25% and show only moderate differences
between WT and the Y7F mutant. These results indicate that the Y7F mutant, because it
possesses a significantly elevated probability of forming water clusters of size 3, may favor a
possible concerted proton transfer event that is likely to account for the elevated turnover
number reported by kinetic studies.1 The WT system, while possessing a moderate number of
size 3 water clusters (12 ± 5%) favors water clusters of size 4. This would indicate that concerted
PT in WT is possible but that PT through a water cluster of size 4 is more likely, which may
involve an Eigen cation and hence a higher overall barrier to PT.

When comparing the WT and Y7F systems for both ZnH2O2+-His and ZnOH+-HisH+ with
His64 in the “out” orientation, larger water cluster sizes are expected because His64 is farther
away from the catalytic zinc-bound solvent. The WT and the Y7F mutant systems contain
water wires of size 5 and greater with probabilities of less than or equal to 15% and 25%,
respectively. There appears to be little significant difference between the probability of forming
these larger cluster sizes (size 5 or greater) for the WT and Y7F mutant systems and, therefore,
due to the similarities between the WT and the Y7F mutant systems for forming these clusters
in the His64 “out” orientation it can be reasoned that these systems in the “out” position do not
account for the differences seen in the enzyme turnover numbers.

Another important aspect of the water wires is their respective lifetimes as seen in Figure 3.
For the WT system water wire lifetimes are typically less than 3 ps with water wires of size 4
having the longest lifetime (2.8 ± 0.5 ps). The water wire lifetimes for the WT system are in
agreement with previously reported lifetimes (∼1 ps)33,34 and are significantly shorter than
the Y7F mutant's water wires lifetimes. The Y7F mutant exhibits lifetimes greater than twice
that of the WT water wires with lifetimes of 5.0 ± 0.4 ps and 4.4 ± 0.3 ps for cluster sizes 3
and 4, respectively. In contrast to the hydrogen bonded water wire lifetimes found in the
ZnH2O2+-His systems the water wire lifetimes found in the ZnOH+-HisH+ systems for WT
and the Y7F mutant are similar, with lifetimes of around 0.5 ps. The similarities in the lifetime
of the water wires for the “out” orientations of His64 is another indication that these particular
water wires are not the main determining factor in the increased turnover number seen in the
Y7F mutant. Instead, the data indicates that it is the behavior of the ZnH2O2+-His system and
in particular its water wires of sizes 3 and 4 that are the main contributor to the experimentally
observed increase in the turnover numbers.

Occupancy, Radial Distribution Function, and Correlation Analysis of the Intramolecular
Water Wire

To understand why there is such a significant difference in water cluster sizes and lifetimes
between the WT and Y7F enzymes, the average occupancy of water oxygens was evaluated.
When analyzing the average occupancy it is convenient to look at different isosurfaces
described by the occupancy cutoff. The occupancy isosurface describes the occupancies equal
to the cutoff value. In Figure 4 the ZnH2O2+-His “in” orientation clearly shows a difference
in the stabilized water oxygen locations between the WT and Y7F enzymes. In the WT enzyme,
at the 50% occupancy cutoff, a branched water wire can be seen (Zn-H2O-W1-W2-W3a or
W3b) which agrees well with experimental crystal structure results (PDB accession # 2CBA
and the recent 1.05 Å resolution crystal structure PDB accession # 2ILI)9,41 However, when
the stringency of the cutoff is increased to 75%, only the zinc-bound water, W2 and W3a are
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still present. This indicates that the W1 water is not as spatially stable as the W2 or W3a waters,
suggesting that the position of W1 is the limiting factor in formation of a continuous water
wire between the zinc-bound water and N of His64. By contrast, in the Y7F mutant a clear un-
branched 3-water wire structure (Zn-H2O-W1-W2) is present that is stable when evaluated at
both 50% and 75% occupancy cutoffs. The occupancy data for the Y7F mutant indicates that
the intramolecular water wire is more stable than the corresponding water wire found in the
WT enzyme. These results agree with the water wire formation and lifetime data reported
earlier since, in the WT, W1 is more mobile thereby disrupting the water wire and leading to
a reduced probability of water wire formation and shorter lifetimes. In the Y7F enzyme, the
water oxygens are less mobile (more stable) and therefore facilitate an increase in water wire
formation and longer water wire lifetimes. The water occupancy plot for the “out” orientation
of the WT enzyme (Figure 4) is very similar to the “in” orientation. The major differences are
a slight change in the position and increased stabilization of W1 and a loss of stabilization of
the W3a, W3b and W2 waters, consistent with the idea that W3a is stabilized in part by His64
and that W2 is stabilized primarily by W3a. For the Y7F enzyme, the “in” and “out” occupancy
plots were also very similar with the major difference being a reduced stabilization of W2 in
the “out” orientation which supports the idea that W2 is partially stabilized by His64 when in
the “in” orientation.

One possible explanation for the destabilization of W1 in the WT enzyme's “in” orientation is
found by examining the radial distribution functions (RDF) from the catalytic zinc to the
surrounding waters, g(RZn-OW), (Figure 5). Inspection of WT's g(RZn-OW) reveals that there
are changes in the active site solvation structure between the ZnH2O2+-His “in” and “out”
systems. The main difference is in the location of the first solvation peak. In the “out”
orientation, as well as in the Y7F enzymes “in” and “out” systems, the first solvation peak is
seen to lie further from the zinc than is seen in the “in” orientation of the WT enzyme. In the
WT “in” orientation it appears that the water wire is compressed, as reflected by the shortening
of the first solvation shell distance. The compression of the water wire may occur in order to
accommodate a continuous hydrogen bonded water wire. This compression, which destabilizes
W1 (evident by the occupancy plots), is relieved when His64 is in the “out” orientation as
indicated by the shift and increase in occupancy of W1 in the water occupancy plots, as well
as the shift in the position of the first solvation shell peak seen in the g(RZn-OW). The Y7F
enzyme does not show this compression since the position of W2 and W3a have shifted toward
Phe7, which has reduced the orientational strain on W1. In the Y7F mutant W1 does not need
to move closer to the zinc-bound water in order to accommodate a hydrogen bond with W2,
therefore a hydrogen bonded network can form (ZnH2O2+-W1-W2-His64) without any
orientational strain on W1. Comparing the g(RZn-OW) for the ZnH2O2+-His “in” and “out”
systems of the WT with those for the Y7F enzyme reveals differences in the second and third
solvation shells. In the mutant there is no clear second or third shell, which can be explained
by looking at the water occupancy plots. In the WT enzyme the stabilized waters are oriented
approximately in radial shells around the zinc (W1, W2 and WD, W3a and W3b) as seen by
the distinct peaks in the g(RZn-OW). In the Y7F enzyme W1 occupies a discrete shell but W2,
W3a, and WD do not reside at distinct radial distances from the zinc, which has the effect of
merging peaks in the g(RZn-OW). This result though should not be interpreted as disorder in
the active site. In fact inspection of the occupancy plot reveals that the Y7F mutant possesses
a much more ordered and localized water wire than that seen in WT.

While the g(RZn-OW) and water occupancy data reveal the orientation and stability of active
site waters, correlated movements of the stable waters and the enzyme indicate recurring
hydrogen bonding patterns and long range interactions. Therefore, residue-residue and residue-
water position-position correlation functions were calculated. In looking at the correlations
between protein residues, there is significantly more correlated movement of the protein in the
mutant compared to the WT, Figure 6A. All of the regions involved in this difference are outside
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the active site, thus the increase in correlated motion indicates increased coupling between
distant regions of the enzyme. These differences cannot be directly related to changes in proton
transport, but do indicate an overall change in protein dynamics and long range interactions
caused by the Y7F mutation.

Correlations involving the waters at positions showing at least 75% occupancy and residues
of the enzyme are shown in Figure 6B. In the WT enzyme, the water wire can be viewed as
different components of correlated or uncorrelated waters. When analyzing the water wire in
this fashion three distinct components are found to comprise the water wire. The first
component contains the zinc-bound water which is not correlated to the rest of the
intramolecular water wire (W1, W2, W3a or W3b). The second component contains W1 which
is also not correlated to the other waters of the intramolecular water wire, and the third
component which contains W2, W3a, WD, His64, and Tyr7. In the third correlated component
W2 is correlated to W3a which in turn is correlated to Tyr7 and His64. The strong correlation
of W3a to His64 suggests that this water is primarily the final water in the water wire while
the smaller correlation between His64 and W2 suggests it may also act as the final water which
mediates the terminal step in proton transport to His64. These conclusions are supported by
the earlier water wire formation data that shows a low probability of forming a water wire of
size 3 which would use W2 as the final proton donator, and a larger probability of proceeding
through a water wire of size 4, which would use W3a as the final proton donator. This
correlation analysis creates a picture where three separate components of the water wire must
come together to form a continuous hydrogen bonded network. The connection of these
components is dependent on W1 (component 2) which is not correlated with the components
on either side of it, namely the zinc-bound water and the correlated cluster around His64. The
lack of correlation between the three components helps explain the reduced probability of
forming water wires (when compared to the Y7F mutant) which is further supported by the
water occupancy, water wire formation and water wire lifetime data reported earlier.

In contrast, the Y7F enzyme possesses two components of water molecule correlation instead
of the three seen in the WT. The first component consists of the zinc-bound water and W1
while the second component consists of W2, W3a, WD and His64. In the second correlated
component W2 is correlated to His64 and W3a while W3a is correlated to WD. The strong
correlation between W2 and His64 suggests that it is the final water in the water wire and
mediates the final step in proton transport to His64 in Y7F. While there is a weak correlation
between W3a and His64 in Y7F, the spatial orientation revealed by the occupancy data
precludes W3a from acting as the final proton transfer water, which may account for the
relatively small probability of forming water wires of size 4. The ability of the Y7F mutant to
form a greater number of smaller water wires and for a longer time than WT can be attributed
to the Y7F mutant having two components of correlation instead of three. Due to the fact that
W1 is now correlated with the zinc-bound water, completing the continuous hydrogen bonded
water wire (in Y7F) only relies on the two components hydrogen bonding to one another. That
is to say that the Y7F mutant has eliminated W1 as being the uncorrelated connection between
the zinc-bound water and the correlated component around His64. In addition to the elimination
of W1 as the connector, the underlying correlation of the component surrounding His64 has
changed from that of the WT. The correlation between the W2, W3a, WD and His64 component
indicates that W3a stabilizes the water wire (W2) in the Y7F mutant instead of the hydroxyl
group of Tyr7 in WT. The movement of Phe7 towards the active site cavity wall (in order to
interact with other hydrophobic residues) has allowed W3a to occupy this new space and
interact via hydrogen bonding with WD and W2 (Figure 4). Due to the flexibility of the
interactions in this hydrogen bonded network W3a has an increased ability to adjust to the
fluctuations of W2 and His64, thereby allowing for greater accommodation of the inward
orientation of His64. This flexibility also has the effect of relieving the compression of the W1
water (seen in the WT) which is believed to be the cause of its mobility.
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In the WT enzyme, WD stabilizes W3a, allowing it to act as the final member of the water wire.
WD's correlation with both residue 106 and residue 7 is indicative of hydrogen bonding linking
these two parts of the active site. This association orients and stabilizes residue 7, which in
turn hydrogen bonds with W3a. By contrast, in the Y7F system, W2 is the final member of the
water wire in the Y7F mutant and the stability of the water wire is reflected in its strong
correlation with His64. The bottom part of the active site is not directly involved in the
stabilization of the water wire and as a result, when the enzyme undergoes isotropic expansion
and contraction, the top and bottom of the active site show anti-correlated movement, observed
between His64 and Tyr7. WD is most highly correlated with residue 106, suggesting that it will
tend to move with the bottom part of the active site. By contrast, W2 is most highly correlated
to His64, suggesting that it will tend to move with the top part of the active site. While W2 and
WD both have weak correlations with W3a, they are only indirectly linked with each other.
For this reason, even though WD and W2 are considered part of the same water wire component
based on their hydrogen bonding with W3a, they show weakly anti-correlated movements
because their correlations to distinct regions of the enzyme are larger than their indirect
correlation via W3a. Part of the explanation for longer water wire lifetimes in the Y7F mutant
may be that the enzyme can expand and contract without placing strain on the water wire
responsible for proton transport.

The water analysis of the intramolecular water wire suggests that the Y7F's ZnH2O2+-His
system with His64 in the “in” orientation increases the lifetime of all cluster sizes and
substantially increases the probability of forming water clusters of size 3. Given that clusters
of size 3 in the PT event of HCA II are believed to be almost barrier-less and proceed in a
concerted fashion, one would expect Y7F to be more conducive to PT than the WT enzyme.
In addition to the Y7F forming more water wires overall than the WT (Supplemental Figure
1), the Y7F mutant possesses longer water wire lifetimes. Occupancy and correlation analysis
have given insight into how the Y7F mutant increases the formation and stabilization of smaller
water wires. It is evident that increased correlation of His64 with the water wire and the
stabilization of the water wire by W3a allow the Y7F mutant to both form smaller water wires
more frequently and for a longer time. It is this ability of the Y7F mutant to form and
subsequently use a concerted 3 water wire cluster in its rate limiting PT event that is
hypothesized here to elevate its turnover. Indeed, experimental data does show an increase in
the turnover number of Y7F.1

Orientation of His64
The size and lifetime of the intramolecular water wire is intimately linked to the orientation of
His64. As indicated previously an “in” orientation of His64 favors smaller water wires and
therefore, presumably, a faster turnover number. In an effort to understand the complete effect
of the Y7F mutation on catalysis, the orientation of His64 was also investigated. The 1 dihedral
angle describes the “in” and “out” orientations of His64 in HCA II while the χ2 dihedral angle
describes the orientation of the imidazole ring. Both dihedral angles are important in describing
the spatial orientation of His64 and therefore its ability to participate in the intramolecular
water wire. Comparing the χ1 and χ2 dihedral angle observed in the WT and the Y7F mutant
at different stages in the catalytic cycle of HCA II reveals how different enzyme environments
stabilize the orientation of His64. To evaluate the stability of His64 at various χ1 dihedral
angles a PMF was evaluated, F(î÷1). The free energy profile F(î÷1) is capable of indicating the
relative stability of His64 as the χ1 dihedral angle changes, and indicates the barrier to rotation,
Fb, between the “in” and “out” orientations. The F(î÷1) may be integrated according to the
following equation (Equation 7) to yield “in” and “out” probabilities

(7)
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where P is the probability, ξ is the reaction coordinate, a and b represent the subset range of
configurations, F(î) is the free energy, and  where kB is Boltzmann's constant and T is
temperature. The subset range for the “out” and “in” orientation are −180° ≤ ÷1 ≤ Transition
State (TS) and TS ≤ ÷1 ≤ 180°, respectively. The χ2 dihedral angles dependence on the χ1
dihedral angle is best visualized in a two-dimensional (2-D) PMF, F(î÷1,î÷2), which is
constructed using the method described by Alen et al.54

The free energy profile for the rotation of His64 about the χ1 dihedral for the Y7F's
ZnH2O2+-His and Y7F's ZnOH+-HisH+ systems is shown in Figure 7, while the 2-D PMF for
the χ2 dihedral angles is given in Figure 8. From Figure 7 it is evident that the Y7F mutation
significantly changes the “in” and “out” probabilities of His64 for both the ZnH2O2+-His and
the ZnOH+-HisH+ systems when compared to the WT HCA II.12 While the WT system
predicted His64 to occupy the “in” orientation (86%) for the ZnH2O2+-His systems, which is
in close agreement with the crystal structure (80%),12,41 the Y7F system indicates an almost
equal distribution of “in” and “out” (41% and 59%, respectively), which is in contrast to recent
crystal structure data.1 This discrepancy may be due to the MD simulations sampling a greater
region of conformational space that includes the conformational space sampled by the X-ray
data (for further discussion see Supplemental Material).

To understand how the HCA II enzyme stabilizes the orientation of His64, occupancy data for
solvating waters (Figure 4) and the χ2 dihedral angle of His64 (Figure 7) were used to analyze
the primary factors that influence the orientation and stabilization of His64. From the
occupancy data it appears that the stabilization of His64 in the ZnH2O2+-His system is due to
several competing affects (the ZnOH+-HisH+ systems are not reported here due to the
instability of the “in” orientation and the similarities between the “out” orientations). One
common effect between WT and the Y7F mutant is the charge rearrangement between the
ZnH2O2+-His and the ZnOH+-HisH+ systems. Due to the similarity of this charge
rearrangement between the systems of interest its direct effect will be assumed to cancel and
therefore will not be discussed further. The indirect effect of the charge rearrangement however
is seen in the solvation environment and the enzyme fluctuations which accounts for the other
effects believed to be crucial in the stabilization of His64. The solvation environment
stabilizing His64 is composed of the intramolecular water wire and a hydrogen bonded network
of waters near N67 and N62 that also help to stabilize His64, Figure 4. Waters WA and WB
are the two waters near Asn62 and Asn67 which are likely involved in stabilizing the
fluctuations of Asn62 and Asn67 in addition to creating a hydrogen bonding network with
His64. It is the ability of these waters to stabilize/destabilize the loop region between Asn62,
His64 and Ans67 that may play a major role in the observed orientation of His64. In addition
to WA and WB the orientation of Asn62 is also thought to be a factor in determining the observed
orientation of His64.15 From all the simulation data it was observed that when His64 occupied
the “in” orientation Asn62's functional group was pointing “out” of the active site, and when
His64 occupied the “out” orientation Asn62's functional group was pointing “in” toward the
active site (Figure 4). While direct interconversion was not observed during the simulation,
these alternate conformational states indicate that in addition to the hydrogen bonding network
a steric effect is at play between Asn62 and His64 that determines their respective orientations.
The interplay of these factors may account for the orientational preference of His64 in different
enzyme environments.

In the WT ZnH2O2+-His system, His64 prefers to occupy the “in” orientation, due to favorable
solvation and loop region affects. The hydrogen bonded network between WD, W3a and Tyr7
create a stable solvation environment for His64 when in the “in” orientation. In addition to the
intramolecular water wire, WA hydrogen bonds to N67 and WB while WB is hydrogen bonding
to His64 and N62. This hydrogen bonding network creates a stable solvation environment for
His64 in the “in” orientation in addition to stabilizing the loop region. The loop region between
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Asn62, His64 and Asn67 is now connected via a hydrogen bonded network through the WA
and WB waters. This hydrogen bonded network has the effect of reducing the loop fluctuation
and in particular the fluctuation of Asn62, thereby stabilizing Asn62's outward orientation
(occupancy data not shown). In contrast when viewing the “out” orientation of His64 many of
these favorable hydrogen bonds are eliminated. When His64 occupies the “out” orientation
W2 and W3a of the intramolecular water wire are no longer as stabilized (Figure 4). Waters
WA and WB are shifted as Asn62 now points toward the active site. While WA appears to retain
most of its occupancy WB has a noticeable reduced occupancy. The elimination of the stable
WA and WB hydrogen bonded network present when His64 was in the “in” orientation, now
allows for a greater mobility of Asn67 and Asn62. This enhanced mobility creates a greater
fluctuation in the loop region and an overall destabilization of the “out” orientation for His64.
This increased mobility of Asn62 may increase its probability of reorienting to face out of the
active site and subsequently cause His64 flip to the “in” orientation. The χ2 dihedral angle for
the WT ZnH2O2+-His system reveals a limited sampling of orientational space when in the
“in” orientation and a greater sampling of orientational space when in the “out” orientation.
12 This mobility of the imidazole ring complements the solvation and fluctuation analysis
which together indicate a stabilized His64 when in the “in” orientation and a destabilized (more
mobile) His64 when in the “out” orientation. These analyses help to explain why the WT
ZnH2O2+-His system prefers the “in” orientation over the “out” orientation. Similar occupancy
analysis for the ZnOH+-HisH+ system is not possible due to inability to achieve a stable “in”
orientation for His64; this inability to achieve a stable “in” trajectory is not unreasonable given
that the enzyme only samples the “in” orientation 3% of the time.

In the Y7F ZnH2O2+-His system, His64 has an almost 50/50 distribution between the “in” and
“out” orientation which, like the WT system, can be explained by the solvating water and the
flexibility of the loop region. When His64 is in the “in” orientation the intramolecular water
wire (W1 and W2) are very stable and therefore have a strong stabilizing effect on His64.
Waters WA and WB behave very similar to the WT systems WA and WB with the exception
that these waters in the Y7F mutant are not as stable as they are in the WT. The reduced stability
of WA and WB is believed to destabilize the loop region when compared to the WT system.
When His64 is in the “out” orientation there are a number of significant differences as compared
to the WT system. In the “out” orientation WB is more localized than in the WT, WA has slightly
reduced stability, and there appears to be more water density around the loop region (50% iso-
surface). This increased water density and the increased localization of WB is believed to
stabilize the loop region when compared to the WT. Asn62 and Asn67 are also less mobile in
the Y7F “out” orientation than in the WT “out” orientation (data not shown). Inspection of the
χ2 dihedral angle also shows significant differences compared to the WT. When His64 is in
the “in” orientation a limited orientational space is sampled by the imidazole ring of His64,
similar to the WT. Yet, when His64 is in the “out” orientation the orientational freedom seen
in the WT is not present. Instead a reduced sampling of orientational space is seen. This would
indicate that the destabilizing effects in the WT for the “out” orientation are eliminated in the
Y7F mutant. These combined affects have the effect of increasing the “out” orientation of
His64 in the Y7F mutant as seen by the integration of F(î÷1).

Taking the “in” and “out’ probabilities of His64 in addition to the water wire formation
probabilities it is possible to compare the overall water wire formation for WT and Y7F. Using
a linear combination of the probabilities for His64 “in|out” and the probability of forming water
wires of different sizes for “in|out” a total probability of water wire formation can be estimated
as

(8)
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where  is the total probability of forming a water wire of size N,  is the
probability of His64 occupying the “in” or “out” orientation,  is the probability of
forming a water wire of size N when His64 is in the “in” or “out” orientation. For the WT
ZnH2O2+-His system there is a total probability of 11 ± 5% and 39 ± 5% for forming size 3
and 4 water wires respectively. For the Y7F ZnH2O2+-His system there is a total probability
of 29 ± 3% and 19 ± 6% for forming size 3 and 4 water wires respectively. Once again analysis
of the ZnOH+-His+ systems yielded very similar probabilities for both WT and Y7F. Even
though the Y7F His64 orientation is predicted to occupy around a 50/50 distribution of “in”
and “out” the enzyme still forms significantly more water wires of size 3. In conjunction with
the total probability of water wire formation the increased lifetime of water wires in the Y7F
mutant increases the probability of the PT event utilizing the water wires present. Combining
the information from F(î÷1), the water cluster size data, and the water cluster lifetime data
indicates that the Y7F mutant will have an elevated turnover number due to the increased
probability of forming water clusters of size 3. This prediction will be verified in the future
using the multi-state empirical valence bond method for including explicit proton solvation
and transport in the MD simulations.14,24

4. Conclusions
From the current investigation it is clear that Tyr7 has an important role in stabilizing the
orientations of His64 and scaffolding the intramolecular water wire in the WT enzyme.
Interestingly, the mutant Y7F, by altering the stability of His64 and the active site waters, has
the overall effect of creating a more efficient enzyme. The Y7F mutant creates an environment
that changes the relative distribution of His64 such that while in the ZnH2O2+-His protonation
state the His64 in the “in” to “out” orientation is almost equally probable. Evaluation of the
water wire distribution and water wire lifetime data indicates that the Y7F mutant also has an
increased ability to form water wires of size 3 and an increased water wire lifetime when
compared to the WT enzyme. This stabilization of the water wires is due to an increased
occupancy of critical waters in forming a water wire of size 3. Correlation analysis further
indicates the Y7F mutant sets up correlated movements that are more conducive to forming
and stabilizing smaller water wires than those seen in WT. Taking into account the “in/out”
probabilities and the water wire distributions and lifetimes it is evident that the Y7F mutant
creates more size 3 water wires, which can conduct protons in with a lower barrier to reaction,
than the WT enzyme. Therefore, the Y7F mutant is an enzyme that is expected to have an
elevated catalytic turnover when compared to the WT enzyme, as observed experimentally.1

The ZnH2O2+-His “out” and the ZnOH+-HisH+ “out” configurations for the Y7F mutant, while
different in some features from the analogous WT systems, do not differ to the same degree as
the corresponding ZnH2O2+-His “in” systems. Therefore it is reasoned that the “out”
orientations do not significantly contribute to the experimentally observed catalytic turnover
difference between the WT and the Y7F HCA II enzyme.

In addition to His64's orientation and the water wire formation data there are also differences
in the enzyme active site solvation environment as seen by water occupancy and g(RZn-OW)
data. This data shows that in the WT's ZnH2O2+-His “in” orientation the first solvation shell
is compressed toward the catalytic zinc, while in the “out” orientation for both the ZnH2O2+-
His and the ZnOH+-HisH+ systems this compression is relieved. The compression is likely due
to the solvation interaction of His64, Tyr7, and the W3a water. In the Y7F mutant none of the
g(RZn-OW) plots exhibit this compression of the solvent environment. This relieving of solvent
compression may also play a role in the elevated turnover number of the Y7F mutant.

Mutations such as Y7F that can alter water structure for enhanced proton transport have broad
implications for protein engineering. The concept of employing an amino acid change to
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modulate water structure (and thus catalytic activity) via indirect, long-range coupling is an
area that has not been widely explored in the context of enzyme catalyzed reactions. Given
that most enzymatic reactions occur in aqueous solvent, this approach may well find
applications in other enzyme systems, offering protein engineers with yet another route by
which the properties of enzymes may be tuned for specific purposes. Moreover, modulating
PT by altering water structure could also be investigated in the context of synthetic PT
constructs. These and other implications of the present work will be explored in future research.
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Figure 1.
Representation of the WT HCA II active site. Coordinates were taken from the X-ray
crystallographic structure (2CBA).9 Red dotted lines indicate proposed hydrogen bonding.
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Figure 2.
Smallest continuous hydrogen bonded water wire that connects the zinc-bound water/
hydroxide and the protonated/unprotonated Nδ of His64. (A) Water wire distribution for WT-
ZnH2O2+-His in the “in” orientation (black no fill), WT-ZnH2O2+-His in the “out” orientation
(black with black fill), WT-ZnOH+-HisH+ in the “out” orientation (red with red fill). (B) Water
wire distribution for Y7F-ZnH2O2+-His in the “in” orientation (black no fill), Y7F-ZnH2O2+-
His in the “out” orientation (black with black fill), Y7F-ZnOH+-HisH+ in the “out” orientation
(red with red fill).
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Figure 3.
Water wire lifetimes for the continuous hydrogen bonded water wire that connects the zinc-
bound water/hydroxide and the protonated/unprotonated Nδ of His64. (A) Water wire lifetime
distribution for WT-ZnH2O2+-His in the “in” orientation (black no fill), WT-ZnH2O2+-His in
the “out” orientation (black with black fill), WT-ZnOH+-HisH+ in the “out” orientation (red
with red fill). (B) Water wire lifetime distribution for Y7F-ZnH2O2+-His in the “in” orientation
(black no fill), Y7F-ZnH2O2+-His in the “out” orientation (black with black fill), Y7F-
ZnOH+-HisH+ in the “out” orientation (red with red fill).
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Figure 4.
Occupancy data for water oxygens inside the active site of HCA II. Gray regions represent
50% occupancy and the red regions represent 75% occupancy for the WT ZnH2O2+−His-IN
system, WT ZnH2O2+-His-OUT system (Top left and right panel, respectively), Y7F
ZnH2O2+-His-IN system and the Y7F-ZnH2O2+-His-OUT system (Bottom left and right panel,
respectively).
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Figure 5.
Intramolecular water wire radial distribution functions. (A) WT-ZnH2O2+-His in the “in”
orientation (black), WT-ZnH2O2+-His in the “out” orientation (black dotted), WT-ZnOH+-
HisH+ in the “out” orientation (red dotted). (B) Y7F-ZnH2O2+-His in the “in” orientation
(black), Y7F-ZnH2O2+-His in the “out” orientation (black dotted), Y7F-ZnOH+-HisH+ in the
“out” orientation (red dotted).
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Figure 6.
Correlation plots. (A) Residue-residue correlation plot of WT (upper diagonal) and the Y7F
mutant (lower diagonal) of the HCA II enzyme. (B) The active site water-water and active site
water-residue correlation plot of WT (upper diagonal) and the Y7F (lower diagonal).
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Figure 7.
Free energy profile (PMF) for the rotation of His64 about the χ1 dihedral angle in the
ZnH2O2+-His system (black) and the ZnOH+-HisH+ system (red) for the Y7F mutant of HCA
II. The subset percentages correspond to the “in” and “out” percentages as determined by
integrating F(î÷1) for both the WT (curves not shown, from Ref. 12) and the Y7F mutant.
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Figure 8.
Two-dimensional free energy profile (PMF) for the rotation about the dihedral angles as a
function of χ1 and χ2. (A) F(î÷1,î÷2) for the ZnH2O2+-His system of the Y7F mutant of HCA
II. (B) F(î÷1,î÷2) for the ZnOH+-HisH+ system of the Y7F mutant of HCA II.
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