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Abstract

In human carbonic anhydrase II (HCA II) the mutation of position 64 from histidine to alanine

(H64A) disrupts the rate limiting proton transfer (PT) event, resulting in a reduction of the

catalytic activity of the enzyme as compared to the wild-type. Potential of mean force (PMF)

calculations utilizing the multistate empirical valence bond (MS-EVB) methodology for H64A

HCA II give a PT free energy barrier significantly higher than that found in the wild-type enzyme.

This high barrier, determined in the absence of exogenous buffer and assuming no additional

ionizable residues in the PT pathway, indicates the likelihood of alternate enzyme pathways that

utilize either ionizable enzyme residues (self-rescue) and/or exogenous buffers (chemical rescue).

It has been shown experimentally that the catalytic activity of H64A HCA II can be chemically

rescued to near wild type levels by the addition of the exogenous buffer 4-methylimidazole (4MI).

Crystallographic studies have identified two 4MI binding sites, yet site specific mutations intended

to disrupt 4MI binding have demonstrated these sites to be non-productive. In the present work

MS-EVB simulations show that binding of 4MI near Thr199 in the H64A HCA II mutant, a

binding site determined by NMR spectroscopy, results in a viable chemical rescue pathway.

Additional viable rescue pathways are also identified where 4MI acts as a proton transport

intermediary from the active site to ionizable residues on the rim of the active site, revealing a

probable mode of action for the chemical rescue pathway
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1. Introduction

Proton transport is fundamentally important for many biologically relevant processes.1–4

The carbonic anhydrases (CAs) rely on a rate limiting proton transfer (PT) step and

therefore have been extensively utilized as prototypical systems to gain insight into the

underlying biophysics that mediate the PT event.5–20 CAs, which can be structurally

classified into five families (α, β, γ, δ, and ε), are important metalloenzymes that are

ubiquitous in nature. The CAs catalyze the relatively rapid reversible conversion of carbon

dioxide to bicarbonate and an excess proton.21–24 Catalyzing this particular reaction has

made the β-CAs central to photosynthesis in plants, and the α-CAs central to various

physiological processes in mammals such as respiration and pH maintenance.21–26

A great deal of attention has been directed towards human carbonic anhydrase II (HCA

II),4,14,17 which is one of the fastest enzymes known with a turnover ~ 0.8 μs−1. The

reaction catalyzed by HCA II proceeds in two distinct stages, where the first stage equation

(eq) 1 is the conversion of CO2 into bicarbonate by the nucleophilic attack of the zinc-bound

hydroxide on CO2 and the subsequent displacement of the bicarbonate by an active site

water:

(1)

The second stage in eqs 2, 3 below is the transfer of a proton to solution thereby

regenerating the zinc-bound hydroxide.27–35 This is the rate limiting stage in maximum

velocity and has two parts, the PT between the zinc-bound water and His64 (the active site

PT shuttling residue), eq 2, and the PT between His64 and an exogenous buffer, eq 3:

(2)

(3)

Experimental21,36 and computational19 work indicate that eq 2 is rate limiting under

physiological conditions where the exogenous buffers are abundant, while eq 3 is rate

limiting at low exogenous buffer concentrations.19,21,28,29,36 Three important features of the

reaction in eq 2 are the active site water cluster that connects the zinc-bound water to His64,

the two different orientations of His64 side chain, and the pKa difference between the proton

donor and acceptor.22,37,38 The two orientations of His64 are the inward ( )

with the imidazole ring of His64 inside the active site pointing toward the zinc, and the

outward ( ), with the imidazole ring outside the active site. While the
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reaction in eq 2 depends primarily on properties inside the active site, the reaction in eq 3

depends on the exogenous buffer concentration that acts as a proton sink or reservoir. It is

the presence of the proton sink that creates a favorable free energy environment for the

deprotonation of His64H+ while in the outward orientation and this, in turn, eliminates/

reduces the probability of the back reaction from occurring (the dehydration direction).

The distance for the intramolecular PT event, which spans 8 to 10 Å, is too large for direct

PT even with His64 in the inward orientation and is therefore dependent on the stability of

the active site water cluster.18–20 Computational studies indicate that short non-branched

water clusters connecting the zinc-bound water and an inward oriented His64 play a major

role in the elevated catalytic rate seen in the Y7F mutant, while disorder in the active site

water cluster is linked to a reduction in the catalytic rate of the N67L mutant.18,20 In

addition to the active site water cluster’s stability and size, the orientation of His64 has

recently been shown to have an influence on the rate limiting PT event with the inward

orientation more favorable than the outward.19 For additional information on the

computational studies of HCA II the readers are referred to a recent review.17

The importance of His64 to the catalytic rate of HCA II was clearly demonstrated in the

experimental studies34 carried out on the H64A mutant, where His64 was replaced by

alanine, a non-ionizable amino acid. This experiment revealed a 20 to 50 fold decrease in the

reaction rate, thus identifying His64 as the prominent proton donor/acceptor residue. The

presence of a reduced rate indicates that the mutant is using an alternate pathway(s) for PT

in the absence of His64, which is less favorable for PT (higher free energy barrier).

Subsequent studies using the exogenous buffer 4-methylimidazole (4MI) showed the

catalytic rate of H64A HCA II could be chemically rescued to near WT levels,

demonstrating the importance of an imidazole containing molecule acting as a proton donor/

acceptor in the active site cavity with a similar pKa to that of the zinc bound water.35 Two

binding sites for 4MI have been identified in the active site of H64A HCA II using x-ray

crystallography.39,40 One of the binding sites showed 4MI in a π-stacking interaction with

the indole ring of Trp5, occupying a similar position as His64 in the outward orientation in

the WT enzyme (rZn-N4MI ≈ 10 Å). The other binding site of 4MI was located near Asn67,

Glu69, Asp72 and Ile91 (rZn-N4MI ≈ 13 Å). Kinetic studies have revealed that these binding

sites are non-productive, indicating the use of additional viable transient proton transport

pathway(s), which working alone or in combination are responsible for the chemical rescue

event.41–43 In addition to the x-ray structures an NMR study conducted using cobalt H64A

HCA II identified an additional binding site where 4MI resides deep in the active site near

the catalytic cobalt (rCo-N4MI ≈ 5 Å).43 These experiments highlight the need for an

atomistic level understanding of the mechanism by which the 4MI chemical rescue agent

takes part in the rate limiting PT event.

In order for the 4MI molecule to chemically rescue the H64A HCA II mutant, either 4MI

acts as a surrogate for His64 or it mediates an as of yet unknown alternate PT pathway. For

4MI to be acting as a surrogate, it would need to bind/occupy a region of space that is

favorable to PT. The optimal region corresponds to a separation distance that would place

the imidazole ring at a distance no greater than ~ 8 Å from the catalytic zinc.17,19,43 This

separation distance favors smaller, more stable water clusters connecting the proton donor/
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acceptor and would therefore have a positive impact on the PT event.9,17,18 Computational

studies of plausible hydrogen bonded water cluster pathways for H64A HCA II, with and

without 4MI, have been conducted on the static crystallographic structure and its variants.

To reveal the impact of 4MI on the hydrogen bonding network these systems were modeled

with reorganized water structures at and near the active site, as predicted by the potential of

mean force (PMF) method.44,45 It was found that when 4MI is absent from the active site no

proton pathways are found that connect the zinc-bound water to any ionizable enzyme

residues at the protein surface. However, when 4MI is present in the x-ray binding sites,

several complete hydrogen bonded pathways are detected. This analysis indicates that the x-

ray binding sites may be productive chemical rescue pathways either by directly

participating in the rate liming PT event or by having a favorable impact on the formation of

hydrogen bonded water networks that may shuttle the excess proton to other ionizable

residues.

Clearly, there are many unanswered questions pertaining to how 4MI chemically rescues the

H64A mutant of HCA II. To address these issues the present study focuses on the

characterization of the rate limiting PT event in H64A HCA II in addition to the chemical

rescue properties of the exogenous buffer 4MI. The calculation of the PMF for the PT event

in H64A HCA II without 4MI and in the absence of any additional ionizable enzyme

residues was conducted, as well as PMF calculations in the presence of 4MI to elucidate the

many contributing factors to the chemical rescue phenomena. The multi-state empirical

valence bond (MS-EVB) methodology3,4 was utilized for these PMF calculations due to its

capability of modeling the delocalized nature of the excess proton and capturing the

underlying physics critical to the proper representation of an excess proton in bulk

water,46–50 weak acid ionization reactions,51–53 and complex biomolecules.3,4 In addition,

experimental kinetic studies were conducted to further evaluate the role of the binding site

near Glu69, as determined by x-ray crystallography, in the overall chemical rescue of H64A

HCA II by 4MI. The simulations identify the viable PT pathway(s) that give rise to the

chemical rescue of the H64A HCA II mutant by the exogenous buffer 4MI. These finding

may be used to gain a greater understanding and interpretation of the impact mutations have

on reaction mechanisms and the role of rescue agents. In particular, the information gained

on the chemical rescue phenomena may be used to address small ion rescue of anionic

residue mutations, since small ions are virtually impossible to exclude from experiments.54

2. Methodology

Multi-State Empirical Valence Bond (MS-EVB) Methodology

A full description of the MS-EVB methodology can be found in refs3,4,46,47 and will only be

briefly summarized here. In the MS-EVB formalism the lowest energy solution of the MS-

EVB Hamiltonian matrix defines the potential energy surface upon which the system nuclei

propagate via Newtonian mechanics. This matrix is expressed in terms of a dynamically

adaptive basis set of empirical valence bond11,55 (EVB) state,|i〉, which form the MS-EVB

Hamiltonian matrix elements from the operator
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(4)

where the vector r represents the positions of the complete set of nuclear degrees of

freedom. The diagonal elements of the EVB Hamiltonian, hii, represent a specific bonding

topology of the system with the corresponding potential energy as determined by the

underlying classical empirical force field for each EVB state |i〉 (in this case parm99 of

AMBER56). Figure 1 illustrates the MS-EVB complex and the resulting EVB states |i〉

created for the simple example of 4MI, three water molecules, and one excess proton. The

off-diagonal elements, hij, represent the coupling between MS-EVB basis states |i〉 and |j〉.

The functional form of the off-diagonal elements are represented by53

(5)

where q is the PT coordinate, RDA is the distance between donor and acceptor atoms, and

 is an adjustable parameter. The functional form of f(RDA) for the ionizable residue-

hydronium pair is given by53

(6)

and g(q) in Eq. (5) is defined as

(7)

where C, α, β, γ, ε, aDA, bDA, and cDA are adjustable parameters. The PT reaction

coordinate, q, is a geometric reaction coordinate described by

(8)

where

(9)

and , λ and  are additional adjustable parameters.

An additional modification made to the underlying amino acid MS-EVB force field is the

substitution of the standard harmonic approximation by a Morse potential, which allows for

a more accurate description of the dissociable bond between the excess proton and the

donating atom
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(10)

were a0, a1, and a2 are parameters and r corresponds the equilibrium separation distance.

The parameterization process for the MS-EVB methodology has been previously described

in detail in refs.19,46,53

Due to the delocalized nature of the charge defect associated with the hydrated excess

proton, the center of excess charge (CEC) is used to follow the charge defect. The CEC is

defined as48

(11)

where ci are the coefficients obtained after the diagonalization of the MS-EVB matrix at

each time step and the center of charge (COC) of each MS-EVB basis state is given by

(12)

where the summation is over all the atoms contained in the particular EVB state “i” with

their respective partial charges qk. The PT reaction coordinate ξ that is used in the current

study defines the distance between the donor molecule of interest and the CEC as

determined by

(13)

were D is the donor molecule such as the catalytic zinc or the Nδ of 4MI.

Parameterization of the 4MI/4MIH+ Moiety

Four ionizable moieties are contained in the present study: hydronium, zinc-bound water,

glutamic acid, and 4MI. The parameterization of the hydronium, zinc-bound water and

glutamic acid has been reported previously in the literature19,48,53 and therefore only 4MI

will be discussed here. The parameterization process used for the 4MI ionizable residue is

different than the previously reported procedures due to the similarities between 4MI and

histidine. Both residues contain an imidazole ring and only differ in the chemical group

attached to the imidazole ring. In addition both residues have similar pKa values, with

histidine possessing a lower pKa value than 4MI, 6.0457 and 7.4558, respectively. Therefore,

the histidine MS-EVB parameters53 were used for the 4MI model with the exception of the

 term, which represents the relative diabatic shift between donor and acceptor species

(i.e., the models have different pKa values), and the charge distribution which was taken
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from the underlying force field. The new  term was determined by calculating

deprotonation PMFs of the 4MI molecule in a box of water molecules and subsequently

determining the resulting pKa. The method for calculating the pKa is discussed in ref 53 and

incorporates the contributions due to the standard state correction.59 The  term was then

systematically changed and the PMF and pKa recalculated until the pKa of the 4MI ionizable

residue matched the experimentally determined value. The resulting  term for 4MI is

−105.1 kcal/mol as compared to histidine’s  value of −101.4 kcal/mol. The new  term

is more negative than that of histidine, indicating a larger diabatic well shift between the

ionizable residue and the hydronium cation, which results in a more basic residue (i.e.,

higher pKa). The 4MI model parameters are given in Supplemental Information Table 1S

and deprotonation PMFs shown in Supplemental Information Figure 1S. The 4MI pKa value

in bulk water was 7.6, accurately reproducing the experimental value of 7.45.58 Details of

the 4MI MS-EVB simulations are also given in the Supplemental Information.

MS-EVB Simulations of the Proton Transport

The x-ray crystal structure (PDB accession # 1MOO) with its original 308 waters was used

as the initial coordinates for the H64A HCA II system while the two x-ray binding sites

(also from PDB accession # 1MOO) and 1 NMR binding site was used for the initial 4MI

coordinates.39,40,43 The three 4MI binding site systems were each solvated in a box of

modified TIP3P48 water with dimensions of 76 Å × 66 Å × 66 Å. The system waters were

then relaxed for 50 steps of steepest descent followed by 950 steps of conjugated gradient

minimization with the geometry of the protein and 4MI constrained. The relaxation

procedure was then repeated with no constraints. The relaxed system was next subjected to

an annealing simulation of 100 ps where the temperature of the system was brought from 0

K to 300 K. A post-annealing equilibration simulation was then carried out for 500 ps in the

constant NPT ensemble. Following the equilibration simulation a production run of

approximately 3 ns in the constant NPT ensemble was conducted for each of the four

systems (H64A HCA II, and H64A HCA II with 4MI in each of the three known binding

sites). The equilibration protocol was found to be sufficient in length by evaluating the

convergence properties of several system observables (Supplemental Information Figures 3S

and 4S). The constant NPT simulations were simulated at 300 K and used periodic boundary

conditions with long-range Coulombic interactions calculated by the Ewald summation.60

The MD time integration step was 1 fs and used the leapfrog Verlet integrator while the

short-ranged nonbonded interactions and forces were subject to a 9 Å cutoff. The

simulations were run at 1 atm and utilized Langevin dynamics for the thermostat. All MD

simulations were performed with the AMBER 10 package and used the parm99 force field

when not otherwise specified56,61 The MS-EVB systems for the H64A HCA II, and H64A

HCA II plus 4MI in the NMR binding site were taken from the equilibrated binding site

study described above (i.e. after the 500 ps constant NPT equilibration simulation and before

the 3 ns production simulation). The two systems were then transferred to a modified DL-

POLY 2.15 software62 package incorporating the MS-EVB2 algorithm and equilibrated for

200 ps in the constant NVT ensemble to accommodate the delocalized nature of the excess

hydrated proton. The two equilibrated systems were used for PMF calculations of various

aspects of the PT event in H64A HCA II and the chemical rescue process.
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The simulation of the H64A HCA II system without 4MI and in the absence of any

additional ionizable enzyme residues was conducted to study the underlying system without

a proton shuttle group (i.e. no chemical or self-rescue). The PMF calculation for the

deprotonation event of the zinc-bound water consisted of 70 umbrella sampling windows

spanning the range of , where  is defined as the distance between the catalytic

zinc and the excess proton CEC. An umbrella force constant, kn = 40 kcal mol−1 Å−2, was

used to restrain the CEC to ensure adequate sampling along the reaction coordinate. Each

window was equilibrated in the constant NVT ensemble for 250 ps followed by a data

collection period of 1 ns.

A simulation of the H64A system without 4MI and incorporating an ionizable Glu69 was

also carried out to study the possibility of enzyme self-rescue. The PMF calculation for the

deprotonation event of the zinc-bound water through the intramolecular water cluster and to

Glu69 consisted of 41 umbrella sampling windows spanning the range of ,

where  is again defined as the distance between the catalytic zinc and the excess proton

CEC. An umbrella force constant, kn = 40 kcal mol−1 Å−2, was again used to restrain the

CEC to ensure adequate sampling along the reaction coordinate. Each window was

equilibrated in the constant NVT ensemble for 250 ps followed by a data collection period

of 1 ns.

The PT event between the catalytic zinc-bound water and 4MI residing at the NMR binding

site was studied to help determine if this binding site may result in a viable chemical rescue

pathway. The PMF calculation for the PT event between the zinc-bound water and 4MI

consisted of 30 umbrella sampling windows spanning the range of , where  is

defined as before. The umbrella sampling was also carried out as described earlier.

The PT process between 4MI and Glu69 was investigated to evaluate the role of ionizable

enzyme residues in the overall chemical rescue process. The coordinates for this calculation

came from the simulation involving the PT event between the catalytic zinc-bound water

and 4MI. Coordinates corresponding to conditions when the 4MI molecule was involved in

a size 2 or 3 water bridge with Glu69 were selected as the starting configurations for a

subsequent PMF calculation that involved the incorporation of the Glu69 residue into the

MS-EVB model. The PMF calculation for the PT process between the 4MI and Glu69

consisted of 15 umbrella sampling windows spanning the range of , the

definitions and sampling protocol was as described previously.

All biased MS-EVB simulations were run at 300 K using a Nosé-Hoover thermostat.

Periodic boundary conditions were imposed with long-range Columbic interactions

calculated by the Ewald summation, with a 9.5 Å cutoff for the short-ranged nonbonded

interactions and a Verlet integrator step of 1fs. The weighted histogram analysis method63,64

(WHAM) was used to match the umbrella sampling windows together to form a continuous

PMF. The error in the PMFs was calculated using the Monte Carlo bootstrap error analysis

method and was found to be ≤ 0.3 kcal/mol.
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Experimental Site-Directed Mutagenesis and Purification

Site-specific mutants of HCA II at residues His64, Glu69, and Asp72 (H64A-E69A and

H64A-D72A) were generated using the QuikChange Site-Directed Mutagenesis Kit

(Stratagene, La Jolla, CA) and a plasmid vector containing the HCA II coding region.

Mutations were verified by sequencing of the entire HCA II coding region. Plasmids were

transformed into E. coli BL21(DE3)pLysS expression cells. Following large scale growth

and induction with 0.5 mM isopropyl-β-D-thiogalactopyranoside, the cells were pelleted and

lysed with lysozyme. The lysate was passed through an affinity gel column consisting of an

agarose matrix conjugated to p-(aminomethyl)-benzene-sulfonamide.65 Variants were eluted

with 0.1M Tris-HCl, 0.4M sodium azide, pH 7.0. Extensive buffer exchange against 15mM

Tris-HCl, pH 8.0 followed, and the samples were concentrated to approximately 10mg/mL

as measured by UV spectroscopy (ε = 54,800 M−1 cm−1). SDS-PAGE and Coomassie

staining showed >95% purity.

18O Exchange

This method is based on the exchange of 18O from species of CO2 into water measured by

membrane inlet mass spectrometry.66 The CO2 passing across a silicon rubber membrane

entered a mass spectrometer (Extrel EXM-200) providing a measure of the isotopic content

of the CO2. The dehydration of the labeled bicarbonate has a probability of transiently

labeling the active site zinc with 18O (eq 14). The subsequent protonation the zinc-bound

hydroxide by exogenous buffer BH+ produces H218O, which is then released into bulk

solvent (eq 15).

(14)

(15)

This method was used to obtain RH2O, the rate of release from the active site of water that

bears 18O, as in eq 15. It is this component of 18O exchange that is dependent on the

donation of protons to the 18O-labeled zinc-bound hydroxide (eq 15).

(16)

The value of this rate can be interpreted in terms of the rate constant for proton transfer from

the proton donor to the zinc-bound hydroxide according to eq 16. In this equation, kB
obs is

the maximal turnover for proton transfer and kB
obs/Keff

B is an apparent second-order rate

constant for proton transfer from buffer to enzyme that enhances catalysis. To determine the

kinetic constant kB
obs/Keff

B, nonlinear least-squares methods were used (Enzfitter, Biosoft)

to fit data obtained by the 18O exchange method. We do not report kB
obs because of

inhibition of catalysis at the high buffer concentrations required to determine the kB
obs

value.  is the value in the absence of added buffer.
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The measurements for catalyzed and uncatalyzed 18O exchange were made at 25°C in the

presence of a total substrate concentration (all species of CO2) of 25 mM. Additionally, the

total ionic strength of the solution was kept at 0.2 M by the addition of sodium sulfate.

3. Results and Discussion

Structural Properties of the Active Site Waters in H64A

In H64A HCA II, the amino acid that stabilizes the intramolecular water cluster and acts as a

proton donor/acceptor is replaced by Ala, a small hydrophobic residue that does not act as a

proton donor/acceptor. This mutation has a large effect on the rate limiting PT event as seen

by the experimentally determined 20 to 50 fold reduction in the observed rate.34 In an effort

to understand the effect of the H64A HCA II mutation on catalysis, the structural properties

of the active site intramolecular waters are evaluated.

The spatial occupancy plots for the water oxygens in the H64A HCA II simulation indicate

the average oxygen position and reveal the impact of amino acid mutations on the stability

and position of the active site waters. The occupancy plots for the H64A HCA II mutant,

Figure 2, indicate active site water positions that are similar to those reported in the x-ray

structure (PDB accession # 1MOO).39 While the x-ray structure for the H64A HCA II

mutant and the WT show similar active site water positions (W1, W2, W3a, and W3b), the

occupancy plots, which are averaged over thermal fluctuations, reveal that W2, W3a, and

W3b for H64A HCA II have an increased mobility (i.e., decreased stabilization and

localization) when compared to the WT water occupancy data.18 In the WT system W2 and

W3a have clear spherical densities present at the 75% iso-surface and W3b has a clear

spherical 50% iso-surface while in the H64A mutant W2 is only present at the 50% iso-

surface, W3a has much smaller 75% iso-surface when compared to WT, and W3b only

appears at iso-surfaces less than 50%. The decreased stabilization of the W2 water is of

interest because W2 corresponds to the branching point in the intramolecular water cluster

and is involved in the rate limiting proton transport step as determined in the WT system.19

The destabilization of W2 is accompanied by a destabilization of W3b a water believed to be

an integral participant in the rate limiting proton transfer process (destabilization relative to

the WT system). It is noted that in Figure 2 (top panel) W3b is absence from the iso-

surfaces. This does not mean that W3b is not present, only that it is more mobile and

samples a larger volume of space (i.e., a reduced iso-surface). At lower iso-surface values

density for water in this region is present (data not shown). In the WT system the rate

limiting PT event when His64 is in the inward orientation corresponds to the excess proton

transferring between W2 and W3a, or between W2 and W3b, while when His64 is in the

outward orientation the rate limiting step corresponds to the excess proton transferring

through waters around W3b. Therefore, it is thought that the stabilization of W2, W3a, and

W3b is necessary for the efficiency of the rate limiting PT event.14,17

In addition to the occupancy data, the radial distribution function (RDF) from the catalytic

zinc to the surrounding water oxygens, g(RZn-OW), was evaluated (Figure 3). The RDF’s

were considered converged due to the difference in the RDFs calculated from the first half

and second half of the simulations possessing a Δg(r) ≤ 0.025. Inspection of the g(RZn-OW)

for the zinc-bound water (ZnH2O2+) system reveals that there are major changes to the

Maupin et al. Page 10

J Am Chem Soc. Author manuscript; available in PMC 2014 August 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



active site solvation structure as compared to the WT system. It is apparent that in the H64A

HCA II ZnH2O2+ system the first peak (corresponding to W1) has a similar magnitude and

resides at a similar distance from the zinc as the H64A HCA II zinc-bound hydroxide

(ZnOH+) system. The greater distance between the zinc and W1 in the H64A HCA II

ZnH2O2+ system as compared to the WT ZnH2O2+ system with H64 in the inward

orientation is due to the absence of the His64 residue, which creates a first solvation shell

similar to that seen in the WT as ZnOH+ well as the ZnH2O2+ case when His64 is in the

outward orientation. While the magnitude and location of the first peak does not provide a

reason for the 20 to 50 fold decrease in the rate, the second peak in the ZnH2O2+ system

illuminates the structural defects in the active site water structure that may contribute, in

addition to the absence of a proton shuttle group, to the inefficient PT in H64A HCA II.

The second peak in the g(RZn-OW) for the ZnH2O2+ system consists of a merged second and

third peak (corresponding to W2, W3a, and W3b). The peak location indicates that in H64A

HCA II the W2 water has shifted to a larger separation distance from the zinc, while the

W3a and W3b waters have shifted to a shorter zinc separation distance resulting in a

relatively broad peak with minor structural features. The three small peaks on the overall

broad peak are not significantly larger than the error in the RDF and therefore cannot be

distinguished from the background noise. The broad peak structural feature is significantly

different than that seen in the WT and indicates that the intramolecular water cluster is more

disordered in the H64A mutant than in the WT system where there exists a clear enzyme

stabilized water cluster tuned for PT. While major structural differences are seen for the

g(RZn-OW) for the H64A HCA II ZnH2O2+ system, the g(RZn-OW) for the H64A HCA II

ZnOH+ system is indistinguishable from that for the WT ZnOH+ system. This similarity is

not surprising given the small difference between the corresponding occupancy plots and the

reported x-ray structure. The similarity between the simulated structural data and the x-ray

structure supports the hypothesis that the x-ray structure is indicative of the ZnOH+ system.

The occupancy and radial distribution data for the H64A HCA II mutant indicate that His64

is important to the stability of the active site waters due to its ability to participate in the

hydrogen bonding network, thereby adding structural integrity to the transient active site

water clusters as seen by water cluster analysis of WT and mutant HCA II systems.18 The

stability of the active site water cluster plays an important role in the rate limiting PT event

as seen in the 7-fold faster Y7F HCA II and 4-fold slower N67L HCA II mutants, which

increase or decrease the relative stability of the active site water clusters as compared to

WT, respectively.18,20 Experimentally, PT in H64A HCA II is 20 to 50 fold slower than in

WT, which is due in part to the fact that Ala64 cannot act as a proton donor/acceptor, that

W2, W3a, and W3b are destabilized, and that H64A HCA II modifies the active site water

cluster such that there are no discernable pre-determined hydrogen bonded paths that would

allow for the excess proton to be transferred/transported through the active site.45

Rate Limiting Proton Transport Event in H64A HCA II

Intramolecular water cluster: The rate limiting PT event in the WT is strongly influenced

by the intramolecular water cluster, the identity of the proton donor/acceptor (i.e. pKa), and

the location of the proton donor/acceptor. In the WT system the proton donor/acceptor is
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His64, which has a similar pKa to the zinc-bound water, near 7, and resides 8 to 10 Å from

the zinc. The inward orientation of His64 has a more favorable free energy barrier for PT

than the outward orientation due to the shorter separation distance between the catalytic zinc

and His64 and the structure of the intramolecular active site waters.19 Removing the primary

proton donor/acceptor (His64) results in a significant reduction in the observed rate

(increase in the free energy barrier). In the previous section it has been shown that this

mutation disrupts the stability of critical active site waters. This observation subsequently

raises several other questions. What is the underlying PMF and associated atomistic

description of the rate limiting PT event? What (if any) proton acceptor/donors are necessary

to facilitate PT in the H64A HCA II mutant? How does the enzyme manage to maintain the

rate limiting PT event in the absence of His64 (although at a reduced rate)? To address these

issues, simulations were conducted to determine the PMF for the H64A HCA II mutant in

the absence of exogenous buffers and without any additional ionizable residues (i.e. all

residues present in the protein contribute to the electrostatic interactions but did not take part

in the proton transfer part of the MS-EVB Hamiltonian in an ionizable fashion: A− + H+ ⇌

AH). In addition to this underlying PMF, the occupancy of the hydrated proton CEC was

evaluated in order to probe the paths that the CEC utilizes to enter/exit the active site. These

paths are then used to identify possible ionizable residues that may participate in the PT

event. With the information from the CEC occupancy plots plausible self-rescue pathways

are identified.

The PMF for the rate limiting PT event from the zinc-bound water to the surrounding bulk

environment in the absence of exogenous buffers or self-rescue pathways for H64A HCA II

is found in Figure 4 (Validation of the zinc bound water/hydroxide MS-EVB model can be

found in Ref. 19). It is clear from the figure that the calculated barrier to PT, ΔF‡ = 21.9 ±

0.3 kcal/mol, is significantly elevated when compared to the experimental value for H64A

HCA II (11.2 to 11.8 kcal/mol as determined by a 20 to 50 fold reduction in the rate from

WT and transition state theory). Interestingly, this significant overestimation of the PT

barrier was also reported by the work of Riccardi et al. using the SCC-DFTB method.67

Comparing the H64A PT PMF with the WT PT PMFs reveals that the H64A mutant has an

increased slope and free energy value as the excess proton passes through the zundel cation

between the zinc-bound water and W1. This unfavorable free energy trend continues as the

excess proton progresses through the region of the active site where the destabilized W2 and

W3b reside. The destabilization of W2 and W3b has reduced the ability of the excess proton

to delocalize into the active site water cluster, which in the WT has a stabilizing effect on

the excess proton. Therefore, the reduced ability of the excess proton to delocalize has

resulted in an unfavorable environment and an elevated PMF when compared to the WT

system. This result strongly suggests that this PT process is not utilized in H64A HCA II.

That is to say, in the H64A HCA II mutant the excess proton is not transported in/out of the

active site solely by the active site waters.

Examination of the hydrated proton CEC pathways reveals two main possibilities that may

account for the observed rate in the H64A HCA II. The first possibility is that exogenous

buffers in the solution interact with the enzyme and acting as surrogate proton donor/

acceptors by chemically rescuing the enzyme. This possibility, supported by the intersection
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of the CEC density with known binding sites of 4MI (Figure 5), will be discussed below in

the chemical rescue section. The second possibility is that other ionizable residues in the

enzyme act as proton donor/acceptors in a process known as self-rescue.

Self-rescue: Self-rescue is a viable concept given that the simulated PT process in the

absence of chemical and/or self-rescue pathways indicates a significantly elevated free

energy barrier to PT that is not in agreement with experimental data. Moreover, that

experimental data (Figure 6) indicates a measurable rate for the H64A HCA II based

mutants in the absence of exogenous buffers (it is noted that bicarbonate is present at 25 mM

and is a buffer with an apparent pKa of 10.3). Therefore, it may be concluded that some

other ionizable moiety is participating in the rate limiting PT event, which we assume here is

either bicarbonate and/or an ionizable residue in the active site (such as His, Glu, or Asp)

and/or some other process is occurring such as the dissociation of the 18O labeled hydroxide

from the catalytic zinc, which would appear in the experiment as an activated enzyme. For

the remainder of the discussion on self-rescue we will ignore the impact of bicarbonate as a

viable chemical rescue agent and focus attention on other ionizable moieties. Bicarbonate

has a pKa of 10.3, which seems too basic to be a potent contributor to chemical rescue.

To study the possibility of self-rescue, ionizable residues that have an appropriate pKa (close

to the pKa of the zinc-bound water, ~7), reside at an acceptable distance from the catalytic

zinc, and are in the path of the hydrated proton CEC as it enters/leaves the active site were

identified. The path(s) by which the excess proton (CEC) enters/leaves the active site for the

H64A HCA II is seen in Figure 5. Much like the case of the WT,19 the CEC utilizes three

predominant pathways to enter/leave the active site. The most probable pathway takes the

CEC within the vicinity of Val134 and Phe130 and continues on to Glu69 and Asp72 (x-ray

binding site of 4MI). The second most probable pathway utilizes the same path up to Val134

and Phe130 at which point the pathway branches and the CEC continues on towards the

other side of Glu69, near Asn67. These pathways are similar to the CEC pathways found in

WT when His64 is not considered as a donor/acceptor.19 They also closely correspond to the

alternate pathways (labeled as Alt-2 and 4) found by analysis of the x-ray structure of WT

(and also in some of its mutants) coupled to the fluctuations of non-ionizable amino acid

side chains such as Asn-62 and possible long-time disordering of water molecules in and

around the active site cavity.68,69 These two pathways reveal a utilization of the interface

between the water/enzyme to move the excess proton in/out of the active site. This

interfacial preference of the excess proton has also been seen for liquid/vapor and liquid/

hydrophobic interfaces.70–75 The least populated pathway takes the excess proton near

residues Asn62, Asn67, and Tyr7 near Ala64 and Trp5 (x-ray binding site of 4MI).

Using the excess proton CEC pathways it is possible to identify ionizable residues along the

pathways that may participate in the PT event. An important component to identifying

viable self-rescue amino acids is the separation distance between the ionizable residue and

the catalytic zinc. From Figure 4 it is clear that the maximal free energy barrier is reached at

~ 6 Å from the catalytic zinc. Therefore, residues that may participate in self-rescue should

be capable of interacting (stabilizing) the excess proton in this region. From previous

computational work53 it is known that glutamic acid has a relatively large interaction

distance of ~ 6 Å (i.e., the distance at which the ionizable residue favorably interacts with
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the proton CEC, Supplemental Information Figure 1S). This means that Glu69, which is ~

13 Å from the catalytic zinc, corresponds to the upper bound for the likely zinc ionizable

residue separation distances. A calculated PMF describing the PT event between the zinc-

bound water and Glu69 yielded only a slight reduction ( ~ 2 kcal/mol) in the barrier to PT as

compared to the free energy barrier in Figure 4. The major difference between the two PMFs

is that in the self-rescue PMF there exists significant stabilization of the excess proton ≥ 10

Å corresponding to the proton CEC strongly interacting and subsequently residing on Glu69

(Supplemental Information Figure 8S). This PMF suggests that Glu69 does not participate in

self-rescue and that ionizable residues farther away are at too great a distance to adequately

couple with the active site waters that can lower the barrier to PT. Therefore, other residues

that lie in the path of the CEC at greater separation distances were not considered as viable

candidates for self-rescue. Residues such as Asn62, Asn67, Tyr7, and Thr199 which reside ≤

8 Å from the zinc, were not considered due to the side chains being too basic (pKa ≫12 for

Asn and Thr, and pKa = 10 for Tyr). In addition, Glu106 was not considered because it does

not reside in, or h-bond to, the intramolecular water cluster. Glu106 throughout the

simulations is h-bonded to WD (which is h-bonded to Tyr7) and to Thr199 (Figure 2). While

it may be possible for a PT event from ZnH2O2+→Thr199→Glu106→WD→Tyr7 the high

pKa of Thr199 and Tyr7 and the need for significant rearrangement of Glu106 and WD

makes this pathway an unlikely candidate. However, new structural data indicates Tyr7 may

be unprotonated.76 This new discovery opens the possibility of Tyr7 acting in a self-rescue

pathway utilizing the intramolecular water cluster (ZnH2O2+→W1→W2→W3a→Tyr7).

The development of a tyrosine MS-EVB model and the subsequent self-rescue simulations

are a target for future studies.

While Glu69 has been eliminated as a possible self-rescue residue here, the overall question

of self-rescue is still unanswered and left to future simulations that incorporate Tyr7 as an

ionizable residue and/or experimental studies of the Y7F-H64A double mutant. It can be

reasoned that if Tyr7 is participating in the rate limiting PT event then the Y7F-H64A

mutant would eliminate this pathway and result in a decrease in the observed rate in the

absence of exogenous buffers (y-intercept decreases). With the elimination of all but one

self-rescue candidate, the possibility that the chemical rescue phenomena is responsible (in

part or fully) for the residual rate observed in the H64A mutant is investigated.

Chemical Rescue Pathways—Self-rescue is not the only means by which the H64A

HCA II mutant may continue the rate limiting PT step. Chemical rescue experiments have

clearly identified the possibility of exogenous buffers to act as proton donor/acceptors.35,40

This section will study the role of the specific exogenous buffer, 4MI, in the chemical rescue

phenomena. It is stressed that while these simulations only utilize 4MI, other buffers in

solution with appropriate pKa values may participate in similar processes to facilitate the

rate limiting PT event and provide chemical rescue.

X-ray binding sites: The simulations of 4MI with the H64A HCA II mutant indicate that

the binding of 4MI in either x-ray determined binding sites (i.e., near Glu69 and/or near

Trp5) are non-productive for chemical rescue, in line with kinetic experiments (Figure

6).41–43 This conclusion was reached by inspection of the 3 ns simulations of 4MI

Maupin et al. Page 14

J Am Chem Soc. Author manuscript; available in PMC 2014 August 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



associating with the H64A HCA II mutant in the three known binding sites and evaluating

the average position of 4MI (affinity for binding site and distance from the catalytic zinc),

impact of 4MI on the active site solvent, water cluster formation, and looking at the PT PMF

(Supplemental Information Figures 2S and 7S). From the PMF for self-rescue by Glu69 it is

likely that ionizable residues at relatively large distances (≥ 13 Å) from the catalytic zinc are

too far away to effectively stabilize the rate limiting PT event. In addition, simulations of the

deprotonation of glutamic acid and 4MI in water indicate that 4MI has a smaller effective

interaction distance with an excess proton than glutamate (Supplemental Information Figure

1S) and therefore would be less capable of significantly interacting/stabilizing the hydrated

excess proton as it is transported through the intramolecular water cluster.53 Furthermore,

the impact of the 4MI bound near Glu69 on the structure of the intramolecular water cluster

indicates that while 4MI influences the water structure deep in the active site it does not

create a water structure similar to the WT (Supplemental Information Figure 2S), nor

stabilize the formation of hydrogen bonded water clusters to the same extent as the WT

system (Supplemental Information Figure 6S). In fact, while 4MI is associating near Glu69

it rectifies some deficiencies in the water cluster structure seen in the H64A HCA II mutant

(i.e., no-resolved structure for W2, W3a, and W3b becomes more resolved although W2 still

appears to be perturbed when compared to WT water structure), it does not significantly

influence the formation of complete water clusters connecting the zinc bound water and 4MI

(Supplemental Figure 6S). That is to say, inspection of water cluster distributions indicates

infrequent formation of short lived water clusters connecting the zinc bound water and 4MI

by a hydrogen bonded network, one that could be capable of transporting an excess proton

through the Grotthuss mechanism. Similar computational results are also seen when 4MI is

bound near Trp5 even though 4MI in this binding site is closer to the catalytic zinc

(Supplemental Information Figure 2S).

In addition to the distance and water structure arguments in the previous paragraph, it has

been shown through both the experimentally determined 4MI binding constant and the

present simulations of 4MI in complex with HCA II that 4MI weakly associates/binds to

HCA II. In fact, with a binding energy of ~ 2.2 kcal/mol ( 43), 4MI is found to

weakly associate with the active site cavity while freely diffusing and intermittently

associating for longer periods of time near Glu69, Tyr7, and the NMR determined binding

site. In light of these results it may be concluded that 4MI bound near Glu69 and/or Trp5 is

largely ineffective in chemical rescue. In addition to the computational study of these

binding sites several mutation experiments (H64A, W5A-H64A, H64A-E69A, H64A-D72A,

and H64A-E69A-D72A) that influence the binding of 4MI near Glu69 and Trp5, and perturb

possible self-rescue residues have also been conducted and are discussed below.

Catalysis: The chemical rescue kinetics for mutations that disrupt 4MI binding to the x-ray

binding sites has been previously evaluated.41–43 The experiments in this section provide

further information on the chemical rescue kinetics due to mutations near Glu69, which

disrupt the binding of 4MI and eliminate ionizable residues near the mouth of the active site.

The rate constant in catalysis RH2O/[E] was determined from mass spectrometric

measurement of the catalyzed exchange of 18O between CO2 and water and is found in
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Figure 6. RH2O/[E] describes the proton transfer dependent release of 18O-labeled water

from the active site. From Figure 6 it is apparent that in the absence of exogenous buffer (y-

intercept), and in the presence of bicarbonate, there remains an underlying rate of reaction

that is similar between H64A,35 W5A-H64A,40 H64A-E69A, H64A-D72A, and H64A-

E69A-D72A43 HCA II. This rate may be attributed to the combination of self-rescue

(possible Tyr7), chemical rescue by bicarbonate and/or H3O+, dissociation of the zinc bound

hydroxide, and/or an as of yet unknown process. Upon addition of 4MI all systems show an

enhancement in the RH2O/[E], Figure 6, with inhibition at 4-MI concentrations in excess of

100 mM. This inhibition is most likely due to the binding of buffer to the zinc and/or

increased ‘traffic’ in the limited space of the active site cavity. Due to the small 4-MI

binding constant, 25 ± 4 mM43, and the weak association of 4MI with HCA II seen in the

simulation component of this work, a hypothesis can be formulated that increased 4MI

concentrations leads to crowding of buffer in the active site region resulting in steric

conflicts and possible reduced 4MI diffusion.

The activation of RH2O/[E] shown in Figure 6 was fit to eq 16 and the apparent second-order

rate constant, kB
obs/Keff

B in units of μM−1s−1, was determined. The kB
obs/Keff

B for H64A,

W5A-H64A, H64A-E69A, H64A-D72A, and H64A-E69A-D72A HCA II were 6.7 ± 1, 5.2

± 1.2, 1.8 ± 0.2, 3.3 ± 0.6, and 2.4 ± 0.3 μM−1s−1, respectively. From these results it is clear

that H64A and W5A-H64A have very similar chemical rescue kinetics, strongly indicating

that binding of 4MI near residue 5 (known x-ray binding site) is non-productive. The

mutants H64A-E69A, H64A-D72A, and H64A-E69A-D72A all possess reduced apparent

second-order rate constants when compared to H64A. Due to inhibition by 4-MI at high

concentrations the maximal rates of rescue, kB
obs, was not directly evaluated. However, if

the RH2O/[E] at 100 mM 4-MI is used as the maximal rate of rescue a range of between

0.167 to 0.10 μs−1 is observed between H64A (fastest) and H64A-E69A (slowest). This

range equates to a free energy difference of around 0.3 kcal/mol (using transition state

theory) and indicates very similar overall maximal rates. Utilizing these rates it is also

possible to estimate the Keff
B for 4MI that is in the range of 25 mM for H64A and 55 mM

for H64A-E69A. Again, these small binding constants indicate that in all of these systems

4MI weakly associates with the active site and support the hypothesis that the apparent

inhibition of 4MI at very large concentrations of buffer is due to impaired diffusion of

buffers as buffer molecules crowd into the cavity.

The similar maximal rates of rescue for the H64A-E69A, H64A-D72A, and H64A-E69A-

D72E mutant as compared to H64A HCA II (Δ0.067 μs−1 or ≤ 0.3 kcal/mol) indicates that

the 4MI binding near Glu69, like the binding site near Trp5, is non-productive. The apparent

small but noticeable decrease in the maximal rate of rescue may have implications as to

Glu69 and/or Asp72; participating in the chemical rescue pathway (i.e

ZnH2O2+→W1→4MI→Glu69/Asp72, this pathway will be discussed below). With the

elimination of both x-ray binding sites as major productive contributors to the chemical

rescue process an alternative pathway needs to be generated. In the subsequent section the

association of 4MI near the NMR site will be studied in addition to the idea that there is no

one particular binding site for exogenous buffers but instead an exogenous buffer associates
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with the active site relatively close to the catalytic zinc (< 8 Å), setting up stabilized water

clusters, and facilitating PT.

NMR binding site: The calculated PMF corresponding to the PT event between the zinc-

bound water and 4MI, residing ~ 6 Å from the zinc, is found in Figure 7. It is evident that

the resulting chemical rescue PMF is very similar to the WT PMF when His64 resides in the

inward orientation.19 Examination of the PMF indicates a free energy barrier of 9.3 ± 0.3

kcal/mol for the deprotonation of the zinc-bound water to the first water (W1), followed by

the transfer of the excess proton from W1 to 4MI with a ΔF = 3.7 ± 0.3 kcal/mol. This is a

drastic reduction in the free energy barrier as compared to the H64A HCA II PMF in the

absence of 4MI (Fig. 4) and reveals a viable pathway for the chemical rescue of H64A HCA

II by 4MI. Once 4MI has accepted the excess proton, the free energy profile indicates that

the most favorable pathway is then for protonated 4MIH+ to diffuse out of the active site

(PMF region between 6 and 10 Å). In other words, the umbrella sampling of the excess

proton CEC in this region involves the proton remaining bound to 4MI (i.e., 4MIH+), but

with the 4MIH+ then diffusing out of the active site. Possession of the CEC is tracked by

following the square of the coefficients determined by diagonalizing the MS-EVB matrix.

4MIH+ is concluded to possess the CEC due to the majority of the CEC amplitude residing

on the 4MI molecule.

During the diffusion of 4MIH+ out of the active site, > 9 Å from the zinc, the 4MIH+ passes

within 2 to 4 Å of Glu69, and a small water cluster forms between the 4MIH+ and Glu69. It

is found that the waters that participate in the small water cluster connecting the 4MIH+ and

Glu69 allow for the proton CEC to delocalize across the waters, 4MI, and Glu69 thereby

stabilizing the excess proton. The delocalization was monitored by watching the CEC

amplitude for the participating molecules. It was found that the CEC amplitude on 4MIH+

decreased while the intervening waters and Glu69’s amplitude increased, ultimately

resulting in the majority of the CEC amplitude resided on Glu69H+. The PMF for the PT

event between 4MI and Glu69 is found in Figure 7 and is represented by the dotted black

line between 10 and 16 Å. Once the coupling with Glu69 is sufficiently large, the free

energy cost for the deprotonation of 4MIH+ is lowered, and the excess proton transports

through the small water cluster to Glu69. As indicated in Figure 7, the PT event of the

excess proton from 4MI to Glu69 is favorable. These results certainly indicate another

viable pathway for chemical rescue where 4MI acts as a transporter of the excess proton

from the zinc-bound water to ionizable residues on the rim of the active site, which then

transfer the proton to solution. The release of the proton by 4MI and its return to the active

site to accept a new proton mimics at some extent the rotation of His64 between the inward

and outward orientation. The existence of an amino acid such as Glu69 and/or Asp72 that

can relay the excess proton by accepting it from 4MI may be an important component to

explaining the rescue of the catalytic activity of H64A HCA II to near WT levels. This is

seen in the chemical rescue kinetics of H64A-E69A and H64A-D72A HCA II, which is less

pronounced than the H64A HCA II (Figure 6).
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4. Conclusions

In this paper, a detailed characterization of the proton transport event in the H64A HCA II

mutant has been presented as well as insights into the chemical rescue of its catalytic

activity. Simulations of H64A HCA II in the absence of exogenous buffers and/or self-

rescue pathways indicate a free energy barrier in line with the auto dissociation of water.

This high free energy barrier clearly indicates the necessity for a proton donor/acceptor in

the form of an exogenous buffer and/or self-rescue residue to properly describe the observed

rate in H64A HCA II. Analysis of the active site waters suggests that the mutation of His to

Ala at position 64 disrupts the stability of waters W2, W3a, and W3b, which are known to

be important to efficient PT. In an effort to identify probable self-rescue residues the

behavior of the excess proton CEC was used to identify the possible paths utilized by the

proton to enter/leave the active site. Subsequent PMF simulations revealed that Glu69 is too

far away to adequately stabilize the PT event in the active site, so Glu69 was found to not be

a viable self-rescue residue. Recent experimental data has indicated that Tyr7, which also

resides along a proton CEC pathway, may contribute to the PT. An investigation into the

possibility of Tyr7 acting as a self-rescue residue is currently underway.

The occupancy plots of the excess proton CEC density also reveal important information

into the chemical rescue of H64A HCA II by 4MI. The occupancy plots show three main PT

pathways where the first two pathways guide the excess proton toward Glu69, a known 4MI

binding site, while the third pathway leads toward Tyr7 and Trp5, another known binding

site of 4MI. All pathways leading out of the active site also intersect the NMR determined

binding site of 4MI. Kinetic analysis of various H64A HCA II based mutants (W5A-H64A,

H64A-E69A, H64A-D72A, and H64A-E69A-D72A) and simulations of 4MI binding to

H64A HCA II indicate that the x-ray determined binding sites are non-productive and

therefore do not represent viable chemical rescue pathways.

Simulations on the NMR determined binding site of 4MI resulted in a PT free energy barrier

in line with the WT system, indicating a viable pathway for chemical rescue. Analysis of the

PT event with 4MI in the NMR binding site also revealed the possibility of 4MI acting as an

intermediary that carries the excess proton from deep in the active site to ionizable residues

on the rim of the active site, such as Glu69. The computational and experimental studies of

the chemical rescue phenomena thus indicate that the 4MI molecule may act as a direct

proton donor/acceptor (i.e., accept the proton and diffuse in/out of the active site) and/or as

an intermediary by passing the excess proton from the active site to various ionizable

residues on the rim of the active site. In addition, the combined computational and

experimental results indicate that 4MI weakly associates with HCA II and the classification

of specific binding sites may be misleading. A more accurate depiction is that 4MI or other

buffers associate with the enzyme but diffuse around the active site region and when the

buffer resides ≤ 8 Å from the catalytic zinc the probability of forming a stable water cluster

and facilitating PT increases (as was seen for 4MI in the NMR site). This description of

chemical rescue also helps to explain the high apparent Km value for buffer activation and

the inhibition patterns at high exogenous buffer concentrations where multiple exogenous

buffers near the active site may become hindered (from steric clashing, reduced diffusion,

etc). While the present work has focused specifically on chemical rescue mediated by 4MI,
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the mechanism and pathways used by 4MI are not limited to this particular exogenous

buffer. In fact, any exogenous buffer with an appropriate pKa that is capable of being

associated in the active site (< 8 Å from the zinc) may stabilize the PT event and result in an

observed increase in the rate, i.e., chemical rescue.
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Abbreviations

4MI 4-methylimidazole

PT proton transfer

MD molecular dynamics

HCA human carbonic anhydrase

WT wild-type

H64A HCA II HCA II site-specific mutant at position 64 from histidine to alanine

PDB protein data bank

PMF potential of mean force

WHAM weighted histogram analysis method

MS-EVB multi-state empirical valence bond
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Figure 1.
Schematic picture of the 4MIH+-(H2O)3 (|1〉) and 4MI-H3O+-(H2O)2 (|2〉, |3〉, and |4〉) EVB

states used in the creation the MS-EVB Hamiltonian matrix.
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Figure 2.
Occupancy data for the active site water oxygens inside H64A HCA II for the ZnH2O2+

(top) and ZnOH+ (bottom) systems. The gray regions represent the 50% occupancy iso-

surface and the red regions represent the 75% occupancy iso-surface for the active site

waters.
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Figure 3.
Radial distribution function of the active site waters for the H64A HCA II ZnH2O2+ (black)

and ZnOH+ (red) systems. For reference purposes the WT ZnH2O2+ system with His64 in

the outward orientation is included (black dotted).18
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Figure 4.
Free energy profile (PMF) for the PT event in H64A HCA II with no other ionizable

residues included in the model and no chemical rescue agents. The thickness of the line

denotes the standard deviation, which was evaluated to be ≤ 0.3 kcal/mol.
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Figure 5.
Spatial occupancy plots of the CEC for the hydrated excess proton in H64A HCA II. The

squares indicate 4MI binding sites determined from x-ray data39,40 and the circle indicates

the binding site determined from NMR data.43
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Figure 6.
Dependence of RH2O/[E] (μs−1) on the concentration of the exogenous proton donor 4-

methylimidazole in catalysis by the following variants of HCA II: (●) H64A35; (◇) W5A-

H64A40; (△) H64A-E69A; (■) H64A-D72A; and (○) H64A-E69A-D72A43. Data were

obtained by 18O exchange at pH 7.8 with ionic strength maintained at 0.2 M by addition of

sodium sulfate. Temperature was 25 °C. The following values of kB
obs/Keff

B in units of

μM−1s−1 were determined by a fit of eq 16 to the data: H64A, 6.7 ± 1.0; W5A-H64A, 5.2 ±

1.2; H64A-E69A, 1.8 ± 0.2; H64A-D72A, 3.3 ± 0.6; and H64A-E69A-D72A, 2.4 ± 0.3.
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Figure 7.
Free energy profile (PMF) for the chemical rescue of the H64A HCA II mutant by 4MI. The

solid line indicates the proton transfer from the zinc-bound water to 4MI and the subsequent

diffusion of the 4MI inside the active site. The dotted line indicates the proton transfer event

between the 4MI and Glu69. The thickness of the line denotes the standard deviation, which

was evaluated to be ≤ 0.3 kcal/mol.
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