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Abstract: Aldose reductase, an NADPH dependent oxidoreductase, has received considerable attention due to
its possible link to diabetic and galactosemic complications. It is known that the catalytic reaction involves a
hydride shift from NADPH and a proton transfer from a suitable proton donor to the carbonyl group of the
substrate. However, the details of the process are still unclear. The present work explores the catalytic mechanism
of the enzyme by using the semi-microscopic protein dipoles Langevin dipoles (PDLD/S) and the empirical
valence bond (EVB) methods. The pKa values of His-110 and Tyr-48 are evaluated to determine which of
these two residues donates the proton in the reaction. It is found that the free energy of protonation of His-110
in its protein site is∼9 kcal/mol and hence the pKa of this residue is abnormally low. Consequently, His-110
is not protonated in the active site of aldose reductase. On the other hand, it is found that the pKa of Tyr-48
is lowered to∼8.5 in the active site due to the stabilization by the unique local environment of the phenol
group. We conclude that Tyr-48 acts as the proton donor in the reduction of aldehydes by aldose reductase,
while the neutral His-110 has a role in substrate binding during the catalysis. To obtain a quantitative picture
of the energetics of different feasible catalytic mechanisms in the protein we follow the EVB philosophy and
calibrate the potential surface of the catalytic reaction in a solvent cage by using the relevant energetics from
experiments. It is found that a mechanism where a proton transfer precedes the hydride transfer is unfavorable
in the solvent cage, relative to the alternative mechanism where the hydride transfer precedes protonation.
Furthermore, our study of the reaction in the actual protein environment indicates that an initial proton transfer
step would require prohibitively high energy. Thus, the most probable catalytic mechanism commences with
the hydride shift, followed by a proton transfer from Tyr-48. The calculations show that in water the activation
barrier for the hydride shift is∼20 kcal/mol, which is far above the barrier of the subsequent proton transfer.
The protein environment stabilizes the transition state of the hydride shift by∼3 kcal/mol and destabilizes the
intermediate state by∼8 kcal/mol relative to the corresponding states in the water cage. This finding is consistent
with the physiological role of the enzyme in detoxification where it catalyzes the reduction of a wide range of
carbonyl-containing substrates without particular specificity. It is argued that it may be difficult for an enzyme
to both satisfy this demand and catalyze the reaction beyond the simple role of bringing the proton and hydride
donor groups to the proximity of the substrate.

1. Introduction

Human aldose reductase (ALR2, EC 1.1.1.21), a member of
the aldo-keto oxidoreductase superfamily,1 catalyzes the reduc-
tion of a variety of carbonyl compounds to the corresponding
alcohols. The enzyme is a monomer (35.8 kDa) encoded by a
single gene located on chromosome region 7q35.2,3 It is
expressed in various human tissues including retina,4 muscle,4

placenta,1 and liver.5 The enzyme utilizes NADPH cofactor to
reduce carbonyl compounds such as sugars,6 corticosteroid

hormones7 and aldehyde metabolites.1,8 The physiological role
of ALR2 spans from steroid and carbohydrate metabolism9 to
detoxification.10,11 The enzyme has received considerable at-
tention due to its participation in the polyol pathway where it
reduces glucose and galactose under hyperglycemic conditions.12

The excessive accumulation of the products of these enzymatic
reactions is believed to be linked to certain long-term diabetic
and galactosemic complications such as cataract, retinopathy,
nephropathy, and neuropathy.12,13 Interruption of the polyol
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pathway with the administration of aldose reductase inhibitors
(ARIs) represents a potential therapeutic strategy for preventing
the onset or progression of these complications.14 At present,
the available drugs are not effective due to their side effects
and nonspecificity. To develop a rational basis for the design
of new, specific ARIs, it is necessary to understand the mech-
anism of the catalytic reaction on a detailed molecular level.

Several crystal structures have been determined for the
apoenzyme,15 the holoenzyme, and the inhibitor-bound holoen-
zyme16-18 (Figure 1), as well as for mutant enzymes.20-22

Structural analysis and kinetic experiments have revealed
important aspects of the enzymatic reaction mechanism. It has
been shown23,24 that the enzymatic reaction is initiated when
the NADPH cofactor binds to the apoenzyme. This is followed
by the binding of the substrate and the catalytic reaction. Finally,
the substrate is released, and the oxidized cofactor NADP+

dissociates from the complex. The binding and release of the
cofactor is associated with a conformational change in the
enzyme that is the major rate-limiting factor in the overall
reaction. It has been established16 that the large and highly
hydrophobic active site is located at the carboxyl terminus of
the (â/R)8 barrel. In the catalytic reaction, thepro-R hydrogen
of the NADPH is transferred to there face of the carbonyl group
of the substrate,25 followed or preceded by a protonation of the
carbonyl oxygen of the substrate by a suitable proton donor in
its vicinity (Figure 2).

There are two potential proton donor residues in the active
site of ALR2, which are conserved in the aldo-keto oxi-
doreductase superfamily: Tyr-48 and His-110. Histidines often
serve as proton donors in biological systems26 due to the fact
that their pKa is approximately 6.5 in aqueous solution. In the
case of ALR2, however, mutations of His-110 to Asn,27 Gln,
or Ala21 exhibited reduced but measurable enzymatic activities.
The hydrophobic environment16,21of His-110 and the existence
of a conserved water channel that connects Nδ1 of His-110 to
the bulk solvent28,29 led to controversial conclusions about the
protonation state of this residue. A study of the pH dependence
of steady-state kinetic parameters suggested30 that His-110 is
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Figure 1. Perspective view19 of the structure of human aldose reductase with bound NADPH. The cofactor and some important residues which are
considered in the text are shown in a stick representation.
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protonated and probably the catalytic proton donor. Alterna-
tively, Tyr-48 was proposed to be the proton donor on the basis
of structural analysis.16 The pKa value for tyrosine in aqueous
solution of ∼10 is believed to be lowered to 8.25 in the
conserved Tyr-48-Lys-77-Asp-43 triad in the active site of
ALR2.31 Site-directed mutagenesis studies also support a
mechanism in which Tyr-48 is the proton donor. No catalytic
activity was detectable in the Tyr-48fPhe (Y48F)21 and Lys-
77fMet (K77M) mutants,21 and reduced catalytic activity was
observed in the Asp-43fAsn (D43N) mutant.27 However, some
activity was retained in the mutants where Tyr-48 was replaced
by His (Y48H) and Ser (Y48S).21 To explain this observation,
it was suggested that the proton donor is the water molecule
which is found in the crystal structure of the Y48H mutant at
the location corresponding to that of the Tyr-48 hydroxyl group
in the wild-type crystal structure.21

Despite the experimental evidence that Tyr-48 is the likely
proton donor in the native enzyme it has been found in recent
computer simulation studies29,32 that the activation barrier is
lower when the protonated form of His-110 acts as the proton
donor as opposed to Tyr-48. However, these calculations
overlooked the fact that His-110 may not be protonated in the
hydrophobic protein environment. A rather qualitative molecular
modeling study33 proposed a neutral His-110 in the ternary
complex on the basis of calculated binding geometries and
interaction enthalpies. It should be noted in this respect that
calculations of structures of proteins in different charged
configurations are very problematic without the proper treatment
of long-range effects and, more importantly, ionization states
should be determined by energy calculations of the protein in
its charged and uncharged states rather than by structural
calculations. Despite the possible problems with the above
theoretical studies it is clear that computer simulation approaches
are essential to correlate the structure and function of proteins,
and this should also be true for ALR2. Such studies can provide,
at least in principle, information about the relative energies of
different reaction paths and thus the feasibility of alternative
mechanisms. In the present work we use computer simulation
approaches to obtain more reliable results by evaluating the pKa

values of His-110 and Tyr-48 and the energetics of other relevant
charge configurations. Further, we analyze the energetics of
different feasible mechanisms of the catalytic reaction in a
solvent cage on the basis of experimental free energy data. This
allows us to explore the catalytic effect of the enzyme by
considering the difference between the free energy of different

mechanisms in solution and in the actual protein environment.
The calculated results and their relevance to the available
experimental data are discussed, and the possible connection
between our findings and the role of the enzyme in physiological
detoxification is considered.

2. Methods

2.1. pKa Calculations. The dissociation energy of chemical bonds
depends on the surrounding environment. For example, while the
dissociation of an acid is thermodynamically unfavorable in the gas
phase, it proceeds spontaneously in aqueous solution. The medium in
the interior of biological macromolecules is highly complex and can
significantly stabilize or destabilize the ionized group. Therefore, it is
important to calculate the free-energy change of the dissociation process
(or the corresponding pKa) by using a proper description of the
electrostatic interactions between the ionizable group and its sur-
roundings.34-37 Although it is possible to calculate the absolute pKa

value of an ionizable group, more accurate results can be obtained by
evaluating the difference in free energy of solvation upon changing
the environment of the given group from water to the active site of the
enzyme.34-36,38The free energy associated with the pKa of an ionizable
group (AH) can be calculated by using the central thermodynamic cycle
of Figure 3.34

where p and w denote the protein and water environment for the
dissociation process, respectively, and∆Gsol

wfp is the difference in free
energy of solvation upon moving the indicated group from water to its
protein site. Equation 1 can be rewritten as

where pKa,i
p and pKa,i

w are the pKa’s of the ith group in protein and
water, respectively, and∆∆Gsol

wfp (AH i f A i
-) consists of the last

two terms of eq 1. Since pKa,i
w can be determined experimentally to a

high degree of accuracy, one needs to focus only on the second term
in eq 2.

∆∆Gsol
wfp for A- or AH can be obtained with the semi-microscopic

protein dipoles Langevin dipoles (PDLD/S) method39,40 coupled with
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Figure 2. Schematic description of the catalytic reaction of aldose reductase. The reduction involves a stereospecific hydride transfer from the
nicotinamide ring of NADPH to the substrate carbonyl carbon and a protonation from a suitable proton donor (AH) to the substrate carbonyl
oxygen.
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a linear response approximation (LRA) calculation.40,41In the PDLD/S
method the average polarization of the solvent is approximated by
Langevin-type dipoles, and the interaction energies are scaled in a
consistent way that increases the precision of the result. The free energy
associated with moving the given group from water to the protein, which
is fixed in a single configuration, can be calculated by using a coupled
thermodynamic cycle (Figure 3, left and right cycles):

where s indicates that a single protein configuration is used,∆Gsol,i
w

is the free energy of solvation of the ionizable group (the self-energy
in water),∆Gsol,p

w (q ) qi) and ∆Gsol,p
w (q ) 0) are the free energies

of solvation of the entire protein in water with atomic charges present
on the particular group (“charged state”) and with atomic charges on
the group set to zero (“uncharged state”), respectively. The∆Gsol,p

w

(q ) 0) term approximates the case where the ionizable group is not
in the protein cavity.∆Vqµ is the vacuum interaction between the
atomic charges on the ionizable group and the permanent dipoles of
the protein (represented by atomic charges),εw is the dielectric con-
stant of water, andε/p is a scaling factor which accounts for the
interactions that are not considered explicitly. This factor is quite
different than the actual protein dielectric constant (see below and in
ref 41).

To capture the physics of the reorganization of the protein dipoles
in the charging process, it is necessary to relax the protein structure in
the relevant charged and uncharged states. Moreover, for accurate free-
energy differences, several protein configurations should be averaged.
The phase space can be adequately sampled by utilizing Monte Carlo
or molecular dynamics (MD) techniques.42 In this study we use a MD
approach in the LRA framework.40,41 This approach approximates the
free energy associated with a transformation between two charge states
by averaging the potential difference between the initial and final states
over trajectories propagated on these two states, respectively. Using

the PDLD/S free energy that corresponds to a single protein structure
as an effective potential in the PDLD/S-LRA method, the free energy
of solvation is given by

where the∆Vsol,i
wfp is the PDLD/S effective potential (the (∆Gsol,i

wfp)s of
eq 3), the〈 〉q)qi and 〈 〉q)0 terms designate an average over protein
configurations generated in the charged and uncharged state of the given
group, respectively. Although this approach takes into account the
reorganization of the environment explicitly, it may not fully account
for some effects such as the complete water penetration and protein
reorganization. These factors and the effect of induced dipoles are
implicitly included in the model, which lead to the use ofε

/

p ) 4 in this
work.

Different strategies can be followed in calculating the pKa of a
particular group in the protein, where several other ionizable groups
are present. One solution is to fix the protonation states of the residues
which are predominantly charged at physiological pH and calculate
the charge-charge interactions in∆Gsol,i

wfp explicitly using the PDLD/
S-LRA method. This approach takes into account the reorganization
of charges in the ionization process and is useful when the ionizable
groups are in close proximity to the group whose pKa is evaluated.
Alternatively, one can consider the free energy change in two steps. In
the first step, the ionizable group of interest is transferred from water
to a protein environment where all other ionizable groups are in their
neutral form (no assumption about the protonation states of other
ionizable residues is needed). In this step all interactions of the atomic
charges on the group with the dipoles of the protein and water are
explicitly considered using the PDLD/S-LRA method. In the second
step, the charge states of the ionizable residues are determined iteratively
in a self-consistent manner. The charge-charge interactions are
calculated using a macroscopic model where the reorganization of the
protein and solvent is considered implicitly by usingεeff ) 40 (the
justification and validation of this approach is given elsewhere43). Here,
the pKa in the protein is given by(41) Sham, Y. Y.; Chu, Z. T.; Warshel, A.J. Phys. Chem. B1997, 101,

4458-4472.
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1753.

Figure 3. Thermodynamic cycle used to calculate the pKa’s of ionizable residues. The central cycle (solid arrows) corresponds to a microscopic
evaluation of the free energy change (∆G) associated with the ionization of an acid AH in a protein-water system. The∆Gsol

w is the change in free
energy of solvation in water for the given process, and∆Gsol

wfp is the difference between the free energy of solvation in water and protein for the
indicated group. The coupled cycles (broken arrows) correspond to the semi-microscopic PDLD/S approach where∆Gsol

wfp is evaluated by changing
the dielectric of the solvent fromεw to ε

/

p (the ε
/

p is a scale factor that accounts for the interactions that are not considered explicitly). The∆Gsol,p
w

(q ) qi) and∆Gsol,p
w (q ) 0) terms are the free energies of solvation of the protein in water with atomic charges present on the particular group and

with atomic charges on the group set to zero, respectively.∆Vqµ is the vacuum interaction between the atomic charges on the group and the
permanent dipoles of the protein. The orientation and magnitude of these dipoles are affected by the presence and charge state of the ionizable
group and indicated schematically by arrows.
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where pKint,i
is the intrinsic pKa of the ionizable group in the “neutral”

protein, and (∆pKa,i
)j is the pKa shift due to the charge on thejth

ionizable residue. The intrinsic pKa can be expressed as in eq 2 by the
pKa in water, pKa,i

w , and ∆∆Gsol,i
wfp, which reflects the free-energy

difference associated with moving the group in its ionized and neutral
state from water to the “neutral” protein. The∆Gij

p represents all the
charge-charge interactions in the protein. The accurate evaluation of
the energetics of the intrinsic pKa in the first step is more important,
since generally the protein-solvent environment effectively screens
the charge-charge interactions.44,45

As a first step in the pKa calculations, we examined the accuracy of
the solvation free energies (∆Gsol,i

w ) of groups of interest. It should be
noted, however, that only relative solvation energies are considered in
our approach to obtain pKa’s. The charges of the relevant groups were
derived from ab initio HF/6-31G(d) calculations performed with the
Gaussian 98 program.46 This was done by fitting the charges to
reproduce the molecular electrostatic potential and the total dipole
moment of the molecule.47 The calculated solvation free energies were
found to be within 10% of the experimental data, and hence these
charges were used in subsequent calculations throughout this work.

The molecular dynamics simulations of ALR2 that generated the
protein structures for the LRA calculations started from the crystal
structure of the cofactor-bound state of the enzyme (PDB entry 1ads).16

The system was divided into two regions; the first (I) includes the side
chain of the ionizable residue of interest (e.g., Tyr-48 or His-110), and
the second (II) includes the surrounding protein and solvent environ-
ment. All region II atoms within 20 Å around the center of region I
were subject to a weak constraint of 0.03 kcal mol-1 Å-2 around their
crystal positions; atoms between 20 and 23 Å were constrained by 30
kcal mol-1 Å-2. All nonbonded interactions with atoms beyond 23 Å
were excluded from the calculation. The system within 20 Å around
the center was solvated by all-atom water molecules, which were subject
to the boundary condition of the surface constraint all-atom solvent
(SCAAS) model.48 The solvent between 20 and 23 Å was represented
by a grid of Langevin-type dipoles, and beyond 23 Å by a continuum
with the dielectric constant of bulk water (ε ) 80). The long-range
effects in this spherical SCAAS system were treated by the local
reaction field (LRF) method.49 The system set up this way allows for
a reliable and consistent treatment of the electrostatic effects in the
enzyme-solvent system.

The standard all-atom ENZYMIX parameters40 were employed for
the whole system, except for the region I charges (described above)
and those on the NADPH cofactor in region II which were obtained
from the CHARMM22 force field.50,51 In the MD simulations the
induced energies and forces were evaluated with charges scaled by a
factor of 0.75 on non-ionized residues in region II. The PDLD/S-LRA
simulations were carried out with the POLARIS/ENZYMIX program

package.40 The entire system was equilibrated at 300 K by a 5000 step
molecular dynamics simulation with a 1 fstime step. In the subsequent
15 000 steps, 30 configurations were extracted for PDLD/S calculation
every 500 steps.40 The pKa value of a particular ionizable group was
determined as the average of the pKa values calculated for the 30 single
protein configurations. As the∆Gsol

wfp for AH was found to be small
(<1 kcal/mol), this energy term was neglected in the present study.
The effect of ionized residues in the protein environment on the pKa

was evaluated both by using the charged residues in the protein
explicitly and by using a macroscopic model.

2.2. EVB-FEP Simulations.Simulation techniques which determine
the free energy along a reaction coordinate can provide valuable insight
into the molecular details of enzymatic reactions.38 Since chemical
processes involve bond rearrangements, the quantum mechanical nature
of the process must be included in the model. The empirical valence
bond (EVB) method coupled with free energy perturbation (FEP) and
umbrella sampling techniques offers an effective way to obtain
quantitative results.38 The capability of this method to provide reliable
potential surfaces for hydride-transfer reactions in solution has been
demonstrated earlier.52 The EVB approach has been extensively
discussed elsewhere,38,53and it is now used by several leading research
groups.54-67 Thus, we will only consider some general points of the
methodology here.

In the EVB approach the system is divided into a reaction region
(the EVB atoms) where electronic changes take place, and an
environment region which perturbs the reaction region through
electrostatic, van der Waals, and bonding interactions. The EVB
Hamiltonian matrix includes diagonal elements (Hii) which represent
pure VB states and off-diagonal elements (Hij) which represent the
quantum mechanical coupling of these states. The ground-state energy
of the system is calculated by diagonalizing the EVB Hamiltonian. The
diagonal element (or the energy) of theith VB state is described by
force field-type potential functions and a constant, designated asRi.
The force field-type functions are usually fitted to reproduce various
experimental data. The constantRi is the gas-phase energy of theith
state when all the EVB fragments are at infinite separation. The
difference betweenRi andRj (“gas-phase shift”) determines the relative
energy of the VB states for a particular reaction step. To obtain reliable
values for the gas-phase shifts, we adjust∆Rij until the calculated EVB
free energy change of a reference reaction reproduces the corresponding
experimental value or ab initio quantum mechanical estimates. TheHii’s
of the EVB Hamiltonian obtained this way guarantee a reliable
description of the reaction potential surface at its asymptotic regions.
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TheHij’s can be adjusted similarly by fitting the calculated EVB barrier
of a reference reaction to the corresponding experimental or theoretical
estimate and by fitting the complete transition state region of the EVB
surface to the corresponding ab initio surface. These parameters are
then kept constant while moving the EVB atoms from the reference
state to the protein environment. The reference reaction is generally
the catalytic reaction performed in a water cage that includes the
substrate and the catalytic groups. The mechanism of the catalytic
reaction corresponds to the assumed mechanism in the enzyme and
not necessarily to that in the solution. The use of such a reference
reaction guarantees reliable energetics in enzyme modeling and allows
one to determine the difference between the effects of the solvent and
the protein environment. The corresponding difference in activation
free energies gives the catalytic effect of the enzyme.37 It is useful to
point out that this approach uses a potential surface which is calibrated
to reproduce the relevant free-energy surface of the reference solution
reaction. The calibration also absorbs the nuclear quantum mechanical
corrections of the reference reaction in theHij term, but the possible
difference between the nuclear quantum mechanical effects in solution
and enzyme reactions is neglected. This difference is, however, usually
minor.37,68

The free-energy profile of the reaction is evaluated by using a FEP/
umbrella sampling technique. This approach uses a mapping potential
(Vm) which is given in the simple two-state case by

where λm is a mapping parameter that drives the system from the
reactant to the product state. The umbrella sampling procedure is then
used to obtain the actual ground-state free energy (for details see ref
38). This reaction free energy is calculated along a reaction coordinate,
which is taken as the energy gap between the two diabatic states,H11

andH22.
In the present study, the VB states used represented the reactant,

possible intermediate, and product states. In each reaction step, the initial
VB state was transformed into the final one in 21 FEP mapping steps.
At each mapping step, the configuration space was explored with 3 ps
simulation time at 300 K using 1 fs time steps. The stability of the
simulations was tested by different initial conditions and longer
simulation times, and the convergence error was assessed by forward

and backward integration of the same trajectory. The effect on the final
results, however, was small (<2 kcal/mol) since similar changes occur
in the protein and in solution. The EVB-FEP simulations were first
performed in water to calibrate the gas-phase shifts (∆Rij) and the off-
diagonal matrix elements (Hij) for the corresponding VB states against
the relevant experimental data (see below). The same parameters were
used in the simulation of the reaction in the protein environment. The
treatment of the solvent, atomic charges, and the polarizable force field
parameters were those described in section 2.1. The simulation of the
catalytic reaction was performed using the ENZYMIX program.40

3.Results and Discussion

3.1. Analysis of the Energetics of the Reference Solution
Reaction. Understanding catalytic reactions in enzyme active
sites is one of the major challenges of biochemistry. Enzymes
can accelerate chemical reactions compared to the same reac-
tion in water due to their unique three-dimensional structure.
Therefore, solution-phase reactions serve as suitable reference
systems in theoretical studies of enzymes. In this section we
attempt to give a careful analysis of the energetics of the
reference solution reaction. The analysis will serve as a basis
for the study of the catalytic reaction of ALR2. The results of
this analysis are depicted in Figures 4 and 5 to help the reader
follow the steps considered below.

We start our experimentally based analysis by considering
the energetics of the overall reference reaction. This reaction
can be written as

where RCHO and RCH2OH are the aldehyde reactant and
alcohol product, respectively, and AH is the participating acid.
A reliable estimate of the free energy of this reaction (∆G1f3)
can be obtained by combining the relevant free energy changes
using biochemical standard electrode potentials69,70at pH) 7.
That is, for (R) Me) we have:

(68) Hwang, J.-K.; Warshel, A.J. Am. Chem. Soc.1996, 118, 11745-
11751.

(69) Sober, H. A.Handbook of Biochemistry; Sober, H. A., Ed.; CRC
Press: Cleveland, OH, 1970.

(70) Fasman, G. D.Practical Handbook of Biochemistry and Molecular
Biology; Fasman, G. D., Ed.; CRC Press: Boca Raton, FL, 1989.

Figure 4. Free energy diagram for the reference reaction in water at pH) 7 with Tyr as a proton donor. The∆Gs are the free energy changes,
and the∆gqs are the activation free energies for the transitions between the indicated states. Both the∆Gs and the∆gqs are deduced from
experimental data. (A) The energetics of the mechanism that starts with a hydride transfer from NADPH to the substrate followed by a protonation
of the intermediate anion; (B) The energetics of the mechanism that starts with a proton transfer from Tyr to the substrate followed by a hydride
transfer from NADPH to the intermediate cation.

Vm ) H11(1 - λm) + H22λm (6)

RCHO+ NADPH + AH ) RCH2OH + NADP+ + A- (I)
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combining these equations we obtain

whereΦ ) 23.06 kcal mol-1 V-1

The electromotive force (emf) of the above cell,∆G°′emf
gives -5.9 kcal/mol at the biochemical standard state (pH)
7); that is,∆G°emf ) ∆G°′emf -2.3RT(7 - pH) ) -15.6 kcal/mol
at the chemical standard state (pH) 0). To take into account
the nature of the proton donor, one has to consider the
deprotonation (DP) energy of the proton source in the system.
The relevant reaction and the corresponding free energy can be
written as AHf A- + H+ and ∆G°DP ) 2.3RT(pKa - pH),
respectively. We also need to consider the energetics of bringing
the molecules into the same solvent cage and the change in
electrostatic interactions between the reacting molecules during
the chemical process. This free-energy correction (∆GC) for the
electrostatic attraction was estimated earlier45 using a dielectric
constant of 30. The corresponding results are∼-2.5 kcal/mol
for bringing two oppositely charged groups to around 3 Å and
∼0 kcal/mol for interactions between charged and neutral
species. Finally, the overall energy of eq I (∆G1f3) is obtained
by combining the relevant energy terms. The resulting free-
energy change is∆G1f3 ) ∆G°emf + 2.3RT(pKa) + ∆GC. This
equation is pH-independent, but it depends on the pKa of the
proton donor.70 Thus, we obtain∆G1f3 ) -15.6 + 1.38 ×
10.1-2.5 ) -4.1 kcal/mol for tyrosine (Figure 4) and∆G1f3

) -15.6+ 1.38× 6.5) -6.6 kcal/mol for histidine. However,

for a doubly protonated histidine we should consider a small
energy of the initial protonation at pH) 7 (pKa ≈ 6.5),∆G°p )
-2.3RT(pKa - pH). Thus, the free energy of the overall process
in water with histidine as the reactive acid is∆G1f3 ) -6.6+
1.38× 0.5 ) -5.9 kcal/mol at pH) 7 (Figure 5).

The free energy of the proton transfer (PT) step can also be
estimated45 by using experimental pKa values70 for the donor
and acceptor groups in solution. Using∆GPT and ∆G1f3 we
obtain the free energy of the intermediate structures (for histidine
the initial protonation free energy,∆GP ) 0.7 kcal/mol at pH
) 7, should also be considered). In a mechanism, where the
protonation of the anionic intermediate terminates the catalytic
reaction, we obtain the free energy of the proton-transfer step
by ∆GPT ) 2.3RT[pKa(AH) - pKa(RCH2OH)] + ∆GC. This
gives for tyrosine 1.38(10.1-15.9) ) -8.0 kcal/mol (Figure
4a) and for histidine 1.38(6.5-15.9)+ 2.5 ) -10.5 kcal/mol
(Figure 5a). In this mechanism the hydride transfer gives an
ion pair intermediate with∆G1f2 ) 3.9 kcal/mol. This result
does not depend on the nature of the proton donor in the vicinity
of the intermediate due to the electrostatic screening of water.
In an alternative mechanism the protonation of the substrate
carbonyl oxygen initializes the catalytic step with∆GPT )
2.3RT[pKa(AH) - pKa(RCHOH+)] + ∆GC. In the absence of
an experimentally available pKa for aliphatic aldehydes, we use
in this work an estimate of pKa ) -8 based on the pKa’s of
aliphatic ketones.71 The corresponding proton-transfer processes
require 1.38(10.1+ 8.0)-2.5) 22.5 kcal/mol and 1.38(6.5+
8.0) ) 20.0 kcal/mol for tyrosine and histidine, respectively.
This gives for the corresponding cationic intermediates∆G1f2

) 22.5 kcal/mol (Figure 4b) and∆G1f2 ) 20.7 kcal/mol (Figure
5b), respectively. Hence, the system has to overcome a large
free energy increase due to the weak basicity of aliphatic
aldehydes.

The activation free energies of the relevant reaction steps in
solution can be estimated from free-energy relationships based

(71) Arnett, E. M.Prog. Phys. Org. Chem.1963, 1, 223-393.

Figure 5. Free energy diagram for the reference reaction in water at pH) 7 with His as a proton donor. The∆Gs are the free energy changes,
and the∆gqs are the activation free energies for the transitions between the indicated states. Both the∆Gs and the∆gqs are deduced from
experimental data. Note that the protonation energy of His is included in the reaction energetics. (A) The energetics of the mechanism that starts
with a hydride transfer from NADPH to the substrate followed by a protonation of the intermediate anion (B) The energetics of the mechanism that
starts with a proton transfer from His to the substrate followed by a hydride transfer from NADPH to the intermediate cation.

RCHO+ 2H+ + 2e- f RCH2OH
∆G°′red ) 2Φ × 0.197 V (II)

NADPH f NADP+ + H+ +2e-

∆G°′ox ) -2Φ × 0.324 V (III)

RCHO+ NADPH + H+ ) RCH2OH + NADP+

∆G°′emf ) -2Φ × 0.127 V (IV)
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on experimental data.38 Proton transfer barriers are approxi-
mately 5 kcal/mol higher than the free-energy change of the
actual process in water. The activation free energy for a hydride
transfer to the carbonyl substrate is approximately 20 kcal/
mol.52,72 The barrier to transfer the hydrogen from NADPH to
the protonated substrate is expected to be lower than the
preceding proton-transfer barrier.

In summary, the analysis of the energetics of the reference
reaction shows (Figures 4 and 5) that the mechanism with an
initial proton transfer involves a large activation barrier and it
is unlikely to proceed with a reasonable rate in solution. On
the other hand, the mechanism with an initial hydride transfer
to the substrate involves a relatively low activation barrier. More
specifically, the barrier to the initial hydride transfer is∼20
kcal/mol, and the barrier to the subsequent protonation is∼5
kcal/mol. In the case that histidine is the proton donor, an initial
protonation free energy of∼0.7 kcal/mol at pH) 7 should
also be considered. Finally, it is worth noting that the calculated
catalytic efficiency of an enzyme does not depend greatly on
the accurate energetics of the reference reaction in water but
rather on the difference between the energetics of the solution
and enzyme reactions. Nevertheless, we feel that our estimate
of the free-energy changes in water is sufficiently reliable to
allow one to obtain a quantitative description of the absolute
free-energy changes in the enzyme.

3.2. Analysis of the Energetics of the Catalytic Step in
the Enzyme.

3.2.1. Calculations of pKa’s in the Wild-Type Enzyme. To
evaluate the energetics of the reaction in the enzyme, we need
to determine the free energy required to transfer the system from
water to the protein interior. This can be done by calculating
the solvation free energies of the participating fragments in water
and in the protein. The relevant∆Gsol

wfp values enable us to
evaluate the pKa’s of important groups in the active site of the
enzyme. For example, it was suggested30 that in ALR2 His-
110 is the acid-base catalyst with a pKa ∼7 based on pH
dependent steady-state kinetic parameters. However, others16

argued that the pKa of His-110 is abnormally low based on
structural considerations. In this case His-110 would not be
protonated in the enzyme and thus could not act as a proton
donor. Several differing pKa shifts have been suggested16,30for
the pKa of Tyr-48 as well, but a pH-dependent kinetic measure-
ment31 indicated that Tyr-48 has a pKa of 8.25. Our theoretical
estimate of pKa values is based on a well-defined physical
model, and thus it offers a reliable way to resolve these
controversies. The calculated∆Gsol

wfp values and the corre-
sponding pKa’s are summarized in Table 1.

The pKa’s of Tyr-48 and His-110 were evaluated by the two
approaches described in section 2.1. The first one calculates
the intrinsic pKa of the ionizable group and then determines
the effect of other ionized residues by a consistent macroscopic
approach. The other approach considers the ionized residues of
the protein explicitly in the LRA procedure. The ionization states
in this model were assigned on the basis of solution-phase pKa

values that may not reflect the exact protonation states in the
protein. However, the two approaches give similar results, and
this indicates that the charge-charge interactions in the protein
are relatively small. The∆Gsol

wfp for Tyr-48 is negative, which
shows that the protein environment stabilizes the tyrosinate anion
more effectively than water does. The relative free energy of
-2.2 kcal/mol corresponds to a pKa of 8.5 which is in line with
the experimentally predicted low pKa of Tyr-48. Analysis of

the individual group contribution to the overall effect indicates
that Lys-77 provides a strong electrostatic stabilization to the
tyrosinate (for proper evaluation of the electrostatic effect of
Lys-77, see mutation studies below). The aspartate residue,
which destabilizes the anion, probably has a role in the posi-
tioning of the highly flexible Lys-77 in the vicinity of Tyr-48.

The ∆Gsol
wfp value for the other potential proton donor, His-

110, is around 8.7 kcal/mol (Table 1). This indicates that
protonation of His-110 in the relatively hydrophobic environ-
ment is greatly unfavorable process compared to the corre-
sponding process in water (the pKa is shifted down by 6 units;
see our validation study in ref 73). The effect of the crystal-
lographic water molecules on the pKa of His-110 was investi-
gated explicitly (these molecules are represented in the other
calculations by Langevin dipoles). It was found that the
protonation of His-110 is also greatly unfavorable in this model.
The possibility of a neutral histidine as a proton donor in the
system was considered as well. A neutral histidine was proposed
to act as a general acid in the catalytic reaction of triosephos-
phate isomerase.75 However, the imidazolate anion in ALR2 is
destabilized relative to water (the corresponding∆Gsol

wfp value
is calculated to be 4.5 kcal/mol), and this further increases the
pKa of a neutral histidine70 from the aqueous pKa of 14.5. Thus,
it appears that in the specific environment of this enzyme neither
a neutral nor a protonated histidine can play the role of a proton
donor.

The pKa of the potential proton donor groups in the presence
of a substrate cannot be investigated without considering the
given acceptor group in the process. The best way is to examine
the actual proton transfer in the protein environment, where the

(72) Yadav, A.; Jackson, R. M.; Holbrook, J. J.; Warshel, A.J. Am.
Chem. Soc.1991, 113, 4800-4805.

(73) To verify the reliability of the calculated shift in the pKa of His-
110 in ALR2, we investigated a system where the pKa of a histidine in a
protein environment is experimentally established. We chose barnase (PDB
entry 1bni), where the pKa of His-18 has been shown74 to be unusually
high (pKa ) 7.8) due in part to the stabilizing interaction with Trp-94. Our
PDLD/S-LRA calculations using the described simulation protocol showed
that the protonated histidine is stabilized in the protein relative to water
and gave a pKa of around 8 (see Table 1). The encouraging results indicate
that the method applied here reflects the experimentally observed effects
well.

(74) Lowenthal, R.; Sancho, J.; Fersht, A. R.J. Mol. Biol. 1992, 224,
759-770.

(75) Bash, P. A.; Field, M. J.; Davenport, R. C.; Petsko, G. A.; Ringe,
D.; Karplus, M.Biochemistry1991, 30, 5826-5832.

Table 1. Calculated pKa Values for Wild Type (WT) and Mutant
Enzymesa

residue ∆Gsol
wfp pKi Σ(∆pKa)j pKa

WT-Tyr48b -0.83( 0.97 9.5( 0.7 -1.03 8.5( 0.7
WT-Tyr48c -2.21( 1.38 8.5( 1.0 - 8.5( 1.0
WT-His110b 8.90( 1.28 0.0( 0.9 0.87 0.9( 0.9
WT-His110c 8.67( 1.24 0.2( 0.9 - 0.2( 0.9
WT-His110c,d 7.49( 2.32 1.1( 1.7 - 1.1( 1.7
K77M-Tyr48c 3.58( 1.38 12.7( 1.0 - 12.7( 1.0
Y48H-Watc -3.70( 2.10 13.0( 1.5 - 13.0( 1.5
barnase-His18c,e -2.10( 0.54 8.0( 0.4 - 8.0( 0.4

a Notations as in eqs 3 and 5; the∆Gsol
wfp values in kcal/mol; the

pKa values were determined as the average of 30 pKa values corre-
sponding to protein configurations extracted from LRA MD simulations.
The relevant solvation energies are averaged over the potential surfaces
of the charged and uncharged states of the given residue; standard
deviations are indicated.b The pKa was evaluated as the sum of the
pKa in a “neutral” protein (pKi) and the pKa shift (Σ(∆pKa)j) due to the
effect of charges on other residues. The charge states were determined
self-consistently and the charge-charge interactions are evaluated by
a macroscopic approach withεeff ) 40. c The pKa was evaluated in a
protein with pre-set ionization states.d The pKa was evaluated in a
protein with crystallographic water molecules present.e The pKa of His-
18 in barnase was evaluated to assess the accuracy of our method to
calculate pKa of histidines in protein; the experimental pKa is 7.8.74
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proton donor and acceptor groups are treated together by the
PDLD/S-LRA method. The calculated∆Gsol

wfp values should
indicate whether the proton transfer is energetically favored in
the protein relative to water. The intermediate complexes
Tyr(O-)‚RCHOH+ and His‚RCHOH+ are destabilized in ALR2
relative to water by 6.3 and 10.8 kcal/mol, respectively. These
∆Gsol

wfp values should, however, be compared to those of the
initial state of the complexes, which are 1.6 and 11.1 kcal/mol
for Tyr(OH)‚RCHO and HisH+‚RCHO, respectively. As a
result, the energetics of the initial proton transfer from Tyr-48
to the substrate is less favorable by 4.7 kcal/mol in the protein
than in solution. In the case that the histidine is the proton donor,
the reaction energetics in the protein is slightly lower than that
in solution (-0.3 kcal/mol). Thus, the high energy of the system
due to the initial protonation of His is somewhat lowered by
the relocation of the proton from His to the substrate. However,
the initial proton-transfer step has been shown to require
prohibitively high energy in water, and in light of the present
results, this remains the case in the protein. The other mecha-
nism, in which the hydride transfer initiates the catalytic step,
involves the ion pair NADP+‚RCH2O- that is also destabilized
in the active site compared to the same system in water.

An analysis of the structures obtained with the MD simula-
tions of the binary and ternary complexes shows that the
imidazole ring of His-110 rocks freely in the absence of a
substrate in the active site, but upon substrate binding it
participates in the stabilization of the substrate through hydrogen
bonds. This observation is in line with the hypothesis that a
neutral His-110 protonated on Nε2 plays a role in the recognition
of polar 2-D-hydroxyaldehyde substrates (e.g.,D-glyceraldehyde,
D-glucose) in the active site.21 Without a substrate in the active
site, the tyrosine hydroxyl is oriented toward Asp-43, away from
the active site. This orientation changes upon substrate binding
and catalysis, where this hydroxyl plays an active role.

The results given above show how different functionally
important charges are solvated in the protein active site relative
to water. It appears that ALR2 has not evolved to accommodate
a positive charge in the active site. It better solvates ion pairs
but not as well as water does. Finally, neutral species are
solvated similarly in the protein and in water. We have indirect
information about the solvation of a negative charge by ALR2;
that is, there are crystal structures of complexes of ALR2 with
anionic species which suggest a specific anion-binding position
in the active site.17,18,22 However, the active conformation of
the enzyme (*E) contains the oxidized cofactor, NADP+, at pH
) 5 where the crystal was obtained. Kinetic studies31 show that
the binding ofDL-mandalate anion to *E‚NADP+ is clearly
favored over binding to *E‚NADPH. Furthermore, Tyr-48
should also be protonated providing an extra stabilization to an
anion through a hydrogen bond. The configuration of the ternary
complex with anionic species, *E-Tyr48(OH)‚NADP+‚anion,
is believed to resemble the transition state configuration of the
catalytic reaction.31 Indeed, in the intermediate state where the
negatively charged substrate RCH2O- is in the active site, the
*E‚NADP+ environment provides stabilization to this anionic
species (the corresponding∆Gsol

wfp value is calculated to be
-3.7 kcal/mol). However, in the catalytic process the neutral
substrate binds to the *E‚NADPH and a charge separation occurs
during the hydride transfer from the cofactor to the substrate.
In this case the energetics of both reacting fragments should be
considered, as was done above for the NADP+‚RCH2O- ion
pair.

In summary, considering the fact that the protonation free
energy of histidine is 0.7 kcal/mol in water at pH) 7, the

charging process of His-110 demands around 9.4 kcal/mol in
the protein, which makes it a very unlikely proton source in
the catalytic step. Moreover, after the protonation of histidine,
the proton transfer to the neutral substrate would require an
additional 20 kcal/mol of free energy. This proton transfer from
Tyr-48, which is protonated at physiological pH, requires an
even larger free energy change (∆G1f2 ) 27.2 kcal/mol). Thus,
despite the fact that in the consecutive step the barrier for
hydride transfer is low, an initial proton transfer to the substrate
should be precluded. The alternative mechanism with an initial
hydride transfer to the substrate is more viable in the protein
environment, although the intermediate complex is at a higher
energy relative to the corresponding energy in water. The
subsequent proton transfer is expected to proceed at a lower
energy than hydride transfer, which essentially rules out His-
110 as a proton donor in the system.

3.2.2. EVB-FEP simulations.In the previous section we used
pKa calculations to explore the nature of possible proton donors
and the energetics of alternative pathways in the catalytic
reaction of ALR2. It was found that Tyr-48 is the most probable
proton source in the system. Furthermore, it was established
that a mechanism where the hydride transfer precedes the
proton-transfer step is favored. However, this does not give
information about the activation free energies and the detailed
reaction pathway in the enzyme. Thus, we examine here the
free energy surface of the stepwise mechanism using EVB-
FEP simulations, where a hydride transfer toD-glyceraldehyde
takes place first, followed by a proton transfer from Tyr-48.

Three VB states were used to describe the two-step process,
in which the EVB atoms included the phenol moiety of Tyr-
48, the nicotinamide fragment of NADPH and the substrate,
D-glyceraldehyde (Figure 6). The EVB calculations were
calibrated using the relevant estimates for the∆Gs and∆gq’s
of the reference reaction in solution (see section 3.1). The
corresponding EVB parameters are∆R12 ) 16 kcal/mol,H12

) 47 kcal/mol and∆R23 ) -21 kcal/mol,H23 ) 12 kcal/mol

Figure 6. Valence bond structures used to describe the catalytic
reaction of ALR2 corresponding to reactant (Ψ1), intermediate (Ψ2),
and product (Ψ3) states. The atoms shown in boxes are defined as EVB
atoms.
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for the hydride- and proton-transfer steps, respectively. Here
we use constantHij ’s as the present results were found to be
rather insensitive to the functional form of these off-diagonal
elements (see ref 52 for a related analysis). The calculated free-
energy profiles for the reaction in water and in the enzyme are
summarized in Figure 7. In water, the hydride transfer to
D-glyceraldehyde involves a 20 kcal/mol barrier and yields the
intermediate ion pair NADP+‚RCH2O- (R) HO-CH2-CH-
(OH)-). A subsequent protonation through a 5 kcal/mol barrier
terminates the reaction and gives the product configuration,
Tyr48-(O-)‚NADP+‚alcohol. A comparison of the activation
free energies of the hydride transfer in water and in the protein
shows that the enzyme reduces the initial activation barrier by
∼3 kcal/mol. At the same time, the intermediate state is less
stable in the protein than in water by∼8 kcal/mol, in accord
with the prediction of the PDLD/S-LRA method. The stabiliza-
tion of the transition state and the destabilization of the
intermediate state may seem contradictory. However, the energy
of the transition state can be lowered not only through the
stabilization of the intermediate state, but also through the
smaller reorganization energy of the environment.38 The relative
free energies of the transition states along the free-energy
pathway in water show that in this reference system the rate-
limiting step is the hydride transfer. In ALR2, however, the
transition states of both the hydride and proton transfers lie close
enough to each other (∼2 kcal/mol) that both can contribute to
the apparent rate of the catalytic process. Indeed, large isotope
effects were measured21,76for both hydride and proton transfers
in the wild-type enzyme, and this supports our theoretical results.

A possible concerted mechanism was also simulated in order
to determine whether the enzyme offers additional stabilization
to the transition state in this reaction pathway. The simulation
used two VB states corresponding to the reactant and product
configurations. The EVB surface was calibrated using the
experimental estimate for∆G1f3 in solution, which gave∆R12

) -5 kcal/mol. Preliminary results indicate that the enzyme
does not stabilize the transition state effectively. However, to
obtain quantitative value for the free energy barrier in a
concerted mechanism in the enzyme, the barrier in the corre-

sponding reference reaction in solution must be determined. This
information cannot be derived from experimental data, and it
is the subject of a separate study using ab initio electronic
structure calculations.

The energetics of the catalytic reaction can be better
understood by constructing a free-energy diagram for the overall
enzymatic process by using the estimated rate constants from
experimental studies76 (Figure 8). The rate-determining step of
the overall process is the *E-A-‚NADP+ f E-A-‚NADP+

isomerization with an experimental barrier of 18.5 kcal/mol.
At the same time, kinetic isotope effect measurements indicate
that the catalytic reaction contributes also to the apparent rate
in the enzyme. This would suggest that the barrier to transform
the aldehyde substrate to alcohol is around 15-17 kcal/mol.
Our free-energy simulations give an activation barrier of∼17
kcal/mol in a reasonably good agreement with the experimental
value of 14.8 kcal/mol calculated from kinetic constants. The
calculated free-energy change of the catalytic reaction in the
enzyme is∼0 kcal/mol which is close to the experimental value
of -3 kcal/mol shown in Figure 8. It should, however, be noted
that this experimental value is based on the rate of the reverse
reaction in the enzyme that is considered76 approximate at this
time. Our calculations indicate that the enzyme does not
significantly enhance the rate of the catalytic reaction with
D-glyceraldehyde compared to the corresponding reaction in a
water cage; that is, the transition state is stabilized by only 3
kcal/mol relative to water. This behavior is consistent with the
proposed physiological role of ALR2 in detoxification,10,11

namely, this enzyme can bind structurally diverse carbonyl
containing substrates through the hydrogen bonds between the
carbonyl oxygen and polar residues Tyr-48 and His-110, while
the large active site accommodates the remainder of the
substrates. This arrangement of an active site enables the
proximity of the substrate, NADPH, and Tyr-48 to react in a
stereospecific manner. As a result, ALR2 reduces a broad range
of substrates at a moderate rate, in contrast with other enzymes,
which produce a large rate enhancement in the conversion of a
specific molecule. This point will be further discussed in the
last section of the present work.

3.2.3. Mutation Experiments. Site-directed mutagenesis
experiments have contributed significantly to the understanding
of the mechanism of action in ALR2. For example, the reduced
but measurable catalytic activity in His-110 mutants21,27 es-
sentially rules out the possibility that His-110 is a unique proton
donor in the system. On the other hand, mutation of Tyr-48 to
phenylalanine (Y48F)21 resulted in a total loss of the enzymatic
activity, which suggests that this residue is the proton donor in
the catalytic reaction. Other mutants of Tyr-48, including serine
(Y48S) and histidine (Y48H), retained some catalytic activity,
which was explained21 by the presence of a bound crystal water
molecule in the active site, acting as the proton source. The
crucial Lys-77‚Tyr-48 interaction has also been examined by
mutation of Lys-77 to methionine (K77M),21 and as anticipated
it yielded an inactive enzyme.

Although these experimental data give valuable information
about the importance of specific residues in the catalytic process,
the actual molecular basis for the change in the catalysis can
be due to several factors other than the direct interaction between
the given residues. Computer modeling of mutation studies can
augment experimental information and help to establish the
origin of the observed effects. However, simulations of mutation
effects are very challenging, and a proper description should
compare the free-energy path for the catalytic reaction in the
wild-type and mutant enzymes.77 Here, we only attempt to

(76) Grimshaw, C. E.; Bohren, K. M.; Lai, C., -J.; Gabbay, K. H.
Biochemistry1995, 34, 14356-14365.

Figure 7. Free-energy profiles for the catalytic reaction in water (×)
and protein (O) calculated with the EVB-FEP method. The reaction
coordinate is taken as the energy gap between the two diabatic states,
H11 andH22 (see text for details).
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estimate the effect of mutation on the energetics of the reaction
by calculating pKa values for Tyr-48 in the K77M mutant and
for the bound water molecule in the Y48H mutant.

The K77M mutant structure was built from the wild-type
structure16 by replacing Lys-77 with Met. This side-chain was
subsequently relaxed in the protein environment. The pKa

calculation was carried out using the same simulation protocol
outlined in section 2.1. The results show that the tyrosinate anion
is destabilized in the active site of the mutant by∼3.6 kcal/
mol relative to water (Table 1). The elevation of pKa from 8.5
to 12.7 represents∼5.8 kcal/mol energy increase for a possible
proton transfer as compared with the wild-type enzyme. The
destabilization comes mainly from the electrostatic repulsion
of the nearby Asp-43 which is not “neutralized” by Met-77 in
the mutant as effectively as by Lys-77 in the wild-type enzyme.
It has to be noted, however, that this effect cannot be attributed
solely to the Lys-77 residue, because other consequences of the
mutation, such as the observed increase in the distance between
Asp-43 and Tyr-48, also contribute to the net effect. The
reorganization of the surroundings can also be viewed as a part
of the effective dielectric constant for the charge-charge
interaction between Asp-43 and Tyr-48 (see ref 43). Neverthe-
less, the pKa shift clearly explains the experimental finding of
an inactive K77M mutant and confirms the crucial role of Lys-
77 in lowering the pKa of Tyr-48. A possible role of Asp-43 in
the Tyr-48‚Lys-77‚Asp-43 triad can be the structural stabiliza-
tion of the flexible Lys-77 in the vicinity of Tyr-48.

To consider the possible role of a reactive water molecule in
the Y48H mutant, we evaluated the pKa of the crystal water in
the enzyme. This calculation used the corresponding crystal
structure (PDB entry 2acu).21 The PDLD/S-LRA results indicate
that the OH- anion formed upon the dissociation of the reactive
water is stabilized in the mutant active site by∼-3.7 kcal/mol
relative to bulk water. This lowers the pKa of this water molecule
from 15.7 to 13.0 (Table 1). Preliminary calculations of the pKa

of His-48 in this mutant were carried out in order to determine
whether the histidine can account for the residual activity
observed in this mutant. However, a∆Gsol

wfp value of 7.2 kcal/

mol shows that the doubly protonated form of His-48 is
improbable in the protein. In light of these results, it seems that
the experimentally observed water molecule may act as a proton
donor in the system.

4. Concluding Remarks

This work explored the catalytic mechanism in human aldose
reductase by computer simulation approaches. It has been
established by the semi-microscopic PDLD/S-LRA method that
the protonation of the potential proton donor His-110 prior to
the catalytic process requires around 9 kcal/mol. Consequently,
His-110 is not protonated in the active site of ALR2. Other
theoretical studies,29,32 which overlooked the energetics of the
initial protonation, concluded that His-110 in its protonated form
is the favored proton donor in the system. The reason for the
low activation barriers obtained in the previous studies was the
reduction of the unfavorable interactions of the charged His-
110 with its protein environment during the forward reaction.
However, it is clear from the present work that the energetics
of the initial ionization state of His-110 must be considered in
order to obtain a correct description of the catalytic mechanism.
The pKa of the other potential proton donor, Tyr-48, was
calculated to be around 8.5 in the active site of the enzyme.
This is in accord with the proposed16 stabilizing effect of the
local environment of Tyr-48 and its experimentally determined
pKa of 8.25.31 Therefore, we conclude that Tyr-48 acts as the
proton donor in the catalytic step of human aldose reductase.

Mutagenesis studies further highlight the importance of
individual residues in the catalytic mechanism. The calculated
pKa for Tyr-48 in the K77M mutant (∼12.7) established the
essential role of Lys-77 in the stabilization of the tyrosinate
anion in the relatively nonpolar active site and explains the
experimentally observed lack of activity of this mutant. The
water molecule identified in the active site of the Y48H mutant
may account for its residual catalytic activity; that is, the pKa

of this water is reduced by the mutant so that this molecule can
serve as an alternative proton donor when Tyr-48 is mutated to
another group. Although it is difficult to assess the effect of
mutations on the proton-transfer barrier without detailed calcula-
tions, the available kinetic constants for the His-110 mutants21

(77) Warshel, A.; Sussman, F.; Hwang, J.-K.J. Mol. Biol. 1988, 201,
139-159.

Figure 8. Free-energy diagram for the overall enzymatic process constructed by using kinetic data from experimental studies withD-xylose as a
substrate (see text for details). The catalytic step studied in the present work is shown in a box.
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show thatkcat is reduced in these mutants by only a factor of
2-14, which is equivalent to a 0.4-1.6 kcal/mol increase in
the overall activation barrier. The large protonation energy of
His-110 in the wild-type enzyme and the 600-4200-fold
increase inKm of His-110 mutants21 imply that the neutral form
of His-110 contributes to catalysis by increasingkcat/Km via an
enhancement of the binding of both the ground and transition
states of the substrate.

Our detailed analysis of the reference reaction in solution
showed that the stepwise mechanism where the protonation
precedes hydride transfer is disfavored over the alternative
stepwise mechanism. Furthermore, PDLD/S-LRA calculations
indicated that an initial proton transfer step would require
prohibitively high energy in the actual protein environment.
Therefore, the most probable sequence of elementary steps in
the catalytic reaction commences with the hydride shift to the
substrate followed by the proton transfer from Tyr-48. The actual
free-energy profile for the catalytic reaction has been obtained
by the EVB-FEP method in a water cage and in the protein
environment. The results show that in water the activation barrier
to hydride shift is∼20 kcal/mol, while the subsequent proton-
transfer barrier lies∼10 kcal/mol lower. The protein environ-
ment lowers the hydride-shift barrier by∼3 kcal/mol relative
to the corresponding barrier in a water cage and raises the
proton-transfer barrier to within 2 kcal/mol of the hydride-shift
barrier by destabilizing the intermediate state. Consequently,
the barrier to convert the aldehyde substrate to alcohol is around
17 kcal/mol, and both reaction steps contribute to the apparent
rate of the catalytic reaction. These results are in a quantitative
agreement with the available experimental data.21,76Preliminary
studies of a concerted mechanism suggest that the enzyme does
not offer stabilization to the relevant transition state relative to
that in the stepwise process.

It should be noted that the activation barriers obtained with
the EVB method are more reliable than previous theoretical
results obtained with hybrid molecular mechanical/quantum
mechanical (QM/MM) methods.29,32 The reason for this is not
due to some fundamental problem in the QM/MM approach
but due to the consistent calibration of the EVB method and its
focus on changes in solvation energies rather than on intramo-
lecular energies (these latter energies are similar in enzyme and
solution and hence they practically cancel). Eventually, when
QM/MM methods involve ab initio QM treatment and actual
free-energy calculations, they will become the methods of
choice.

It has been shown in this work that aldose reductase does
not accelerate significantly the reduction of aldehydes relative
to the reference reaction in water. This result may lead one to
wonder how the enzyme can in fact catalyze the reaction if it
has an activation barrier similar to that of the reference reaction
in a water cage. However, our reference system corresponds to
the case where the hydride- and proton-donor sites are already
brought to a close proximity of the substrate. To have such a
situation in a cell without the enzyme, a concentration of 55 M
of both reactive groups would be required. In the case that one
is interested in the rate of the reaction in water under standard
conditions, a rate is obtained that is much slower than that in
the enzyme. Obviously, even 1 M concentrations are not
attainable for the hydride and proton donors under physiological
conditions. In addition, NADPH is bound to ALR2 in an
extended conformation that is unfavorable in solution but

essential in the enzyme to lock the nicotinamide group of
NADPH in a conformation that ensures the correct stereospeci-
ficity of the catalytic reaction. This fixed conformation in the
enzyme may also reduce the entropic penalty of the association
of the reactive species relative to the corresponding penalty
water. At any rate, the cage concept used in the EVB approach
is necessary to separate the real catalytic effect of the enzyme
from the concentration effects of the cage. This approach also
provides a reliable way to use solution phase experimental
information about elementary steps in constructing a reference
potential surface for the given enzymatic reaction.

The results of this work are consistent with the proposed
evolutionary role of the enzyme in detoxification;10,11 that is,
the enzyme has evolved to recognize the carbonyl group in many
structurally diverse substrates, through the essential hydrogen
bonds between the carbonyl group and polar groups of Tyr-48
and His-110, and align them for the stereospecific reaction. Its
large hydrophobic active site can accommodate isocorticoids,7

but small polar substrates, such as methylglyoxal orD-
glyceraldehyde, are among the “good” substrates as well.11 The
different substrates are then reduced without particular specific-
ity at a moderate and relatively constant rate. It is probably hard
for the enzyme to provide an active site that binds substrates of
different sizes and polarity and subsequently catalyze their
reduction beyond simply bringing the hydride and proton donor
groups to the proximity of the substrate (this represents the
starting point in our cage concept). This might mean that the
catalytic effect which is usually provided by the preorganization
of the enzyme dipoles38 is not fully manifested here. We explain
this fact with the hypothesis that the orientation of the carbonyl
group in the transition state is different for different substrates
(for the effect of the binding mode of a substrate on the catalytic
efficiency, see a related study on Rnase A in ref 78). Hence,
the enzyme could not evolve to stabilize the transition states of
the catalytic reaction of rather different substrates in a much
more effective way than that of water.

Although previous structural and kinetic studies contributed
greatly to our present knowledge of how ALR2 works, further
quantitative progress about structure function correlation can
be achieved by computer simulations. In this work we have
constructed energy diagrams for the catalytic reaction in a water
cage which provides a reliable reference information for the
energetics of alternative reaction paths in the enzyme. We used
this knowledge here to quantify the catalytic mechanism in the
wild-type enzyme. This reference data is also essential to
determine the energetics of alternative mechanisms that are not
observed experimentally but may be activated by some muta-
tions. The evaluation of the effect of different mutations by
comparing the predicted and observed effects helps in further
refining our understanding of the catalytic reaction in aldose
reductase and design more effective aldose reductase inhibitors.
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