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ABSTRACT: The use of quantum mechanics/molecular mechanics simulations to study the free energy landscape of the water
activation at the catalytic site of mitochondrial F;-ATPase affords us insight into the generation of the nucleophile OH™ prior to
ATP hydrolysis. As a result, the ATP molecule was found to be the final proton acceptor. In the simulated pathway, the transfer
of a proton to the nucleotide was not direct but occurred via a second water molecule in a manner similar to the Grotthuss
mechanism proposed for proton diffusion. Residue -Glu 188, previously described as the putative catalytic base, was found to be
involved in the stabilization of a transient hydronium ion during water activation. Simulations in the absence of the carboxylate

moiety of $-Glu 188 support this role.

Mitochondrial F,F,-ATP synthase is the enzyme respon-
sible for the synthesis of ATP from ADP and P;
(H,PO,")."? Unlike the majority of the enzymes, which work
by increasing the rate of the reactions that they catalyze, F F,-
ATP synthase can force the reaction far from equilibrium by
harnessing the proton gradient,” working as a nanomachine that
operates as a mechanical/chemical energy transducer.”* There-
fore, although the hydrolysis of ATP to ADP and P; is an
exergonic process, because of the activity of F F,-ATP synthase,
the ATP:ADP/P; concentration ratio is close to 1:1 in
mitochondria.”® The enzyme is able to generate this gradient
even under conditions that favor the hydrolysis reaction by a
factor of 2 X 10%7

The three-dimensional structure of F F,-ATP synthase®~
presents two different substructures: a globular catalytic moiety
(F,) and a transmembrane portion (F,) whose rotation is
induced by the proton gradient. F\-ATP synthase has three
pairs of a and f subunits located around the y subunit, which
presents a globular head domain and an extended coiled-coil
tail.® Both the a and /8 subunits are able to bind to nucleotides,
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but only # subunits are considered catalytically active. Most of
the residues that stabilize ATP binding are located in the j
subunit, with the catalytic site located at the interface between
the a and S subunits. An « subunit closes the catalytic site on
the triphosphate moiety. At least one residue from the a
subunit (a-Arg 373) is hydrogen-bonded to an oxygen of the
nucleotide.

It has been demonstrated that ATP synthesis depends on an
external torque on the y subunit, causing a clockwise rotation
and successive structural modifications of the pairs of & and
subunits that result in the generation of ATP molecules from
ADP and P,."* During ATP hydrolysis, in contrast, the enzyme
rotor turns counterclockwise also in a complex mechanism
involving different conformations of the f subunits and
consecutive steps of liberation of P, Mg2+, and ADP after the
hydrolysis event.'*
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As a general mechanism, the first steps in the hydrolysis of
triphosphate nucleotides require the activation of a water
molecule." The resulting OH™ group attacks the y-phosphorus,
weakens the bond between this atom and the bridging oxygen,
and forces the atoms to adopt the trigonal bipyramidal
geometry characteristic of the pentacovalent transition state.'®
When the attacking nucleophile has a relatively high pK,, e.g., in
the case of water, it is commonly assumed that the biological
phosphoryl transfer reaction has to be catalyzed by a general
base that initially accepts the proton from the nucleophile.'”
The identity of the general base in the different reactions has
often been a question of interest and debate.

In the case of F,-ATPase, the first ATP hydrolysis
mechanism proposed was based on the crystal structure of
the protein, determined in the presence of ADP and P; by
Abrahams et al® In that structure, residue f-Glu 188 is
hydrogen-bonded to the catalytic water in a position that makes
it a strong candidate to act as the catalytic base. In the reverse
reaction, during ATP synthesis, $-Glu 188 could provide the
proton for the abstraction of the water molecule.'® The ability
of glutamic acid to act as the general base in ATP hydrolysis
depends on its pK,. In general, glutamic residues require a very
hydrophobic environment to operate as efficient proton
acceptors. Although a study predicted that the pK, of a
modified residue in the equivalent position in thermophilic F;-
ATPase could be particularly high,' in the polar environment
of the active site of F|-ATPase it is supposed that the pK, of -
Glu 188 is low. Under these conditions, the pK, of the ATP
molecule makes it a much more favorable candidate general
base.*® This hypothesis, in which the nucleotide is involved in
its own hydrolysis, has previously been proposed for ras p21>!
and named substrate-assisted catalysis.”

A favorable reaction path with ATP as the final proton
acceptor has previously been proposed for F;-ATPase using a
theoretical approach.”*** The transfer of a proton to the ATP
along that path involves two water molecules. However, the
system used in the study was only a part of the total § subunits,
and more than 50% of the atoms included in the study were
fixed to preserve the overall shape of the system. More recently,
protonation of $-Glu 188 involving three water molecules has
been described assuming a different reaction path in a
“dissociative” Experimental observations were
provided in the same work showing that the rate-determining
step of the reaction is the transfer of a proton from the catalytic
water molecule. In similar systems, indirect proton transfer has
also been proposed for myosin-catalyzed ATP hydrolysis.®

We have recently developed a quantum mechanics/
molecular mechanics (QM/MM) approach to generate the
free energy surface of the conformational space defined by the
reaction coordinates for water activation in the GAP—ras p21
complex.”” The results suggest that GTP can act as the catalytic
base, with the proton being transferred from the attacking water
molecule to the nucleotide along an indirect path involving a
second water molecule, the most favorable pathway. In this
work, we use a similar approach to study an F;-ATPase QM/
MM system that includes in the MM region the whole a and
subunits in a fully unconstrained simulation, in contrast to the
previously published analysis, which includes in the MM only a
small portion of the proteins around the active site.”>~>> The
study of the energy surface could afford us insight into the
residues involved in the activation of the catalytic water
molecule in F;-ATPase.

25
manner.
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B EXPERIMENTAL PROCEDURES

Molecular Dynamics (MD) Simulations. The system
used in our simulations was based on the X-ray structure
determined by Menz et al.'> [Protein Data Bank (PDB) entry
1H8E]. The system includes the F and B chains corresponding
to the f and a subunits. Aluminum fluoride and ADP
molecules included in the crystal structure so that it resembles
the structure of the transition state were replaced with an ATP
residue with transition state geometry. The distance between
the oxygen of the catalytic water molecule (HOH numbered as
F2128 in PDB entry 1H8E) and the P, atom of the ATP was
held at 1.9 A by an imposed restraint. The distance between the
P, atom of the ATP and the bridging oxygen interacting with
the Py atom was also restrained to 1.9 A. A second water
molecule (HOH F2130) was also included in the simulated
system.

The system was immersed in a rectangular parallelepiped
solvent box, and a distance of 12 A was maintained between the
wall of the box and the closest atom of the solute. K" ions were
added to neutralize the negative charge, with the counterions
placed in a shell around the protein moiety using a Coulomb
potential in a grid. The counterions and the solvent were added
using the LEaP module of AMBER.*® All the MD simulations
were performed using the AMBER11 PMEMD program”**’
and the parm99 parameter set.*® Initial relaxation of the system
was achieved by performing 10000 energy minimization steps
using a cutoff of 10.0 A. Subsequently, and to start the
molecular dynamics (MD) simulations, the temperature was
increased from 0 to 298 K in a 500 ps heating phase, and
velocities were reassigned at each new temperature according to
a Maxwell-Boltzmann distribution. During this period, the
dihedrals of the C, trace were restrained with a force constant
of 500 kcal mol™" rad™2. For the last 200 ps of the equilibration
phase of the MD, the force constant was reduced stepwise to 0.
The SHAKE algorithm was used throughout to constrain all
hydrogen bonds to their equilibrium values so that an
integration time step of 2 fs could be employed. The list of
nonbonded pairs was updated every 25 steps, and coordinates
were saved every 2 ps. Periodic boundary conditions were
applied, and electrostatic interactions were represented using
the smooth particle mesh Ewald method with a grid spacing of
~1 A. The length of the trajectories was 10 ns in all cases.

Quantum Mechanics/Molecular Mechanics (QVMI/MM)
Simulations. The hybrid QM/MM approach is a suitable
simulation method for studying processes in which chemical
bonds are formed and broken, such as enzymatic reactions. The
QM/MM simulations were performed using the sander module
of AMBER11.”” The method requires the partitioning of the
system into two regions, QM and MM. Calculations involving
the atoms belonging to the QM region were performed using
the PM3 semiempirical Hamiltonian. The atoms in the system
that are not part of the QM region (those in the MM region)
were treated in a classical MM way. In our system, the QM
region includes two water molecules involved in the catalysis,
and the ATP atoms from the y-phosphate group to the C5'—
C4' bond. It also includes the Mg®* ion and all the oxygen
atoms in its coordination sphere, including the hydroxyl group
of Thr 163 from the f subunit and three coordinating water
molecules. Side chains of the Glu 188, Lys 162, and Arg 189
residues of the f subunit and the side chain of Arg 373
belonging to the a subunit are also included. The QM region
contains 83 atoms, including six link H atoms used to complete
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Figure 1. Schematic representation of the active center of F;-ATPase. The ATP molecule was generated by superimposing the corresponding atoms
of the F-ATPase structure on the original ADP and aluminum fluoride molecules (PDB entry 1HS8E). ATP is associated with a Mg’* atom (green
sphere), which includes three water molecules in its coordination sphere (red spheres indicate the positions of the oxygen atoms of the water
molecules). The positions of the catalytic water (wat A) and an additional water molecule (wat B) are indicated. Residues of the  subunit (Glu 188,
Lys 162, and Arg 189) and the « subunit (Arg 373) located in the active center are also labeled. The inset shows a complete MD system, including
whole a (white) and § (blue) subunits and showing the position of the atoms in the active center (spheres) at the interface between the two subunits

after unconstrained MD simulation.

the covalent bonds cut by the QM/MM boundary.*® The MM
region includes all the other atoms described in the MD
simulations (see above), including the whole @ and  ATPase
subunits. The conformation obtained after classical MD was
then equilibrated again for 200 ps using this QM/MM
approach. During the equilibration, the constraints correspond-
ing to all the covalent bonds between the atoms in the QM
region were maintained. All the restraints, except those
corresponding to the parameters of the reaction and the
position of the catalytic water, were progressively removed over
the next 100 ps. SHAKE was not used for either the MM region
or the QM region. A cutoff of 8 A was used to calculate the
QM/MM electrostatic interactions. The extra Gaussian terms
that are used in the PM3 Hamiltonian to improve the core—
core repulsion term in QM—QM interactions were also
included for the QM—MM interactions.

Energy Surface Calculations. To explore the most
important part of the conformational space defined by the
reaction coordinates, a new approach was developed. The
approach is based on adaptively biased MD>® and presents
some characteristics of steered MD>' as well as an umbrella
sampling®® procedure. The O—H distance in the catalytic water
(breaking distance) and the distance between the H of this
catalytic water and the O of the second water molecule (bond
distance) were used as the reaction coordinates in all the
calculations. The QM/MM trajectories were performed by
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restraining both reaction coordinates using harmonic potentials
with a flat bottom and parabolic sides. For each trajectory, the
value of one coordinate was increased over the simulation time,
as in steered MD,*! from 0.95 to 2.0 A, while the size of the flat
bottom part of the harmonic potential of the other coordinate
was kept constant within a narrow range. Overlapping of points
between neighboring trajectories was observed, as in umbrella
sampling procedures,” ensuring good coverage of the whole
surface. The generation of a large number of trajectories makes
it possible to explore the conformational space defined by the
reaction coordinates in detail.

Using the hybrid QM/MM potential, the effective energy of
the system can be divided into three components:

Hgy, is evaluated using the chosen QM method (in our case,
the PM3 Hamiltonian). Eyyy, is calculated classically from the
MM atom positions using the AMBER force field equation and
parameters. Hopay i the sum of an electrostatic term and a
Lennard-Jones (van der Waals) term and represents the
interactions between the atoms in the QM and MM regions.
For our trajectories, Eyp was not taken into account because
we consider that the Hqy and Hqgyyvy terms represent the
influence of the protein moiety on the chemical reaction. We
sampled the conformational space of the reaction at ~12000
homogeneously distributed points on a surface of 1.05 A X 1.0S
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Biochemistry

A. Three-dimensional smoothing of the data was applied using
the local smoothing technique with tricube weighting and
polynomial regression (LOESS).

B RESULTS AND DISCUSSION

The starting configuration of the system used in this work
includes the whole @ and f subunits of the mitochondrial F;-
ATP synthase corresponding to the X-ray crystallographic
structure determined by Menz et al.'> (PDB entry 1HSE). The
crystal structure contains ADP and aluminum fluoride to
emulate the hydrolysis transition state. In our system, ADP and
aluminum fluoride have been replaced by an ATP residue with
transition state geometry. The residue was created by
overlapping the corresponding portion with the ADP and
superimposing the y-phosphate on the Al atom. The minimal
constraints necessary to maintain the geometry were applied to
the distances and angles (see Experimental Procedures). Figure
1 shows the active site containing five water molecules: three of
them are included in the coordination sphere of the Mg** ion.
The other two water molecules are the catalytic one (wat A),
which is involved in the generation of the transition state, and
an additional water molecule (wat B) that is also located at the
active site. After minimization and equilibration, a productive
MD of 10 ns was performed. Figure 2A shows the root-mean-
square deviation (rmsd) corresponding to the trace of the C,
atoms. During the simulation, the rmsd was almost constant at
~2 A. This value, close to the resolution of the crystallized
structure, shows that no significant conformational changes
occurred during the adaptation of the system to the AMBER
force field.

The behavior of wat A and wat B present in the active center
was also monitored throughout the trajectory. Both of them are
hydrogen bonded to S-Glu 188. Wat B also interacts through
hydrogen bonding with an oxygen in the y-phosphate. Figure
2B shows that the distances corresponding to these interactions
remained constant during the simulation. The stability of the
interaction between these water molecules and the residues of
the active center suggests that both of them could be involved
in the first steps of the reaction. Wat A and wat B were included
in the QM region of the QM/MM system.

To study the nature of the catalytic base involved in ATP
hydrolysis in F;-ATPase, we used the hybrid QM/MM
potential implemented in the AMBERI1 package.”® This
approach presents some characteristics of steered MD and
others of umbrella sampling procedures, and it is based on the
adaptively biased MD method™ to obtain a free energy surface
of the conformational space defined by the reaction
coordinates, as described previously.””

B-Glu 188 as the General Base. Figure 3 shows the free
energy landscape obtained for the activation of the catalytic
water molecule assuming -Glu 188 is the proton acceptor. The
reaction parameters used in this case were the distance between
the proton and the oxygen of the catalytic water and the
distance between the proton and O41 of the carboxylic group
of f-Glu 188. The reaction proceeded through a high energy
barrier (~28 kcal/mol) with the AG, value obtained for the
protonation of the glutamate residue being ~25 kcal/mol. This
value is compatible with a low pK, characteristic of this acid
residue in a polar environment. Both the high energy barrier
and high AGj suggest that $-Glu 188 is not a good candidate to
act as the general base. In general, glutamic acid residues
require a very hydrophobic environment to work as proton
acceptors, as under such conditions the electrostatic inter-
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Figure 2. (A) Temporal profile of the C, root-mean-square deviation
(rmsd) of the whole system during unconstrained MD simulation. (B)
Continuous measurement of the hydrogen bond distances between the
protons of wat A and wat B and the oxygen atoms of f-Glu 188 (red
and blue lines, respectively) as well as of the protons of wat B and the
O3y atom of the nucleotide (red line) during unconstrained MD
simulation. Measured distances are graphically represented in the
scheme on the left (dashed lines).

actions are stronger than in polar environments and therefore
the pK, values become higher. The catalytic site of F-ATPase
contains five negative charges (ATP*~ and S-Glu 188), five
positive charges (f-Lys 162, f-Arg 189, a-Arg 373, and the
Mg*" ion), and five water molecules (wat A, wat B, and the
three in the coordination sphere of the Mg>" ion, which also
includes -Thr 163). In such a polar environment, -Glu 188
must exhibit a low pK,, which makes it difficult for this residue
to act as a catalytic base. To provide further support to this
statement, an additional simulation of proton transference
between a Glu residue and an ATP molecule through a
hydronium intermediate was performed in solution, simulating
a polar environment (Figure S1 of the Supporting Informa-
tion). As expected, the difference in AG, values of the system
between the protonated states of the two molecules (4.5 kcal/
mol), which corresponds to 3.3 pK, units, is in the range of the
experimentally measured difference of 3.0-3.3 pK, units
between the two groups in solution. This result indicated that
our simulation approach is sufficiently accurate to capture the
relative proton affinities of these two groups.

In the same free energy landscape (Figure 3), a second local
minimum is observed in the top right-hand corner. The
structure of the active center in this region shows a
deprotonated f-Glu 188 residue and the pentacovalent
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Figure 3. Free energy landscape for the activation of the catalytic water molecule assuming $-Glu 188 is the proton acceptor. AG, values obtained
for the whole system are shown for the different states corresponding to the distances: x axis, from the proton to the oxygen atom in the active water
molecule (wat A); y axis, from the same proton to O51 of -Glu 188. The structure of the active center is depicted in the initial, transition, and two
alternative final states. In all cases, the y-phosphate group of ATP exhibited a pentacovalent conformation.

transition state in a protonated form, suggesting that the final
proton acceptor during the water activation could be the
nucleotide. Interestingly, comparison of the structures in the
initial and final states indicates that the original location of the
proton bound to ATP in the final state was not the catalytic
water molecule (wat A) but the second water molecule (wat B)
present at the active site. This suggests a two-water mechanism,
similar to that previously described for human Ras p21.>

ATP as the General Base. Figure 4 shows the free energy
landscape obtained for the activation of the catalytic water
molecule assuming ATP is the final proton acceptor instead of
P-Glu 188. In this case, the reaction parameters were the
distance between the proton and the oxygen of the catalytic
water (wat A) and the distance between the proton and the
oxygen of the second water molecule (wat B) present at the
active site. Just as indicated above, the analysis of this trajectory
indicated that the transfer of a proton from the catalytic water,
wat A, to the nucleotide is not direct but occurs via the second
water, in a manner similar to the Grotthuss mechanism
proposed for proton diffusion,* as described for human Ras
p21.”

The reaction proceeds through an energy barrier of ~22
kcal/mol, lower than the 28 kcal/mol value that corresponds to
the barrier when f-Glu 188 was considered to be the proton
acceptor (Figure 3). Significantly, the AG, value obtained for
the final state of this reaction is close to 0 kcal/mol. The final
structure shows a protonated pentacovalent transition state that
is consistent with the high pK, (~6.8) of ATP in polar
environments.”® This result suggests that the protonation of the
ATP and the formation of the nucleophile OH™ ion from the
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catalytic water are more favorable than $-Glu 188 acting as a
general base in the polar environment of the catalytic site.

To analyze the behavior of the protons in detail throughout
the process, the reaction along the minimal energy path
between the initial and final states was simulated (dashed line in
Figure 4). Monitoring the proton movements (a video of the
entire process is provided as Supporting Information) revealed
that a proton from the catalytic water (wat A) is initially
transferred to the additional water (wat B), thus forming a
hydronium ion (H;O"). Then, a different proton from wat B is
transferred to the ATP in the pentacovalent transition state.
This behavior confirms a proton transfer path similar to the
Grotthuss mechanism.**

The conformation of the catalytic site at the saddle point,
corresponding to the transition state of the water activation
(Figure 4), shows a strong interaction between the carboxylic
group of #-Glu 188 and the hydronium ion formed when the
additional water molecule (wat B) accepts the proton from the
catalytic water molecule (wat A). This interaction stabilizes the
transition state of the water activation, reducing the value of the
energy barrier.

Noncarboxylate Moiety in the -Glu 188 Position. The
results obtained in the simulations described above suggest a
new role for f-Glu 188, which is the stabilization of the
hydronium ion generated transiently during the transfer of a
proton from the catalytic water molecule to ATP. This
important role could explain the lack of activity produced by
mutations of this residue,**~>” although it does not play a direct
role as a catalytic base. It has been demonstrated that the
presence of a carboxylate group at this position is definitely
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Figure 4. Free energy landscape for the proton transfer between the active water molecule (wat A) and the second water molecule (wat B). The axes
represent the distances: x axis, from the proton to the oxygen atom in wat A; y axis, from the same proton to the oxygen atom in the second water
molecule (wat B). -Glu 188 stabilizes the position of the water molecules during proton transfer. The structure of the active center is depicted in the
initial, transition, and final states. In the final state, a proton from wat B has been transferred to the ATP molecule.
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required for catalysis and its spatial positioning needs to be very
precise: only when f-Glu 188 is replaced by residues containing
a carboxylate group (Asp or S-carboxymethylcysteine) is a small
but detectable degree of ATPase activity retained by the
enzyme.*® Nevertheless, and to gain additional support for this
hypothesis, we generated the free energy landscape for the
same proton transfer path but simulating an inactive
configuration in which the carboxylate moiety has been
removed and the original Glu residue substituted with a
neutral one (Ala). Figure S shows that the water activation in
the absence of the carboxylic group of f-Glu 188 proceeds
through a very high energy barrier of ~42 kcal/mol, with the
AG, value for the final state being close to 0 kcal/mol as in the
case of the wild-type protein. This result confirms that the
neutralization of the transient hydronium ion by the negative
charge of #-Glu 188 facilitates the formation of the nucleophile
OH™ from the catalytic water, without altering the AG, of the
reaction. A second local minimum observed in the top right-
hand corner of Figure S suggests that, in the absence of the j-
Glu 188 residue, a direct proton transfer from the catalytic
water molecule to the nucleotide appears to be the most
favorable pathway. However, this alternative proton transfer
path must proceed through an energy barrier of ~32 kcal/mol,
notably higher than the value of 22 kcal/mol obtained for the
sequential transfer of the proton involving the two water
molecules in the wild-type protein.

Recently, experimental data based on single-molecule
observations™ have provided evidence that the rate-determin-
ing step of the reaction is the transfer of a proton from the
catalytic water, a statement that completely agrees with our
results. In the same work, additional experimental results were
interpreted as being favorable to a “dissociative” reaction path
in which the Py—Oj4 bond of ATP was weakened before the
proton transfer event in a “nonconventional” Syl process,
although the authors do not discard the possibility that both
processes, the rate-determining step of proton transfer and the
weakening of the P,—Oy bond, can occur in a concerted
manner.

In summary, our results are compatible with a mechanism for
catalytic water activation of F-ATPase involving two water
molecules and the transfer of a proton from the catalytic water
(wat A) to a second water (wat B) and then to the ATP
molecule that acts as the proton acceptor. The important role
of #-Glu 188 is the stabilization of the transient water structures
during the proton transfer. This mechanism has been described
using a new approach for energy surface calculations of QM/
MM trajectories, allowing a detailed analysis of the conforma-
tional space defined by the reaction coordinates. Previous
results obtained using the same methodology for human Ras
GTP hydrolysis”’ showed a similar mechanism involving two
water molecules in the activation. Additional studies are in
progress to analyze whether this mechanism could be a
common solution for several GTPase and ATPase enzymes.

B ASSOCIATED CONTENT

© Supporting Information

A video demonstrating proton movements in the QM region of
the QM/MM system and a figure of the simulation of proton
transference between a Glu residue and an ATP molecule
through a hydronium intermediate in solution. This material is
available free of charge via the Internet at http://pubs.acs.org.
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