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ABSTRACT:. The molecular motor myosin converts chemical energy from ATP hydrolysis into mechanical
work, thus driving a variety of essential motility processes. Although myosin function has been studied
extensively, the catalytic mechanism of ATP hydrolysis and its chemomechanical coupling to the motor
cycle are not completely understood. Here, the catalysis mechanism in myosin Il is examined using quantum
mechanical/molecular mechanical reaction path calculations. The resulting reaction pathways, found in
the catalytically competent closed/closed conformation of the Switch-1/Switch-2 loops of myosin, are all
associative with a pentavalent bipyramidal oxyphosphorane transition state but can vary in the activation
mechanism of the attacking water molecule and in the way the hydrogens are transferred between the
heavy atoms. The coordination bond between thé*Mgetal cofactor and Ser237 in the Switch-1 loop

is broken in the product state, thereby facilitating the opening of the Switch-1 loop after hydrolysis is
completed, which is required for subsequent strong rebinding to actin. This reveals a key element of the
chemomechanical coupling that underlies the motor cycle, namely, the modulation of actin unbinding or
binding in response to the ATP or ABDR state of nucleotide-bound myosin.

Molecular motors utilize energy from nucleoside triphos- ~ The hydrolytic activity of myosin in the absence of actin
phate hydrolysis to enable cells to move, contract, secrete,follows an enzymatic cycle depicted in Figure 1A, which is
endocytose, and organize their cytoplagn All members based on extensive kinetic characterizatioDaftyostelium
of the myosin superfamily of motorg,(3) hydrolyze ATP discoideummyosin Il (termed “myosin” hereafter). After
and interact cyclically with actin, moving along actin ATP binds to myosin, the protein changes its conformation
filaments. Because the nucleotide binding pocket of myosins from the post-power-stroke to the prehydrolysis conforma-
is similar to the active site of kinesind)( F;-ATPase, and  tion. A pathway through configurational space for this
GTPases§, 6), it has been suggested that these enzymesconformational change has recently been descriddl (
use similar strategies to catalyze hydrolysis and may haveHydrolysis is followed by phosphate release and, subse-
evolved from a common ancestaf) ( quently, ADP release. Both product release events are

The molecular mechanism of myosin (reviewed in refs coupled to conformational changes, as myosin changes its
8—10) has been studied extensively. Myosin Il is composed structure from the posthydrolysis conformation via the pre-
of a heavy chain and two light chains. The N-terminal power-stroke structure to the post-power-stroke conforma-
globular domain of the heavy chain contains both the tion.

catalytic site and the actin-binding region. It has been shown Assuming the standard Eyring rate law, the kinetics of
that the N-terminal domain glone is able to hydroly;e ATP Figure 1A can be represented in a free energy diagram,
and to move along an actin filamentl). The detailed  shown in Figure 1B. This work is concerned with only the
mechanism of the ATP hydrolysis is still unclear, yet this ATp hydrolysis step, 3b. Although the reaction free energy
step is essential since it triggers the increase in the affinity of the whole hydrolysis cycle under standard-state conditions
of ngcleotide—bqund mypsin for actin, thus permitting th_e is —7.4 kcal/mol (see Methods), the free energy change
binding of myosin to actin before the power stroke. In this ¢orresponding to the actual hydrolysis event of step 3b is
study, we use computational methods to examine the onjy approximately—2 kcal/mol. The barrier height of the
hydrolysis mechanism and analyze how the reaction might yncatalyzed hydrolysis in solution [28:29.3 kcal/mol {3

be coupled to the structural elements controlling actin 14)] is halved to~14.5 kcal/mol in the myosin-catalyzed
binding. hydrolysis in step 3b.
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Ficure 1: Kinetic cycle for ATP hydrolysis byD. discoideum
myosin Il in the absence of actin as derived from kinetic fits to
fluorescence measurements using a protein construct termed ‘
W501+ that contained only one fluorescent tryptophan, Ws®.(
(A) In step 1, ATP binds to apomyosin (M), thus forming a collision H, Seri81
complex (MATP), presumably with both Switch-1 and Switch-2
loops open (O/O state). This is followed by a conformational change
of myosin as monitored by a quench in the fluorescence intensity
(step 2), leading to M¥ATP that presumably corresponds to the
closing of Switch-1 (C/O state). In step 3a, fluorescence enhance- C) 2
ment is observed, leading to MATP, presumably corresponding O Mg
to closing of Switch-2 (C/C state), coupled with the recovery stroke
of the lever arm. The catalysis of ATP hydrolysis (step 3b) takes
place exclusively when myosin is in its C/C conformation.
Hydrolysis is followed by a conformational change indicated by a
guench in fluorescence (step 4,'MDP-P,, presumably the start

of the power stroke) and subsequent phosphate release (stép 5, M
ADP). Another conformational change occurs, restoring the fluo-
rescence intensity of the apo structure (step ADP) that precedes
ADP release (step 7). The time constants [i.e., the reciprocal of

the measured rate constar3,(39, 43)] for forward reaction steps ( ADP'P.)i o
are given. (B) Corresponding free energy profile under standard '
conditions (293 K, all species at a concentration of 1 M) constructed Adenosine

from experimental measurements (see Methods). Under physiologi- . . . .

cal concentrations (differing from ¢h1 M standard state), under F'r?URE dz'ff () Possnr?le_reactlcf)n pathways for ATP hr)]/droly5|s. h
scaly-iatecondtons,anain e presenceof acin, he e energ] 1% EIETL TSI of ler aehaten e chonr, e
profile of the contraction cycle is significantly differer). corresponds to the direct path, red arrows correspond to the Ser181

Switch-1 and Switch-2 can assume either an open or a closedath, and green arrows correspond to the Ser236 path. The dashed
conformation. Only the Switch-1 closed/Switch-2 closed (C/ &Tow shows the attack of the activated water omtighosphate.

C f tion i talvticall tivedY A b f All the atoms treated with QM in the calculations are shown
) conformation is catalytically activedl. A number o explicitly. (B) Nucleotide binding site of the reactant state,

isotope exchange studies aiming at elucidating details of theoptimized with HF/6-31G(d,p). (C) Overlap of the transition-state
reaction mechanism of ATP hydrolysis in myosin have been structures of the nucleotide in the direct (black), Ser181 (purple),
reported (reviewed in ref6). These have established that and Ser236 (yellow) paths optimized with HF/6-31G(d,p).
hydrolysis step 3b is reversible and that water can enter and
leave the closed active site in the C/C conformatibn (8).
The three terminal-oxygens (see Figure 2A for atom step mechanism without a stable intermedi&.(
nomenclature) were found to exchange equivalently with bulk . ! .

The mechanism of a phosphate hydrolysis reaction can,
water (solventphosphate exchange), whereas no exchange. o . o
between theg-nonbridge and thgy-bridge oxygens (posi- in principle, lie anywhere between a purely associative
tional oxygen isotope exchange) was observeég—@1),

indinati i ; ; _ 1 Abbreviations: P inorganic phosphate; MTP, methyl triphosphate;
indicating significant rotational freedom of either trgohos TS, transition state: CPR, conjugate peak refinement. OM/MM,

phate moiety of ATP or the bound inorganic phosphaté, P quantum mechanics/molecular mechanics; rms, root-mean-square; EPR,
while the ADP moiety remains positionally invariant. electron paramagnetic resonance.

Measurements of the time course of oxygen exchange
revealed that hydrolysis is likely to proceed via a single-
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mechanism, in which the attacking nucleophile enters the active site model of myosin which concluded that the
reaction prior to formation of a pentacovalent oxyphospho- mechanism proceeds without a stable intermedi&®). (
rane intermediate, and a purely dissociative mechanism, inFinally, a semiempirical molecular orbital study of an active
which ATP dissociates into ADP and a metaphosphate site model suggested significant charge transfer between the
(PGs7) intermediate in a first step and the nucleophile enters reacting MgATP species and the proteiQd).

the reaction in a second step. Disruption of the myosin-  Although much insight has been provided by the experi-
catalyzed ATP hydrolysis reaction, by quenching with HEIO  mental and theoretical studies cited above, a number of major
containing *%O-labeled water, revealed that the attacking questions remain open. These include the degree of as-
water binds to they-phosphate prior to formation of the  sqciativity of the reaction mechanism and whether there is
transition state23), thus ruling out a phosphorylated side 5 staple intermediate. The specific role of the protein
chain or a detectable metaphosphate intermediate. It thusgnyironment also remains unclear, as indicated by a lack of
seems likely that hydrolysis proceeds via an associative-like consensus about the activation mechanism of the attacking
mechanism. If one termingl-oxygen of ATP is replaced  yater. This study thus explores three of the proposed water
with sulfur, the hydrolysis step becomes rate-limiting and activation mechanisms, namely, the direct, Ser236, and
irreversible, thus preventing isotope exchar@®.(The use  ger181 mechanisms (see Figure 2A), by computing QM/
of an ATP analogue with three distinguishable atoms in the pinm minimum energy reaction paths. The results provide
y-nonbridge positions (fy-1°0;y-**0,JATPyS) in YO-  pnay insight into the enzymatic strategy of myosin and the
labeled bulk water showed that hydrolysis proceeds with gayly events following the hydrolysis step. It is found that
inversion of the pyramidal configuration at, R24), thus  hyqrolysis proceeds via an associative route and an unstable
excluding a phosphorylated intermediate as well as apentavalent oxyphosphorane. The three water activation
pseudorotation mechanism [a conformational change in mechanisms are found to be equally likely within the
which two axial ligands of the pentavalent trigonal bipyramid  4¢cyracy of the available quantum methods. Of particular
interconvert their positions with two equatorial ligan@5,(  jnterest to the chemomechanical coupling in myosin, it is
26)]. Furthermore, bond-order analysis based on Ramanoyng that immediately after hydrolysis the connection
difference spectroscopic measurements on a myldgin between the Switch-1 loop and the Mgoordination sphere
ADP-VO, complex suggested that the reaction has the js proken, preparing for the subsequent opening of Switch-1
character of a concertedimechanism27), again indicat-  that is believed to occur upon binding of actin and is
ing that the mechanism is more associative than dissociative.necessary for the release of the hydrolysis products during
A number of associative reaction mechanisms have beenthe power stroke.
proposed, differing in the way the attacking water is
activated. These include (1) “direct” activation, in which the METHODS
attacking water directly transfers a proton to fhphosphate
moiety of ATP @8, 29), (2) the “Ser236 mechanism”, in Experimental Free Energy Profil&@he free energy profile
which the side chain of Ser23& involved in a protonrelay  of the myosin cycle shown in Figure 1B was derived as
(28, 29), (3) the “Ser181 mechanism”, analogous to mech- follows. The reaction free energieA{G) were calculated
anism 2 but involving Ser18B0), (4) a mechanism in which ~ from the experimental equilibrium constant§) (@ccording
Lys185 acts as a general base that abstracts a proton fronto ARG = —RTIn K, whereR is the ideal gas constant and
the attacking water30), (5) a mechanism in which Lys185 T is the absolute temperature (293 K), assuming a standard
acts as a general acid that protonatestiphosphate moiety  concentration ©1 M for all species. The barrier heights
of ATP (31), and (6) a “two-water hypothesis”, in which (AG*) were calculated from the experimental rate constants
the attacking water is activated by a second water molecule(k.a) using the equatiodG* = —RT In hk./ksT, whereh
in the active site which, in turn, is positioned by Glu459 denotes Planck’s constant akgBoltzmann’s constant. Up
and Gly457 82). Mutational studies have shown that to the posthydrolysis state, (MADP-P)* the profile was
replacing either Ser18138) or Ser236 84) with Ala does constructed from the reactant side using the following
not abolish hydrolysis. values: Kk, = 6.6 x 1® M~1 st andk, ~ 400 s from
Computational methods combining a quantum mechanical/ ref 37, k-, = 2.3 x 10°¢ s from ref 38, andKs, = 0.4,kza
molecular mechanical (QM/MM) description of the protein = 350 s%, k_3o = 870 s!, K3, = 13, kg, = 110 s}, and
have also been used to analyze the hydrolysis mechanismk_s, = 8.5 s from ref 39 (see also refl0). All values are
In QM/MM calculations, the reactive site is modeled taken from measurements performed oriatyostelium
quantum mechanically, thus allowing processes involving discoideummyosin Il construct containing only a single
bond breaking and making to be described, with effects from tryptophan residue used as a fluorescence reporter. An
the protein environment included in a computationally exception is the value fok_, that was inferred from
feasible way using molecular mechanics. Previous QM/MM measurements of the ATP binding constant using rabbit
calculations on the ATP hydrolysis mechanism in myosin myosin Il (K;K; = 3.25x 10'* M1, corresponding to a free
confirmed that indeed only the C/C conformation of myosin energyArG; , of approximately—15.4 kcal/mol) 41, 42).
is competent for hydrolysis36). These calculations sug- An upper bound fork_, estimated from displacement
gested that hydrolysis occurs via a stable pentacovalentexperiments with the ATP analogue AMENP in D.
oxyphosphorane intermediate, in contrast to results from adiscoideumis ~0.02 s*. Although this value differs from
purely ab initio quantum chemical study on a simplified the rabbit value ok, by 4 orders of magnitude, the rabbit
muscle myosin value is likely to be more appropriate since
2 Throughout this paper, thB. discoideummyosin Il numbering  the differences between binding of ATP to muscle (rabbit)
scheme is used. and non-musclel. discoideurh myosin Il are expected to
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be smaller than the differences between binding of ATP and Table 1: Charge Scaling Factors for Residues Close to the QM
AMP-PNP to non-muscle myosin Il. The phosphate release region
steps (steps 4 and 5 in Figure 1A) are combined into a single

) ) o . residuei Apepf Asidd residuei Apepf Asidd
step in Figure 1B. The overall rate-limiting step is the Serisl 0.96 - Ser237 0.9 =
; o . 1 , .
isomerization (step 4),_for Whlch la_of 0.05 s was used Lys185 092 0.68 Arg238 0.87 0.60
(43). The corresponding barrier is 18.9 kcal/mol. The  Thrige 0.90 na Serd56 0.93 1.02
remainder of the profile was constructed from the product Asn233 0.91 0.95 Gly457 085 -
side up to M-ADP+P, using the following valuesks = Ser236 0.94 fa  Glu4s9 0.70 0.58
7.9 st andk ¢/K; = 1.4 x 10f M s7! from ref 37. The a Scaling factor for the peptide group formed by residueadi +

formation of the collision complexes from either the reactant 1. Scaling factor for the side chain of residué The side chain is
or the product sides of the profile occurs rapididyand  reated quantum mechanically.
was assumed here to have a barrier of 2 kcal/mol.

To connect the two parts of the energy profile, a free
energy of—7.4 kcal/mol was taken for the overall reaction 5
(45, 46). This corresponds to the free energy of ATP k=471 kT
hydrolysis in solution under the conditions used for the B
myosin kinetic measurements (2G, 1 mM MgCl, and an
ionic strength of~40 mM). The so-constructed profile shows Whereks denotes Boltzmann's constant aidhe absolute
an estimated\rGy s value of 1.9 kcal/mol. This is within t_emperature (300 K). The remaining protein atoms were kept
0.5 kcal/mol of the experimental value of 1.4 kcal/mol fixed. _ _ _ _
corresponding to &, s of 0.085 M from ref43. This confirms Nonbonded interactions were truncated with a cubic
the validity of the assumptions made in the construction of SWitching function between 99 and 100 A (equivalent to an

the profile and provides a rough estimate of the accuracy of infinite cutoff). Electrostatic solvent screening effects were
the energy values given. approximated by scaling the partial atomic charges on all

MM atoms with the Non-Uniform Charge Scaling (NUCS)
procedure$2) in combination with a dielectrie of 1. NUCS
determines scaling factors to optimally reproduce with a
Coulomb potential the electrostatic potential in solution
determined by PoisserBoltzmann calculations. Applying
UCS to the freely moving MM region allows the potential
ue to the charges of the free MM atoms to be described
raccurately throughout the whole unconstrained region. Partial
atomic charges of atoms in the constrained and fixed regions
were scaled to optimally reproduce the solution potential in
the unconstrained region due to their charges. The rationale
of this approach is to optimally represent the electrostatic
potential acting on the QM and unconstrained MM atoms,
. the electrostatic potential in the constrained and fixed regions
is fully deprotonated4d). Thus, ATP was assumed to have  painq Jess important in this context. The resulting scaling

a total c_harge of-4e in the myosin activg site. Standard ¢ ctors for the important residues interacting directly with
protonation states were assumed for all titratable groups ofy QM region are listed in Table 1.

the protein. No further modifications were made to the crystal Geometry optimization was performed using Hartree

structure. Fock calculations§3) for the QM atoms with a 3-21G(d)
The quantum mechanical region was chosen to consist ofbasis set%4—56) and subsequently a 6-31G(d,57( 58)
the triphosphate moiety of ATP, the Mg* ion, the two basis set. Point-energy calls were made on the structures
Mg?*-coordinating crystal water molecules, the #ig optimized with HF/6-31G(d,p) using density-functional
coordinating side chains of Thr186 and Ser237, the attackingtheory with the B3LYP functional59—61) and 6-3H#-G-
water molecule, an additional, crystallographically resolved (d,p), a basis set that includes diffuse functio62)(
water molecule next to the attacking water molecule (called The choice of HartreeFock as the QM method implies
here the “helper water”), and the side chains of Ser181 andsignificant energetic inaccuracies. The lack of electron
Ser236. The valency at the QM/MM boundary was filled correlation effects leads to an error on the order of 10 kcal/
by adding five hydrogen link atoms. The total number of mol in the computation of barrier heights, even if large basis
QM atoms is 57, of which 28 are non-hydrogen atoms. The sets are used@). Variation of as much as-15 kcal/mol
QM and MM regions were linked as implemented in the has been found using various quantum chemical methods
CHARMM/GAMESS-US interfaceq0, 51). The QM region, and basis sets for the reaction energy of a water exchange
the P-loop, the Switch-1 loop, and the Switch-2 loop, reaction of the much smaller Sc(QkFt system 64).
augmented by all atoms within 12 A of Rvere allowed to Although the use of density functional theory improves the
move freely during the reaction path calculations. This freely accuracies, B3LYP calculations still show an average
moving region was surrounded by a zone (all atoms between(maximum) error of~3 (~20) kcal/mol in the calculation
12 and 20 A from B) in which the atoms were positionally of heats of formation of a set of 148 molecule85)
restrained to their crystal structure positions, with force Improved accuracy would be expected if, during geometry
constant& determined from the crystallographic temperature optimization, diffuse functions were included in the basis

factorsB according to

(1)

Computational SetupThe crystal structure of myosin
complexed to the substrate analogue AB&F in the C/C
conformation 47) was used for the calculations. All protein
atoms were included in the model. The beryllium atom was
replaced with B, and the three F atoms were replaced with
O. Surface water molecules were removed, whereas internad
water was kept, notably those water molecules located nea
the nucleotide. Since no attacking water molecule was
resolved in the crystal structure, a water molecule was placed
in the cavity adjacent to the-phosphate moiety. Hydrogens
as required for the CHARMMA4Q) polar hydrogen MM force
field (param 19/22) 49) were added using the HBUILD
routine. At neutral pH, the predominant species of-MgP
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set 66, 67) and a quantum method including electron here by the intrinsic reaction coordinate, which is the
correlation effects was employedd). This, however, curvilinear distance along the path, computed as the Aum
exceeds currently available computational resources whenof the rms coordinate difference between pairs of adjacent
combined with the refinement of complete reaction paths in structures along the path.is normalized so that 4 of 1
a protein, which requires significantly more energy evalu- corresponds to the product state.
ations than a simple geometry optimization. This is reflected Initial path guesses were obtained by linear interpolation
in the CPU time required by the present calculations: on in Cartesian coordinates between the reactant and product
eight 2.6 GHz processors, the QM/MM geometry optimiza- structures while passing through transient structures that were
tion of a single protein structure at the HF/6-31G(d,p) level generated by manually shifting the moving hydrogens from
requires~2 days, while the refinement of a path (composed the reactant to the product structures to prevent steric clashes
of 10—30 structures) requires-2 months. in the initial path. The initial paths were optimized by CPR
Although errors in the energy values are expected, using first HF/3-21G(d) for the QM region. From each
structural results found to be common to the various levels resulting minimum-energy path, the transition state and its
of theory are likely to represent stable and reliable findings. two neighboring path points were then used as intermediates
The analyses in this work thus focus mostly on these method-in an initial path further optimized by CPR with HF/6-31G-
invariant, structural aspects. (d,p) for the QM region. Along this refined path, QM/MM
Reactant and Product State$o generate the reactant single energy evaluations were carried out with B3LYP/6-
structure, the crystal structure prepared as described above1+G(d,p).
was energy-minimized to a final root-mean-square gradient The quantum mechanical contribution to the total energy,
of 0.01 kcal mot? A1 The product state was generated AEqy, comprises both the energy of the quantum region,
starting from the minimized reactant structure: the linear AESM, and the electrostatic interaction energy between the
combination of §P,:0g,} —d{P,:0% interatomic distances quantum atoms and the remaining proteins atAESZ'C/MM,
(for the nomenclature of the atoms, see Figure 2A) was which also includes polarization effectSES) is given by
gradually changed during restrained minimizations to bring the quantum mechanical energy contribution to the total
the system into a productlike geometry. The resulting energy from QM/MM single-point energy evaluations along

structure was further energy-minimized (to a final rms the refined path after all partial atomic charges on MM atoms
gradient of 0.01 kcal mol A~Y) after the restraints were  re set to zercAEQYMV s then calculated as the difference

released. The different product states for the direct, Ser181, elec

and Ser236 paths were generated by a manual shift of the AEQMMM _ AE  _ AEQM )
corresponding protons and subsequent energy minimization. elec QM QM

Because the link-atom scheme was used, geometric distor-
tions may occur at the QM/MM boundaries. Here, the
deviations between the QM/MM bond lengths (angles) and
the corresponding MM bond lengths (angles), as param-
etrized for CHARMM, are less than 0.15 A °(5 small
enough to be tolerated. Moreover, no geometric changes a
the QM/MM boundaries were observed throughout the paths. « X)=0
Thus, these small distortions cancel out when relative AEgjec= AE — AEg,; 3)
energies are computed.

Path Calculations and Analysisdinimum-energy path- ~ The difference gives the electrostatic contribution to the
ways of the reaction paths were computed with the conjugatebarrier height or to the reaction energy due to the charges
peak refinement (CPR) metho6d), as implemented in the on residue X 73). To analyze charge shifts during the
TReK module of CHARMM. CPR has been used to reaction, Mulliken population analyse&4 were carried out
determine the functional mechanisms of several proteins, at the stationary points.
such as catalysis by the prolyl-isomerase FKB6),(proton
transfer in bacteriorhodopsin71), chloride pumping in RESULTS
halorhodopsin{2), and the recovery stroke in myosihZj.
The combination of ab initio QM/MM techniques with CPR
was used previously to investigate the ATP hydrolysis step In Table 2 are listed the barrier heights and reaction
in myosin and has been shown to be capable of distinguishingenergies for the three pathways at different levels of theory.
between the hydrolysis-incompetent C/O and hydrolysis- The choice of the QM method strongly influences the barrier
competent C/C myosin conformation85. CPR has an  height, which varies between 26 and 51 kcal/mol. This
advantage in that it does not require the definition of a indicates that quantum methods of a level higher than that
reaction coordinate to drive the reaction. Instead, it starts used here may be required to obtain reliable absolute energy
from an initial guess of the whole path, which it refines until barriers. Remarkably, however, at any given level of theory,
a series of structures are obtained that connect the reactanthe barrier heights of the three mechanisms are very close
and product states in a continuous fashion. The energy peakso each other. Thus, the three activation mechanisms are,
along this refined path are the transition states [i.e., the first- within error, likely to be equally populated.
order saddle-point(s) of the high-dimensional energy surface, The energy profiles along the direct, Ser181, and Ser236
here ~6000-dimensional, corresponding to 3 times the paths obtained with HF/3-21G(d) or HF/6-31G(d,p) are
number of unconstrained atoms], the structures of which areshown in Figure 3. In all three activation mechanisms, the
accurately determined. Progress of the reaction is measuresghapes of the energy profiles calculated with HF/3-21G(d)//

The electrostatic contribution from individual residues of

the Switch-1 loop, the Switch-2 loop, and the P-loops was
analyzed by recomputing the energy difference between
stationary points of the pathaE,, after the charges on a

given residue X had been set to zen&{"™.

Energy Profiles



Simulation of ATP Hydrolysis in Myosin

Table 2: Barrier Heights and Reaction Energies in Kilocalories per
Mole

barrier height

direct Serl81 Ser236
HF/3-21G(d)//HF3-21G(d) 26.1 29.0 28.1
HF/6-31G(d,p)//HF/6-31G(d,p) 50.9 45.6 51.0
B3LYP/6-31+G(d,p)//HF/ 41.1 38.0 41.3

6-31G(d,p)

reaction energy

direct Serl81 Ser236
HF/3-21G(d)//HF3-21G(d) 17.1 6.9 20.7
HF/6-31G(d,p)//HF/6-31G(d,p) 25.9 9.5 28.0
B3LYP/6-31+G(d,p)//HF/ 27.6 10.8 29.7

6-31G(d,p)

Or= HF3-21G(@) | '

o-0 HF/6-31G(d,p)

AE [kcal/mol]
(%] B W
=) =) S
I

]
(=3
T T T

I .
0.8 1

| I
0.4 0.6
reaction coordinate

Ficure 3: Energy profiles along the direct (solid lines), Ser181
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its terminal oxygens varies between 1.49 and 1.52 A and is
thus close to the range observed in MF Paq (1.51-1.55

A). Minimization introduces an asymmetry by elongating
the {P,—Op,} bond (to 1.68 A) relative to th¢P;—Op,}
bond (1.60 A). The P,—Os,—Ps} angle is 126.8 similar

to the value of 128.3for Mg-MTP,q The {Op,—P,—0,}
angles vary between 103.2and 106.7 and are thus
somewhat smaller than the angle corresponding to a tetra-
hedral arrangement (109)5 Thus, the enzymatic environ-
ment slightly distorts the-phosphate moiety of ATP into
the direction of a trigonal bipyramidal transition-state con-
figuration in which the{ Og,—P,—0,} angle would be 90

In both the minimized and crystal structures, an almost
perfect octahedron is observed for the Wgoordination
sphere, as observed for M@TP,q in solution {5). Thus,
the enzyme environment does not introduce significant
changes into the Mg coordination as compared to an
aqueous environment.

The attacking water ($0?in Figure 2B) forms hydrogen
bonds to the carbonyl oxygen of Ser23@ ©Q*—052%%
distance of 2.81 A) and to @of the y-phosphate moiety of
ATP (d{ O*~0,,} = 3.06 A). The side chains of both Ser181
and Ser236 also form hydrogen bonds to, @vith the
following distances:d{ 05182-0,,} = 2.77 A andd{ 05236~
0,2} = 2.86 A. The helper water is hydrogen bonded to the
side chains of Ser18H{O"—0s83 = 2.96 A) and Ser236
(d{ O"—05238 = 3.13 A). Altogether, this forms a hydrogen
bond network around the-phosphate which favors multiple

(dotted lines), and Ser236 (dashed lines) paths, optimized with eitherpathways for proton transfer and positions the proton donors

the HF/3-21G(d) x) or the HF/6-31G(d,p)®) QM method. Saddle

points are indicated with squares. The reaction coordinate is the
normalized sum taken along the path of rms changes in all atom

coordinates 4, see Methods).

HF/3-21G(d) and B3LYP/6-3£G(d,p)//HF/3-21G(d) differ

significantly (data not shown). In particular, the saddle point

corresponding to the three paths studied here for efficient
transfer of a proton onto @ These paths are described in
the following sections and can best be understood by
watching the molecular movies that can be downloaded from
http://www.iwr.uni-heidelberg.de/groups/biocomp/fischer.

Direct Path. If one starts from the reactant structure

on the HF/3-21G(d)//HF/3-21G(d) surface is no longer the (reaction coordinaté = 0.00), the first event in the direct

highest-energy point on the B3LYP/6-BG(d,p)//HF/3-21G-

path is the activation of the attacking water by proton transfer

(d) surface. This indicates that the geometries optimized with of the H? proton from the attacking water to,©of ATP,
HF/3-21G(d) are different from the geometries that would which is completed atl = 0.29. The resulting @i~

be found when using larger basis sets. Thus, the 3-21G(d)hydroxide then attacks,Pthis attack resulting in the rate-
basis set is not sufficiently accurate for describing the limiting transition state (TS) at = 0.41, which exhibits
geometries along the ATP hydrolysis reaction pathway in almost trigonal bipyramidal geometry (Figure 4A). When a
myosin. Therefore, the HF/3-21G(d)-refined paths are not fully trigonal bipyramidal structure (as characterized by an
further considered here. In contrast, the B3LYP postpro- improper dihedral angle{P,—0,;—0,,—0,3} of 0°) is
cessing does not alter the shapes of the paths optimized withreached, at = 0.46, the distances to the attacking oxygen
HF/6-31G(d,p), and the saddle points remain the highest-(4{p,—0% = 1.81 A) and to the leaving oxygeml{(P,—
energy points within the error of the method. This indicates o, } = 1.84 A) are nearly equal. Up to the TS/at= 0.41
that the 6-31G(d,p) basis set with Hartréeock geometry  (Figure 4A), the M@" coordination angle{O,s—Mg—0p})
optimization provides reasonable structural accuracy. remains approximately 90and the coordination of Mg
by Ser237 on the Switch-1 loop is maintained ({iMg—
0;?°% distance stays at 2.2 A). This changes during the
Reactant StateAn overlap of the nucleotide binding site  decay of the TS into the product (Figure 4B), where the
of the energy-minimized reactant state [using HF/6-31G(d,p) {O,35—Mg—0Og2} angle widens to 125 _pulllng the Mg+
for the QM region] with the unminimized crystal-ike ~Petween thes-phosphate and the leavingphosphate and
structure shows that the protein structure remained largelyProvoking an increase in thgMg—05>°} distance to 3.6
unchanged upon minimization. The internal geometry of the A. This increase is due to Mg and G**" moving in
triphosphate moiety of ATP in the protein is similar to that opposite directions. This is very important because it breaks
found with density functional theory quantum dynamics of the coordination bond between Ktgand the Switch-1 loop
Mg?*-coordinated methyl triphosphate (MdTP,) in solu- in the product state (Figure 4B), thereby weakening a strong
tion (75) (Table 3). The distance between a phosphorus andinteraction that keeps Switch-1 closed over the nucleotide.

Geometries along the Paths
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Table 3: GeometricCharacteristics of the QM Region Optimized with HF/6-31G(d,p)

R Mg * MTPaqb Tsdirect TSSerlBl TSSer236 Pdirect PSerlSl PSer236

{P,—0% 3.56 - 2.18 2.18 2.18 1.61 1.60 1.62
{P,—0O,1} 1.50 1.5%1.55 1.49 1.49 1.49 1.48 1.48 1.48
{P,—0O,2} 1.50 1.5+1.55 1.60 1.59 1.60 1.59 1.58 1.59
{P,—Oy3} 1.52 1.5F%1.55 1.51 1.51 1.51 1.50 1.51 1.50
{P,—Og,} 1.68 1.70 1.73 1.73 1.73 3.30 3.24 3.28
{Ps—0p,} 1.60 1.62 1.58 1.57 1.58 1.50 1.51 1.50
{Ps—Op1} 1.49 1.5+1.55 1.49 1.49 1.49 1.50 1.50 1.50
{Ps—Op2} 1.50 1.5%1.55 1.50 1.50 1.50 1.54 1.53 1.54
{P,—0p,—Ps} 126.6 128.3 128.2 130.5 128.2 124.8 116.7 124.2
{Op,—P,—0,1} 106.7 - 101.9 101.2 101.8 83.4 86.8 84.5
{Op,—P,—0,2} 103.8 - 87.91 85.8 88.0 69.8 53.0 69.3
{Op,—P,—0,3} 103.2 — 98.2 98.6 98.2 71.2 82.2 71.4
{0p,—P,—OF 157.1 - 161.2 163.2 161.2 163.1 151.3 162.0
{0*—P,—0O,1} 72.9 - 90.5 89.0 90.5 111.0 111.1 110.9
{0*—P,—0O,23} 58.9 - 73.7 77.5 73.7 95.5 98.4 95.1
{0*—P,—0O,3} 97.7 - 87.6 88.0 87.5 108.1 108.7 107.9
{P,—0,1—0,2—0y3} 28.7 - 11.9 10.5 11.9 —28.4 —-30.6 —27.9
{O*—H¥} 0.95 - 1.66 1.89 0.94 2.34 3.81 0.96
{H%—0,2} 2.14 - 0.96 2.88 3.16 0.96 3.59 3.26
{H%—0" 3.85 - 3.45 0.96 4.70 2.05 0.95 4.54
{O"—Hh} 0.95 - 0.95 1.92 0.95 0.95 1.98 0.95
{th—Ofm} 2.05 - 2.13 0.95 2.13 2.03 0.95 2.05
{05181—H§18]} 0.96 - 0.95 2.89 0.95 0.95 3.30 0.95
{(H580 ) 1.81 - 1.94 0.94 1.94 2.07 0.98 2.07
{0O*—Ha} 0.95 - 0.94 0.94 1.64 0.96 0.96 2.07
{Hal_o§236} 2.89 - 3.12 3.08 0.98 3.33 3.17 0.95

02236—H523 0.96 - 0.98 0.98 2.83 0.95 0.95 2.96
{H 236—oy2} 1.90 - 2.90 3.02 0.96 2.39 2.10 0.96
{Mg—0,3} 1.97 2.15 1.99 2.00 1.99 2.03 1.99 2.04
{Mg—0p2} 2.05 2.15 2.04 2.03 2.04 1.91 1.91 1.91
{Mg—0"1} 2.10 - 2.09 2.09 2.09 2.03 2.05 2.03
{Mg—0"%} 2.10 - 2.10 2.11 2.10 2.12 2.12 2.11
{Mg—0*%% 2.08 - 2.09 2.10 2.09 2.20 2.13 2.18
{Mg_o§237} 2.23 - 2.24 2.23 2.24 3.58 3.45 3.50
{O,5—Mg—0gy} 91.1 90.0 90.7 93.3 90.7 125.2 119.8 122.1

aDistances in angstroms and angles in degre€esometric data for MMTP (methyl triphosphate) in aqueous solution as determined from

Car—Parrinello molecular dynamicg'%).

Ser181 Pathin the beginning of the Ser181 path, upito

states of the direct path or of the Ser236 path (to the helper

= 0.21, the attacking water reorients so that it is able to water; see Figure 4C,l). This is the reason the product of

transfer its H? proton onto the helper water. In the same
path segmenti(= 0.10 toA = 0.21), Ser181 transfers its
H>**" proton to Q, of the ATP. Directly after the Bf®*

the Serl81 path has a lower energy (Figure 3).

The transition state af = 0.60 is of near-trigonal
bipyramidal geometry (Figure 4D). At= 0.66, the trigonal

proton has been transferred, it points toward the side chainpipyramidal geometry is reached (improper dihedil—
of Ser181, as expected. The second proton transfer event, irOyl—Oyz—Oys} angle of zero with distances to the incoming

which the helper water transfers itstbnto the side chain
of Serl81, occurs betweeh= 0.21 andi = 0.25. This
proton remains oriented toward the oxygef, fiom which

it originates, throughout the rest of the path. A third proton
transfer occurs between= 0.37 andl = 0.46. In this path
segment, the attacking water transfers if8 dhto the helper
water oxygen, @

Meanwhile, the QH3'* group rotates so that the proton
points toward the attacking water oxygentat 0.39 and
then toward the helper water oxygen®,@t1 = 0.60 (see
the molecular movies). Up td ~ 0.70, H2 keeps its
orientation toward @ whereas the helper water reorients in
the final part of the path such that in the product staje H

and leaving oxygens of 1.9%{(P,—0%) and 1.88 A ({ P,—
Og,}), respectively. As observed in the direct path, up to
the TS atl = 0.60, the{ O,3—Mg—0p} angle remains below
93° and the{Mg—0;**} distance stays around 2.2 A.
During decay to the product (aftédr = 0.66), the{O,s—
Mg—0Og2} angle widens (final value of 12pand the{ Mg—
05?*} distance increases to 3.4 A (Figure 4E), due to the
simultaneous motion of Mg and G As in the direct
path, this increase in tigMg—052*} distance weakens the
link between the Switch-1 loop and the fig

As in the direct path, the attacking water is activated before
the resulting GH™ nucleophile attacks the-phosphate

mediates a hydrogen bond between the helper water and thenoiety of ATP, thus forming the rate-limiting transition state.
side chain of Ser236 (Figure 4F). Betwekr 0.66 andi The activation relay involving the helper water and Ser181
= 1.0, the QH** group rotates back in an almost 280 is described above as being sequential, as is indeed found
rotation so that in the product state it mediates a hydrogenin the CPR-optimized path. However, this implies that
bond between @ of the R moiety and @, of the ADP (see intermediate states separated by barriers corresponding to
Figure 4F). This hydrogen bond to the anionic ADP is more each proton transfer event should have been located as
favorable than the hydrogen bond made binRhe product minima on the potential energy surface, which is not the case.
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Ficure 4: In the left column, the rate-limiting transition states optimized with HF/6-31G(d,p) (color) are overlapped with the reactant state
(gray). In the middle column, the product states (color) are overlapped with the transition state (gray structure, same as in the left column).
In the right column, the hydrogen bonding network arounith Bhe product state is shown. {AC) Direct path. (B-F) Ser181 path. (&)

Ser236 path.

Proton transfers occur here from a neutral species to anandi = 0.70 (the{ P,—O,:—0,,—0,3} improper angle is 0
anionic species, thereby leading to an effective transport of + 5°); the distance to the attacking oxygefiP(—0O3%)

a hydroxide anion through the myosin active site. The decreases from 2.0 to 1.8 A, and the distance to the leaving
mechanism of this transport may be similar to the mechanismoxygen (P,—Og,}) increases from 1.8 to 2.1 A. As was the
of transport of hydrated hydroxide in bulk water that has case for the direct and Ser181 paths, {&;—Mg—0p2}
been shown to be sequential via energy barriers of ap-angle remains close to 9@nd the{Mg—03%} distance

proximately 3 kcal/mol76). Those barriers are much smaller stays at 2.2 A up to the TS at= 0.55. When the TS decays
than the overall barrier and therefore are unresolved in thlsthe{0y3_Mg_052} angle then widens to its final value of

energy profile. 237 - . .
Ser236 PathThe first event in the Ser236 path, between 122 and the{ Mg._OV } d|stanpe Increases to 3'5 Ain the
_ _ ) S236 product state (Figure 4H), again breaking the link between

A = 0.00 andi = 0.34, is the proton transfer of theyf—? Switch-1 and the M

proton from the side chain of Ser236 ontg.@f ATP. . ' )

Simultaneously, the attacking water reorients into a position ~ Transition StateThe three paths share common behavior.

that is optimal for the transfer of its;Mproton to the side  Figure 5A shows the variation of improper dihedral angle

chain of Ser236. This second proton transfer occurs between{ P,—0,1—0,,—0,3} that measures the pyramidality af P

A = 0.39 andl = 0.55, where the transition state of nearly (a positive value corresponds to the pyramidal configuration

trigonal bipyramidal geometry is reached (Figure 4G). The of the reactant, pyramidal inversion atyielding a negative

trigonal bipyramidal structure is reached betwéen 0.61 value characteristic for the product configuration). If one
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A) 5L T T ] pairs: d{ P,—0% = 2.18 A andd{ P,—Op,} = 1.73 A (Figure
[ % (e8] girelcél | zc)
%% Ser
208 Ser236 Product StatePanels B, E, and H of Figure 4 show the

product conformation of the direct, Ser181, and Ser236 paths.
In all three products, the i3 clearly separated from the ADP
and the M@" coordination sphere has broken up (comprising
only five ligands rather than six in the reactant). This is due
to an elongation of thé Mg—0>%*% distance that results
from the breaking of the coordination bond between théMg
and the Switch-1 loop. Figure 5C plots tfdg—052*}
0 02 04 06 08 1 distance versus thgD,3—Mg—0Opg.} angle. The widening of
reaction coordinate this angle upon decay of the bipyramidal transient states is
linearly correlated with the increase in distance and thus
X R o g | breakage of the{Mg—0>**} coordination bond. This

% xx Serl8l| | weakens the connection between the Switch-1 loop and the

d Ser236 i . .

3 ] Mg?" coordination sphere, thus favoring a subsequent
= b . opening of the Switch-1 loop, which is expected to occur
=~ ?i 1 concurrently with actin binding (see Discussion).
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The hydrogen bonding network is identical in the products
ﬂ%, of the direct and Ser236 paths (Figure 4, panels C and |,
WP ] respectively), which therefore have similar reaction energies
1.5 ' . (see Table 2). The product of the Ser181 path is significantly
1 lower in energy, due to the fact that tirephosphate (i.e.,
I 15 2 253 T35 4 inorganic phosphate,H donates a hydrogen bond to the
d(P;0p) [A] negatively charged-phosphate of ADP (Figure 4F), rather
‘ . ' ‘ ' than with the neutral “helper” water g@" in the products
C) se ! ' ‘ [ o of the other two paths. A small rearrangement of the
FRS glerff§1 1 hydrogen bond network allows the products of the direct and
3.3 (2 Ser236 . Ser236 paths to adopt the lower-energy conformation of the
1 Ser181 path, which thus is the preferred model for the actual
product state for all three paths. Other than indicating this
variation in the hydrogen bonding pattern for the product
state, the difference in reaction energies between the paths
is of no significance.

O IA]

5237
(@)

d(Mg:

Energy Decomposition

211 .
L L | L 1 L 1 L

% ” 40 :Mg:OHg) 120 130 Further insight into the energetics along the reaction paths

e _ is gained by decomposing the total energies into their

FIGURE 5: (A) Improper angle{(P,~0,1~0,2=0,3}) in degrees ., pibyting terms. These are the bonded, van der Waals

measuring the pyramidal configuration gtfitotted along the three : !

paths [the direct (solid lines), Ser181 (dotted lines), and Ser236 MM electrostatic interaction, positional constraiBtfactor),

(dashed lines) paths, optimized with HF/6-31G(d,p)]. Same reaction and quantum energy terms. The quantum energy includes
coordinate f) as in Figure 3. Transition states are denoted with both the energy of the QM region and that of its electrostatic

squares. (B) Distance betweepahd the attacking oxyge{(P, — interactions with the MM region. Panels A and B of Figure
O%) vs distance bEtween./Bnd the leav_l,gg oxygenH{P,—Oy,}) 6 show this dissection for the direct and Serl181 paths,
gr the three paths. (C) D'StandeMg_o{ } vs the{O,5—Mg~ respectively. The shape of the total energy profile and the
2t angle in degrees for the three paths. . o .

barrier at the transition state are dominated by the QM
starts from nearly perfect pyramidalityf,—O,,—0,>—0,s} energy. The largest contribution to the barrier from the MM
angle of 28.7), the pyramidal inversion occurs abruptly terms is the electrostatics for the direct path (5.6 kcal/mol)
(sigmoidal curve). In each of the three paths, the transition and the van der Waals contributions for the Ser181 path (3.3
state has &P,—0,;—0,,—0,3} angle close to 10i.e., near kcal/mol).

the planar configuration (characterized by an angle“pf 0 In the product state, the largest contributions come from
A convenient way of visualizing the relative associative the MM electrostatics and van der Waals terms that are
or dissociative character of the reaction is to plot {Re— unfavorable by 13.9 and 8.1 kcal/mol, respectively, in the

O3 distance between,Rand the incoming oxygen versus direct path (in the Serl81 path, these two terms contribute
the{P,—Og,} distance between,Rnd the leavingy-bridge 7.8 kcal/mol each). Thus, the intraprotein MM energy terms
oxygen (Figure 5B). In all three paths, thie,—O% distance somewhat destabilize the product state. In the direct path
is shortened first, followed by elongation of the,—Og,} (and in the Ser236 path), this destabilization is not offset by
distance. Thus, all three water activation mechanisms leadthe QM energy (which contributes only 0.3 or 2.0 kcal/mol
to a clearly associative reaction route. The pentacovalent statevith HF or B3LYP), thus resulting in an unfavorable overall
was not found to be a stable intermediate. Remarkably, thereaction energy of 27.6 kcal/mol. In contrast, in the Ser181
transition states of the three paths have the same distancgath, the QM term stabilizes the product state {H0.1 or
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Ficure 6: Energy decomposition along the reaction paths. (A and B) Dissection of the total energy into all its contributing terms [in
kilocalories per mole, pathways optimized with HF/6-31G(d,p)]. (C and D) Decomposition of the QM energy term of the top panels into

(1) the energy of the QM region itselAESM) and (2) the electrostatic interaction between the QM and MM regio@Sy™M) (see
Methods). The HF//HF curves plot the HF/6-31G(d,p) energy and the B3LYP//HF curves the energy from energy evaluation with B3LYP/
6-31+G(d,p). (A and C) Direct path (decomposition of the Ser236 path is very similar). (B and D) Ser181 path. Same reaction coordinate
(1) as in Figure 3. The transition states are denoted with squares.

—8.8 kcal/mol with HF or B3LYP, respectively), due to the favorable QM/MM electrostatic interaction energy
formation of the hydrogen bond between &hd ADP  (AEJW"™) that stabilizes the product by44.8 kcal/mol
described above. relative to the reactant for HF (or41.9 kcal/mol for
The positional constraint energy stays close to zero in all B3LYP). The origin of this compensation is discussed below.
three paths. This indicates that, throughout the course of theSimilar observations were made for the dissection of the
reaction, the regions distant from the active site are not Ser236 path (not shown). Figure 6D shows the corresponding
significantly distorted and that all protein motions necessary decomposition for the Ser181 path. As in the direct path,
for the reaction are indeed confined to the freely moving AEQM increases initially, reaching a maximum of 68.4 or
region (see Methods). This shows that the size of freely 61.3 kcal/mol at. = 0.73 for HF or B3LYP, respectively.
moving region has been made large enough to acgommodatqn the product stateAEgm equals~31—32 kcal/mol and
the local structural rearrangements that are required duringinys is roughly 10 kcal/mol less unfavorable than in the
ATP hydrolysis in myosin. _ product state of the direct path, due to the hydrogen bond
A further dissection of the QM energy into the quantum petween the inorganic phosphate and the ADP present in
energy of the quantum regiom\EZY) and the QUMM  the product of the Serl81 path (see abo QMMM g
electrostatic interactionAESe. ) for the direct path is  favorable by—42.0 kcal/mol with HF (or—39.8 kcal/mol
shown in Figure 6CAESN increases up to a maximumat  with B3LYP). Thus, the QM/MM electrostatic interactions
= 0.64, with values of 58.5 and 53.0 kcal/mol with HF and  with the protein stabilize the product state of the substrate
B3LYP, respectively. This is comparable to the barrier height by an equal amount in the direct and Ser181 paths.
of ~50 kcal/mol that has been reported for methyl triphos- ) )
phate hydrolysis in the gas phase in the presence of oneEléctrostatic Interactions
explicit water molecule 17). In the product stateAEgm Figure 7 (left panels) shows the electrostatic energy
equals~44—45 kcal/mol. This large unfavorable quantum contributions to the barrier height from individual residues
energy is due to the repulsion of the inorganic phosphate of the P-loop, the Switch-1 loop, and the Switch-2 loop. Of
and the ADP that are both negatively charged. The unfavor- particular interest is the contribution of the salt bridge
able energy is essentially completely compensated bybetween Arg238 and Glu459 that connects the Switch-1 and
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FiGure 7: Electrostatic energy contributions to the barrier heights and reaction energies from individual residues of the P-loop (residues

179-186), the Switch-1 loop (residues 23338), and the Switch-2 loop (residues 431%59), defined as\E,. in Methods. For the
residues included in the QM region (i.e., Serl81, Thr186, Ser237, and Ser237), only the effects of the charges on the backbone atoms are
considered. Black bars: HF/6-31G(d,p). White bars: B3LYP/6-G1d,p)//HF/6-31G(d,p).

Switch-2 loops and has been shown to be essential forstates, the unfavorable contribution of Arg2381¢ kcal/
hydrolysis of ATP by myosin 18). In all three paths,  mol) offsets the favorable contribution of Glu459 (ap-
interactions with Glu459 lower the barrier (by approximately proximately —9 kcal/mol) such that the total contribution
—4 Kkcal/mol in the direct and Ser236 paths and ap- of the Arg238-Glu459 salt bridge to the reaction energy is
proximately —6 kcal/mol in the Serl81 path), whereas again small. Large favorable contributions are observed for
interactions with Arg238 raise the barrier by a similar amount Asn233 (from—4 to —6 kcal/mol), the backbone atoms of
(by approximately 2 kcal/mol in the direct and Ser236 paths Ser237 (approximately—6 kcal/mol), and Lys185 (ap-
and approximately 6 kcal/mol in the Ser181 path). Thus, the proximately —9 kcal/mol). Few residues exhibit unfavorable
contribution of Arg238 offsets, at least partially, the favorable contributions to the reaction energy, except for Ser4565(4
contribution of Glu459, and the total contribution of the salt kcal/mol). The total contribution of all binding-pocket-
bridge residues to the barrier height is negligible. This forming residues (the residues listed in Figure 7) to the
indicates that the likely role of this essential salt bridge is to reaction energy amounts t621.7 (—19.1) kcal/mol,—18.4
lock in the active site, rather than to participate directly in (—16.7) kcal/mol, and—22.5 (—20.2) kcal/mol with HF
the catalysis. Gly457, which hydrogen bonds tothghos-  (B3LYP) for the product states of the direct, Ser181, and
phate, lowers the barrier in all three paths by approximately Ser236 paths, respectively. These values include the com-
2 kcal/mol. The remaining residues do not contribute pined MM and QM/MM electrostatic contributions of the
significantly to the lowering of the barrier. residues of the binding pocket but are dominated by the QM/

The residue contributions to the net change in energy afterMM electrostatics. The binding-pocket-forming residues
the reaction are also shown in Figure 7 (right panels). Not contribute approximately half of the total QM/MM electro-
surprisingly, the contributions are similar for all three paths, static stabilization energy that stabilizes the anionic charge
given the similarity of their product states. As in the transition pair (R~ and ADF™) in the product state.
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Table 4: Charge Transfers during the Reaction

AY q(transition staté)
moiety Y q(reactant direct Serl81 Ser236
H,0O" —0.05 (0.03) 0.00€0.01) 0.02¢0.03) 0.00¢0.01)
Serl81 —0.02(-0.02) 0.02(0.01) —0.01(0.03) 0.02 (0.01)
Ser236  —0.02 (-0.06) —0.04 (-0.01) —0.05 (0.02) —0.04 (—0.01)
H,0? —0.01 (0.07) —0.27 (-0.37) —0.29 (-0.44) —0.27 (-0.37)
ATP —3.37 (-3.07) 0.32(0.47) 0.34 (0.50) 0.32 (0.46)
ATP-H,0? —3.38 (-3.00) 0.04 (0.10) 0.06 (0.05) 0.04 (0.10)

ADP® —2.29 (-2.32) —0.04 (-0.05) —0.04 (-0.07) —0.04 (-0.05)
Pc —1.09 (-0.68) 0.08 (0.14) 0.10 (0.13) 0.08 (0.14)
Mg?+ 1.20(0.21) —0.03 (-0.11) —0.02 (-0.06) —0.03 (~0.10)
Ser237 0.05(0.18)  0.00(0.01)  0.00(0.01)  0.00(0.01)
Thr186 0.06 (0.29) —0.01 (-0.02) —0.01 (-0.03) —0.01 (-0.02)
H,0w! 0.09 (0.21) 0.01 (0.00) 0.00 (0.00) 0.01 (0.00)
H,0"2 0.07 (0.16) 0.01 (0.02) 0.00 (0.01) 0.01 (0.02)
A q(product state)
moiety direct Serl81l Ser236
H,0O" 0.04 (0.00) 0.05€0.04) 0.04 (0.00)
Serl81 0.03 (0.05) —0.02 (0.04) 0.03 (0.05)
Ser236 0.01 (0.04) 0.03 (0.04) 0.02 (0.04)
H,02d 0.03 (-0.09) 0.12 ¢-0.04) 0.03¢0.11)
ATPd 0.00 (0.20) —0.10 (0.12) —0.01 (0.19)
ATP-H,02d 0.03 (0.11) 0.02 (0.08) 0.02 (0.08)
ADP —0.27 (0.02) —0.26 (0.01) —0.28 (0.01)
R 0.31 (0.08) 0.28 (0.07) 0.30 (0.08)
Mg?+ —0.06 (0.03) —0.04 (0.06) —0.05 (0.05)
Ser237 —0.07 -0.15) —0.06 (-0.14)  —0.06 (-0.15)
Thr186 0.01 {-0.05) 0.01 ¢-0.02) 0.00 ¢0.06)
H,0"1 —0.01 (0.02) —0.01(-0.02) 0.00 ¢0.01)
H,0"2 0.01 (0.00) 0.01 (0.01) 0.01 (0.00)

a2 The atomic Mulliken charges are summed for different moieties
in the reactant stat§,moiery §. P Differences in SUMsAY moiety ) between
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—1.0% (—0.68 with B3LYP). This is essentially what is
expected for an HPO,~ group, as opposed to the expected
formal charge of—2 on they-phosphate moiety of ATP.
Thus, the electrostatic charge distribution of the product state
is already preformed in the reactant state. This is the reason
the Mulliken charges on these moieties are essentially the
same in the transition state and in the reactant staja(
Table 4).

Noticeable charge shifts occur for only the moieties that
are directly involved in the hydrolysis. The changes between
the transition and the reactant states can be traced back to a
small number of atomic charge shifts. The attacking water
H,0? loses a proton upon formation of the transition state,
thus increasing the charge accumulated on the oxygen. In
the TS, the O carries a charge of approximatelyle
compared to a charge of approximatelf.7% in the reactant
or product states. This leads to the observed charge shifts
on HO2 The fractional charge accumulated oA i@ the
TS originates from Pand O, both of which are noticeably
more positive in the TS than in the reactant. Consequently,
the total charge on ATP is more positive in the TS than in
the reactant, whereas the sum of charges on -N}B?
remains constant. Since this charge redistribution mainly
involves atoms that will form the Rn the product state,
neither the Pnor the ADP moieties exhibit marked charge
differences between the transition and the reactant states.

Charge shifts on moieties between the product and the
reactant states are observed only for the Hartfemck
Mulliken analysis and not for the B3LYP results. Unlike in

the transition and reactant state (top half) or between the product andthe case of the TS, these charge shifts cannot be traced back

reactant state (bottom half) of the different paths optimized with HF/
6-31G(d,p) are based on single-point energy calls using HF/6-31G(d,p)
or B3LYP/6-3H-G(d,p) (numbers in parentheses). Proton charges are
counted toward the heavy atoms to which they are bound in the different
statest All atoms in the reactant or the transition states that will form
the ADP or Rin the product state! All atoms in the product state that
had formed the ATP or attacking water ABf) in the reactant state.

Charge Transfer

Table 4 summarizes the partial charges on the different
moieties included in the QM region as determined for the

to changes in the Mulliken charges of specific atoms. Rather,
they are the result of cumulative effects of small atomic
charge changes that occur on all atoms and that happen to
add up with HF but cancel out with B3LYP. Thus, the charge
shifts observed with HF are not meaningful, and no
significant charge shifts occur between the reactant and
product states.

DISCUSSION

Associatie versus Dissociatie MechanismExperiments

stationary points of the three paths. In the reactant state, theused to determine linear free energy relationships for a

Mulliken charge on the Mg cation is only 1.26 with HF/
6-31G(d,p) [0.2& with B3LYP/6-314+-G(d,p)], while the four
Mg?*-coordinating groups (two water molecules and the side
chains of Thr186 and Ser237) carry a fractional positive
charge. This indicates that the positive #¥gpartially
possesses the electrons of these coordinating groups.
Likewise, the total Mulliken charge on the triphosphate
moiety of ATP" is —3.37% with HF/6-31G(d,p) {-3.07
with B3LYP/6-314+-G(d,p)], less negative than its formal
charge of—4, indicating that a significant amount of negative
charge is transferred from ATPto Mg?*. In contrast, the
ADP moiety of ATP carries a charge of2.2% (—2.3%)
and is thus more negative than its formal charge 2f Thus,
most of the electrons pulled toward the #Mgcome from
the B, group of ATP, preparing it for attack by a nucleophile.
The attacking water molecule is essentially neutréd.Qle
and 0.08), as is the helper water molecule-@.0% and
0.0%). In the reactant, the sum of Mulliken charges on the
attacking water and the-phosphate atoms (i.e., all atoms
that form the inorganic phosphate in the product state) is

number of uncatalyzed phosphoanhydride hydrolysis reac-
tions show only a small dependence of the hydrolysis rate
constant on thelg, of different incoming groups but a large
dependence on theKp of leaving groups 14). This was
interpreted in favor of a dissociative mechanism in aqueous
solution in ref14. However, the unique interpretability of
linear free energy relationships is questionaf@.(More-
over, hydrolysis in aqueous solution of methyl phosphate,
the smallest possible model system for phosphate hydrolysis,
which has been examined using a variety of methods, can
be explained using either associative or dissociative mech-
anisms {7, 80—82), and computational investigations on
methyl triphosphate hydrolysis in aqueous solution also did
not give clear evidence in favor of either mechanisf, (
77). Since neither mechanism seems to be inherently more
favorable, enzymes can, in principle, select eittgs; 84).

In all three mechanisms for water activation investigated
here, ATP hydrolysis is found to follow an associative route,
via a pentacovalent transition state. This agrees well with
the findings from reaction quenching experiments that ruled
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out a detectable metaphosphate intermediate and, thereforenetwork. Mutating either into Ala would therefore be
an unambiguous dissociative mechanistfl) ( oxygen ex- expected to reduce the number of possible proton transfer
change experiments that suggest a single-step mechanismoutes for water activation, thus leading to reduced, but not
(22), and Raman spectroscopy that indicated a transition stateabolished, ATPase activity. This is indeed observed, for both
with associative characteR?). Also, a previous QM/MM Serl81 83) and Ser236 33, 34). Thus, the role of these
study on ATP hydrolysis in myosin yielded an associative residues may be to facilitate the proton relays required for
route B5). However, in ref35, the pentacovalent structure hydrolysis. It would be interesting to measure the ATPase
was found to be stable (i.e., a local minimum along the activity for the Ser181/Ser236 double mutant, the activity
reaction profile). Although that study used reaction path level of which would give information about the relative
refinements with the CPR algorithm in combination with importance of the direct activation mechanism. Measure-
Hartree-Fock QM/MM, as were used here, the calculations ments of the basal ATPase activity (i.e., the combined rate
in ref 35 differed from those presented here in the crystal from substrate binding, hydrolysis, and product release steps)
structure, the QM basis sets, and the treatment of solventof a number of myosin mutants have been repor8i 34,
electrostatic screening effects during path refinement. First, 78, 85, 86). The effect of mutations on the rate of the
in our study, a structure with BEcADP, i.e., an ATP hydrolysis step itself (step 3b) cannot be derived directly
analogue, was used to model the ATP-bound reactant statefrom the measurement of the basal ATPase rate but require
whereas in reB5, the calculations started from a V(@DP experiments that have been described for the W501
structure, i.e., a transition-state analogue. Second, nonuniformconstruct (which were used to construct the free energy
charge scaling is applied here to account for the solvent profile of the ATPase cycle shown in Figure 1). To our
screening effect on each protein partial charge, whereas inknowledge, such measurements have not been reported.
ref 35, only the solvent-exposed ionized side chains were It had been assumed that, when a mutation affecting the
scaled. Finally, the previous study used the 3-&lbasis basal ATPase rate is located in the immediate neighborhood
set, whereas our study employs a 6-31G(d,p) basis set, whichto the ATP binding site, its effect on the ATPase rate stems
encompasses more basis functions and yields more reliabldfrom an influence on the ATP hydrolysis step. These
structural results (see Results). calculations show, however, that this is not true for all

Water Actvation. At every level of theory used here, the residues under consideration. When salt bridge residues
three water activation mechanisms have approximately theArg238 and Glu459 are mutated such that salt bridge
same barriers and are thus approximately equally likely. This formation is made impossible, ATPase activity is lost [e.g.,
suggests that myosin maintains a preorganized, dynamicR238A (34), R238C (34), R238H (34), R238I (33), R238E
hydrogen bonding network in the active site when it adopts (78), E459A 85), E459V @6), and E459R 78)], but the
the catalytically competent C/C conformation. This dynami- results presented here have shown that the interactions of
cal network consists of the-phosphate, water molecules ATP with these two residues do not significantly modify the
adjacent to the-phosphate, and side chains that can carry reaction barrier of ATP hydrolysis. Indeed, in mutants that
protons and serve as proton donors and/or acceptors. Thean form a different salt bridge [i.e., R238RB3) and the
central core of the network is formed by the water molecules double mutant R238E/E459R7§)], ATPase activity is
which are trapped in the proximity of thephosphate moiety ~ preserved. Thus, the role of the salt bridge is to form the
of ATP when myosin adopts its prehydrolysis conformation. active site pocket and to sequester a small number of water
Because of the rotational freedom of the water molecules molecules in the reactive area (e.g., the attacking water and
and their capacity to both donate and accept a proton inthe helper water). Arg238 and Glu459 do not seem to have
different directions, they serve as ideal proton shuttles, a direct catalytic effect, in the sense that the salt bridge as a
mediating proton transfers between the key amino acids. whole does not lower the activation barrier.

In the results presented here, the side chains of Serl81 Gly457 is found here to slightly stabilize the transition
and Ser236 also participate in the proton transfer events. Thestate. This stabilization is, however, not so pronounced that
protons can rapidly exchange between the donor and acceptoit allows assignment of a clear catalytic role to Gly457 in
groups via pathways with low energy barriers (relative to lowering the reaction barrier. This residue may, however,
the hydrolysis barrier), in a fashion similar to the transport be involved in destabilizing the ground state by forming a
of hydrated hydroxide in agueous solution, for which the hydrogen bond to the-phosphate, which could explain why
free energy of activation has been estimated to be 3 kcal/the ATPase activity is significantly reduced when Gly457
mol (76). For several such hydrogen bonding patterns, ATP is mutated to Ala&5). It has also been suggested that Gly457
hydrolysis proceeds with the same movements of the heavyis a key residue involved in coupling the activation of the
atoms, in particular, the movement of, Bnd Mg*. In ATP hydrolysis function to the priming of the lever arm
principle, more paths in addition to those studied here are during the recovery strokel).
conceivable with different protonation patterns of the myosin ~ Role of M@". The formation of the coordination bonds
active site, for example, involving the participation of the between Mg" and ATP introduces an asymmetry in the
side chains of Lys185, Arg238, Ser456, or Glu459 in the {P,—Op,} and{Os,—Ps} distances. An equivalent asym-
dynamic hydrogen bonding network. In such a scenario, the metry had been observed for ktgmethyl triphosphate in
reaction mechanisms suggested prior to this w@&-32) solution (75). Even in pyrophosphate, a symmetric molecule,
would correspond to water activation mechanisms that occuran asymmetry between the tW{®—Oyrigqg bonds is intro-
via different proton transfer routes, starting from different duced in the gas phase by complexation with?Mwhen
protonation patterns of the myosin active site. the Mgt is coordinated by one oxygen of one phosphate

Role of Central ResiduesSerl81 and Ser236 both moiety and two oxygens of the other phosphate moi@#y. (
participate in the postulated dynamic hydrogen bonding This asymmetry of th€P—Oyiggd bond lengths in all these
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cases indicates that Mgin myosin is placed in such away prerequisite for the opening of the Switch-1 loop after
that it activates th¢ P,—Og,} bond for cleavage. hydrolysis. Since motion of the Switch-1 loop is believed to
In the product states described here, the?Mgation be coupled to cleft closur®Q, 91), and thereby modulation
moves somewhat between the ADRnd P~ moieties upon of the actin affinity 2, 93), weakening of the Mg —
decay of the pentacovalent oxyphosphorane transition stateSwitch-1 interaction as observed here is a key event that
(see the movies), thereby helping in electrostatic stabilization couples the hydrolysis step to the conformational changes
of the highly repulsive anion pair as well as sterically of the posthydrolytic events of the actomyosin cycle. Such
separating the reaction products. This contributes to thea coupling might occur via a cooperative mechanism, in
lowering of the energy of the product state. According to which small movements of Switch-1 would facilitate the
the Hammond postulate, stabilization of the product state partial cleft closure that induces initial actin binding (the so-
shifts the transition state toward the reactant st&®.(  called “weak binding” state of actomyosin), the strengthening
Indeed, the transition state is seen here to be structurally andf which induces a further cleft closing that propagates back
electrostatically close to the reactant state. Given that theto the Switch-1 loop, which fully opens to allow the release
energy of the unhydrolyzed ATP is much lower than that of of P, (94; compare Figure 1 therein). The present simulations
the anion pair in its proximity, this is one way for the protein strengthen the hypothesis that, in the actomyosin contractile
to lower the activation barrier. cycle, the hydrolysis products are released via an exit route
Enzymatic Strategy of Myosim lowering the barrier of  that opens by movement of Switch-1, in a mechanism that
ATP hydrolysis from 28.9 to 29.3 kcal/mollg, 14) in has been termed a “trap door95), rather than along an
aqueous solution te-14.5 kcal/mol in the myosin active site, exit route in which PRis released into the 50 kDa cleft by
myosin functions as an enzyme. Enzymes can, in principle, breaking of the Arg238Glu459 salt bridge (the “back door”
achieve catalysis by destabilizing the reactant state and/ormechanism) 46).
stabilizing the rate-limiting transition state. In this work, we To ensure efficacy in force production by myosin, it is
find that the residues in the direct proximity of the reaction necessary to prevent premature and thus ineffective product
do not significantly contribute to lowering the barrier. release. This makes it necessary to keeand ADP bound
Therefore, no clear stabilization of the transition state is after hydrolysis has occurred until structural rearrangements
observed. In contrast, factors that may contribute to reactant-in the myosin motor have prepared the system for the power
state destabilization are indeed observed. These factors arstroke. Since both;Rnd ADP carry large negative charges
the preformation of the charge pattern of the transition state and thus strongly repel each other, it is difficult to keep them
in the reactant state and the deformation of ATP toward the both bound in the active site of myosin where they are in
trigonal bipyramidal transition-state geometry, as well as the very close contact with each other. The present results show
asymmetry of thg P—0g,} bonds. Thus, myosin is likely  that this task is achieved in myosin by the strong stabilization
to act mainly by destabilization of the reactant state. of the product state by means of the electrostatic interactions
This destabilization effect is difficult to quantify in this  with the surrounding protein that are more favorable in the
case. It requires a comparison of (1) the energy of isolated product state than in the reactant state (Figure 6C,D). Half
ATP taken in the conformation it has when bound to myosin, of this stabilization energy can be assigned to the residues
including electronic effects the protein exerts on ATP, and in direct contact with ATP (Figure 7). However, the
(2) the energy of unbound ATP in aqueous solution. The contribution of longer-range electrostatic interactions to
latter is, however, difficult to compute. In aqueous solution stabilization of the product state cannot be neglected. Further
and in the presence of Mg ATP exists in a number of  analysis is required to gain detailed insight into the mech-
different protonation states, such as MgATP or Mg anism that eventually allows the products to be released upon
HATP~. The properties of these species and the equilibria actin binding.
between them are well-know8%). However, each species Oxygen Exchangdsotope exchange experiments aimed
exists in an ensemble of “subspecies”. For example, neutralat investigating ATP hydrolysis in myosin have established
Mg-H,ATP can have the two hydrogens distributed over the that all four oxygens on the product Pan equivalently
seven terminal oxygens of the triphosphate moiety in severalexchange with the bulk solvent (solverghosphate ex-
ways, and for each such distribution, MMBATP can adopt change) 21), whereas th@y-bridge oxygen and thg-oxy-
a number of conformations that need to be sampled. Thegens do not exchange (positional isotope exchari@) This
energies of all resulting microstates must be averaged toexchange of the terminal-oxygens requires that the i
derive the free energy of that species. Each microstatethe product state possesses rotational freedom. In the
undergoes a different destabilization upon binding, with posthydrolysis state of this simulation, thi#g?t—0523%
different contributions from effects such as geometric coordination bond is broken and Figis only 5-fold
deformation, electronic polarization and charge transfer, andcoordinated after hydrolysis. Moreover, tfigg?*—0,3}
changes in protonation. Because each of these binding effectgoordination bond is longer and thus weaker than the
would have to be determined for each unbound ATP {Mg?*—Ogs} bond (see Table 3), indicating that in the
microstate, this considerably complicates the quantification posthydrolysis state the former is more likely to break than
of the destabilization energy. the latter. This makes it possible for the tB transiently
Chemomechanical Couplinghe breaking of the coordi-  dissociate from Mg, yielding a 4-fold coordinated Mg
nation bond between Mg and Ser237 (see the movies) cation and allowing the;Ro rotate. In such a scenario, the
implies that the Switch-1 loop is no longer immobilized by S-phosphate remains permanently coordinated to?Mg
this strong interaction. Just as formation of this coordination hindering its rotation, which explains the experimentally
bond accompanies the closure of the Switch-1 loop upon observed lack of positional isotope exchange. Thus, the
ATP binding, breaking of this bond can be considered a product structure found here, with its 5-fold ftgcoordina-
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tion and weakenefiMg?"—0,s} bond, is consistent with the  makes it possible to compare the three different paths
experimentally observed features of the oxygen exchange.investigated relative to each other. With regard to previous
Moreover, breaking of thetMg—0O,s} bond as proposed here  QM/MM studies on nucleoside triphosphate hydrolysis that
must eventually occur to allow exit of the. Fhe description used a 3-2%G basis set, a mixed 4-31G(d) and 3-21G basis
mentioned above gives a possible scenario of this crucial set, or a 6-31G(d) basis set during geometry optimizations
event early after hydrolysis. to study ATP hydrolysis in myosir86), GTP hydrolysis in
Five- or four-coordinated Mg complexes are not unusual, Ras-GAP 100, or ATP hydrolysis in FATPase 101, 102,
as they are observed 10 and 23% of Mg-containing it should be noted that we show here that the 3-21G(d) basis
structures in the Cambridge Crystallographic Databank, set is not sufficient even for obtaining reliable geometries.
compared to 60% with a coordination number of ) All the calculated potential energy barriers are significantl
The hypothesis that intermediary 4-fold metal coordination higher than th 14p5 keal/mol gy ba tal 1 g y
is required is supported by measurements of intermediate 'gher than the~14.5 kealmol experimenta’ Iree energy
solvent-phosphate isotope exchange in the presence of abarner. In addition to the errors inherent to the Ieyel Qf the
number of divalent cation98). No exchange is observed quantum method used, there. may be other contributions to
with C&*, SP*, or B&', none of which allow for a the QeV|at|qn between experlmental and ca]culated energy
coordination number of fould(), and thus for intermediate barriers. First, the proteln conformatlon_ in t_he crystal
dissociation of the metalP; coordination bond. In contrast, ~ Structure may not be in the geometry that is optimal for the

exchange is observed in the presence GfCNi2*, or Mn?+, hydrolysis event. Even though the crystal structure used in
each of which allows coordination numbers of six and four this study was determined with the ATP analogue ABX
(97). F; bound to myosin in the C/C conformatiod?d), it is

Direct evidence of the existence of a tetracoordinate metal Possible that some side chains are in conformations that are
intermediate in the myosin ATPase cycle might be obtained not yet optimal for hydrolysis. Second, the experimentally
from time-resolved EPR spectroscopy using?Mas a metal ~ determined reaction barrier is a free energy barrier, unlike
cofactor. When &0 directly coordinates to M, the EPR the potential energy barriers derived from the present
signal for Mr#* is inhomogeneously broadened. This has minimum energy paths. However, to allow free energy
been used to investigate the myosiim-ADP complex 09). calculations, fast semiempirical methods would have to be
When ATP with all terminaj-oxygens labeled with’O was used. These calculations are not possible at present, since
used, a broadening of the EPR signal should be observed asalidated parameters for phosphasmhydride hydrolysis
long as a terminal-oxygen coordinates to Mn. If the reactions are not currently available for the semiempirical
hypothesis holds that the-Ametal coordination bond breaks  AM1/d (103-105, MNDO/d (106, 107), or SCC-DFTB

and reforms during the reversible hydrolysis, then an (108 methods, which otherwise might be suitable for this
oscillatory signal broadening should be observable in time- pyrpose.

resolved EPR experiments in the initial phase of the
experiment before solvenphosphate isotope exchange CONCLUSION
occurs.

Validity and AccuracyThe question of the reliability of In this study, three different water activation mechanisms
the simulation results arises. That the simulations have for ATP hydrolysis in myosin were investigated with
successfully reproduced the qualitative nature of ATP theoretical methods. Hydrolysis was found to proceed in a
hydrolysis in myosin is shown by comparison with experi- single-step reaction in the three corresponding reaction paths
ment. (1) Hydrolysis was found to proceed in a single step, via an associative route. In the product state, the coordination
consistent with experimeng). (2) The associative nature  bond between the Mg metal cofactor and Ser237 in the
of the transition state is consistent with the observed inversion Switch-1 loop is broken, thereby facilitating the opening of
of configuration 24). (3) The simulation-based hypothesis  the Switch-1 loop after hydrolysis is completed. This is likely
that Mg+ adopts a coordination number of four is consistent i pe the key element for the chemomechanical coupling
with findings from experimental studies in which isotope petween ATP hydrolysis and subsequent actin binding in the
exchange effects were investigated) motor cycle. Moreover, by proposing the presence of a

The main conclusions of the work are drawn from  gynamic hydrogen bonding network leading to a variety of

structural considerations that can safely be made because ibossible reaction routes that the system can take, this work
was shown that the structures optimized with HF/6-31G- gies 4 new perspective on the hydrolysis mechanism in
(d,p) have converged. Reliable and interpretable energies, ;v osin

however, are much more difficult to obtain. At this level of . o . )
theory, the absolute values of the barrier height and reaction _Structural conditions similar to those present in the active
energy still depend on the quantum method and basis setSit€ of myosin are also found in the motor proteirAT Pase
Nevertheless, the calculations reported here represent thd101 102) and, judging from available crystal structures,
most accurate calculations on enzyme-catalyzed nucleosides€em also to be possible in the GTPase of the Ras family of
triphosphate hydrolysis to date. Higher-level quantum meth- signaling proteins 109, 110). In these proteins, water
ods could not be employed due to computational limitations activation during nucleoside triphosphate hydrolysis may
[optimization of one path takes-2 months on eight CPUs  proceed via a hydrogen bonding network similar to the one
at 2.6 GHz with HF/6-31G(d,p)]. Although the absolute outlined here for myosin. Whether early posthydrolytical
energies are thus unreliable, an identical systematic error carchemomechanical coupling mechanisms similar to that found
be expected for a given quantum method, given basis set,here for myosin occur in other motor proteins remains to be
and unchanging atomic constitution of the QM region, which investigated.
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