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Abstract

Combined quantum mechanical/molecular mechanical (QM/MM) calculations with density
functional theory are employed to analyze two issues related to the hydrolysis activity of Adenosine
triphosphate (ATP) in myosin. First, we compare the geometrical properties and electronic structure
of ATP inthe open (post-rigor) and closed (pre-powerstroke) active sites of the myosin motor domain.
Compared to both solution and the open active-site cases, the scissile P*-O3P bond of ATP in the
closed active-site is shown to be substantially elongated. Natural Bond Orbital (NBO) analysis clearly
shows that this structural feature is correlated with the stronger anomeric effects in the closed active
site, which involve charge transfers from the lone-pairs in the non-bridging oxygen in the y phosphate
to the anti-bonding orbital of the scissile bond. However, an energetic analysis finds that the ATP
molecule is not significantly destabilized by the PY-O3P bond elongation. Therefore, despite the
notable perturbations in the geometry and electronic structure of ATP as its environment changes
from solution to the hydrolysis-competent active site, ground state destabilization is unlikely to play
a major role in enhancing the hydrolysis activity in myosin. Second, two-dimensional potential
energy maps are used to better characterize the energetic landscape near the hydrolysis transition
state. The results indicate that the transition state region is energetically flat and a range of structures
representative of different mechanisms according to the classical nomenclature (e.g., “associative”,
“dissociative” and “concerted”) are very close in energy. Therefore, at least in the case of ATP
hydrolysis in myosin, the energetic distinction between different reaction mechanisms following the
conventional nomenclature is likely small. This study highlights the importance of (i). explicitly
evaluating the relevant energetic properties for determining whether a factor is essential to catalysis
and (ii). broader explorations of the energy landscape beyond saddle points (even on free energy
surface) for characterizing the molecular mechanism of catalysis.

l. INTRODUCTION

The hydrolysis of nucleotides such as ATP and GTP is involved in many fundamental
biological processes, especially in signal transduction and energy transduction events®. It is,
therefore, useful to understand, in molecular terms, the factors that control the hydrolysis
activity of nucleotides in biomolecules. Here we discuss two specific issues, which are related
to the properties of ATP in the ground (prior to hydrolysis) and hydrolysis transition state,
respectively. As we will show, careful theoretical calculations that explicitly probe the relevant
energetics are particularly valuable in providing the key insights in both cases.
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The first issue concerns whether ATP is chemically “activated” in the nucleotide binding site
of an ATPase (e.g., myosin) relative to solution, making ATP more susceptible to rapid
hydrolysis. This is essentially one version of the “ground state destabilization” hypothesis for
enzyme catalysis, which suggests that the (electronic) structure of the substrate is perturbed
significantly relative to solution by interactions with active site residues, and as a result the
substrate is chemically activated for the subsequent reaction. For example, shifts of vibrational
frequencies observed in infrared (IR) studies have been used to argue that the scissile P-O bond
of the substrate is substantially weakened in the enzyme active site (ras-p212:3 and Ca?*-
ATPase*®) compared to the solution state; we note that for probing electronic structural
changes of the substrate in an enzyme environment relative to solution, spectroscopic studies
are more useful than X-ray crystallography because the latter often has to employ substrate
analogues. These suggestions are in qualitative agreement with observations from several
theoretical studies®=10, which reported that the optimized scissile P-O bond length (PY-O3P in
ATP/GTP) in an ATPase seems to be substantially longer than the solution value (see below).

Another motivation for choosing to focus on ATP “activation” in myosin is that there is the
possibility that the degree of “activation” may depend on the conformational state of the motor
domain. Indeed, molecular motors® such as myosin are striking examples where the ATP
hydrolysis activity is strictly controlled to avoid futile hydrolysis, which is an important feature
that governs the working efficiency of those unique systems2:13, Specifically for myosin, for
example, ATP hydrolysis is believed to turn on only after the active site is switched from an
open configuration to a structurally stable closed configuration1#1%, and this is supported by
theoretical analysis®-18. However, the precise reason for the dependence of the ATPase
activity on the active site closure remains incompletely understood. It is likely that a number
of factors, which include orientation of the nucleophilic water'® and electrostatic
interactions2? in the active site, play a role. Whether stereoelectronic effects make a major
contribution deserves a careful analysis, which requires an advanced characterization of
substrate/enzyme interaction at the electronic structure level.

In this study, encouraged by our recent analysis of solute-solvent interaction for charged solute
(e.g., phosphate)?1, we employ the Natural Bond Orbital (NBO) approach to explore whether
the ATP molecule is significantly activated in a specific conformational state of myosin. Our
analyses reveal that the electronic structure and geometry of ATP undergo interesting changes
among the solution state and two key conformational states of the myosin motor domain.
However, we also find that the energetic variation associated with the P-O bond elongation is
rather modest, thus it is unlikely that “ground state destabilization” plays a major role in the
regulation of ATPase activity in myosin. This study highlights both the value and limitation
of probing properties that are sensitive to electronic structure and geometry, and emphasizes
the importance of directly evaluating the relevant energetic contribution for determining
whether a factor is essential to catalysis.

The second issue concerns the nature of the ATP hydrolysis transition state in myosin.
Conventionally, the mechanisms of phosphate hydrolysis are classified into two main extremes,
the associative and dissociative mechanisms (see Scheme 1)22-24, In the associative
mechanism, a nucleophilic attack by water at the phosphorous center occurs before the leaving
group departs, thus a pentavalent phosphorane intermediate is involved. By contrast, in the
dissociative mechanism, the leaving group dissociates from the phosphorus prior to the
nucleophilic attack, consequently a metaphosphate intermediate state is involved. Under
certain reaction condition, nucleophilic addition and elimination may also occur in a concerted
manner, where the new P-O bond forms at the same time as the old P-O bond breaks.
Specifically for ATP hydrolysis, the linear free-energy relationship (LFER) analysis of
Herschlag and coworkers2° led to the conclusion that the dissociative mechanism is operational
in solution, although potential ambiguity in interpreting the LFER data has also been pointed
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out?8, For ATP hydrolysis in myosin, Trentham and coworkers studied oxygen exchange
during hydrolysis using quenched-flow techniques; they concluded that the reaction goes
through “a single step with direct transfer of the terminal phosphorus from ATP to water”2’.
More recently, by applying Raman spectroscopy to myosin-MgADP-vanadate complex, Yount
and coworkers?8 suggested that “this reaction proceeds close to a concerted (SN,-like) process”
with an associative character. In several theoretical studies of ATP hydrolysis in myosin16:
18,29 an associative mechanism is typically followed except in the recent study of Nemukhin
et al.”, who advocated a rather unconventional mechanism involving Glu459 as the general
base30. To help better understand the hydrolysis mechanism and the nature of transition state,
we have generated a two-dimensional potential energy surface along reaction coordinates that
do not specifically bias toward the associative or dissociative mechanism. We observe that the
potential energy surface near the saddle point (transition state) is very flat energetically and a
range of structures representative of different mechanisms according to the classical
nomenclature (e.g., “associative”, “dissociative” and “concerted”) are very close in energy.
Therefore, at least in the case of ATP hydrolysis in myosin, the energetic distinction between
different reaction mechanisms following the conventional nomenclature is likely small.

IIl. COMPUTATIONAL METHODS

A. ATP in the myosin active site

For the myosin system, both the post-rigor and pre-powerstroke conformational states4:1° are
studied with ATP as the ligand. As discussed in previous studies#15:31  the post-rigor state is
incapable of hydrolyzing ATP, thus it was possible to solve the corresponding crystal structure
with ATP as the ligand (PDB code 1FMW?32:33  with the myosin motor domain from
Dictyostelium discoideum). The pre-powerstroke state, on the other hand, is the conformational
state in which ATP is effectively hydrolyzed, and therefore its crystal structure (PDB code
1VOM) was determined using ADP - VO; as the ligand34. Using these X-ray structures as the
initial input, combined quantum mechanical/molecular mechanical (QM/MM35-37)
calculations are carried out to obtain the minimized structure of the active site. Although more
sophisticated sampling techniques that properly include thermal fluctuations are needed for a
quantitative understanding of hydrolysis energetics (see below)18 energy minimization is
sufficient for generating active site structures for the current purpose of comparing electronic
structures of the substrate (ATP) in different conformational states of the motor domain.

The detailed QM/MM set-up is similar to the protocol used in our previous studies!® and
therefore will not be elaborated here. The QM region (48 atoms) includes the tri-phosphate
group of ATP, the Mg2* ion and its ligands, the sidechain of the conserved Ser236 and the lytic
water molecule; calculations using a larger QM region (80 atoms) that further includes residues
close to the y phosphate of ATP (Lys185, Asn233 and Ser181) have also been carried out,
although the results are very similar and therefore not included. The rest of the system is treated
using the CHARMM22 force field for proteins38. The structures are first minimized using the
more efficient SCC-DFTBPR/MM method, where SCC-DFTBPR is an approximate density
functional theory approach3? that we recently developed for treating phosphate reactions?;
the low computational cost of this method helps to fully relax the system, especially the large
number of MM degrees of freedom. Next, the SCC-DFTBPR/MM structures are minimized
with the QM region treated at the B3LYP41743/6-31G(d)*4-47 level; the convergence threshold
for the root-mean-squaregradient is set to be 0.01 kcal/(mol-A), which is found to be sufficient
for obtaining converged geometrical parameters for ATP. To analyze the electronic structure
of ATP in the two myosin conformations, NBO analysis is carried out using QM/MM
calculations with the QM atoms treated at the B3LYP/6-311+G* level45+48,

The SCC-DFTBPR/MM calculations are performed using a local version of CHARMM?49. The
B3LYP/MM calculations are carried out with the c35al version of CHARMM, which is
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interfaced with QChem (v.3.1)%%:51, For NBO analysis, the NBO 5.0 package®? interfaced with
QChem is used.

B. ATP in solution

Since the main goal of this work is to reveal changes in the electronic structure and energy of
ATP induced by the variation of the scissile P-O bond length (P*-O3P), the solution state of
ATP is studied using the tri-phsophate moiety, which is part of the QM region in the myosin
set-up. To focus on effects induced by the difference in environment, the initial tri-phosphate
geometry is taken from B3LYP/MM minimized structure of the myosin-ATP complex. The
structure is then partially optimized in the gas-phase with the critical P-O3P bond distance
held at several values (see Sect.lll for details). Single point energy and NBO analysis are then
carried out at these partially optimized structures using B3LYP/6-311+G* and the PCM model
for solvation®3, To explore the sensitivity of the PCM results to the choice of parameters, the
solvation calculations are done with both the United Atom Kohn Sham (UAKS) radii and the
Pauling radii that define the solute cavity®?.

C. Two-dimensional adiabatic mapping calculations

The adiabatic mapping calculations®® have only been carried out for the pre-powerstroke
configuration of the active site, which has been well accepted to be the configuration where
ATP is efficiently hydrolyzed15:18:31, Starting with the optimized reactant state structure
obtained in Sect.ll A, a two-dimensional potential energy surface is generated using adiabatic
mapping. To have an unbiased description of both the associative and dissociative mechanisms,
one of the reaction coordinates is defined to be the difference of the two reactive distances,
i.e., the distance between the oxygen of the nucleophilic water and the y-phosphorus, d(P" -
0OW), and the scissile bond length, d(PY - O3P). The other reaction coordinate describes the
proton transfer from the nucleophilic water to the y phosphate, mediated by Ser23618:31 with
a linear combination of several antisymmetric stretch coordinates8. In the adiabatic mapping
calculations, the threshold for the GRMS is set to 0.05 kcal/(mol-A); test calculation shows
that decreasing GRMS to 0.01 kcal/(mol-A) leads to very similar results. The adiabatic mapping
is carried out using B3LYP/6-31G(d)/MM. To refine energetics, single point calculations with
a larger basis set (6-311+G*)*>8 are carried out. For comparison, adiabatic mapping
calculations have also been carried out at the SCC-DFTBPR/MM level, which gives
qualitatively similar results (see Supporting Information).

We note that the mechanism involving Glu459 as the general base’:30 is not addressed here.
This is motivated by the observation that Glu459 is engaged in a salt-bridge interaction with
Arg238 in the pre-powerstroke state (Fig. 1) and therefore unlikely to be a capable catalytic
base. In a separate study (Yang and Cui, manuscript in preparation), however, we have found
preliminary evidence supporting the feasibility of this somewhat unexpected mechanism in, at
least, the S236A mutant.

Ill. RESULTS AND DISCUSSIONS

A. Anomeric effects and ATP “activation” in myosin

1. ATP geometry in different myosin motor domain conformations—In the pre-
powerstroke state, the active site adopts the closed configuration (see Fig. 1), where the most
striking feature in the optimized structure is the substantially elongated PY-O3P bond distance
in ATP. The value of 1.77 A is significantly longer than the values of 1.69-1.70 A found for
unprotonated methy! triphosphate in solution by several molecular simulation studies®®:>7. In
fact, this particular feature has been observed in several previous analyses of phosphoryl
transfer enzymes and ATPases. The PY-O3B distance in the same myosin-ATP system was
optimized to be 1.78 A in the work of Grigorenko et al.’, who used a somewnhat lower level of
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theory (Hartree-Fock with effective-core-potential and the corresponding double-zeta plus
polarization quality bases) in a QM/MM framework. Similarly, ATP with an elongated PY-
03B bond (1.77 A) was observed in the QM/MM study of F1-ATPase by Dittrich et al.8,
although a smaller basis set (6-31G) was used. Finally, calculations of the Ras-GAP-GTP
complex8:9 found that the GTP ligand has a long PY-O3P distance of 1.78 A; interestingly, the
distance is slightly shorter (~1.73 A) in the absence of GAP binding, which seems to be
consistent with the role of GAP in activating GTP hydrolysis. Indeed, infrared (IR)
spectroscopy studies also supported the notion that the scissile bond becomes weaker upon
GTP binding to Ras, especially in the Ras-GAP complex2:3:10,

The somewhat similar finding of the current study is that the PY-O3P distance in ATP is
substantially shorter when the myaosin active site adopts the open configuration. In the post-
rigor state, the QM/MM optimized value for the PY-O3P bond length is 1.72 A (Fig. 1), which
is 0.05 A shorter than that in the pre-powerstroke state. Therefore, the PY-O3P bond is
significantly elongated only when ATP is bound to the hydrolysis-competent state of myosin,
which begs the question whether this suggests that ATP is chemically activated and poised to
hydrolyze only in the pre-powerstroke state of myosin, similar to the proposed role of GAP in
activating GTP in Ras®10, We note that this structural feature is not directly available from
crystallographic studies because the X-ray structure of the pre-powerstroke state could only

be captured with a transition state analogue, ADP - VO, as the ligand34.

2. NBO analysis of electronic structure—A well-defined framework for revealing the
connection between reactivity and structure is the NBO analysis®8:59. Following this
framework, Ruben et al.59:61 has demonstrated that the selective destabilization of the scissile
bond in “high energy” phosphate compounds is largely due to the generalized anomeric effect,
which in electronic structure terms (see Fig. 2) is related to the charge transfer interaction from
the lone pair orbital of the non-bridging oxygens (O"°-bridgey 1o the anti-bonding orbital of the
neighboring P-O bond that involves the bridging oxygen (OPr1d9€). Using 10 model phosphoryl
compounds as examples, they found strong correlations between experimental hydrolysis free
energy, optimized PY-O3B bond distance and second-order perturbation estimates for the
interaction between Qnon-bridge (01v 92v and 03Y) lone pairs and the anti-bonding orbital of
PY-03p,

Encouraged by these findings and using B3LYP/6-311+G™* single point calculations at the QM/
MM optimized structures, we have carried out NBO analysis to characterize the magnitude of
anomeric effects in ATP bound to the open (post-rigor) and closed (pre-powerstroke)
configurations of the myosin motor domain (see Table 1). For the closed configuration, second-
order perturbation theory analysis of the Fock matrix in the NBO basis finds the interaction
energy between the ONOM-bridge |one pairs and the anti-bonding orbital of PY-03P as 21.3, 23.0
and 25.3 kcal/mol, respectively, which are consistent with Ruben et al.'s observation®0:61 of
~25 kcal/mol for each such interaction in model phosphates in the gas phase. Those authors
also generated a correlation between the magnitude of the charge transfer interactions and the
PY-03B distance; a bond distance of 1.77 A corresponds to ~72 kcal/mol of charge transfer
interactions, which is again close to the sum of interactions found here (~69.6 kcal/mol).
Consistent with these significant orbital interactions, the occupation number of the PY-O3P anti-
bonding orbital is as high as 0.27e, significantly larger than the values for the PY-Qnen-bridge
anti-bonding orbitals, which are in the range of 0.12-0.14e; these values are similar to the results
of NBO analysis for Ras-GAP-GTP?. Similarly, the Wiberg bond order52 for the PY-O3P bond
is 0.46, indicating a significantly weakened covalent bond.

For the open active site configuration (see Table 1), the anomeric interactions become weaker,
in line with the shorter PY-O3F distance. Second-order perturbation theory analysis finds the
anomeric interactions to be 19.7, 20.6 and 21.8 kcal/mol, respectively, thus the sum of
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interactions is weaker than that in the closed configuration by approximately 7 kcal/mol; this
decrease in the magnitude of anomeric interactions as the PY-O3P distances gets shortened by
0.05 A is again in nearly quantitative agreement with the correlation found in the study of
Ruben and co-workers®0. Along the same line, the occupation number of the PY-O3P
antibonding orbital is 0.24e and the Wiberg bond order is 0.52.

To identify the origin for the difference in anomeric effects as the active site undergoes the
relatively subtle open/close transition (see Fig. 1), perturbation analysis is carried out in which
the NBO analysis is repeated after the MM contribution from a specific residue is turned off.
The results indicate that the residual contributions are relatively small and do not differ
dramatically in the two myosin conformations, which highlights the intramolecular nature of
the anomeric effect; e.g., turning off the charges on Arg238 has the largest differential effect,
which perturbs the total anomeric effect by 0.15 and 2.18 kcal/mol in the closed and open
states, respectively. Therefore, the majority of the difference in the anomeric effect between
the open/closed active sites comes from the PY-O3P bond distance variation; this is confirmed
by a partial optimization calculation in which the PY-O3P bond in the closed state is restrained
to be 1.72 A, and subsequent NBO analysis finds that the anomeric effect is reduced by 4.1
kcal/mol compared to the unconstrained result. This highlights that it is not straightforward to
determine the causal relationship between the magnitude of the anomeric effect and the
geometry of the ATP molecule, despite the good correlation between them found here and in
previous studies60:61,

3. Energetics of the PY-O3B bond stretch—The geometrical and NBO analysis discussed
above clearly show that the ATP in the closed (pre-powerstroke) active site is substantially
different from the nucleotide in solution and the open (post-rigor) motor domain. To state that
these structural and electronic changes indicate that ATP is significantly “activated” in the
closed active site, however, requires a careful characterization of energetics. Accordingly, we
have carried out potential energy scan along the P*-O3P bond for an isolated tri-phosphate; for
each PY-O3P distance, the rest of structural parameters are optimized in the gas phase, and single
point energy calculations are then carried out using a continuum solvent model (PCM). As
shown in Fig. 3, the energy changes very modestly as the PY-O3B bond length increases from
the reported solution value (~1.69 A)°6:57 through the optimal value in the open motor domain
(1.72 A) to the optimized value in the closed active site (1.77 A). The energy consequence for
lengthening the PY-O3B distance from 1.69 to 1.77 A is only about 1 kcal/mol and this result is
not sensitive to the atomic radii in the PCM model. Therefore, we have to conclude that despite
the significant increase in the PY-O3P distance upon binding to the catalytically competent form
of myosin, the ATP is not significantly activated compared to solution. Therefore, the dramatic
decrease in the hydrolysis barrier in the motor domainl415:27 has to come largely from the
stabilization of the transition state rather than destabilization of the ground state relative to
solution.

B. The nature of ATP hydrolysis transition state in myosin

Based on the two-dimensional adiabatic map at the B3LYP/MM level (Fig. 4), a single barrier
of ~26 kcal/mol separates the reactant and the intermediate state. Similar to observations from
our recent study using SCC-DFTBPR/MM18, the PY-03P bond is largely broken in the
intermediate, with a long distance of 2.84 A. The approximate saddle point from the adiabatic
mapping calculations can be further optimized with the conjugate peak refinement (CPR)
method®3, which leads to a true saddle point that differs in energy by only ~0.5 kcal/mol; the
two reaction coordinate values at the optimized saddle point are -0.47 and 0.12, which can be
compared to the approximate saddle point on the 2-dimensional adiabatic map at ~(-0.5,0.2)
(see Fig. 4). Therefore, by both geometry and energy criteria, the reaction coordinates chosen
for the adiabatic mapping calculations are effective.
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We note that the potential energy barrier of ~ 26 kcal/mol is substantially higher than the free
energy barrier estimated based on experimental rate constant!427, which is ~15-17 kcal/mol.
This discrepancy, however, is rather well understood based on our recent SCCDFTBPR/MM
studies. As discussed in Ref.18, SCC-DFTBPR/MM minimum energy path (MEP) calculations
also found a rather high barrier similar to the current adiabatic mapping calculations and our
previous MEP analysis? at the B3LYP/6-31G(d,p)//HF/3-21+G level. By contrast, potential
of mean force (PMF) simulations at the SCC-DFTBPR/MM level found a free energy barrier
very close to the experimental value. Comparison of structures from the MEP and PMF
simulations found that the majority of residues/water molecules in the active site have similar
structures, except for Ser181 and water molecules coordinated to its sidechain. As the y
phosphate gets protonated during the hydrolysis, it is energetically favorable for Ser181 to
rotate and form alternative hydrogen-bonding interactions; since such an isomerization is
coupled to reorientation of nearby water molecules, it was sampled during PMF simulations
but not in the MEP calculations. Perturbative analysis confirmed8that differences in
interactions due to Ser181 and nearby water account for most discrepancy between the MEP
and PMF barriers. Since other structural features of the active site are highly consistent between
the PMF and MEP simulations, it is meaningful to use the MEP (and adiabatic mapping) results
to further explore the properties of the transition state region.

The most striking feature of the two-dimensional adiabatic map is that the saddle point region
is very flat energetically (Fig.4). For a rather large region that covers from -1.1A to 0.3A in
the x-axis and from -0.2A A to 0.7A A in the y-axis (indicated by a rectangle in Fig. 4), the
average energy variation is only 1.8 kcal/mol. More importantly, when examining the
structures in this region, various combinations of P*-O3P and PY-OW distances that correspond
to different classical mechanisms can be observed (Fig. 5). For example, in structure (0.285,
0.382), the P*-03P and PY-OW distances are 1.86 and 2.15 A, respectively, which correspond
to an associative-like “transition state”. However, in structure (-0.006, 0.025), the P*-O3P and
PY-OW distances are both 2.01 A, which show significant concerted feature. In structure (-0.297,
0.382), the P-O3P and PY-OW distances are 2.19 A and 1.89 A A respectively, reminiscent of
adissociative “transition state”. Importantly, the energies for the three structures are 25.3, 23.8
and 25.8 kcal/mol, respectively, and therefore are nearly degenerate. To further confirm that
the observed small energy differences are not an artifact due to the neglect of Ser181
reorientation in the current calculations, we examine both NBO charges on ATP (see Table 2)
and the energetic contribution from Ser181 in the four structures shown in Fig. 5. As shown
in Table 2, the only significant trend is that the charge on O3 becomes increasingly more
negative as the structure becomes more dissociative in nature, although the magnitude of
variation is rather small (~0.05 €). Therefore, it is unlikely that interaction with the enzyme
environment has a very significant impact on the relative stability of the four representative
“transition-state-like” structures. Indeed, the perturbative energetic contribution from Ser181
in the four structures, relative to the reactant state, is -3.1, -5.2, -3.8 and -3.8 kcal/mol,
respectively. The slightly higher unfavorable contribution from Ser181 in the “associative”
structure (Structure 2 in Fig. 5) is qualitatively consistent with the observation that the PMF
saddle point at the SCC-DFTBPR/MM level is more associative-like (i.e., a shorter PY-O3P
bond) than the MEP saddle points (see Table 2 in the Supporting Information in Ref.18).

In short, the two-dimensional adiabatic map results raise the issue that the energetic difference
between reaction mechanisms following the classical nomenclature, at least for ATP hydrolysis
in myosin, can be rather small. Various structures found in the saddle point region, which could
be classified to represent different mechanisms, have very similar energies and therefore all

thermally accessible; this needs to be further corroborated using more extensive explorations
of the free energy surface beyond a few stationary points. The lack of a clear distinction between
different extreme types of transition states as envisioned in classical nomenclature?2:23 has
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been discussed for the hydrolysis of phosphate compounds in the aqueous solution24:26:64 and
our study highlights this point again for a typical ATPase.

V. CONCLUDING REMARKS

In the analysis of factors that contribute to enzyme catalysis, it is generally useful to employ
amulti-facted approach in which multiple properties of the substrate and substrate-enviornment
interactions are analyzed. From this perspective, spectroscopic analysis such as infrared and
NMR spectroscopies can potentially reveal structural differences when the substrate is in
different environments. Similarly, electronic structure techniques such as NBO analysis can
quantify changes in the electronic structure of the substrate as its environment varies, and
therefore providing more concrete observables for the discussion of mechanistic hypothesis
such as “ground state destabilization”. On the other hand, it is useful to note that the potential
caveat is that the observables in these analyses tend to very sensitive to perturbations in the
substrate. In other words, notable shifts in spectra or NBO results may not necessarily correlate
to significant energetic perturbations. Take the system in the current study as an example, a
stretch of ~0.08 A in the covalent PY-O3P bond and 7 kcal/mol in the anomeric effect are rather
significant changes in structural and NBO terms. However, these changes are correlated to an
increase in energy of about 1 kcal/mol in the ATP molecule, which is fairly insignificant in the
context of enzyme catalysis. Therefore, we have to conclude that ground state destabilization
is not a significant contribution to the hydrolysis of ATP in myosin, and it is likely that this
conclusion also applies to GTP hydrolysis in Ras-GAP, for which previous studies focused on
the charge distribution®19 without an explicit analysis of energetics associated with PY-O3P
elongation. Our study emphasizes that spectroscopic, structural and electronic structural
analyses, as valuable as they are, should always be complemented with an evaluation of the
relevant energetic contribution for the purpose of determining whether a factor is essential to
catalysis.

For defining the nature of the transition state and therefore the reaction mechanism, it is typical
to focus on the properties of a single structure, such as the saddle point optimized on the
potential energy surface or, in some cases, on the free energy surface8®. This is meaningful
only when representative structures from different mechanisms have distinct (free) energies.
The current study clearly indicates that this may not be the case in some systems. If we only
examine the structural features of the saddle point, the hydrolysis of ATP appears to be
associative in nature. By exploring the potential energy surface around the saddle point,
however, we realize that structures that have clear dissociative and concerted features are in
fact very close (within 0.5-1 kcal/mol) in energy. Therefore, one can't conclude at all that other
pathways are much less favorable than the associative mechanism. Whether this translates to
other phosphate hydrolysis systems remains to be carefully analyzed. However, our
observation highlights the importance of looking beyond the saddle point(s) (even on free
energy surface) for characterizing the nature of transition state and reaction mechanism, which
is likely valid in general. Along this line, broader explorations of the energy landscape that
involve either mapping multi-dimensional (free) energy surfaces86 or transition state ensemble
analysis using transition state sampling®7:68 are required. The high computational cost
associated with these types of calculations underlines the value of developing reliable semi-
empirical QM methods59-73 for an in-depth mechanistic analysis of complex systems.
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Glud 59

Figure 1.

Comparison of the optimized active site of myosin motor domain with ATP bound to the (a)
open (post-rigor) and (b) closed (pre-powerstroke) conformation state. The geometries have
been optimized at the B3LYP/6-31G(d)/MM level (see text). Note the significant difference
between the optimized P*-O3P bond distance in ATP; for reference, the equilibrium bond
distance is ~1.69-1.70 A in solution®6:57,
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Figure 2.

Illustrations of the anomeric effects in tri-phosphate. () A schematic illustration for the
electron transfer from a lone-pair on the non-bridging oxygen to the anti-bonding orbital of the
scissile P-O bond; (b) 3D (left) and 2D (right) representations of the pre-orthogonal natural
bond orbitals (PNBO) for the lone pair of a nonbridging oxygen of the y-phosphate and the
scissile P-O anti-bonding orbital in ATP. Red spheres indicate oxygen atoms and blue spheres
indicate phosphorus atoms.
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Figure 3.

PCM single point energy (B3LYP/6-311+G(d)) as a function of the PY-O3F bond distance in a
methyl-triphosphate molecule; all other degrees of freedom have been optimized in the gas-
phase at the B3LYP/6-31G(d) level. The result is not sensitive to the atomic radii (UAKS vs.
Pauling) in the PCM calculations.
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Figure 4.
Two-dimensional adiabatic map for ATP hydrolysis in myosin at the B3LYP/6-31G*/

CHARMM level (with single point B3LYP/6-311+G*/MM energies); the x-axis is defined as
the difference between two reactive P-O distances, d(P ¥ - OW) - d(P ¥ - 03P); the y-axis
describes the proton transfer from the nucleophilic water to y phosphate through Ser23618,
Note that the potential energy surface near the saddle point is very flat.
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Figure 5.

Structures near the saddle point (shown in a) that are representative of associative, concerted
and dissociative mechanisms, respectively; they have the coordinates of (b) (0.285, 0.382) (c)
(-0.006, 0.025) and (d) (-0.297, 0.382) on the two-dimensional map shown in Fig. 4 and are
very close in energy (see text). Distances are in A.
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Table 1

NBO analysis results for anomeric effects associated with the PY-O3 bond of ATP in the open and closed
conformations of the myosin motor domain and of Methyl-triphosphate (MTP) in solution?

Myosin

Quantities MTP in solutiond
Open Closed

oY 19.7 213 211

Interaction o 20.6 23.0 215
Energy o 218 253 233
Total 62.1 69.6 65.9

Bond Order 0.52 0.46 0.51

Occupation Number® 0.24 0.27 0.25

o% -1.155 -1.153 -1.156

Charge pY 2.534 2.534 2.476

aFor the myosin results, QM/MM calculations are used; for MTP in solution, PCM calculations with the Pauling radii are used. In both cases, the QM
level is B3LYP/6-311+G(d). PY-03P bond is 1.69A;

bSecond order perturbation theory results (in kcal/mol) for charge transfer interactions between the non-bridging oxygen lone pairs in OY and the anti-
bonding orbital of PY-03P.

CFor the PY-03P anti-bonding orbital in the unit of electronic charge (e).

dThe PY-03P bond distance is fixed at 1.69 A, while all other degrees of freedom optimized in the gas-phase at the B3LYP/6-31+G(d) level.
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Table 2

Natural Population Charges? on key atoms in ATP in the four structures shown in Fig. 5-°

Structure 1 Structure 2 Structure 3 Structure 4
p’ 2.54 (2.51) 2.53 (2.50) 2.53 (2.50) 2.53 (2.50)
oY -1.23 (-1.28) -1.25 (-1.30) -1.25 (-1.30) -1.24 (-1.29)
o¥ -1.08 (-1.02) -1.06 (-1.00) -1.08 (-1.02) -1.06 (-1.00)
o¥ -1.22 (-1.12) -1.23 (-1.14) -1.23 (-1.14) -1.22 (-1.13)
o -1.21 (-1.15) -1.15 (-1.11) -1.17 (-1.13) -1.20 (-1.15)

a\/alues without parentheses are obtained at the B3LYP/6-311+G(d) level for the QM region in the presence of the MM charges; those with parentheses
are obtained at the same QM level but without interactions from MM charges in the environment.

As indicated in Fig. 5, Structure 1 is the rigorously optimized saddle point; Structure 2-4 are structures near the saddle point that are representative of

associative, concerted and dissociative mechanisms, respectively; they have the coordinates of (0.285, 0.382), (-0.006, 0.025) and (-0.297, 0.382) on the
two-dimensional map shown in Fig. 4.
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