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Abstract: Hybrid quantum mechanics/molecular mechanics simulations, coupled to the recently introduced
metadynamics method, performed on the adenosine triphosphate (ATP) of the bovine Hsc70 ATPase protein,
show which specific water molecule of the solvation shell of the Mg?™ metal cation acts as a trigger in the
initial phase of the ATP hydrolysis reaction in ATP synthase. Furthermore, we provide a detailed picture of
the reaction mechanism, not accessible to experimental probes, that allows us to address two important
issues not yet unraveled: (i) the pathway followed by a proton and a hydroxyl anion, produced upon
dissociation of a putative catalytic H,O molecule, that is crucial in the selection of the reaction channel
leading to the hydrolysis; (ii) the unique and cooperative role of K and Mg?* metal ions in the reaction,
acting as cocatalysts and promoting the release of the inorganic phosphate via an exchange of the OH~
hydroxyl anion between their respective solvation shells. This is deeply different from the proton wire
mechanism evidenced, for instance, in actin and lowers significantly the free energy barrier of the reaction.

1. Introduction partsi~3 N-terminal adenosin-triphosphate (ATP) synthase
The 70-kDa heat shock protein (Hsp70) family is a higly (ATPage) domain, peptide-binding site, and C-terminus (see,
conserved, ubiquitous group of proteins that plays a fundamental®-9- Figure 1 of ref 1). The crystal structure of the 44-kDa
role in protecting cells from stress. The name comes from its ATPase domain has been solved, and the tertiary fold turned
first observation as a response to heat shock and has a wealtiput to be similar to that of actin which is also an ATPase.
of roles! Namely, Hsp70 serves as an indicator for cellular stress Furthermore it is similar to two other phosphotransferases,
as a molecular chaperone, plays a pivotal role in maintaining "@mely hexokinase and glycerol kinase. The ATPase reaction
cellular homeostasis by preventing apoptosis, influences energyis of fundamental importance in all organisms and has been
metabolism, facilitates cellular processes in terms of muscular defined as “the principal net chemical reaction occurring in the
adaptation, and interacts with other signalling pathways (for a Whole world” by P. D. Boyer in his Nobel LectufeThe main
review see ref 1 and references therein). All members of the phases consist in an attack of agGHmolecule to ATP that,
family have an ATPase activity, which regulates cycles of upon water dissociation, releases a terminal phosphate group
binding and release from unfolded proteins, although the exactand reverts to ADP with a general reaction mechanism sum-
mechanism is still unclear. marized as ATP+ H,O — ADP + P. This transformation of
Heat shock cognate (Hsc70) protein is a mammalian membertriphosphate into diphosphate (ADP) occurs in the presence of
of this family originally described as alathrin-uncoating metal ions (M@"/C&", KT) located in close proximity of the
protein? The molecular structure of Hsp70 comprises three phosphate chain, and these cations play a catalytic role that has
not yet been completely understood and for which a general
consensus has not yet been reachdtlAt variance with other
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systems?~17 it has been shown that in the ATPase activity of
Hsc70, K™ has a central role. In particular both"kand Mg+

Here, for the first time, we provide a detailed atomistic insight
into the possible reaction mechanisms that are not accessible

are required for the dissociation of denatured proteins from the to experimental probes. The use of the most advanced compu-

E. colihomologue of Hsc70. Moreover Naloes not substitute

tational toolg7-28:3%-34 gllows us to work out free energies and

for the K+ cation1819Despite structural homologies with Hsc70, provides direct evidence of the unique and cooperative catalytic
this represents a basic difference with respect to actin, whererole of Mg?* and K" metal ions; the joint action of the two
potassium cations are not present and, in particular, te K catalysts is found to reduce significantly the free energy barrier
site is replaced by the-amino group of lysing%2! for the ATP hydrolysis by means of an exchange of the OH
Clearly an atomistic detailed computer simulation of the hydroxylanion between the coordination shells of the two metals
system could greatly help in understanding the role of the thatotherwise would require a proton wire mechanism, shown
potassium ion, since a detailed microscopic picture escapes any© Pe energetically more demanding in a structurally similar
experimental probe. For such large biomolecules, realistic SYStem (actin) in which Kions are not preseft.
simulations able to be treated with sufficient accuracy are  computational Details
becoming possible only ndi#?22-26 thanks to the development
of computational resources and numerical algorithms. Yet

sev_eral questions are still unanswered, and, as acknowle_dgedmechaniCS (MM) approach (QM/MM) on the Hsc70 T13G mutant, a
for mstance_, by the authors of the _most recent computational very reactive member of the bovine Hsc70 ATPase protein family, as
work on acting® an adequate dynamical treatment of the whole provided by the Brookhaven Protein Data B&RKThis starting
system via hybrid quantum mechanics/molecular mechanics configuration, composed of the ATP Hsc70 system and the metal ions,
(QM/MM) simulations coupled to a suitable method for reaction was fully solvated, thus constructing a system of 5910 atoms plus
path sampling is still lacking. Conventional molecular dynamics 14 940 solvent water molecules, amounting to a total size of 50 730
would require an unfeasible amount of time to generate reactive atoms. We inspected the local hydrogen bond network for the closest
trajectories whenever activation barriers are larger thgh ~ His residues, His-89 and His-227, in order to figure out the type of
(~0.6 kcal/mol aff = 300 K, ks being the Boltzmann constant). protona_ltloni as a fu_rther che<_:k, we also did a test ca_lculatlon of the
Furthermore. most of the classical biomolecular force fields are theoretical titration with the PoissetBoltzmann solver as implemented

’ . . in the APBS packag® We notice, however, that the His residues
unablg to model any reactive process due_ to the harmomcpresent in our Hsc70 system are not located very close to the ATP
potential for bond stretch. For these reasons, in the present work gjie namely at 10.01 A as the closest and 33.60 A as the most distant
we sample the ATP-to-ADP reaction path in Hsc70 protein via one. Hence, the influence of His on the hydrolysis reaction is not a
QM/MM simulations coupled with the recently introduced major issue. This T13G structure was then thermalized at room
metadynamics methdd;28 capable of efficiently exploring the  temperature for 70 ps in a box 84.23 79.62 x 75.24 B with a
free energy surface (FES) of complex chemical and biochemical classical AMBER99 force fiel@? The run was later continued to about
reactions and providing a microscopic insight into reaction 100_ ps as_af_u_rther check. The r_es_L_JIting equilibrated structure diq not
pathways within affordable simulation times. The target of our deviate significantly from the initial X-ray data, and the major
study is a fully solvated bovine Hsc70 ATPase system, that hascontrlbutlon to the root-mean-square displacement (Figure 1a) comes

2.1. QM/MM Approach. In the present set of simulations, we use
a first-principles quantum mechanics (QM) coupled to molecular
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from the reorganization of the solvent water. This structure was then
used for the QM/MM simulation&.®? These were performed, within
the density functional theo#§ (DFT) framework in the local spin
density approximation, in terms of GaParrinello molecular dynamiés

as implemented in the CPMD co@eHCTH gradient corrections on

the exchange and correlation functional were inlcutiéithis particular
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including phosphate®;?63and its accuracy turned out to be similar
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a coupling of metadynamics with the QM/MM hybrid approach does not
320 pose particular problems, since the collective variables act on the QM
—_ atoms and in this respect the method does not differ from standard full
< 300 quantum metadynamics. Furthermore, this coupled scheme has already
= been proven to possess the ability to study with good accuracy
280 complicated reactions in biomolecular systef®¥ The computational
cost of the calculations presented here amounts to about 35 s per single
10.0 simulation step on 16 CPUs of a Hitachi SR11000 machine. Since the
local electron density used in DFT has well-known drawbacks in
< 8.0 T describing radical states, due to the incomplete cancellation of the
5’ 6.0 electron self-interaction, we did some electronic structure test calcula-
g 40 tions on snapshots, extracted from the QM/MM reactive trajectory, in
o which OH™ and the detached ®jroup are present using self-interaction
2.0 corrections'® The extent of the localization of the wavefunctions and
o_% 5 . 26 5 ‘ 40‘ 5 . BC; 5 . 80‘ 5 ‘ 10'0 5 the electronic structure features did not show any noticeable difference,
simulation time (ps) prowdln_g a valldat_lon to the results obtained without including self-
interaction corrections.
b , o 0p’ 0, 0.’ o 3. Results and Discussion
0y Y/ B\bﬁ/ \Pa/ \!:_ATpa 3.1. Classical and Hybrid Molecular Dynamics Simula-
073' ¢ X ! A ! H tions. The detailed structure of the ATPase active site depends
" Hum 5 ;°‘ on the system. For instance, experiments suggest that, in both
Ko* ) >0"”"*:-Mg+ "(1,, actin and -ATPase, the Mg cation adopts a bidentate
'wat

_ configurationt~1320.21 A monodentate configuratidnseems
Figure 1. (&) TemperatureT, upper panel) and root-mean-square displace- jnstead realizable in Hsc70 as explained in the forthcoming
ment (rmsd, lower panel) evolution during the pre-equilibration of the Hsc70 di . A feat t I t is that in th
T13G mutant. The arrow indicates the 70 ps configuration used to start the Iscussion. ; eature Commor_] 0 all systems Is that In the
QM/MM simulations. (b) Schematic view of the ATP domain of Hsc70 ATPase moiety one Mg cation is located between tife and
ATPase with standard labeling of the atoms. y-phosphates and bothgband one of the three ,Ooxygen
_ _ atoms are members of the first solvation shell of the cation.
required a rather large energy cutoff of 80 Ry, corresponding to 194 196 The solvation shell is then completed by four (bidentate case)
PWs and to a real space mesh of 39292 x 192 points. The Brillouin 4 fiye (monodentate case) water molecules, thus ensuring a
zone was samApIed at tfiepoint only, and the QM cell size was set to regular 6-fold configuration to the Mg metal ion. Hereafter
17 x 17 x 17 AS. This amounts to a QM subsystem of 35 atoms and o . . .
142 electrons, i.e., the three phosphates, the @blup directly bound ?Ii(i)g;ErI:bfkl)l)ngAlssE[nle cs(;[ﬁ'?rg)iredrsrilgltzntfgsggr?Fz;eSVLne:ngrlIﬁ;??uore
to Py, and the two K and the M@" plus the water molecules in the : ) ; - )
related solvation shell; one capping H-like monovalent link atom was Présents a monodentate or a bidentate configuration. In the first
used to compensate the cut bond of the,@roup connecting the case a fifth VYater r_n.Olecule would be present in the vicinity of
phosphate moiety to the MM subsystem. The QM/MM coupling Mg?", and this additional KD would be the one that undergoes
adopted here is the Hamiltonian scheme that makes use of the restrainednore easily the dissociation process that triggers the reaction.
electrostatic potential (R-ESP) reported in detail in refs 31 and 32. All For this reason, this molecule is referred to as putative catalytic
the CPMD runs were performed at 300 K, and the temperature was yater!3 At variance with other systenfshe T13G mutant of
controlled via a NoseHooverf 3 chain thermostat on the ionic Hsc70, provided by the Protein Data Baidisplays a rather
.d'“:greets. of ftreedolzn;lA f'Ct(')t'ggz ?'ec”on mgss of d380 f‘“l a”fdtr?” high flexibility that, in turn, allows for the triphosphate chain
g]d?aglggt;gi?wf ep of 4 au (0. s) ensured good control of the to displace rather easily. As a consequenceatoms bonded
. ) ) to the terminal phosphorus atom become members of the
2.2. Reaction Path SamplingThe reaction path was sampled by solvation shell of a nearby K (K»* in Figure 2a), and this

using the metadynamics approdc#iby adding to the CarParrinello h d h .
Lagrangean the degrees of freedom of selected collective variablescrez"te_S enoug_ empty spf':lce to accommodate the putative
catalytic water in the solvation shell of Mg

su(t) plus a history dependent Gaussian potential,t). The specific ‘ )
collective variables adopted in each simulation will be given in the ~ Indeed, in the structure of the T13G mutant derived from

next paragraphs, as support to the discussion. In each metadynamicX-ray data?® the Mg?*—0O, distance is already larger than
run, a new Gaussian contribution was added to the penalty potential typical Mg?t—O distances+2.10 A) of a regular first solvation
V(sw,t) everyAt = 0.01 ps, amounting to 120 molecular dynamics steps, shell and the water molecules of the solvation shell have been
and its amplitudé/\t was sampled in the interval 0.006 kcal/moM crystallographically identified. Furthermore, we verified that

< 0.400 kcal/mol. Fictitious masses for the kinetic term of the collective ayen if one HO molecule is removed, another water molecule
variables have been setlt, = 20.0 au, whereas the harmonic coupling -, meg and occupies the vacant position. Hence, the monodentate
constants were set e, = 0.24 au. Further details on the methods configuration comes directly from the experimental evidence;

adopted here and their assessment have been explained in detalh included all th tal ¢ | les during th
elsewhere and can be found in the cited literaftré.%84548 The us we included all these crystal water molecules during the
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Figure 2. Hsc70 system used in the simulations. (a) Schematic view of the full Hsc70 T13G mutant and detail of the equilibrated ATP active site after 70
ns of classical dynamics and 5 ps of QM/MM dynamics. Here and in the following figures, the color code for atoms is black for H, red for O, green for C,
yellow for P, cyan for Mg, and purple for K. All the classical solvent water molecules are not shown for the sake of clarity. Thick sticks and batls eviden
the QM subsystem, whereas thin sticks am®Hnolecules (V-shaped) and bonds belonging to the MM part. The (QM) water molecule labeled as pwat
indicates the putative catalytic water undergoing the dissociation during the ATPase hydrolysis reaction. (b) ATP site with all the resicuksti@dapr

and water molecules (V-shaped red and black sticks) up to a distance of 10 A. The color code for the residues is as followsAdpagtay= Gly,

brown = Thr, green= Lys, orange= Ser, purple= Tyr, light pink = Leu, dark pink= Glu. Residue labels are indicated for the sake of clarity.

ilibrati h Th f t . ion in th Table 1. Main Geometrical Parameters of the ATPase Domain in
pre-equilibration phase. The presence of a potassium ion in theye'115c70 System Simulateda

vicinity of both Mg?" and Q certainly contributes to the

weakening or hindering of a direct coordination Mg O,, — Qi experiment
contrary to the case for actin where nd Kietal ions are present. ﬁ:gﬁndimﬁ(‘ﬁ; iggi 8'83 1'33%‘2?

This T13G mutant configuration was assumed as our starting c—o (A) 1,44+ 0.03 1aa

structure for a classical molecular dynamics run within the  POP 135+ 4° 132,137
AMBER99 force field® for 70 ps, to pre-equilibrate the system, ~ POC 120 +3° 121.2

followed by a 5 psQM/MM simulation to equilibrate together Mg—0 (A) 2.09+0.11 1.99 2.13

ToliC ps a ge OMgO 9r + 6% 174 + 5° 83 —99°; 176—178
ionic and electronic degrees of freedom. Both the classical and k,-0 (A) 2.83+0.07 2.79-2.85

the QM/MM simulations show that the monodentate coordina-  K2—0 (A) 2.75+£0.12 2.86-3.30

tion of Mg?™ with the putative catalytic water in its solvation I
2The QM/MM values refer to the 5 ps equilibration run after 70 ps of

She” is a stable configuration of the system (Figure 2_a and b). cjassical Amber99 molecular dynamics simulation. The average QM/MM
Since HO molecules of the solvation shell and metal ions are values are reported with their dynamical fluctuations. Experimental data

included in the QM subsystem and since no adjustable param-are from ref 29.

eters are used in our first-principles QM calculations, we can The good agreement of the main geometrical parameters,
infer that the system including the putative catalytic water is averaged over the QM/MM trajectory, with the experimental
not an artifact of the force field adopted. The average values of structure?® in line with the most advanced theoretical estima-
the most relevant geometrical parameters of the ATPase domairtions23 provides a sounding support to the accuracy of the
(belonging to the QM subsystem) are summarized in Table 1 approach used here. The slightly larger bond distances in the
and compared to the experimental data of the T13G méi@ht.  case of Mg-O are just due to the overcorrection typical of any

J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006 16801
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gradient corrected functional along with the effects of nonlinear the minimum on the reactant side were observed. However, due
core corrections in the pseudopotential adopted here, plus theto the accuracy of DFT calculations, which is at very besp1
effect due to dynamical fluctuations of the coordination shell kcal/mol, and the systematic underestimation of activation

during the run at 300 K. energies caused by any present day exchange and correlation
3.2. Free Energy Profile, Pathway of the Reaction, and  functionals, this difference can be regarded as negligible.
Catalytic Role of Potassium.The inspection of the reaction The activation barrier, estimated in terms of the free energy

pathway leading to the formation of ADP was done via a set of difference between the reactam.ford Py—Owap = 0.14) and
QM/MM reactive Car-Parrinelld334 simulations making use  transition state Ncoord Py,—Owa) = 0.54) is AF* = 3.4 kcal/

of the metadynamics approaéf® and assuming as a starting mol, while the overall free energy of the reactiorAE = 6.9
conformation the equilibrated Hsc70 system described above.kcal/mol, meaning that the ADP P; product Neoord Py —Ouwar)

In our first simulation, we selected as a unique reaction = 0.98) is more stable than the reactant by this amount, in rather
coordinate the coordination numB&#éof P, with the O atoms ~ good agreement with the experimental vahié® (7.1 kcal/mol)
(Owa) belonging to any water molecule in the vicinity of,P ~ for the general ATP H,O—ADP + P, reaction. We acknowl-
i.e., NeoordPy—Owad. This choice was driven by a chemical edge that this good agreement can well be fortuitous, due to
intuition, namely, the dissociation of a water moleculgOH—~ well-known problems of the exchange-correlation interaction
H* 4+ OH~ provides the proton and the hydroxyl anion needed mentioned above and affecting any DFT calculation (and
to start the reaction and saturate the chemical bonds of theextensively discussed in the related literature). Yet, comparison
phosphate groups that undergo the hydrolysis reaction. Wewith available experimental data provides a sound test to the
acknowledge that the choice is somehow arbitrary, and for this theoretical estimates.

reason, we performed three other auxiliary simulations with  As a further check, we estimated the total energies, i.e., the
different reaction coordinates; these will be discussed in the values of the DFT functional plus the ionic kinetic energies, of
next paragraphs. An analysis of the distances of the variousthe initial structure and of the average configuration corre-
H>O molecules from this phosphorus atom has shown that the sponding to the transition state Mfoord Py—Ouwa) = 0.54. The
water molecules closest to, Rre the ones belonging to the energy barrier in terms of total energy rises to aba&t =
solvation shell of Mg*. In particular, the one that reacts with 5.8 kcal/mol, indicating a non-negligible entropy contribution
P, turned out to be the putative catalytic water. The evolution including rearrangement of the solvation shells of the metal
of Ncoord P,—Oway during the metadynamics simulation was cations. As a word of warning, we stress that this high reactivity
followed until the departing inorganic phosphate group reached of the T13G mutant is not expected to characterize the wild
the border of the QM cell. The result is reported in the upper type Hsc70 and might not hold for the alternative T13S mutant,
panel of Figure 3a, while the corresponding free energy profile since conformational changes can make the scenario entirely
is shown in the lower panel of the same figure. A careful check different.

of the contribution of the last Gaussians added to the penalty The reaction path consists of an initial dissociation of the
potential V(Neoorat) after the reaction was completed, and the putative catalytic water with the detached proton jumping on
migration of the Pgroup toward the boundary of the QM cell  the closest O atom of the terminaP, 03 group and forming a
showed that this final part adds a negligible contribution to stable bond, while the OHhydroxyl anion remains in the
V(Neoorat) and that the free energy profile is substantially = solvation shell of Mg* (Figure 3c). Then the P-O43 bond is
unaltered. This ensures the convergence of the metadynamicgleaved (Figure 3d), and the Ok transferred to the departing
calculation. As a further check, we did an auxiliary longer P,-group forming the inorganic phosphateR®,~ and leaving
calculation, with the same metadynamics input parameters, inbehind the ADP (Figure 3e). Some interesting features must be
which we waited for a double transition to occur. Since we are remarked upon. Namely, when the water molecule dissociates,
dealing with a QM cell that does not have boundary conditions, the attacks of the proton and of the hydroxyl anion Qe the

a simple continuation of the former simulation would lead to —P,03; group do not occur simultaneously. The first event
the escape of the quantum atoms beyond the QM cell bound-observed in the simulation was the deprotonation of the putative
aries. This, of course, would invalidate the whole calculation. catalytic water and the proton attack to the closesta@m.

To overcome this difficulty, we imposed on the system the Then, the hydroxyl anion remains close to M@s a member
restriction that QM atoms would be reflected back whenever of its 6-fold solvation shell, due to the relatively strong attractive
they come too close to the QM cell walls. In practice this affects Coulomb interaction between OHand Md*. In a recent
only the departing inorganic phosphate and thenketal cation simulation on an ATP model system derived from aéfinsing
coordinated to it. This was implemented in a straightforward a quantum approach similar to what has been used in this work,
way by simply computing at each simulation step the distancesit has been shown that the propagation df &hd OH occurs

of each QM atom from the cell walls. Whenever this distance via a proton wire mechanisthif the only metal cation present
was shorter than 1 A, we reversed the sign of the momentumis Mg?*. Conversely, K alkali metal cations have shown to be
of that particular atom or group of atoms,— —p; (I = QM essential in the activity of Hsc79.The simulations presented
atom index) so that it did not go beyond the boundaries of the here support this notion and show how Kations can act as a
QM subsystem. Although artificially affecting the momentum, powerful extra catalytic agent able to lower significantly the
this does not affect the energy conservation, since momenta entefree energy barrier by promoting the approach of Oté
only asp/? in the total Hamiltoniar$>32 The result of this —HP,03. Namely, the potassium ion indicated as*Kis
simulation is summarized in panel b of Figure 3 and practically coordinated to one of the O atoms of th€,0; group and, at
coincides with the former result; just a slight increase of 0.5 the same time, is close to Mg As a result, in a transient
kcal/mol in the free energy barrier and a little broadening of configuration like the one in Figure 3d, the Coulomb repulsion
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Figure 3. ATPase reaction in Hsc70. (a) Evolution of the coordination nurilagy(P,—Owar) during the simulation (upper panel) and relative free energy

profile (lower panel) as a function of the coordination number. The local minimum at 0.14 corresponds to the initial ATP system while the secomd minimu

at 0.98 refers to the final ADR- P, product. (b) Coordination number (upper panel) and free energy profile (lower panel, solid line) for the same simulation

as that above including reflecting walls on the QM atoms. The superimposed dashed line is the same free energy profile of the previous panel, shown here
for comparison. (c) Snapshot of the initial ttack to the ATP structure upon water dissociation; (d) the transition state corresponding to the local maximum

of the free energy profile aroundcoodP,—Owa) = 0.5, i.e., B—Og® cleavage with the hydroxyl anion OHeady to react with the departing-phosphate

group; (e) the final ADP+ P product corresponding to the minimum Mgood P,—Owa) = 0.9 of the free energy profile.

between the two metal cations,K and Mg*" is partially This seems to be a sort of general feature common also to
screened by OH When the leaving group-HP, Oz increases other biological systems: whenever a metal ion is introduced
its distance from the newly formed ADP moiety, thé kon in in the vicinity of an active site in solution, the hydrogen bond

the vicinity follows, bringing away in its solvation shell this network of the solvent water is interrupted or broken, and thus
OH-". In practice, the hydroxyl anion is exchanged between the propagation of protons and/or hydroxyl anions via a proton wire
solvation shells of Mg~ and K" (Figure 4). This replaces the mechanism becomes hindefd> We note, also, that the
proton wire mechanism evidenced in aétiand reduces the  departure of HP,0,~ with K" leaves behind the ADP with
free energy barrier for the final transfer of the hydroxyl anion one Md¢' and one K, as expected from experiments.

to the leaving group, leading to the formation of the inorganic  3.3. An Insight into the Rate-Limiting Step and ADP

phosphate BP,0,~. In the process, the OHthat leaves Mg" Protonated State.In a second simulation we selected two
IS rgplaced by a (MM) O molecule t_hat approaCheS the metal (50) Gruschus, J. M.; Greene, L. E.; Eisenberg, E.; Ferretti, Prétein Sci.
cation and restores its 6-fold solvation shell. 2004 13, 2029-2044.
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Figure 4. Evolution of the Mg*—OH-™ (blue line) and K*—OH" (red line) distances during the ATPase reaction. The hydroxyl anion i®ttansferred

from the solvation shell of Mg (i) to the solvation shell of K" (ii) and eventually reacts with the departing gtoup (iii). The color code is the same as
that in the previous figures apart from the O atom of the Gifdroxyl anion, shown in orange for the sake of clarity. The arrows indicate the approximate
position of the snapshots along the trajectory.

collective variables, (. = 1,2): the distance of oxygen® . 7
from the hydrogen atom of the closest® molecule,s; = ' (M?" g N~

IR(Og%)—R(Hwa)!, and the distance of the O atom of this same - ¥ “"-«.f - SHY o .

water molecule from R s, = |R(P,)—R(Owa)l. The purpose (kealimol), ="/ . S N (i)
was to protonate (3 in order to see which one of the two bonds -7 .(f A (i) - B ot
between P—Og® and R—0Og% would be cleaved upon the - g - o~ ) i

formation of a chemical g§—H bond. This allows us to probe
whether the P-Og4® bond cleavage observed in the former
simulation was an artifact of the selected reaction coordinate _,
or not. The results of this simulation confirmed that the previous
finding was indeed correct. The QM/MM metadynamics
simulation, started with theses;,s;} collective variables, has
shown that initially the system exploresaley of local minima

of the free energy surface (FES) represented by dynamical 30
fluctuations of the solvation shell of Mg. This is shown in Op*Hy (A) 40 50
Figure 5 by the ensemble of contiguous peaks ranging som ) ) i )
=3.0A105.0 A, withs; values confined into the interval [3.5, g’/g‘favz a'r:]&e;fai%i'gr??fe;?(’;%géhsisﬂg‘é;%ﬁ;;‘?gﬁgﬁg?feﬂﬁes

5.0] A; the corresponding average configuration (i) is ShOWNn scale has been reversed for the sake of clarity. The snapshots above the
above the FES in the same figure. For the sake of clarity, we free energy surface are as follows: (i) the initial ATP structure, (i) the

reversed the vertical axis, so that local minima appear as peaks‘irSt transition state corresponding to the water dissociation Wit‘h‘a detached
. . . proton (unbound black ball labeled*i migrating toward ¥, (iii) the

in the figure. When the system overcomes these eqU'V""k':‘msecond transition state with the hydroxyl anion Okeady to react with
minima, the putative catalytic water dissociates intd &hd the departing Rphosphate group, (iv) the final protonated ADP.

OH™ and the detachedHis for a short transient time a shared

proton between this OHand Q3, as shown by the large  R(Hwaj| as

fluctuations ofs; around simulation step 10 000 in Figure 6a

(solid line). This transition state is the configuration labeled as F(s,) = —kgTIn fexp[—F(sl, s,)/ksT] ds; Q)

(i) in Figure 5. The system then finds a stable local minimum

by forming the @3—H,a bond shown in panel (iii) and by  and by plotting the contribution to the free energyspfonly
breaking the P~O3 chemical bond. This implies the overcom-  (Figure 6b) we made the remark that the ATP minima located
ing of a free energy barriekF'* = 3.3 kcal/mol and confirms ~ at P,—Oy. = 3.5-4.5 A in Figure 6b are separated by the ADP
that this is the strongest bond to be broken in the whole processminimum around P-Ouwa = 1.5 by about 6.2 kcal/mol,
thus representing the rate-limiting step of the reaction. Indeed, accounting for the major contribution to the overall free energy
by integrating out thextra collective variables; = |[R(Og%)— difference. As in the former case, the metadynamics was

cLbbhinbibon
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Figure 6. (a) Evolution of the two collective variabless®-Hya: (solid line) and P—Ouwa (dashed line) during the reactive dynamics. (b) Free energy
contribution relative to the P-Oyq reaction coordinate. Breaking the formegr; chemical bond and forming the new-POu. bond accounts for almost
all the free energy barrier and represents the rate-limiting step of the hydrolysis.

continued until the leaving inorganic phosphate, after completing protonated ADP+ P, product, as computed from the FES of
the reaction, reached the boundaries of the QM subsystemour simulation, turns out to b&F' = 6.8 kcal/mol, only slightly
simulation cell. We checked the convergence of the simulation less stable than the former nonprotonated result. This finding
by monitoring the Gaussian contributions, observing that theseis consistent with the experimental outcdfeand supports
did not significantly change the free energy landscape during the notion of relative abundance of protonated st#tédso in
the final part of the reaction, consisting of just a diffusion of P this case, the attack of the hydroxyl anion to th€>QOgroup is
(coordinated to K") away from ADP. mediated by potassium in the same way as that described in
Of course, constraining the system to keep th&-®lysbond the previous section and summarized in Figure 3, underscoring
leads to a chemically different final product, consisting of an the importance of both metal catalysts, M@nd K, in Hsc70
HPQ; departing group and a protonated ADP system. Y, p  ATPase'® The breaking of the P-O4® bond and its relative
measurements coupled to conformational analyses have shownveakness compared tg-POs® was confirmed by an auxiliary
that a protonated ADP can indeed exist in Hsc70 also experi- third simulation, started from the same initially equilibrated QM/
mentally®® This reaction pathway would lead directly to the MM structure, in which a single selected collective variable was
formation of the HPQ,~ inorganic phosphate (and a protonated the coordination number of © with Hwa atoms of HO
ADP) provided that the initial reactant is a protonated ATP. molecules in the vicinity and any constraint op—+0y,; was
Thus, the result of this simulation is not just an academic released. Also in this case the putative catalytic water is the
speculation. It is interesting to observe that the free energy H,O molecule reacting with ATP and the bond cleavage occurs
difference between the initial ATP system and the final at the R—Og® site.
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o p phosphate (AMP) as sketched in Figure 7d. This is a stable
4 \ r‘ minimum of the FES described by the selected collective
otih.  Po p ( ,_:._ I variables, and it is located about 5.6 kcal/mol below the ATP
N PN e " 1‘0 reactant. Yet, the large displacement of the ATPase moiety, the
° \L OH"Q\ b, @ breaking of the solvation shell of the metal cations and the
OK; e ¥ - { absence of a concurrent catalytic role from” Kead to a
) #-Mg? .f e f‘ o remarkable increase of the free energy barrier, making the direct
r/ ' production of AMP from ATP rather unlikely.
a b &
{r X 4. Concluding Remarks
]
@4 \4 % Mg? ) A comprehensive set of hybrid QM/MM simulations on the
00-;,_@.« o% Yy B Hsc70 ATPase system, coupled to a dynamical computational
le @ { '\‘ ' approach for the exploration of the free energy landscape, has
Mg> © I&" - been performed for the first time ever in an attempt at unraveling
b the detailed microscopic picture of the reaction pathway leading
c < d F;{ to the formation of ADP. This represents complementary, yet

fundamental, information not directly accessible to experimental

Figure 7. Main phases of the reaction at the §ite. (a) Initial proton probes and provides an insight into the various phases of the
transfer to the-P,Os group upon water dissociation, (b) the newly formed  ATp Ry drolysis common to all in this class of chaperones. We
hydroxyl anion, (c) the transition state with the disrupted solvation shell of . . . .
Mg?* and the metal cation approaching®0and (d) the final AMP system  have shown how the dissociation of the putative catalytic water
with the detached inorganic diphosphate. The most relevant atoms havemolecule belonging to the solvation shell of Rfgpromotes
been labeled for the sake of clarity. the cleavage of the terminal,POs? bond and how the OH
hydroxyl anion becomes part of the departing inorganic
phosphate. The catalytic role of both ftgand K", inspected
by simulations using different reaction coordinates, provides
clear support to their peculiar cooperative action: On one hand,
the approach of a positive Mgcation to the P—Oz*—P; bridge
promotes a P-0Og® bond weakening via a partial withdrawal
of electron charge in a way similar to what occurs also in other
biological systemg223:38.45thus favoring the cleavage. On the
other hand, a K cation promotes the attack of the hydroxyl
anion to B cooperating with Mg" via an exchange of OH
between the solvation shells of the two metal ions. This
exchange mechanism substitutes the proton wire propagation
of the OH" hydroxyl anion found in act#? and contributes to
the lowering of the activation barrier for the formation of the
inorganic phosphate. In fact, in the absence of both the putative
catalytic water and potassium cations, the total energy barrier
for this process turns out to be about12D kcal/mol, depending
on the model system and theoretical approach #&s#&d.

We remark, in passing, that the entropy contribution is very
large due to the flexibility of the triphosphate chain and the
mobility of both the metal cations and the solvation water

3.4. Hydrolysis at the B; Site. The scenario depicted so far
has shown rather clearly that the departinggPoup is the one
binding to the OH provided by the water dissociation. Yet,
one could argue that we biased the results by constraining in
some way the Patom in either the coordination numbeg;ore-
(P,—Oway) or the distanc¢R(P,)—R(Oway|. In order to dissipate
any doubt, we did a fourth simulation in which the collective
variables used werg = |R(O4%)—R(Hwa)| ands, = |R(Ps)—
R(Owadl, thus releasing any constraint o &d forcing the
oxygen atom of the water molecule to form a new bond with
Ps. This allows us to probe whether or not the final product
can be (H@P,—Ogz®H)~ plus ADP having as terminal phosphate
Owar—Ps02—0,3—, contrary to all the previous results that, on
the product side, present always the hydroxyl anion,{Cas
part of the released inorganic phosphate P

In this case, the simulation shows that the dissociation of the
putative catalytic water and the proton attack tg @oes not
lead to a stable chemical bond. In fact, the metadynamics finds
that this is just a shallow minimum and the detached proton
forms a stable bond with the nearest dangling O atom of the

terminal =P, Oz group, as shown in Figure 7aand 7b, in a way molecules. In this respect, the metadynamics approach adopted

similar to what has been found in the first simulation using . b
NeoordP,—Owa). The reaction then becomes more problematic here allows us to compute directly free energy differengds (
coora” y  —wab = AE™ — TAS) relevant to the pure chemical reaction, a

than all the other cases discussed above. The approach of the . - .

. : . guantity that would be difficult to extract from the total energies
hydroxyl anion OH to P oceurs only upon disruption and E°t. Finally, we have given an insight into the relative bond
deformations of the solvation shell of Migwhile K ions do ' Y g g

not play any active catalytic role; in the process,¥gioves strength of the terminal,PO;~P; bridge and in the rate-
toward Q2 i.e., the oxygen atom bridgingPand B, the limiting step of ATP hydrolysis in Hsc70. These auxiliary

triphosphate chain undergoes large distortions, and the potassiun?'mu'atlons’ useful in exploring the phase space spanned by

. . . different reaction coordinates, allowed us also to inspect a
ion labeled as K" displaces away from the terminal phosphate. rotonated state of ADP and the formation of AMP. In the
This leads to the transition state shown in Figure 7c and to aP . EH )
free energy barrieAF''* = 9.2 kcal/mol, much higher than the former case, free energy barriers and ov close to the

. o p . ones for the unprotonated ADP turned out to be in qualitative
corresponding reactantransition state free energy differences . : . .
) . _agreement with conclusions inferred on the basis & p
in all the former cases. Furthermore, the approach of a positive
Mg2* metal ion to Q2 weakens the P-O,3 bond of the five- measurements and related structural anadeshe latter case,
T0|d Pﬁ a?tOIT_I. Eventually this bon_d break?’ producing a c_ieparting (51) Grigorenko, B. L.; Rogov, A. V.; Nemukhin, A. \J. Phys. Chem B006
inorganic diphosphate and leaving behind an adenosine mono- ° 11q 4407-4412.
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we getkATpfADp/kATpfAMP ~ EXp(_AF*/ kBT)/exp(—AF”*/ kBT)
= 8 x 103, indicating that the direct production of AMP is
highly improbable. JA064117K
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