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Abstract: Recently, a novel metal Mg?>"-dependent phosphatase activity has been discovered in the
N-terminal domain of the soluble epoxide hydrolase (SEH), opening a new branch of fatty acid metabolism
and providing an additional site for drug targeting. Importantly, the sEH N-terminal fold belongs to the
haloacid dehalogenase (HAD) superfamily, which comprises a vast majority of phosphotransferases. Herein,
we present the results of a computational study of the sEH phosphatase activity, which includes classical
molecular dynamics (MD) simulations and mixed quantum mechanical/molecular mechanics (QM/MM)
calculations. On the basis of experimental results, a two-step mechanism has been proposed and herein
investigated: (1) phosphoenzyme intermediate formation and (2) phosphoenzyme intermediate hydrolysis.
Building on our earlier work, we now provide a detailed description of the reaction mechanism for the
whole catalytic cycle along with its free energy profile. The present computations suggest metaphosphate-
like transition states for these phosphoryl transfers. They also reveal that the enzyme promotes water
deprotonation and facilitates shuttling of protons via a metal—ligand connecting water bridge (WB). These
WB-mediated proton shuttles are crucial for the activation of the solvent nucleophile and for the stabilization
of the leaving group. Moreover, due to the conservation of structural features in the N-terminal catalytic
site of sEH and other members of the HAD superfamily, we suggest a generalization of our findings to
these other metal-dependent phosphatases.

Introduction In this study, we focus on a recently discovered phosphatase

. activity exhibited by the dual domain protein, human soluble
Phosphatases are enzymes that catalyze the hydrolysis OEpoxide hydrolagé16 (sEH; Figure 1). The initially observed

phosphate esters from a variety of phosphorylated substratesc4i)ytic activity of SEH, namely the hydrolysis of epoxy fatty
ranging from specific Thr/Ser residues of proteins to nonprotein 4cigs, occurs in the large C-terminal domain. The mechanism
substrates such as phospholipids. Phosphate ester hydrolysis ig the epoxide hydrolysis reaction is now well understédH,

a hallmark of biochemical processes crucial in signal transduc- and the inhibition of SEH is a potential therapeutic strategy for
tion pathways and cell cycle regulatiér The mechanism of  the treatment of hypertension, cancer progression, and acute
enzymatic phosphoryl transfers has been extensively studied ininflammation conditiondé-2° The novel metal Mg -dependent
many different enzymes, such as GTP&s¥sand protein phosphatase activity of SEH, on the other hand, has been recently
kinases:*1?An extreme increase of the reaction rate by as much discovered in the smaller N-terminal doma#?2and as of yet,
as~10?! and different possible pathways (dissociative, associa- very little is known about its biological function. Crystal
tive, or concerted) as induced by the specific chemical environ- structures of human sEH provided evidence for bifunctional
ment have been reportég! catalysis, showing a product complex with HPO and a
hexacoordinated Mg ion bound in the active site of the
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Figure 1. Cartoon of the sEH N-terminal domain fold. Secondary structures are colored in yellow (B-sheets),avioédixés), and green (loops); the
linker is colored in red. The orange sphere indicates thé"gfactor present in the active site, while coordinating ligands and the substrate molecule are
depicted in stick representation and colored based on atom type.

Scheme 1. Mechanism of Phosphatase Activity in SEH Proposed

N-terminal domairt3 The structures of muriféand humat? by Gomez et al.?3 and Investigated in Our Study?

SEH enzymes reveal that the N-terminal domain adopts/an

fold homologous to that of the haloacid dehalogenase (HAD) Substrate Step 1 Pl
superfamily, the majority of which is composed of phospho- 0 pa o 80 e
transferases. Structural comparison of the sEH phosphatase; O-.;:'_\ >0 _P :0 a1
domain with several other proteins of the HAD superfamily o1  TTAswll JY \g_(bp :
reveals numerous conserved active-site restdd&$’ including Ao O- C Ao v o ,
: - : . o, .0 + e :
a highly conserved nucleophilic aspartate residue (Asp9) andi Mgt L,., ‘,l\:ﬁ;‘2+ '
other residues (Aspll, Asp184, Asp185, Thr123, and Lys160) PSRN H—0" ' “O—H :
that surround the Mg cofactor. The metal ion forms the center ! Wk:n 69 Hat Wat |} Q| Wat :
of a highly solvent exposed catalytic site situated B4 A : : :r.bH )*_‘b :
long hydrophobic tunnel suitable to accommodate an aliphatic Aspl Asp 185X 5
substrate. It has been suggested that a gene fusion event cause-------===-====--R--===-=-==mms=r-ommmooosoooo ool .
the linkage of functionally associated proteins, leading to the HOPO,> T_ROPO"} HZO—llLRDOH
formation of the two-domain/bifunctional structure of these I W= .
protein24:28.29 ; Step 2 H
On the basis of these findings, a two-step reaction scheme ! 9 ciH o_ 0*-,., i
has been proposed that describes the double phosphoryl transfei °~'~lp/ (\ [°
taking place in the SEH phosphat&d&tep 1 is the nucleophilic ; 2 cl) EJASP i 0/"\ Asp 1l
attack on the phosphate group of the phosphoester substrate b'i 452/ o Asp 9)—<\ 9- P
Asp9, and protonation of the leaving group by either an Mg O~ Ix:d’i;o
intervening water molecule or Aspl1l; Step 2 is the hydrolysis H—o ' “O—H *‘T A g\ :
of the phosphoenzyme intermediate via a nucleophilic attack | wat | @ &y Wat ‘Aﬂa[_? o ?_"'at :
at the scissile phosphorus atom by a water molecule ?(I‘S-O HJ‘:..H
(Scheme 1). ' Asp 18 Asp 185 © 5

Interestingly, biochemical experiments showing that phos- aStep 1 Phosoh ) diate 1 S eonhil
e ; _ ; tep 1: osphoenzyme intermediate formation via a nucleophilic
phorylated lipids are optimal substrates for the N-terminal attack at the phosphate group of the phosphoester substrate by Asp9. Step
2: Phosphoenzyme hydrolysis via a nucleophilic attack of a water molecule
(23) Gomez, G. A,; Morisseau, C.; Hammock, B. D.; Christianson, D. W. at the scissile phosphorus atom.
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phate are substrates for catalysis by the N-terminal domain, aanism for proton transfef8:#1.51Here, we will use the term
possible physiological function in sterol synthesis or inflam- “proton shuttle” to distinguish the fast sequence of concerted
matior?¥is also suggested. Although further studies are needed proton transfers from stepwise proton transfers. We show that
to clarify its exact biological functions, it is possible that metal substrate connecting water bridges (WB) allow for
inhibitors of this activity may be useful in the treatment of efficient transfer of protons necessary for nucleophile formation
inflammation, as recently demonstrated for inhibitors of the and leaving group stabilization. These proton shuttles are
epoxide hydrolase activity of sEH. concomitant with the enzymatic phosphoryl transfer reactions

To follow up on our recent communicatidhjn which we catalyzed by the sEH phosphatase. Finally, our findings can
reported preliminary mechanistic details of Step 1, here we likely be generalized to the metal-dependent phosphatases
describe the entire catalytic cycle with its free energy profile. belonging to the HAD superfamily.
In particular, we address previously ambiguous mechanistic

. .~ Methods

aspects, such as the source of the proton that facilitates leaving
group departure in Step 1, the activation of the nucleophilic Structural Model. Calculations are based on the crystallographic
water that dephosphorylates Asp9 during Step 2, the associativestructure of Gomez et al. (PDB entry code 1VJ5, 2.35 A resoluffon).
or dissociative character of the transition states for phosphoryl This structure contains the sEH protein (555 residues) witi'Mg

transfer, and the rate-determining chemical step in the catalytic HPQ¢ in the N-terminal domain, and the inhibitdk-cyclohexylN'-
cycle (4-iodophenyl)urea in the C-terminal domain. Due to the system size

h h . | h . lassi Iand supported by experiments showing no correlation between the
The chosen computational approach combines classica different catalytic activities in the two domaifswe considered in

molecular dynamics (MD) and hybrid CaParrinellg? (CP) our study only the N-terminal domain (229 residues), including the
guantum mechanical/molecular mechanics (QM/MM) methods. threo-9-10-phosphonooxyhydroxyoctadecanoic acid substrate mol-
The MD simulations provide an extensive relaxation of the ecules? This enzyme/substrate model is based on the binding mode
system and a sampling of the protein conformational space; theproposed by Gomez et Al.
QM/MM 3336 calculations allow the study of the phosphatase ~ MD Simulations. Molecular dynamics is used to equilibrate the
activity. Only the relevant active-site residues, the metal cation, solvated enzyme/substrate complex3( 000 atoms) and provide a
and part of the substrate are treated at the quantum mechanicatuitable model of the Michaelis complex for subsequent CP QM/MM
level, while the rest of the protein and the solvent waters are ca;ﬁula::onﬁi{ﬂhg AMiER@fo_rce f'ecljd: IS ar?op'\t/leg for the S'E‘i%t'ons'

. . while the packag® is used for the engine. -ns
described gt th? clas§|cql MM Ievel._ . simulation of MD is collected. The setup procedure and RMSD data

We prov@e fwst-pnnuple-based mterpretanons qf the X~ are reported in the Supporting Information.
perimental findings and propose a catalytic mechanism, which oMM MD Simulations. The reaction paths are investigated using
includes multievent reactions that proficiently facilitate water cp QM/MM simulations, where the reactive part of the complex,
deprotonation and concerted proton transfers. The role of protonnamely the M&" cation and its six ligands Asp9, Asp185, the backbone
transfer in catalysis has been discussed extensively for severatarbonyl of Asp11 (side chain not included due to its remote position
proteins such as carbonic anhydr8sé! bacteriorhodopsif? from the reactive region), two/three water molecules, and the phosphate
photosynthetic reaction cent®4and others (see, for example, ~ group of the substrate molecule (Figure 2, QM atoms highlighted), is
refs 45-47). It is accepted that the rate of localized proton treated at the quantum mechanical level (DFT-BL¥P)and the
transfers in the enzyme is principally modulated by electrostatic "6Maining part at the classical mechanics level (AMBER force field).
interactions in the active sif8.On the other hand, long-range This appr oach has be.e n ShO\.Nn to accurately describe a wide variety of
- . . ' enzymatic system$, in particular metalloenzymé&s® and DNA

proton transfers in biological systems are still poorly understood

o o complexes® CP calculations have also been used to correctly predict
at a quantitative level, while it is commonly proposed that they ¢ jative i, valuess-52 The valence electrons are described by a basis

occur through hydrogen bond wires formed by water molecules set superposition error-free plane wave expansion up to a cutoff of 70
or protein side chain® 0 Yet, it is still debated if the number  Ry. A 15x 15 x 15 A3 supercell is used for the QM part of the system.
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Figure 2. Selected snapshots taken from our computer simulations of the two investigated phosphoryl transfers comprising the catalytic cycle. (ThpicNucleop
attack of Asp9 at the M{g-coordinated phosphoryl group, with substrate cleavage and phosphoenzyme intermediate fdNifatidn the middle, the
transition state structur€S1 shows the concomitant proton shuttle (labeled PT1 and PT2) fromZ-®aprdinated water molecule to the leaving group
oxygen via a bridging solvent water. (Bottom) Second phosphoryl transfer from the phospho-Asp9 to one attacking solvent water, leading totthe produc
state, with now a second proton shuttle (labeled PT3 and PT4#) traveling in the reverse direction to create the nucleophile OH

The interactions between valence electrons and ionic cores are describeghaths calculated by the “atoms in molecules” partitioning sch&me.
with norm-conserving MartinsTroullier pseudopotentiafs. Car— Charges are averaged over 20 statistically independent snapshots
Parrinello molecular dynamics simulations are carried out with a time extracted for every point along the reaction coordinate from the
step of 0.12 fs (totally~100 ps) and a fictitious electron mass of 900 constrained simulations. We stress that the estimation of the present
au; constant temperature simulations are achieved by coupling thefree energy, which employs input from costly ab initio calculations,
system with a NoseHoovef> 6 thermostat at 500 cm frequency. should be considered approximate. For a more accurate estimation of
The interactions between the MM and QM regions are treated as in ref the enzymatic activation free energies, several independent paths should
53. Also, a rigorous treatment of the electrostatic interaction between be considere® which unfortunately is currently beyond the available
QM and MM regions is implemented as in ref 67. computational resources.

The protocol of the QM/MM calculations includes an initial ) )
equilibration of the MD starting snapshot: first, we performed a short Results and Discussion

simulation where only the MM part is free to move fe500 steps, Step 1. Phosphoenzyme Formation.The free energy

while the QM part is kept frozen. Then, the whole system is allowed surface (FéES) of the first step of the en'z matic reaction was

to move and heat up to 300 K-@ ps of free QM/MM dynamics). A . . P . y . .
computed using constraint dynamics, as explained in the

configuration from the equilibrated simulations is used to initiate the . . . .
constrained QM/MM calculations. The phosphate transfer reactions are M€thods section. Constrained CP QM/MM simulations 6#3

described with a reaction coordinate (RC) defined as the difference PS Were performed for 14 points of different RC values, ranging
between the length of the forming bond and that of the breaking bond. from —1.95 to+1.95 A. The RC was taken to be the difference

So-called blue-moon ensemble simulations are carried out of this systembetween the length of breaking and forming bonds (RCl

constrained at different values of the reaction coordinate, leaving all — r2; Figure 2, label irR). This RC is the minimal and natural

other degrees of freedom free to evolve. The catalytic reaction pathwayschoice describing the chemical reacti@r2 while all other

are characterized in terms of (i) free energy profiles calculated using degrees of freedom are left free.

thermodynamic integratiof¥, (i) variation of criticgl bond lengths, The shape of the resulting FES (Figure 3) is characterized

a.verag?d over t.h.e 'angl.'S ps of each constrained CP QM/ MM by two minima-the reactant statdr) constituting the Michae-

simulation, and (iii) variation of molecular charges along the reaction . - .
lis—Menten complex and the phosphoenzyme intermediate state

(64) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 8861-8869.
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7300-7307. 109 15645-15650.

(68) Ciccotti, G.; Ferrario, M.; Hynes, J. T.; Kapral, &hem. Phys1989 129, (71) Akola, J.; Jones, R. Q. Phys. Chem. B003 107, 11774-11783.
241-251. (72) Meijer, E. J.; Sprik, MJ. Am. Chem. S0d.998 120, 6345-6355.
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Figure 3. Free energy profile (top) and selected average bond distances Figure 4. Free energy profile (top) and selected average bond distances
(bottom) along the first catalytic step of phosphoenzyme formatfig). (bottom) along the second catalytic step. Bond distance labels as in Figure

Bond distance labels as in Figure 2; notabty,andr2 are the breaking 2 (INTb panel). Here, the proton shuttle (dashed vertical line) occurs in
and forming P-O bond lengths, respectively. The proton shuttle occurs at the reverse direction (note the d2/d3 and d4/d5 crossing) after the TS plateau

RC~ —0.5A (vertical dashed line), just before the system reaches the TS (orange region).
plateau (orange region). Note the shortening of théMgigand distance,
d1, upon proton donation and transfer along the H-bond wire (d2/d3 and yegch the same length at REO A (rl=r2~256 A)_ Hence,

d4/ds crossing). the phosphoryl transfer reaction shows a metaphosphate-like

(INTa) including the phosphorylated Asp9 separated by a  SPecCies in the TS region. _ _
single TS maximumTS1). Simulations of the initial reactant At RC = 0.2 A, the average constraint force changes signs,
stateR (RC = —1.95 A) shows a well-structured H-bond indicating that the system is falling into the first product well
network that stabilizes the Mg-centered catalytic site. It ~ (i-€., phosphoenzyme intermediatéra). Further sampling of
includes a hydrogen bond wire formed by water molecule the RC from~0.4t0~2.0 A shows the formation of thiéTa
WAT1, which is bridging the M&-bound water WAT2 and ~ Metastable state where the average constraint force is again equal

the oxygen Q of the substrate leaving group (Kfg--WAT2- to zero. At this local minimum of the FE® is equal to~1.83
--WAT1-+-Oy). The spontaneous insertion of WAT1 between A, while r1 has reached a value 6f3.83 A (Figure 3).
WAT2 and Q was observed during both unconstrained CP QM/  Step 2: Phosphoenzyme HydrolysisThe second phosphoryl
MM dynamic$? and classical MD, facilitated by the high solvent transfer reaction was simulated after removal of the unphos-
exposure of the catalytic site region. phorylated lipid substrate (SUBO;H) from the final state of
Upon increasing the RC frorR (RC = —1.95 A) to TS1 the first step, assuming its departure after the phosphoenzyme
(RC = —0.6 A), the forming bond?2 shortens from~3.75 to formation, followed by water molecules filling the remaining
~2.65 A. The length of the bond being brokef, increases cavity. First, the system is again equilibrated by classical MD,
simultaneously to~2.05 A (as shown in Figure 3). keeping the QM atoms fixed as in thNTa structure. After
At RC ~ —0.5 A (average value validated after a reverse ~300 ps, a snapshot has been selected to initiate the constrained
procedure along the same RC), a spontaneous key evenCP QM/MM calculations. High similarity of the charge distribu-
occurs: the advanced cleavageb{~2.21 A) produces arise  tion in the catalytic site (further discussed hereafter) before and
in the basicity of @, which initiates a proton shuttle involving ~ after substrate removal and re-equilibration indicates that these
a double proton transfer along the H-bond wire formed by Mmodifications can be expected to have only very minor effects.
WAT2—WAT1—0; (seeTS1in Figure 2). (i) First, Q receives One additional water molecule (WAT3) was selected to be in
a proton from WAT1, forming a good leaving group (SUB  the QM region for the second reaction step (Figuré\Zb ).
O;H) by saturating the negative charge on @T1 in Figure ~ The same type of RC (R&€ r2 — rl, Figure 2) and procedure
2). (i) Immediately after, the incipient hydroxide ion, now as applied to the previous step are used to now investigate Step
bridging SUB-O;H and WAT?2, accepts a proton from WAT2 2 (RC ranging from—1.75 to+1.75 A).
(PT2 in Figure 2). This second proton transfer forms again a The FES of the phosphoenzyme hydrolysis is characterized
bridging water molecule (WAT1) while transforming WAT2 by the starting phospho-intermediate structiN@b , the transi-
into a hydroxide ion stabilized by Mg coordination. The  tion stateTS2, and the final producP (Figure 4). ThelNTb
stronger metatligand electrostatic interaction is evidenced by point (RC= —1.75 A) includes the nucleophilic water WAT3,
distance d1 (Figure 3), which decreases from its initial average in a plausible orientation for attacking the scissile phosphorus
of ~2.25 to~2.05 A after the WB-mediated proton shuttle. At atom. The H-bond network is stable, as well as the*Mg
RC = —0.4 A, r1 rapidly elongates leading to its definitive  centered catalytic site, while a new metal substrate connecting
cleavage, and a narrow intervat@.4 < RC < 0 A, orange hydrogen bond wire is formed: WAT1 is now bridging the
area in Figure 3) is reached in which the average constraint Mg?*-bound OH ion and WATS3.
force is essentially equal to zero, indicating a flat TS region.  Upon increasing the RC from1.75 to—0.26 A, the length
Initially, the breaking of1 causes a moderate increasedras r1 of the bond to be formed progressively decreases, fr@&%5
well, then followed by values where progressivelyandr2 to ~2.80 A. The breaking bond is cleaved at RC—0.80 A,
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wherer2 reaches~2.30 A, indicating a nominal stability of
the phosphoenzyme intermedidtewhich releases the PO
group rather easily. The breaking-® bond lengthr2 continues
to increase until RG= 0.0 A, where it reaches a value 8.0
A. Note the steep increase if at —0.52 < RC < —0.26 A,
which causes a temporary increaserbfas well; the latter,
however, continues to decrease after this interval.

At 0.0 < RC =< +0.26 A (orange area in Figure 4), the
average constraint force is essentially zero, indicating that the
TS region is reached. Within this interval, maintains a value
of ~3.0 A, whilerl decreases te-2.8 A at RC= +0.26 A. At
RC= +0.4 A (average value validated after reverse procedure
along the same RC), a second proton shuttle occurs in the
reverse direction with respect to the proton shuttle observed in
Step 1, that is, a late deprotonation of the nucleophile WAT3
is facilitated by the proton acceptor represented by the hydroxide
ion bound to M@". First, the OH receives a proton from the
bridging WAT1 (PT3 in Figure 2); immediately after, the
incipient OH™ ion, now bridging WAT2 and WATS3, receives
a proton from WAT3 (PT4 in Figure 2). The increased
nucleophilicity of WAT3, transformed into OH facilitates its

the sharp decrease df (and even of2 due to its coupling to

r1 via the constrained RC). The initial, Mtrcoordinated, OH
ligand is transformed into WAT2, causing an increase in distance
d1 from its initial average value 0£2.05 to~2.25 A.

At RC =+0.52 A, the average constraint force changes signs,
indicating that the system has crossed the TS and can evolv
downhill toward the product state. At R& +1.10 A, the
product state is reached in which the HBO:?~ group is
formed. Upon removal of the constraint, the system falls further
into the product well, taking a final value of R€ +1.75 A
with r1 ~ 1.75 A andr2 ~ 3.70 A.

occurs spontaneously and completely (i.e., without stepwis
intermediate states). Although we cannot definitely rule out a

possible stepwise mechanism for the observed sequences o
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Figure 5. Average charges of selected molecular moieties in the active
site along the first (left panel) and second (right panel) phosphoryl transfer
reaction (see color coding in figure). The metaphosphate-like transition state
formation along both transfers is shown by the temporary increase of
negative charge of the ROgroup (red line) along the reaction. The crossing
attack at the scissile phosphorus atom, as shown in Figure 4 byof blue and violet lines shows the charge transfer along the H-bond wire
during the proton shuttles (dashed vertical lines).

In Step 2, at the initialNTb state, the charge distribution is

virtually equal to that of the finaINTa of Step 1. Thus, the
substitution of the substrate by water molecules does not perturb

dhe system. Upon reachingS2, significant changes in the

charge distribution accompany the second phosphoryl transfer:
the PQ~ group shows the formation of a metaphosphate-like
transition state through a gain of negative charge-0.90—
~—1.10), partially counterbalanced by the charge increase of
Asp9 (~—0.95— ~—0.85). Just aftelS2, a relevant charge-

We emphasize that each proton shuttle herein describeglransfer interaction between ROand the approaching WAT3

e Primes the second proton shuttle (PTRT4) characterized by

the final formation of the Mg-bound WAT2. Finally, the

proton transfers (PT1, PT2, PT3, and PT4), our calculations distribution recovers values similar to thatfn

indicate the concerted mechanism as a favorable one for proton eStY )
of the redistribution of electronic charge along the two steps of

the reaction (Figure 5). For instance, the Wgharge shows a
progressive decrease along Step 1 and a mirrorlike trend during
Step 2. The charge symmetry drives the reaction to a sym-
metrical dynamics of the catalytic cycle: the proton shuttle
events occur just befor€S1 and just aftelTS2, respectively,
along Steps 1 and 2. The charge-transfer effects taking place
RC~ —0.8 A, a considerable amount of charge is transferred alopg the b_reakingfo_rming bonds'l andr2 seem to play the
major role in promoting the proton shuttles.
Energetic of the Enzymatic Reactions.The free energy
evidencing the formation of the metaphosphate-like transition Profiles of the two phosphoryl transfer reactions were computed
by integration of the average forces of constraint as described
in the Methods section and plotted in Figure 3 for Step 1 and
in Figure 4 for Step 2. The free energy barrier determined for
the first pathwayR — TS1— INTa is ~19 4 0.5 kcal mof™.
Although there is some uncertainty related to the calculated free
energy, it is interesting to note that this value agrees well with
the experimental number related to the whole catalytic activity,
which is~18 kcal moi™ calculated according to the enzymatic
reaction theory using thée, = 0.35 s reported for the
substrate used in our stuégFormation ofiNTa is endothermic

by 10 kcal mot?! with respect to the reactant complBx with

transfers in sSEH phosphatase, at least for this level of theory.
Charge Distribution along the Reactions.Both reaction
paths can be monitored by charge variations of relevant
molecular moieties, as reported in Figure 5. At the initial state
R, charge-transfer effects play a role at the metal center?Mg
cation g = —1.77) has accepted electron density from the Asp
ligands and SUB-O;-PQO:?~ group = —1.75). Starting from

along the breaking O bondr1; the scissile P@ group gains
electron density from the leaving substrate{0.65— ~—1.00),

state. This local charge redistribution at the leaving group primes
the first proton shuttle event at R€ —0.5: SUB-0; receives

a proton from WATL1 (PT1), followed by the transformation of
WAT2 in a hydroxide ion (PT2) stabilized by the favorable
electrostatic interaction with Mg. At TS1, the PQ~ as well

as the other moieties conserve their molecular chargeldiita
formation at RC~ 2.0 A, where the transfer of charge from
the PQ~ to Asp9 accompanies and promotes the formation of
the new bond2.

(73) Barth, A.; Bezlyepkina, NJ. Biol. Chem2004 279, 51888-51896.
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system reaches the products state in which the electronic charge

It is interesting to notice the nearly perfect mirror symmetry
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a somewhat larger uncertainty of3 kcal mol? due to larger of magnitude slower than the pathway including the proton
fluctuations in the force of constraint in the simulations of the shuttle. Also along Step 2b, the lack of a WB proton shuttle
last part of the first step. The free energy barrier of the second strongly discourages the reaction. Moreover, without the WB
pathwayINTh — TS2 — P is ~12 + 1.5 kcal mof?, which molecule WAT1, the catalytic site undergoes major structural
compares well with the value of10.7 kcal mot! obtained rearrangements that lead to the loss of coordination around the
for the hydrolysis of acetylphosphattAlthough the relative metal ion. In other words, even though the system can reach
barrier heights would indicate Step 1 as the rate-limiting theTS2region, in which WAT3 attacks the scissile phosphorus
chemical step, the free energiesT®1 and TS2 with respect atom with a barrier of-24 kcal mol (~9 orders of magnitude

to the reactant complex are more or less equal. However, aslower than the WB-mediated pathway), the absent deprotona-
quantitative comparison is hindered by the unknown energy tion of the nucleophile WAT3 prevents the formation of the
difference betweeiNTa andINTb (from the replacement of  final reaction product. To avoid the latter problem, we have
the leaving substrate group by solvent water molecules in the alternatively simulated the direct attack of a hydroxide ion that
catalytic site), which can be expected to shift the free energy could have been formed by early WAT3 deprotonation, assum-
profile of Step 2 with respect to that of Step 1 by a few ing the formation of WAT2 inNTb (Supporting Information).
kilocalories per mole. If we are allowed to assume that the two However, if a free OH ion is present in the catalytic site, we
steps are sufficiently disconnected by the relatively slow observed its immediate spontaneous protonation by WAT2,
diffusive process of substrate removal from the cavity after Step again forming our starting structutdlTb in Step 2.

1, INTb can be considered a new equilibrated reference state The enzymatic barrier can be compared to that of the

from which the system needs to be reactivated to ré&sh phosphoryl transfer reaction in water, for which a wealth of
and undergo Step 2. As the second activatiord? kcal mot™ literature is availablé!8%-88 For our case, the study of Akola

is much smaller than the first activation ofL9 kcal mot?, the and Jone?d is the most relevant one since it concerns the
first step can be considered to be the rate-limiting chemical step hydrolysis of the Mg-complexed methyl thiphosphate in water,
of the overall process. studied by means of CPMD calculations. The barriers found

No pentavalent phosphorane intermediate such as that ob-for different mechanisms (dissociative and associative) are
served in3-phosphoglucomutade’® was observed along Steps  ~35—40 kcal mof, which compare well with barriers reported
1 and 2 in these computations, in agreement with previous by Florian and Warsh@&! for methyl phosphate hydrolysis in
computational studies of phosphoryl transfer in HIV-1 integrase water (~40 kcal moi't). Thus, these studies further show the
and cyclin-dependent kinase’28 Neither r1 nor r2 show efficiency of the enzymatic mechanism herein proposed.
values resembling a phosphorane species in the TS regions. In summary, within the limited/allowed size of our QM
Although such an intermediate cannot definitely be ruled out, system and the necessarily restricted sampling, this study
due to the flat nature of those regions, it would significantly demonstrates the significance of metal substrate connected

affect neither the reaction profile nor the reaction fatsince H-bond wires via WB molecules, which enable the efficient
its energy could only be slightly lower{1—2 kcal mof1) of proton shuttle events involved in nucleophile and leaving group
that of the surrounding TSs. stabilization and that are concomitant with the phosphoryl

To appreciate the role of the WB-mediated proton shuttles transfer reactions catalyzed in sEH. The crucial catalytic role
in forming a better nucleophile and leaving group, we investi- of the Mg?™ cation, essentially performed through its electro-
gated alternative pathways that start from the same initial static and chelating effects and its ability to redué&g pf the
configurations used for studying Steps 1 and 2. Importantly, in first Mg2"™ solvation shell by several uni facilitates water
these alternative pathways (referred to as Step 1b and Step 2leprotonation, giving origin to the proton shuttle events. Thus,
hereafter), the WB molecule is manually removed. We also as a general rule, we emphasize the significance to include
apply a restraint on distance d1, so that both WAT2 (along Step explicit solvation waters in the QM calculations in studying
1b) and OH (along Step 2b) maintain their coordination to phosphoryl transfers. In this regard, it is important to mention
the M¢?* cation. Thus, we induce the system toward reaction that the study of Florian and WarsHélas well as recent
paths in which the formation of a favorable hydrogen bond wire, reconsiderations of the reaction mechanism of phosphate
such as that present along Steps 1 and 2, is impossible. hydrolysis by Klahn and coauthof$could not observe such

Along the alternative pathways, Step 1b shows a phosphoryl WB-mediated proton shuttles concomitant to phosphoryl trans-
transfer mechanism similar to that found in Step 1. As expected, fers since these studies did not include solvation waters in the
no proton shuttle is involved in the formation of a good leaving system.
group. This mechanism has a free energy barrier86 kcal

. . . Conclusions
mol~1, which corresponds to a reaction rate thatis2 orders

— . . In this article, we have presented a computational investiga-
(74) zLé‘Séf"zSg D Zhand, G. F.; Dunaway-Mariano, D.; Allen, K. §kience  {jon of the novel phosphatase activity recently discovered in
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the N-terminal domain of the bifunctional sEH enzyme. attacking solvent molecule in a fast shuttle again via a single
Importantly, this domain includes conserved catalytic residues WB molecule. The facilitating proton shuttles are observed
that participate in phosphatase activity in several other proteins spontaneously and the phosphoryl transfer is reversible (showing
of the HAD superfamily?1-23-27 In particular, we have examined  a minimal hysteresis), indicating that the barrier for the proton
the two phosphoryl transfer reactions of phosphoenzyme forma- transfer is very small. Quantum effects such as zero-point motion
tion (Step 1) and phosphoenzyme hydrolysis (Step 2) that makeand tunneling, which were neglected in our calculations, would
up the catalytic cycle of the phosphatase activity in sEH. likely reduce such a barrier even further.

Both steps show an in-line nucleophilic substitution presenting  In conclusion, we have uncovered the efficient and elegant
a rather dissociative character, particularly pronounced in Stepway in which the sEH enzyme performs a highly concerted
2. No evidence of a phospharane species in the TS regions ismultievent reaction sequence to accelerate phosphoryl transfer
found, but instead a planar metaphosphate-like transition statereactions. Overall, an important contribution in the enhancement
that well resembles crystal structures of TS analotftféss of the catalytic efficiency comes from the nucleophile and
observed. The computed free energy barriers are in goodleaving group stabilization via WB-mediated proton shuttles,
agreement with experimental values, suggesting Step1D ( mostly induced by the electrostatic effects of the metal ion. In
kcal mol) as the rate-determining step of the catalytic cycle. fact, repression of these proton shuttles in our simulations leads

Chemical steps in phosphoryl transfer reactions are the t© inhibition of the phosphatase activity. Due to the conservation
protonation of the leaving group and the deprotonation of the of active-site residues in the N-terminal domain of sEH and
attacking nucleophile. For SEH, however, the proton donor and Other proteins of the HAD superfamily, we suggest a generaliza-
acceptor in these steps were still unclear until now. In our tion of the mechanism presented herein to.these metal-dep_englent
simulations, we find that the role of the proton donor in Step 1 Phosphatases. Knowledge of TS geometries and charge distribu-
is performed by a water molecule acidified by coordination to tion are also of practical interest, since it might eventually
Mg?*. Because of its favorable position with respect to the pro_vi_de a blueprint for the design of specific transition state
leaving group of the substrate, which docks via the phosphoryl inhibitors.
group to the same metal ion, the water ligand is connected to Acknowledgment. We thank the NIH for financial support
the leaving group via a short hydrogen bond wire involving a and the Pittsburgh Supercomputer Center (PSC) for computing
single bridging water molecule in the solvent-exposed cavity. time.
A fast proton shuttle along this H-bond wire creates a favorable  Supporting Information Available: Classical MD setup and
leaving group that departs concomitantly with-® bond data, RESP charges of catalytic residues implemented in the
cleavage. In Step 2, the reverse process is observed, as now thmD simulations, and snapshots illustrating the alternative
Mg?*-coordinated hydroxide ion accepts the proton from the pathways investigated (PDF, MPG). This material is available
free of charge via the Internet at http://pubs.acs.org.
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