JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Computational Study of Phosphatase Activity in Soluble Epoxide
Hydrolase: High Efficiency through a Water Bridge Mediated Proton Shuttle

Marco De Vivo, Bernd Ensing, and Michael L. Klein
J. Am. Chem. Soc., 2005, 127 (32), 11226-11227+ DOI: 10.1021/ja053049j * Publication Date (Web): 23 July 2005
Downloaded from http://pubs.acs.org on March 25, 2009

S proton
\ Wa”\:' shuttle

at]
S J

}w
S

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 5 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja053049j

JIAIC

S

COMMUNICATIONS

Published on Web 07/23/2005

Computational Study of Phosphatase Activity in Soluble Epoxide Hydrolase:
High Efficiency through a Water Bridge Mediated Proton Shuttle
Marco De Vivo,* Bernd Ensing, and Michael L. Klein

Center for Molecular Modeling, Department of Chemistry, &msity of Pennsylania,
231 South 34th Street, Philadelphia, Pennayia 19104-6323

Received May 10, 2005; E-mail:

Recently, a secondary enzymatic activity has been found in the
N-terminal domain of the soluble epoxide hydrofageEH), an
essential ubiquitous enzyme involved in the process of detoxification
in living cells? The localized high sEH’s presence in mammalian
livers, as well as in kidney and vascular tisséesjakes sEH a
promising target for hypertension and acute respiratory syndrome
treatmengc

The novel magnesium-dependent sEH’s phosphatase activity

transforms phosphorylated hydroxy lipids to their corresponding
alcohol/diol products:

o sEH o
R—0—P0Q,”” + H,0 — R—OH + HO—PQ,

Hence, this finding has opened a new branch of fatty acid
metabolism with potential signaling function, also providing a
further site for drug targeting.

On the basis of the high homology of the sEH’s N-terminal
domain with the haloacid dehalogenase (HAD) family members,
along with a recent sEH crystal structtfreevealing Mg+ and HO-
PO~ in the N-terminal catalytic site, a two-step reaction mech-
anism has been propos#d1) nucleophilic attack at the phosphate
group of the phosphoester substrate by Asp9; (2) hydrolysis of the
phosphoenzyme intermediate via a nucleophilic attack of a water

molecule at the phosphorus atom. However, mechanistic details of
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Scheme 1. Investigated Mechanism*" of Phosphoenzyme
Intermediate Formation: Phosphate Ester Hydrolysis through Asp9
Nucleophilic Attack
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mediated H-bond network stabilized the Necentered catalytic
site coordination.

The resulting structure (Reag, Figure 1B) allowed us to define
a FES as a function of the reaction coordinate (RC) determined by
the difference between the lengths of breaking and forming bonds
(RC=rl - r2, Figure 1B). This RC is the natural and minimal
choice ensuring that the two reactants approach each other, while
all the other degrees of freedom are left free to move. Constrained
CP QM/MM simulations of~3—4 ps were performed for RC values
from ~ —2.0 to~ +0.2 A, with intervals of~0.2 A. Monitoring
the averaged force acting on the constrained RC, the free energy
profile was calculated by thermodynamic integratien.

The shape of the resulting surface presents two minima,

possible reaction mechanisms and related free energy surface (FES)dicating the reagent and product (i.e., phosphoenzyme intermedi-

still have to be pinpointed.

In this context, the phosphoryl-transfer reaction in the first step
(Scheme 1) of the catalytic cycle has been carefully investigated
here using the well-testétdCar—Parrinello (CP) QM/MM approacH.

We started from the MichaelisMenten complex (i.e.erythro-9-
10-PHO/sEH complex), based on the recent crystal structure of
Gomez et al. (PDB entry code 1VJ®)First, the substrate/N-
terminal solvated system was equilibrated by performirid ns

of classical MD simulation (Amber force fild Then, one snapshot
was selected as starting point for CP QM/MM calculations. The
QM region includes 45 atoms of the reactive regiavhile all the
remaining (~31 000 atoms) are treated classically.

In the starting configuration, two water molecules (WATO and
WAT1, Figure 1A) were coordinated to the Ffgcation in the
catalytic site. During the first picoseconds of unconstrained CP QM/
MM dynamics, this catalytic M&-centered coordination was
perturbed; WAT1 was slowly pulled out of the coordination shell
due to the formation of a H-bond (d5, Figure 1A) with the oxygen
of the substrate leaving group {CFigure 1A). Then, the highly
solvent-exposed catalytic site allowed a third water molecule
(WAT2, Figure 1B) to take the original place of WAT1, with the
consequent formation of a WAT1-mediated water bridge (WB;
Mg?t—WAT2—-WAT1-0y, Figure 1B). This well-organized WB-
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ate) complexes and one transition state (TS). The free energy barrier
determined is~19.1+ 0.5 kcal/mol, in excellent agreement with
experimental dafa8 (~18.7 kcal/mol).

Actually, just before the TS, a spontaneous key event occurs; at
RC ~ —0.5 A (averaged value validated after a backward study
along the same RC), a WB-mediated proton shuttle takes place
(Figure 2). As Asp9 closely approaches the phosphorus at2m (
~ 2.76 A), the breaking bondl rapidly elongatesr2 ~ 2.21 A),
leading to its definitive cleavage. This promotes a rise of the basicity
of Oy, hence enabling it to act as proton acceptor and to induce a
double proton transfer; (i) first, WAT1 gives one proton to the
oxygen Q, forming a good leaving group (SUBO;H); (ii) then,
the instantaneous hydroxyl group grabs a proton from WAT2, re-
establishing its water nature (WAT1). Thus, WAT2 is now a
hydroxyl group; the relative stability of the OHs ensured by its
coordination (i.e., electrostatic interaction) to the gation. In
fact, distancell decreases its averaged starting vallles£ 2.25
A) to ~2.05 A, evidencing a crucial chelating effect of the metal-
bound active site.

This highly concerted one-shot double proton transfer (well
visible in Figure 2) preludes a narrow intervat@4 < RC < 0
A), in which the average constraint force is essentially zero,
indicating a flat region of the FES where the TS is situated (red
area in Figure 2). At RG= —0.4 A, the breaking of1 leads to a

10.1021/ja053049j CCC: $30.25 © 2005 American Chemical Society
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Figure 1. Starting (A) and selected (B) structures of Reag, TS, and Prod
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Figure 2. Averaged length of selected bonds and H-bonds along the
reaction pathway.
moderate increase o2, then followed by values where, progres-
sively, r1 andr2 reach the same lengthl(= r2 ~ 2.56 A, RC=
0.0 A). Thus, the phosphoryl-transfer reaction occurs with a
dissociative mechanism, indicated by the presence of the meta-
phosphate in the®-like TS geometry (Figure 1B), as previously
found for this type of reaction in other enzynfeBue to the flat
nature of the TS region, the possibility of a pentacoordinated
intermediaté® cannot be definitively ruled out. Nevertheless, both
rl andr2 do not show values, in the TS region, resembling the
phosphorane species. Moreover, if such an intermediate were
located in the TS region, it would not change the nature of the
result: the energy of an intermediate like that can only be slightly
lower (~1—2 kcal/mol) than that of the surrounding TSs. Thus,
the presence of such a short-lived intermediate would not signifi-
cantly affect the reaction profile and, hence, the reactiontate.

At RC = 0.2 A, the average constraint force changes sign,
indicating that the system is evolving toward the products. Hence,
upon removal of the constraint, the system falls in the product well
in which the phosphoenzyme is fully formed (Figure 1B and Figure
2, RC~ 1.9 A). At this point, the enzyme is ready for the second
and final step of the catalytic cycle.

To estimate the catalytic effect of the WB-mediated proton shuttle

presented here, we performed the same study of a system in which

the original position of WATL1 (i.e., coordinated to the metal) has
been maintained applying a restraint on distadtgFigure 1A).

In this case, the phosphoryl-transfer reaction occurs with a similar
dissociative pathway, but without any proton transfer involved in
the formation of a good leaving group. This mechanism provides
a free energy barrier o£36 + 1 kcal/mol, which corresponds to

a reaction rate-12 orders slower than the previous WB-mediated
reaction pathway thus strongly favored.

In conclusion, here we have presented a computational study of
the phosphoenzyme intermediate formation during the novel
phosphatase activity of thisifunctional SEH enzyme. The phos-
phoryl-transfer reaction occurs through a dissociative in-line
nucleophilic substitution. The calculated free energy fits the

' Prod

states along the CP QM/MM phosphoenzyme intermediate reaction pathway.

experimental value, suggesting that this step might be the rate-
determining one of the catalysis, while the TS geometry well
resembles crystallographic structures of TS analogiémpor-
tantly, a highly efficient WB-mediated proton shuttle was identified
as the crucial event in the reaction. It contributes to speeding up
the catalysis by optimizing both the starting reactant complex and
the leaving group in the TS. This result shows an elegant way in
which the enzyme proficiently performs a concerted multi-event
reaction mechanism. Our findings might inspire and be exploited
in designing specific TS-based sEH inhibitors.
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