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The mevalonate and isoprene biosynthesis pathways result inable to obtain crystals of an isomerasehibitor complex and solve
the synthesis of a wide variety of compounds, including sterols, its structure, using basically the methods we reported previously
dolichols, ubiquinones, heme a, farnesyl pyrophosphate, geranyl-for the apo and Mg or Mn?" complexes:'4
geranyl pyrophosphate, and many terpenes and other natural We show in Figure 1A the crystal structure of the isomerase
products. The structures of the enzymes catalyzing the biosynthesis
of such metabolites are of considerable general inténest,least
from the perspective of drug design. For example, inhibitors of the
enzyme hydroxymethylglutaryl CoA reductase, statirse im-
portant as cholesterol lowering drugs, while farnesyl pyrophosphate
synthase inhibitors are important in treating osteoporosis, Paget’s
disease, and hypercalcemia due to malign@ndjhe enzyme
isopentenyl pyrophosphate-dimethylallyl pyrophosphate isomerase
(EC 5.3.3.2) catalyses the isomerization of isopentenyl pyrophos-
phate (IPP) to form dimethylallyl pyrophosphate (DMAPP), which
then condenses with further IPP molecules to form FPP, which is
used in, for example, protein prenylation and in cholesterol and
ergosterol biosynthesis. There is, therefore, some interest in
determining the structure of this enzyme, because it is a potential
drug target.

In previous worlks we and othefsreported the crystallographic
structure of an IPP/DMAPP isomerase frden coli, a relatively
small enzyme which appears to represent the minimal core structure
required to catalyze IPP isomerization. The enzyme required one
Mg?™ or Mn?* to fully fold, and we proposed a tentative structure-
based model for isomerizationt is, however, of course of interest
to try to obtain additional structural information, on enzyme TR
inhibitor complexes, to more rigorously test any such mechanistic AR .
interpretations, as well as to facilitate future drug design. There . HIS 69
are several IPP/DMAPP isomerase inhibitors known in the . '
literature’=° and one of these, the epoxide of isopentenyl pyro- GLU 118
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. . . Fi 1. Isomerase bromohydrin structure (A) and active site region (B).
is also known to be a potent stimulator,af T cells0 In addition, lgdre 4 *) gion (B)

the bromohydrin of isopentenyl pyrophosph&agi$ also a potent BH complex. The overall backbone fold is very similar to that
yo T cell activatot! and is being developed for use in treating obtained previously with the metal (Mg or Mn2*) bound
multiple myeloma, renal carcinoma, and non-Hodgkin's B cell isomerasé.However, there are now two metal sites observed, not
lymphomal? Because both compounds and 2 are known to just the single one seen previously. The first site is occupied by
stimulateyo T cells and because the oxirane is a potent isomerase Mn2* (pink), coordinated, as in the case of the metal-only complex,
inhibitor,” we investigated the possibility that the bromohydén ( by three histidine and two glutamate residues, Figure 1A. The
BH) compound might also be an inhibitor. This was found to be second site, which has not been seen previously, contaifs Mg
the case, with the bromohydrin pyrophospkataving akK; of ca. (cyan) which is coordinated to two pyrophosphate oxygens, the
1.4 uM (Supporting Information). Using this inhibitor, we were  carbonyl group of the highly conserved residue 67, a carboxylate
it e Recherche W Urveree Liore oo Broe oxygen of E87, _anq two water molecule_s, forming an MgO
e U L 3¢ B octahedral coordination sphere, as shown in Figure 18. Both ends
§ University of lllinois at Urbana Champaign. of the bromohydrin pyrophosphate inhibitor are “tethered” to the
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Figure 2. Mechanistic proposals for enzyme inhibition.

protein. At the proximal end, the pyrophosphate group is coordi-
nated via BOg and RO, to Mg?*. It is further stabilized by three
ionic interactions, with K55, R51, and R83 (not shown). On the
distal end of the molecule, the bromohydrin hydroxyl group is
involved in a hydrogen bond to the E116 carboxyHO distance

~ 2.3 A), which itself is coordinated to Mn. The crystal structure
suggests the mechanism for IPP/DMAPP isomerizatiott shown
below in which the carboxylic acid group of E116 protonates the
C3—C4 double bond, forming a carbocation. The thiolate or thiol
of C67 (in the wild-type enzyme) then removes a proton from C2,
resulting in the isomerization of IPP into DMAPP. The side chain
of W161 can be expected to participate in the stabilization of this
carbocation intermediate via catiom interactions. Molecular
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modeling of IPP based on the bromohydrin structure reveals that
the pro-R 'H can be removed by the C67 thiol¥té’” and that the

re face of IPP is protonated, resulting in the expected antarafacial
[1,3] transpositiort® The model also implies that proton exchange
with solvent2H,08 at C4 of IPP occurs via the E116 carboxylic

alkylated?® either via an §2 reaction with the allylic fluoride or

by an §2' reaction, the latter possibility being outlined in Figure
2C. Finally, the potent inhibition byN,N-dimethylaminoethyl
pyrophosphafe® can be readily appreciated because the ammonium
group can be expected to be involved in a strong electrostatic
interaction with the carboxylate of E116, as well as being stabilized
by binding to the second metal site, containing@¥dogether with

the arginine and lysine groups present in this region. The inactivity
of the E116Q and E87Q mutahtsan also be readily explained
because E116 is used to protonate IPP, while the conserved E87 is
essential for Mg" binding. This isomeraseinhibitor structure is
thus of considerable interest because it provides the first detailed
structural insights into the mechanism of action of IPP/DMAPP
isomerase, which may be of use in the development of new drugs
which inhibit the mevalonate/isoprene pathway.
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