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Isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) are the building blocks for biosynthesis of isoprenoid
compounds.1 In Eukarya, Archaea, and some Bacteria, IPP is
synthesized from acetate by the mevalonate pathway. Conversion
of IPP to DMAPP is catalyzed by IPP isomerase (IDI), a mandatory
step that generates the electrophilic allylic moiety required for
subsequent prenyl transfer reactions.2 In other Bacteria and plant
chloroplasts, IPP and DMAPP are synthesized from pyruvate and
D-glyceraldehyde phosphate in the methylerythritol phosphate
pathway.3 IDI activity, although not required, is typically found in
these organisms.

Two forms of IDI are known. Type-1 IPP isomerase (IDI-1),
discovered in the 1950s, is a metalloprotein that catalyzes inter-
conversion of IPP and DMAPP by protonation of the carbon-
carbon double bond, followed by elimination of a proton from the
carbocationic intermediate.4 A second IPP isomerase (IDI-2) was
reported in 2001.5 The absence of similarities in the amino acid
sequences and X-ray structures of IDI-1 and IDI-2 indicate that
the two forms of the enzyme evolved independently.6 Like IDI-1,
IDI-2 requires divalent magnesium, presumably for binding the
diphosphate moieties of the substrates.7 However, IDI-2 is a
flavoprotein, and NADPH or other suitable reducing agents are
required to reduce the FMN cofactor to generate the catalytically
competent form of the enzyme.8 Although FMN is typically
associated with oxidation-reduction chemistry, there are examples
of flavins participating in isomerizations, with transient changes
in oxidation states.9

Two mechanisms have been proposed for the isomerization
catalyzed by IDI-2: a proton addition-elimination mechanism
similar to IDI-17,9 and a hydrogen atom addition-elimination in
which reduced FMN donates a hydrogen atom to generate a
transient semiquinone/substrate radical pair9,10 (Scheme 1). We
synthesized cyclopropyl (cIPP, X) CH2) and epoxy (oIPP, X)
O) analogues as mechanism-based inhibitors of IDI-2 in an effort
to distinguish between these two possible mechanisms. Potential
reactions of the two compounds in proton-initiated and hydrogen-
atom-initiated scenarios for the mechanism of isomerization of IPP
by IDI-2 are shown in Scheme 2. Proton-initiated isomerization
could lead to inhibition with cIPP by nucleophilic attack at the
cyclopropane ring of the cyclopropylcarbinyl cationic intermediate11

in analogy to the inactivation of IDI-1 by vinyl-IPP derivatives,12

while protonation of the oxirane ring in oIPP could inactivate the
enzyme by nucleophilic attack at the activated epoxide by a
nucleophile in the active site similar to irreversible inhibition by
epoxide analogues previously reported for IDI-1.13 Hydrogen-atom-
initiated isomerization would generate cyclopropylcarbinyl14 or
epoxycarbinyl radicals,15 which could isomerize to their allylic
counterparts and inactivate the enzyme through hydrogen abstraction
or recombination reactions.

A 2.5 mM solution of cIPP in 50 mM Na2HPO4 buffer at 37°C,
pH 7.2, containing 2 mM NADPH was incubated with IDI-2 from
Thermus thermophilus, and the course of the reaction was followed
by 1H NMR spectroscopy. Over a period of 5 h, the cyclopropyl
analogue isomerized to its allylic isomer, which was unstable to
the incubation conditions and solvolyzed to give a rearranged
tertiary vinyl alcohol as shown in Scheme 3. The cIPP did not

inhibit IDI-2 in a time-dependent irreversible manner when pre-
incubated with the enzyme. In contrast, preincubation of IDI-2 with
oIPP at 37°C, pH 7.0, resulted in rapid, time-dependent first-order
inactivation of the enzyme. A double reciprocal plot of the rate of
inactivation versus [oIPP] gavekinact ) 0.37( 0.07 min-1 andKI
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Scheme 1. Proton (top) and Hydrogen Atom (bottom)
Addition-Elimination Mechanisms Proposed for IDI-2

Scheme 2. Potential Reactions for Mechanism-Based Inhibition of
IDI-2 by cIPP (X ) CH2) and oIPP (X ) O)

Scheme 3. IDI-2-Catalyzed Isomerization of cIPP and
Spontaneous Solvolysis of cDMAPP
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) 1.4( 0.3µM. The enzyme was not inactivated during a control
experiment without NADPH in the buffer.

In a large-scale inactivation experiment, flavin-bound IDI-2 was
incubated with oIPP. The sample was analyzed by RP-HPLC on a
C18 column with UV detection and by negative ion electrospray
HPLC-MS. Samples introduced by directed infusion were also
analyzed by negative ion mode electrospray-MS. A peak was seen
at m/z 731 in both the LC-MS and direct infusion experiments,
consistent with formation of a covalent adduct between reduced
FMN and oIPP. The peak atm/z 731 was also accompanied by
peaks atm/z 456 and 274, apparently from a fragmentation of the
oIPP‚flavin adduct. Control experiments with IPP or without
substrate instead of oIPP gave an ESI peak atm/z 455 for oxidized
FMN. When enzyme that had been incubated with IPP was washed
under aerobic conditions, the sample gave a UV-vis spectrum
characteristic of oxidized FMN.8 In contrast, enzyme inhibited with
oIPP gave a spectrum consistent with a modified flavin (see
Supporting Information). In addition, a transient absorbance was
seen at 600 nm during guanidinium-HCl denaturation and ultra-
filtration. Similar behavior was previously attributed to a semi-
quinone intermediate during the oxidation of N5 flavin adducts.16

To further delineate the mechanism for inhibition by oIPP,
parallel inactivation experiments were carried out in D2O and H2O
buffers. In parallel experiments, samples of the enzyme were
prepared in Tris buffer, pH 7.8 (H2O) or pD 7.8 (99% D2O), both
containing NADPH. The mixtures were preincubated without
inhibitor for 5 min to reduce bound FMN before addition of oIPP
or IPP and then were incubated for 2 h. Following the incubations,
the samples were washed under aerobic conditions in H2O buffer
and analyzed in protic solvents.

If oIPP were activated by addition of a proton or a hydrogen
atom to the double bond of oIPP, the hydrogen would be retained
in the oIPP-FMN adduct, and the oIPP-FMN adduct generated
by inactivation of IDI-2 in D2O buffer would contain at least one
atom of deuterium. Conversely, inactivation of IDI-2 initiated by
protonation of the epoxide moiety in oIPP in D2O, followed by
exchange in a protic solvent, would not result in deuterium
incorporation into the final adduct. Negative ion electrospray mass
spectra for the oIPP-FMN adducts from incubations in H2O and
D2O gave a peak atm/z 731, demonstrating the absence of
deuterium incorporation (see Supporting Information). This result
is consistent with protonation of the epoxide oxygen in oIPP,
followed by ring opening. There is no evidence for rearrangement
of cyclopropylcarbinyl or epoxycarbinyl radicals from cIPP or oIPP,
which are well-documented radical “clocks” with rearrangement
rates of∼1.3× 108 and 3.2× 1010 s-1,14,15respectively. Our results
with oIPP are similar to those recently reported for IPP epoxide, a
mechanism-based inhibitor of type-1 IPP isomerase,13 where high
concentrations of the inhibitor irreversibly inhibit IDI-2 with
concomitant formation of a covalent adduct with the flavin
cofactor.17

In conclusion, we have established that oIPP is a potent active-
site-directed, irreversible inhibitor of IDI-2. The enzyme catalyzes
formation of a stable covalent adduct between oIPP and FMNH2

in a reaction catalyzed by protonation of the epoxide moiety in
oIPP followed by nucleophilic addition of the cofactor. At this point,

the structure of the adduct has not been established, although the
UV-visible spectrum and the mass spectral fragmentation patterns
are consistent with addition of the inhibitor to the N5 nitrogen of
the isoalloxazine ring in FMN. These results suggest that isomer-
ization by IDI-2 involves protonation of the substrates in a manner
similar to the reaction catalyzed by IDI-1. It is evident from our
inactivation studies that the reduced flavin resides in close proximity
to bound substrate, where it can potentially provide a function
critical to catalysis. Isomerization of cIPP to cDMAPP indicates
that a tertiary cyclopropylcarbinyl radical, generated by hydrogen
transfer to cIPP from FMNH2 or by single electron transfer (SET)
from FMNH- to a tertiary cyclopropylcarbinyl cationic intermedi-
ate, is not an intermediate or hydrogen atom transfer from FMNH-

to the intermediate cyclopropylcarbinyl radical is substantially faster
than the cyclopropylcarbinyl to homoallyl radical rearrangement.
At this point, the exact role of the flavin cofactor has not been
established.
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