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ABSTRACT: The N-terminal region is stabilized in the
crystal structure of Thermus thermophilus type 2 isopen-
tenyl diphosphate isomerase in complex with inorganic
pyrophosphate, providing new insights about the active
site and the catalytic mechanism of the enzyme. The PPi

moiety is located near the conserved residues, H10, R97,
H152, Q157, E158, and W219, and the flavin cofactor.
The putative active site of isopentenyl diphosphate
isomerase 2 provides interactions for stabilizing a car-
bocationic intermediate similar to those that stabilize
the intermediate in the well-established protonation-
deprotonation mechanism of isopentenyl diphosphate
isomerase 1.

Isopentenyl diphosphate isomerase (IDI) is a key enzyme
in the isoprenoid biosynthetic pathway, which produces
several classes of essential compounds in humans. IDI
catalyzes the required isomerization of isopentenyl diphos-
phate (IPP) to dimethylallyl diphosphate (DMAPP) in the
entry of mevalonate into the isoprenoid pathway and serves
to balance the pools of IPP and DMAPP in the methyleryth-
ritol phosphate entry (1, 2).

Two isoforms of IPP isomerase, IDI-1 and IDI-2, have
been identified. IDI-1 is a zinc metalloprotein which was
first characterized more than 40 years ago (3-5). The
structure of IDI-1 is known, and its mechanism of action
has been studied extensively (6-8). The IDI-2 isoform was
discovered recently (9). The enzyme is a flavoprotein that
requires FMN, a reducing agent (typically NADPH), and a
divalent metal. IDI-2 is an essential enzyme for those
pathogenic microorganisms, such as some strains of Strep-
tococcus and Staphylococcus, that rely on the mevalonate
pathway for isoprenoid biosynthesis (10). Thus, IDI-2 is a
logical target for the design of anti-infectious agents.

There are various proposals for the role of the flavin,
although recent reports suggest that the cofactor participates
in a protonation-deprotonation mechanism (11-14). A
crystal structure of the Bacillus subtilis protein (bs-IDI2) was
reported in 2003 (PDB entry 1P0N) (15). In 2004, two
structures of IDI-2 from Thermus thermophilus (tt-IDI2), a
thermophilic microorganism, were determined (PDB entries
1VCF and 1VCG) (16). The proteins crystallized as typical
R8�8 TIM barrels, and one molecule of FMN was bound
per monomer. Nevertheless, electron density was not detected
for several amino acids at the active site due to their
conformational flexibility. We obtained an X-ray structure
of tt-IDI2 in 2005 and faced the same problem with
flexibility. We therefore combined the available structural
information to construct a model of the complete structure
of IDI-2 (PDB entry 2IOW). Docking studies with this model
helped us to identify a putative active site (17). In this report,
we present an experimental X-ray structure of IDI-2 from
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T. thermophilus in complex with inorganic pyrophosphate
(PPi) (PDB entry 3DH7), which facilitates visualization of
electron density for a conserved region at the N-terminus of
the protein. Analysis of the electron density maps and
molecular modeling with this more complete structure present
new perspectives for the mechanisms of catalysis and
inhibition of IDI-2.

Overexpression, purification, and crystallization of tt-IDI2
were adapted from the previous experimental procedures (17)
and are described in the Supporting Information. The protein
also crystallizes as a typical R8�8 TIM barrel (Figure 1A).
Four monomers are assembled as a symmetrical D4 open
cage-like structure in the asymmetric unit, similar to 1VCG.
Main crystallographic details are given in Table 1.

As previously described (14), one molecule of FMN is
bound per monomer and located in the standard phosphate
binding (SPB) region of the TIM barrel. The phosphate
moiety of the cofactor is stabilized by interactions with Gly
264, Tyr 266, and Ala 285, while the isoalloxazine ring
contacts Leu 11, Ala 65, Met 66, Ser 95, Asn 123, Lys 187,
and Val 189. The si face of FMN faces the indole moiety of
Trp 219 and is further stabilized via an edge-to-face
interaction.

After refinement of the position of the cofactor, we
observed an additional electron density located near the flavin
that was attributed to inorganic pyrophosphate (PPi). The
structure of the IDI-2 ·flavin ·PPi complex (Figure 1B) allows
us to identify conserved residues in the putative active site.
PPi is stabilized by electrostatic interactions with conserved
residues His 10, Arg 97, and His 152 and is located near
Gln 157, Glu 158, and FMN. It is noteworthy that compari-
sons of the available crystal structures for IDI-2 reveal two
different conformations for the aromatic Trp 219 residue.

In the apoprotein, the indole ring of tryptophan stacks with
the isoalloxazine ring (1VCF) (Figure 2A), the N-terminal
segment is disordered, and residues 1-22 are not seen. When
PPi is bound, Trp 219 interacts with FMN via an edge-to-
face interaction, and additional N-terminal residues 9-22
are visible in the electron density map (Figure 2B). We
conclude that the enzyme exists in an “open” form in the
absence of substrate. Substrate binding triggers a conforma-
tional change to a “closed” form where the N-terminal
residues form a lid over the putative active site that shield it
from bulk water.

Recent reports about irreversible inhibitors of IDI-2
demonstrated that the compounds covalently modified the
isoalloxazine ring of reduced FMN (18-20). On the basis
of our new crystallographic structure, we modeled the
binding of oIPP to the IDI-2 ·FMN complex; oIPP is a potent
active site-directed irreversible inhibitor. We observed
(Figure 3A) that the epoxide ring of oIPP is located just
above N5 of FMN (N5-Casym distance, 4.1 Å). This binding
mode is fully compatible with an irreversible inhibition where
N5 acts as the nucleophile after the epoxide ring is activated
by protonation. Support for this model was achieved by
treating crystals of the IDI-2 ·FMN complex with 100 mM
Na2S2O4 followed by 10 mM oIPP. Upon addition of
Na2S2O4, we observed that the yellow color vanished,
indicating that FMN was reduced. Due to the ambient O2,
the flavin slowly reoxidized and the yellow color of the
crystals reappeared. However, when the reduced crystals
were soaked with oIPP, they remained colorless, suggesting
that flavin is locked in its reduced form and that oIPP
chemically modified the isoalloxazine ring (Figure 3B).

This observation is in agreement with UV-vis spectral
observations in solution for epoxide-mediated inactivation
of IDI-2 (12, 14).

Those new results are consistent with the hypothesis that
IDI-1 and -2 catalyze isomerization by similar protonation-
deprotonation mechanisms (Figure 3C) (12, 18-20). The
putative carbocationic intermediate, generated after the
protonation step, could be stabilized by π-cation interactions
with the isoalloxazine ring in FMN and the indole ring in
W219. Similar interactions between the carbocation and a
conserved tryptophan are thought to be important in the pro-
tonation-deprotonation reaction catalyzed by IDI-1 (7).

To validate the binding mode of oIPP in the active site of
IDI-2, we have planned experimental X-ray data collections.
A crystal structure of the IDI-2 ·FMN ·oIPP complex would

FIGURE 1: (A) Typical R8�8 TIM barrel fold of one monomer. Red
segments are flexible regions (9-22 and 223-234) observed in
this structure and absent in 1P0N and 1VCG. Flavin (yellow, A
and B) is located at the end of the barrel and near PPi (orange, B).
(B) Extra electron density (blue contour, 2Fo - Fc, 1σ) correspond-
ing to PPi is observed near the flavin and conserved histidines His
10 and His 152. The indole group of W219 interacts with the
isoalloxazine moiety through an edge-to-face interaction, and the
N-terminal segment, which contains His 10, is well-folded. All
figures were prepared using PyMOL (21).

Table 1: Data Collection and Refinement Statistics

space group P32 completenessa (%) 97.3 (84.0)
cell dimensions (Å) a ) 142.5, b )

142.5, c ) 109.7
Rmerge

a (%) 12.4 (32.0)

wavelength (Å) 0.9797 I/σa (I) 7.1 (3.4)
highest resolution (Å) 2.97 Rwork/Rfree

b (%) 21.1/29.2
no. of observed reflections 291921 rmsd
no. of unique reflections 49971 bond lengths (Å) 0.02
PDB entry 3DH7 bond angles (deg) 2.02

a Values listed in parentheses are for the highest-resolution shell
(3.15-2.97 Å). b The free test subset represents 5% of the total number
of unique reflections.

FIGURE 2: (A) In the IDI-2 ·FMN complex, Trp 219 (green) stacks
with the isoalloxazine ring (yellow). Some parts of the enzyme are
very flexible and cannot be observed by X-ray diffraction (red
circles). We assume that this is the opened state of IDI-2. (B) In
the IDI-2 ·FMN ·PPi complex, Trp 219 interacts with FMN through
an edge-to-face interaction, the global fold of the enzyme is
stabilized, and the previously missing parts are observed. This
corresponds to a closed state triggered by the substrate binding.
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provide a strong argument in favor of the hypotheses about
the catalytic and inhibition mechanisms presented here.
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FIGURE 3: (A) Mode of binding of oIPP (light blue) in the putative
active site of IDI-2. The epoxide ring is located to chemically
modify N5 of the isoalloxazine ring (yellow). (B) Chemical
reduction of IDI-2 crystals followed by soaking of oIPP indicates
that the flavin cofactor is locked in its reduced form. This is in
good agreement with a covalent bond between N5 of flavin and
the irreversible inhibitor. (C) Protonation-deprotonation mechanism
for isomerization catalyzed by IDI-1 and -2. Aromatic π-π
interactions in IDI-1 and -2 can stabilize the carbocationic
intermediate. Reduced FMN could act as the proton donor and/or
proton acceptor in the reaction.
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