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a b s t r a c t

Isoprenoid biosynthesis in many bacteria, plant chloroplasts and parasitic protozoa but not in humans
proceeds via the mevalonate independent 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway. Its
penultimate reaction step is catalyzed by (E)-1-hydroxy-2-methyl-but-2-enyl-4-diphosphate (HMBPP)
synthase (GcpE/IspG) which transforms 2-C-methyl-D-erythritol-2, 4-cyclo-diphosphate (MEcPP) to
HMBPP. In this report we present the structure of GcpE of Thermus thermophiles in complex with its
product HMBPP at a resolution of 1.65 Å. The GcpE-HMBPP like the GcpEeMEcPP structure is found in a
closed, the ligand-free GcpE structure in an open enzyme state. Imposed by the rigid protein scaffold
inside the active site funnel, linear HMBPP and circular MEcPP adopt highly similar conformations. The
confined space also determines the conformational freedom of transition state intermediates and the
design of anti-infective drugs. The apical Fe of the [4Fee4S] cluster is coordinated to MEcPP in the GcpE
eMEcPP complex and to a hydroxyl/water ligand but not to HMBPP in the GcpE-HMBPP complex. The
GcpE-HMBPP structure can be attributed to one step in the currently proposed GcpE reaction cycle.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Isoprenoids are major constituents of lipids, hormons, vitamins
etc. and therefore play an essential role in a large variety of bio-
logical processes in all organisms. For their biosynthesis branched
C5 units derived from the universal building blocks isopentenyl
diphosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP) are covalently coupled. IPP and DMAPP are formed in
humans and animals but also in fungi, archaea and some bacteria
via the mevalonate pathway while chloroplasts of plants, most
bacteria and parasitic protozoa, however, apply the completely
different 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway
[1e3] (Fig. 1) for this purpose. TheMEP pathway is considered as an
attractive target for antimicrobial drugs and herbicides [4,5] and
therefore intensively explored [6,7].
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GcpE, the penultimate enzyme of the MEP pathway, catalyzes
the reductive dehydroxylation reaction of 2-C-methyl-D-erythritol-
2,4-cyclo-diphosphate (MEcPP) to (E)-1-hydroxy-2-methyl-but-2-
enyl-4-diphosphate (HMBPP) (Fig. 1) [8e10] which is, finally, con-
verted to IPP and DMBPP by (E)-4-hydroxy-3-but-2-enyl-diphos-
phate reductase (LytB/IspH) [11]. Microbial GcpE has a molecular
mass of ca. 44 kDa and plant GcpE of ca. 79 kDa per monomer
[8,10,12e14]. Both enzymes contain one [4Fee4S] cluster which
directly participates at the catalytic process (Fig. 1) [15,16]. The
complex reaction cycle was studied by EPR spectroscopy, isotope
exchange, site-directed mutagenesis, DFT calculations and X-ray
crystallography [16e22].

As revealed by an X-ray structure of the Aquifex aeolicus and
Thermus thermophilus enzymes [23,24] GcpE is functional as a
homodimeric enzyme. Each subunit is composed of a substrate
binding N-terminal TIM barrel domain and a C-terminal [4Fee4S]
cluster carrying a/b-domain that are spatially separated and con-
nected by a solvent-exposed linker of five amino acids. The struc-
ture of the binary GcpEeMEcPP complex established the mode of
substrate binding inside the conserved and positively charged TIM-
barrel funnel [25]. Comparison between the empty and substrate-
bound GcpE structure revealed an open and closed enzymatic
state. MEcPP binding induces a 60� rotation of the a/b-domain onto
the TIM-barrel entrance of the partner subunit of the dimer which
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Fig. 1. Reaction of GcpE. 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEcPP) is converted to (E)-4-hydroxy-3-methyl-but-2-enyl-diphosphate (HMBPP) by GcpE. The reaction
comprises a reductive elimination that causes a ring opening. The produced HMBPP is reduced to the isoprenoid precursors DMAPP and IPP by LytB.
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thus largely buries the substrate. During this open-to-closed tran-
sition the [4Fee4S] cluster is displaced ca. 25 Å and one iron ligated
to Glu350 in the open state becomes coordinated to the C3 oxygen
of MEcPP in the closed state.

Here we report on the structure of GcpE complexed with its
product HMBPP, compare the binding mode of HMBPP with that of
MEcPP in the GcpEeMEcPP complex and discuss its impact for the
mechanism of action and the design of inhibitors.
2. Materials and methods

2.1. Recombinant production and biochemical characterization of
GcpE from T. thermophilus

A synthetic gene encoding GcpE of T. thermophilus was cloned
into the pQE-60 expression vector and then expressed in TOP10 E.
coli cells [10,25]. The [4Fee4S] cluster was completely incorporated
without subsequent reconstitution experiments. Anaerobic purifi-
cation was achieved by weak anion exchange (DEAE sepharose),
strong anion exchange (Source 15Q) and size exclusion chroma-
tography (Superdex 200). The yield was 25mg enzyme from 9 L cell
culture and the enzymewas pure according to SDS-PAGE. GcpE was
stored at a concentration of ca. 10 mg/ml in 30mM TriseHCl, pH 7.5
and 150 mM NaCl.
Table 1
X-ray analysis statistics.

Data set GcpE-HMBPP

Data collection
Wavelength (Å) 0.972
Space group P61
Resolution (Å) 1.65 e 50.0 (1.65e1.75)
Cell axis (Å) 63.3, 372.1
Completeness (%) 94.4 (73.6)
Rsym (%) 9.0 (38.3)
I/sig(I) 16.7 (2.3)
Redundancy 7.3 (2.1)
Refinement statistics
No. of monomers in the asymmetric unit 2
No. of residues, [4Fee4S] cluster, substrate, solvent 2 x 405, 2, 2, 2372
Resolution (Å) 1.65e50.0 (1.65e1.68)
Rworking, Rfree (%) 12.2, 17.0 (21.4, 30.2)
Baverage (Å2) polypeptide, [4Fee4S] cluster, substrate,

solvent
15.0, 14.0, 13.6, 28.3

R.m.s. deviation bond lengths (Å) 0.006
bond angles (�) 1.18
Ramachandran Plot favored/allowed/unfavorable (%) 97.8, 2.2, 0.0
2.2. X-ray structure analysis

Crystallization screens were performed under anaerobic con-
ditions at 18 �C using the sitting drop vapor diffusion method
combined with a randommicroseeding strategy [26]. GcpE crystals
grown in 30% (v/v) MPD and 20% (v/v) ethanol were used for seed
production [24]. The most suitable crystals of GcpE from T. ther-
mophilus grew in 0.6 mL enzyme solution, containing 5mMHMBPP,
and 0.6 mL precipitant composed of 45% pentaerythritol propox-
ylate 426, 0.1 M MES pH 6.0, 0.4 M KCl, 0.1% NaN3 (JBScreen Pen-
taerythritol 1, C6, Jena Bioscience) and 0.1 mL seed stock. Data were
collected up to 1.65 Å resolution at the PXII beamline of the Swiss
Light Source (Villigen) and processed with XDS [27] (Table 1). The
test for merohedral twinning [28] was positive and the initially
determined space group P6122 was reduced to P61. The unit cell
parameters were 63.3 Å and 372.1 Å. Phases were determined by
the molecular replacement method using Phaser [29] with the
structure of the GcpEeMEcPP complex as model [25]. Models were
built with Coot [30]. Twin refinement with the operator h,-h-k,-l
converges to an R/Rfree factor of 12.2/17.0% at a resolution range
50.0e1.65 Å using Phenix [31] (Table 1). Figs. 2e4 were produced
with PYMOL (Schr€odinger, LLC). The atomic coordinates and
structure factors of the GcpE-HMBPP complex have been deposited
in the Protein Data Bank, www.pdb.org with ID code 4S23.
3. Results and discussion

3.1. The GcpE-HMBPP complex structure

The structure of the GcpE-HMBPP complex at 1.65 Å resolution
revealed the substrate HMBPP with a high occupancy (temperature
factor of 15 Å2). Its binding mode is virtually identical in both
monomers of the asymmetric unit. In contrast to substrate-free
GcpE, the GcpE-HMBPP complex is found like the GcpEeMEcPP
complex in a closed state [25] (Fig. 2A). The determined structure
thus confirms the open-to-close scenario established for the GcpE
reaction. Interestingly, the presence of a closed state is not con-
nected with the covalent bond between the [4Fee4S] cluster and
the 3-OH group of MEcPP as HMBPP misses this functional group
(Fig. 1). Instead, the apical Fe is coordinated to a hydroxyl/water
ligand (FeeO distance 2.2 Å) (Fig. 2B) which is, in addition,
hydrogen-bonded to Asn346-ND2 and Glu232-OE2 in the GcpE-
HMBPP structure (Fig. 3). The absence of a covalent Fe-
polypeptide/substrate adduct does not imply a (partial) dissocia-
tion of the apical Fe in the presence of HMBPP reflected in similar
temperature factors of the four irons of the [4Fee4S] cluster of 12.2,
14.2, 14.4 and 14.0 Å2. Notably, the apical iron of LytB is also pro-
tected by its substrate HMBPP but not by its products [32].

The structures of the GcpEeMEcPP and eHMBPP complexes are
nearly identical as indicated by an rmsd of 0.4 Å using the Ca atoms
for calculation [33]. HMBPP and MEcPP are embedded into the
funnel of the TIM barrel domain in a manner that the methyl-
butenol/methylerythritol part points to the a/b-domain facing the
[4Fee4S] cluster while the diphosphate part is directed to the
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Fig. 2. Structure of the GcpE-HMBPP complex. (A) Overall structure. The TIM barrel and a,b domains of the homodimer (orange, blue) are oriented in a head-to-tail arrangement
such that one active site is built up inside a funnel between the substrate and the [4Fee4S] cluster of the partner subunit. The [4Fee4S] cluster and HMBPP are shown in a ball-and-
stick representation. (B) Active site. The electron densities of the [4Fe -4S] cluster, the hydroxyl/water ligand and HMBPP are contoured at 7.0, 2.2 and 2.2 s, respectively. In the X-ray
structure HMBPP is present in an E-configuration in agreement with the findings of previous NMR studies [8]. A hydroxyl/water (red sphere) is ligated to the apical Fe of the
[4Fee4S] center. Although the [4Fee4S] cluster remains intact in the presence of HMBPP during the long-term crystallization experiment, the open conformation with the Glu350-
ligated Fe represents the stable resting state under physiological conditions [24].
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funnel bottom (Fig. 2B). Their positions and conformations are
thereby highly similar (Fig. 4).

Linear HMBPP is arranged in a nearly closed hairpin-shaped
conformation such that the intramolecular hydrogen bond be-
tween its ethanol hydroxyl group and the b-phosphate oxygen
formed in MEcPP remains unchanged in HMBPP and the methyl-
butenol C2 and the b-phosphate oxygen cleaved by the GcpE re-
action are still in van der Waals contact to each other (Fig. 4).
HMBPP forms exactly the same hydrogen-bond pattern to the
polypeptide than MEcPP (Fig. 3) the side chain adjustments being
below 0.5 Å. This holds also true for the acidic residues Arg56 and
Arg110 involved in compensating the generated negative charge
upon ring cleavage [25]. HMBPP inside LytB [32] and the butyr-
ophilin BTN3A1 domain [34] is also arranged in a hairpin-shaped
conformation although its curvature becomes smaller and, conse-
quently, the distance between C2 and the oxygen with 4.4 Å and
7.2 Å, respectively, longer compared to a distance of 3.0 Å in GcpE.
These conformational variations aremainly due to rotations around
the C4-oxygen (linked to a-phosphate) and the C3eC4 bonds.
Fig. 3. Hydrogen-bond interactions between GcpE and HMBPP (A) and schematically (B
compensate the negative charge of the biphosphate moiety.
Nevertheless, minor structural differences between the
MEcPP and HMBPP binding mode exists which can be reliably
described on the basis of the accurately determined
GcpEeMEcPP and eHMBPP structures. The distance ca. 1.5 Å
longer between C2 and the b-phosphate oxygen in HMBPP
compared with the covalent bond (1.44 Å) in the MEcPP ring
results in a shift of 0.7 Å and 1.2 Å of the b-phosphate P and the
cleaved O towards the funnel bottom. The methylbutenol part of
HMBPP is tilted such that C1 and C2 move 0.5 Å towards the
funnel entrance and C3 and C4 ca. 0.9 Å, respectively, towards its
bottom compared to MEcPP (Fig. 4). The positions of C3 and C4
are also determined by structural requirements of a double bond
between C2 and C3 of HMBPP and by the necessity to evade the
hydroxyl/water ligand of the apical Fe (Fig. 2B). In order to adjust
a van der Waals distance between HMBPP and the iron ligating
hydroxyl/water of ca. 3 Å, the [4Fee4S] cluster is slightly rotated
around its S2 sulfur in the GcpE-HMBPP compared to the
GcpEeMEcPP structure resulting in a shift of the apical Fe of 0.5 Å
away from C3 of HMBPP (Fig. 4). The distance of the C2eC3
). HMBPP is multiple anchored to the protein scaffold mainly by acidic residues to



Fig. 4. Superposition of the GcpEeMEcPP and GcpE-HMBPP structures. The circular
MEcPP (carbons in salmon) and the linear HMBPP (carbons in green) are found in
highly similar conformations.
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double bond to the apical iron is 3.9 Å and is thus too far away to
form significant p metallacyclic interactions. In the LytB-HMBPP
structure the equivalent distance is 3.0 Å [32].
3.2. Implications for catalysis and inhibitor design

The GcpE-HMBPP structure provides various information about
the enzymatic mechanism and inhibitor design. In the currently
most plausible reaction cycle [7] (see also sFig. 1) the GcpE-HMBPP
structure reflects a state after the final elimination reaction and
prior to the closed-to-open transition of the ab domain which is
required to release the product and to return into the open resting
state. Obviously, HMBPP can induce an open-to-closed movement
and the resulting short-living closed state of GcpE can be trapped
(Fig. 2) when using high concentrations of HMBPP and suitable
crystallization solutions. Assuming an equilibrium between open
and closed states, a GcpE-HMBPP structure in the open state also
appears to be feasible when promoted by favorable crystal contacts.
No attractive mechanistic scenario about the closed-to-open tran-
sition is offered by the available structural data.We assume that the
dissociation of the FeeO3 bond and the strained conformation of
the HMBPP contribute to the shift of the equilibrium towards the
open state.

Due to the limited space inside the funnel and specifically
positioned hydrogen-bond donor/acceptors the structures of the
MEcPP ring and the linear HMBPP are highly similar (Fig. 2B þ 3).
Therefore, it is highly unlikely that intermediates of the reaction
cycle are subjected to large rearrangements. Thus, a covalent bond
between the 1-OH group and the apical iron can be excluded. Ac-
cording to recent isotope exchange and EPR-spectroscopic data the
GcpE reaction proceeds via a carbanionic and a FeeC2eC3eO3
ferraoxetane-type but presumably not via an epoxide intermediate
(see sFig. 1) [16,19e21,35]. Consequently, the FeeO3 bond remains
formed during the entire catalytic cycle until the final elimination
process. The proposed organometallic ferraoxetane intermediate
might be realized by a tilt around the FeeO3eC3 bonds. C2 moves
towards the [4Fee4S] cluster in the same direction as described for
HMBPP compared with MEcPP (Fig. 4) but the path length is ca. 2 Å
prolonged. Interference with the surrounding polypeptide can be
avoided by aminor rearrangement of Asn346 and a rotation around
the C2 and C3 bond.
The most attractive proton donor for O3 to catalyze the final
elimination reaction is the strictly conserved Glu323 which pre-
sumably also accepts the proton from the O3 hydroxyl group of
MEcPP during its binding in the initial step (sFig. 1). Its hydrogen-
bond to the hydroxyl/water ligand of the apical iron underlines
this assumed role. The GcpE-HMBPP structure does not offer a
plausible clue regarding the essential role of the conserved Asp87-
His89 pair demonstrated by mutagenesis studies [23]. A defined
water chain between the Asp87-His89 pair in the active site and the
protein surface might be necessary as outward channel for surplus
water molecules when the a/b-domain enters into the funnel. More
detailed mechanistic insights have to await future DFT calculations
on the basis of the spectroscopic data [16,22] and the characterized
GcpEeMEcPP and eHMBPP structures.

The enzymes of the MEP pathway including GcpE are regarded
as promising targets for the rational design of anti-infective drugs
and herbicides. HMBPP characterized in the GcpE-HMBPP structure
represents the prototype of linear biphosphate containing com-
pounds, one class of potent GcpE inhibitors [18]; thus the detailed
knowledge of its binding mode (Fig. 3) can be exploited for the
development of inhibitors. The structural data also teaches us that
the high affinity of Fe to a hydroxyl/water ligand can prevent the
formation of favorable p interactions between the unsaturated
bond of the inhibitor and Fe. As a consequence, the interpretation of
the EPR data of the GcpE-HMBPP complex in terms of a bio-
organometallic bond is challenged by the presented structure.
However, the binding of the double/triple bond might vary be-
tween different alkenes and alkynes. Thus, the binding mode of
HMBPPmight be distinct from that of propargyl diphosphate due to
the higher affinity to GcpE, the large C13 hyperfine signal in the
ENDOR spectrum [18] and the absence of bulky methyl and ethanol
substituents of the latter. An optimal geometry for strong p h2-
alkenyl interactions appears to be only feasible when the double/
triple bond starts at the carbon next to that linked to diphosphate.
The limited space inside the active site funnel only allows the
application of small substituents (except for the diphosphate) at the
carbons of the double/triple bond (Fig. 3).
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