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In all organisms studied so far, isoprenoids such as dolichol,
ubiquinones, carotenoids, and sterols are synthesized from isopen-
tenyl diphosphate (IPP) and its isomer, dimethylallyl diphosphate
(DMAPP). However, there are two completely different biosynthetic
pathways leading to these two precursor molecules. In animals,
fungi, archaea, and some bacteria, IPP and DMAPP are synthesized
via the well-known mevalonate pathway. In contrast, the vast
majority of bacteria, and some parasitic protozoa of the phylum
Apicomplexa, synthesize IPP and DMAPP via the 2-C-methyl-D-
erythritol-4-phosphate (MEP) pathway [also known as the 1-deoxy-
D-xylulose-5-phosphate (DOXP), or non-mevalonate pathway].1-3

Since the MEP pathway is not used by humans, it represents an
attractive target for the development of new antimicrobial com-
pounds and indeed, inhibitors of the second enzyme of the MEP
pathway, DOXP reductoisomerase, have demonstrated good anti-
bacterial as well as antimalarial activity, in clinical settings.4-6 Both
IPP and DMAPP are formed (in a ∼5:1 ratio) in the last step of
the MEP pathway from the substrate (E)-4-hydroxy-3-methyl-but-
2-enyl diphosphate (HMBPP) in the following reaction:

catalyzed by the enzyme HMBPP reductase, also known as LytB
or IspH.7 The reaction is thought to involve an iron-sulfur cluster
reducing HMBPP to an allylic anion, followed by protonation at
either C2 or C4, to form IPP or DMAPP.8 However, the three-
dimensional structure of the LytB enzyme has not yet been reported,
making mechanistic analyses more challenging. Here, we report
the X-ray crystallographic structure of the LytB enzyme from
Aquifex aeolicus and propose a structure-based model for catalysis.

We first discuss several features of LytB sequences in general
that might be expected to be of importance for substrate binding
and catalysis by considering the sequence homology between 224
LytB enzymes as annotated by the JPRED3 program.9 There are
three totally conserved cysteines in the A. aeolicus sequence that
anchor the catalytically active iron-sulfur cluster: Cys13, Cys96,
and Cys193 (Figure 1 and Supporting Information, Figure S1).

HMBPP can be expected to bind to the iron-sulfur cluster during
catalysis via its O4 atom, but it also needs to bind to protein residues
and related diphosphates typically bind to prenyl synthase enzymes
either via a DDXXD motif or via electrostatic/hydrogen bond
interactions with Lys, Arg, or His. On the basis of the sequence
alignment (Supporting Information Figure S1) we find neither
evidence for DDXXD clusters, consistent with the lack of a
requirement for Mg2+, nor totally conserved Lys or Arg residues
or even totally conserved Lys/Arg positions. There are, however,
two highly conserved His residues, H42 and H124. These two
conserved His were reported in 10 putative LytB sequences by
Adam et al.11 and are now seen in all 224 sequences. This strongly
suggests that the diphosphate binds to H42 and H124. The third
feature that would be expected for LytB is the presence of a totally
conserved residue (or residues) that would be involved as proton
donor(s) to C2 or C4. On the basis of the sequence alignments, we
see that there is just a single totally conserved acidic residue, E126.
So, based on these arguments, we expect LytB structures to contain
an iron-sulfur cluster coordinated to Cys13, Cys96, and Cys193,
with His 42 and His124 being on the order of the length of HMBPP
(∼11 Å) distant from the cluster, permitting the HMBPP diphos-
phate to bind electrostatically. If E126 is a proton donor to the
allylic anion formed on reduction of HMBPP, E126 also needs to
be appropriately positioned to enable si-face attack on the double
bond, producing the major product, IPP. And, on the basis of the
sequence predictions, we anticipate a highly R/� protein (Supporting
Figure S1).
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Figure 1. Sequence alignment of LytB proteins showing conserved residues
of interest obtained using the ClustalX program.10
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We determined the single crystal X-ray structure of LytB from
A. aeolicus at 1.65 Å resolution (Rfree ) 22.8%) using anaerobically
grown crystals. Data collection and refinement statistics are reported
in Supporting Information, Table S1. Each monomer has a
cloverleaf structure built up of R/� domains surrounding a central
Fe3S4 cluster (Figure 2A, B), and represents a novel fold. The
structure is quite flat (Figure 2B) but there is a pronounced ca. 10
Å × 20 Å cavity at the front side (Figure 2C), flanked by the
conserved His42, His124, Thr166, and Ser265 (Figure 2C, in blue),
enabling substrate access/product egress. The Fe/S cluster (brown/
yellow) is located at the bottom of the crevice, while the backside
of the protein shows no obvious substrate access route (Figure 2D).

But how does this structure help us to begin to understand the
mechanism of action of LytB? To date, we have not been successful
in cocrystallizing LytB with HMBPP. Moreover, the crystal
structure obtained has an Fe3S4 cluster, while activated LytB (from
E. coli) is thought to contain an Fe4S4 cluster.8 The structure
nevertheless provides all of the information necessary to test the
ideas suggested from the sequence homology results as to the likely
roles of the conserved His and Glu residues. Specifically, it should
be possible to test if HMBPP can be docked to the LytB structure
in such a way that when its O4 atom is adjacent to the Fe/S cluster,
the putative His42 and His124 PPi-binding residues can in fact
interact with the HMBPP diphosphate. Plus, it should be possible
to test whether the putative proton donor (E126) is in fact nearby,
as well as being appropriately placed for si-face protonation. To
test these hypotheses, we reconstituted the Fe3S4 cluster computa-
tionally to form the Fe4S4 species, then used the Glide program12

to position HMBPP into the active site. As can be seen in Figure
3, HMBPP can readily bind with its diphosphate oxygens interacting
with His42 and His124 while the HMBPP O4 is located ∼1.9 Å
from the fourth Fe.

Support for this binding mode is also obtained from the location
of E126. As noted above, this is the only totally conserved acidic
residue, and as such, it is a likely candidate for a proton donor. As
can be seen in Figure 3, the carboxyl group of E126 is ∼4 Å from

C2 of HMBPP, meaning that the carboxyl proton would be only
∼2 Å from its final position in the IPP product. This close proximity
supports a role in protonating C2 of the allylic species. Moreover,
being positioned below the double bond results in si-face attack,
as found experimentally. On the basis of the structure and on the
multiple sequence alignment results, we find no other candidates
for protonating C4, so it seems likely that E126 may again be
involved, with the ca. 5:1 IPP/DMAPP product ratio being related
to the E126 side-chain conformations.
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Figure 2. Structure of LytB from A. aeolicus (PDB 3DNF). (A) monomer
showing cloverleaf structure consisting of three lobes, each containing
alternating R/� structure, all surrounding a central Fe3S4 cluster; (B) side
view showing substrate accessible convex face (at left) and concave face
(at right); (C) front view of protein (as in panel A), illustrating proposed
substrate entry route to the Fe3S4 cluster. The four residues in blue (H42,
H124, T166, and S265) are very highly conserved over 224 species. The
Fe3S4 cluster is shown in yellow/brown and is essentially inaccessible from
the rear face of the protein (D).

Figure 3. Proposed ligand docking to LytB showing location of HMBPP
in the central cavity, illustrating possible electrostatic interactions with His
42, His 124, and location of E126, a proton donor. We used the alkoxide
of HMBPP and the diphosphate was constrained to hydrogen-bond to His42
(which is totally conserved). Glu 126 can be rotated about CR-C� and
C�-Cγ so as to be closer to C2.
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