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Introduction. 2C-methyl-D-erythrol-2,4-cyclodiphos-
phate synthase (YgbB, or IspF) functions in the non-
mevalonate biosynthesis pathway of isoprenoids1 unique
to prokaryotes and to some plants. The Mg(II)-dependent
enzyme converts 4-diphosphocytidyl-2C-methyl-D-erythri-
tol 2-phosphate into the cyclic compound 2C-methyl-D-
erythritol 2,4-cyclodiphosphate, and CMP. The crystal
structure of the enzyme from Escherichia coli was recently
reported2 as a complex with product or substrate and in
the unbound state. The structures revealed a trimeric
enzyme, with a bound Zn(II) in each of the three active
sites. The Zn(II) is tetrahedrally coordinated. Two histi-
dine residues and an aspartic acid provide three ligands.
The fourth ligand is a solvent molecule in the unbound
enzyme. In the enzyme complexes with CDP (substrate
fragment) or with 2,4-cyclodiphosphate (product), the
fourth ligand is a phosphate group. We report here the
crystal structure of the enzyme from Haemophilus influen-
zae (HI0671). The protein was selected as a Structural
Genomics target3 (http://www.s2f.umd.edu), focusing on
proteins of unknown function, before the functional anno-
tation of the sequence.4 The trimeric association and
overall fold of the protein is the same as that of the E. coli
enzyme, consistent with their high amino acid sequence
identity (77%). However, a large polypeptide segment
adopts an entirely different conformation, such that a
histidine residue, invariant in 45 of 50 known sequences
(conservatively replaced by asparagine in the remaining
five sequences), coordinates to Zn(II). We propose that
enzyme activity may be regulated by a conformational
transition of this structural unit.

Materials and Methods. The gene encoding HI0671
was amplified from H. influenzae KW20 genomic DNA and
cloned into pET17b for expression of the native polypep-
tide in E. coli strain BL21(DE3). Cells were grown at 37°C
in LB medium containing 100 mg/L ampicillin. Expression
was induced at mid-log phase with 1 mM IPTG and was
continued for 4 h. Cells were lysed by using a French press,
and the crude cell lyaste was dialyzed against 20 mM

Tris-HCl, pH 8.4. Protein purification was performed on a
BioCAD 700E chromatography workstation (PerSeptive
Biosystems). The extract was first applied to a Poros HQ
50 anion exchange column equilibrated with 20 mM
Tris-HCl at pH 8.4 and eluted with a linear gradient from
0 to 1 M NaCl. The fractions enriched for HI0671 were
pooled, dialyzed against buffer containing a blend of 20
mM MES, 20 mM HEPES, and 20 mM sodium acetate, to
yield a pH of 6.5, and applied to a Poros HS 20 cation
exchange column equilibrated in the same buffer. Pure
protein was obtained by eluting with a linear gradient
from 0 to 1 M NaCl. A VoyagerDE MALDI mass spectrom-
eter (PerSeptive Biosystems) was used to determine the
molecular weight of 17,197 close to the theoretical value
17194.

Crystals belonging to two different space groups (I4122
and P63) were obtained by the vapor diffusion method in
hanging drops at room temperature. The reservoir solu-
tions consisted of 1.7 M ammonium sulfate, 0.1 M MES
buffer at pH 6.5, and 1 mM CoCl2. The hanging drops
contained equal volumes of protein (15 mg/mL) and reser-
voir solution. A mercury heavy atom derivative was ob-
tained by soaking crystals overnight in mother liquor
containing 1 mM ethyl mercury phosphate. For data
collection, crystals were briefly soaked in 90% saturated
lithium sulfate solution buffered at pH 6.5 with 0.1 M MES
and flash frozen in liquid propane.

Diffraction data were collected at the Advanced Photon
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Source (APS) IMCA-CAT beam line 17-ID (Argonne Na-
tional Laboratory). All data were collected at 100 K. Native
data were collected for both crystal forms, and mercury
derivative data were collected at 1.0Å for the P63 crystal
form. The data were processed and scaled using HKL.5

Data processing statistics are listed in Table I. Analysis of
the anomalous differences at 4Å resolution using the
program SHELXD6 led to the identification of eight mer-
cury sites. Phase calculations were carried out at 4Å
resolution using MLPHARE.7 Density modification, eight-
fold noncrystallographic symmetry (NCS)-averaging and
phase extension (native hexagonal data) were performed
at 3.0Å resolution using DM.8 A model of one molecule was
build manually, and the remaining asymmetric unit was
generated by using the NCS relations. A roughly refined
model was used to determine the structure of the crystal
form I4122 by molecular replacement using CNS.9 Refine-
ment was carried out with CNS, treating the three mol-
ecules in the asymmetric unit independently. Because the
crystallization solution contained 1 mM CoCl2, the metal
ion in the active site was refined as Co(II). Refinement
statistics are provided in Table II.

Results and Discussion. For the following discussion,
the numbering scheme of the E. coli ispF is adopted. The
numbers are lower by one compared with the sequential
numbering of HI0671.

HI0671 asymmetric unit of the form crystallized in
space groups P63 contains two trimers, and two mono-
mers, each of which forms a trimer using a crystallo-
graphic threefold symmetry axis. The asymmetric unit of
the I4122 crystal form contains one trimer. Thus, there are
a total of 11 independent views of the monomer, all
exhibiting the same structural departures from the E. coli
IspF structure (PDB entry code 1JY8). The molecules pack
in both crystal forms as tetramers of trimers. As with the
enzyme from E. coli, each monomer folds into a four-
stranded �-sheet, and the �-sheets of three molecules face
one another in a triangular cross section. The perimeter of
the trimer is covered by �-helices [Fig. 1(a)]. An unusual
set of interactions occurs at the center of the trimer, where
three noncrystallographic symmetry related glutamic acid
residues (Glu149) interact closely with one another. There
is no space to accommodate a cation in between, but three

equivalent histidine residues (His5) form salt bridges with
the glutamates. The same interactions are present in the
E. coli ispF. Another interaction that promotes trimer
formation is due to a sulfate that binds at one end of the
interface, forming charge-charge interactions with three
symmetry-related arginine residues (Arg142, conserved in
many but not all IspF sequences). An anion is absent in the
E. coli IspF, although the three Arg142 guanidinium
groups are in close proximity. The remaining trimer
contacts are mediated by hydrophobic interactions.

Superimposition of the 1JY8 and HI0671 coordinates,
omitting two loop regions that exhibit very different
conformations (residues 14–38 and 60–70) resulted in a
root mean square deviation (RMSD) between �-carbon
atom pairs of 0.70 Å, demonstrating that the core fold is
the same.

A one-turn �-helix (residues 31–34) is associated with
the active site, and the invariant His34 provides the fourth
ligand to the metal ion. The same segment of the E. coli

TABLE II. Refinement Statistics

Space group 14, 22
Resolution (Å) 20.0–2.90
Unique reflections F�2�(F) 12,725
Completeness (%)a 97.8 (94.8)
No. of protein atoms 3,597
No. of Co(II) 3
No. of sulfate ions 1
Ra,b 0.198 (0.294)
Rfree

a,b 0.290 (0.387)
RMSD from ideal

geometry
Bond length 0.018 Å
Bond angle 2.0°

Average B factor (Å2) 57
Ramachandran plot (%)

Most favored 82.6 Allowed 16.9
Generously allowed 0.5 Disallowed 0.0

aThe values in parentheses are for the highest resolution shell, 3.0–2.9
Å.
bR � �hkl� �Fo� � �Fc� �/�hkl�Fo�, where Fo and Fc are the observed and
calculated structure factors, respectively. Rfree is computed for 8% of
the reflections that were randomly selected and omitted from the
refinement.

TABLE I. Data Processing Statistics

Space group I4122 P63 (native) P63 (Hg)
Cell dimension (Å) a � b � 112.3, c � 187.6 a � b � 118.2, c � 174.9 a � b � 114.4, c � 170.5
No. of molecules in the asymmetric unit 3 8 8
Wavelength (Å) 1.00 1.00 1.00
Resolution (Å) 29–2.90 29–3.05 29–4.0
No. of measured reflections 399,292 1,095,449 234,477
No. of unique reflections 13,670 27,674 11,193a

Completeness (%)b 100 (100) 100 (100) 98 (96.8)
Rmerge

b,c 0.053 (0.294) 0.073 (0.310) 0.090 (0.175)
�I/�(I)�b 40.5 (9.4) 26.0 (9.2) 14.4 (10.2)
Redundancy 18.6 15.6 11.6
aFriedel pairs are treated as independent reflections.
bThe values in parentheses are for the highest resolution shell.
cRmerge � �hkl((�j�Ij � �I��)/�j�Ij�), for equivalent reflections (for the Hg-derivative data, Bijvoet pairs were separated).
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enzyme adopts a different conformation, with His34 point-
ing away from the active site. The superposition of the two
structures [Fig. 1(b)] reveals that His34 of HI0671 occu-
pies the position that is occupied by 2,4-cyclodiphosphate
in the E. coli IspF. The preceding loop (residues 13–30),
containing a short �-hairpin, protrudes into the solvent in
HI0671. In contrast, this loop inserts between two �
helices in the E. coli IspF, so that the �-hairpin packs

against the four-stranded �-sheet, leaving the active site
accessible to substrate. It is of interest that in both crystal
forms of HI0671, the �-hairpin also inserts between the
same two helices, but of a monomer that belongs to a
different trimer. This is the packing interaction that leads
to the formation of the tetramer of trimers. Finally, to
prevent clashes with the 13–34 segment, HI0671 and E.
coli IspF exhibit correlated conformational variability of

Fig. 1. Crystal structure of 2C-methyl-D-erythrol 2,4-cyclodiphosphate synthase (HI0671) from H. influenzae. a: Ribbon diagram with each monomer
highlighted in different color. Cobalt(II) ions are shown as magenta spheres. The loop region that exhibits different conformation compared with that in the
E. coli enzyme structure is colored in red. A sulfate ion is shown as a ball and stick model with the sulfur colored yellow and oxygen atoms colored red. b:
Superpostion of the monomers of HI0671 and the IspF enzyme from E. coli. The common core structures are colored green-gray (E. coli) and red-gray
(H. influenzae), and the deviating loop regions are colored green (E. coli) and red (H. influenzae). c: Comparison of the binding sites. The active site of
HI0671 is blocked by the loop carrying His34, and the metal is coordinated to three histidine residues and one aspartic acid. The active site of the E. coli
enzyme is open and occupied by 2C-methyl-D-erythritol 2-phosphate and CMP. Only two histidine residues coordinate the metal, and the fourth
coordination is provided by a phosphate group of the product.
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an adjacent polypeptide segment (residues 61–71), which
are also shown in Figure 1(c).

The structures of IspF from two different organisms
reveal that the 13–34 polypeptide segment can adopt at
least two vastly different conformations, and this is associ-
ated with an invariant histidine switching between two
states. In one state His34 coordinates to a catalytic metal,
thus blocking access to the active site, and in the second
state the histidine is displaced by a phosphoryl group of
the substrate. The two conformations provide for a regula-
tory mechanism of enzyme activity used to prevent a
wasteful side reaction, because IspF converts 4-diphospho-
cytidyl-2C-methyl-D-erythritol into 2C-methyl-D-erythri-
tol 3,4-cyclophosphate, an undesirable product.4 4-Diphos-
phocytidyl-2C-methyl-D-erythritol is synthesized by IspD
and is converted into the true IspF substrate, 4-diphospho-
cytidyl-2C-methyl-D-erythritol 2-phosphate, by the kinase
IspE. In the genomes of many organisms, IspD and IspF
are adjacent or even expressed as a single polypeptide
chain. Inactivation of IspF before IspE action may there-
fore be essential. The identity of the factor that trigger
enzyme activation await further investigations.

In the context of a Structural Genomics project, it is
worthwhile to note that the function of HI0671, which was
originally annotated “hypothetical,” would not be decipher-
able from the structure alone. Although the fold is reminis-
cent of the trimeric proteins chorismate mutase,10 and
YjgF/YabJ,11,12 (protein of unknown function), the topol-
ogy is novel. Moreover, although the active site is located
at the monomer-monomer interface, as seen in chorismate
mutase, and is postulated for YjgF/YabJ, the architecture
of each active site is vastly different. In the absence of the
detailed biochemical work that elucidated the unusual
reaction catalyzed by IspF, the structural analysis to-
gether with multiple-sequence alignment would only lead
to a limited conclusion that the protein is an enzyme and
that zinc is involved in activity.
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