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Flexible Loop Movement upon Substrate Binding!
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The key enzyme in the nonmevalonate pathway, 1-deoxy-D-xylulose 5-phosphate
reductoisomerase (DXR), has been shown to be an effective target of antimalarial drugs.
Here we report the crystal structure of DXR complexed with NADPH and a sulfate ion
from Escherichia coli at 2.2 A resolution. The structure showed the presence of an extra
domain, which is absent from other NADPH-dependent oxidoreductases, in addition to
the conformation of catalytic residues and the substrate binding site. A flexible loop cov-
ering the substrate binding site plays an important role in the enzymatic reaction and

the determination of substrate specificity.
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In all living organisms, isoprenoids such as steroid hor-
mones, carotenoids, and ubiquinone or menaquinone play
important roles (I). From the initial discovery of the meva-
lonate pathway, it was widely accepted that isopentenyl
diphosphate, the fundamental unit in terpenoid biosynthe-
sis, was only formed through the mevalonate pathway.
However, it has recently been shown that many organisms,
including most eubacteria and green algae, and the chloro-
plasts of higher plants use the nonmevalonate pathway for
the formation of isopentenyl diphosphate (2).

DXR is a key enzyme in the nonmevalonate pathway and
catalyzes the intramolecular rearrangement accompanied
by reduction of 1-deoxy-D-xylulose 5-phosphate (DXP) to
give 2-C-methyl-D-erythritol 4-phosphate (MEP) (3, 4) (Fig.
1).

More recently, it was shown that the antibiotic fosmido-
mycin and its derivatives inhibited DXR from Plasmodium
falciparum, and cured mice infected with the rodent mala-
ria paragite P. cinckei (5). Malaria parasites lacking the
mevalonate pathway use the nonmevalonate pathway asso-
ciated with apicoplasts (5). Therefore, new efficient drugs
for combating the disease are now being extensively pur-
sued.

Since the nonmevalonate pathway is absent in mam-
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mals, inhibitors of the enzymes involved in the pathway are
considered to be very promising antimalarial drugs. In
order to screen large libraries of compounds or to conduct
de novo design, structural information on target proteins
can be very effective and we thus started to study the crys-
tal structure of DXR from Escherichia coli.

The recombinant selenomethionyl DXR (6) was crystal-
lized by the hanging drop vapor diffusion method. Each
droplet consisted of equal volumes of a reservoir buffer con-
taining 1.65 M ammonium sulfate and 0.06 M potassium
sodium (+)-tartrate in 0.1 M sodium citrate buffer (pH 5.6),
and a solution of 20 mg/ml protein in 20 mM TrisCl (pH
8.5), 10% glycerol, 100 mM KCIl, 1 mM MgCl,, 3 mM
NADPH, and 1mM DTT. The crystals belong to space group
P2,2,2 with cell parameters of @ = 182.72 A, b = 56.16 A, ¢
=72.64 A, and two monomers per asymmetric unit. Diffrac-
tion data was collected at SPring-8 BL41XU for Multiwave-
length Anomalous Diffraction (MAD). The diffraction data
were merged and scaled using the programs MOSFLM (7)
and SCALA (8), and the data were solved using the pro-
gram SOLVE (9). 34 out of 38 selenium sites were deter-
mined with SOLVE. An initial electron density map was
modified using the program RESOLVE (10). Model building

 was performed with QUANTA (Molecular Simulations),

and the data were refined at 100-2.2 A with the program
CNS (11). The collected data and refinement statistic are
presented in Table I. Because of the His-tagged construct,
recombinant DXR had 398 residues with extra sequences of
9 and 16 at the N-terminal and C-terminal, respectively.
However, no apparent electron density was observed for
these extra residues except one and two at the N and C-ter-
minals, respectively. The quality of the refined model was
analyzed with the program PROCHEK (8), 99.5% of the
total residues being in most favoured regions (92.9%) or
additional allowed regions (6.6%), and 0.5% in generously
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Fig. 1. DXR reaction. DXR catalyzes the conversion of 1-deoxy-D-
xylulose 5-phosphate (DXP) to 2-C-methyl-p-erythritol 4-phosphate
(MEP).

allowed regions in the Ramachandran plot. Since the crys-
tals for native DXR did not give good diffraction data, we
proceeded to use the selenomethionyl protein alone for this
study.

The structure was obtained as a homodimer conforma-
tion in an asymmetric unit (Fig. 2a). The monomer struc-
ture is composed of three domains: an N-terminal NADPH
binding domain (blue in Fig. 2b), a central domain (orange),
and a C-terminal o-helical domain (green). The NADPH
binding domain exhibits an o/B topology with a seven-
stranded parallel B-sheet and 7 a-helices, which is as ca-
nonical as the NAIXP)H-binding fold. The central domain
contains a four-stranded B-sheet and 7 helices consisting of
a 2-layer sandwich fold. B strand 8 (88), 10, and 11 com-
prise an antiparallel, and 8 and B9 are in a parallel con-
formation. One side of the B-sheet constitutes the protein
surface, and the other side faces inside of the protein to
form a pocket interfaced with parts of the N-terminal and
C-terminal domains. A structural homology search of this
domain with DALI (12) and CE (13) revealed the catalytic
domains of several oxidoreductases such as glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (14) and dihydrodi-
picolinate reductase (I15). The topologies of B-sheets were
identical among DXR and these enzymes, while they have
longer B-strands than DXR does, and GAPDH has a longer
loop with strands and helices between strands correspond-
ing to 10 and $11 of DXR.

The C-terminal a-helical domain hosted long four helices.
The central domain and C-terminal domain are connected
by a long loop (colored yellow in Fig. 2) spanning over the
central domain, and the loop contributes as the interface of
a monomer-monomer interaction. The dimer interface also
constituted an eight-stranded B-sheet arranged side by side
in the central domains (Fig. 2a).

NAD(P)H-dependent oxidoreductases usually hold two
domain structures with NAD(P)H domains and catalytic
domains. Although DXR can also be categorized into this
class and shows structural similarity in the corresponding
domains with some oxidoreductases, the overall DXR struc-
ture is rather unique due to the presence of the additional
third domain.

We previously conducted mutational analysis of DXR to
demonstrate that the four amino acid residues His153,
His209, Glu231, and His257 are responsible for the enzyme
catalysis (16). The present crystal structural studies show
that all these residues are located in the central domain
(Fig. 2b) with their side chains protruding into the pocket
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TABLE I. Data collection and refinement statistics.

Data collection
Wavelength (A) 0.983971 0.979311 0.979155
Remote Edge Peak
Resolution (A) 22 2.2 2.2
Observed reflections 312,434 310,525 308,135
Unique reflections 47,895 48,168 48,260
Completeness (%) 98.8(90.8)  99.0(91.7)  99.0 (91.5)
R, 0.065 (0.315) 0.079 (0.379) 0.093 (0.468)
Io* 10.2 (2.3) 8.2(1.9) 7.0 (1.6)
Refinement statistics
R /R, 0.213/0.240

R.m.s.d from ideal geometry

Bonds (A)  0.006

Angles(°) 1.2
“Values 1n parentheses are for the highest resolution shell. "R, =
3| LI | /A1, over all h, where I, is the intensity of reflection A. ‘A
subset of the data (10%) was excluded from the refinement and
used to calculate R,

(Fig. 3a). Therefore, we conclude that this pocket formed by
the central domain and parts of the N-terminal and C-ter-
minal domains indeed acts as the catalytic pocket.

Since DXR requires NADPH and divalent cations for its
activity (6), we added the coenzyme and Mg* to the protein
solution for crystallization. We also tried to obtain a com-
plex of DXR with the inhibitor fosmidomycin (17). After
extensive screening, we were only able to obtain a crystal
complexed with NADPH, i.e. not one with Mg* or fosmido-
mycin. In addition to NADPH, a sulfate ion was trapped in
the catalytic pocket. Since fosmidomycin molecule possess-
es the phosphonate function, and the substrate DXP pos-
sesses the phosphate function, it is highly possible that the
position of the sulfate ion in the crystal represents where
the phosphonate or phosphate function is located in the
DXR protein.

The sulfate ion is fixed through a hydrogen bond with
one of the catalytic residues, His209 (Fig. 3a). The mutation
of His209 to Gln caused a drastic decrease of the wild-type
ko /K, value to 5,200-fold (16). Interestingly, inspection of
the structure revealed that there is no site of entry into the
catalytic pocket for substrates and that the loop portion
between His209 through Met214 showed higher B-factor
values than other parts, the average values being 40 for all
residues and 105 for the loop region (Fig. 3a). This suggests
that this loop may act as a “hatch” that closes the active
site when the substrate has entered the catalytic pocket.
The hydrogen bond between His209 and the phosphate
function could close the hatch to fix the substrate effec-
tively. The fixation of the phosphate function of a substrate
seems to be very important for the activity. When 1-deoxy-
xylulose (DX) lacking a phosphate function was used as the
substrate in place of DXP, the oxidation of NADPH was not
observed (I16). This implies that the fixation of the phos-
phate function is necessary to anchor the substrate at the
correct position or to latch the hatch loop to close the
pocket. Besides the hydrogen bond through His209, this
loop provides hydrophobic conditions with Trp212 and Met-
214 (Fig. 3b). This would be preferable for DXR to interact
with the hydrophobic backbone of a substrate such as DXP
or fosmidomycin.

The mutation of His153 to Gln did not change the k_/K
value so much as the other three residues did. This may be
explained by that the structure with His153 is surrounded
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(a)

Fig. 2. Overall structure of DXR. (a) Ribbon
diagram of the homodimer. One monomer is col-
ored purple, and the other is colored blue, orange,
and green for each domain. NADPH and a sul-
fate ion are shown as ball-and-stick models. (b)
Stereo view of the monomer. The NADPH-do-
main, catalytic domain, and C-terminal domain
are colored blue, orange, and green, respectively.
The connecting loop between the catalytic do-
main and the C-terminal domain is colored yel-
low. Four catalytic residues, H153, H209, E231,
and H257, NADPH and a sulfate ion are shown
as ball-and-stick models, and colored in green for
catalytic residues, and yellow for both NADPH
and the ion. Figures 2 and 3 were prepared with
MOLSCRIPT (25) and RASTERS3D (26).

by Aspl50, Glul52, and Glu231 (Fig. 3a), making direct
contact with substrates difficult. Therefore, His153 may
mainly have a structural role rather than act in the cataly-
sis. A mutational change of His257, the fourth catalytic res-
idue, decreased the k,/K_ value most drastically, i.e. by
27,000-fold. Moreover, only this mutation changed the K_
value as to NADPH, despite the fact that it is located far-
ther from NADPH in the catalytic pocket. This mutation
may affect the structure of the catalytic pocket or the sol-
vent environment in the pocket by disrupting the hydrogen
bond network. It remains, however, unknown how His257
can work as one of the catalytic residues.

Glu231 proved to be the most important residue for the
catalysis (16) because the mutation of Glu231 to Lys only
changed its k_, value, Le. not K. The function of Glu231
may be explained by the analogy with acetohydroxy acid
isomeroreductase from spinach (PDB code: 1YVE) (18).

Vol. 131, No. 3, 2002

This enzyme requires divalent cations, DXR as does. In the
catalytic pocket of this plant enzyme, one aspartic acid and
three glutamic acid residues hold two magnesium ions.
These ions are octahedrally coordinated by water molecules
and a substrate in addition to these acidic residues. One of
the cations plays a role in the isomerization step and the
other is needed for the reduction step (18, 19). Although no
Mg? was found in the DXR structure in this study, this
enzyme also hosts one aspartic acid and three glutamic
acid residues in the catalytic pocket. It is difficult to predict
the octahedral coordination for Mg?* since no substrates
bind to the catalytic pocket. These acidic residues, Asp150,
Glu152, Glu231, and Glu234, however, are positioned ap-
proximately around 3 to 4 A apart from O or O of each
residue (Fig. 3a), and are conserved among DXRs from var-
ious species. Therefore, it is highly likely that these acidic
residues harbor divalent cations and are necessary to con-
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Fig. 3. Stereo representations of the catalytic pocket of DXR.
(a) The previously detected four catalytic residues (H153, H209,
E231, and H257) and other acidic residues (D150, E152, and E234),
which are potentially responsible for metal ion binding in the cata-
lytic pocket, are shown in yellow-green. The peptide backbone is col-
ored with a gradient of blue to red according to the B-factor value

fer activity to DXR.

DXR uses NADPH as a cofactor but not NADH. When it
was replaced with NADH, the activity decreased to about
1% of the original level (20). Judging from the DXR struc-
ture determined in this study, Thr10 anchors the 2’ phos-
phate function of NADPH through a hydrogen bond, and
Lys37 may fix the phosphate residue through electrostatic
interaction (21). NADH lacking the phosphate function
may fail to establish these interactions necessary for activ-
ity. Interestingly, this Thrl0 residue is conserved in all
DXRs from nine species detailed below, implying the impor-
tance of this residue in NADPH binding. DXR belongs to

S. Yajima et al.

. N\
Only the loop part (residues 209 to 214) has a high B-factor value
(red). The Ca position of M214 is presented for darification. (b) Four
catalytic residues are colored green and three hydrophobic residues in
the catalytic pocket are colored orange. These hydrophcbic ones are
expected to interact with the substrate backbone.

the class B dehydrogenases because it uses the pro-S hy-
drogen at the 4 position of the nicotinamide ring (22, 23).
Our structure supports this result in that the pro-S hydro-
gen extends towards the catalytic pocket whereas the pro-R
hydrogen protrudes out of the pocket. Very recently, the
crystal structure of DXR from E. coli without NADPH and
other cofactors has been reported, the space group being
C222, with three monomers per asymmetric unit (PDB
code: 1K5H) (24). In their structure, the three monomers
show different domain conformations, suggesting the do-
main mobility of DXR. On the other hand, in our structure,
the domain conformations are fixed. In conjunction with
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the flexible loop described above, the binding of cofactors
and the ligand would cause significant mobility for an in-
duced fit of the enzyme. For better understanding of the
catalytic mechanism of DXR, we are continuing to try to
crystallize a complex of DXR with fosmidomycin.

Atomic coordinates have been deposited in the Protein
Data Bank (accession code 1JVS).
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