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Background: 3,4-Dihydroxy-2-butanone-4-phosphate synthase (DHBPS) is essential for many pathogens and is absent in
humans.
Results: We have characterized DHBPS from Vibrio cholerae in the presence of substrate D-ribulose 5-phosphate (Ru5P) and
inhibitor 4-phospho-D-erythronohydroxamic acid (4PEH).
Conclusion: 4PEH inhibits DHBPS competitively and interacts with enzyme similarly to the substrate.
Significance: 4PEH can be used as a lead molecule for designing novel antibiotics.

The riboflavin biosynthesis pathway has been shown to be
essential in many pathogens and is absent in humans. Therefore,
enzymes involved in riboflavin synthesis are considered as
potential antibacterial drug targets. The enzyme 3,4-dihydroxy-
2-butanone-4-phosphate synthase (DHBPS) catalyzes one of the
two committed steps in the riboflavin pathway and converts
D-ribulose 5-phosphate (Ru5P) to L-3,4-dihydroxy-2-butanone
4-phosphate and formate. Moreover, DHBPS is shown to be
indispensable for Mycobacterium, Salmonella, and Helicobacter
species. Despite the essentiality of this enzyme in bacteria, no
inhibitor has been identified hitherto. Here, we describe kinetic
and crystal structure characterization of DHBPS from Vibrio
cholerae (vDHBPS) with a competitive inhibitor 4-phospho-D-
erythronohydroxamic acid (4PEH) at 1.86-Å resolution. In
addition, we also report the structural characterization of
vDHBPS in its apo form and in complex with its substrate and
substrate plus metal ions at 1.96-, 1.59-, and 2.04-Å resolution,
respectively. Comparison of these crystal structures suggests
that 4PEH inhibits the catalytic activity of DHBPS as it is unable
to form a proposed intermediate that is crucial for DHBPS activ-
ity. Furthermore, vDHBPS structures complexed with substrate
and metal ions reveal that, unlike Candida albicans, binding of
substrate to vDHBPS induces a conformational change from an
open to closed conformation. Interestingly, the position of sec-
ond metal ion, which is different from that of Methanococcus
jannaschii, strongly supports an active role in the catalytic
mechanism. Thus, the kinetic and structural characterization of
vDHBPS reveals the molecular mechanism of inhibition shown

by 4PEH and that it can be explored further for designing novel
antibiotics.

Riboflavin (vitamin B2) is a universal precursor for the syn-
thesis of flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD). FMN and FAD are essential cofactors for
many proteins that are involved in cellular and physiological
processes including carbohydrate and amino acid metabolism
(1). Humans and animals obtain riboflavin from their diet,
whereas it is biosynthesized in most bacteria as they are devoid
of any riboflavin transporters (2– 4). Furthermore, it has been
shown that the riboflavin-deficient mutants of Escherichia coli
and Salmonella sp. require high amounts of exogenous ribofla-
vin for their growth (5). As a consequence, it is speculated that
the enzymes involved in bacterial riboflavin biosynthesis are
potential antibacterial drug targets because this pathway is
essential for bacteria and absent in humans (2– 4, 6 –9).

In bacteria, biosynthesis of riboflavin is carried out by a total
of six enzymes from two branches of the pathway starting with
guanosine 5�-triphosphate (GTP) and D-ribulose 5-phosphate
(Ru5P)5 as substrates. From one branch, GTP is converted into
5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione by three
enzymes namely GTP cyclohydrolase II, bifunctional pyrimi-
dine deaminase/reductase, and a yet unknown pyrimidine
phosphatase (10 –16). In another branch, 3,4-dihydroxy-2-bu-
tanone-4-phosphate synthase catalyzes the conversion of Ru5P
to 3,4-dihydroxy-2-butanone 4-phosphate (DHBP) and for-
mate (17, 18). The condensation (19, 20) of 5-amino-6-ribityl-
amino-2,4(1H,3H)-pyrimidinedione and DHBP by 6,7-dimeth-
yl-8-ribityllumazine synthase catalyzes the formation of 6,
7-dimethyl-8-ribityllumazine. Riboflavin synthase catalyzes the
formation of riboflavin and 5-amino-6-ribitylamino-2,4(1H,
3H)-pyrimidinedione using two molecules of 6,7-dimethyl-8-
ribityllumazine by a dismutation reaction (21–23). In the final
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step, bifunctional riboflavin kinase/FAD synthase converts
riboflavin to FMN and FAD, respectively (1, 24 –26).

The gene ribB encodes for the enzyme L-3,4-dihydroxy-2-
butanone-4-phosphate synthase (DHBPS; EC 4.1.99.12) in bac-
teria. The proposed mechanism for the conversion of Ru5P to
DHBP by DHBPS involves several steps including enolization,
protonation, dehydration, skeletal rearrangement, and release
of formate in the presence of metal ions (17, 18) (see Fig. 1A). In
most of Gram-negative bacteria, DHBPS exists as monofunc-
tional form, whereas in Gram-positive bacteria including
Mycobacterium tuberculosis DHBPS co-exists with GTP cyclo-
hydrolase II and thus is found in a bifunctional form (9, 16,
27–29). Crystal structures of DHBPS from E. coli (30, 31), Mag-
naporthe grisea (32), Methanococcus jannaschii (33), Candida
albicans (34), Salmonella typhimurium (35), M. tuberculosis
(28, 36), and Streptococcus pneumoniae (27) have been re-
ported. All these structures reveal that DHBPS is a homodimer
where each monomer forms an � � � fold and that its active site
is located at two topologically equivalent positions at the
dimeric interface of each monomer (27, 28, 30 –36). The
DHBPS structure complexed with substrate and metal ions
indicates that an acidic active site loop (Loop1) and another
loop (Loop2) undergo a conformational change upon substrate

and/or metal binding (32, 33, 35). Furthermore, these struc-
tures also reveal the amino acids involved in the proposed reac-
tion mechanism of DHBPS (27, 28, 32–36). Nevertheless, cer-
tain differences observed in the existing structures prevent us
from predicting the molecular mechanism of DHBPS com-
pletely. For example, DHBPS from C. albicans (34) does not
show any conformational change of Loop1 upon substrate
binding, whereas other structures show a conformational
change of Loop1 upon substrate/metal binding (32, 33, 35).
Furthermore, the two metal ions that are required for the cata-
lytic activity of DHBPS are positioned differently in M. jann-
aschii compared with M. grisea and S. typhimurium (33–35).
Importantly, despite DHBPS being shown to be essential for
many pathogens including M. tuberculosis (7), Helicobacter
pylori (37), and Salmonella (38) and its requirement in disease
models like typhoid fever and enteritis (39), no inhibitors have
been identified until now for this enzyme. Here, we demon-
strate for the first time that 4-phospho-D-erythronohy-
droxamic acid (4PEH), an analog of substrate Ru5P (Fig. 1B),
inhibits DHBPS competitively. Furthermore, to understand the
molecular mechanism of inhibition shown by 4PEH, we have
characterized the structure of DHBPS from Vibrio cholerae
(vDHBPS) in its apo form and in complex with phosphate, D-ri-

FIGURE 1. Reaction catalyzed by DHBPS. A, proposed mechanism for the conversion of Ru5P to DHBP by DHBPS (18). B, chemical structures of substrate Ru5P
and inhibitor 4PEH.
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bulose 5-phosphate, D-ribulose 5-phosphate plus zinc ions,
4PEH, and 4PEH plus zinc ions. vDHBPS shares a sequence
identity of about 26 – 60% with other DHBPS sequences whose
structures have been reported thus far (Table 1).

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of ribB from V.
cholerae—A pair of oligonucleotides representing forward (5�-
ATC GAC AGA CAT ATG AAT CAG TCC TCC TTG-3�) and
reverse (5�-ACT AAG TAC CTC GAG TTA AGC CAG TTT
TAG ATC-3�) sequences along with NdeI and XhoI restriction
sites (underlined) were synthesized (Integrated DNA Technol-
ogies) to amplify the ribB gene (vribB) from genomic DNA of V.
cholerae E1 Tor (strain N16961) using a standard polymerase
chain reaction (PCR) protocol. The amplified PCR product was
purified by agarose gel electrophoresis and subsequently
digested with restriction enzymes NdeI and XhoI (New Eng-
land Biolabs) for 12 h at 37 °C. The digested PCR product was
ligated into pET-28c vector (Novagen), which was digested
with the same set of restriction enzymes. The integration of
vribB gene with the vector was verified by DNA sequencing. In
addition, the mutants E39A, E41A, R61A, S64A, M84A, N89A,
V98A, H154A, and F139A of vribB were created by site-di-
rected mutagenesis by using an overlap extension PCR method
(40) with suitable primers. The amplified mutants were cloned
into pET-28c vector similarly to cloning of wild type and veri-
fied by DNA sequencing. The resultant plasmids for wild type
and mutants were transformed into E. coli BL21(DE3).

For the expression of vribB (vDHBPS), a single colony of
E. coli BL21(DE3) strain carrying pET28c-vribB was inoculated
in 20 ml of Luria-Bertani medium supplemented with 30 �g/ml
kanamycin and grown overnight at 37 °C in a rotary shaking
incubator. An aliquot (1%) of the overnight-grown seed culture
was inoculated in fresh Luria-Bertani medium supplemented
with 30 �g/ml kanamycin and allowed to grow further until the
absorbance (A) at 600 nm reached a value of 0.6 – 0.8. vribB
expression was induced by adding 0.5 mM isopropyl �-D-1-thio-
galactopyranoside, and the cells were allowed to grow further
for 3 h. The cells were harvested by centrifuging the culture at
5,000 rpm for 15 min at 4 °C. The cell pellet was resuspended in
40 ml of lysis buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1
mM DTT, and 1 mg/ml lysozyme) along with 0.2 ml of a mixture
of protease inhibitors (Sigma). The resuspended cells were
incubated on ice for 30 min and disrupted by sonication for 30

min on ice (30-s pulse on/off with 20% amplitude) (Sonics). The
soluble and insoluble cell fractions were separated by centrifug-
ing the cell lysate at 12,000 � g for 30 min at 4 °C. The super-
natant was loaded onto a nickel-nitrilotriacetic acid column
(Qiagen, Germany) that was pre-equilibrated with equilibra-
tion buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 1 mM

DTT). The column was washed with 25 column volumes of
wash buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM DTT,
and 20 mM imidazole) to get rid of any nonspecifically bound
proteins. Finally, the bound vDHBPS protein was eluted with
elution buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM

DTT, and 250 mM imidazole) and subsequently dialyzed over-
night against 25 mM Tris-HCl, pH 8.0 at 25 °C. The dialyzed
vDHBPS was further purified by gel filtration chromatography
using a Sephacryl S-200 column (GE Healthcare) equilibrated
with 25 mM Tris-HCl, pH 8.0. The purified vDHBPS was con-
centrated up to 20 mg/ml as measured by the Bradford method
(41) using an Amicon concentrator with a 10-kDa-molecular
mass cutoff membrane (Millipore). The mutant proteins E39A,
E41A, R61A, S64A, M84A, N89A, and V98A were expressed
and purified similarly to wild-type vDHBPS. Because the pro-
tein expression and stability were very poor for F139A and
H154A mutants, their respective cells were induced with 1 mM

isopropyl �-D-1-thiogalactopyranoside and further allowed to
grow overnight at 20 °C. Both F139A and H154A proteins were
prepared similarly to wild-type vDHBPS except that they were
maintained in 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM

DTT, and 10% glycerol buffer throughout the process. The
purity of the protein at each stage was checked by 15% SDS-
PAGE (42).

Size Exclusion Chromatography Studies—The oligomeric
status of wild-type and mutants of vDHBPS was determined by
gel filtration chromatography using a prepacked Superdex 200
analytical column (GE Healthcare) installed on a BioLogic Duo
Flow system (Bio-Rad). For each purified protein, an approxi-
mately 4 – 6 mg/ml concentration in a 1-ml volume was
injected into the column. The flow rate was maintained at 0.3
ml/min. To establish a molecular mass and elution volume rela-
tionship, known molecular mass proteins were run on the same
column. The proteins used as standards were ferritin (440 kDa),
aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (43 kDa),
carbonic anhydrase (29 kDa), and ribonuclease A (13.7 kDa)
(GE Healthcare).

Kinetic Studies of vDHBPS—The vDHBPS enzyme activity
was measured by a colorimetric method as reported earlier (43).
Briefly, in a 125-�l reaction, 2.5 �g of vDHBPS was mixed with
50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, and a variable concen-
tration of D-ribulose 5-phosphate and incubated at 37 °C for 15
min. The enzyme reaction was quenched, and color was devel-
oped by addition of 100 �l of saturated creatine solution (30
mg/ml) followed by 50 �l of �-naphthol (35 mg/ml in 1.0 N

NaOH). The color was allowed to develop for 30 min at room
temperature before measuring the absorbance at 525 nm using
an ELISA plate reader (BioTek PowerWave XS plate reader).
The absorbance values were converted into nanomoles of
DHBP using a standard plot that was established by mixing
0 –55 nmol of 2,3-butanedione in a 125-�l reaction volume and
incubating the samples in creatine and naphthol for the color

TABLE 1
Comparison of amino acid sequence similarity of vDHBPS with other
homologs

Protein Data
Bank code Species

No. of
residues

Sequence
r.m.s.d.aIdentity Similarity

%
4P8E V. cholerae (from

this work)
218 100 100 0.00 (218)b

3LS6 S. typhimurium 216 61 71 0.63 (205)
1G57 E. coli 212 60 72 0.58 (204)
3MIO M. tuberculosis 196 43 63 0.93 (181)
1TKU C. albicans 197 43 64 1.04 (187)
4FFJ S. pneumoniae 199 42 66 1.04 (189)
1K4I M. grisea 214 38 55 1.08 (200)
1PVY M. jannaschii 227 26 47 1.30 (187)

a Root mean square deviation.
b Number of C� atoms used for superposition.
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development (43). The Km and Vmax for Ru5P were calculated
from a Michaelis-Menten saturation curve by non-linear curve
fitting using Origin 8.5. Similarly, the inhibitory effect of 4PEH
on vDHBPS activity was measured using the same colorimetric
assay except the protein concentration was kept at 20 �g and
the reaction was carried out for 30 min. The inhibitor constant
(Ki) was determined using a constant inhibitor concentration
and varying the substrate concentration from 10 �M to 2 mM.

Crystallization of vDHBPS—The vDHBPS at a concentration
of 20 mg/ml in 25 mM Tris-HCl, pH 8.0 was used for crystalli-
zation experiments using the sitting drop vapor diffusion
method in a 96-well plate (MRC plates, Molecular Dimensions,
UK). Initial crystallization screens were carried out using PEG/
Ion Screen (Hampton Research) with each drop containing 1 �l
of protein mixed with 1 �l of precipitant and equilibrated
against 60 �l of reservoir solution followed by incubation at
20 °C. Crystals appeared within 3– 4 days in a number of con-
ditions. The crystallization conditions obtained from the initial
screen were optimized in 24-well sitting drop crystallization
plates (Combi Clover Jr., Emerald BioSystems) at 20 °C. Drops
containing 2 �l of protein and 2 �l of reservoir solutions were
equilibrated against 200 �l of reservoir solution. The apo form
of vDHBPS (E-Apo) crystals were grown in 0.2 M Na2HPO4, pH
9.1 and 20% PEG 3350, and phosphate-bound (E-PO4) crystals
were grown in 0.2 M NaH2PO4, pH 4.5 and 20% PEG 3350. The
Ru5P and 4PEH complex crystals were obtained by mixing
vDHBPS with 10 mM Ru5P (E-Ru5P) and 4PEH (E-4PEH) sep-
arately and incubated for 30 min at 20 °C. The crystals were
grown in 0.2 M Na2HPO4, pH 9.1 and 20% PEG 3350. Finally, the
E-Ru5P-Zn2� and E-4PEH-Zn2� complex crystals were ob-
tained by soaking the E-Ru5P and E-4PEH crystals with 100 mM

zinc chloride (ZnCl2) for 12 h at 20 °C.
Data Collection and Processing—The x-ray diffraction data

set for the E-PO4 complex crystal was collected at 100 K using
synchrotron radiation at BM14 beamline (European Synchro-
tron Radiation Facility, Grenoble, France) equipped with a
MAR Mosaic charge-coupled device detector. The diffraction
data sets for all other crystals (E-Apo, E-Ru5P, E-Ru5P-Zn2�,
E-4PEH, and E-4PEH-Zn2�) were collected using a MAR345
image plate detector (MAR Research, Germany) mounted on a
MicroMax-007HF (Rigaku) rotating anode x-ray generator
operated at 40 kV and 30 mA. The data sets were collected at
100 K using an Oxford Cryostream. Before diffraction, each
crystal was soaked for 10 s in a cryoprotectant solution consist-
ing of 30% glycerol mixed with their corresponding mother
liquor (44). The diffraction images of all the data sets were
indexed, integrated, and scaled using the XDS suite of programs
(45). The scaled intensities were converted into structure fac-
tors using CTRUNCATE (46) as implemented in CCP4 (Col-
laborative Computational Project Number 4) (47).

Structure Determination and Refinement—The structure of
vDHBPS in the apo form was solved by a molecular replace-
ment method using PHASER (48) with one subunit of E. coli
DHBPS as the search model (Protein Data Bank code 1G57).
The Matthews’ coefficient (VM � 2.1) (49) and solvent content
(42%) as calculated by CCP4 (47) indicated two molecules per
asymmetric unit. The PHASER with default parameters gave a
single solution with two DHBPS molecules in the asymmetric

unit. The initial model was refined as a rigid body followed by
restraint refinement using REFMAC5 (50). To calculate the free
R factor (51), 5% of total reflection data were excluded from the
refinement for each structure. The vDHBPS model was further
refined using PHENIX (52) and built using the program COOT
(53). During the initial stages of refinement, the model was sub-
jected to simulated annealing refinement (54) to minimize the
model bias. Moreover, composite omit maps (55) were calcu-
lated intermittently during refinements and used to improve
the model. The refinement and model building were carried out
iteratively until the vDHBPS model was completely built and R
and free R factors were converged. The solvent molecules were
added in the difference Fourier electron density map at above
the 3.0 � level and formed at least one hydrogen bond with the
protein or other solvent molecule. For the E-PO4, E-Ru5P,
E-Ru5P-Zn2�, E-4PEH, and E-4PEH-Zn2� complexes, the
structures were determined either by the molecular replace-
ment method or by the difference Fourier method using the
vDHBPS apo form as the model. Similar to apo-vDHBPS, all the
complex crystal structures were refined using the PHENIX
suite of programs except E-Ru5P and E-Ru5P-Zn2�, which
were refined with REFMAC5. Well defined electron densities
for bound phosphate, Ru5P, and 4PEH were seen in their
respective difference Fourier map at the 3.0 � level, and the
same were included in the model and further refined. The zinc
ion was added in the E-Ru5P-Zn2� and E-4PEH-Zn2� models if
the difference Fourier map showed electron density at above
the 5.0 � level. The Ramachandran plot statistics were calcu-
lated using PROCHECK (56), and superposition of the mole-
cules was carried out by LSQMAN (57). The program PyMOL
(58) was used to visualize and analyze the structures and for
making figures.

RESULTS

Characterization of vDHBPS with Substrate and Inhibitor—
The vribB gene encoding vDHBPS was PCR-amplified, cloned,
expressed as a His-tagged protein, and purified to homogeneity.
The size exclusion chromatography studies suggest that
vDHBPS exists as a dimer in solution (Fig. 2A). Furthermore, the
kinetic characterization of vDHBPS with substrate Ru5P shows a
typical Michaelis-Menten saturation behavior with Km and
Vmax values corresponding to 250 � 30 �M and 270 � 10 nmol/
min/mg, respectively (Fig. 2B). The compound 4PEH is an ana-
log of substrate in which the first hydroxymethyl group of Ru5P
is replaced with a hydroxylamine group (Fig. 1B), and therefore
it is anticipated to inhibit the catalytic activity of DHBPS. To
determine the efficacy of such inhibition, if any, we measured
the catalytic activity of vDHBPS in the presence of different
concentrations of 4PEH. The Lineweaver-Burk plot of mea-
sured values strongly suggests that 4PEH inhibits vDHBPS com-
petitively (Fig. 2C). Furthermore, a plot of the apparent Km
values derived from the Lineweaver-Burk plot against inhibitor
concentration reveals a Ki value of 100 � 10 �M (Fig. 2D).

Quality of vDHBPS Model—To investigate the structural
changes that take place during catalysis and inhibition in a sys-
tematic manner, we initiated structure analysis of vDHBPS in
various forms. Accordingly, we determined the crystal struc-
tures of vDHBPS in apo form (E-Apo) and in complex with
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phosphate (E-PO4), substrate (E-Ru5P), inhibitor (E-4PEH),
substrate plus metal ions (E-Ru5P-Zn2�), and inhibitor plus
metal ions (E-4PEH-Zn2�). All vDHBPS crystals were crystal-
lized in orthorhombic space group P212121 with unit cell
parameters in the range of a � 52–56 Å, b � 73–78 Å, and c �
95–99 Å, and x-ray diffraction data sets were collected in the
resolution range of 1.59 –2.04 Å. The data collection statistics
for all the crystals are shown in Table 2. The vDHBPS structure
was solved by the molecular replacement method using E. coli
DHBPS (30, 31) as the search model. The vDHBPS monomer
consists of 218 amino acid residues and exists as a dimer both in
solution and in the crystal structure, thus consisting of a total of
436 amino acid residues. In addition, at the N terminus of
vDHBPS, an extra 20 amino acid residues (MGSSHHHHHHS-
SENLYFQGH) were introduced from the cloning vector. The
electron density for all the structures was generally good and

allowed us to build the vDHBPS model without any ambiguity.
However, the electron density for the N- and C-terminal (1– 4
and 216 –218, respectively) residues was poor and thus not
included in the model for most of the crystal structures. Fur-
thermore, in the apo (E-Apo) and phosphate (E-PO4) com-
plexes, residues from 83 to 97 were not traceable in the electron
density map due to their known flexibility and were not
included in the model. The refinement and statistical param-
eters for all crystal structures are within the allowed limits
and are shown in Table 3. The coordinates and structure
factors for all the crystal structures are deposited in the Pro-
tein Data Bank and corresponding Protein Data Bank codes
are given in Table 3.

Overall Structure of vDHBPS—The overall three-dimen-
sional structure of vDHBPS shows an � � � fold (Fig. 3A) sim-
ilar to other reported DHBPS structures (Table 1) (28, 30 –36).

FIGURE 2. Oligomeric and kinetic characterization of vDHBPS. A, size exclusion chromatography elution profile of vDHBPS with a Superdex 200 column. The
inset shows the elution profile of standard molecular masses from the same column. B, Michaelis-Menten plot for vDHBPS with various substrate (Ru5P)
concentrations. Error bars represent S.D. The inset shows the standard plot generated with known concentration of 2,3-butanedione and used for converting
absorbance to DHBP. C, Lineweaver-Burk plot for different concentrations of substrate (Ru5P) at each inhibitor (4PEH) concentration. D, the calculated
apparent Km is plotted against inhibitor (4PEH) concentration to estimate Ki.

Structural Basis for Inhibition of DHBPS

MAY 1, 2015 • VOLUME 290 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 11297



Each monomer consists of a central �-sheet formed by seven
�-strands, which are oriented in a parallel and antiparallel man-
ner. The central �-sheet is surrounded by eight �-helices, and
both are connected through several loops. The asymmetric unit
consists of two molecules related by 2-fold symmetry (Fig. 3B)
that can superimpose with each other with a root mean square
deviation of about 0.25– 0.50 Å, indicating that the two mono-
mers are nearly identical to each other in the respective
vDHBPS structures. The two molecules interact with each other
mainly through hydrogen bond and hydrophobic interactions.
The residues involved in hydrogen bonds are Glu-41, Arg-61,
Ser-64, Gly-65, Asn-89, Thr-108, Ala-112, Arg-115, Arg-134,
Pro-179, and Gly-181 from one monomer and Thr-108, Pro-
179, Arg-115, Ser-64, Arg-134, Glu-41, Gly-181, Ser-64, Asn-
89, Arg-61, and Ala-112 of the other monomer, respectively
(Fig. 3b). Similarly, the hydrophobic interactions are found
between Ile-66, Met-84, Val-85, Phe-96, Val-98, Pro-135, Phe-
139, and Phe-139 from one monomer and Phe-139, Met-84,
Val-98, Pro-135, Val-85, Phe-96, Ile-66, and Phe-139 of the
other monomer, respectively (Fig. 3B). The PISA server (59)
predicts that the two molecules of vDHBPS in the asymmetric
unit form a stable homodimer (Fig. 3B) with total buried surface
area of 2,645 Å2 (16% of the surface area of the complex).

The structural characterization of monofunctional DHBPS
reported till now reveals that it exists as a dimer both in the
crystal structure and in solution, and dimerization is required
for its catalytic activity as its active site is located at the dimeric
interface and contributed by residues from both monomers (28,
30 –35). Moreover, the two monomers of DHBPS interact with
each other mainly through hydrophobic interactions and with
some hydrogen bond interactions (31).

To identify the amino acid residues that contribute to the
dimer formation of vDHBPS in solution and thus its catalytic
activity, we examined all DHBPS crystal structures reported till
now. The analysis of amino acid sequences and structures of
various monofunctional DHBPSs (28, 30 –36) revealed that the
residues and their interactions involved in dimer formation are
more or less similar to those of vDHBPS. Therefore, we chose
three nearly conserved hydrophilic residues (Glu-41, Arg-61,
and Ser-64), three conserved hydrophobic residues (Met-84,
Val-98, and Phe-139), and one (Asn-89) non-conserved residue
that are involved in dimer formation of the vDHBPS structure
and mutated these to alanine individually (E41A, R61A, S64A,
M84A, V98A, and F139A) by site-directed mutagenesis. Each
mutant was cloned, expressed, and purified as was done for
wild-type protein (see “Experimental Procedures”). To assess
the oligomerization, each mutant protein was passed through a
Superdex 200 column individually. The gel filtration profile of
each mutant along with wild type is shown in Fig. 3C. The gel
filtration profile of all seven mutant proteins can be classified
into three categories: (i) mostly dimeric form (N89A and
V98A), (ii) in between expected monomeric and dimeric form
(E41A, R61A, S64A, and M84A), and (iii) mostly monomeric
form (F139A). Although most of the mutant proteins showed
a shift in their elution profile (compared with wild-type
vDHBPS), indicating that their dimerization was disturbed,
they did not elute absolutely as a monomeric peak. Therefore,
to check whether the mutation had any effect on its catalyticT
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activity, we measured the DHBPS activity (with 20 �g of protein
and 400 �M Ru5P) for all seven mutant proteins (Fig. 3D). The
relative catalytic activity of hydrophobic mutants with respect
to wild-type vDHBPS was 30, 40, and 80% for M84A, F139A,
and V98A, respectively. Analysis of the crystal structure of
vDHBPS indicated that both Met-84 and Phe-139 are involved
in hydrophobic interactions with the same residues in another
monomer, and therefore mutation of these residues may dis-
turb their dimerization and thus the catalytic activity. Consis-
tent with this, F139A mutant mostly eluted as a monomer peak,
whereas a significant amount also exists in a monomer-dimer
equilibrium (Fig. 3C). In addition, the M84A mutant eluted as a
monomer-dimer equilibrium and showed deficient activity.
However, the V98A mutant mostly exists in dimeric form and
showed a catalytic activity of about 80% compared with wild
type. The analysis of sequences revealed that Val-98 is con-
served throughout the species; however, its interaction is not
conserved in all the structures. Similarly, the relative catalytic
activity of hydrophilic mutants with respect to wild-type
vDHBPS was 0, 15, and 100% for E41A, S64A, and R61A,
respectively. Analysis of Glu-41 and Ser-64 residues in vDHBPS
structures revealed that apart from their involvement in
dimerization they are also involved in substrate binding. For
example, Glu-41 interacts with Thr-108, which in turn inter-
acts with the substrate Ru5P. Moreover, Glu-41 also interacts
with Ru5P through a solvent molecule in the same monomer.
Therefore, mutation of Glu-41 to alanine probably disrupts
this, and thus catalytic activity is lost. Similarly, although the
carbonyl oxygen of Ser-64 interacts with Arg-115 of the other
monomer, its hydroxyl group interacts with Glu-175 of the
same monomer that in turn interacts with substrate Ru5P.
Therefore, the S64A mutant may interfere with this interaction,
resulting in a significant loss of catalytic activity. Surprisingly,
the R61A mutant showed 100% activity, indicating that muta-
tion of Arg-61 to Ala does not affect its catalytic efficiency.

Although analysis of sequences showed that Arg-61 is nearly
conserved, its interaction is not conserved in other species, and
moreover, Arg-61 is located far from the active site. As antici-
pated, the N89A mutant did not show any effect on its catalytic
activity, remaining equal to that of wild-type vDHBPS.

Interestingly, the bifunctional (DHBPS and GTP cyclohydro-
lase II) M. tuberculosis RibA2, although shows DHBPS activity,
its DHBPS domain exists as monomer in solution (36). The
existence of the DHBPS domain of M. tuberculosis RibA2 as a
monomer has been mainly attributed to mutation of three
hydrophobic residues at the dimeric interface (I66Y, V85Y, and
F96Y; vDHBPS numbering). However, the DHBPS domain is
observed as a dimer in the crystal structure of M. tuberculosis
RibA2 (36). Thus, it is speculated that in the presence of sub-
strate the DHBPS domain may transiently form a dimer in solu-
tion; however, the exact mechanism is still unknown (28).

Taken together, we predict that the hydrophobic residues at
the dimeric interface play a role in dimer formation, whereas
some of the active site residues at the dimeric interface play a
role in the catalytic activity of vDHBPS. However, further stud-
ies are required to see whether these two properties can be
decoupled for vDHBPS.

Conformational Changes among the Structures of vDHBPS—
To understand the conformational changes that occurred
among different vDHBPS complexes, we analyzed their struc-
tures. The superposition of different vDHBPS crystal structures
shows root mean square deviations of about 0.24 – 0.54 Å for
199 –214 C� atoms, indicating that the overall conformations of
all vDHBPS structures remain similar (Fig. 4). However, major
conformational changes are observed in two loop regions as
reported in other species (32, 33, 35). In the crystal structures of
E-Apo and E-PO4, Loop1 (residues 34 – 41) exhibits an ordered
open conformation, whereas Loop2 (residues 82–98) is com-
pletely disordered (Fig. 4). In the E-Ru5P complex structure,
Loop1 adopts a closed conformation and interacts with sub-

TABLE 3
vDHBPS refinement details

Parameters E-Apo E-PO4 E-Ru5P E-Ru5P-Zn2� E-4PEH E-4PEH-Zn2�

Resolution range (Å) 20.0–1.96 20.0–1.59 20.0–2.04 20.0–2.04 20.0–1.86 20.0–1.86
Rcryst (%)a 18.10 16.88 17.34 17.56 16.28 14.43
Rfree (%)b 22.50 19.70 22.36 23.22 20.69 19.09
r.m.s.d.c

Bond length (Å) 0.007 0.006 0.009 0.006 0.007 0.007
Bond angle (°) 1.036 1.089 1.310 1.141 1.141 1.052

Ramachandran plot, residues in
Most favored region (%) 97.75 98.01 97.35 98.14 97.20 97.72
Additionally allowed region (%) 2.25 1.99 2.65 1.86 2.80 2.28

No. of residues (out of 436) 406 403 423 431 � 2d 430 432 � 2d

No. of solvent molecules 332 425 284 277 344 416
Wilson B-factor (Å2) 21.40 11.92 24.43 21.00 14.62 13.89
Average B for protein atoms (Å2) 23.80 13.97 29.43 22.35 13.40 14.50
Average B for Loop1 (for A and B, Å2) 24.54 18.66 30.17 25.35 13.13 15.35
Average B for Loop2 (for A and B, Å2) 36.80 25.35 42.68 28.12 20.39 21.06
Average B for Solvents (Å2) 30.43 23.76 36.49 26.84 19.92 23.30
Ligands (in active site) PO4 (2) Ru5P (2) Ru5P (2) 4PEH (2) 4PEH (2)
Average B for ligands (Å2) 19.87 43.06 25.41 20.59 12.59
Average occupancy for ligands 0.64 1.00 1.00 1.00 1.00
No. of Zn2� (in active site) 10 (4) 11 (4)
Average B for Zn2� (in active site) (Å2) 24.63 (21.85) 19.34 (12.65)
Average occupancy for Zn2� (in active site) 0.75 (1.00) 0.70 (0.91)
Protein Data Bank code 4P8J 4P6D 4P77 4P8E 4P6C 4P6P

a Rcryst � �hkl�Fobs� � �Fcalc�/��Fobs�.
b Rfree is the cross-validation R-factor computed for the test set of 5% of unique reflections.
c Root mean square deviation.
d From His tag.
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strate Ru5P, whereas Loop2 is partially disordered. In E-Ru5P-
Zn2�, E-4PEH, and E-4PEH-Zn2�, both Loop1 and Loop2 are
observed in a closed and ordered conformation.

Active Site Architecture of vDHBPS with Ru5P and Metal
Ions—In the E-Ru5P complex, two molecules of substrate
(Ru5P) occupy the active site at the dimeric interface of each
molecule at topologically equivalent sites and interact with
vDHBPS through hydrogen bond and electrostatic interactions
(Fig. 5A). Moreover, the observed conformational change of
Loop1 upon binding of Ru5P helps in positioning the substrate
at the active site (the maximum distance moved is about 12 Å
for residue Arg-38). The phosphate moiety of Ru5P interacts
with Arg-38, Glu-39, Arg-151, His-154, and Thr-155 through
hydrogen bond interactions (Fig. 5A). The first carboxyl group,
O1, of Ru5P interacts with SH of Cys-68, and with N�2 of His-
137 of the other monomer. Additionally, it interacts with Glu-
175 and Ile-66 through a water molecule. The second carbonyl
group, O2, of Ru5P interacts with N�2 of His-137 of the other
monomer. In addition, it interacts with the carbonyl oxygen of
Thr-108 through a water molecule. The carboxyl group O3 of
Ru5P interacts with O�2 of Glu-39 in one chain, and in the
other chain, it interacts with both O�1 and O�2. Similarly, the
carboxyl group O4 of Ru5P interacts with N�1 of His-154 and
with O�1 of Glu-41 through a water molecule.

Although Ru5P alone binds to vDHBPS, its catalytic activity
is observed only in the presence of magnesium ions. To under-
stand the location of metal binding sites in the case of vDHBPS,
we attempted to obtain the E-Ru5P complex with magnesium
ions by both co-crystallization and soaking experiments. How-

ever, in both cases, we were unsuccessful in obtaining the
E-Ru5P complex with magnesium ions. In fact, until now, no
DHBPS structure has been determined in complex with Ru5P
and magnesium ions. It is speculated that both metals are only
transiently bound to the enzyme as histidine (His-154) is rela-
tively an unusual ligand for magnesium ions (33). Therefore, to
understand the metal ion positions during catalysis, we soaked
the E-Ru5P complex crystal with zinc ions and determined its
structure (E-Ru5P-Zn2�). Although in the presence of Zn2�

ions vDHBPS does not show any catalytic activity, Zn2� is pre-
dicted to occupy a similar position as magnesium ions (32, 33).
This is because both Mg2� and Zn2� have the same oxidation
state with their last s orbital filled (s2) and have roughly the
same ionic radius with 0.74 Å for Zn2� and 0.72 Å for Mg2�.
Moreover, superposition of the E-Ru5P-Zn2� complex with the
Mg2�-bound structure of M. grisea (Protein Data Bank code
1K4I) (32) revealed that both Zn2� and Mg2� occupy the same
position. Despite such similarity with Mg2� and the ability to
mediate native-like binding, it is predicted that a zinc ion is
unable to initiate the reaction as it is not a strong enough Lewis
acid (33). The crystal structure of the E-Ru5P-Zn2� complex
clearly shows binding of two zinc ions at each active site, and
both Loop1 and Loop2 are observed in a closed and ordered
conformation (Fig. 4). The first zinc ion at position M1 is hexa-
coordinated and interacts with O3 and O4 of Ru5P, one oxygen
from phosphate moiety of Ru5P, N�1 of His-154, O�2 of Glu-
39, and O�1 of Glu-41 through a water molecule (Fig. 5B). The
second zinc ion (M2) is coordinated with O2 and O3 of Ru5P,
three water molecules, and O�2 of Glu-39 (Fig. 5B). However,
the electron densities for O1 and O4 of Ru5P in the E-Ru5P-
Zn2� complex are weak, indicating the flexibility of these atoms
in the presence of zinc ions. The superposition of the E-Ru5P
and E-Ru5P-Zn2� structures (Fig. 5C) revealed that Glu-39
undergoes a conformational change upon metal binding and
helps in positioning the metals as reported in S. typhimurium
DHBPS (35). To understand the contribution of Glu-39 and
His-154 in metal binding and thus the catalytic activity of
vDHBPS, we created E39A and H154A mutants. Both mutants
were cloned, expressed, and purified individually as done for
wild-type vDHBPS. However, both mutant proteins did not
show any catalytic activity even in the presence of Mg2� prob-
ably due to loss of their interactions with metal ions, indicating
their importance in substrate/metal binding. The comparison
of E-Ru5P and E-Ru5P-Zn2� structures also revealed that Ru5P
forms a compact structure in the presence of metal ions (Fig.
5C). Earlier reports indicate that the compact conformation of
Ru5P in the presence of metal ions may be essential for the easy
release of C4 atom from the substrate (33).

Active Site Architecture of vDHBPS with 4PEH and 4PEH-
Zn2�—To understand the structural basis for the competitive
inhibition shown by 4PEH, we co-crystallized it with vDHBPS

FIGURE 3. Structural characterization of vDHBPS. A, the overall structure of vDHBPS. Secondary structures are shown in white-blue for �-helix, cyan for
�-strands, and white for loops. Ru5P and metal ions are represented as stick and sphere models, respectively. Loop1 and Loop2 are shown in green and orange,
respectively. B, the association of vDHBPS as a dimer. Each monomer is shown in different colors. The Ru5P and metal ions are shown at the corresponding
active site of each monomer. The closer view shows the amino acid residues involved in dimerization, and their interactions are shown in dashed lines. C, size
exclusion chromatography elution profile of different mutants of vDHBPS from a Superdex 200 column. D, the relative catalytic activity of different mutants of
vDHBPS with respect to wild-type (WT) vDHBPS. Error bars represent S.D.

FIGURE 4. Conformational changes among vDHBPS structures. Superpo-
sition of crystal structures of vDHBPS in the apo form (light blue) and in com-
plex with Ru5P (yellow), Ru5P plus zinc ions (wheat), 4PEH (green), and 4PEH
plus zinc ions (marine blue) is shown. Dashed lines indicate lack of electron
density in that region and not included in the model.
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to form the E-4PEH complex. In addition, we soaked the crys-
tals of E-4PEH with zinc ions to determine the position of metal
ions in the presence of 4PEH (E-4PEH-Zn2�). The overall con-

formations of these complexes are similar to other vDHBPS
structures and show well defined electron density for both
4PEH and zinc ions (Fig. 6, a and b). The hydrogen bond inter-

FIGURE 5. Substrate binding site of vDHBPS. A, stereodiagram showing a 2Fo � Fc electron density map contoured at 1.0 � for Ru5P. Residues interacting with
Ru5P are displayed along with their distances. Residues from the other monomer are shown in magenta. B, stereodiagram showing a 2Fo � Fc electron density
map for Ru5P and Zn2� contoured at 1.5 and 5.0 �, respectively. The distances are shown for the close residues. C, superposition of the active site of E-Ru5P
(yellow) and E-Ru5P-Zn2� (wheat).
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actions between 4PEH and vDHBPS are similar to the interac-
tion of Ru5P in the E-Ru5P complex. The NHOH oxygen atom
of 4PEH interacts with Cys-68, N�2 of His-137, and Glu-175

through a water molecule, whereas O2 does not participate in
any interaction except C�1 of Leu-141. As observed in the
E-Ru5P complex, both Loop1 and Loop2 in the E-4PEH and

FIGURE 6. Inhibitor binding site of vDHBPS. A, stereodiagram showing a 2Fo � Fc electron density map contoured at 1.2 � for 4PEH. Residues interacting with
4PEH are displayed along with their distances, and residues from the other monomer are shown in magenta. B, stereodiagram showing an electron density map
for 4PEH and Zn2� contoured at 2.0 and 8.0 �, respectively. The distances are shown for the close residues. C, superposition of the active site of E-4PEH (green)
and E-4PEH-Zn2� (marine blue).
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E-4PEH-Zn2� complexes are closed and well ordered (Fig. 4).
Similar to the E-Ru5P-Zn2� complex, the binding of zinc ions
to E-4PEH revealed that 4PEH also forms a compact conforma-
tion (Fig. 6C). Moreover, the two zinc ions in the E-4PEH-Zn2�

complex occupy the same position and exhibit the same coor-
dination as observed in the E-Ru5P-Zn2� complex. However,
unlike E-Ru5P-Zn2�, the E-4PEH-Zn2� complex shows well
defined electron density for both NHOH and O2 oxygen atoms
of 4PEH (Fig. 6B).

DISCUSSION

Riboflavin biosynthesis pathway is indispensable for many
pathogens that lack an efficient riboflavin transporter in their
system. Therefore, the enzymes involved in riboflavin biosyn-
thesis are considered as potential drug targets (2– 4, 6). One of
the rate-limiting enzymes (30) of the riboflavin biosynthesis
pathway is DHBPS, which is encoded by the ribB gene in bac-
teria. In addition, the ribB gene has also been shown to be essen-
tial for M. tuberculosis (7), H. pylori (37), and S. typhimurium
(39). Despite its essentiality, no inhibitor has been identified till
now for the DHBPS enzyme. Here, we characterized vDHBPS
with substrate Ru5P and substrate analog inhibitor 4PEH to
understand the structural basis for its inhibition.

Earlier, DHBPS structures complexed with Ru5P and non-
catalytic metal ions (Zn2�) have been determined to identify
the important amino acids that may be involved in the catalysis
(30, 36). Comparison of vDHBPS structures with different spe-
cies (E. coli, M. grisea, C. albicans, M. jannaschii, S. typhimu-
rium, M. tuberculosis, and S. pneumoniae) revealed their iden-
tical overall conformations (Table 1 and Fig. 7A) and the
conservation of amino acids that are involved in the catalytic
activity (Fig. 7B), suggesting a conserved mechanism of cataly-
sis for this enzyme. Moreover, it has been reported that the
binding of substrate Ru5P induces conformational changes
mainly in two loop regions (Loop1 and Loop2) of DHBPS (33).
Loop1 consists of about eight amino acid residues (from 34 to
41) and is conserved in almost all species (Fig. 7B). In general, it
has been observed that Loop1 of DHBPS is completely disor-
dered in its apo form, and upon substrate binding, it becomes
ordered and is found in a closed conformation, thereby stabi-
lizing the substrate (30 –33, 35). This is in contrast with C. albi-
cans DHBPS (34) where there is no change in the conformation
of Loop1 both in the presence and absence of the substrate, and
it is always found in an ordered and open conformation. This
observation is surprising because Loop1 is supposed to interact
with substrate Ru5P, thereby stabilizing it during catalysis.
Although this observed difference could be species-specific, it is
possible that in the case of yeast the substrate Ru5P has been
soaked with the DHBPS crystal where this conformational
change is probably restricted. In fact, we have shown in S. typhi-
murium DHBPS (35) that the binding of substrate Ru5P alone is
sufficient for the closing of Loop1 into an ordered conforma-
tion from a disordered form. Although the movement of Loop1
from an ordered open conformation to a closed conformation
upon substrate binding is speculated, no crystal structure
showing this effect is yet available. Here, we demonstrate that in
both the apo and phosphate-bound forms Loop1 of vDHBPS
exists in an ordered open conformation, and binding of sub-

strate Ru5P causes a change from an open to a closed confor-
mation. Therefore, the vDHBPS crystal structure is the first
structure per se that confirms the conformational change of
Loop1 from an ordered open to a closed conformation in the
presence of substrate. However, it is still unclear why in some
species Loop1 is disordered and in others it is in an ordered
open conformation despite the fact that the amino acid
sequence of this loop is almost conserved. Furthermore, in
DHBPS, Loop2 (residues from 82–98) has been observed in
either partially ordered or disordered conformations in the
absence of any metal ions except in the case of M. jannaschii
(33) where this loop is significantly large and observed in an
ordered conformation. However, binding of metal ions stabi-
lizes Loop2 in the same conformation in almost all species.
Although the conformations of Loop1 and Loop2 in the pres-
ence of substrate and/or metal ions are variable from species to
species, it appears that the closing of both loops is essential for
the catalytic activity of DHBPS as these loops in all species are
invariably observed in a closed and ordered conformation in the
presence of both substrate and metal ions (Fig. 7A). Moreover,
although substrate Ru5P shows different conformations in the
absence of metal ions from different species (Fig. 8A), its con-
formation is similar in all species in the presence of metal ions
(Fig. 8B). These results strongly suggest that catalytic activity of
DHBPS requires the closing of both Loop1 and Loop2 with
ordered conformations.

The analysis of DHBPS crystal structures complexed with
metal ions from different species revealed that the positions of
metal ions M1 and M2 are nearly conserved (Fig. 9). However,
in the case of M. jannaschii (33), the position of the M2 metal
ion is slightly different (M2�) as compared with the other struc-
tures. Earlier we reported (35) that this difference may be due to
the binding of substrate Ru5P because at that time only the M.
jannaschii DHBPS structure complexed with substrate and
metal ions was available. However, analysis of DHBPS crystal
structures complexed with metal ions from V. cholerae, S.
typhimurium (35), and M. grisea (32) indicates that the two
catalytic metal ions are almost conserved at the M1 and M2
positions (Fig. 9). The only exception is M. jannaschii (33) in
which the position of M1 is conserved, whereas M2 is observed
at the M2� position (Fig. 9). In fact, it has been speculated that
the first metal ion at M1 is sufficient to initiate the catalytic
reaction, and the second ion at the M2� position may be
involved in avoiding unproductive side reactions of highly reac-
tive intermediates (33). In M. jannaschii DHBPS, the interac-
tion of the metal ion at the M1 position is hexacoordinated and
similar to the E-Ru5P-Zn2� complex. However, the metal ion at
the M2� position interacts with DHBPS through somewhat lon-
ger bond lengths when compared with the M1 metal ion (33).
This observed change in the second metal ion position could be
specific to M. jannaschii, or it may be due to the presence of
Ca2� rather than Zn2�. Nevertheless, the proposed mechanism
requires (18) both metal ions to participate throughout the
catalysis by interacting with the intermediates (Fig. 1A). We
speculate that the active participation of metal ions with
the intermediates is more appropriate if the two metal ions are
positioned at M1 and M2 rather than M1 and M2�. However,
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more DHBPS structures are required to validate the position of
these metal ions, especially in the presence of Mg2�.

A complex reaction mechanism with several intermediates
has been proposed for the catalysis of DHBP formation (Fig. 1A)
based on experiments with 13C labeling of substrate (17, 18).
Briefly, the reaction starts with the abstraction of the C3 hydro-
gen atom of Ru5P (I) in concert with the donation of a proton to
the formation of 2,3-enediolate (II). The next step involves
dehydration of 2,3-enediolate, resulting in enol (III) formation.
The enol (III) is converted to 2,3-diketo form (IV) via an acid-
base ketonization process. The formation of V by 1,2-skeleton
rearrangement of IV is mediated by deprotonation of the C4
hydroxyl group of the substrate. The next step is hydration of V

by the Mg2�-associated water molecule to yield an aldehyde
intermediate (VI). The retro-aldol reaction of VI with proton
donation yields the enolate form of DHBP (VII). Finally, DHBP
is generated by protonation of the enolate by a Mg2�-activated
water molecule, giving correct stereochemistry (32, 33, 35) for
L-DHBP (VII).

Crystal structures of DHBPS from M. grisea complexed with
glycerol and metal ions (32) and an active site mutant of DHBPS
structure from M. jannaschii complexed with metal ions and
substrate Ru5P have revealed the amino acids involved in the
catalysis (33). The vDHBPS structure complexed with substrate
and metal ions essentially confirms the amino acids involved in
the catalysis as reported earlier (32, 33). In the E-Ru5P-Zn2�

complex, Ru5P exists in the 2-keto form along with metal ions
(I). The reaction cannot proceed further because it is generally
assumed that Zn2� and Ca2� ions are not strong enough as
Lewis acids, thus freezing the substrate in the 2-keto form (33).
Similarly, in the E-4PEH-Zn2� complex, the 4PEH also exists in
the 2-keto form bound with Zn2� ions. However, in the pres-
ence of magnesium ions, which are required for DHBPS cata-
lytic activity, the reaction may not able to form the enol (III)
intermediate (Fig. 1) because the hydroxylamine group will not
allow the dehydration of 2,3-enediolate, thus inhibiting the cat-
alytic activity of DHBPS. It is also possible that the 2,3-enedio-
late intermediate is not formed at all with 4PEH as the inhibitor
may exist as a stable hydroximate complex with Mg2�, which
would therefore not induce dehydration of the NOH group,
thus leading to inhibition (Fig. 10) of vDHBPS.

In summary, for the first time, we have characterized
vDHBPS, a potential antibacterial drug target involved in the
riboflavin biosynthesis pathway, with a competitive inhibitor,
4PEH. The structural characterization of vDHBPS along with
4PEH revealed that the inhibitor is bound to the active site and
offers insights into the mechanism of inhibition. Interestingly,
4PEH has also been shown to be a competitive inhibitor of
ribose-5-phosphate isomerase B from M. tuberculosis (60).
Taken together, 4PEH or its derivatives could be explored as a
potential drug molecule to combat the ever increasing drug-
resistant bacterial strains by inhibiting the essential riboflavin
biosynthesis pathway.

FIGURE 7. Comparison of vDHBPS with other homologs. A, superposition of crystal structures of DHBPS from V. cholerae (wheat), S. typhimurium (olive green),
M. tuberculosis (gray), M. jannaschii (purple), M. grisea (forest green), E. coli (brown), S. pneumoniae (orange), and C. albicans (deep teal). B, multiple sequence
alignment of vDHBPS. Sequences of DHBPS from known structures are aligned using Clustal Omega (61). The secondary structures are displayed on the top of
the alignment for vDHBPS. Identical residues are shown in white with a red background, whereas similar residues are shown in red. The figure was generated
through ESPript (62).

FIGURE 8. Comparison of conformations of Ru5P. A, superposition of Ru5P
from V. cholerae (yellow), S. typhimurium (green-cyan), and C. albicans (deep
teal) in the absence of metal ions. B, superposition of Ru5P and 4PEH in the
presence of metal ions (M1, M2, and M2�) from E-Ru5P-Zn2� (wheat), E-4PEH-
Zn2� (marine blue), and M. jannaschii (purple-blue).

FIGURE 9. Comparison of position of metal ions in DHBPS. Superposition of
two Zn2� (M1 and M2; gray) from E-Ru5P-Zn2�, one Zn2� (M1; gray), and one
Mg2� (M2; purple) from S. typhimurium and two Mg2� (M1 and M2; purple)
from M. grisea, one Zn2� (M1; gray), and one Ca2� (M2�; green) from M. jann-
aschii is shown. The Ru5P from E-Ru5P-Zn2� is shown in sticks for reference.
The M1 and M2 positions are observed in all three species, whereas M2� is
observed only in M. jannaschii.

FIGURE 10. Proposed mechanism of inhibition by 4PEH. Hydroxamic acids
can exist in hydroximic acid form or hydroximate following nitrogen depro-
tonation. The 4PEH may exist as a stable hydroximate complex with Mg2�

that is unable to induce dehydration of the NOH group and thus leads to
inhibition.
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