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ABSTRACT: The enzymes involved in the biosynthesis of riboflavin represent attractive targets for the
development of drugs against bacterial pathogens, because the inhibitors of these enzymes are not likely
to interfere with enzymes of the mammalian metabolism. Lumazine synthase catalyzes the penultimate
step in the riboflavin biosynthesis pathway. A number of substituted purinetrione compounds represent a
new class of highly specific inhibitors of lumazine synthase fromMycobacterium tuberculosis.To develop
potent antibiotics for the treatment of tuberculosis, we have determined the structure of lumazine synthase
from M. tuberculosisin complex with two purinetrione inhibitors and have studied binding via isothermal
titration calorimetry. The structures were determined by molecular replacement using lumazine synthase
from Saccharomyces cereVisiae as a search model and refined at 2 and 2.3 Å resolution. TheR-factors
were 14.7 and 17.4%, respectively, and theRfree values were 19.3 and 26.3%, respectively. The enzyme
was found to be a pentamer consisting of five subunits related by 5-fold local symmetry. The comparison
of the active site architecture with the active site of previously determined lumazine synthase structures
reveals a largely conserved topology with the exception of residues Gln141 and Glu136, which participate
in different charge-charge interactions in the core space of the active site. The impact of structural changes
in the active site on the altered binding and catalytic properties of the enzyme is discussed. Isothermal
titration calorimetry measurements indicate highly specific binding of the purinetrione inhibitors to the
M. tuberculosisenzyme with dissociation constants in micromolar range.

The prevalence of multiple-drug resistance in pathogenic
microorganisms is at a steadily increasing rate becoming a
major threat to human health around the world. An alarming
example is the worldwide increasing multidrug resistance
of Mycobacterium tuberculosis, a human pathogen, which
is responsible for the death of millions of people every year.
This disease has become such a public health threat that the
World Health Organization has declared a public health
emergency (1). The increasing incidence of antibiotic
resistance has brought a new sense of urgency to the
discovery and development of antibacterial drugs. The
antibiotics, however, that are currently available attack only
a handful of targets. As a consequence, the development of
drugs that act on new targets is urgently needed.

Among the known strategies for designing new antibiotics,
cofactor/coenzyme biosynthesis offers several important
advantages for drug development. Most of the known
microorganisms are strictly dependent on endogenous bio-
synthesis of cofactors, because they lack specific transport
proteins and are therefore devoid of efficient uptake systems
(2). The enzymes involved in cofactor biosynthesis pathways
represent very specific targets for antibacterial growth
inhibition, because these enzymes are usually not present in
the human or animal host.

Recent genomic studies have suggested that the riboflavin
biosynthesis pathway is essential for bothM. tuberculosis
andMycobacterium leprae(3). The development of inhibitors
against enzymes involved in riboflavin (vitamin B2) biosyn-
thesis opens a novel approach for the chemotherapy of
mycobacterial infections. Notably, flavoenzymes, which use
derivatives of riboflavin as their coenzyme, are indispensable
for electron transport reactions in all cellular organisms. The
enzyme targets of our interest are in the first line lumazine
synthase and riboflavin synthase because those enzymes are
well characterized in terms of structure and mechanism. It
should be noted that compounds interfering with the bio-
synthesis of folic acid, a vitamin characterized by many
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structural and biosynthetic similarities with riboflavin, have
a long and highly successful history as chemotherapeutic
agents.

Lumazine synthase (LS)1 and riboflavin synthase (RS) are
two enzymes in the riboflavin biosynthesis pathway, cata-
lyzing the formation of 6,7-dimethyl-8-(D-ribityl)lumazine
and riboflavin, respectively. LS catalyzes the penultimate step
of riboflavin biosynthesis, namely, the formation of 6,7-
dimethyl-8-(D-ribityl)lumazine (3) from 3,4-dihydroxy-2-
butanone 4-phosphate (2) and 5-amino-6-ribitylamino-2,4-
(1H,3H)-pyrimidinedione (1) (Figure 1). Sequences of
lumazine synthases from different organisms are 30-48%
similar, and these enzymes exist in at least two oligomer-
ization states (4, 5). The enzymes fromBacillus subtilis,
Aquifex aeolicus, Escherichia coli, and Spinacia oleracea
form icosahedral capsids that consist of 60 identical subunits
which can alternatively be described as dodecamers of
pentamers.B. subtilisalso forms a 1 MDa enzyme complex
consisting of the LS capsid and three RS subunits enclosed
in the central core. Several structures of empty capsids
obtained by recombinant DNA technology have been deter-
mined in native form as well as in complex with inhibitors
or substrate analogues (6-10). LS from Saccharomyces
cereVisiae, Schizosaccharomyces pombe, Brucella abortus,
Magnaporthe grisea, and M. tuberculosisassemble into
stable homopentamers with a topology very similar to that
of the pentameric modules in the icosahedral enzymes (7,
11-13). In all LS structures, the topologically equivalent

active sites are located at the interfaces between adjacent
subunits in the pentamer. By comparing inhibitor binding
data and considering structural constraints implied by the
geometry of the active site, Zhang et al. (9) have suggested
a catalytic mechanism which represents an extended and
refined version of the mechanism proposed previously by
Kis et al. (14). This mechanism consisted of the following
steps: substrate binding, nucleophilic attack, formation of a
Schiff base intermediate, phosphate elimination, and ring
closure. The involvement of conserved key residues, i.e.,
Phe22, Arg127, and His88, and the Lys135/Glu138 couple
of LS from A. aeolicushas been discussed on the basis of
structural proximity and activity measurements on mutants
of the highly homologous LS fromB. subtilis(9).

Our work on the structure-function relationships of
riboflavin biosynthetic enzymes as well as the potential of
riboflavin biosynthesis as a target for antibacterial therapy
has resulted in cooperative efforts concerning the design and
synthesis of a number of inhibitors of LS and RS (15-18).
At present, the kinetic inhibition constants and experimentally
determined structures of complexes with several substrate
analogue inhibitors, such as 5-nitroso-6-ribitylamino-2,4-
(1H,3H)-pyrimidinedione (7, 9), 5-nitro-6-ribitylamino-2,4-
(1H,3H)-pyrimidinedione (8, 12), and 5-[6-D-ribitylamino-
2,4(1H,3H)-pyrimidinedione-5-yl]-1-pentylphosphonic acid
(9, 13), and also of the product analogues 6,7-dioxo-5H-8-
ribitylaminolumazine and 3,7-hydroxy-8-ribityllumazine (9)
are available. To obtain inhibitors of potential value as
antibiotics, a series of ribitylpurinetriones bearing an alkyl
phosphate group were recently designed and synthesized
(19). These substances mimic a reaction intermediate of LS
that binds to the active site. The compounds were found to
be rather effective inhibitors for bothB. subtilisLS andE.
coli RS. Surprisingly, those purinetrione compounds showed
the highest affinity for LS fromM. tuberculosis(MbtLS)
with kinetic inhibition constants in the nanomolar range (19).
It is obvious that the inhibition effect of the ribitylpurinetri-
one phosphates is strongly dependent on the length of the
aliphatic linker between the purinetrione ring system and the
phosphate moiety.

To study in detail the binding of the potential MbtLS
inhibitors with the future aim of developing antibacterial
drugs directed againstMycobacterium, we have investigated
two complexes of MbtLS with 3-(1,3,7,9-tetrahydro-9-D-
ribityl-2,6,8-trioxopurin-7-yl)-1-propane 1-phosphate (TS-
44) and 3-(1,3,7,9-tetrahydro-9-D-ribityl-2,6,8-trioxopurin-
7-yl)-1-butane 1-phosphate (TS-70) by X-ray crystallography.
In this paper, we present the results of the structure
determination, the comparison of MbtLS with the previously
known structures of lumazine synthases from different
species, and the results of calorimetric binding studies.

MATERIALS AND METHODS

Molecular Biology and Enzymatic Methods.5-Amino-6-
ribitylamino-2,4(1H,3H)-pyrimidinedone and 6,7-dimethyl-
8-ribityllumazine were synthesized by published procedures
(20, 21). Recombinant 3,4-dihydroxy-2-butanone 4-phos-
phate synthase ofE. coli (22) was used for preparation of
3,4-dihydroxy-2-butanone 4-phosphate (23). Restriction en-
zymes were from New England Biolabs (Schwalbach,
Germany). T4 DNA ligase was from Gibco BRL (Eggen-

1 Abbreviations: MbtLS,M. tuberculosislumazine synthase; LS,
lumazine synthase; RS, riboflavin synthase; TS-44, 3-(1,3,7-trihydro-
9-D-ribityl-2,6,8-purinetrion-7-yl)propane 1-phosphate; TS-70, 3-(1,3,7-
trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl)butane 1-phosphate; ITC,
isothermal titration calorimetry.

FIGURE 1: Biosynthesis of riboflavin: (1) 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione, (2) 3,4-dihydroxy-2-butanone 4-phos-
phate, (3) 6,7-dimethyl-8-ribityllumazine, and (4) riboflavin.
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stein, Germany). Taq Polymerase was from Finnzyme
(Epsoo, Finland). DNA fragments were purified with the
QIAquick PCR purification kit from Qiagen (Hilden, Ger-
many). Oligonucleotides were custom-synthesized by MWG
Biotech (Ebersberg, Germany).

Strains and Plasmids. Bacterial strains and plasmids used
in this study are summarized in Table 1.

Restriction Enzyme Digestion of DNA. DNA was digested
at 37°C with restriction enzymes in reaction buffers specified
by the supplier. The digested DNA was analyzed by
horizontal electrophoresis in 0.8 to 3% agarose gels.

Enzyme Assay. The assay for lumazine synthase was
performed as described previously (24).

Estimation of Protein Concentrations. Protein concentra-
tions were estimated by the modified Bradford procedure
reported by Read and Northcote (25).

Gene Synthesis. The overlapping oligonucleotides MT-
LS-1 and MT-LS-2 were annealed, and a double-stranded
DNA segment of 108 bp was obtained by DNA polymerase
treatment. In a sequence of five PCR amplifications using
that oligonucleotide as a template, the oligonucleotides listed
in Table 2 were used pairwise (starting with MT-LS-3 and
MT-LS-4) for the elongation of each prior amplificate. The
final 510 bp amplificate was digested withEcoRI andBamHI
and ligated into the pNCO113 plasmid, which had been
treated with the same restriction enzymes. The resulting
plasmid designated pNCO-MT-LS was transformed intoE.
coli XL1-Blue cells by published procedures (26). Trans-
formants were selected on LB agar plates supplemented with
ampicillin (170 mg/L). The plasmid was re-isolated and
transformed intoE. coli M15[pREP4] cells (27) carrying the
pREP4 repressor plasmid for the overexpression of thelac
repressor protein. Kanamycin (15 mg/L) and ampicillin (170
mg/L) were added to secure the presence of both plasmids
in the host strain.

SDS-Polyacrylamide Gel Electrophoresis. Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis was per-

formed as described by La¨mmli (28). Molecular weight
standards were supplied by Sigma (Munich, Germany).

Analytical Ultracentrifugation. Experiments were per-
formed with an Optima XL-A analytical ultracentrifuge from
Beckman Instruments (Palo Alto, CA) equipped with ab-
sorbance optics. Aluminum double-sector cells equipped with
quartz windows were used throughout. The partial specific
volume was estimated from the amino acid composition (29).
The protein concentration was monitored photometrically at
280 nm. For boundary sedimentation experiments, a solution
containing 100 mM potassium phosphate (pH 7.0) and 2.3
mg/mL protein was centrifuged at 59 000 rpm and 20°C.
Sedimentation equilibrium experiments were performed with
a solution containing 0.76 mg of protein per milliliter of 100
mM potassium phosphate (pH 7.0).

Purification. All purification steps were performed at 4
°C. Frozen cell mass (20 g) was thawed in 100 mL of 50
mM potassium phosphate (pH 7.0) containing 0.5 mM EDTA
and 1.0 mM DTT (buffer A). The suspension was subjected
to treatment with a French press and was then centrifuged.
The supernatant was passed through a column of Q-
Sepharose Fast Flow (2 cm× 18 cm) (Amersham Pharmacia
Biotech, Freiburg, Germany) pre-equilibrated with buffer A
(flow rate of 5 mL/min). The column was washed with 100
mL of buffer A and developed with a linear gradient of 0 to
1.0 M potassium chloride in buffer A (total volume of 700
mL). Lumazine synthase was eluted from 310 to 370 mL.
The enzyme fraction was brought to a concentration of 1 M
ammonium sulfate by slow addition of an equal volume of
2 M ammonium sulfate in buffer A. The solution was passed
through a column of octyl-Sepharose 4 FF (1.5 cm× 12
cm) (Amersham Pharmacia Biotech) pre-equilibrated with
1 M ammonium sulfate in buffer A (flow rate of 5 mL/min).
The column was washed with 40 mL of 1 M ammonium
sulfate in buffer A and developed with a decreasing linear
gradient of 1.0 to 0 M ammonium sulfate in buffer A (total
volume of 300 mL). Fractions were combined, concentrated
by ultrafiltration, and brought to a concentration of 1 M

Table 1: Bacterial Strains and Plasmids

relevant characteristics ref

E. coli strain
XL1-Blue recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, lac[F′, proAB, lacIqZ∆M15, Tn10(tetr)] 26
M15[pREP4] lac, ara, gal, mtl, recA+, uvr+, StrR, (pREP4: KanR, lacI) 27

expression plasmid
pNCO113 expression vector 27
pNCO-MT-LS expression plasmid for the overexpression of the gene encoding the

lumazine synthase fromM. tuberculosis
this study

Table 2: Oligonucleotides Used for the Construction of the Synthetic Gene Encoding the LS fromM. tuberculosis

designation sequence (5′ to 3′)
MT-LS-1 tgttgtagctcaagaactcgctcgtaatcatgatgctgttgtagcacttggtgttgtaatccgtggtc
MT-LS-2 gggttacagcatcgcaaacgtagtcgaaatgtggagtttgaccacggattacaacaccaagtgctacaac
MT-LS-3 ggtctcgatgaccctactgtagttcgtgttctcggtgcaatcgagattcctgttgtagctcaagaactcgctc
MT-LS-4 agcgataggcgtagaggaatccagagatacacggtcagaccttgggttacagcatcgcaaacgtagtc
MT-LS-5 gtgacgctctgctcgacggtgctcgtaaagttgctgccggttgtggtctcgatgaccctactgtagttc
MT-LS-6 ccagagcttgctcttcggtgttagtggtcagtacaccgttagcgataggcgtagaggaatccag
MT-LS-7 gttcgtctggctattgttgctagctcttggcatggtaaaatctgtgacgctctgctcgacggtgctcg
MT-LS-8 agcttgggcacctttgtcttcagcagacgtcgggagacccgcacgatccagagcttgctcttcggtgttag
MT-LS-9 atgcctgatctgccttctctcgatgcttctggtgttcgtctggctattgttgctagc
MT-LS-10 cacgcagggtcaatgcggtagcgagggctgcaacagtagcttgggcacctttgtcttcagc
MT-LS-11 ataatagaattcattaaagaggagaaattaactatgcctgatctgccttctctcgatg
MT-LS-12 tattatggatccttaagagtgagcacgcagctcacgcagggtcaatgcggtagcgag
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ammonium sulfate in buffer A. The solution was passed
through a column of phenyl-Sepharose FF 16/10 (Amersham
Pharmacia Biotech) pre-equilibrated with 1 M ammonium
sulfate in buffer A (flow rate of 3 mL/min). The column
was washed with 100 mL of 1 M ammonium sulfate in buffer
A and developed with a linear gradient of 1.0 to 0 M
ammonium sulfate in buffer A (total volume of 100 mL).
The enzyme was eluted from 75 to 82 mL. Fractions were
combined, concentrated by ultrafiltration, and dialyzed
against 100 mM potassium phosphate (pH 7.0) containing
0.5 mM EDTA and 1 mM DTT (buffer B). The solution
was passed through a column of Superdex 200 HiPrep 26/
10 (Amersham Pharmacia Biotech) which had been equili-
brated with buffer B (flow rate of 3 mL/min). The column
was developed with 360 mL of buffer B. The enzyme was
eluted from 210 to 240 mL. Fractions were combined,
concentrated by ultrafiltration, and transferred to 100 mM
potassium phosphate (pH 7.1) containing 1 mM DTT (buffer
C). According to SDS-PAGE, the protein sample contained
less than 3% impurities.

Crystallization.MbtLS was crystallized in the presence
of two inhibitor compounds 3-(1,3,7-trihydro-9-D-ribityl-
2,6,8-purinetrione-7-yl)propane 1-phosphate (TS-44) and
3-(1,3,7-trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl)butane
1-phosphate (TS-70). The crystals were obtained in sitting
drops by the vapor diffusion technique with the following
macroseeding procedure: 1µL of protein solution (8 mg/
mL) containing 50 mM potassium phosphate buffer (pH 7.0)
and 1 mM DTT was mixed with 1µL of a 4 mM inhibitor
solution and 2µL of the reservoir solution containing 100
mM ADA [ N-(2-acetamido)-2-iminodiacetic acid] buffer at
pH 6.4, 3.5 M potassium acetate, and 50 mM DTT. Small
crystals appeared after 3-4 days and were used as seeds for
macroseeding. Small single crystals were transferred to drops,
containing 1µL of protein solution and 1µL of inhibitor
solution, under the same conditions as in the original drops
with 2 µL of a solution containing 100 mM ADA (pH 6.4),
50 mM DTT, 2 M potassium acetate, and 8-10% MPD.
After equilibration of the drops for 2-3 weeks against the
reservoir solution, the seeds grew to a size of 0.4 mm× 0.3
mm × 0.2 mm. Additional crystals appeared around the
initial seed. All crystals were of sufficient quality for X-ray
data collection.

Data Collection. Two X-ray intensity data sets for
complexes of MbtLS with TS-44 and of MbtLS with TS-70
were collected on a MAR Research 345 Image plate detector
system (DESY synchrotron beamline BW7B at the EMBL
Outstation, Hamburg, Germany) at 100 K each from a single
crystal using the reservoir solution as a cryoprotectant. Each
data set was obtained at a wavelength of 0.85 Å and an
oscillation range 1°. Space group and cell parameters were
determined using the auto-indexing routine in DENZO (30)
and have been checked with pseudoprecession images
generated with Pattern (31). The X-ray data were evaluated
and scaled with DENZO and SCALEPACK (30). Statistics
of the data collection are given in Table 3.

Structure Determination.To determine the local symmetry
in the asymmetric unit, self-rotation functions were calculated
for both data sets using MOLREP (32) at 4 Å resolution
with an integration radius of 30 Å. The search was carried
out for ø angles of 180°, 120°, 90°, and 72° to check for the
presence of 2-, 3-, 4-, and 5-fold axes, respectively. Ten

peaks with a signal-to-noise ratio higher than 5σ were found
for the ø angle of 180°, and only one peak with the same
ratio was found atø of 72°. No other peaks with a signal-
to-noise ratio higher than 1.5σ were found in the list of self-
rotation correlation maxima. Thus, theø angles of the local
symmetry axes supported the pentameric organization of the
protein subunits.

To determine the position and orientation of the pentameric
MbtLS molecule, the structure of a pentamer ofS. cereVisiae
LS (13) was used as a search model with all nonconserved
residues replaced with alanine [Protein Data Bank (PDB)
entry 1EJB].

The cross-rotation and translation search was conducted
with AMORE as implemented in the CCP4 program package
(32). A cross-rotation function was calculated in the resolu-
tion range of 15-4 Å with an integration sphere radius of
30 Å. From the list of correlation peaks with a possible
orientation of the pentamer, the 10 highest peaks were used
for the translation search, giving a correlation coefficient of
31.8%. The next highest peak had a correlation coefficient
of 23.2%. After rigid body refinement, only one pentamer
orientation was found with anR-factor of 53.4% and a
correlation coefficient of 44.4%. Examination of the crystal
packing with O (33) demonstrated reasonable crystal-
lographic contacts of two pentamers around the crystal-
lographic 2-fold axis. The asymmetric unit was found to
contain only one pentamer with a corresponding Matthews
coefficient of 2.4 Å3/Da and 48% solvent content (34). The
refined structure of the MbtLS-TS-44 complex was suc-
cessfully used as a search model for the molecular replace-
ment search of MbtLS in the data set of the MbtLS-TS-70
complex.

Table 3: Data Collection and Refinement Statistics

MbtLS-TS-44 MbtLS-TS-70

data collection
resolution limit (Å) 2.0 2.3
no. of observed reflections 108126 71430
no. of unique reflections 52169 33902
highest-resolution shell (Å) 2.02-2.00 2.33-2.3
overall completeness (%) 99.4 98.0
completeness of the highest-resolution

shell (%)
99.0 94.4

overallI/σ 10.26 8.02
last shellI/σ 3.8 5.6
overallRsym (%)a 8.6 9.6
highest-resolution shellRsym (%) 51.4 62.0

refinement
no. of non-hydrogen protein atoms 5294 5283
no. of non-hydrogen inhibitor atoms 145 (29× 5) 150 (30× 5)
no. of non-hydrogen ion atoms 81 37
no. of solvent molecules 631 469
resolution range (Å) 19.92-2.0 25.5-2.3
overallRcryst (%)b 14.7 17.4
Rfree (%)c 19.3 26.8

Ramachandran plot
most favorable regions (%) 92 93.7
allowed regions (%) 7.8 6.1
disallowed regions (%) 0.2 0.2

rms standard deviation
bond lengths (Å) 0.12 0.020
bond angles (deg) 1.810 1.901

averageB-factor (Å2) 13.48 11.49

a Rsym ) ∑i|Ii - 〈Ii〉|/∑i|〈Ii〉|, whereIi is the scaled intensity of the
ith observation and〈Ii〉 is the mean intensity for that reflection.b Rcryst

) ∑hkl||Fobs| - |Fcalc||/∑hkl|Fobs|. c Rfree is the cross-validationR-factor
computed for the test set of 5% of the unique reflections.
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Refinement.The initial pentameric model was subjected
to rigid body refinement conducted with CNS (35). Each of
the five subunits was considered a rigid group. Two cycles
of refinement, 250 steps each, with applied restrained non-
crystallographic symmetry using data from 20 to 3 Å reduced
the R-factors (Rfree) from 51.8 (53.8%) to 51.3% (52.5%).
The resulting coordinates were used to calculate an initial
2|Fo| - |Fc| electron density map. Solvent flattening,
histogram matching, and 5-fold noncrystallographic averag-
ing were applied to the initial electron density with DM as
implemented in the CCP4 package (32) The mask covering
one subunit was calculated with NCSMASK (32), and the
noncrystallographic symmetry operators were improved after
every cycle of averaging. This procedure dramatically
improved the quality of the electron density map and allowed
the building of almost all residues that had been replaced
with alanine in the original model. The electron density for
the inhibitor was clearly visible in the averaged map.

Further refinement using the TLS option and model
building were carried out with REFMAC5 (32) and O (33),
respectively. The progress of refinement was monitored by
theRfree with 5% of the data set aside from the calculations.
Five protein subunits and later five inhibitor molecules were
assigned as separate TLS groups. The molecular model for
the inhibitor was generated with O and the Monomer Library
Sketcher (32). The dictionaries and libraries needed for the
rebuilding and refinement were prepared by HIC-Up (36).
The optimization of the geometric parameters was performed
with CNS. After inclusion of the bound inhibitor and
subsequent refinement of the protein models, theR-factor
was reduced to 22.3% (Rfree ) 26.4%). At this stage, solvent
molecules were added with the help of ARP/WARP as
implemented in the CCP4 package. In addition to 5 MbtLS
subunits and 5 TS-44 molecules, a total of 631 water
molecules, 13 K+ ions, 6 DTT molecules, and 5 acetate ions
were built into the|Fo| - |Fc| map during several cycles of
ARP/WARP, REFMAC5 refinement and manual rebuilding
with O. The values of the finalRcryst andRfree are 14.7 and
19.3%, respectively. Details of the refinement statistics are
presented in Table 3.

The structure of MbtLS in complex with inhibitor TS-70
was determined by molecular replacement with the MbtLS
pentamer as a search model. Rigid body refinement, solvent
flattening, averaging, and refinement were performed using
a protocol similar to the one used for the MbtLS-TS-44
structure. The final model consists of 5 protein subunits, 5
inhibitor molecules, 469 water molecules, 13 K+ ions, 4
acetate ions, and 1 DTT molecule. The finalRcryst value is
17.4%, and theRfree value is 26.3% at 2.3 Å resolution. The
refinement statistics are presented in Table 3.

Purinetrione Inhibitors.3-(1,3,7-Trihydro-9-D-ribityl-2,6,8-
purinetrion-7-yl)propane 1-phosphate (TS-44) and 3-(1,3,7-
trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl)butane 1-phosphate
(TS-70) were prepared as described elsewhere (19).

Isothermal Titration Calorimetry.Calorimetric measure-
ments were carried out using a VP-ITC MicroCalorimeter
(MicroCal, Inc., Northampton, MA). The reference cell was
filled with water, and the instrument was calibrated using
standard electrical pulses. All solutions were carefully
degassed by stirring under vacuum before use. The binding
isotherms of both ligands were measured by direct titration.
A solution of MbtLS (0.002-0.06 mM) in 50 mM potassium

phosphate buffer (pH 7.08) was titrated at 30°C with 25
identical 3µL injections at 2 min intervals. The syringe was
filled with 1.6-2.2 mM inhibitor dissolved in the same
buffer. The heat evolved after each injection was obtained
from the integral of the calorimetric signal. The measured
heat was obtained as a difference between the heat of binding
and the corresponding heat of dilution. All data were
evaluated with Microcal ORIGIN50 (Microcal Software).
The association constants (Ka), binding enthalpy (∆H), and
stoichiometry (n) were obtained by fitting the data to standard
equations for the binding using a model for sequential
binding sites as implemented in Microcal ORIGIN50. The
binding entropy (∆S) and free energy (∆G) of the binding
were calculated from the basic thermodynamic equations
(∆G ) -RT ln K) and the Gibbs-Helmholtz equation (∆G
) ∆H - T∆S).

RESULTS AND DISCUSSION

Cloning, Expression, and Purification.The hypothetical
open reading frame (GenBank accession number E70902)
of M. tuberculosis, which predicts a protein of 154 amino
acid residues that are 46% identical to those of lumazine
synthase ofA. aeolicus, was amplified by PCR and was
cloned into the pNCO113 expression vector. A recombinant
E. coli strain carrying the resulting plasmid failed to produce
significant amounts of the cognate protein. We therefore
constructed a synthetic gene that was optimized for expres-
sion of theM. tuberculosisgene inE. coli by stepwise PCR
elongation using six oligonucleotide pairs as primers. The
synthetic DNA segment was cloned into the pNCO113
plasmid, and its sequence was verified by dideoxy termina-
tion sequencing. The sequence has been deposited in the
GenBank (accession number AY730463).

A plasmid harboring the synthetic gene under the control
of a T5 promoter and alac operator directed the abundant
synthesis of a protein with an approximate mass of 15.9 kDa
in a recombinantE. coli strain. The recombinant protein was
purified and appeared to be homogeneous as judged by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

The enzyme sediments at an apparent velocity of 4.8 S at
20 °C. Orthologous lumazine synthases with pentameric
structure from the yeastsSc. pombeandS. cereVisiae have
been reported to sediment at similar rates of 5.0 and 5.5 S,
respectively (37, 38). Sedimentation equilibrium experiments
indicated a molecular mass of 79 kDa using a model of an
ideal monodisperse solution for calculation. The calculated
subunit molecular mass of 15 901 Da implicates a pentamer
mass of 79.5 kDa, in good agreement with the experimental
data.

Crystallization, Data Collection, and Structure Determi-
nation. The first crystallization trials were performed with
protein dissolved in Tris hydrochloride at pH 7.0 without
any inhibitors. These attempts only yielded badly shaped
crystals, which however could be used later as macro seeds
for the cocrystallization of MbtLS with inhibitors. Using the
macroseeding procedure described in Materials and Methods,
well-shaped crystals with maximum dimensions of 0.4 mm
× 0.3 mm× 0.2 mm were obtained 2-3 weeks after seeds
had been added to the pre-equilibrated drop. The space group
was determined to be monoclinicC2 for both complexes with
slightly different cell dimensions:a ) 131.3 Å,b ) 80.7
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Å, c ) 86.2 Å, R ) γ ) 90°, and â ) 120.3° for the
MbtLS-TS-44 complex anda ) 131.4 Å,b ) 80.8 Å,c )
86.0 Å, R ) γ ) 90°, andâ ) 120.2° for the MbtLS-TS-
70 complex. The asymmetric unit contained one pentamer.

Both structures were determined by molecular replacement
at 2.0 and 2.3 Å resolution, respectively. The self-rotation
function calculated with MOLREP revealed clear evidence
for 5-fold particle symmetry. Theø ) 72° section indicated
a 5-fold axis lying in thea-c plane at 58° inclination with
respect to thea axis. Theø ) 180° section indicated two
sets of 2-fold, generated by the interaction of crystallographic
and noncrystallographic symmetry operations. They are
perpendicular to the 5-fold, one set of five peaks with a
height of 37.8% and an angle of 36° between them as well
as a second set of five peaks with a height of 17.9% and, as
in the first set, with a 36° angle between the peaks. An angle
of 18° was found between the neighboring peaks from both
sets (Figure 2). This pattern of correlation peaks was well
in line with the assumption of one pentamer in the asym-
metric unit and showed that the 5-fold axes of the four
pentamers in the unit cell are parallel. The correlation
between the peaks in self- and cross-rotation functions
confirmed the correct orientation of one pentamer in the
asymmetric unit. Assuming one pentamer per asymmetric
unit, the calculated Matthews coefficient appears to be 2.4
Å3/Da with a respective solvent content of 48%.

MbtLS-TS-44 Complex.The cross-rotation and translation
search performed in the MbtLS-TS-44 data set with the
polyalanine model yielded a single dominant solution with
good packing in the crystal lattice. The packing is character-
ized by face-to-face contact of two pentamers sharing a
common 5-fold symmetry axis. This kind of contact is
reminiscent of a similar packing interaction that was observed
between pentamers in crystals ofS. cereVisiaeLS (13). The
R-factor after rigid body refinement with noncrystallographic
restraints and one monomer defined as a rigid body was
51.3% (Rfree ) 52.5%). The initial electron density map
calculated at that stage was well-defined for a major part of
the main polypeptide chains of five subunits. Ten cycles of
solvent flattening followed by 5-fold noncrystallographic
averaging with DM improved the map dramatically and
allowed the building of all side chains of the MbtLS sequence
which had earlier been replaced with alanine residues. The
electron density of the first 14 N-terminal residues was

invisible for all five subunits and remained undefined
throughout the refinement. The model was rebuilt and refined
with isotropic B-factors during several cycles until the
R-factor reached a value of 22.3% (Rfree ) 26.4%). The
electron density of the inhibitor was very well defined, and
the inhibitor molecule was built after all side chains, for
which there was interpretable density, had been introduced
and refined. At the final stage of refinement, water molecules,
potassium ions, acetate ions, and DTT molecules were
incorporated into the model and refined. The finalR-factor
was 14.7%, and the finalRfree was 19.3%.

The analysis of the final model with PROCHECK showed
92% of the residues in the most favored regions and 7.8%
in the additional allowed regions of the Ramachandran plot.
The final pentamer model corresponding to one asymmetric
unit contained 5294 protein atoms, 5 inhibitor molecules,
631 water molecules, 13 potassium ions, 5 acetate ions, and
6 DTT molecules. Fourteen N-terminal residues remained
untraceable in all five subunits. The electron density of
residues Asp49, Asp50, Glu122, and Glu123 was rather
diffuse with B-factors of up to 30 Å3, indicating multiple
conformations.

MbtLS-TS-70 Complex.The structure determination of
the MbtLS-TS-70 complex was performed using a similar
protocol with the MbtLS-TS-44 structure as a search model.
The inhibitor molecule as well as potassium and acetate ions
was removed from the model. The molecular replacement
search yielded an unambiguous solution. After rigid body
refinement, solvent flattening, and noncrystallographic 5-fold
averaging, the electron density was of very good quality.
Most side chains with the exception of the 15 N-terminal
residues were clearly visible. The side chains for Asp49,
Asp50, Glu122, and Glu123 again appeared to be rather
diffused. The TS-70 molecules were clearly visible in each
active site as well as 13 potassium ions at the same places
as in the MbtLS-TS-44 complex. Because of a lower
resolution, only 4 acetate ions, 1 DTT molecule, and 469
water molecules could be incorporated into the final electron
density map. The refinement with individual isotropic
B-factors reduced theR-factor to 17.3% andRfree to 26.8%.
The conformations of 92% of the polypeptide bonds were
found in the most favored region and 8% within the
additionally allowed regions.

Structural Comparison.MbtLS as well as all other known
LS orthologues belong to the family ofR/â proteins with
R/â/R sandwich topology (Figure 3). The overall topology
of this fold isâ2R1â3R2â4R3â5R4R5, with R2/R3 andR1/
R4/R5 forming the flanking helices andâ2â3â4â5 the central
â-sheet. In icosahedral LSs (LSs fromB. subtilis, A. aeolicus,
and Sp. oleracea), the first eight N-terminal residues are
known to build an extra fifthâ-strand of the centralâ-sheet
of the adjacent subunit, but they have a flexible conformation
in the pentameric enzymes. In a LS sequence comparison,
the presence of at least one proline among the first 10
residues in the pentameric enzymes and an absence of proline
in this sequence region in the icosahedral oligomers were
noted (7). It was proposed that the geometry of the Pro
residue does not allow a proper alignment of the fifthâ strand
to the adjacent subunit and thus prevents LS containing a
Pro in this area from forming icosahedral assemblies (Figure
4). The loop connectingR1 with â3 is exposed to the bulk
solvent. It is the shortest among all known structures and

FIGURE 2: Stereogram plots of the self-rotation functionø ) 180°
(a) andø ) 72° (b) sections. The radius of integration was 30 Å,
and the resolution limits were 20-4.0 Å. Polar angles are defined
as implemented in the CCP4 package (32). Contour lines are drawn
from 10.0σ in steps of 6σ. The plot was generated with MOLREP
as implemented in the CCP4 program package.
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possesses almost no sequence similarity with other LS
sequences. It is stabilized by formation of two hydrogen
bonds between main chain carbonyl oxygens and amide
nitrogens in the Ala43-Leu48 and Ala44-Gly47 pairs. The
first H-bond is well conserved in some of the known
structures (PDB entries 1RVV, 1KYV, 1C41, and 1HQK),
but the second one is hitherto only observed in MbtLS.

The loop betweenR2 andâ4 is also shortest in MbtLS in
comparison to the other known LS structures. The sequence
does not show any homology in this area, but insertions of
different lengths are observed in all known LSs, the longest
one consisting of 36 residues inM. grisea (7). In MbtLS,
this loop participates in the face-to-face contact with the
adjacent pentamer by forming the Arg71-Glu68′ salt bridge.

Theâ-hairpin loop connectingR4 andR5 is known as an
essential region for the formation of the icosahedral capsid.
In all LS structures which assemble to icosahedral particles,
this loop comprises the rather conserved G(T/G)K(A/H)GN
motif. In the pentameric enzymes, however, the loop shows
different lengths with an insertion of up to four residues and
adopts different conformations. In this loop region, the
MbtLS sequence differs from sequences forming icosahedral
LSs by four residues, whereas the structural alignment shows

that this loop differs from the corresponding loop in the
icosahedral ones by only two residues. InB. abortusLS,
the insertion forms a part of a continuous helix with no
multiple contacts with the neighboring pentamer, but it still
prevents the isocahedral assembly (11). In this respect,B.
abortusLS deviates from all other known pentameric LS
structures. The conformation of the loop in MbtLS is
stabilized by five hydrogen bonds formed between main and
side chain atoms inside the loop. Its orientation is strictly
fixed by three hydrogen bonds between main and side chain
atoms with residue Asp127 from helixR4. The alignment
of three MbtLS subunits with a trimer of the icosahedralB.
subtilisLS revealed that even the short two-residue insertion
is enough to produce a clash with the loop connecting strand
â2 and helixR1 in the adjacent subunit. Interestingly, the
four-residue addition in this loop inA. aeolicusLS resulted
in the formation of largeT ) 3 icosahedral particles but not
in the disassembly ofT ) 1 icosahedrons to pentamers (X.
Zhang et al., unpublished results).

Thirteen peaks of strong spherical electron density over
5σ were found in the|Fo| - |Fc| electron density map and
were interpreted as potassium ions because of the high
concentration of potassium acetate (3.5 M) used as a
precipitating agent during the crystallization. Each subunit
coordinates two K+ ions. Every pair of subunits, connected
by a local 2-fold axis, generated by the interaction of
crystallographic and noncrystallographic symmetry opera-
tions, shares one K+ ion, and two subunits connected by a
crystallographic 2-fold axis share one K+ ion, too (Figure
3). Both K+ ions found inside the monomer exhibit a slightly
distorted octahedral coordination provided by three or four
main chain and side chain oxygen atoms and two or three
water molecules, respectively, with an average distance of
2.85 Å. One potassium ion is found to make two contacts
with the main chain oxygen atoms of Ala70 and His73 in
the loop linking helixR2 and strandâ4 and one contact with
the side chain OG1 atom from Thr110 in the loop between
helix R3 and strandâ5. The other K+ ion stabilizes the
conformation of the loop that connects helicesR4 andR5.
It makes two contacts with main chain oxygen atoms of
Ala129 and Gly130 and one contact with the carboxyl
oxygen of Asp137. The fourth contact of this K+ ion is
formed with the main chain oxygen of Ala34 from helixR1.
The potassium ion located on the 2-fold axis is liganded
symmetrically by two main chain oxygens of each subunit
with a distance of 3 Å from the metal ion and two water
molecules in addition to the octahedral coordination.

Pentamer Assembly.MbtLS belongs to the class of
pentameric LSs in contrast to the other icosahedral LSs. The
pentameric nature of MbtLS was shown by analytical
ultracentrifugation and confirmed by the structural investiga-
tion presented in this paper (Figure 5). The central left-
handed twisted superhelix channel, with a length of 30 Å
and a smallest diameter of 8.6 Å, is formed by theR3 helices
arranged around the 5-fold axis. Hydrophilic residues
Asp107, Arg103, and Asp95 and polar residues Tyr95 and
Gln99 expose their side chains to the channel and participate
in hydrogen bond network formation with water molecules.
A salt bridge between Arg103 and Asp107 is stabilizing one
of the entrances, while the opposite one is stabilized by
hydrophobic residues Pro88 and Phe90 and polar residue
Tyr92. In the crystal structure, the channel is filled with water

FIGURE 3: Secondary structure alignment of one subunit of
lumazine synthase fromM. tuberculosis (MbtLS) (red) with
lumazine synthases fromS. pombe(pink), S. cereVisiae (yellow),
B. abortus(brown), M. grisea (orange),B. subtilis (violet), A.
aeolicus(cyan), andSp. oleracea(green). The secondary structure
elements are assigned with respect to the MbtLS structure and
labeled according toB. subtilis lumazine synthase (6, 8). Blue
spheres represent K+ ions. Black arrowheads mark the loops, which
show the structural differences. This figure was generated with
PYMOL (41).
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molecules. The structural superposition of theR3 helices
from eight known LS structures reveals a highly conserved
arrangement with an rms deviation of 0.628 Å inM. grisea
LS and 1.293 Å withB. abortusLS. However, sequence
homology shows that none of the residues ofR3 helices is
conserved in all LSs. The alignment of the whole pentamers
with the exception of 15 N-terminal residues indicates a
tendency toward increasing structural differences between
pentamers extending from the central channel to the periph-
eral parts. The rmsd between the remaining parts of the
MbtLS pentamer and LSs from different organisms varies
from 0.999 in M. grisea LS up to 1.402 in LS fromB.
abortus.

Inhibitor Binding Mode.The active site of all LSs known
at present is located at the interface between two neighboring
subunits in the pentameric assembly. The overall conforma-
tion of the MbtLS active site is very similar to those of the
active sites of other LSs. All five substrate-product binding
pockets within a pentamer have the same overall topology.

It is formed by the residues from threeâ-loops connecting
strandsâ2-â4 to helicesR1-R3 (residues 26-28, 58-61,
and 81-87, respectively) from one subunit as well as
residues 128-141 from helicesR4 and R5 and residue
Asn114 from strandâ5 of the neighboring subunit (Figure
6). There are in total 20 hydrogen bonds and 2 ionic contacts
through which the TS-44 molecule is bound to the two
subunits forming the active site: 7 contacts are made with
one subunit, 4 made with the second one, and 11 contacts
mediated by water molecules (Figure 6a,c). The heteroaro-
matic ring systems of both inhibitors are effectively packed
in the hydrophobic part of the active site formed by Trp27,
Ile60, Val81, Val82, Ile83, Phe90, and Val93 of one subunit.
The purinetrione rings are located in a stacking position with
the aromatic ring system of Trp27 3.5 and 4.5 Å from the
side chains of Val83 and Val93, respectively, from the other
sides of the cavity. The hydrophobic environment is highly
conserved in all known LS active sites with respect to the
equivalent substitutions of the hydrophobic residues; in

FIGURE 4: Sequence alignment of eight lumazine synthases with known structure. The residues involved in formation of the active site are
colored red; putative residues, which may prevent icosahedral assembly, are colored magenta, and residues thought to be responsible for
the specificity of lumazine synthase fromM. tuberculosis(MbtLS) are colored cyan. Secondary structure elements are shown above the
sequences as they are found in MbtLS. Sequence alignment was performed with CLUSTAL W (42).
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particular, Trp27 is often replaced with Phe and Val93 can
be replaced with Ile. It is important to note that this cavity
in MbtLS is lacking the offset stacking aromatic interaction
observed in almost all known LSs between Trp57/Phe/Tyr
and Phe113/Leu (A. aeolicusLS numbering) as a result of
substitution by Ile60′ and Asn114′, respectively. The hydro-
phobic interaction of the purinetrione rings is supported by
hydrogen bonds formed between the main chain O atom of
Val81 and N3 from purinetrione rings, the main chain N
atom of Ala59 and O2 of purinetrione, the main chain N
atom of Val81 and the main chain O atom of Trp27 mediated
by Wat25 with O2, and the NE2 atom of His28 and the main
chain O atom of Ile83 with O4 mediated by Wat202. A
schematic diagram of protein-inhibitor interactions is pre-
sented in Figure 6a,c. The carbonyl O6 of the purinetrione
ring is fixed by a unique H-bond with the amide NZ atom
of Lys138′ with a distance of 3.03 Å. This Lys is conserved
in many LSs; however, in some LSs, it is replaced with His.
Usually, this residue adopts a different conformation and is
supposed to play some role in the phosphate transferring
process during the catalytic reaction. The purinetrione
compounds are the first of a series of rationally designed
inhibitors, which make contact with the Lys138 side chain
(18, 19). The binding of the ribityl moiety of the purinetrione
inhibitors is very similar to the binding of the ribityl chains
of all previously known inhibitors. The ribityl chain is
embedded in a surface depression formed by residues 56-
62 from one subunit and one end ofâ5 (residues 113 and
114) of the adjacent subunit with several H-bonds to both
subunits. The main chain N and O atoms of Asn114′ are
hydrogen-bonded to O5′ and O4′, respectively, and the
carboxyl oxygen atoms of Glu61 form hydrogen bonds with
O3′ and O5′, respectively; O3′ forms a hydrogen bond to
the OE1 atom of Glu61, and O2′ is H-bonded to the main
chain N atom of Ile60. Those contacts are strictly conserved
in all structurally investigated LSs.

The phosphate moiety occupies the putative position of
3,4-hydroxy-2-butanone 4-phosphate (2) (Figure 1), the
second substrate of LS. Several contacts formed by the
phosphate moiety of the novel inhibitors are strictly con-
served among all known structures of LSs. O32 is H-bonded
to the main chain N atom of Gln86 through Wat470, and
O33 forms several contacts with the main chain N atom and
the side chain OG1 atom of Thr87 and with the N atom of
Gly85 and the O atom of Thr87, mediated by Wat19. O31
forms a H-bond with the NE atom of Arg128. Several
contacts are mediated by water molecules: to OG1 of Thr87
through Wat386 and to OE1 and OE2 of Glu136′ and to NZ
of Lys138′ through Wat259. Wat259 is also mediating the
contact of O27 with Glu136′ and Lys138′.

The structural alignment of the two bound inhibitors
reveals a slight difference in their binding modes that could
be explained by the fact that the aliphatic chain of the TS-
70 molecule bearing the phosphate group is one C-C bond
longer than in TS-44. The conformation of this chain is
slightly different in both inhibitors (Figure 6). The position
of the phosphorus atom in TS-70 is shifted toward NH2 of
Arg128′ by 1.1 Å on average in all five subunits, and CZ of
Arg128′ is repositioned by 0.7 Å. The purinetrione rings
occupy the same position as in the MbtLS-TS-44 complex,
and the ribityl chain participates in the same contacts as in
the MbtLS-TS-44 complex. The longer aliphatic linker of
the phosphate moiety results in additional contacts, namely,
O32 with the N atom of Gln86 and the NH atom of Arg128′
from the phosphate group part of the inhibitor and additional
contacts of O2 and O4 with the OG atom of Ser25 and the
NE2 atom of His28 from the purinetrione ring system (Figure
6b,d).

Isothermal Titration Calorimetry.Isothermal titration
calorimetry (ITC) is the most direct method of measuring
the heat that is generated or consumed upon formation of a
ligand-macromolecule complex at a constant temperature.
By least-squares fitting of the binding isotherms, we can
derive the association constant (Ka), the binding enthalpy
(∆H), and the stoichiometry (n) of the process. Moreover,
the entropy of the binding reaction (∆S) and the free energy
change (∆G) are easily obtained from the relation∆G )
-RT ln Ka ) ∆H - T∆S.

To test purinetrione-based compounds for their inhibition
potential, calorimetric measurements of the binding affinity
were performed. Figure 7 shows representative calorimetric
titration curves of MbtLS in 50 mM potassium phosphate
buffer (pH 7.0) at 30°C obtained with TS-44 and TS-70.
The heat changes upon binding for each individual injection
were plotted as a function of the molar inhibitor-to-protein
ratio. The binding of both inhibitors is exothermic with
negative changes in the binding enthalpy. To derive the
thermodynamic parameters, the binding isotherms were
initially fitted with a binding model assuming identical and
independent binding sites. The fitting with this model,
however, gave rather unsatisfactory results. Good fits of the
isotherms could only be obtained by applying a model with
five sequential binding sites. The analysis of the data revealed
a molar binding stoichiometry (n) of 5 bound ligand
molecules per pentamer which is in agreement with the X-ray
structure presented in this paper. It appeared, however, that
the five binding sites are not independent. They showed a
weak cooperative behavior, which seems to be related to the

FIGURE 5: Pentameric assembly of lumazine synthase fromM.
tuberculosisviewed along the 5-fold noncrystallographic axis. The
active sites located between subunits are occupied by 3-(1,3,7-
trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl)propane 1-phosphate (TS-
44). Blue spheres represent potassium ions.
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fact that an LS substrate-inhibitor binding site is formed
by the interface created by two neighboring subunits of a
pentamer. Both inhibitors showed a similar binding affinity
for MbtLS with association constantsKa ) 4.768× 105 (
7.13× 104 M-1 for the MbtLS-TS-44 complex andKa )
3.843 × 105 ( 8.738 × 104 M-1 for the MbtLS-TS-70
complex. Our observation is in agreement with the measure-
ments of the inhibition constants of purinetrione inhibitors
with LS from different species by a kinetic inhibition assay
(19). Interestingly, similar titration calorimetry experiments

with B. subtilis LS could not detect binding within the
experimental limits in the case of both TS-44 and TS-70.
ForB. subtilisLS, the inhibition constants of both inhibitors
are 100 times higher than for theM. tuberculosisenzyme as
shown by the kinetic assay (19). The enthalpy of binding is
characterized by favorable negative values of-12.72( 0.6
kcal/mol for the MbtLS-TS-44 complex and-13.83( 0.39
kcal/mol for the MbtLS-TS-70 complex. In both cases, the
enthalpy and entropy terms have an opposite effect on the
change in free energy (∆G).

FIGURE 6: Stereodiagrams of the 2|Fo| - |Fc| electron density map (σ ) 2.5) around the active site ofM. tuberculosislumazine synthase
in complex with 3-(1,3,7-trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl)propane 1-phosphate (TS-44, light blue) (a) and 3-(1,3,7-trihydro-9-D-
ribityl-2,6,8-purinetrion-7-yl)butane 1-phosphate (TS-70, cyan) (b) and the respective schematic drawings of the interactions between the
enzyme and the ligands (c and d). Red spheres represent water molecules. The carbon atoms of the residues of different subunits are
colored green and yellow.
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The most favorable enthalpy change and most unfavorable
entropy change were observed in titration studies with TS-
44 and may result from a weakened ability of TS-44 to fill
the active site properly due to, compared to TS-70, a shorter
aliphatic linker. For both ligands, the enthalpic terms are
larger than the entropic terms at 30°C, indicating that the
interactions between MbtLS and both compounds are en-
thalpically driven processes. However, because the interac-
tion between MbtLS and TS-44 or TS-70 involves the
removal of a phosphate ion which occupies the binding site
of substrate2 as well as several protonation and deproto-
nation events in the binding interface, a two-state (freef
bound) model of the binding process is likely to be an
oversimplification. Attempts to resolve the observed coop-
erativity of the binding process and the competitive removal
of the phosphate ion by the inhibitor are in progress.

Implications for the Mechanism of Lumazine Formation.
A landmark for the characterization of the enzymatic
mechanism of LS was the identification of the second
substrate, a four-carbon precursor of the pyrazine ring of
6,7-dimethyl-8-ribityllumazine (3) (Figure 1), which was
identified by Volk and Bacher (23) as (3S)-3,4-dihydroxy-
2-butanone 4-phosphate. A mechanism describing lumazine
formation was suggested by Kis et al. (14) (Figure 8) and
extended by Schramek et al. (39) and Haase et al. (40). The
details of the catalytic mechanism have been investigated
and discussed by Zhang et al. (9) on the basis of the structure
of LS from A. aeolicusin free form as well as in complex
with substrate-product analogues. According to the mech-
anism described by Zhang et al. (9) for A. aeolicusLS,
residues Arg127′, Lys135′, and Glu138′ (A. aeolicusLS
numbering, Figure 9b) are involved in positioning of the
phosphate moiety of substrate 2. The side chain of Glu138′
can adopt different conformations in a cooperative manner

together with Lys135′. A salt bridge between these residues
is therefore conserved even after the change in their
respective conformation. Since Lys135′ is in one of two
observed conformations close to the phosphate moiety of
bound substrate 2, it can build a salt bridge to the phosphate
group. After conformational reordering of Lys135′ with
retention of this salt bridge, the phosphate moiety could be
reoriented and thus be removed from the original binding
site. Enzyme kinetic studies of MbtLS performed by Cush-
man et al. (19) suggest tighter binding of the phosphate ion
as well as a considerably decreased speed of the enzymatic
reaction compared to the reaction speed ofB. subtilisLS.
The structure of MbtLS reveals differences in the active site,
which could result in a slightly different kinetic behavior of
the enzyme (Figure 9). Lys135′ and Glu138′ are in MbtLS

FIGURE 7: Typical isothermal titration calorimetry curves for lumazine synthase fromM. tuberculosistitrated with 3-(1,3,7-trihydro-9-D-
ribityl-2,6,8-purinetrion-7-yl)propane 1-phosphate (TS-44) (a) and 3-(1,3,7-trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl)butane 1-phosphate
(TS-70) (b). The top plots show titration data for the inhibitor binding. The bottom plots represent binding isotherms. The experiments were
carried out as described in Materials and Methods.

FIGURE 8: Hypothetical mechanism for the biosynthesis of lumazine
suggested by Kis et al. (14).
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replaced with Lys138′ and Gln141′, respectively. A Gln
residue in position 141 is unique for MbtLS among all LSs
with known structure. A salt bridge between Lys138′ and
Gln141′ is not possible anymore; however, a new negatively
charged binding partner, Glu136′, is introduced into the active
site as a replacement for the uncharged Gly133′. Glu136′
can probably form a salt bridge to Lys138′ and can therefore
act as a negatively charged counterpart for Lys138′. The
variation of its charge environment might hamper Lys138′
in its conformational variability and thus decrease the speed
of the enzymatic reaction by reducing its ability to mediate
a proper reorientation of the phosphate-bearing aliphatic
chain that is needed to make the subsequent ring closure
possible. The position and conformation of all other residues
in the active site that were thought to take part in catalysis
are conserved.

Conclusion.The structure of lumazine synthase fromM.
tuberculosisreveals new specific features of the active site
that can be used as a structural basis for the development of
specific inhibitors with an aim of designing new tuberculo-
static agents. We have also demonstrated that compounds
derived from purinetrione may serve as potential and specific
inhibitors for MbtLS. Our future plans will include in vivo
tests of the inhibitors described in this paper.
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35. Brünger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros,
P., Grosse-Kunstleve, R. W., Jiang, J.-S., Kuszewski, J., Nilges,
M., Pannu, N. S., Read, R. J., Rice, L. M., Simonson, T., and
Warren, G. L. (1998) Crystallography & NMR System: A New
Software Suite for Macromolecular Structure Determination,Acta
Crystallogr. D54, 905-921.

36. Kleywegt, G. J., and Jones, T. A. (1998) Databases in protein
crystallography,Acta Crystallogr. D54, 1119-1131.

37. Bacher, A., Fischer, M., Kis, K., Kugelbrey, K., Mo¨rtl, S.,
Scheuring, J., Weinkauf, S., Eberhardt, S., Schmidt-Ba¨se, K.,
Huber, R., Ritsert, K., Cushman, M., and Ladenstein, R. (1996)
Biosynthesis of riboflavin: Structure and mechanism of lumazine
synthase,Biochem. Soc. Trans. 24, 89-94.

38. Braun, N., Meining, W., Hars, U., Fischer, M., Ladenstein, R.,
Huber, R., Bacher, A., Weinkauf, S., and Bachmann, L. (2002)
Formation of metal nanoclusters on specific surface sites of protein
molecules,J. Mol. Biol. 321, 341-353.

39. Schramek, N., Haase, I., Fischer, M., and Bacher, A. (2003)
Biosynthesis of riboflavin. Single turnover kinetic analysis of 6,7-
dimethyl-8-ribityllumazine synthase,J. Am. Chem. Soc. 125,
4460-4466.

40. Haase, I., Fischer, M., Bacher, A., and Schramek, N. (2003)
Temperature-dependent presteady-state kinetics of lumazine syn-
thase from the hyperthermophilic eubacterium Aquifex aeolicus,
J. Biol. Chem. 278, 37909-37915.

41. DeLano, W. L. (2002)PYMOL, DeLano Scientific, San Carlos,
CA.

42. Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994)
CLUSTAL W: Improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific
gap penalties and weight matrix choice,Nucleic Acids Res. 22,
4673-4680.

BI047848A

Biochemistry PAGE EST: 12.9 Crystal Structure of Lumazine SynthaseM


