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A series of 3,5-dioxopyrazolidines was identified as novel inhibitors of UDP-N-acetylenolpyruvylglucosamine
reductase (MurB). Compounds 1 to 3, which are 1,2-bis(4-chlorophenyl)-3,5-dioxopyrazolidine-4-carbox-
amides, inhibited Escherichia coli MurB, Staphyloccocus aureus MurB, and E. coli MurA with 50% inhibitory
concentrations (IC50s) in the range of 4.1 to 6.8 �M, 4.3 to 10.3 �M, and 6.8 to 29.4 �M, respectively.
Compound 4, a C-4-unsubstituted 1,2-bis(3,4-dichlorophenyl)-3,5-dioxopyrazolidine, showed moderate inhib-
itory activity against E. coli MurB, S. aureus MurB, and E. coli MurC (IC50s, 24.5 to 35 �M). A fluorescence-
binding assay indicated tight binding of compound 3 with E. coli MurB, giving a dissociation constant of 260
nM. Structural characterization of E. coli MurB was undertaken, and the crystal structure of a complex with
compound 4 was obtained at 2.4 Å resolution. The crystal structure indicated the binding of a compound at the
active site of MurB and specific interactions with active-site residues and the bound flavin adenine dinucleotide
cofactor. Peptidoglycan biosynthesis studies using a strain of Staphylococcus epidermidis revealed reduced
peptidoglycan biosynthesis upon incubation with 3,5-dioxopyrazolidines, with IC50s of 0.39 to 11.1 �M.
Antibacterial activity was observed for compounds 1 to 3 (MICs, 0.25 to 16 �g/ml) and 4 (MICs, 4 to 8 �g/ml)
against gram-positive bacteria including methicillin-resistant S. aureus, vancomycin-resistant Enterococcus
faecalis, and penicillin-resistant Streptococcus pneumoniae.

Rapidly developing resistance of pathogenic bacteria to
available antibiotics is becoming a serious public health threat.
For example, recently, two clinical strains of Staphyloccocus
aureus resistant both to vancomycin and methicillin were iso-
lated from patients in Pennsylvania and Michigan (16, 17). One
of these strains demonstrated extremely high resistance to both
antibiotics, with a MIC of 1,000 �g/ml (16). The appearance of
such clinical strains is of great concern not only because of the
isolates’ high level of multidrug resistance but also because the
highly anticipated transfer of vancomycin-resistant determi-
nants (vanA gene complex) from Enteroccocus faecalis to meth-
icillin-resistant S. aureus (MRSA) was found to occur in the
wound of a patient coinfected with both bacteria (25). Thera-
peutic failure of vancomycin, which has been considered the
antibiotic of choice for MRSA infections, and the development
of multidrug resistance by other pathogenic bacteria have cre-
ated an urgent need for the development of new antibiotics
against novel targets. The enzymes involved in peptidoglycan
biosynthesis are among the best-known targets in the search
for new antibiotics.

Bacterial peptidoglycan is an extensively cross-linked poly-
mer unique to prokaryotic cells, and the enzymes involved in

peptidoglycan biosynthesis are essential for bacterial cell sur-
vival. More than 10 synthetic transformations, each executed
by a specific enzyme, are required to synthesize peptidoglycan
(1, 14, 36). Figure 1 shows the enzymes involved in the biosyn-
thesis of the UDP-MurNAc-pentapeptide precursor in the cy-
toplasm of both gram-positive and gram-negative bacteria. The
MurA and MurB enzymes catalyze the synthesis of UDP-N-
acetylmuramic acid (UDP-MurNAc) from UDP-N-acetylglu-
cosamine (UDP-GlcNAc). Four different ligases—MurC, MurD,
MurE, and MurF—sequentially add amino acids to UDP-
MurNAc, producing the UDP-MurNAc-pentapeptide. The
UDP-MurNAc-pentapeptide is then transferred to the plasma
membrane, where MraY catalyzes the replacement of UDP by an
undecaprenylpyrophosphate carrier lipid, producing Lipid I. This
step is followed by the attachment of N-acetylglucosamine cata-
lyzed by MurG to form Lipid II. After attachment of short pep-
tide branches, Lipid II is translocated to the outer surface of the
plasma membrane, where penicillin-binding proteins (PBPs) uti-
lize it for cell wall assembly. Inhibition of any of these synthetic
enzymes impacts peptidoglycan biosynthesis, resulting in disrup-
tion of the structural integrity of the cell wall, which leads to
bacterial cell lysis. The most widely used antibiotics that disrupt
cell wall assembly are �-lactam antibiotics, which bind to PBPs,
and vancomycin, which binds to the Lipid II cell wall precursor. In
spite of significant efforts to develop new antibiotics against the
enzymes MurA through MurF (for a review, see reference 50),
fosfomycin remains the only clinically used antibiotic targeting
one of these enzymes, MurA (46).
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MurB is essential for the viability of bacterial cells (36). The
absence of a homologue in eukaryotic cells makes MurB an
attractive target for small molecule inhibitors with the poten-
tial to have broad antibacterial activity. Biochemical charac-
terization and X-ray structural analysis of MurB from Esche-
richia coli (3–5, 18, 45), S. aureus (6), and Streptococcus
pneumoniae (49) have been published and have been used in
structure-based approaches to design inhibitors (30). Based on
a cocrystal structure study of E. coli MurB with enolpyruvyl-
UDP-N-acetylglucosamine (EP-UNAG) (3, 4), it was found
that the carboxylate of the substrate interacts with residues
Arg159 and Glu325 and may be responsible for transition state
stabilization, whereas the diphosphate moiety of the substrate
interacts with residues Tyr190, Lys217, Asn233, and Glu288.
This insight into diphosphate binding prompted the investiga-
tion of compounds containing diphosphate mimetics as poten-
tial MurB inhibitors. Trisubstituted thiazolidinones, presum-
ably acting as diphosphate surrogates for the natural substrate,
were identified as inhibitors of E. coli MurB (50% inhibitory
concentrations [IC50s], 7 to 28 �M) (2). More recently, a re-
lated imidazolidinone that had activity against MurB (IC50, 12
�M) and was antibacterial was reported (11). Two inhibitors of
S. aureus MurB, with Kd values in the submicromole range,
were also reported (45). In addition, 2-phenyl-5,6-dihydro-2H-
thieno[3,2-c]pyrazol-3-ols (33), phenyl thiazolyl ureas and car-
bamates (24), and 4-alkyl- and 4,4�-dialkyl 1,2-bis(4-chloro-
phenyl)pyrazolidine-3,5-diones (31) were identified as novel
inhibitors of the enzymes MurA though MurD. These com-
pounds also demonstrated activity against gram-positive bacteria.

In the present study, a set of novel 3,5-dioxopyrazolidines
was identified as inhibitors of MurB. Detailed studies of the

inhibitory activities of four compounds for E. coli MurB and S.
aureus MurB are presented. A detailed biophysical character-
ization of this compound series was also pursued using a fluo-
rescence-binding assay and X-ray crystallography employing E.
coli MurB. The resulting profile of the 3,5-dioxopyrazolidines
reveals potent and specific inhibitors that bind within the active
site of MurB adjacent to the flavin adenine dinucleotide
(FAD) cofactor and that display good activity against a range
of gram-positive bacteria, including antibiotic-resistant strains.

MATERIALS AND METHODS

Bacterial strains, plasmids, and reagents. All reagents used in this study were
purchased from Sigma Chemical Co. (St. Louis, MO) or Aldrich Chemical Co.
(Milwaukeee, WI) unless otherwise specified. High-purity solvents (OmniSolv)
were purchased from EM Science (Gibbstown, NJ). [14C]D-Ala-D-Ala, DL-[m-
14C]diaminopimelic acid (A2pm) and [14C]N-acetylglucosamine were purchased
from American Radiolabeled Chemicals, Inc. (St. Louis, MO). E. coli TOP10
and E. coli BL21(�DE3) were obtained from Invitrogen (San Diego, CA). Other
bacterial strains were from the American Type Culture Collection (ATCC,
Manassas, VA) or the Wyeth collection. E. coli K-12 imp BAS849 was kindly
provided by S. A. Benson (44). EP-UNAG was synthesized and purified accord-
ing to the published method (18). UDP-MurNAc, UDP-MurNAc-L-Ala, and
UDP-MurNAc-L-Ala-D-Glu were isolated from S. aureus according to the
method developed by Park (42) and were purified by high-performance liquid
chromatography according to methods described previously (23).

Compound synthesis. Compounds 1 to 4 (Fig. 2) were synthesized according
to the following general procedures. The appropriately substituted anilines were
converted to the diarylazo compounds using MnO2 in toluene (47), followed by
reduction of the latter to the diaryl hydrazines with zinc dust and ammonium
chloride (48). The diaryl hydrazine intermediates were condensed with diethyl
malonate and sodium ethoxide in refluxing ethanol (43) to form the 1,2-bis(sub-
stituted phenyl)-3,5-dioxo-pyrazolidines. Compound 4, a 1,2-bis(3,4-dichloro-
phenyl)-3,5-dioxo-pyrazolidine, was prepared by this general procedure starting
from 3,4-dichlorophenyl aniline. The 1,2-bis-(4-chlorophenyl)-3,5-dioxopyrazoli-
dine-4-carboxamides (compounds 1 to 3) were obtained by reacting 1,2-bis(4-

FIG. 1. Biosynthetic pathway of the peptidoglycan precursor UDP-MurNAc-pentapeptide in the cytoplasm of gram-positive and gram-negative
bacteria. MurA and MurB synthesize UDP-MurNAc from UDP-GlcNAc. MurC, MurD, MurE, and MurF add L-Ala, D-Glu, L-Lys (or A2pm), and
D-Ala-D-Ala, respectively, to form UDP-MurNAc-pentapeptide. The bond between L-Ala and D-Glu is formed with the �-amino group of Glu. In
most gram-negative bacteria the third position in the stem peptide is occupied by m-A2pm. In gram-positive bacteria, such as staphylococci,
enterococci, and streptococci, this position is occupied by L-Lys.
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chlorophenyl)-3,5-dioxo-pyrazolidine with 2,4-dichlorophenyl, 2,4-dichlorobenzyl,
or 2,4,6-trichlorophenyl isocyanates (39). Compound structures were confirmed by
mass spectrometry.

Cloning of E. coli murB and S. aureus murB. The murB-encoded UDP-N-
acetylenolpyruvylglucosamine reductase was amplified from E. coli K-12
MG1655 genomic DNA using three PCRs. Reaction 1 was designed to amplify
the full-length gene and introduce an EcoRI restriction site 5� to the murB open
reading frame, an NdeI endonuclease recognition sequence at the translation
start site (boldfaced in the primer 1 sequence below), and a HindIII restriction
site 3� to the termination codon of the open reading frame. The oligonucleotides
used to amplify the full-length gene were 5�-CCGGAATTCAGGCCTCAGGAA
AGCACATATGAACCACTCCTTAAAACCCTG-3� (primer 1) and 5�-CCC
AAGCTTAGATCTGTGGCGAGCTCGCTCTTCTCATGAATTGTCTCC
ACTGCGCTCACTAG-3� (primer 2) (underlined sequences indicate EcoRI,
NdeI, and HindIII restriction sites, respectively). In reaction 2, an NdeI recog-
nition sequence located at nucleotides 634 to 639 within the murB open reading
frame was inactivated using primer 3 (5�-GCGGTGTGTCACATGCGCACC
ACCAAACTCCCTGATCC-3�) in combination with primer 2, generating a 3�-
terminal gene fragment. Primer 3 annealed to the region containing the internal
NdeI site, replacing CATATG with CACATG (underlined in primer 3), encod-
ing identical amino acids while removing the restriction site. The final PCR
employed primer 1 as the sense primer and the DNA fragment created in
reaction 2 as the antisense primer. Following cleavage by the endonucleases
EcoRI and HindIII, the PCR product from reaction 3 was ligated into pUC119
restricted with EcoRI and HindIII, creating plasmid pUCEmurB. The murB
sequence was confirmed by DNA sequence analysis. The murB coding region was
cloned into a pET-29A expression vector (Novagen, Madison, WI) via restriction
digestion and ligation of compatible NdeI and HindIII sites, creating plasmid
pETEmurB. pETEmurB was transformed into E. coli BL21(�DE3) to enable
expression of the E. coli MurB protein.

S. aureus murB was amplified from S. aureus Smith (ATCC 13709) genomic
DNA using oligonucleotide primers 5�-CTGACATATGATAAATAAAGACAT
CTATCAAGC-3� and 5�-GGATCCTTACGATTCCTTTGGATG-3�. The PCR
product was cleaved with NdeI and BamHI and ligated into a similarly restricted
protein expression vector, pET-29A, creating pETSmurB. The DNA sequence of
the S. aureus murB contained within pETSmurB was confirmed by DNA se-
quence analysis, and the plasmid was transformed into E. coli BL21(�DE3) for
expression of S. aureus MurB.

Cloning and preparation of E. coli MurA, MurC, MurD, MurE, and MurF.
The genes encoding the soluble cytoplasmic peptidoglycan-synthetic enzymes
MurA (UDP-N-acetylenolpyruvylglucosamine transferase; NCBI accession no.
AAC76221.1), MurC (UDP-MurNAc:L-alanine ligase; AAC73202.1), MurD (UDP-
MurNAc-L-alanine:D-glutamate ligase; AAC73199.1), MurE (UDP-MurNAc-L-ala-
nyl-D-glutamate:meso-diaminopimelic acid ligase; AAC73196.1), and MurF (UDP-
MurNAc-L-alanyl-D-glutamyl-meso-diaminopimelic acid:D-alanyl-D-alanine ligase;
AAC73197.1) were cloned. The genes were amplified from E. coli K-12 MG1655
genomic DNA. Appropriately restricted PCR products were ligated into pET28, a
protein expression vector, and transformed into E. coli BL21(�DE3). Enzymes were
purified from E. coli cells harboring the expression plasmid as described previously
for MurA (12, 35), MurC (21, 34), MurD (7), MurE (38), and MurF (19). The purity
of the enzyme preparations was determined by sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis. The enzymes were purified to 90% purity, with specific
activity similar to that reported earlier (7, 12, 19, 34, 38) (data not shown).

Purification of MurB enzymes. E. coli MurB and S. aureus MurB were purified
according to published methods (5, 18) with modifications. E. coli BL21(�DE3)
cells harboring the expression plasmid were grown in Luria-Bertani medium
containing kanamycin (50 �g/ml) at 37°C. The expression of either E. coli MurB
or S. aureus MurB was induced by the addition of isopropyl-�-D-thiogalacto-
pyranoside (IPTG) to a final concentration of 1 mM. The cultures were incu-
bated for 2 h at 37°C, and cells were harvested, resuspended in 25 mM Tris-HCl
buffer (pH 8.0)–1.0 mM dithiothreitol (DTT) (buffer A), and lysed by two
passages through a French press at 15,000 lb/in2. The lysate was centrifuged at
100,000 � g for 30 min at 4°C. (NH4)2SO4 was added to the supernatant to a final
concentration of 40%. Precipitated material was removed by centrifugation, and
the supernatant was loaded onto a Phenyl-Sepharose 6 Fast Flow column (Am-
ersham Biosciences Corp., Piscataway, NJ) equilibrated with buffer B containing
25 mM Tris-HCl (pH 8.0), 1.6 M (NH4)2SO4, and 5 mM DTT. MurB was eluted
with a linear gradient of buffer B to buffer A. MurB was further purified using
ion-exchange column chromatography on a MonoQ column (Amersham Bio-
sciences Corp., Piscataway, NJ). The enzyme was eluted from the column using
a gradient of KCl (0 to 1 M) in buffer A. MurB enzymatic activity was monitored
throughout the purification. The purity of E. coli MurB and S. aureus MurB was
analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

MurB assay. MurB activity was determined using a continuous assay (5)
monitoring the oxidation of NADPH, as measured by reduction in the absor-
bance at 340 nm, using a SpectroMax 250-plate reader (Molecular Devices,
Sunnyvale, CA) at room temperature. The reaction mixture contained 50 mM
Tris-HCl (pH 8.0), 10 mM KCl, 100 �M NADPH, and 50 �M EP-UNAG in a
total volume of 200 �l. The reaction was initiated by the addition of enzyme. The
optical density at 340 nm (OD340) was monitored over 5 min. One unit of enzyme
activity was defined as the amount of enzyme that catalyzed the oxidation of 1
�mol of NADPH/min. A molar absorption coefficient of 6,220 cm�1 · M�1 for
NADPH absorption at 340 nm was used.

MurA, MurC, and MurD assays. The activity of MurA, MurC, or MurD was
measured indirectly by detecting the quantity of inorganic phosphate (32) re-
leased from the cleavage of phosphoenolpyruvate (PEP) for MurA or from ATP
hydrolysis for MurC and MurD. The MurA assay followed the published method
(35), and the reaction mixture contained 25 mM Tris-HCl buffer (pH 8.0), 150
nM MurA, 200 �M PEP, and 200 �M UDP-GlcNAc in a final volume of 25 �l.
The MurC reaction mixture contained 83 mM Tris-HCl buffer (pH 8.5), 200 nM
MurC, 50 mM MgCl2, 50 mM (NH4)2SO4, 2 mM ATP, 1.28 mM UDP-MurNAc,
and 2 mM L-alanine in a final volume of 25 �l. The MurD reaction mixture (25
�l) contained 83 mM Tris-HCl buffer (pH 8.5), 68 nM MurD, 50 mM MgCl2, 50
mM (NH4)2SO4, 2 mM ATP, 0.38 mM UDP-MurNAc-L-Ala, and 2 mM
D-glutamate. Each reaction was initiated by the addition of the appropriate
UDP-linked substrate, and the reaction mixture was incubated at 37°C for 30
min. Reactions were terminated by the addition of 210 �l of malachite green
reagent (0.03% malachite green, 1.4% ammonium molybdate, and 1.3 N HCl). In
order to minimize the acid hydrolysis of ATP, 50 �l of 34% (wt/vol) sodium
citrate was added to the MurC and MurD reaction products after addition of the
malachite green reagent (32). One unit of enzyme activity was defined as the

FIG. 2. Structures of 3,5-dioxopyrazolidines. Numbers refer to compounds 1 through 4.
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amount of enzyme that catalyzed the addition of 1 �mol of amino acid to a
UDP-linked substrate/min at 37°C.

MurE assay. MurE activity was determined using a thin-layer chromatography
(TLC) method (1) employing substrates DL-[m-14C]A2pm and UDP-MurNAc-L-
Ala-D-Glu. The reaction mixture (25 �l) contained 83 mM Tris-HCl buffer (pH
8.5), 1.6 �M MurE, 50 mM MgCl2, 50 mM (NH4)2SO4, 2 mM ATP, 0.2 mM
UDP-MurNAc-L-Ala-D-Glu, and 1.6 mM (60 nCi) of DL-[m-14C]A2pm. The
reaction was started by the addition of the UDP-linked substrate, and the reac-
tion mixture was incubated at 37°C for 30 min. In the control reaction, the
substrate was omitted. The reactions were terminated by heating at 100°C for 1
min. Two microliters of the reaction mixture was spotted onto a silica gel TLC
plate (K6F, 60	, 250 �m, 10 by 20 cm; Whatman, Florham Park, NJ), and TLC
was performed with isobutyric acid (1 M) and NH4OH (5:3, vol/vol) for 1.5 to 2 h.
The TLC plate was dried and exposed to Kodak Biomax MR film with a BioMax
MS intensifying screen at �80°C overnight. The amounts of radioactivity in the
product UDP-MurNAc-L-Ala-D-Glu-[m-14C]A2pm and the substrate DL-[m-
14C]A2pm were quantified with a Fluor-S MultiImager (Bio-Rad Laboratories,
Hercules, CA).

MurE-MurF coupled assay. Components and conditions were the same as
for the MurE reaction except that nonradiactive DL-m-A2pm was used and
[14C]D-Ala-D-Ala, at a final concentration of 360 �M (66 nCi), was added. The
concentrations of MurE and MurF in the reaction were 1.6 �M and 0.1 �M,
respectively.

MurB kinetic analysis. MurB kinetic parameters for EP-UNAG were ana-
lyzed using substrate concentrations between 5 and 200 �M with a fixed con-
centration of NADPH, 50 �M. MurB kinetic parameters for NADPH were
analyzed using concentrations from 2 to 100 �M at a fixed EP-UNAG concen-
tration of 50 �M. Km and kcat values were derived using the Michaelis-Menten
equation.

Inhibition of enzyme activity. The inhibitory activities of the compounds
against the enzymes were determined by enzymatic assays as described above
with a 10-min preincubation of the enzyme and the compound. The preincuba-
tion time for MurB was 20 min. Preincubation was used in the assays because it
has been demonstrated that preincubation is important for some inhibitors,
particularly slow-binding inhibitors (20). Preincubation was shown to affect the
IC50s of inhibitors against MurC. Compounds were dissolved in 100% dimethyl
sulfoxide at 10 mg/ml. The final concentration of dimethyl sulfoxide in the
reaction mixtures with or without compound was 1.25%. At least six concentra-
tions of inhibitor (1.6, 3.2, 6.4, 12.8, 25, and 50 �M) were used for each com-
pound tested. The percentage of MurF inhibition was estimated by subtracting
the percent inhibition of the MurE reaction from the MurE-MurF reaction
inhibition. IC50s were derived using the data analysis function of the Microsoft
Excel program (sigmoid curve Hill analysis).

Crystallographic studies. Purified E. coli MurB was concentrated to 17.3
mg/ml in 25 mM Tris-HCl (pH 7.4)–50 mM NaCl–10 mM DTT–10 mM MgCl2.
The enzyme sample was combined with an equal molar amount of compound 4.
Crystals were obtained at 20°C using the hanging drop vapor diffusion method
with a 1:1 volume ratio of well solution (0.1 M Tris-HCl [pH 8.5], 20% poly-
ethylene glycol 8000, 0.1 M calcium acetate) to protein solution. Crystals were
transferred to a stabilizing solution, containing the well solution plus 25% glyc-
erol, for 10 s before rapid cooling in liquid nitrogen. Data were collected at the
Advanced Light Source, station 5.0.2, on a Quantum-4 detector (ADSC, Poway,
CA) and processed with HKL software (41). The structure was determined by
molecular replacement, using AMORE software (15), with the previously deter-
mined crystal structure (PDB code 1UXY) as a search model. This model was
used to generate phases that were used with the CNS software package (13).
These maps were of sufficient quality to allow subsequent rebuilding and refine-
ment of the model.

Fluorescence-binding assay. A binding assay based on the changes in the
fluorescence emission spectra of FAD was developed to determine the binding
affinity (Kd) and stoichiometry of binding between the inhibitor and E. coli MurB.
Changes in the fluorescence of the isoalloxazine ring of the FAD cofactor were
monitored. Binding experiments were conducted using an enzyme concentration

of 1 �M. The concentration of the inhibitor was varied from 0 to 8 �M. The
change in the fluorescence of FAD between 510 and 610 nm was determined
after exciting the chromophore at 460 nm. The fluorescence emission spectra
were acquired using a Fluoromax 3 spectrofluorometer (Jobin Yvon, Edison,
NJ). The fluorescence emission of FAD was quenched due to specific interac-
tions of the inhibitor with E. coli MurB. The changes in the fluorescence of FAD
at the emission maximum of 520 nm were fit to a quadratic equation (28) to
determine the binding affinity.

sPG biosynthesis assay. Peptidoglycan biosynthesis was measured by deter-
mining the amount of soluble peptidoglycan (sPG) produced by a Staphyloccocus
epidermidis strain. The original method (8) was modified to fit a 96-well micro-
plate. Briefly, cells were grown in brain heart infusion broth to an OD600 of 0.6,
harvested, washed twice with cold distilled H2O, and resuspended in enriched
medium (8) at 10% of the original volume. The reaction mixture (250 �l)
contained 200 �l of cell suspension, 50 �g/ml chloramphenicol, 100 �g/ml pen-
icillin G, 2.9 �M (40nCi) [14C]N-acetylglucosamine, and the compound at a
concentration of 0, 3.1, 6.2, 12.5, or 25 �g/ml. Reaction mixtures were incubated
with agitation at 37°C for 1 h prior to centrifugation at 1,500 � g for 20 min. Two
hundred microliters of the supernatant was transferred to a Millipore Multi-
Screen 1.2-�m glass fiber filter plate. Bovine serum albumin (BSA) and trichlo-
roacetic acid were added to each well, giving final concentrations of 0.4% and
5%, respectively. After 30 min of incubation at 4°C, the plates were filtered and
washed with 5% trichloroacetic acid. Radioactivity was measured on a Packard
TopCount liquid scintillation counter using MicroScint scintillation fluid (Perkin-
Elmer Life Sciences, Boston, MA).

Antimicrobial susceptibility tests. The microorganisms used for testing anti-
microbial activity included strains of methicillin-susceptible and methicillin-re-
sistant S. aureus, penicillin-resistant S. pneumoniae, vancomycin-susceptible and
vancomycin-resistant E. faecalis, E. coli, and a modified E. coli strain with in-
creased outer membrane permeability (E. coli imp) (44). The MICs were deter-
mined by the microbroth dilution method using Mueller-Hinton II medium
(Becton Dickinson Microbiology Systems, Cockeysville, MD) according to the
recommendations of the Clinical and Laboratory Standards Institute (formerly
the National Committee for Clinical Laboratory Standards) (40) after incubation
at 35°C for 18 h. Bacterial inocula of 5 � 105 CFU/ml and a range of compound
concentrations (0.06 to 128 �g/ml) were used.

Analytical methods. Concentrations of EP-UNAG and UDP-linked substrates
were determined by the Morgan-Elson reaction as described previously (29).
Phosphate was quantified using malachite green reagent (32). Sterox detergent
was omitted from the method. Protein concentrations were assayed using a
protein assay kit from Bio-Rad Laboratories (Hercules, CA) according to the
manufacturer’s published method (9).

RESULTS

Characterization of MurB. E. coli MurB and S. aureus MurB
were overexpressed in E. coli and purified to 
90% homoge-
neity (data not shown). The kinetic parameters for both enzymes
are summarized in Table 1. The Km of EP-UNAG for E. coli
MurB was 15 �M, two- to threefold lower than that for S.
aureus MurB, 41 �M, consistent with the published values (6).
The Km of NADPH for E. coli MurB (11 �M) was threefold
higher than that for S. aureus MurB (3.7 �M). The kcat values
of E. coli MurB for both substrates, 18 s�1 for EP-UNAG and
15 s�1 for NADPH, were two- to threefold higher than those
of S. aureus MurB, 7.9 s�1, and 4.5 s�1, respectively. With
substrate EP-UNAG, kcat/Km for E. coli MurB was fivefold
higher (1,150 mM�1 s�1) than that for S. aureus MurB (192
mM�1 s�1). With substrate NADPH, the kcat/Km values were

TABLE 1. Comparisons of kinetic parameters for E. coli MurB and S. aureus MurB

Enzyme
EP-UNAG NADPH

Km (�M) kcat (s�1) kcat/Km (mM�1 s�1) Km (�M) kcat (s�1) kcat/Km (mM�1 s�1)

E. coli MurB 15 � 2.5 18 � 3.2 1,150 11 � 1.5 15 � 2.3 1,270
S. aureus MurB 41 � 11 7.9 � 1.6 192 3.7 � 0.93 4.5 � 1.4 1,210
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comparable for the two enzymes, 1,270 and 1,210 mM�1 s�1,
respectively.

Inhibitory activity of the 3,5-dioxopyrazolidines against
MurA, MurB, MurC, MurD, MurE, and MurF. The inhibitory
activities of compounds 1 to 4 against soluble peptidoglycan-
biosynthetic enzymes are summarized in Table 2. Compounds

1 to 3 showed inhibitory activity against E. coli MurB, S. aureus
MurB, and E. coli MurA. The IC50s of the 3,5-dioxopyrazolidine-
4-carboxamides were in the range of 4.1 to 6.8 �M against E.
coli MurB, 4.3 to 10.3 �M against S. aureus MurB, and 6.8 to
29.4 �M against E. coli MurA. Compound 2 also inhibited E.
coli MurC, to a weaker extent. The C-4-unsubstituted 3,5-
dioxopyrazolidine compound 4 showed moderate inhibitory
activity against E. coli MurB, S. aureus MurB, and E. coli MurC
(IC50s, 24.5 to 35 �M). Inhibition of MurD, MurE, or MurF by
these compounds was negligible.

Fluorescence-binding assay. Data on the interactions of
compound 3 with E. coli MurB are presented in Fig. 3. The
fluorescence emission spectra of the isoalloxazine moiety of
the FAD cofactor in both the absence and the presence of the
compound are shown in Fig. 3A. Following excitation, the
FAD cofactor emitted at a maximum wavelength of 525 nm in
the absence of the inhibitor and at 520 nm in the presence of
the inhibitor. Binding of the compound quenched the fluores-
cence of the FAD cofactor in a dose-dependent manner. The
binding isotherm of the interactions between compound 3 and
E. coli MurB is shown in Fig. 3B. A dissociation constant of 260
nM was estimated for the interactions of the inhibitor with the
enzyme, with a stoichiometry consistent with 1:1 binding.

Crystallographic studies. The crystal structure of the com-
plex of E. coli MurB bound to compound 4 was obtained to 2.4
Å resolution following cocrystallization (Table 3; Fig. 4). Com-
parison of this complex with published crystal structures of E.
coli MurB revealed that the overall protein conformation was

FIG. 3. Determination of binding affinity of compound 3 for E. coli
MurB. (A) Fluorescence spectra of FAD bound to E. coli MurB in the
absence and presence of compound 3. Each curve (described in order
from top to bottom) represents one wavelength scan (excitation at 460
nm) of E. coli MurB at 1 �M alone or with 1, 2, 3, 4, 5, 6, 7, or 8 �M
compound 3. (B) Binding isotherm for the interactions of compound 3
with E. coli MurB. Compound 3 binds E. coli MurB tightly with a Kd
of 260 nM.

TABLE 2. Inhibitory activities of 3,5-dioxopyrazolidines against peptidoglycan-synthetic enzymes

Compound
IC50 (�M) against:

E. coli MurA E. coli MurB S. aureus MurB E. coli MurC E. coli MurD E. coli MurE E. coli MurE-F

1 21.6 4.1 4.3 
50 
50 
50 
50
2 6.8 5.3 10.3 36.0 
50 
50 
50
3 29.4 6.8 5.1 
50 
50 
50 
50
4 
50 35.0 24.5 29.2 
50 
50 
50
Fosfomycin 35.0 
300 
300 
300 
300 
300 
300

TABLE 3. Statistics from the crystallographic analysis
of E. coli MurB

Parameter a Value

Resolution (Å)............................................. 2.0–2.4
Space group.................................................. P21
Cell dimensions............................................ a � 41.99 Å, b � 89.27 Å,

c � 50.93 Å, � � 111.12°
Unique observations ................................... 13,723
Completeness (%)....................................... 99.0
Rsym ............................................................... 4.2
Refinement

Rwork (%).................................................. 21.4
Rfree (%) ................................................... 26.4
RMSD bonds (Å).................................... 0.006
RMSD angles (°) ..................................... 1.277

a Rsym � �I � �I
� /I, where I is the observed intensity and �I
 is the average
intensity of multiple observations of symmetry-related reflections. Rwork � ��Fobs� �
�Fcalc�/�Fobs�. Rfree is equivalent to Rwork, but calculated for a randomly chosen 5%
of reflections omitted from the refinement process. Fobs is the observed structure
factor amplitude derived from the mean measured intensities, and Fcalc is the
calculated protein structure factor derived from the atomic model. RMSD, root
mean square deviation from ideal geometry and in the B factor of bonded atoms.
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closely related to that of the substrate-free form of E. coli
MurB (PDB code 1MBT). Small differences were observed in
loop regions distant from the active site. Within the active site,
the most significant changes involved residues Tyr190, Tyr125,
Lys217, and Met213. The extra density seen corresponding to
compound 4 was proximal to these residues and the bound
FAD cofactor. Comparison of the compound-binding site with
the complex crystal structure of the N-acetylglucosamine sub-
strate (PDB code 1MBB) indicated that the 3,5-dioxopyraz-
olidine core occupied the same region of the active site as the
N-acetyl group of the substrate, parallel to the plane of the
Tyr190 ring side chain. One of the two carbonyl atoms from
the pyrazolidinedione formed a hydrogen bond to the back-
bone amide of Tyr125, mimicking the C-6-OH of the N-acetyl-
glucosamine interaction. The second carbonyl was solvent ex-
posed, and its closest interaction was more than 4 Å from the
side chain of Asn233. The two dichloro-substituted phenyl
groups of compound 4 both had intimate interactions with the
side chain of Leu218, making van der Waals interactions with
opposite faces of the branched alkyl atoms of the leucine side
chain. This defining interaction resulted in one of these groups
being positioned such that it was proximal and perpendicular
to the edge of the plane of the FAD molecule, with the closest
interaction being 3.9 Å from the N-5 of the isoalloxazine ring.
The second dichloro-substituted phenyl group of compound 4
was partially exposed to solvent and interacted with the side
chains of Tyr125, Lys217, and Met213.

Effects of the 3,5-dioxopyrazolidines on peptidoglycan bio-
synthesis in a whole-cell assay. The effects of the 3,5-dioxo-
pyrazolidines on peptidoglycan biosynthesis were evaluated in
an sPG biosynthesis assay utilizing S. epidermidis. The assay
measured the synthesis of the non-cross-linked soluble pepti-
doglycan, released into the growth medium. Penicillin G (100
�g/ml) was added to the cells to inhibit the PBPs, preventing
cross-linking of sPG into the cell wall matrix, thereby forming
insoluble peptidoglycan. Inhibition of protein synthesis by
chloramphenicol (50 �g/ml) prevented sPG degradation by
newly synthesized endogenous autolytic enzymes. The results
(Table 4) indicated that exposure of the bacteria to the com-
pounds resulted in reductions in soluble peptidoglycan biosyn-
thesis. The 3,5-dioxopyrazolidines inhibited sPG synthesis with
IC50s in the range of �0.39 to 11.1 �g/ml. The comparison of
sPG inhibition with MICs against S. epidermidis revealed a
trend for compounds with lower MICs to demonstrate lower
IC50s.

Antibacterial activities of 3,5-dioxopyrazolidines. The anti-
bacterial activities of the 3,5-dioxopyrazolidines are summarized
in Table 5. The compounds showed activity against strains of S.
aureus including MRSA, E. faecalis including vancomycin-resis-
tant enterococci (VRE), and penicillin-resistant S. pneumoniae.
The growth of these strains was inhibited at compound concen-
trations in the range of 0.25 to 16 �g/ml. However, these com-
pounds showed no activity against E. coli. In order to evaluate the
effect of outer membrane permeability on the antibacterial activ-
ities of the compounds, E. coli imp, an E. coli strain with improved
outer membrane permeability, was employed (10, 44). Vancomy-
cin was used in the assay to validate the permeability of the E. coli
imp strain. Vancomycin, a large (1.5-kDa) antimicrobial agent, is
inactive against gram-negative bacteria, because it cannot cross
the outer membrane. As expected, vancomycin showed no activity
against wild type E coli but was active against the E. coli imp
strain, with a MIC of 0.25 �g/ml. These data suggest that the
outer membrane of the E. coli imp strain is permeable to vanco-
mycin. Interestingly, only one of the 3,5-dioxopyrazolidines,
compound 1, showed activity against the E. coli imp strain,
with a MIC of 16 �g/ml. Fosfomycin demonstrated activity
against both E. coli strains, with slightly better activity (1
dilution) against E. coli imp.

Protein-binding properties of 3,5-dioxopyrazolidines. In or-
der to assess the protein-binding properties of the compounds,
the MICs of the test compounds were determined using an S.
pneumoniae strain in the presence or absence of 4% BSA in
the growth medium. No antimicrobial activity for 3,5-dioxo-
pyrazolidines was detected in the presence of 4% BSA, while
vancomycin and fosfomycin MICs were not affected by the
addition of BSA (Table 5).

FIG. 4. Crystal structure of E. coli MurB in complex with com-
pound 4. Compound 4 is bound within the active site of E. coli MurB.
Compound 4 (shown as a ball-and-stick model, with bonds colored
yellow and chlorine atoms colored pink) binds close to the FAD
cofactor (shown as a ball-and-stick model colored orange) (closest
distance is 3.9 Å) and the atoms of the protein side chains (shown as
a ball-and-stick model, colored green for carbon, red for oxygen, and
blue for nitrogen). The electron density for the side chain of Tyr190 is
weak. Conformational changes compared to substrate-bound E. coli
MurB (PDB code 2MBR) are localized within the active-site region.

TABLE 4. Inhibitory activities of 3,5-dioxopyrazolidines on soluble
peptidoglycan biosynthesis in S. epidermidis

Compound IC50 (�g/ml) MIC (�g/ml)

1 1.5 0.50
2 5.9 16
3 0.39 2
4 11.1 32
Fosfomycin 4.1 32
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DISCUSSION

The strategy of in vitro screening to identify small molecule
inhibitors of the six cytoplasmic peptidoglycan-synthetic en-
zymes (MurA through MurF) has led to the identification of a
number of small molecule inhibitors (50). Recently, inhibitors
of MurA (22), MurB (11, 24, 31), MurC (20), MurD (27), and
MurF (26) were reported. MurB is an attractive target, not
only because of its critical and unique role in bacterial cell wall
synthesis but also because the MurB enzymes from several
bacterial species have been characterized both biochemically
and structurally (3–6, 18, 45, 49).

In this study, the genes encoding MurB from both E. coli and
S. aureus were cloned and expressed in E. coli, and the MurB
enzymes were purified under identical conditions. A side-by-
side comparison of the enzyme kinetics of E. coli MurB and S.
aureus MurB indicated that the enzymes catalyzed the reduc-
tion of EP-UNAG with only minor differences. E. coli MurB
showed higher affinity for EP-UNAG than S. aureus MurB,
while S. aureus MurB showed slightly greater affinity for
NADPH. The kinetic parameters of E. coli MurB (Km values
for EP-UNAG and NADPH) were comparable to those pre-
viously reported (12). The Km of S. aureus MurB for NADPH
(3.7 �M) was lower than that reported in the literature (15
�M) (6). There was a single-amino-acid difference between
these two S. aureus MurB enzymes: residue 168 was a threo-
nine in the enzyme used for the studies reported here and an
alanine in the enzyme in the previous report (6).

The enzyme-inhibitory activities observed for compounds in
the 3,5-dioxopyrazolidine series tested against E. coli MurB
and S. aureus MurB were generally similar. The most signifi-
cant difference was observed for compound 2, with IC50s of 5.3
�M against E. coli MurB and 10.3 �M against S. aureus MurB.
This suggests that the structural and sequence differences be-
tween E. coli MurB and S. aureus MurB, i.e., the absence of the
two loops in the S. aureus MurB structure, and amino acid
variations within the active sites of the two enzymes, had a
minimal effect on the susceptibilities of the enzymes to inhibi-
tion by the 3,5-dioxopyrazolidines.

To further the understanding of these compounds, biophys-
ical experiments were conducted. Interactions of the 3,5-dioxo-
pyrazolidines with E. coli MurB were characterized by using a
fluorescence assay to determine the binding affinity and the

solvent environment of the binding site, as well as by X-ray
crystallography studies. MurB contains one noncovalently
bound molecule of FAD, a cofactor acting as a hydride transfer
mediator between NADPH and the substrate EP-UNAG. The
intrinsic fluorescence properties of this flavin molecule were
employed to serve as an intrinsic probe of the enzyme’s active
site. In the presence of the inhibitor, the FAD fluorescence is
shifted from 525 nm to a lower wavelength, 520 nm, consistent
with a less solvent accessible environment of the chromophore
relative to the free enzyme. The estimated dissociation con-
stant of 260 nM for compound 3 with E. coli MurB indicated
that the inhibitor was tightly bound to the enzyme, with a
stoichiometry consistent with 1:1 binding.

The crystal structure of compound 4 with E. coli MurB was
resolved to 2.4 Å (Table 1; Fig. 4). The structure revealed a
diverse series of interactions between the compound and the
active site of the enzyme as well as the flavin ring system of the
bound FAD. This is consistent with the results of the fluores-
cence assay. The changes in protein conformation to accom-
modate binding of the compound were small in comparison to
those seen when the EP-UNAG substrate is bound (6). The
location of the compound in the active site would preclude
binding of the substrate and provides a clear mechanism for
the inhibition. In considering the differences between S. aureus
MurB and E. coli MurB, a superposition of crystal structures
indicated that the important interactions of compound 4 with
the FAD flavin ring system and Tyr125 are conserved. The side
chain of Leu218 bifurcates the two chlorophenyl groups of
compound 4 and appears to provide a structural platform re-
sulting in the compound’s proximity to FAD and its hydrogen
bond to the main chain of Tyr125. A comparison of published
crystal structures revealed an equivalent side chain residue in
S. aureus MurB, Gln229. This observation, combined with sig-
nificant structural differences in the loop from �13 to 	3 (6),
implies that a different set of molecular interactions would
exist between the 3,5-dioxopyrazolidines and gram-negative
versus gram-positive MurB enzymes.

To understand the effects of the 3,5-dioxopyrazolidines on
peptidoglycan biosynthesis, the inhibitory activities of the com-
pounds were evaluated in an sPG biosynthesis assay utilizing S.
epidermidis. Reduced production of sPG following exposure of
bacteria to a compound suggests that inhibition of a pepti-

TABLE 5. Antimicrobial activities of 3,5-dioxopyrazolidines

Compound

MIC (�g/ml) for:

S. aureus a E. faecalis b MSCNS c

GC6464
S. pneumoniae

GC1894 d
S. pneumoniae

GC1894 � BSA f
E. coli

GC4559
E. coli (imp) e

BAS849

1 1–2 0.25 0.5 0.50 
128 
128 16
2 2–16 0.25 16 0.25 
128 
128 
128
3 1–2 0.25/0.5 2 0.25 
128 
128 
128
4 8 4/8 4 4 
128 
128 
128
Fosfomycin 4–8 64 ND 32 32 32 16
Vancomycin 0.5–2 �0.12/
128 1 �0.12 �0.12 
128 0.25

a Values are ranges for three S. aureus strains including MRSA.
b Values are ranges for two E. faecalis strains including VRE.
c MSCNS, methicillin-susceptible coagulase-negative staphylococcus. ND, not determined.
d Penicillin-resistant S. pneumoniae.
e Strain with improved outer membrane permeability.
f In the presence of 4% BSA.
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doglycan-synthetic enzyme (MurB by compounds 1 and 3,
MurA and MurB by compound 2, and MurB and MurC by
compound 4) affected peptidoglycan biosynthesis, leading to
the inhibition of cell growth.

As shown in Table 2, compounds 1 to 4 were all inhibitors of
MurB. In addition, several of these compounds also demon-
strated inhibitory activity against MurA and/or MurC. This is
not unexpected, since the product of MurA is the substrate for
MurB and the product of MurB is the substrate for MurC. It is
therefore reasonable that an inhibitor of MurB could fit into
the active site of MurA and/or MurC and function as an in-
hibitor of these enzymes as well. The observation that the
compounds are not inhibitors of the later enzymes in the path-
way, MurD through MurF, fits with the need for these enzymes
to recognize the growing amino acid side chain in order to
ensure the addition of the amino acids in the correct sequence.
Thus, an inhibitor of MurB may not effectively fit the active site
of MurD, MurE, or MurF, making insufficient critical contacts
to provide the affinity that would enable it to function as an
inhibitor of any of these three enzymes.

The MICs shown in Table 5 indicate good antibacterial activ-
ities for the 3,5-dioxopyrazolidines tested against strains of S.
aureus including MRSA, E. faecalis strains including VRE, and
penicillin-resistant S. pneumoniae. The compounds tested showed
no activity against wild-type E. coli. Only compound 1 demon-
strated antimicrobial activity against E. coli imp, a strain with
improved outer membrane permeability. The failure of the com-
pounds to inhibit the E. coli imp strain was unexpected, given that
this strain is susceptible to vancomycin (MIC, 0.25 �g/ml), a large
antibiotic with no activity against wild-type E. coli. We do not
have an explanation for this observation at this time. We specu-
late that it may be due either to the compounds’ physico-
chemical properties, preventing penetration of the gram-
negative cell membranes, or to binding to components
specific to gram-negative bacterial cells, for example, lipo-
polysaccharides.

The decline in activity for all compounds against S. pneu-
moniae from a MIC in the range of 0.5 to 4 �g/ml (without
BSA) to 
128 �g/ml in the presence of 4% BSA is consistent
with high protein-binding properties of these compounds. In
contrast, the presence of BSA did not change the MIC of
vancomycin or fosfomycin. The effects of serum and serum
albumin on the MICs of a wide variety of antibiotics have been
extensively studied (37). A close correlation was demonstrated
between the amount of free, unbound compound and a com-
pound’s antibacterial activity, suggesting that protein-bound
antibiotics are not available to interact with their bacterial
target and therefore have reduced activity. Our data indicate
that this is likely the case for the 3,5-dioxopyrazolidines in the
presence of 4% BSA. This observation prevents further testing
of these compounds for efficacy in animal models. Similar
data—high albumin binding—were reported earlier for a
MurC inhibitor (20) and MurB inhibitors such as 2-phenyl-5,6-
dihydro-2H-thieno[3,2-c]pyrazol-3-ols (33), phenyl thiazolyl
ureas, carbamate derivatives (24), and 4-alkyl and 4,4-dialkyl
1,2-bis(4-chlorophenyl)pyrazolidine-3,5-dione derivatives (31).

In summary, the 3,5-dioxopyrazolidines studied are potent
inhibitors targeting MurB. This class of new inhibitors estab-
lishes a strong relationship between enzyme inhibition, de-
creased soluble peptidoglycan synthesis, and antibacterial ac-

tivity. These findings are encouraging, because they indicate
the possibility of developing novel antibacterial agents target-
ing an early step in peptidoglycan biosynthesis.
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