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Bacterial UDP-/V-acetylglucosamine enolpyruvyl transferase
(MurA) catalyzes the transfer of enolpyruvate from
phosphoenolpyruvate (PEP) to uridine diphospho-/NV-
acetylglucosamine (UNAG), which is the first step of
bacterial cell wall synthesis. We identified thimerosal,
thiram, and ebselen as effective inhibitors of Haemophilus
influenzae MurA by screening a chemical library that
consisted of a wide range of bioactive compounds. When
MurA was preincubated with these inhibitors, their 50%
inhibitory concentrations (IC5s) were found to range
from 0.1 to 0.7 pM. In particular, thimerosal suppressed
the growth of several different Gram-negative bacteria such
as Escherichia coli, Pseudomonas aeruginosa, and Salmonella
typhimurium at a concentration range of 1-2 pg/ml. These
inhibitors covalently modified the cysteine residue near
the active site of MurA. This modification changed the
open conformation of MurA to a more closed configuration,
which may have prevented the necessary conformational
change from occurring during the enzyme reaction.
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Bacterial cell walls consist of peptidoglycan layers that
protect bacteria from destruction by osmotic pressure, and
the biosynthesis pathway of the cell wall serves as a
major target for the development of antibacterial agents.
Peptidoglycan is a polymer that consists of NV-acetylglucosamine
(NAG) and N-acetylmuramic acid, and the first biosynthetic
reaction in the synthesis of peptidoglycan is the transfer of
the enolpyruvyl group of PEP to the 3'-hydroxyl group of
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uridine diphospho-N-acetylglucosamine (UNAG), which
is catalyzed by UDP-NAG enolpyruvyl transferase (MurA)
[7]. MurA is an essential enzyme that is conserved in both
Gram-positive and Gram-negative bacteria and has no
mammalian homolog. Deletion of the MurA gene in
Escherichia coli or Streptococcus pneumoniae leads to
lethal mutants [6, 11]. These properties make MurA an
attractive target for the development of novel antibiotics.

Various inhibitors of MurA have been developed.
Among them, fosfomycin, which is a broad-spectrum
antibiotic produced by Streptomyces, was shown to inhibit
MurA [14]. Analysis of the detailed mechanism of MurA
revealed that fosfomycin covalently attached to a cysteine
residue at the active-site loop of MurA and irreversibly
inactivated its activity [26]. However, fosfomycin resistance
occurs with high frequency via overexpression of MurA
[13], enzymatic modification of the antibiotic [5], decreased
uptake of the antibiotic [1], or substitution of the cysteine
near the active-site loop with aspartate [15].

A few novel inhibitors of MurA, other than fosfomycin,
have been discovered by various research groups including
pharmaceutical companies. A derivative of 5-sulfonoxy-
anthranilic acid (T6361) binds to the catalytic loop of
E. cloacae MurA with a K; of 16 uM and prevents the
transition from the open (unliganded) to the closed (UNAG-
liganded) conformation [12]. The Bristol-Myers Squibb
compound Cpd1 inhibited E. coli MurA with an IC;, value
of 6 uM [2]. In addition, peptide inhibitors against E. coli
MurA were also discovered from biopanning of phage
display [19]. R. W. Johnson compounds (RWJ-3981, RWJ-
140998, and RWJ-110192) showed efficient inhibition
against MurA with IC,, values between 0.2 and 0.9 uM
and minimum inhibitory concentration (MIC) values between
4 and 32 pg/ml against Staphylococcus aureus, and these
compounds also prevented biosynthesis of nucleic acids
and proteins [4]. Although several MurA inhibitors have
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been identified, more potent inhibitory compounds with
distinct structures are required for the development of
antibiotics that specifically target MurA.

In this study, we identified novel inhibitors by screening
a drug library against Haemophilus influenzae MurA and
examined their inhibitory mechanism. All of the identified
compounds covalently modified the cysteine residues at
the active-site loop and prevented MurA from undergoing
the necessary conformational changes required for functional
activity.

MATERIALS AND METHODS

Materials

NINDS Custom Collection II and Prestwick Chemical Library
were purchased from MicroSource Discovery Systems Inc.
(Gaylordsville, CT, U.S.A.) and Prestwick Chemicals (Illkirch,
France), respectively. Fosfomycin disodium salt, thimerosal,
and tetramethylthiuram disulfide (thiram) were purchased
from Sigma (St. Louis, MO, U.S.A.). Phosphoenolpyruvate
and UDP-N-acetylglucosamine were also obtained from
Sigma. M. tuberculosis H37Rv (ATCC 27294), H37Ra
(ATCCC 35835), K-strain, and 5 clinically isolated M.
tuberculosis strains from tuberculosis patients were obtained
from the Culture Collection of Mycobacterial Strains in the
Korean Institute of Tuberculosis. K-Strains were identified
using RFLP by The Korea Center for Mycobacterial DNA
Data Base, Korean Institute of Tuberculosis. Other bacterial
strains for MIC determination were obtained from the
Culture Collection of Antimicrobial Resistant Microbes at
Seoul Women’s University (Seoul, Korea).

Expression and Purification of H. influenzae MurA
The coding region of Haemophilus influenzae MurA
(GenBank ID: AAC 22737.1) was cloned into the Ndel
and Xhol sites of pET21a to generate an expression vector
for MurA, as described previously [27]. The expression
vector was transformed into E. coli Rosetta2 (DE3), and
the recombinant MurA was expressed and purified as
previously described [27].

Assay

The activity of MurA was measured as previously described
[17]. Briefly, 20 ul of 100 nM H. influenzae MurA in
50 mM Tris-HCI, pH 7.8, was mixed with 20 pl of substrate
solution containing 200 pM phosphoenolpyruvate (PEP)
and 400 uM UDP-N-acetylglucosamine (UDP-GIcNAc) and
incubated for 30 min at 25°C. The reaction was terminated
by adding 200 pl of malachite green reagent containing
0.045% malachite green and 4.2% ammonium molybdate
in 4 N HCl, and the amount of phosphate released from the
cleavage of PEP was estimated by measuring the optical
density at 650 nm.

Screening of H. influenzae MurA Inhibitors

To screen the library for MurA inhibitors, 1 pl of
dimethylsulfoxide solution containing 10 mM of the
compound from a 96-well formatted chemical library was
preincubated with 20 pl of 100 nM H. influenzae MurA
for 20 min at room temperature, and then the residual
activity of MurA was measured as described above.

Fluorescence Measurements

Binding of the isolated inhibitors to the lid-like loop region
of H. influenzae MurA was examined using 8-anilino-1-
naphthalene sulfonate (ANS). To measure the fluorescence
of the ANS bound to MurA, 50 pM ANS was mixed with
1.5 uM MurA and incubated in 25 mM sodium-potassium
phosphate, pH 6.9, for 20 min at 30°C. The effect of UNAG
and inhibitors on the fluorescence of MurA-bound ANS
was examined using MurA pretreated with 10 uM of each
inhibitor or 1 mM UNAG for 20 min at 30°C. The ANS
fluorescence was excited at 366 nm and the emission
spectra were monitored between 400 and 600 nm using the
FluoroSENS fluorimeter (Gilden Photonics Ltd., Glasgow,
UK.).

Determination of the Cysteine Reactivity of the Inhibitors
To determine whether the identified inhibitors were reactive
to the sulthydryl group, each inhibitor was incubated in the
absence or presence of dithiothreitol (DTT) in 50 mM
Tris-HCI, pH 7.8, at room temperature for 30 min. The
inhibitory activities of the inhibitors were then determined
as described above. The number of cysteine residues on
MurA before and after incubation with the isolated inhibitors
was determined by titration of the free thiols using 5,5'-
dithio-bis(2-nitrobenzoic acid) (DTNB). MurA was incubated
with 400 uM of UNAG for 30 min at room, and then
incubated with 20 uM of each isolated inhibitor or 200 pM
of fosfomycin for 20 min. After MurA was isolated on a
desalting column, the cysteine residues of MurA were
titrated with 0.9 mM DTNB in 100 mM sodium phosphate,
pH 8.0, containing 1 mM ethylenediaminetetraacetic acid
(EDTA) for 40 min at room temperature. The number of
cysteine residues was calculated from the absorbance at
412 nm and using an extinction coefficient of 13,600 cm™ M,
as described previously [21].

Determination of Minimum Inhibitory Concentration
(MIC) Values of the Inhibitors

The MIC values of the H. influenzae MurA inhibitors
against Gram-positive and -negative bacteria were determined
using the antimicrobial susceptibility test according to the
Clinical Laboratory Standards Institute recommendations
[10]. The MIC values of the MurA inhibitors against
Streptococcus pyogenes were measured by a broth dilution
method using Mueller Hinton II broth containing 5% lysed
horse blood. The MIC values of the inhibitors against the



other bacterial strains were determined by an agar dilution
method using a Mueller Hinton I agar plate containing
various concentrations of the tested inhibitors. The MIC
values of the inhibitors against Mycobacterium tuberculosis
were measured according to the recommendation by the
World Health Organization using Lowenstein—Jensen
medium [8, 9].

RESULTS

Novel MurA Inhibitors are Identified

The purified H. influenzae MurA was used to screen for
potential inhibitors from commercial libraries consisting of
bioactive chemicals including drug compounds. In the
initial screen of the library, compounds that reduced H.
influenzae MurA activity by more than 90% at 100 uM
were selected for further analysis. The 1Cs, values of these
compounds were determined, and three compounds (ebselen,
thiram, and thimerosal) whose IC, values were less than
1 uM were identified (Fig. 1). These compounds displayed
an anti-MurA activity that was above 90% at a chemical
concentration below 2 uM (Fig. 2), and their 1Cs, values
were determined to be 0.1 (ebselen), 0.4 (thimerosal), and
0.7 uM (thiram) (Table 1). The ICs, value of fosfomycin
against H. influenzae MurA was determined to be 40 uM,
which was 4-5-folds higher than the reported values
against E. coli MurA [4]. The inhibitory activities of the
newly identified compounds against H. influenzae MurA
were 50-100-folds higher than that of fosfomycin.
These compounds share no apparent structural similarity to
fosfomycin or previously reported inhibitors of MurA [2,
4,12].

Thimerosal and Thiram Effectively Prevent the Growth
of Several Bacteria

The antibacterial activities of thimerosal and thiram were
tested against various bacteria, and the MIC values were
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Fig. 1. Structures of MurA inhibitors: Ebselen (A), thimerosal
(B), thiram (C), and fosfomycin (D).
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Fig. 2. Concentration dependent inhibitory activity of ebselen
(A), thimerosal (B), thiram (C), and fosfomycin (D) against H.
influenzae MurA.

Various concentrations of the compounds were simultaneously incubated
with MurA for 30 min at room temperature, and then the residual activity
of MurA was measured. The concentrations of H. influenzae MurA, PEP,
and UNAG were 100nM, 0.1 mM, and 0.2 mM, respectively. All
experiments were performed in triplicate.

obtained by measuring the diameter of the disk diffusion
zone on the agar after incubation in the presence of different
concentrations of the inhibitors (Table 2). Thimerosal
effectively inhibited the growth of Gram-negative bacteria such
as Escherichia coli, Pseudomonas aeruginosa, Salmonella
typhimurium, Klebsiella oxytoca, and Enterobacter cloacae
in the concentration range of 0.5-2 pg/ml. In Gram-
positive bacteria, it effectively inhibited the growth of
Staphylococcus aureus at a concentration of 1 pg/ml, but
showed low inhibitory activity against the growth of
Streptococcus pyogenes. Thiram showed a less potent
antimicrobial activity than thimerosal, and it inhibited the
growth of both Gram-negative and Gram-positive bacteria

Table 1. The IC,, of the inhibitor, calculated from the inhibitory
curve measured for H. influenzaec MurA activity at various
concentrations of the inhibitor.

Compound ICsy (LM)
Ebselen 0.1
Thimerosal 0.4
Thiram 0.7
Fosfomycin 40

The concentrations of H. influenzae MurA, PEP, and UNAG were 100 nM,
0.1 mM, and 0.2 mM in 50 mM Tris-HCI, pH 7.8, respectively.
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Table 2. MIC values, obtained by measuring the diameter of the disk diffusion zone on the agar after incubation with a variety of

bacteria in the presence of different concentrations of the inhibitors.

No. Strain Name MIC (pg/mL)
Thimerosal Thiram

1 Streptococcus pyogenes CCARMO0206 >128 >128

2 Streptococcus pyogenesCCARMO0208 >128 >128

3 Streptococcus pyogenes CCARMO0207 >128 >128

4 Staphylococcus aureus CCARMO0201 1 1

5 Staphylococcus aureus CCARMO0204 1 8

6 Staphylococcus aureus CCARMO0205 1 4

7 Escherichia coli CCARMO0230 1 32

8 Escherichia coli CCARMO0237 2 64

9 Escherichia coli CCARMO0238 1 32
10 Escherichia coli CCARMO0235 2 64
11 Escherichia coli CCARMO0236 1 64
12 Pseudomonas aeruginosa CCARMO0219 2 >128
13 Pseudomonas aeruginosa CCARM0223 2 >128
14 Pseudomonas aeruginosa CCARMO0224 2 >128
15 Pseudomonas aeruginosa CCARMO0225 0.5 >128
16 Salmonella typhimurium CCARMO0240 1 64
17 Klebsiella oxytoca CCARMO0248 1 64
18 Klebsiella oxytoca CCARM0249 1 64
19 Enterobacter cloacae CCARM0252 2 64
20 Enterobacter cloacae CCARMO0253 1 64
21 Mycobacterium. tuberculosis H37Rv (ATCC 27294) >40 >40
22 Mycobacterium. tuberculosis H37Ra (ATCCC 35835), >40 >40
23 Mycobacterium. tuberculosis K-strain, >40 >40
24 Five clinically isolated M. tuberculosis strains from tuberculosis patients >40 >40

in the concentration range of 1—64 pg/ml, with the exception
of Pseudomonas aeruginosa and Streptococcus pyogenes.
These results indicate that thimerosal has a more potent
antibacterial activity than thiram, although the 1Cs, values
of the two compounds were within the same range.
Ebselen was reported to have antibacterial activity against
various strains and was found to efficiently block the
growth of Staphylococcus aureus or Bacillus subtilis with
MIC values of 0.2—0.4 pg/ml [20].

The Isolated Inhibitors are Reactive to Sulfhydryl Group
Ebselen, thimerosal, and thiram contain heavy metal element
or disulfide bonds (Fig. 1), implying that they could react
with sulfhydryl groups. To test whether these compounds
can react with the sulthydryl group, the residual inhibitory
activities of these compounds after incubation with 10 mM
dithiothreitol (DTT) were examined. When these compounds
were incubated for 30 min with DTT, their inhibitory
activities against H. influenzae MurA were almost completely
eliminated (Fig. 3). These results indicate that the identified
inhibitors have a strong reactivity toward the sulthydryl
group, and they most likely inhibit MurA through a covalent
linkage to surface-exposed cysteine residues.

The Identified Inhibitors Covalent Modify Cysteine
Residues of MurA

Fosfomycin, a previously known MurA inhibitor, covalently
modified Cys115 of E. coli MurA at the active site loop
region [16], which is equivalent to Cysl17 of the H.
influenzae enzyme. The inactivation of the identified MurA
inhibitors by treatment with DTT suggests that these
compounds may covalently modify the cysteine residue
at the active-site loop of MurA, as was reported for
fosfomycin. To test whether ebselen or thiram could modify
cysteine residues, the number of free cysteine residues on
MurA was determined by DTNB titration before and after
treatment with these compounds. The number of DTNB-
accessible -SH groups of MurA was measured as 2.3. This
value is reasonable, since the crystal structure of H.
influenzae MurA showed that only 2 out of 6 cysteines are
exposed to the surface, and Cys117 is partially exposed
when UNAG binds to the active site of MurA [28]. When
MurA was incubated with 200 uM of fosfomycin, the
number of free cysteines decreased to 1.8 (Table 3),
indicating that the C117 residue, which is exposed to the
surface in the closed conformation, is partially modified by
fosfomycin. In comparison, the number of free cysteines of
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Fig. 3. The reactivities of ebselen, thimerosal, thiram, and
fosfomycin toward the sulthydryl group.

Ebselen, thimerosal, thiram, or fosfomycin were incubated in the presence
or absence of 500 uM DTT, and their inhibitory activities against MurA
were determined as described in Material and Methods. The concentrations
of ebselen, thimerosal, thiram, and fosfomycin in the reaction mixture were
2, 5, 5, and 500 uM respectively. All experiments were performed in
triplicate.

MurA treated with 20 pM of ebselen or thiram decreased to
1.8 and 0.9, respectively (Table 3). The effect of thimerosal
was not investigated because it interferes with DTNB
titration (data not shown). The reduction of DTNB-accessible
cysteines indicates that ebselen and thiram could covalently
modify C117 of MurA. In particular, thiram showed a
higher reactivity to surface-exposed free cysteines than
ebselen or fosfomycin.

The Conformation of MurA is Changed by the
Identified MurA Inhibitors

The fluorescence enhancement of ANS upon specific
binding to MurA was exploited to monitor the conformational
change after treatment with the inhibitors. ANS specifically
binds to the open conformation of Enterobacter cloacae
MurA, and the fluorescence of MurA-bound ANS is
significantly enhanced as compared with the fluorescence
of free ANS, whereas occupation of the active site by
UNAG induces a closed conformation of E. cloacae MurA,
which has a low affinity to ANS [23, 24]. To examine
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whether the identified compounds affect the conformation
of MurA, the fluorescence spectrum of ANS bound to
inhibitor-treated MurA was examined. The intensity of the
fluorescence spectrum of ANS when bound to MurA was
increased by more than 5-fold and there was a shift in the
peak maximum from 520 nm to 470 nm compared with the
spectrum of free ANS (Fig. 4A, filled circle and inverted
triangle). When ANS was mixed with UNAG-treated MurA,
the fluorescence intensity of ANS was reduced by 80%
(Fig. 4A, open circle), indicating that the binding affinity
of ANS to the UNAG-MurA complex was slightly lower
compared with the affinity with MurA in the open
conformation. It is worth noting that the reduction in
fluorescence intensity was less than the intensity change
observed for UNAG-E. cloacae MurA [28]. The smaller
reduction in the ANS intensity is most likely due to the less
compact conformation of the UNAG-H. influenzae MurA
complex compared with UNAG-E. cloacae MurA [23].
The fluorescence spectra of ANS in the presence of MurA
treated with thimerosal, ebselen, or thiram showed lower
intensity than the ANS spectrum with MurA in the open
conformation (Fig. 4B, 4C, and 4D), indicating that the
modification of MurA by these inhibitors induced a
conformational change. In particular, the fluorescence intensity
of ANS with thimerosal- or ebselen-treated MurA was
lower than that of UNAG-MurA (Fig. 4B, 4C), suggesting
that thimerosal or ebselen modifies MurA to a more
compact structure than the structure of UNAG—MurA.

Discussion

We have identified three novel inhibitors of H. influenzae
MurA by screening libraries that consisted of bioactive
compounds. These inhibitors have distinct structures from
fosfomycin or other MurA inhibitors. Ebselen (Fig. 1A) has a
benzoisoselenazolone scaffold, and is known as a selenium-
based mimic of glutathione peroxidase and peroxynitrite
scavenger [18,22]. Thimerosal (Fig. 1B) is an ethyl (2-
mercaptobenzoato-S) mercury sodium salt that has been used
as an antiseptic and antifungal agent in childhood vaccines
[3]. Thiram (Fig. 1C) is a 1-(dimethylthiocarbamoyldisulfanyl)-
N,N-dimethyl-methanethioamide, in which two diethyl,
dithiocarbamato moieties are connected through a disulfide
bond. It had been used as a fungicide, seed disinfectant,
and bactericide [25]. Even though these compounds have

Table 3. The number of free cysteines of H. influenzae MurA before and after treatment of inhibitors in the presence of UNAG was
measured by DTNB titration. All experiments were conducted in triplicate.

+UNAG

Ebselen Thiram Fosfomycin

# of Free Cys (£S.D.) 2.3 (x0.1)

2.3 (£0.1)

1.8 (20.2) 0.9 (£0.1) 1.8 (£0.0)
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Fig. 4. The conformational change in MurA induced by the compounds.

To measure the fluorescence of ANS bound to H. influenzae MurA, 50 pM ANS was mixed with 1.5 pM MurA in 25 mM sodium—potassium phosphate,
pH 6.9, and incubated for 20 min at 30°C. The fluorescence of ANS bound to MurA was measured after MurA was treated with 1 mM of fosfomycin (A),
10 uM of thimerosal (B), ebselen (C), thiram (D), or I mM UNAG for 20 min at 30°C. ANS fluorescence was exited at 366 nm and the emission spectra

were monitored between 400 and 600 nm.

been used as antifungal or antiseptic agents, their inhibitory
mechanism has not yet been established. The inhibitory
activity of these compounds against MurA strongly suggests
that the target molecule in the antibacterial activities of
ebselen, thimerosal, and thiram is MurA. Thimerosal and
thiram effectively inhibited the growth of various Gram-
positive and Gram-negative strains with different degrees
of susceptibility.

The inhibitory mechanism of the identified compounds was
elucidated by examining their effects on the conformation
of MurA and their reactivity toward the sulthydryl group.
Structural studies of H. influenzae MurA showed that the
active site resides in between two domains covered by a
lid-like loop, and C117 in this loop has a critical role in
recruiting the substrate and releasing the reaction product
from the active site. The open or closed conformations of
E. cloacae or E. coli MurA can be observed using the
fluorescence probe ANS. When ANS specifically binds
near the active site of MurA in the open conformation, it

displays a strong increase in fluorescence [23, 24]. Using
this method, it was shown that ANS does not bind MurA
when it is in the closed conformation (i.e., when MurA
forms a complex with UNAG) [24]. The structure of the H.
influenzae MurA —fosfomycin complex differs from E. cloacae
or E. coli MurA-fosfomycin, in that the H. influenzae
MurA—fosfomycin complex has a partially or half-closed
conformation [28]. The reduced fluorescence intensity of
ANS from MurA modified by ebselen, thimerosal, or
thiram indicated that these inhibitors transform MurA from
an open conformation into a compact structure similar to
the UNAG-bound conformation.

Fosfomycin covalently modified the active-site cysteine
(Cysl115) of E. coli and E. cloacae MurA in the closed
conformation [4, 28]. In contrast, ebselen, thimerosal, and
thiram covalently modified the Cys117 of H. influenzae
MurA in the open conformation, and induced a conformational
change to a compact conformation, which may block
binding of UNAG at the active site. The reactivity of these



compounds to the sulthydryl group appears much higher
compared with that of fosfomycin. Fosformycin showed a
low inhibitory activity (IC;;=40 uM) against H. influenzae
MurA compared with ebselen, thimerosal, or thiram,
indicating that the reactivity of the epoxide group in
fosfomycin toward the sulthydryl group is much lower
than the reactivity of metal ions or the sulfide group in
these inhibitors. However, it should be noted that fosfomycin
has a higher selectivity to Cys117 among the other surface-
exposed cysteine residues of MurA. Structural studies of
the fosfomycin—MurA complex showed that Cys117 is
the only cysteine residue that is covalent modified by
fosfomycin [16]. This high selectivity of fosfomycin is
probably due to the phosphate group that mimics the
phosphate group of the substrate, phosphoenol pyruvate. A
structural study of MurA bound to ebselen, thimerosal, or
thiram will provide detailed information of the binding
interface for the design of inhibitors with higher specificity
and efficacy.

Acknowledgments

This work was supported by a grant of the Seoul R & D
program. We also thank the Research Program 2008 of
Kookmin University, Korea

REFERENCES

1. Arca, P., G Reguera, and C. Hardisson. 1997. Plasmid-encoded
fosfomycin resistance in bacteria isolated from the urinary tract in
a multicenter survey. J. Antimicrob. Chemother. 40: 393-399.

2. Barbosa, M. D., G. Yang, J. Fang, M. G Kurilla, and D. L.
Pompliano. 2002. Development of a whole-cell assay for
peptidoglycan  biosynthesis inhibitors. Antimicrob. Agents
Chemother. 46: 943-946.

3. Baskin, D. S., H. Ngo, and V. V. Didenko. 2003. Thimerosal
induces DNA breaks, caspase-3 activation, membrane damage,
and cell death in cultured human neurons and fibroblasts.
Toxicol. Sci. 74: 361-368.

4. Baum, E. Z., D. A. Montenegro, L. Licata, I. Turchi, G. C.
Webb, B. D. Foleno, and K. Buch. 2001. Identification and
characterization of a new inhibitor of the Escherichia coli
MurA enzyme. Antimicrob. Agents Chemother. 45: 3182-3188.

5. Bernat, B. A., L. T. Laughlin, and R. N. Armstrong. 1997.
Fosfomycin resistance protein (FosA) is a manganese
metalloglutathione transferase related to glyoxalase 1 and the
extradiol dioxygenases. Biochemistry 36: 3050-3055.

6. Brown, E. D., E. 1. Vivas, C. T. Walsh, and R. Kolter. 1995.
MurA (MurZ), the enzyme that catalyzes the first committed
step in peptidoglycan biosynthesis, is essential in Escherichia
coli. J. Bacteriol. 177: 4194—4197.

7. Bugg. T. D. and C. T. Walsh. 1992. Intracellular steps of bacterial
cell wall peptidoglycan biosynthesis: Enzymology, antibiotics,
and antibiotic resistance. Nat. Prod. Rep. 9: 199-215.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

NOVEL INHIBITORS OF MURA 1588

. Canetti, G, W. Fox, A. Khomenko, H. T. Mahler, N. K. Menon,

D. A. Mitchison, N. Rist, and N. A. Smelev. 1969. Advances in
techniques of testing mycobacterial drug sensitivity, and the use
of sensitivity tests in tuberculosis control programs. Bull. World
Health Organ. 41: 21-43.

. Canetti, G, S. Froman, J. Grosset, P. Hauduroy, M. Langerova,

H. T. Mahler, G. Meissner, D. A. Mitchison, and L. Sula. 1963.
Mycobacteria laboratory methods for testing drug sensitivity
and resistance. Bull. World Health Organ. 29: 565-578.
Clinical and Laboratory Standards Institute. 2006. Performance
Standards for Antimicrobial Susceptibility Testing. Sixteenth
Informational Supplement M100-S16, Wayne, Pa.

Du, W,, J. R. Brown, D. R. Sylvester, J. Huang, A. F. Chalker,
C. Y. So, D. J. Holmes, D. J. Payne, and N. G. Wallis. 2000.
Two active forms of UDP-N-acetylglucosamine enolpyruvyl
transferase in Gram-positive bacteria. J. Bacteriol. 182: 4146—
4152.

Eschenburg, S., M. Priestman, and E. Schonbrunn. 2005. Evidence
that the fosfomycin target Cys115 in UDP-N-acetylglucosamine
enolpyruvyl transferase (MurA) is essential for product release.
J. Biol. Chem. 280: 3757-3763.

Horii, T., T. Kimura, K. Sato, K. Shibayama, and M. Ohta. 1999.
Emergence of fosfomycin-resistant isolates of Shiga-like toxin-
producing Escherichia coli O26. Antimicrob. Agents Chemother.
43: 789-793

Kahan, F. M., J. S. Kahan, P. J. Cassidy, and H. Kropp. 1974.
Mechanism of action of fosfomycin (phosphonomycin). Ann. N.
Y Acad. Sci. 235: 364-386.

Kim, D. H, W. J. Lees, K. E. Kempsell, W. S. Lane, K.
Duncan, and C. T. Walsh. 1996. Characterization of a Cys115 to
Asp substitution in the Escherichia coli cell wall biosynthetic
enzyme UDP-GIcNAc enolpyruvyl transferase (MurA) that
confers resistance to inactivation by the antibiotic fosfomycin.
Biochemistry 35: 4923-4928.

Marquardt, J. L., E. D. Brown, W. S. Lane, T. M. Haley,
Y. Ichikawa, C.-H. Wong, and C. T. Walsh. 1994. Kinetics,
stoichiometry, and identification of the reactive thiolate in the
inactivation of UDP-GlcNac enolpyruvyl transferase by the
antibiotic fosfomycin. Biochemistry 33: 10646—10651.
Marquardt, J. L., D. A. Siegele, R. Kolter, and C. T. Walsh. 1992.
Cloning and sequencing of Escherichia coli mreZ and purification
of its product, a UDP-N-acetylglucosamine enolpyruvyl transferase.
J. Bacteriol. 174: 5748-5752.

Masumoto, H., R. Kissner, W. H. Koppenol, and H. Sies. 1996.
Kinetic study of the reaction of ebselen with peroxynitrite.
FEBS Lett. 398: 179-182.

Molina-Lopez, J., F. Sanschagrin, and R. C. Levesque. 2006. A
peptide inhibitor of MurA UDP-N-acetylglucosamine enolpyruvyl
transferase: The first committed step in peptidoglycan biosynthesis.
Peptides 27: 3115-3121.

Nozawa, R., T. Yokoda, and T. Fujimoto. 1989. Susceptibility of
methicillin-resistant Staphylococcus aureus to the selenium-
containing compound 2-phenyl-1,2-benzoisoselenazol-3(2H)-one
(PZ51). Antimicrob. Agents Chemother. 33: 1388—1390.
Riddles, P. W.,, R. L. Blakeley, and B. Zerner. 1979. Elleman’s
reagent: 5,5' Dithiobis (2-nitrobenzoic acid) — a reexamination.
Anal. Biochem. 94: 75-81.

Schewe, T. 1995. Molecular actions of ebselen-an antiinflammatory
antioxidant. Gen. Pharmacol. 26: 1153-1169.



1589

23.

24.

25.

26.

Jin et al.

Schonbrunn, E., S. Schenburg, K. Luger, W. Kabsch, and N.
Amrhein. 2000. Structural basis for the interaction of the fluorescence
probe 8-anilino-1-naphthalene sulfonate (ANS) with the antibiotic
target MurA. Proc. Natl. Acad. Sci. U.S.A. 97: 6345-6349.
Schonbrunn, E., D. I. Svergun, N. Amrhein, and M. H. J. Koch.
1998. Studies on the conformational changes in the bacterial
cell wall biosynthetic enzyme UDP-N-acetylglucosamine
enolpyruvyltransferase (MurA). Eur. J. Biochem. 253: 406—412.
Sharma, V. K., J. S. Aulakh, and A. K. Malik. 2003. Thiram:
Degradation, applications and analytical methods. J. Environ.
Monit. 5: 717-723.

Skarzynski, T., A. Mistry, A. Wonacott, S. E. Hutchinson, V. A.
Kelly, and K. Duncan. 1996. Structure of UDP-N-acetylglucosamine
enolpyruvyl transferase, an enzyme essential for the synthesis of

27.

28.

bacterial peptidoglycan, complexed with substrate UDP-N-
acetylglucosamine and the drug fosfomycin. Structure 4: 1465—
1474.

Yoon, H. J.,, M. J. Ku, H. J. Ahn, B. 1. Lee, B. Mikami, and S.
W. Suh. 2005. Crystallization and preliminary X-ray crystallographic
analysis of UDP-N-acetylglucosamine enolpyruvyl transferase
from Haemophilus influenzae in complex with UDP-N-
acetylglucosamine and fosfomycin. Mol. Cells 19: 398—401.
Yoon, H. J., S. J. Lee, B. Mikami, H. J. Park, J. Yoo, and S.
W. Suh. 2008. Crystal structure of UDP-N-acetylglucosamine
enolpyruvyl transferase from Haemophilus influenza in complex
with DSP-N-acetylglucosamine and fosfomycin. Proteins 71:
1032-1037.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


