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MurF catalyzes the last cytoplasmic step of bacterial cell wall synthesis and is essential for bacterial survival.
Our previous studies used a pharmacophore model of a MurF inhibitor to identify additional inhibitors with
improved properties. We now present the characterization of two such inhibitors, the diarylquinolines DQ1 and
DQ2. DQ1 inhibited Escherichia coli MurF (50% inhibitory concentration, 24 pnM) and had modest activity
(MICs, 8 to 16 pg/ml) against lipopolysaccharide (LPS)-defective E. coli and wild-type E. coli rendered
permeable with polymyxin B nonapeptide. DQ2 additionally displayed activity against gram-positive bacteria
(MICs, 8 to 16 pg/ml), including methicillin (meticillin)-susceptible and -resistant Staphylococcus aureus
isolates and vancomycin-susceptible and -resistant Enterococcus faecalis and Enterococcus faecium isolates.
Treatment of LPS-defective E. coli cells with =2x MIC of DQI1 resulted in a 75-fold-greater accumulation of
the MurF substrate compared to the control, a 70% decline in the amount of the MurF product, and eventual
cell lysis, consistent with the inhibition of MurF within bacteria. DQ2 treatment of S. aureus resulted in similar
effects on the MurF substrate and product quantities. At lower levels of DQ1 (=1x MIC), the level of
accumulation of the substrate was less pronounced (15-fold greater compared to the amount for the control).
However, a 50% increase in the amount of the MurF product compared to the control was reproducibly
observed, consistent with the possible upregulation of muropeptide biosynthesis upon partial inhibition of this
pathway. The overexpression of cloned MurF appeared to partly alleviate the DQ1-mediated inhibition of
muropeptide synthesis. The identification of MurF inhibitors such as DQ1 and DQ2 that disrupt cell wall

biosynthesis suggests that MurF remains a viable target for an antibacterial agent.

Cell wall biosynthesis and the cell wall structure have long
been considered useful targets for antibacterial agents, as dem-
onstrated by antibiotics such as the B-lactams and glycopep-
tides (14, 29). However, of the series of steps catalyzed by the
enzymes MurA through MurF that produce UDP-MurNAc-
pentapeptide, a useful antibiotic, fosfomycin, has been gener-
ated only against the MurA target (6, 18), despite extensive
screening efforts against all of the enzymes in this pathway (for
reviews, see references 8, 11, 14, 20, 29, and 31).

MurF catalyzes the last cytoplasmic step of bacterial cell
wall biosynthesis, generating UDP-MurNAc-pentapeptide
from UDP-MurNAc-tripeptide and p-Ala-p-Ala (37). Previ-
ously identified inhibitors of MurF include a nonhydrolyzable
ATP analog (1), phosphinate transition state analogs (25),
sulfonamides (15, 22), thiazolylaminopyrimidines (4), and
8-hydroxyquinolines (5). These compounds inhibited the puri-
fied MurF enzyme but lacked antibacterial activity, presumably
due to poor penetration into cells. A pharmacophore model
based on the 8-hydroxyquinoline series was used to search for
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compounds with antibacterial activity, and this process identi-
fied several classes of compounds, including a 4-phenylpiperi-
dine derivative (5). This inhibitor had the distinction of being
the first inhibitor of the MurF enzyme which appeared to
inhibit MurF within Escherichia coli cells.

Observations of conditional lethal MurF mutants of E. coli
(24) and Staphylococcus aureus (33, 34) are useful for predict-
ing the effects of a MurF inhibitor on bacteria. In E. coli, a
temperature-sensitive mutant with a mutated MurF enzyme
that possessed <1% of the relative activity of the wild-type
enzyme exhibited (i) cell lysis at the nonpermissive tempera-
ture, (ii) the accumulation of UDP-MurNAc-tripeptide (the
MurF substrate), and (iii) a decrease in the level of the UDP-
MurNAc-pentapeptide product (24). In S. aureus, similar ef-
fects on the abundance of muropeptide were observed (33).
These and other parameters were examined for two new MurF
inhibitors, the diarylquinolines DQ1 and DQ2.

MATERIALS AND METHODS

MurF enzymatic assay. The 50% inhibitory concentrations (ICss) for E. coli
MurF were determined as described previously (5).

Microbiology studies. All bacterial strains were from the strain collection of
Johnson & Johnson Pharmaceutical Research & Development, L.L.C. MICs
were determined by CLSI broth microdilution assays (9). The checkerboard
methodology was used for determination of the MICs of compound DQ2 in
combination with vancomycin (10). For growth curve generation, CFU quanti-
tation, and muropeptide analysis, 125-ml cultures of E. coli OC2530 or S. aureus
ATCC 29213 were grown to an A, of 0.3. The compounds (500X stock solu-
tions of cycloserine in distilled H,O, DQ1 or DQ2 in dimethyl sulfoxide
[DMSO]) were added at the indicated multiple of the MIC, and incubation was
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FIG. 1. Structures of the MurF inhibitors DQ1 and DQ2.

continued; DMSO was added to the control culture. After 30 min, the muropep-
tides were extracted and quantified as described previously (5). Upon addition of
compound, aliquots (100 pl each) of the cultures were transferred to replicate
wells of a Bioscreen C microplate reader (Growth Curves USA, Piscataway, NJ)
to generate growth curves on the basis of the changes in the optical density (OD).
After 30 min and 3 h, aliquots of the cultures were removed from microplate
wells for CFU quantitation (5).

Microscopy. E. coli OC2530 was grown as described above for growth curve
generation, and either DMSO or 0.5X MIC DQ1 was added. For light micros-
copy, a 20-pl aliquot of cells was placed onto a glass slide and fixed with
SHUR/Mount (Triangle Biomedical Sciences, Inc., Durham, NC), followed by
placement of a coverslip. The bacteria were observed at a X100/X1.25 oil im-
mersion magnification on a Nikon Eclipse E800 microscope (Melville, NY).
Representative pictures were taken for both sets of cultures. For transmission
electron microscopy (TEM), aliquots (0.5 ml) of the cultures were treated with
glutaraldehyde at a final concentration of 1% 5 h after addition of DMSO or
DQL. The cells were incubated at room temperature for 1 h and centrifuged
(10,000 X g), and the supernatants were discarded. The cell pellets were sus-
pended in 0.5 ml phosphate-buffered saline; the cells were then negatively
stained with 1% ammonium molybdate and photographed under the transmis-
sion electron microscope at a magnification of X15,000 (16).

Overexpression of MurF in E. coli. The MurF-coding region was excised with
Ndel-BamHI from a construct similar to that described previously (4), except
that it lacked a histidine tag, and was ligated into the Xbal-BamHI site of the
expression vector pASK-IBA3C (IBA, St. Louis, MO) (32) under the control of
the tetA promoter by the use of double-stranded DNA oligomers (5'-CTAGAT
AACGAGGGCAAAA-3' and 3'-TATTGCTCCCGTTTTAT-5') to re-create
the vector sequences upstream of the translational start codon. The resultant
plasmid, pMurF, was electroporated into E. coli OC2530; 3 wg/ml chloramphen-
icol was sufficient to prevent the growth of nontransformed strain OC2530 and
was used throughout the study. The expression of cloned MurF mRNA upon
induction with anhydrotetracycline (AHT; IBA) was confirmed by reverse tran-
scription-PCR with a LightCycler instrument (Roche, Indianapolis, IN) and
primers Murg,, (5'-CAACACGCTTTATACGGCAGGCAA-3") and Murg,,
(5'-CTGATGGTTCGCGCCAAGTTCAAT-3"), which specifically detected
mRNA from the cloned (but not the chromosomal) gene. The expression of the
cloned MurF protein was confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (Invitrogen, Carlsbad, CA) of cell lysates prepared with
BugBuster lysis solution (EMD Biosciences). For the experiment described in
Table 3, E. coli OC2530 cells harboring pASK (empty vector) or pMurF were
grown with aeration in 125 ml Mueller-Hinton broth to an A, of 0.3, followed
by addition of AHT (100 ng/ml) and continued incubation. After 1 h, the
compounds were added as described above, and the cells were processed for
muropeptide quantitation.

RESULTS

Identification of E. coli MurF inhibitor DQ1. A pharma-
cophore model was used to screen a library of compounds to
select candidate compounds to be tested in E. coli MurF bind-
ing and enzyme inhibition assays (5). The diarylquinoline com-
pound DQI1 (Fig. 1) bound to MurF and inhibited its enzy-
matic activity (ICsy, 24 = 4 uM). DQI1 also demonstrated
activity against lipopolysaccharide (LPS)-defective (perme-
able) E. coli OC2530 (MIC, 8 pg/ml) (Table 1) but had no
measurable activity at the concentration tested against wild-

MurF INHIBITORS 3241

type (non-LPS-defective) E. coli, Enterococcus faecalis, Entero-
coccus faecium, and S. aureus (both methicillin [meticillin]-
susceptible and -resistant strains) (MICs, >32 pg/ml).
Cycloserine, which inhibits the production of p-Ala-D-Ala via
the inhibition of both the p-alanine racemase and ligase en-
zymes (27), was used as a comparator throughout these exper-
iments. Cycloserine had an MIC of 64 pg/ml for E. coli
OC2530 (Table 1), eightfold less active than DQL1. In contrast,
cycloserine was more potent than DQ1 against wild-type E. coli
(MICs, 16 to 32 pg/ml) and displayed activity (MICs, 32 to 128
pg/ml) against the strains of gram-positive bacteria tested.

The hydrophobic nature of DQ1 suggested that poor per-
meability might be responsible for the lack of measureable
MIC:s for wild-type E. coli. In support of this hypothesis, wild-
type E. coli strains rendered permeable with a sub-MIC level of
polymyxin B nonapeptide (PMBN) (36) were susceptible to
DQ1, which exhibited MICs of 4 to 8 wg/ml (Table 1), fourfold
lower than the MICs of cycloserine. The MICs of cycloserine,
which uses D-Ala and Gly transport systems for entry into
bacteria (38), were not affected by PMBN (5).

The growth of E. coli OC2530 in the presence of various
amounts (0.5X to 4X MIC) of DQ1 was examined (Fig. 2A).
At 2X and 4X MICs, DQ1 caused cell lysis, as suggested by a
decline in the OD and as confirmed by microscopic examina-
tion of the cultures, similar to the behavior of cycloserine at 2X
MIC. At 1X MIC, the DQIl-treated culture exhibited partial
growth inhibition compared to the growth of the control cul-
ture. At 0.5X MIC, the growth curves of the DQ1-treated and
the control cultures were similar, except that at approximately
4 h after compound addition, the DQ1-treated culture dis-
played a reproducible crossover in the OD and had slightly
higher OD values than the control culture, which is discussed
below.

The CFU in the control, cycloserine-treated, and DQI1-
treated cultures were quantified at 30 min and 3 h (Fig. 2B and
C). At 30 min after compound addition at 2X MIC, both the
cycloserine- and the DQl-treated cultures displayed an ap-
proximately 1-log,,-unit drop in the numbers of CFU relative
to the number for the control. At 4X MIC, the DQ1-treated
culture displayed an approximately 2-log,,-unit decrease in the

TABLE 1. Susceptibilities of bacterial strains to MurF inhibitors
DQ1 and DQ2

MIC (pg/ml)

Strain DQI plus
DQ1 2 pLg/pml PgﬁayN DQ2 Cycloserine
PMBN
E. coli OC2530 (LPS 8 2 16 8 64
defective)
E. coli OC2605 >32 4 32 >32 16
E. coli OC9040 >32 8 64 >32 32
E. coli ATCC 25922 >32 8 64 >32 32
E. faecalis ATCC 29212 >32 >32 >64 8 128
E. faecium OC3312 >32 >32 >64 8 64
S. aureus ATCC 29213  >32 >32 >64 8 32
Methicillin-resistant S. >32 >32 >64 8 32
aureus OC3726
Methicillin-resistant S. >32 >32 >64 8 64
aureus OC2878
S. aureus OC4172 >32 >32 >64 8 32




3242 BAUM ET AL.

A o7,

0.5x MIC DQ1
06 -
05 -
E
o 0.4
AN
<~
Q g3
S 03

4x MIC DQ1

0.0 + - - - : - - . .
0 1 2 3 4 5 6 7 8
Time (h)
B 1.0E+10
1.0E+09 - = I
1.0E+08 {— I = —
E
S 1.0E+07 — —
5 =
1.0E+06 {— ]
1.0E+05 {— ]
Detection
Limit —P1.0E+04

Control Cycloserine 4x 2x 1x 0.5x
2x MIC)
) Multiple of MIC of DQ
Treatment (30 min)

C 1.0E+10
1.0E409 {— I I I —
1.0E+08 1— —
E
S 1.0E+07 +— —
'Y
3]
1.0E+06 — —
1.0E+05 -— —
Detection T
Limit —1.0E+04
Control Cycloserine 4x 2x 1x 0.5x
(2x MIC) -
Multiple of MIC of DQ1
Treatment (3h)

FIG. 2. (A) Growth curves of E. coli OC2530 treated with DQ1. DQ1
was added to mid-logarithmic-phase cultures at 0.5X MIC (diamonds),
1X MIC (circles), 2X MIC (triangles), or 4X MIC (solid squares); and the
OD was monitored. The growth curves of a control (to which DMSO was
added; solid line) and a cycloserine-treated culture (2X MIC; open
squares) are also shown. Aliquots of the cultures were removed for quan-
titation of CFU at 30 min (B) and 3 h (C).

number of CFU relative to the control. At 1X and 0.5X MIC
of DQ1, very little change in the number of CFU relative to the
control was observed.

At 3 h after compound addition, the decline in the numbers
of CFU at 2X MIC of cycloserine and at =2X MIC of DQ1
was at least 5 log,, units relative to the control (Fig. 2C). Thus,
DQI, like cycloserine, exhibited a bactericidal mode of action.
At lower concentrations of DQ1 (=1X MIC), the numbers of
CFU at 3 h were similar to the untreated control. The number
of CFU achieved with 1X MIC of DQ1 is consistent with
the OD value of the corresponding growth curve (Fig. 2A): the
threefold lower OD at 1X MIC of DQ1 compared to the
control culture at 3 h should yield a decrease in the number of
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CFU of 0.3 log,, unit, a value that is within the error bars for
these two samples.

The crossover detected when the OD values of the growth
curve of the control culture were compared with those of the
culture treated with 0.5X MIC of DQ1 was reproducibly ob-
served (Fig. 2A). These cultures were examined by light mi-
croscopy (Fig. 3A and B). The control culture contained dis-
persed, rod-shaped E. coli cells (Fig. 3A). In contrast, for the
culture treated with 0.5X MIC of DQ1, aggregation of the cells
was observed (Fig. 3B), which may be the cause of the increase
in the OD value compared to the control. Cycloserine at 0.5X
MIC also caused cell aggregation and the OD crossover (data
not shown). Cultures containing larger amounts of DQ1 (=1X
MIC) showed dose-dependent cell lysis and the presence of
significant amounts of cell debris.

The appearance of control cells and cells treated with 0.5X
MIC of DQ1 was examined in greater detail by TEM (Fig. 3C
and D). The control culture generally contained individual,
rod-shaped cells, and there was evidence of pairs of dividing
cells (Fig. 3C). In contrast, the DQ1-treated cells were more
rounded and less rod-like and contained fewer dividing cells
(Fig. 3D). Most striking in the DQI-treated culture was the
presence of aggregates of dozens of cells. These aggregates
were possibly caused by the production of colanic acid, a cap-
sular exopolysaccharide substance whose synthesis is induced
by sub-MICs of B-lactams but not by inhibitors of protein
synthesis or DNA replication (19, 28).

Quantitation of muropeptides in DQ1-treated E. coli. Pre-
vious experiments with conditional MurF deletion mutants
have demonstrated that lowering the amount of functional
MurF enzyme increases the amount of the UDP-MurNAc-
tripeptide substrate and decreases the amount of the UDP-
MurNAc-pentapeptide product (24). Inhibition of the MurF
enzyme would be expected to have similar effects on muropep-
tide levels.

To determine whether MurF was inhibited in E. coli cells
treated with DQ1, muropeptides were extracted and quantified
(Table 2). In the untreated control culture, very little of the
MurF substrate UDP-MurNAc-tripeptide was present, in con-
trast to UDP-MurNAc-pentapeptide, which was about 100-
fold more abundant than the tripeptide, in agreement with the
findings of previous studies (24). For the positive control, treat-
ment of cells with cycloserine caused UDP-MurNAc-tripeptide
to accumulate (30-fold relative to the amount in the untreated
culture), consistent with cycloserine’s role in preventing the
formation of p-Ala-p-Ala (38) and, thus, the formation of
UDP-MurNAc-pentapeptide.

A dose-dependent increase in the amount of the MurF sub-
strate UDP-MurNAc-tripeptide was observed at 0.5X to 2X
MIC of DQ1 (Table 2). At 4X MIC of DQ1 at 30 min, it was
evident from visual and microscopic inspection of the culture
that the cells were starting to lyse. Although the relative
amounts of UDP-MurNAc-tripeptide and UDP-MurNAc-pen-
tapeptide should be accurate in this sample (Table 2), the
absolute amounts were less than those that would be found if
all cells were intact, due to the loss of muropeptides into the
culture supernatant. From microscopy, we estimated that in-
tact cells and, by extension, the observed amounts of UDP-
MurNAc-tripeptide and -pentapeptide were approximately
35% lower than expected. Similarly, for cycloserine, we esti-



VoL. 53, 2009

L

FIG. 3. Microscopy of E. coli OC2530 incubated for 5 h without
DOQI1 (A and C) and with 0.5X MIC of DQ1 (B and D). (A and B) light
microscopy; (C and D) TEM.

mated a loss of about 50% of total muropeptides from cell
lysis. The corrected amounts of muropeptide for the samples
treated with cycloserine and 4X MIC of DQ1 are shown in
Table 2.

Concomitant with the DQ1 dose-dependent increase in the
amount of the MurF UDP-MurNAc-tripeptide substrate, a
corresponding decrease in the amount of the MurF UDP-
MurNAc-pentapeptide product was observed (Table 2). The
increase in the substrate level and the decrease in the product
level led to a shift in the substrate/product ratio from 0.01
(when no DQ1 was present) to 5.0 (when 4X MIC of DQ1 was
present) (Table 2). These results are in good agreement with
the accumulation of UDP-MurNAc-tripeptide and the decline
in the amount of UDP-MurNAc-pentapeptide seen in the tem-
perature-sensitive MurF deletion mutant of E. coli, which ex-
hibited substrate/product ratios of 0.1 at the permissive tem-
perature (when functional MurF enzyme was present) and 4.6
at the nonpermissive temperature (when nonfunctional MurF
enzyme was present) (24).

Unexpectedly, a reproducible increase in the absolute
amount of UDP-MurNAc-pentapeptide was observed in the
presence of low levels of DQ1 (=1X MIC; Table 2). To de-
termine if murF mRNA levels were altered as a result of DQ1
treatment, reverse transcription-PCR was performed with the
RNA from E. coli OC2530, without and with DQ1 treatment
(0.5X to 4x MIC). No difference in murF mRNA levels was
observed between samples treated with DQ1 and the control
sample (data not shown), indicating that MurF gene expres-
sion was unchanged.
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Identification of MurF inhibitor DQ2 with activity against
gram-positive bacteria. Analogs of DQ1 were examined for
their ability to inhibit the MurF enzyme and for their antibac-
terial activities. Compound DQ2 (Fig. 1), which is a chain-
extended analog of DQ1 with a relative stereochemistry oppo-
site that of DQI1 at the position B to the quinoline ring,
inhibited MurF with an ICy, of 29 = 3 pM, comparable to that
of DQL. Similar to DQ1, DQ2 displayed activity against LPS-
defective E. coli OC2530 (MIC, 8 ng/ml) and was not active
against wild-type E. coli at the concentration tested (MIC, >32
pg/ml) (Table 1); the inclusion of PMBN lowered the MICs of
DQ2, similar to the case for DQI, for wild-type E. coli (Table
1 and data not shown). However, in contrast to DQ1, DQ2
exhibited an MIC of 8 pg/ml for the tested strains of E. faecalis,
E. faecium, and S. aureus (both methicillin susceptible and
resistant), thus extending the activity of the series to gram-
positive bacteria. The DQ2 MICs for LPS-defective E. coli and
the gram-positive bacteria were 4- to 16-fold lower than the
cycloserine MICs observed (Table 1). For eight additional
strains of enterococci, both vancomycin susceptible and resis-
tant, DQ2 displayed MICs of 16 pg/ml (E. faecalis) and 8 pg/ml
(E. faecium) both in the absence and in the presence of van-
comycin (data not shown).

TABLE 2. Relative amounts of UDP-MurNAc-tripeptide and
-pentapeptide at different concentrations of MurF
inhibitors DQ1 and DQ2

Amt? UDP-MurNAc-
Test set, strain, compound, UDP- U];r};{)lf\:/ﬁ?r?\?gc-
and concn UDP;MurNAc— MurNAc- entanentid
tripeptide . P p_elz 1de
pentapeptide ratio
Set 1, E. coli OC2530
None (control) 1 1.00 0.01
DQ1
0.5X MIC 6 1.62 0.04
1X MIC 27 1.48 0.22
2X MIC 89 0.33 33
4x MIC 63 (98)* 0.15 (0.23) 5.0
Cycloserine, 2X MIC 30 (63) 0.12 (0.25) 3.0
Set 2,¢ E. coli OC2530
None (control) 1 1.00 0.02
DQ2, 2x MIC 17 0.19 1.9
Set 3, S. aureus ATCC
29213
None (control) i 1.00 <0.03
DQ2
1Xx MIC >10 0.60 0.11
2X MIC >38 0.34 0.71
4x MIC >67 0.21 2.0
Cycloserine, 2X MIC =100 0.33 >>63

“ Relative value of the high-pressure liquid chromatography (HPLC) peak
area normalized to the control value. Control values for UDP-MurNAc-tripep-
tide and -pentapeptide were as follows: for set 1, 17 and 1,400 milli-absorbance
units (mAU), respectively; for set 2, 50 and 2,300 mAU, respectively; and for set
3, <12 and 460 mAU, respectively.

® Ratio of HPLC peak areas.

¢ Average of four independent experiments.

4 Values in parentheses are corrected for the amount of muropeptide lost to
the supernatant due to cell lysis (~35% for 4X MIC of DQI, ~50% for cy-
closerine).

¢ The results are representative of those from two independent experiments.

/The abundance of UDP-MurNAc-tripeptide was below the limit of detection
by HPLC (12 mAU).
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FIG. 4. (A) Growth curves of S. aureus ATCC 29213 treated with
DQ2. DQ2 was added to mid-logarithmic-phase cultures at 0.5X MIC
(diamonds), 1X MIC (circles), 2X MIC (triangles), or 4X MIC (solid
squares); and the OD was monitored. The growth curves of a control
(to which DMSO was added; solid line) and a cycloserine-treated
culture (2X MIC; open squares) are also shown. Aliquots of the
cultures were removed for quantitation of CFU at 30 min (B) and 3 h

©.

Against E. coli OC2530, DQ2 exhibited behavior similar to
that seen for DQI, including its effects on the growth curves,
reductions in the numbers of CFU, and cell aggregation (at
<1x MIC). DQ2 treatment of E. coli OC2530 also altered the
muropeptide profile in a fashion similar to that of DQ1, with
the accumulation of UDP-MurNAc-tripeptide and a reduction
in the amount of UDP-MurNAc-pentapeptide (Table 2).

The treatment of S. aureus ATCC 29213 with DQ2 resulted
in the dose-dependent inhibition of cell growth (Fig. 4A);
however, in contrast to E. coli OC2530, S. aureus ATCC 29213
did not appear to be lysed either by cycloserine or by DQ?2, as
determined by macroscopic and microscopic examination of
the cultures. Assessment of the numbers of CFU (at 30 min
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and 3 h after exposure to the compound; Fig. 4B and C)
suggested that both cycloserine and DQ2 at 2X MIC were
bacteriostatic against S. aureus ATCC 29213, in contrast to the
bactericidal mode of action observed against E. coli OC2530
(Fig. 2C). DQ2 did not cause a change in the morphology of S.
aureus cells, even upon prolonged incubation (>12 h), and cell
aggregation was not observed either from determination of the
OD or by microscopy (data not shown).

The muropeptide profile of S. aureus ATCC 29213 treated
with DQ2 (at 1X, 2X, and 4X MIC) was examined (Table 2).
In contrast to the control culture of E. coli OC2530, in which
UDP-MurNAc-tripeptide was detectable (albeit only at 1% of
the level of abundance of UDP-MurNAc-pentapeptide; Table
2), the amount of UDP-MurNAc-tripeptide present was below
the limit of detection (12 milli-absorbance units [mAU], or ~2
pM UDP-MurNAc [4]) in the control culture of S. aureus
ATCC 29213. DQ2 treatment of S. aureus resulted in the
dose-dependent accumulation of the MurF substrate UDP-
MurNAc-tripeptide, with a concomitant reduction in the
amount of the MurF product UDP-MurNAc-pentapeptide
(Table 2). With cycloserine treatment (2X MIC), the decrease
in the abundance of UDP-MurNAc-pentapeptide was similar
to that observed with DQ2; however, the level of accumulation
of UDP-MurNAc-tripeptide was much greater for cycloserine
than for DQ2. Sobral et al. likewise observed a more dramatic
effect from cycloserine than from mutant MurF in S. aureus,
with cycloserine (but not mutant MurF) eliminating the pro-
duction of UDP-MurNAc-pentapeptide (34).

Overexpression of MurF in E. coli. To determine the effect of
increased amounts of MurF enzyme on muropeptide biosynthesis
in E. coli, plasmid-borne MurF, under the control of the AHT-
inducible fet4 promoter, was introduced into strain OC2530, and
the muropeptides were quantified (Table 3). Compared to the
level of the MurF product UDP-MurNAc-pentapeptide in the
control strain (harboring empty vector pASK), the MurF-overex-
pressing strain (harboring pMurF) showed an approximately
threefold increase in the level of the MurF product UDP-Mur-
NAc-pentapeptide (2,674 and 880, respectively). The amount of
the MurF substrate UDP-MurNAc-tripeptide also increased by
about threefold (220 and 63, respectively), suggesting that the

TABLE 3. Relative amounts of UDP-MurNAc-tripeptide and
-pentapeptide in E. coli OC2530 overexpressing MurF*

Amt® UDP-MurNAc-
tripeptide/
Strain and compound” UDP- UDP- UDP-MurNAc-
MurNAc- MurNAc- pentapeptide
tripeptide pentapeptide ratio
E. coli OC2530/pASK
None (control) 634 880 = 17 0.07
DQ1 1,196 = 71 213 =18 5.6
Cycloserine 2,255 =750 146 = 3 15
E. coli OC2530/pMurF
None (control) 220 =65 2,674 £ 696 0.08
DQ1 933 = 115 3510 2.7
Cycloserine 5,087 £ 494 181 £ 4 28

“ The results are representative of those from two independent experiments.
® Each of the compounds was used at 2X MIC.
¢ Amounts are mAU of the high-pressure liquid chromatography peak area.
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muropeptide biosynthesis enzymes upstream of MurF may be
upregulated in response to MurF overexpression.

The MICs of DQ1 for E. coli OC2530 harboring pMurF or
pASK (in the presence of 3 pg/ml chloramphenicol to maintain
the plasmid and 100 ng/ml AHT to induce expression) were 16
pg/ml for each strain; the cycloserine MIC for each strain was
64 pg/ml. However, the overexpression of MurF did have a
modest but reproducible effect of increasing the amount of the
MurF product UDP-MurNAc-pentapeptide in the presence of
the MurF inhibitor DQ1 by about twofold (351 and 213, re-
spectively; which decreased the substrate/product ratio from
5.6 to 2.7; Table 3). In contrast, cycloserine treatment of the
MurF-overexpressing E. coli strain had the opposite effect,
increasing the substrate/product ratio from 15 to 28.

DISCUSSION

In the current report, we describe new inhibitors of E. coli
MurF, compounds DQ1 and DQ2, whose effects on E. coli are
consistent with the inhibition of bacterial cell wall synthesis: (i)
cell lysis (at >1Xx MIC), (ii) a decrease in the amount of the
MurF product UDP-MurNAc-pentapeptide, and (iii) an in-
crease in the amount of the MurF substrate UDP-MurNAc-
tripeptide. DQ1 treatment of LPS-defective E. coli resulted in
dose-dependent cell lysis and a >5-log;-unit reduction in the
number of CFU (when DQ1 was used at 2X MIC and the cells
were treated for 3 h), indicating bactericidal activity. These
data are consistent with the behavior of a conditional MurF
deletion mutant of E. coli that exhibited cell lysis upon a shift
to the nonpermissive temperature (24).

An additional, unexpected finding was that the treatment of
E. coli with low levels of DQ1 (=1X MIC) appeared to in-
crease the amount of the MurF product UDP-MurNAc-pen-
tapeptide by 50 to 60% compared to that for the untreated
control, leading to the question of whether MurF activity is
upregulated by low levels of DQ1. No change in murF mRNA
levels was observed, indicating that putative upregulation was
not due to an increase in the level of MurF gene expression. It
is possible that the inhibition of the MurF enzyme by a sub-
MIC level of DQ1 could serve as a signal to increase UDP-
MurNAc-pentapeptide production, possibly by the stimulation
of MurF or of enzymes upstream in the pathway. An example
of the modulation of peptidoglycan biosynthesis is provided by
MurA, which appears to be negatively regulated by bound
UDP-MurNAc (26). The release of bound UDP-MurNAc
would be expected to increase MurA activity and, possibly, the
output of the downstream steps in this pathway, such as MurB
through MurF. Alternatively, a sub-MIC level of DQ1 may
decrease UDP-MurNAc-pentapeptide turnover, possibly by
the downregulation of enzymes downstream of MurF in the
muropeptide biosynthetic pathway, such as MraY (37).

Muropeptide quantitation experiments, which demonstrated
an increase in the amount of MurF substrate UDP-MurNAc-
tripeptide and a concomitant decrease in the amount of UDP-
MurNAc-pentapeptide upon DQI1 treatment, indicated that
MurF was indeed inhibited within bacterial cells. However, this
does not prove that MurF inhibition was responsible for cell
death and does not exclude the possibility that DQ1 has mul-
tiple bacterial targets. Our efforts to obtain E. coli mutants
resistant to DQ1 were unsuccessful, possibly due to the trivial
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reason that it may be more likely to obtain less permeable
variants of OC2530 (the only strain of E. coli susceptible to
DQI in the absence of a permeabilizing agent such as PMBN),
as putative mutants were cross-resistant to a variety of unre-
lated antibiotics (data not shown). Alternatively, if DQ1 acts
on multiple targets, the isolation of resistant mutants would be
unlikely.

Although the overexpression of MurF in E. coli transfor-
mants did not lead to an increase in the MIC of DQ1, a modest
twofold increase in the ability of the transformed strain to
accumulate the MurF product was observed in the presence of
DQ1 and may be consistent with MurF as the target of DQI.
As discussed above, DQ1 may act on multiple targets. In par-
ticular, the muropeptide synthetases MurC, MurD, and MurE
share some structural and functional homology with MurF (7,
12); and we cannot exclude the possibility that DQ1 inhibits
these or other E. coli targets. However, the inhibition of
MurC, MurD, and MurE would block the production of
UDP-MurNAc-monopeptide, -dipeptide, and -tripeptide,
respectively, thereby preventing the DQ1- or DQ2-mediated
accumulation of the MurF substrate UDP-MurNAc-tripep-
tide, which is also the MurE product. Since UDP-MurNAc-
tripeptide did accumulate upon DQ1 or DQ2 treatment of
the bacteria, it can be postulated that the inhibition of MurF by
these compounds is more extensive than the possible inhibition
of MurC, MurD, and MurE. It has been suggested that the
simultaneous inhibition of multiple targets of cell wall biosyn-
thesis by a single compound is a viable strategy for antibiotic
discovery (29, 30).

The observation that compounds DQ1 and DQ2 were not
able to inhibit the growth of wild-type E. coli at the concen-
trations tested, presumably due to poor permeation into cells,
is a significant limitation to their potential as agents against
gram-negative bacteria. Although the utility of DQ1 and DQ2
against gram-negative bacteria appeared to be limited to
strains made permeable either by mutation (LPS deficiency) or
by addition of a permeabilizing agent (e.g., PMBN), DQ2
extends the range of antibacterial activity of the series to gram-
positive bacteria, including S. aureus (both methicillin suscep-
tible and resistant) and enterococci (both vancomycin suscep-
tible and resistant). The phenethyl group of DQ2, in
comparison to the phenyl group of DQI, is expected to im-
prove the flexibility of the lateral chain, which may favor DQ2’s
interaction with the S. aureus MurF target.

The mechanism of action of DQ2 in S. aureus strain ATCC
29213 appears to be similar to that in LPS-defective E. coli
strain OC2530, on the basis of the comparable shift in the
UDP-linked muropeptide precursor pool, with the accumula-
tion of UDP-MurNAc-tripeptide at the expense of UDP-Mur-
NAc-pentapeptide; however, some important differences were
observed. In E. coli, DQ1 or DQ2 treatment results in lysis and
cell death; in contrast, in S. aureus, DQ2 treatment does not
cause lysis and has a static effect. These effects are in agree-
ment with the phenotypes of the corresponding MurF condi-
tional mutants of these organisms (33, 34), providing further
support that the mechanism of action of the DQs involves the
inhibition of MurF. In addition, at =1X MIC of the DQs, an
increased amount of UDP-MurNAc-pentapeptide was ob-
served in E. coli but not in S. aureus. These findings are con-
sistent with the differential effects of penicillin treatment on E.



3246 BAUM ET AL.

coli (23) and S. aureus (35): UDP-MurNAc-pentapeptide ac-
cumulates in S. aureus, indicating that feedback regulation
does not occur (35). In contrast, in E. coli, UDP-MurNAc-
pentapeptide is feedback regulated and does not accumulate
(23).

In enterococci, the mechanism of vancomycin resistance in-
volves the vancomycin-induced production of p-Ala-D-Lac,
which is incorporated into peptidoglycan via MurF (3). p-Ala—
D-Lac, in comparison to pD-Ala-D-Ala, does not efficiently se-
quester vancomycin, thereby providing resistance to the anti-
biotic. Thus, in the MIC determinations with vancomycin in
combination with DQ?2, it appears that the activity of DQ2 was
not affected by the presence of p-Ala—D-Lac in place of D-Ala—
D-Ala.

We note that the MurF inhibitors DQ1 and DQ?2 belong to
the same chemical class as the diarylquinoline ATP synthase
inhibitor TMC207 (R207910), an anti-tuberculosis compound
(2, 21); however, the DQ compounds in E. coli and TMC207 in
mycobacteria appear to exhibit distinctly different mechanisms
of action. In particular, the mycobacterial ATP synthase en-
zyme appears to be essential, but the E. coli homolog can be
deleted without the loss of bacterial viability (17) and so is
unlikely to be the killing target of the DQ compounds. Also,
the treatment of E. coli with the known ATP synthase inhibitor
dicyclohexylcarbodiimide (13) did not cause an increase in
UDP-MurNAc-tripeptide levels (S. Crespo-Carbone, unpub-
lished data). Furthermore, DQ1 did not affect ATP levels in E.
coli OC2530 (Anil Koul, personal communication).

In conclusion, we have described new MurF inhibitors that
demonstrate the feasibility of inhibiting this target in both
gram-negative and gram-positive organisms. The identification
of additional broad-spectrum compounds with improved prop-
erties, especially with an enhanced ability to permeate gram-
negative bacteria, is warranted.
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