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Characterization of a Novel Small Molecule That Potentiates 3-Lactam
Activity against Gram-Positive and Gram-Negative Pathogens

Dhanalakshmi R. Nair,2 Jodo M. Monteiro,” Guido Memmi,? Jane Thanassi,® Michael Pucci,®* Joseph Schwartzman,?
Mariana G. Pinho,” Ambrose L. Cheung?
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In a loss-of-viability screen using small molecules against methicillin-resistant Staphylococcus aureus (MRSA) strain USA300
with a sub-MIC of a 3-lactam, we found a small molecule, designated DNAC-1, which potentiated the effect of oxacillin (i.e., the
MIC of oxacillin decreased from 64 to 0.25 pg/ml). Fluorescence microscopy indicated a disruption in the membrane structures
within 15 min of exposure to DNAC-1 at 2 X MIC. This permeabilization was accompanied by a rapid loss of membrane poten-
tial, as monitored by use of the DiOC, (3,3’-diethyloxacarbocyanine iodide) dye. Macromolecular analysis showed the inhibition
of staphylococcal cell wall synthesis by DNAC-1. Transmission electron microscopy of treated MRSA USA300 cells revealed a
slightly thicker cell wall, together with mesosome-like projections into the cytosol. The exposure of USA300 cells to DNAC-1 was

associated with the mislocalization of FtsZ accompanied by the localization of penicillin-binding protein 2 (PBP2) and PBP4
away from the septum, as well as mild activation of the vraRS-mediated cell wall stress response. However, DNAC-1 does not
have any generalized toxicity toward mammalian host cells. DNAC-1 in combination with ceftriaxone is also effective against an
assortment of Gram-negative pathogens. Using a murine subcutaneous coinjection model with 10® CFU of USA300 as a chal-
lenge inoculum, DNAC-1 alone or DNAC-1 with a sub-MIC of oxacillin resulted in a 6-log reduction in bacterial load and de-
creased abscess formation compared to the untreated control. We propose that DNAC-1, by exerting a bimodal effect on the cell
membrane and cell wall, is a viable candidate in the development of combination therapy against many common bacterial

pathogens.

Staphylococcus aureus is a common bacterial pathogen that is
associated with serious infections, including pneumonia, sep-
sis, osteomyelitis, and endocarditis. Ever since the 1960s, many of
the S. aureus strains have become resistant to methicillin (desig-
nated MRSA) and related antibiotics, such as oxacillin and ceph-
alosporins. Many of these MRSA infections have occurred in hos-
pitals and long-term care facilities (hospital-acquired MRSA [HA-
MRSA] strains). Recently, a more virulent and epidemiologically
distinct form of MRSA called community-associated MRSA (CA-
MRSA) has been problematic. More importantly, MRSA strains
have now become resistant to the last line of antibiotics, including
linezolid and vancomycin (1). Compounding the problem is a
lack of new antimicrobials due to the continued egress of large
pharmaceutical companies from the fields of antibiotic research
and development (2).

An alternative approach to finding new antibiotic classes is to
enhance the utility of already-available antibiotics using combina-
torial screens. In order to do this, we and others have screened
libraries of small molecules, including previously approved drugs
and those facing patent expiry, in order to identify candidate com-
pounds. Various synthetic oligo-acyl-lysyl (OAK) peptides (3)
and molecules, like ticlopidine (4), have been shown to be effective
in combination with -lactams against a clinical MRSA strain.
Here, we describe a novel candidate compound called DNAC-1
that acts both in monotherapy against MRSA and in combination
therapy with B-lactams against MRSA and other Gram-positive as
well as Gram-negative pathogens. DNAC-1 causes defects in
membrane morphology, membrane depolarization, mislocaliza-
tion of FtsZ, penicillin-binding protein 2 (PBP2), and PBP4, and
the disruption of cell wall synthesis. We propose that DNAC-1 has
a bimodal mechanism of action on the cell membrane and cell
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wall. In vivo studies with a murine subcutaneous model of infec-
tion treated with DNAC-1 and oxacillin revealed a significantly
reduced bacterial load in the abscess model, thus supporting the
utility of drug discovery based on combination therapy.

MATERIALS AND METHODS

Bacterial strains, strain construction, and media. The strain used for
compound screening was MRSA USA300 (5). We also tested clinical iso-
lates of MRSA (CA-MRSA [20 strains] and HA-MRSA [9 strains]), S.
aureus strain Mu50 (vancomycin-intermediate S. aureus [VISA]), Entero-
coccus faecalis (5 strains), Enterococcus faecium (5 strains), Escherichia coli
(2 strains), Klebsiella pneumoniae (6), Klebsiella oxytoca (4), Acinetobacter
baumannii, Pseudomonas aeruginosa (5 strains), and Enterobacter aero-
genes obtained from the Dartmouth Hitchcock Medical Center, Lebanon,
NH, and Achillion Pharmaceuticals, New Haven, CT, for their MICs
against DNAC-1. The bacterial cells were grown in Mueller-Hinton me-
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dium (Difco) supplemented with calcium and magnesium sulfate for the
MIC studies and in tryptone soy broth (TSB) (Difco) for all other assays.

MRSA strain COL was used to assess membrane integrity and per-
meability by fluorescence microscopy. MRSA strains BCBPM073 and
BCBPM162 expressing superfolding green fluorescent protein (sfGFP)-
PBP2 (9) and PBP4-yellow fluorescent protein (YFP) (8) fusions, respec-
tively, were used to evaluate the defects in the localization of peptidogly-
can synthesis enzymes. For FtsZ localization, a COL derivative expressing
FtsZ-cyan fluorescent protein (CFP) ectopically from the spa locus under
the control of the Pspac promoter was used (9), using 0.5 mM isopropyl-
B-p-thiogalactopyranoside (IPTG) for induction. In order to assess cell
wall damage, we constructed a strain expressing a vraSR promoter fusion
to sfgfp. Briefly, a 779-bp fragment encompassing the coding region of
sgfp-p7 was amplified from pTRC99a-P7 (6) using the primers sgfp P3
EcoRV (GCGCGATATCATAAGGAGGATTCGTATGAGTAAAGGAGA
AGAACTTTTC) and sgfp P2 Notl (GCTTAGCGGCCGCTTAATGGTG
ATGATGGTGATGGTCGACTTTGTATAG), digested with EcoRV and
Notl (Fermentas), and used to replace the gfpmutP2 gene in pSG5082
(10), giving pFAST3. An 844-bp fragment containing the vraSR promoter
region was amplified from COL using the primers PvraSRP1KpnI (GCT
GCGGTACCCGGTGCTATTTCTGCGCC) and PvraSRP2Xhol (GCTG
CCTCGAGACGTTCAACATAGTTCATAAC), digested with KpnI and
Xhol, and cloned into the Kpnl/Xhol restriction sites of pFAST3, up-
stream of sfgfp-p7, resulting in pPvra$, as confirmed by DNA sequencing.
pPvraSR was electroporated into the S. aureus RN4220 strain to enable
chromosomal integration at the vraSR promoter by homologous recom-
bination, as confirmed by PCR and sequencing reactions; the resulting
strain was named RNpPVra. Strain COLpPVra was obtained by transduc-
ing the integrated plasmid pPvraSR from RNpPVra to COL using phage
80a, as previously described (11).

Small-molecule screening assay. We screened 45,000 compounds
from a small-molecule collection at the ICCB-Longwood Screening Facil-
ity, a part of the New England Regional Centers of Excellence (NERCE),
for inhibitory activity against MRSA USA300, using optical density at 620
nm (ODy,,) as the readout in a 384-well format with and without 16
pg/ml oxacillin (0.25X MIC of oxacillin against USA300). We used ce-
foxitin as a positive control (5), while cells grown with oxacillin or Muel-
ler-Hinton broth (MHB) alone were used as the negative control. Per a
CLSI protocol (29), bacteria in the 384-well plates were grown without
shaking. Each well was scaled to the respective positive and negative con-
trol to normalize the percent survival using the following equation: %
survival = [(OD of the sample — OD of the positive control)/(OD of the
sample — OD of the negative control)] X 100. Compounds yielding
<50% survival with USA300 were considered to be hits.

MICs by broth microdilution and macrodilution. The MICs against
different strains were determined according to CLSI guidelines and de-
fined as the lowest concentration of antibiotic inhibiting visible growth.
The MIC of DNAC-1 was between 2 pg/ml and 4 pug/ml for microdilution
and macrodilution, respectively. We used 4 pg/ml as the MIC for
DNAC-1 in this paper to avoid confusion between the two techniques.

Determining the bactericidal effect of DNAC-1 during growth.
USA300 cells were grown to the exponential phase (ODyg,, = 0.5 using an
18-mm borosilicate glass tube in a Spectronic 20 spectrophotometer) in
MHB and back-diluted 100-fold. The samples were treated with either
dimethyl sulfoxide (DMSO) as a control or 16 pwg/ml DNAC-1 with and
without 16 pg/ml oxacillin (diluted in DMSO). At specific time points (0,
2,4,7,and 24 h), dilutions were made and the cells plated on regular TSB
agar with no antibiotic to enumerate the CFU/ml. Each data point repre-
sents the mean and standard deviation from three replicate experiments.
The Kruskal-Wallis one-way analysis of variance test using GraphPad
Prism was applied to test significance, with a P value of <0.05 considered
significant.

Checkerboard analysis to test synergy of DNAC-1 with other anti-
biotics against MRSA. In order to determine the lowest effective concen-
tration of oxacillin and other antibiotics when combined with DNAC-1, a
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checkerboard method was used. Briefly, 2-fold dilutions of DNAC-1 from
32 pg/ml (8 X MIC) were made in columns of 96-well plates, while 2-fold
dilutions of oxacillin or other antibiotic compounds were made in rows to
obtain different combinations of drug concentrations. MRSA USA300
was then added to microtiter wells at a concentration of 1 X 10° CFU/ml,
incubated at 37°C for 24 h without shaking, and the MIC was defined
according to the CLSI protocol. FIC, ; was defined as the fractional inhib-
itory concentration (FIC) of drug A in the presence of drug B, and FIC,
was defined as the FIC of drug B in the presence of drug A. The FIC index
was calculated by FIC,5/FICg,. Synergy was defined as an FIC index of
=0.5, an index between 0.5 and 4 suggests indifference, and an index of
>4 suggests inhibition.

Assessing the toxicity of DNAC-1. Three methods were used to assess
cellular toxicity. First, yeast cells were exposed to 20X MIC (determined
for USA300) of DNAC-1 to assess direct cellular toxicity based on a loss of
viability. Second, 4% sheep red blood cells were exposed to 4X MIC of
DNAC-1 and monitored for lysis at OD.,, in an in vitro hemolysis assay to
evaluate if DNAC-1 possesses any generalized membrane perturbation
properties. Third, the release of lactate dehydrogenase from human bron-
chial epithelial cells (CFBE) exposed to DNAC-1 was monitored. In brief,
the CFBE cells were maintained in RPMI 1640 medium (Sigma, St. Louis,
MO) with 10% fetal bovine serum and grown with 5% CO, in an incuba-
tor at 37°C. When confluent, the cells in the flask were released with
trypsin, collected, and counted. DNAC-1 at predetermined concentra-
tions (16X, 32X, and 64X MIC) in serum-free medium was added to the
epithelial cells and incubated for 24 h at 37°C. Triton X-100 at a 2% final
concentration was added to the positive-control wells. On the following
day, the cytotoxicity reagents were prepared according to the manufac-
turer’s protocol (CytoTox 96 nonradioactive cytotoxicity assay kit; Pro-
mega). One hundred microliters of the mixed-detection kit reagent was
then added in rapid succession to each of the wells containing CFBE
supernatant. The assay plates were then incubated at room temperature
(RT) in the dark for 20 min and read at 490 nm using a plate reader.

Macromolecular analysis of cell wall synthesis. To assay for cell wall
synthesis, we measured the incorporation of [*H]lysine into peptidogly-
can in the presence of chloramphenicol (25 pg/ml final concentration),
which inhibits protein synthesis but allows peptidoglycan synthesis to
continue, thus enabling us to adjudge pentapeptide synthesis of lipid I, a
precursor of peptidoglycan, in the presence of DNAC-1 at 10X MIC.
Ampicillin was used as a cell wall-active antibiotic control. The effects of
DNAC-1 and ampicillin on peptidoglycan synthesis were measured using
the radiolabeled precursor [3H]lysine (2.5 pnCi/ml final concentration)
added to mid-exponential-phase cultures (10* CFU/ml) of S. aureus strain
ATCC 29213 in chemically defined medium (12), as previously described
(13). The radiolabeled precursor was added to the bacterial culture im-
mediately before the antibiotics were added. The negative controls for the
macromolecular assays consisted of all reaction materials with no antibi-
otics added, with the resulting counts used as the 100% values. After an
additional 20 min of incubation at 37°C in the presence or absence of
antibiotics, the samples were removed for trichloroacetic acid precipita-
tion and subsequent scintillation counter analyses to determine radioac-
tive incorporation into the cell wall; the data were expressed as the percent
inhibition of incorporation in comparison to a drug-free control.

Transmission electron microscopy. USA300 cells grown in MHC at
37°C were treated with either compound DNAC-1 (2X MIC) or DMSO
for 90 min, washed twice with phosphate-buffered saline (PBS), and pro-
cessed for electron microscopy (EM) by fixing with a 10X volume of 2%
glutaraldehyde-tannic acid (GTA)-1% paraformaldehyde in 0.1 M Na
cacodylate buffer (pH 7.4), postfixed in 1% OsO, in cacodylate buffer (pH
7.4), embedded, and serially dehydrated in ethanol. The samples were
sectioned and stained with uranyl acetate and imaged using a JEOL trans-
mission electron microscope (TEM) 1010 at 100 kV and 20,000 X magni-
fication. Thirty fields of each strain with nearly equatorial-cut surfaces
were measured for cell wall thickness, and the results were expressed as the
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means * standard deviations. Statistical significance was determined us-
ing the Kruskal-Wallis test, with a P value of <0.05 considered significant.

Fluorescence microscopy. For the fluorescence microscopy experi-
ments, strains were incubated overnight in TSB supplemented with either
erythromycin (10 pg/ml) or kanamycin (200 pg/ml), when required, at
37°C and back-diluted to fresh TSB and allowed to grow until mid-expo-
nential phase (ODgy, ~0.6). In each case, the cultures were divided
among five flasks, and DNAC-1 (in DMSO) was added at either 0.5X (2
pg/ml), 2X (8 pg/ml), or 10X MIC (40 pg/ml); the two remaining flasks
were kept as controls with DMSO or TSB alone. The cultures were incu-
bated with DNAC-1 for 15 min or 1 h, after which the cells were pelleted,
washed in PBS buffer, and mounted on microscope slides with pads of 1%
agarose in PBS. To analyze the activation of the cell wall stress stimulon by
DNAC-1, a control with vancomycin at 2X MIC (6 pg/ml) was also used.
The displayed values were adjusted for each image for visualization pur-
poses.

When staining was required to assess morphology, the cells were in-
cubated with 2 pg/ml FM 4-64 [N-(3-triethylammoniumpropyl)-4-(p-
diethylaminophenyl-hexatrienyl) pyridinium dibromide], Bodipy FL-
vancomycin (2 pg/ml), and Hoechst 33342 (4 pg/ml) (all from Molecular
Probes) for 5 min at room temperature with shaking and washed before
being imaged. When assessing cell viability, the cells were stained with
propidium iodide (0.5 pg/ml; Invitrogen) as described above. The cells
were imaged using a Zeiss Axio Observer microscope equipped with a
Photometrics CoolSNAP HQ2 camera (Roper Scientific) and Metamorph
7.5 software (Molecular Devices), or by structured illumination micros-
copy (SIM) or laser wide-field microscopy in an Elyra PS.1 microscope
(Zeiss) with a scientific complementary metal oxide semiconductor
(sCMOS) camera and 5 grating rotations for each channel. The SIM im-
ages were reconstructed and analyzed with the Zen software (Zeiss). For
the quantification of the signal of fluorescent derivatives of PBPs at the
septa, five images were analyzed per condition using ImageJ. Only cells
with a complete septum were analyzed.

Assay for membrane potential. The carbocyanine dye DiOC, (3,3'-
diethyloxacarbocyanine iodide; Life Technologies) was used as described
previously (14) to assess membrane potential. S. aureus USA300 cultures
were grown to the early exponential phase (ODy,,, 0.3) in MHB, incu-
bated with 10 uM DiOC, in PBS with 1% glucose at 24°C for 30 min in the
dark, and then transferred to a 384-well plate. The cells were analyzed
using a plate reader, Tecan M1000 (excitation [Ex], 485 nm; emission
[Em], 680 nm). After establishing a baseline reading, either carbonyl cy-
anide m-chlorophenyl hydrazone (CCCP) (positive control) or DNAC-1
was added to the wells, and the drop in red fluorescence was monitored
over time.

Murine model of subcutaneous infection with MRSA USA300 to
evaluate efficacy of DNAC-1. Three groups of six female BALB/c mice
each were used in the subcutaneous infection model. Early-exponential-
phase USA300 cells grown in TSB (OD,,, 0.35) were harvested, washed,
and resuspended in saline to a final concentration of 10 CFU/ml. After
shaving and decontaminating an area on the back of each animal with
ethanol, each mouse in an assigned group was injected subcutaneously
with 10® CFU of USA300 (corresponding to ~90% infective dose [1Dy]
[15]) along with the following in a total volume of 100 pl: (i) a single dose
of DNAC-1 (8 pg) in DMSO, (ii) DNAC-1 (8 j.g) with oxacillin (16 pg) in
DMSO, or (iii) a DMSO control. The mice were monitored daily for
general appearance and the size of any abscesses and sacrificed at day 8. At
sacrifice, an 8-mm biopsy punch was made from the lesions and divided in
half, one half for fixation in 10% formalin for histological analysis with
hematoxylin and eosin stain, according to standard histological proce-
dure, and the remaining portion was homogenized to determine the num-
ber of CFU/g of tissue. The Kruskal-Wallis one-way analysis of variance
test using GraphPad Prism was applied to test significance, with a P value
of <0.05 considered significant.
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RESULTS

Identification of DNAC-1 in a screen for compounds synergistic
with B-lactams against MRSA USA300. We previously demon-
strated the effectiveness of using combination therapy consisting
of a B-lactam and another cell wall-active antibiotic in killing
MRSA (5). To identify small molecules that have an inhibitory
activity either alone or in combination with a B-lactam, like oxa-
cillin, we employed a mechanistically unbiased viability screen to
assay 45,000 compounds at the New England Regional Centers of
Excellence (NERCE) for activities that inhibited the growth of
MRSA strain USA300 in the presence of a sub-MIC of oxacillin.
Cefoxitin was used as a positive control (5), while DMSO alone
served as the negative control. Growth inhibition at 37°C was
assessed by a reduction in the ODy,, at 24 h compared to that of
the negative control. The Z’ value (the statistical effect size) of our
assay was 0.9167. We initially identified 100 hits that showed
>50% growth inhibition. Rescreening of the cherry-picked com-
pounds using a threshold of 80% growth inhibition narrowed the
list down to six candidate compounds. One of the more promis-
ing compounds, DNAC-1, which had the lowest MIC against
USA300, was chosen for further studies and is shown in Fig. 1A.

DNAC-1 potentiates the effects of different classes of antibi-
otics but is synergistic only with cell wall-targeting antibiotics
against MRSA. DNAC-1 was identified in a screen designed to
detect inhibitory activities in the presence of 0.25X MIC of oxa-
cillin (16 pg/ml), which is submicrobicidal for MRSA. We
wanted to verify whether DNAC-1 can also potentiate the anti-
MRSA effects of other commonly used antibiotics, including
cephalothin, cefoxitin, imipenem, norfloxacin, and vancomycin.
As shown in Table 1, upon mixing the antibiotics from the list
above at 0.25X MIC, the MIC of DNAC-1 dropped from 2 to 4
pg/ml to the range of 0.125 to 1 wg/ml. In particular, two antibi-
otics, oxacillin and cephalothin, at 0.25X MIC, dropped the MIC
of DNAC-1t00.125 pg/ml, representing a 16- to 32-fold drop. We
also evaluated the converse scenario by evaluating the decrease in
the MICs of other classes of antibiotics with 0.5X MIC of
DNAC-1, using a checkerboard analysis, as shown in Table 2.
More specifically, the MIC of USA300 for oxacillin dropped from
64 to 0.25 pg/ml with DNAC-1 at 0.5X MIC, yielding a 256-fold
potentiation in the activity of oxacillin. This translates to an FIC
index of 0.5, indicating that the two drugs are synergistic. Al-
though DNAC-1 potentiates the effect of some of the classes of
drugs, including those that affect DNA synthesis, like norfloxacin,
levofloxacin, and ciprofloxacin, as well as tetracycline, which dis-
rupts protein synthesis, the FIC index is >0.5, thus indicating at
best a partial synergism with norfloxacin (FIC index, 0.53), and
indifference with levofloxacin, ciprofloxacin, and tetracycline,
which have FIC indices of 1, 0.625, and 0.75, respectively. Thus,
even though a sub-MIC of DNAC-1 potentiates the effects of
other classes of antibiotics, it seems to be synergistic only with cell
wall-active agents.

DNAC-1 in combination with cell wall-active agents inhibits
growth of clinically relevant Gram-positive and Gram-negative
pathogens. Using clinical isolates, we found that DNAC-1 inhib-
ited the growth of HA-MRSA, CA-MRSA, VISA, Staphylococcus
epidermidis, E. faecalis, and E. faecium (all Gram positive), with
MIC values for DNAC-1 ranging from 0.03 to 4 pg/ml in the
presence of a sub-MIC of oxacillin; these findings indicate the
potentiating effect of DNAC-1 with oxacillin for Gram-positive
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FIG 1 Structure of DNAC-1 (A) and loss of viability of MRSA USA300 in DNAC-1 with and without a sub-MIC of oxacillin (ox) (B). USA300 cells were grown
to mid-log phase, back-diluted 100-fold, and treated with 16 pg/ml DNAC-1, 16 pg/ml DNAC-1 with 16 pg/ml oxacillin (0.25X MIC), or left untreated. The
samples were taken at 0, 2, 4, 7, and 24 h, and a viable count was carried out. The asterisk denotes P values of <0.01, as determined by a Kruskal-Wallis one-way
analysis of variance (ANOVA) test between DNAC-1 with oxacillin and the control.

bacteria (Table 3). We also tested the effect of DNAC-1 on Gram-
negative bacteria with and without 0.25X MIC of ceftriaxone (16
pg/ml), which is a broad-spectrum cephalosporin commonly
used against Gram-negative bacteria. In this scenario, DNAC-1
was also effective in combination with a sub-MIC of ceftriaxone
against A. baumannii, P. aeruginosa, and E. aerogenes species (total
of 7 strains) (Table 3). Importantly, all of the tested strains of E.
coli, K. pneumoniae, and K. oxytoca containing an extended-spec-
trum B-lactamase (ESBL) (total of 8 strains) were also susceptible
to this combination (Table 3).

DNAC-1 is bactericidal against MRSA. To evaluate the effect
of DNAC-1 on the viability of MRSA, we treated actively dividing
cells of MRSA USA300 with 4X MIC of DNAC-1 with and with-

TABLE 1 MICs of DNAC-1 with commonly used cell wall-active
antibiotics at 0.25X MIC against MRSA USA300

MIC of drug A MIC of DNAC-1 in combination with

Drug A alone (pg/ml) 0.25X MIC of drug A (pg/ml)
DNAC-1 4 NA“?

Oxacillin 64 0.125

Cephalothin 7.8 0.125

Ceftriaxone 62.5 1

Cefoxitin 15.6 1

Vancomycin 2 0.25

“NA, not available.
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out 0.25X MIC of oxacillin. As shown in Fig. 1B, the treatment of
USA300 with DNAC-1 at 4X MIC for 2 h caused a dramatic 4-log
reduction (99.95%) in the number of viable cells, and this reduc-
tion was maintained over a period of 24 h. A combination of 4X
MIC of DNAC-1 with 0.25X MIC of oxacillin, however, revealed
a 4-log reduction at 2 h, followed by complete elimination of all
viable bacteria by 4 h, and this bactericidal activity was maintained

TABLE 2 MIC:s of different classes of commonly used antibiotics at
0.5X MIC of DNAC-1 against USA300

DNAC-1 MIC of drug A

Drug A (target) (2 pg/ml)  (pg/ml) Interaction”

Oxacillin (cell wall —/+ 64/0.25" Synergistic
synthesis)

Norfloxacin (DNA —/+ 8/0.25 Partially synergistic
synthesis)

Ciprofloxacin (DNA  —/+ 64/4 Indifferent
synthesis)

Levofloxacin (DNA —/+ 8/1 Indifferent
synthesis)

Tetracycline (protein ~ —/+ 32/8 Indifferent
synthesis)

“ The relationship between the antibiotics was determined via the checkerboard
analysis.
b —, drug A alone; +, drug A plus 2 pg/ml DNAC-1.
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TABLE 3 MICs of DNAC-1 against clinically relevant bacteria in the presence of 0.25X MIC of oxacillin or 0.25X MIC of ceftriaxone

No. of isolates with corresponding MIC (mg/ml) at MIC of DNAC-1 (pg/ml) of:

Strain (no. of isolates) Presence/absence of drug” 32 8 4 2 1 0.5 0.25 0.12
CA-MRSA (20) - 1 1 3 14 1

+OXA 2 9 4 5
HA-MRSA (10) — 1 3 5

+OXA 4 5 1
Mu50 (VISA) — 1

+OXA 1
S. epidermidis (10) - 10

+OXA 10
E. faecium (VRE) (5)° -

+OXA 5
E. faecalis (5) - 4

+OXA 5
A. baumannii - 1

+CEFT 1
P. aeruginosa (5) - 5

+CEFT 5
E. aerogenes - 1

+CEFT 1
E. coli (2) ESBL - 2

+CEFT 2
K. pneumoniae (4) ESBL - 4

+CEFT 4
K. oxytoca (2) ESBL - 2

+CEFT 2

2 OXA, oxacillin; CEFT, ceftriaxone.
? VRE, vancomycin-resistant enterococcus.

at 24 h. These results indicate that DNAC-1 in combination with
oxacillin appears to be more effective than is DNAC-1 alone in
terms of bactericidal activity.

Assessing toxicity of DNAC-1. We next assessed the toxicity of
DNAC-1 toward eukaryotic cells in three different ways and made
the following observations: (i) DNAC-1 showed no toxic effect on
Candida albicans, even at 20X MIC (for USA300); (ii) using 2%
Triton X-100 as a positive control, we found that DNAC-1 did not
lead to any appreciable release of lactate dehydrogenase (LDH)
from cultured human bronchial epithelial (CFBE) cells; and (iii)
the incubation of 4% sheep erythrocytes with DNAC-1 at various
concentrations (2X to 4X MIC against MRSA) also did not in-
duce red blood cell (RBC) lysis, thus indicating that DNAC-1 at
these concentrations does not perturb the eukaryotic cell mem-
brane.

DNAC-1 affects the cell wall of MRSA USA300. To assess the
inhibitory effect of DNAC-1 on cell wall synthesis, we measured
the incorporation of [*H]lysine into peptidoglycan in the presence
of chloramphenicol, which inhibits protein synthesis, while allow-
ing the incorporation of radiolabeled lysine into the pentapeptide
of the peptidoglycan chain. Ampicillin was used as a positive con-
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trol. As shown in Fig. 2, DNAC-1 led to a reduction in lysine
incorporation into the nascent cell wall compared to the untreated
control, at a level comparable to that with ampicillin.

To further assess the effect of DNAC-1 on cell wall morphol-
ogy, USA300 cells were treated with the compound DNAC-1
(2X MIC) for 90 min, fixed, dehydrated, and observed under
TEM. The cell wall thickness of the treated cells, evaluated in up
to 30 different fields, was found to be increased compared to
that of the untreated cells (Fig. 3A and B), with mesosome-like
invaginations (11) of the cell membrane into the cytosol along
the cell periphery (Fig. 3A, center) and along the septum (Fig.
3A, right).

DNAC-1 causes mislocalization of PBP2/4 and FtsZ and ac-
tivation of the cell wall stress stimulon. The results of the mac-
romolecular synthesis assay and increased cell wall thickness in the
TEM studies prompted us to question whether DNAC-1 affects
the enzymes involved in cell wall synthesis. Accordingly, we exam-
ined the localization of PBP2 and PBP4, both of which are known
to be involved in cell wall synthesis and antibiotic resistance (5, 7).
A lack of PBP4 activity is also known to result in thickened cell
walls (14, 16). Utilizing the previously created MRSA COL strains
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FIG 2 Percent inhibition of cell wall biosynthesis of S. aureus by DNAC-1, as
measured by inhibition of radiolabeled lysine incorporation into nascent pep-
tidoglycan. Bacteria were treated with either DNAC-1 or ampicillin (positive
control) for 20 min in the presence of radioactive cell wall precursors. The data
are presented as the percent inhibition compared to the untreated control.

expressing functional GFP-PBP2 or PBP4-YFP (8, 9), the expo-
sure of actively growing cells to DNAC-1 at either 0.5X or 2X
MIC for 15 min showed a mislocalization of PBP2 and PBP4 away
from the septum, where they normally reside in dividing cells (Fig.
4A, left and center). The quantification of PBP localization
showed that only 3% (n = 696) of the DNAC-1-treated cells have
PBP2 correctly localized at the septum versus 36% (n = 493) of
the untreated cells, while 13% (n = 652) of the DNAC-1-treated
cells have septal PBP4, compared to 27% (n = 591) of the un-
treated cells. Since PBP2 localization has been shown to depend on
FtsZ (17), we thus determined if the delocalization of PBP2 upon
DNAC-1 treatment is mediated via FtsZ. Accordingly, upon ex-
posure of a strain containing CFP-tagged FtsZ (9) to 0.5X MIC of
DNAC-1 for 15 min, we observed a mislocalization of FtsZ (Fig.
4A, right).

Control
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Cell wall-active compounds have also been known to trigger
the cell wall stress stimulon (CWSS) by upregulating the vraSR
operon (18, 19). To assess if DNAC-1 would trigger a CWSS re-
sponse, we constructed a COL strain with the gene encoding a
fast-folding variant of GFP, sfGFP, fused to the promoter of the
vraSR operon in its native chromosome locus. We found that
upon treatment with 2X MIC of DNAC-1 for 30 min, the stGFP
fluorescence signal in the cells was increased approximately 1.6
times compared to that with the mock-treated cells, indicating
that the CWSS was triggered (Fig. 4B). However, the vraSR re-
sponse was weaker than that triggered by vancomycin at 2X MIC
(Fig. 4B, center), a known activator of the cell wall stress stimulon
(19).

DNAC-1 leads to mesosome formation, increased cellular
permeabilization, and cell membrane depolarization in MRSA.
The membrane disruption seen in the EM study prompted us to
further examine the effect of DNAC-1 on the membrane. To re-
duce any artifacts that may have been introduced into samples
during TEM processing, we employed superresolution fluores-
cence microscopy of unfixed MRSA cells to investigate membrane
defects. Within 15 min of exposure to DNAC-1 at 2X MIC, mem-
brane staining of MRSA strain COL with FM 4-64 revealed nu-
merous membrane spots and bulges into the cell cytosol com-
pared to the untreated cells (Fig. 5A). These findings are in
agreement with the mesosome-like structures visualized by TEM.
No changes were observed in cell wall staining (Fig. 5B) using
fluorescently labeled vancomycin. We also monitored changes in
membrane permeability with propidium iodide staining upon
treatment with DNAC-1 at 2X MIC (data not shown). The cells
treated with DNAC-1 were permeabilized quickly, as revealed by
propidium iodide staining after a 15-min exposure of DNAC-1.
At 1h of exposure, ~55% of the bacterial cells showed propidium
iodide staining, indicating a loss of cell membrane integrity.

To investigate if DNAC-1 disrupts the membrane potential, we

‘ ¢
y i .w

FIG 3 Effect of DNAC-1 on cell wall, as observed by TEM. USA300 cells were grown to mid-log phase and treated with DNAC-1 for 90 min or left untreated (control).
The cells were then collected and processed for EM, as described in Materials and Methods. (A) Mesosome-like invaginations are seen both along the cell wall (arrow,
center) and along the septum (arrow, right). (B) DNAC-1-treated cells have a significantly thicker cell wall. as demonstrated in the box-and-whisker plot showing the
standard deviation. The asterisk represents a statistically significant difference, at a P value of <0.05, comparing the control to DNAC-1-treated cells.
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PBP4-YFP

Vancomycin DNAC-1

FtsZ-CFP

FIG 4 Mislocalization of PBPs and FtsZ and activation of cell wall stress stimulon by DNAC-1. (A) Mislocalization of the PBP2, PBP4, and FtsZ was tracked using
strains expressing either GFP-PBP2, PBP4-YFP, or FtsZ-CFP after treatment with 0.5X MIC of DNAC-1 for 15 min. Bars, 1 pm. (B) Activation of the vraSR
operon was tested using strains containing a vraSR promoter driving sfGFP expression. In the presence of 2X MIC of DNAC-1, the mean * standard deviation
(SD) cell fluorescence was 3,594 * 1,344 arbitrary units (a.u.) (n = 468), while in the presence of 2X MIC of vancomycin (positive control), the mean * SD cell
fluorescence was 23,911 * 8,318 a.u. (n = 465). The left panel corresponds to cells in the absence of antibiotics, which showed a mean = SD cell fluorescence of
2,196 *= 447 a.u. (n = 511). The P values are <0.0001 between the DMSO control and vancomycin-treated cells and <0.05 between the control and DNAC-1-

treated cells. Bars, 10 pm.

used the dye DiOC,, which typically aggregates as a function of
membrane potential. Upon treatment of USA300 with 2X to 8X
MIC of DNAC-1 (8 to 32 pg/ml), there was gradual dissipation of
the membrane potential, as monitored by the loss of red fluores-
cence, due to aloss of aggregation of DiOC, (Fig. 6). However, this
decrease in membrane potential was less than that of our positive
control, CCCP, a known proton translocator supplied in the
DiOGC, kit. Cell viability was also seen to parallel the decrease in
membrane potential, as confirmed by the CFU counts at appro-

A. Cell membrane (FM4-64)  B. Cell wall (bodipy-vanc)

Control

DNAC-1
treated

Scale Bar = 1 pm

FIG 5 Disruption of cell membrane by DNAC-1. The cells were either
untreated (control) or treated with 2X MIC of DNAC-1 for 15 min and
stained with FM 4-64 to visualize the membrane (A) and Bodipy-FL-van-
comycin (green) to visualize the cell wall and Hoechst 33342 dye (blue) to
see the DNA (B).
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priate time points in the DNAC-1-treated cells compared with
those of the untreated control (data not shown).

In vivo efficacy of DNAC-1 in a murine subcutaneous model
of infection. To evaluate the efficacy of DNAC-1 in vivo, we uti-
lized a murine subcutaneous infection model. As pharmacoki-
netic-pharmacodynamic (PK-PD) data were not available at the
time of challenge, we treated mice with a single subcutaneous
injection of USA300 containing either DNAC-1, DNAC-1 and
oxacillin, or DMSO control in a ~100-pul volume using PBS as a
diluent. We inoculated three groups of six BALB/c mice each with
10® CFU of USA300 (representing the ~IDy,), with the first group
(control) receiving bacteria alone with DMSO, the second group
receiving bacteria and 8 g of DNAC-1 (added right before injec-
tion) in a 100-pl volume, and the third group receiving bacteria

200001
== No drug

——2x MIC CCCP
=*—1x MIC CCCP
=—6— 8x MIC DNAC-1
== 4x MIC DNAC-1
=&= 1x MIC DNAC-1

Relative Fluorescence Units

0 T T T T 1

0 5 10 15 20 25
Time [min]
FIG 6 DNAC-1 causes membrane depolarization. Actively growing USA300
cells were back-diluted, resuspended in PBS with glucose, and treated with
DiOC, (14) for 30 min in the dark at 25°C. A loss of fluorescence was moni-

tored over time upon the addition of increasing concentrations of DNAC-1
(4%, 8X, and 16X MIC). CCCP was used as a positive control.
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A
Control DNAC-1 DNAC-1 + oxa
Bacteria recovered
CFU/mL/gm 9.20E+09  3.00E+03(**)  1.30E+03 (**)
Control DNAC-1+oxa

FIG 7 Efficacy of DNAC-1 in a murine subcutaneous infection model. Each group of mice (6 each) was injected with 102 CFU of USA300, along with DMSO
(control), DNAC-1 alone, or DNAC-1 plus oxacillin (oxa). (A) Animals were examined for bacterial abscess for 8 days postinfection and then sacrificed. The
lesions were biopsied and CFU recovered from the zone of infection. The asterisks denote P values of <0.05, as determined by a Kruskal-Wallis one-way ANOVA
between DNAC-1 and the control and between DNAC-1 with oxacillin versus the control. (B) Histological changes in the punch biopsy sample. Note the presence
of bacteria and loss of subcellular architecture in the control sample infected with bacteria alone. The original magnifications for the images are 40X (left and

center) and 10X (right).

along with DNAC-1 and 16 pg of oxacillin (also added right be-
fore injection). In the control group of mice treated with DMSO,
subcutaneous abscesses developed in all mice (6/6) within 3 days
of injection, while 2 of 6 animals developed smaller subcutaneous
abscesses in the group treated with DNAC-1. In the group injected
with a combination of DNAC-1 and oxacillin, none of the mice
exhibited abscessed lesions (0/6). More importantly, in the mice
treated with DNAC-1, the bacterial density was 3 X 10° CFU/g of
tissue, whereas those treated with the DNAC-1-oxacillin combi-
nation harbored the lowest bacterial density, at 1.3 X 10° CFU/g of
tissue (Fig. 7A). In contrast, the mean bacterial density recovered
from the abscesses of the control group was the highest, at 9.3 X
10° CFU/g of tissue (Fig. 7A). Histological sections of abscessed
tissues stained with hematoxylin and eosin from mice infected
with the bacteria in DMSO alone revealed a disruption in skin
architecture, clusters of bacteria (Fig. 7B, arrow), and massive
polymorphonuclear leukocyte (PMN) infiltrates. In the mice
treated with DNAC-1 alone, the number of bacteria was visibly
reduced, and the alteration to the internal structures of the skin
was also diminished compared to those of the mice inoculated
with bacteria alone, while the number of inflammatory cells at
the site of infection also appeared to be decreased. In the group
treated with the DNAC-1-oxacillin combination, histological
examination revealed a normal skin substructure, a lack of in-
flammatory cells, and no visible bacterial clusters below the
epidermis (Fig. 7B).

DISCUSSION

MRSA has become resistant to drugs, like vancomycin, dapto-
mycin, and linezolid (2). Additionally, due to market pressure
and diminished financial incentives, big pharmaceutical com-
panies have reduced their research and development efforts for
new antibiotics. This study was undertaken in an effort to iden-
tify new candidate compounds that improve the efficiencies of
the currently available antimicrobials. Surprisingly, our candi-
date compound DNAC-1 demonstrates inhibitory activity not
only in combination therapy with 3-lactams but also on its own
against many Gram-positive bacteria. In combination with
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ceftriaxone, DNAC-1 seems to be effective on a small collection
of resistant Gram-negative clinical isolates. The benefit of iden-
tifying candidate compounds, such as DNAC-1, is 2-fold, as it
adds to the arsenal of new broad-spectrum antibacterials and
extends the usage of B-lactams to which many bacterial patho-
gens have already developed resistance.

In this study, a mechanistically unbiased screen was used to
identify small molecules that work in conjunction with a 3-lactam
against MRSA. We hypothesized that if DNAC-1 has an effect on
the cell wall, it should inhibit cell wall synthesis, similarly to am-
picillin. This was confirmed by a macromolecular synthesis assay.
Using the vraRS promoter driving a GFP fusion, we found that
DNAC-1 induced the cell wall stress response operon, as has been
found with vancomycin, albeit to a lower level. These data, in
combination with the mislocalization of PBP2 and PBP4, which
are cell wall synthesis enzymes, and FtsZ, which normally assem-
bles into a ring-like structure at the septum during cell division to
recruit PBP2 and other cell wall machinery to produce a new cell
wall, highlight the cell wall as a plausible target for DNAC-1. How-
ever, we are unable to determine in our study if the effect of
DNAC-1 is direct or secondary to primary damage elsewhere.

Bactericidal activity by way of cell wall synthesis inhibition is
generally a slow process (20). However, our results with pro-
pidium iodide permeability demonstrate that the effect of
DNAC-1 on cell viability is rapid (within 15 min). Coinciding
with this early effect, we noticed membrane blebbing and meso-
some-like structures in the TEM images of USA300 cells treated
with DNAC-1, reminiscent of the membrane defect caused by
cationic antimicrobial peptides (21). These mesosome-like struc-
tures are thought to be indicative of cell membrane damage. An
analysis of the cell membrane potential revealed a rapid depolar-
ization of the membrane, coinciding with a loss of cell viability.
Given that the structural integrity of the cell membrane likely
plays an important role in cell wall synthesis and turnover (22), we
speculate that DNAC-1 may have a bimodal mechanism of action
on the cell membrane and cell wall, similarly to what has been
described for daptomycin (9). Based on this theory, the bacteri-
cidal action is a two-step process, which is initially a fast mem-
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brane depolarization and permeation step, followed by a slower
disruption of cell wall integrity and/or de novo synthesis due to the
mislocalization of PBPs.

Regarding the fast step, the constant proton gradient of the
proton motive force (PMF) has to be established and maintained
for viability of the bacterial cell (23). PMF is made up of the elec-
tric potential and the transmembrane proton gradient. The col-
lapse of the transmembrane potential can have adverse effects on
essential cellular functions, like ATP synthesis, even though dissi-
pation of the PMF alone is not bactericidal (24). Therefore, the
disruption in PMF must set the stage for perturbative events
downstream.

In MRSA, the combined activities of PBP2, PBP2A, and PBP4
at the septum are essential for methicillin resistance. In the pres-
ence of cell wall-active agents, PBP2 is mislocalized (7). We pre-
viously showed that the simultaneous chemical inhibition of PBP2
and PBP4 transpeptidase activities results in not only decreased
cross-linking of the cell wall but also leads to bactericidal activity
in CA-MRSA (5). Thus, the mislocalization of PBP2/4 in an FtsZ-
dependent manner and the disruption of cell wall synthesis by
DNAC-1 might represent the second step leading to cell death.
Taken together, the membrane depolarization and the PBP mis-
localization point to a mechanism in which the disruption of the
integrity of the membrane may interfere with active transport and
localization of cell wall biosynthetic enzymes. This model suggests
that the addition of a B-lactam to DNAC-1 would increase the
killing efficiency due to a sequential impact on the cell membrane
integrity and cell wall synthesis, similar to the mechanism pro-
posed by Sewell and Brown to explain the synergy between wall
teichoic acid inhibitors and B-lactams (25). Additionally, this
might explain the broad-spectrum activity of DNAC-1 that we
have demonstrated against both clinically relevant multidrug-re-
sistant bacteria, including Gram-positive and Gram-negative spe-
cies.

An alternative sequence of events can be envisioned in which
the loss of PMF results in increased autolysis and, ultimately, cell
death due to active degradation of the cell wall. It has been shown
that in Bacillus subtilis, the acidification of the cell wall during
growth regulates autolytic murein hydrolases (26). The current
study suggests that the treatment of USA300 with DNAC-1 results
in increased autolysis (data not shown). Taken together, these
considerations are consistent with an alternative mechanism in
which the activation of murein hydrolases results in the active
breakdown of peptidoglycan.

Besides in vitro MIC studies, our in vivo murine model with
MRSA USA300 showed that the combination of DNAC-1 with
oxacillin is effective at reducing both the tissue bacterial density
and abscess formation. Although we cannot rule out a role of
increased host inflammatory response (27) causing enhanced bac-
terial killing by DNAC-1, as opposed to a direct effect of DNAC-1,
tissue histology did not reveal an abundance of inflammatory cells
at the site of injection in the presence of DNAC-1. It has been
shown that oxacillin induces an altered virulence expression pro-
file of CA-MRSA (28), which in turn can alter the immune re-
sponse against the bacteria. In the mice treated with a combina-
tion of oxacillin and DNAC-1, there is a reduction in immune
effector cells and abscess formation. As reported before, we believe
that this might result from the downregulation of some of the
immune effectors and the reduction in PMNs at the site of infec-
tion by oxacillin, resulting in reduced inflammatory damage to the

1884 aac.asm.org

Antimicrobial Agents and Chemotherapy

tissue and hence preserving the morphological structure of the
tissue. We are currently carrying out structure-activity relation-
ship studies of DNAC-1 to enhance the efficacy of the drug, im-
prove its solubility, and determine its direct target.
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