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Adenylate Kinase Release as a High-Throughput-Screening-Compatible
Reporter of Bacterial Lysis for Identification of Antibacterial Agents
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Adenylate kinase (AK) is a ubiquitous intracellular enzyme that is released into the extracellular space upon cell lysis. We have
shown that AK release serves as a useful reporter of bactericidal agent activity and can be exploited for antimicrobial screening
purposes. The AK assay exhibits improved sensitivity over that of growth-based assays and can detect agents that are active
against bacteria in clinically relevant growth states that are difficult to screen using conventional approaches, such as small col-
ony variants (SCV) and bacteria within established biofilms. The usefulness of the AK assay was validated by screening a library
of off-patent drugs for agents that exhibit antimicrobial properties toward a variety of bacterial species, including Escherichia
coli and all members of the “ESKAPE” pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acin-
etobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species). The assay detected antibiotics within the library that
were expected to be active against the organism screened. Moreover, 38 drugs with no previously reported antibacterial activity
elicited AK release. Four of these were acquired, and all were verified to exhibit antimicrobial activity by standard susceptibility

testing. Two of these molecules were further characterized. The antihistamine, terfenadine, was active against S. aureus plank-
tonic, SCV population, and biofilm-associated cells. Tamoxifen, an estrogen receptor antagonist, was active toward E. faecium
in vitro and also reduced E. faecium pathogenesis in a Galleria mellonella infection model. Our data demonstrate that the AK
assay provides an attractive screening approach for identifying new antimicrobial agents. Further, terfenadine and tamoxifen

may represent novel antimicrobial drug development scaffolds.

Antibiotics are life-saving medications that represent one of the
most important advances of modern medicine. However, the
ongoing emergence of organisms that are resistant to clinically
used agents indicates that, like microbial evolution, anti-infective
drug development is an ongoing process. Unfortunately, regula-
tory and economic pressures have led to the downsizing of phar-
maceutical anti-infective drug discovery efforts and consequently
contributed to a void in the antibiotic development pipeline. In
response to this state of affairs, the Infectious Diseases Society of
America and other agencies have called for increasing efforts to
identify and develop new antibiotics. A particular emphasis has
been placed on developing strategies for the treatment of the so-
called “ESKAPE” pathogens: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa, and Enterobacter species (1-3). This set of
organisms frequently causes health care-associated bacterial in-
fections and can escape the effects of most currently available an-
tibiotics.

Recently, a number of authors have described the challenges
inherent in modern antibiotic drug discovery that must be con-
sidered during antimicrobial development. One particularly vex-
ing problem is that screening approaches tend to detect only the
most potent antimicrobials and consequently rediscover stereo-
typical molecules over and over again. In response to this prob-
lem, one prominent author has proposed that “the screening par-
adigm should focus on seeing what had previously not been seen”
(4).

The most successful and widely applied method to identify
agents with antibacterial activity has been whole-cell, bacterial
growth assays. In this approach, libraries of small molecules or
natural products are screened for agents that limit bacterial
growth. However, growth-based assays have limitations (4, 5). For
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example, the growth or no-growth readout has a limited dynamic
range. This is likely to contribute to the aforementioned rediscov-
ery problem because growth assays lack the sensitivity required to
detect antimicrobial molecules that are present in low concentra-
tions within complex natural product extract libraries or com-
pounds with limited antimicrobial activity. While the latter would
obviously not represent a molecule that could be directly trans-
lated to clinical use, these low-activity hits could provide structur-
ally novel scaffolds suitable for medicinal chemistry-based opti-
mization. In addition, traditional growth-based assays are not
readily amenable to screening for agents that target bacteria within
certain clinically relevant bacterial growth states, such as estab-
lished biofilms and small-colony variants.

To address these limitations, we have developed a high-
throughput screen (HTS)-compatible whole-cell assay to detect
agents that directly kill bacteria. The assay is based on the release of
intracellular adenylate kinase (AK) into culture medium as a re-
porter of bacterial cell death. We show that the AK assay exhibits
improved sensitivity over that of conventional whole-cell growth
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TABLE 1 Bacterial strains used in this study

Adenylate Kinase Release as Reporter of Bacterial Death

Species Strain Relevant resistance® Source or reference”
Enterococcus faecium 824-05 Amp, Cf, Cp, Cl, Mp, Tmp, Sul, Erm, Kan Clinical isolate
Staphylococcus aureus USA300-0114 Amp, Cf, Cl, Sul, Kan 6
UAMS-1 ND 7
UAMS-1112 Erm Univ. of Arkansas
RN4220 Cl 8
Klebsiella pneumoniae cKP1 Amp, Cp, Sul, Erm, Van 9
Acinetobacter baumannii 98-37-09 Amp, Lz 10
Pseudomonas aeruginosa PAO1 Amp, Kan, Lz, Sul, Van 11
Enterobacter cloacae PMD1001 Amp, Erm, Lz, Sul, Van Clinical isolate
Escherichia coli 8295 Erm, Lz, Sul Clinical isolate

“ Abbreviations: ampicillin, Amp; colistin, Cl; ceftriaxone, Cf; ciprofloxacin, Cp; erythromycin, Erm; kanamycin, Kan; linezolid, Lz; meropenem, Mp; minocycline, Min;

Sulfamethoxazole, Sul; vancomycin, Van; not determined, ND; Univ., university.

b Clinical isolates were obtained from the University of Rochester School of Medicine and Dentistry.

assays and displays specificity for bactericidal agents. Further, we
establish that the assay can be used to screen for agents that kill
small-colony-variant bacteria and bacteria within established bio-
films.

To validate the AK assay as an HTS-compatible screening plat-
form, we screened the Prestwick library of off-patent drugs against
E. coli and each of the ESKAPE pathogens. This library contains
representative examples of nearly all classes of antibiotics, and we
identified the bactericidal agents within the library that were ex-
pected to be active against the organism screened. Additionally,
we identified 38 agents with no previously reported antibiotic ac-
tivity. Traditional MIC testing confirmed the antimicrobial prop-
erties of many of these molecules, suggesting that they could be
repurposed as antimicrobials or serve as lead molecules for anti-
biotic development. Consistent with that prediction, we showed
that one of these compounds, tamoxifen, is active against E. fae-
cium in a Galleria mellonella model of infection. Further, we
showed that terfenadine is active against planktonic, small-colony
variant, and biofilm-associated S. aureus. Taken together, our data
demonstrate that the AK assay provides a general approach to
screening for new antimicrobial agents active against a variety of
pathogens during planktonic and other disease-associated growth
states.

MATERIALS AND METHODS

Bacterial growth conditions. The bacterial species and strains used in
these experiments are listed in Table 1. S. aureus strain UAMS-1112 (gen-
erous gift from M. Smeltzer, University of Arkansas Medical Center) is a
stable small-colony variant of the common laboratory S. aureus strain
8325-4, which harbors a hemB deletion. Unless otherwise noted, bacteria
were grown for 16 h in Mueller-Hinton (MH) (Becton, Dickinson, Frank-
lin Lakes, NJ) or brain heart infusion (BHI) (Becton, Dickinson) medium
at 37°C on arotary shaker at 225 rotations per min (rpm) and then used to
inoculate (1:100) fresh medium and processed, as described below.

Chemicals. The Prestwick Chemical Library of molecules with known
biological activities was acquired from Prestwick Chemical (Illkirch,
France). ToxiLight BioAssay kits were obtained from Lonza (Basel, Swit-
zerland). Terfenadine, suloctidil, clomiphene citrate, ceftriaxone, sulfa-
methoxazole, erythromycin, kanamycin, ciprofloxacin, rifampin, ampi-
cillin, minocycline, tamoxifen, and trimethoprim were purchased from
Sigma-Aldrich (St. Louis, MO). Meropenem, linezolid, and vancomycin
were purchased from Thermo Fisher (Waltham, MA). Colistin was pur-
chased from APP Pharmaceuticals (Schaumburg, IL).

MIC testing. MIC testing was performed to determine the antibiotic
susceptibility profile of selected bacterial strains according to Clinical and
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Laboratory Standards (CLSI) protocols (12). Briefly, colonies of each bac-
terial species were collected from MH agar plates and suspended in indi-
vidual tubes of MH medium to an optical density (600 nm) of 0.8. The
resulting cultures were incubated at 37°C in a rotary shaker at 225 rpm to
exponential phase (~1 X 10® CFU ml™") and then diluted in fresh MH
medium to a cell density of ~3 X 10" CFU ml~". Ten microliters of the
diluted cultures was added to 88 .l of MH medium in individual wells of
a96-well, round-bottom plate (Corning, Inc.), and 2 pl of a stock solution
of the indicated reference antibiotic or test compound (0 to 256 g ml™")
was added to each well. The carrier solvent was either water or dimethyl
sulfoxide (DMSO); final DMSO concentrations were less than or equal to
2%. Plates were incubated at 37°C for 24 h, and the MIC was defined as the
lowest concentration of antibiotic in which there was no visible cell pellet
in the wells.

Heat-killed bacterial AK release assays. Overnight cultures of E. coli
strain 8295 or S. aureus RN4220 were used to inoculate (1:100 dilution) 25
ml of fresh MH medium and grown at 37°C on a rotary shaker at 225 rpm
to exponential phase (~1 X 10® CFU ml~"). Cells were pelleted by cen-
trifugation (2,000 X g) and resuspended in 2.5 ml of sterile water. One
milliliter of the resulting suspension was boiled for 3 min and filter ster-
ilized (0.45-pm filter) to remove cell debris. The filtrate was serially di-
luted in sterile water, and 100 .l of each dilution was added to individual
wells of a white-walled, 96-well plate (Corning, Inc., Corning, NY). To
measure the AK activity in the supernatants at each dilution, 100 pl of
ToxiLight AK reagent was added to each well, followed by incubation at
room temperature for 30 min, and luminescence was measured using a
SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA). Cells
were serially diluted and plated to enumerate CFU (CFU ml ') before
and after boiling to correlate cell lysis with viability.

AK assay 96-well format. Overnight cultures of each bacterial species
were used to inoculate (1:100 dilution) 25 ml of fresh MH medium and
grown at 37°C on a rotary shaker at 225 rpm to exponential phase (~1 X
10® CFU ml™"). Ninety-eight microliters of MH medium, 2 pl of the
indicated antibiotic, and 5 X 10° bacteria were added to individual wells of
a white-walled, 96-well microtiter plate. Well components were mixed by
pipetting and incubated at 37°C for 3 h. The plate was equilibrated to
room temperature for 30 min. Next, 100 pl of ToxiLight AK reagent was
added to each well and incubated at room temperature for 30 min, and
luminescence was measured using a SpectraMax M5 plate reader.

AK assay 384-well format and high-throughput screening. Over-
night cultures of each bacterial species were used to inoculate (1:100 di-
lution) 25 ml of fresh medium and grown at 37°C on a rotary shaker at 225
rpm to exponential phase (~1 X 10® CFU ml ). In a white-walled,
384-well plate, 24 pl of MH medium, 0.3 pl (50 uM) of antibiotic or
compound, and 5 X 10° bacteria were added to individual wells and
incubated at 37°C for 3 h. The plates were equilibrated at room tempera-
ture for 1 h. Twenty-five microliters of ToxiLight AK reagent was then
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added to each well, followed by incubation at room temperature for 30
min, and luminescence was measured using a SpectraMax M5 plate
reader.

AK assay of established biofilms. Biofilms were grown as previously
described (13-15). Briefly, P. aeruginosa and A. baumannii were cultured
overnight in Luria-Bertani medium and then used to seed 96-well, flat-
bottom plates. Plates were incubated at 37°C in a humidified incubator for
48 h to allow the formation of static biofilms. Nonadherent cells were
removed by aspiration and washing with sterile phosphate-buffered saline
(PBS). Fresh LB medium supplemented with 0, 1X, 10X, or 100X MIC of
antibiotic was added to each well and incubated overnight at 37°C. Fol-
lowing treatment, 100 .l of each biofilm supernatant was transferred to
96-well, white-walled plates, 100 pl of ToxiLight AK reagent was added to
each well, mixtures were incubated for 30 min at room temperature, and
luminescence was measured using a SpectraMax M5 plate reader. Bio-
film-associated bacteria were enumerated by resuspending each biofilm in
fresh PBS and plating. For S. aureus UAMS-1 biofilms, 96-well, flat-bot-
tom plates were first coated with 100 pl of 20% human plasma in carbon-
ate buffer overnight at 4°C. Following coating, the plasma solution was
removed and cells were inoculated in each well 1:200 in 100 pl of tryptic
soy broth supplemented with 3% glucose and 0.5% NaCl. Biofilms were
cultured for 48 h in a humidified incubator at 37°C. Established S. aureus
biofilms were washed once with PBS and then treated with a 100 pl of
ToxiLight lysis buffer for 3 h, after which the amount of AK released into
supernatants was measured, as described above.

Small-colony variant AK assays. Thirty-six-hour cultures of S. aureus
strain UAMS-1112 were used to inoculate (1:100 dilution) 100 ml of fresh
MH medium and grown at 37°C on a rotary shaker at 225 rpm to an
optical density (600 nm) of 0.1 to 0.2, corresponding to ~1 X 10° CFU
ml ™. Cells were pelleted by centrifugation and resuspended in 2 ml of
fresh MH medium. Ninety-eight microliters of MH medium containing
5 X 10° bacteria and 2 pl of the indicated antibiotic were added to indi-
vidual wells of a white-walled, 96-well microtiter plate. Well components
were mixed by pipetting and incubated at 37°C for 3 h. The plate was
equilibrated to room temperature for 30 min. Next, 100 pl of ToxiLight
AK reagent was added to each well, followed by incubation at room tem-
perature for 30 min, and luminescence was measured using a SpectraMax
MS5 plate reader.

Galleria mellonella model of S. aureus infection. A Galleria mello-
nella model of infection was used to measure the putative antimicrobial
properties of tamoxifen against E. faecium and terfenadine against S. au-
reus (16, 17). To do so, overnight cultures of E. faecium strain 824-05 or S.
aureus strain USA300-0114 were used to inoculate (1:100 dilution) 25 ml
of fresh MH medium and grown at 37°C on a rotary shaker at 225 rpm to
exponential phase (~1 X 10® CFU ml™"). Cultures were pelleted by cen-
trifugation (2,000 X g), washed with sterile PBS, and resuspended at ~1 X
10° CFU ml ™! in fresh PBS. Galleria mellonella larvae (Vanderhorst
Wholesale, Inc.; St. Marys, OH) weighing 200 to 300 mg were inoculated
with 5 wl of E. faecium or S. aureus (5 X 10° CFU) into the last left proleg
using a 10-pl Hamilton syringe. Worms were then mock treated with
either DMSO (negative control), vancomycin (20 mg kg~ '; positive con-
trol) at 2 h and 24 h postinoculation. For E. faecium studies, groups were
also treated with the test compound tamoxifen at 80, 160, or 320 mgkg ™~ L
whereas groups were treated with the test compound terfenadine (80, 160,
or 320 mg kg ") for S. aureus studies. Treatments were administered in
the same manner as infection, except that each injection was in the next
left proleg moving toward the head of the worm. Larvae were housed in
petri dishes in the dark at 37°C and monitored for viability at the conclu-
sion of the study (48 h postinoculation); worms were considered dead if
they did not respond to physical stimuli. In addition to mock or com-
pound treatment of infected larvae, studies included two additional non-
infected negative-control groups: one group that did not receive injec-
tions and one group that was injected with PBS to control for the impact
of physical trauma. All experimental groups contained 15 worms, and
each experiment was repeated three times.
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FIG 1 AK assay. Bactericidal agents compromise bacterial cell integrity, re-
leasing cellular adenylate kinase. Extracellular AK is measured by the addition
of a commercial ToxiLight AK cocktail containing ADP and luciferase, result-
ing in luminescence.

RESULTS

Rationale for adenylate kinase as a reporter of bacterial cell lysis.
Adenylate kinase (AK) is a ubiquitous intracellular enzyme that
catalyzes the conversion of 2 ADP <> ATP + AMP and is released
into the extracellular space upon cell lysis. Partly because of the
robust nature of the AK enzyme, its detection has been used to
measure lysis of bacterial contaminants on food contact surfaces
and autolysis of brewing yeast strains (18-20). Recently we
showed that the AK assay is useful in the identification of antifun-
gal agents (21, 22). The premise of the assay is that agents which
disrupt cellular integrity, either directly through damage of the
membrane/cell wall or indirectly following the death of the cell,
will induce release of AK into the culture medium. Extracellular
AK is subsequently detected by the addition of commercially
available ToxiLight AK assay reporter cocktail (Lonza, Basel, Swit-
zerland), which generates a luminescent signal by utilizing AK-
generated ATP in the standard luciferase catalyzed reaction (Fig.
1). The goal of the current study was to develop the AK assay as a
high-throughput screening platform for antibacterial drug dis-
covery.

The AK assay provides a sensitive measure of bacterial lysis.
As an initial test of AK release as a reporter of bacterial cell death
for Gram-positive and Gram-negative organisms, the sensitivity
with which the assay measures AK in the culture supernatants of
heat-killed E. coli and S. aureus was determined. Each bacterial
species was grown to exponential phase, harvested, and resus-
pended at 1 X 10° CFU per ml in Mueller-Hinton (MH) medium.
Bacterial suspensions were heat killed, and a 10-fold dilution se-
ries of supernatants was prepared; an aliquot of each heat-killed
sample was plated to ensure =99% bacterial death. The AK activ-
ity of the dilution series was measured and compared to the AK
activity of mock-treated (viable) bacteria by Student’s ¢ test. In
comparison to untreated cells, a statistically significant increase in
AK activity was detected at dilutions containing 1.7 X 10° or more
heat-killed E. coli supernatants, compared to results for live bac-
teria (Fig. 2A). AK activity increased ~433-fold and ~1,574-fold
in cultures with 1 X 10” and 1 X 10® heat-killed E. coli superna-
tants, respectively, compared to results for mock-treated bacteria
(not shown). A comparison of AK released from heat-killed S.
aureus to that of mock-treated cells revealed a statistically signifi-
cant difference in AK activity was detected at dilutions containing
1.8 X 10* or more heat-killed S. aureus supernatants, with a max-
imum 122-fold increase in AK activity observed for 1 X 10° lysed
cells (data not shown). Taken together, these results indicate that
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FIG 2 AK assay development. (A) AK assay measures of E. coli lysed cell supernatants. E. coli DH5a cells (1 X 10”) were heat inactivated by boiling and diluted,
and the AK assay was used to measure adenylate kinase release. Background signal is also shown (mock-treated cells). “+” indicates a significant difference
between results for boiled and mock treatment (Student’s ¢ test; P < 0.05). (B) AK assay results for colistin-treated A. baumannii strain 98-37-09. Cells were

treated with the indicated concentration of colistin, and AK was measured; green indicates the MIC (4 pg ml™ ). “x

compared to that for mock treatment (0 g ml™'; Student’s t test, P < 0.05).

the AK assay reproducibly detects AK release following bacterial
cell lysis and that the assay is extremely sensitive, allowing the
identification of agents that cause lysis in 0.0001% or 0.001% of
the starting inoculum of E. coli or S. aureus cells, respectively.
Furthermore, the AK assay exhibited a dynamic range of nearly 3
orders of magnitude and an excellent signal-to-noise ratio.

The AK assay detects bactericidal molecules that are active
against the ESKAPE pathogens. Next, we examined the ability of
the AK assay to detect the activities of bactericidal antibiotics to-
ward E. coli and each of the ESKAPE pathogens. To do so, the
MICs of six classes of bactericidal antibiotics (penicillin, cephalo-
sporin, quinolone, glycopeptide, carbapenem, and polymyxin)
were determined for each organism (Table 2). We then performed
the AK assay at 0, 0.125X, 0.25X, 0.5X, 1X, and 2X MIC of each
antibiotic. As discussed below, AK release was detected at antibi-
otic concentrations below the MIC for most antibiotics tested,
suggesting that the AK assay would be more sensitive than growth-
based assays for detecting bactericidal agents. As a representative
example, Fig. 2B presents the AK assay measured polymyxin
(colistin)-mediated killing of A. baumannii strain 98-37-09. The
MIC of colistin for this strain is 4 ug ml ™", whereas AK release was
robustly detected at 0.25X, 0.5X, and 1X MIC value.

The MIC measures for each ESKAPE pathogen and each or-
ganism’s corresponding fold increase in AK signal following treat-
ment with 0.5X and 1.0X the MIC are provided in Table 2 (bac-
tericidal agents). For four of the six bactericidal antibiotics tested,
the AK assay proved to be superior to growth-based assays with
respect to detecting the killing properties of bactericidal agents at
sub-MIC values. More specifically, 100% of the organisms that
were determined to be susceptible to the cell wall-active antibiot-
ics ampicillin, meropenem, and colistin exhibited a significant
increase in AK signal (=3-fold over that for vehicle-treated cells)
atboth 0.5X and 1.0X their MICs. Eighty-three percentand 100%
of ceftriaxone-susceptible species exhibited increased AK signal at
0.5X and 1X their MICs, respectively. Five of six (83%) cipro-
floxacin-susceptible organisms exhibited AK signal at both 0.5X
and 1.0X MIC. Interestingly, the cell wall-targeted glycopeptide,
vancomycin, caused significant AK release at 0.5X and 1.0X their
MIC:s in only 40% and 60% of susceptible species. We speculate
that this may be due to the well-established slow-killing kinetics of
the agent (23-25).

To evaluate the specificity of the assay for detecting bactericidal
agents, we also measured AK release by each of the ESKAPE
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pathogens following exposure to five classes of bacteriostatic
agents (sulfonamide, tetracycline, macrolide, aminoglycoside,
and oxazolidine). To do this, the MIC value of each bacteriostatic
antibiotic/organism pair was measured by a conventional growth-
based approach. We subsequently measured AK release by each
bacterial species following treatment with 0.5X or 1.0X MIC of
each bacteriostatic agent. As shown in Fig. 3, S. aureus strain
RN4220 was susceptible to all agents tested but bacteriostatic
agents generated very low AK release, whereas bactericidal antibi-
otics generated robust AK detection. In most instances, a similar
trend was observed for the other ESKAPE pathogens, indicating
that the assay enriches for the identification of bactericidal agents,
which are arguably the most valuable antibiotics because they can
be used to treat patients with immunological defects or rapidly
lethal infections (Table 2, bacteriostatic agents). Two exceptions
were noted. Surprisingly, A. baumannii generated significant AK
signal in response to all the bacteriostatic agents evaluated, sug-
gesting that AK release may be a feature of a more general stress
response in this organism. Additionally, the bacteriostatic
agent minocycline generated signal by five of the eight (63%)
organisms tested. In that regard, others have previously ob-
served that tetracyclines tend to exhibit bactericidal character-
istics, which is presumably the cause of minocycline-mediated
AK detection (26, 27).

Taken together, these results suggest that the AK assay repre-
sents an attractive screening approach for identifying bactericidal
agents at sub-MICs that may otherwise be missed by growth-
based assays. Further, because the AK assay relies on bacterial
killing as opposed to growth changes to generate its readout, we
hypothesized that it would provide a format to develop screens
that are not readily available by conventional, growth-based ap-
proaches.

Use of the AK assay to identify agents with antimicrobial ac-
tivities against established biofilms and small colony variants.
Established bacterial biofilms represent a particularly problematic
disease state, in part because biofilm-associated bacteria are recal-
citrant to conventional antibiotic therapy. Thus, they have been a
focus of antibiotic development. As a result, a number of ap-
proaches to screening for molecules with activity toward bacterial
biofilms have been developed recently (28, 29). Although each has
its advantages, they also have a number of limitations, including
reproducibility, reliance on specialized equipment, or low
throughput. We hypothesized that the AK assay would provide a
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TABLE 2 MIC and AK measures of bacterial species and antibiotic combinations®

Value for agent

Bactericidal
Treatment
Strain and parameter (X MIC) Ampicillin Ceftriaxone Ciprofloxacin Vancomycin Meropenem Colistin
Enterococcus faecium 824-05
MIC >256 >256 256 2 >256 >256
Fold increase in AK signal 0.5 ND ND ND 1 ND ND
1.0 ND ND ND 2 ND ND
Staphylococcus aureus
USA300-0114
MIC >256 >256 2 1 4 >256
Fold increase in AK signal 0.5 ND ND 3 11 13 ND
1.0 ND ND 5 3 17 ND
RN4220
MIC 2 2 2 2 2 >256
Fold increase in AK signal 0.5 4 10 8 3 11 ND
1.0 3 12 10 6 11 ND
Klebsiella pneumoniae cKP1
MIC >256 2 >256 >256 2 8
Fold increase in AK signal 0.5 ND 50 ND ND 128 34
1.0 ND 55 ND ND 220 33
Acinetobacter baumannii 98-37-09
MIC 256 8 0.0625 64 2 4
Fold increase in AK signal 0.5 ND 5 2 2 79 17
1.0 ND 21 2 4 134 49
Pseudomonas aeruginosa PAO1
MIC >256 4 2 >256 2 4
Fold increase in AK signal 0.5 ND 2 27 ND 45 5
1.0 ND 14 182 ND 39 12
Enterobacter cloacae PMD1001
MIC >256 2 <1 >256 2 2
Fold increase in AK signal 0.5 ND 20 6 ND 99 10
1.0 ND 17 7 ND 296 32
Escherichia coli 8295
MIC 128 2 0.125 16 2 8
Fold increase in AK signal 0.5 50 51 17 1 60 15
1.0 74 76 39 2 85 22
% increase expected 0.5 100 83.3 83.3 40 100 100
1.0 100 100 83.3 60 100 100

solution to some of these problems because it is rapid, sensitive,
and simple to perform and it detects bactericidal molecules, the
type of antibiotics required to treat established biofilms.

To determine whether the AK assay could detect agents with
activity against established biofilms, S. aureus strain UAMS-1, A.
baumannii strain 98-37-09, and P. aeruginosa strain PAO1 static
biofilms were formed in 96-well flat-bottom plates. Forty-eight
hours postinoculation, one well corresponding to each organism
was stained with crystal violet to verify that biofilm formation had
occurred (data not shown), whereas the remaining wells were
treated with 10X the MIC value with either colistin (A. baumannii
biofilms) or ciprofloxacin (P. aeruginosa, and S. aureus biofilms).
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Following overnight antibiotic treatment, biofilm-associated bac-
teria were enumerated by plating, and the corresponding super-
natants were analyzed by the AK assay. Plating verified that 10X
MIC antibiotic treatment resulted in a significant reduction in
biofilm-associated P. aeruginosa (a 3.1-log decrease), S. aureus (a
0.7-log decrease), and A. baumannii (a 1.8-log decrease) com-
pared to findings for untreated biofilms. As shown in Fig. 4A,
corresponding AK measures indicated that the assay robustly de-
tects the mild effects of these antibiotics on each bacterial species
tested, suggesting that it represents a promising approach to iden-
tify agents that exhibit bactericidal activity toward established
bacterial biofilms.
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TABLE 2 (Continued)

Adenylate Kinase Release as Reporter of Bacterial Death

Value for agent

Bacteriostatic

Sulfamethoxazole Minocycline Erythromycin Kanamycin Linezolid
>256 1 >256 >256 16
ND 3 ND ND 2

ND 4 ND ND 2
>256 1 64 >256 2

ND 1 1 ND 1

ND 1 1 ND 1

2 8 2 16 2

2 1 1 1 1

3 1 1 1 1
>256 64 >256 2 >256
ND 1 ND 1 ND
ND 1 ND 1 ND

8 1 16 2 256

6 23 3 3 ND

5 14 12 14 ND
256 32 32 256 >256
ND 1 3 ND ND
ND 6 1 ND ND
>256 4 256 2 >256
ND 4 ND 1 ND
ND 9 ND 1 ND
>256 16 256 32 >256
ND 4 ND 55 ND
ND 38 ND 70 ND
50 50 50 40 0

100 62.5 25 40 0

“? Shading indicates significant increase in AK signal (greater than or equal to threefold over vehicle-treated cells).

Another context in which the AK assay may be particularly
valuable is in the identification of molecules that exhibit bacteri-
cidal activity toward bacterial small-colony variants (SCV). SCV
are slow-growing populations of bacterial species that have been
hypothesized to cause latent or recurrent infections and are toler-
ant of standard antibiotic treatment regimens. Based on the aber-
rant SCV growth characteristics, typical growth-based HTS assays
would be difficult to employ. Accordingly, we tested the ability of
the AK assay to identify agents that kill S. aureus SCV strain
UAMS-1112. To do so, 1 X 10° UAMS-1112 cells were treated
with 1X or 10X MIC ciprofloxacin, meropenem, or vancomy-
cin for 3 h. Following treatment, suspensions were plated to
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measure the antimicrobial properties of each antibiotic, and
the AK assay was performed to measure adenylate kinase re-
lease. Plating revealed that ciprofloxacin and vancomycin had
no effect on SCV viability at any concentration tested (data not
shown) and exhibited no change in AK release in comparison
to results for mock-treated cells (Fig. 4B), supporting the ob-
servation that S. aureus small-colony variants are recalcitrant
to antibiotic treatment. Meropenem treatment resulted in a
0.5-log decrease in SCV viability, which corresponded to a 2.5-
fold increase in AK signal compared to that for mock-treated
cells (Fig. 4B). Taken together, these results suggest that the AK
assay provides the sensitivity needed to detect the slight anti-
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FIG 3 AK assay measures of S. aureus strain RN4220 treatment with bacterio-
static and bactericidal antibiotics. Standard MIC testing determined the MIC
of each antibiotic class (in parentheses). Graphed are the fold changes in AK
signal of cells treated with 0.5X or 1.0X the MIC value for each antibiotic, in
comparison to untreated control cells; “*” indicates a significant change in
signal as determined by Student’s ¢ test; P = 0.05 (compared to results for
untreated cells).

Bacteriostatic

Fold Change in Signal
o

microbial effects of antibiotics, such as meropenem, toward S.
aureus SCV.

Validation of AK as an HTS-compatible assay of antibacte-
rial activity. To test the viability of the AK assay as a general tool in
HTS-based antibacterial small-molecule discovery, we optimized
assay parameters, including inoculum, drug incubation time, and
AKreaction time, for screening planktonic ESKAPE species as well
as E. coli in a 384-well format. Based on these experiments (not
shown), we developed a standardized assay as fully described in
Materials and Methods. As part of this optimization process, con-
trol assays in a 384-well format were performed to measure the
signal to noise and reproducibility of the assay in an HTS manner.
For this, plates were seeded with E. coli or an ESKAPE pathogen.
Alternating columns of the plate were then mixed with either 2%
DMSO (negative control) or a bactericidal antibiotic (positive
control), and AK signal was detected; a representative result for
DMSO- and colistin-treated K. pneumoniae is shown in Fig. 5A.
Comparisons of the variance in signal between positive- and neg-
ative-control measures indicated that the AK assay provides Z’-
factor scores between 0.59 and 0.82 (depending on the specific
organism), indicating that the assay is sufficiently robust for HTS
(30, 31).

AK-based screening of library of off-patent drugs and bio-
logically active molecules. To further validate the AK assay pro-

45000 - %
40000 - HMock
35000 m10x MIC
30000 - *
25000 -
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15000 -
10000 - %
5000 J

O |

P. aeruginosa S.aureus A. baumannii

Luminescence (RLU) >

tocol, we screened E. coli and each of the ESKAPE pathogens
against the Prestwick library of FDA-approved drugs and biolog-
ically active molecules (1,120 compounds, total; 50 wM final drug
concentration). The Prestwick library contains representatives of
nearly all classes of antibiotics currently in clinical use, making it
an ideal library for testing the ability of the AK assay to detect
bactericidal agents in a high-throughput screening format. Ac-
cordingly, the library was screened for antimicrobial agents that
were active against planktonic E. coli and each of the ESKAPE
pathogens using the AK assay; the cutoff for positive-scoring mol-
ecules was set at a 3-fold increase in extracellular AK activity,
corresponding to the detection limit of statistically significant in-
creases in AK activity for planktonic bacteria. The hit rates for the
different organisms ranged from 1.4% to 4.8%; a representative
example of raw screening data for Klebsiella pneumoniae is shown
in Fig. 5B. Screening results for all ESKAPE pathogens are sum-
marized in Table 3, whereas results for all compounds within the
Prestwick library are provided in Table S1 in the supplemental
material.

Consistent with expectations, a detailed assessment of the hits
revealed that AK screening enriches for the identification of bac-
tericidal compounds (Table 3). More specifically, 100% of the
antibiotics that were identified to be active against P. aeruginosa or
K. pneumoniae represented bactericidal agents. Similarly, 96%,
94%, and 80% of the antibiotics that were active against E. coli, E.
cloacae, and E. faecium, respectively, were bactericidal antibiotics.
The assay identified 71% and 64% bactericidal antibiotics for A.
baumannii and S. aureus.

Among the bactericidal antibiotics detected, B-lactam, cepha-
losporin, polymyxin, and fluoroquinolone antibiotics were active
against Gram-negative pathogens (E. coli and the ESKAPE patho-
gens A. baumannii, P. aeruginosa, and K. pneumoniae), and peni-
cillins, cephalosporins, quinolines, glycopeptides, and carbapen-
ems were active toward S. aureus (see Table S1 in the supplemental
material). We also determined that clofazimine, which was ini-
tially developed as an antimycobacterial agent and was recently
shown to exhibit bactericidal activity toward S. aureus, was indeed
active against S. aureus (32). Bacteriostatic compounds, such as
clindamycin, and macrolides, such as erythromycin, were not
identified as being active toward any of the species tested. Inter-
estingly, many tetracyclines were identified as killing S. aureus
strain USA300-0114 and A. baumannii strain 98-37-09. As stated
above, although tetracyclines are traditionally considered to be
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FIG 4 AK assay measures of antibiotic-treated biofilms and small-colony variants.(A) Graphed are AK signals generated by static biofilm-associated cells
following mock or antibiotic treatment: colistin (P. aeruginosa) or ciprofloxacin (S. aureus and A. baumannii). (B) Fold change of AK measures of S. aureus SCV

UAMS-1112 cells following treatment with 1X and 10X ciprofloxacin, meropenem, and vancomycin, compared to results for mock treated cells. “

)

indicates

a significant change in signal in comparison to results for mock-treated cells (Student’s ¢ test, P =< 0.05).
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FIG 5 AK-based HTS development and screening. (A) Z' factor assay results for Klebsiella pneumoniae. Three-hundred-eighty-four-well microtiter plates were
seeded with K. pneumoniae, and alternating rows were mock treated (DMSO) or treated with 50 wM colistin. Following 3 h of incubation, AK release was
measured and plotted. DMSO-treated well measures are shown in blue; colistin-treated wells are shown in red. (B) Prestwick library Klebsiella pneumoniae
screening results. In total, 26 compounds were determined to result in a 3-fold increase in AK signal (red data points), in comparison to results for DMSO-treated
cells. Included among this list were polymyxin, cephalosporins, aminoglycosides, fluoroquinolones, and detergents; the complete Prestwick screening results for
K. pneumoniae and all other organisms screened are provided in Table S2 in the supplemental material.

bacteriostatic, they have been reported to display bactericidal ac-
tivity (26, 27); we speculate that at high concentrations, such as
those used in our proof-of-principle screen, this class of molecules
exhibits bactericidal activity. In addition, the library contains
membrane-active antiseptics, such as chlorhexidine, and with the
exception of E. cloacae, these were also strong hits against all or-
ganisms tested. Screening results also revealed that the E. faecium
strain tested proved to be resistant to most classes of antibiotics
within the Prestwick library by MIC testing (Table 2), and this was
also observed in the AK assay, indicating that the assay exhibits a
low false-positive rate. Interestingly, the assay also detected 38
drugs with no known antimicrobial properties (denoted as
“other” in Table 3) that were active against each organism; see
Table S2 for a complete list of these compounds.

Antimicrobial activities of nonantibiotic drugs that induce
AK release. Recently, the exploration of the so-called “off-target”
activities of previously developed drugs has emerged as an ap-
proach to identify chemical scaffolds that could be exploited for
new therapeutic indications. In that regard, Prestwick library
screening results revealed that 4% to 56% (depending on the or-
ganism) of the members that generated significant AK signal were
compounds with no previously reported antimicrobial activity
(see Table S2 in the supplemental material).

To determine whether the 38 nonantibiotics identified in the
screen have potential for repurposing as anti-infectives, we further
evaluated 4 nonantibiotic drugs that were commercially available
by two secondary assays. First, dose-response assays were per-

TABLE 3 Prestwick Library screening results

formed to validate that they induced AK activity, and all were
reconfirmed (data not shown). Second, the in vitro antimicrobial
activity for each drug was measured by standard MIC testing.
With the exception of one drug/organism pair, all drugs exhibited
in vitro activity toward each organism. More specifically, tamox-
ifen, suloctidil, and clomiphene exhibited MICs of 8 pg ml™'
against E. faecium. S. aureus and A. baumannii were susceptible to
terfenadine (16-pg ml~' MIC and 64-pug ml™' MIC, respec-
tively). Suloctidil was also detected to be active against P. aerugi-
nosa by both primary and confirmatory AK screens, but the drug
did not elicit an antimicrobial response by MIC measures. Some
strains of P. aeruginosa secrete AK at high cell density, and we
speculate that suloctidil may trigger a similar response (33).
Terfenadine and tamoxifen, which exhibited antimicrobial
properties toward planktonic S. aureus and E. faecium cells, re-
spectively, were characterized further. Terfenadine was evaluated
for activity against S. aureus biofilms and small-colony variants
using the AK assays described above. Treatment of 48-h S. aureus
strain UAMS-1 biofilms with 10X-MIC terfenadine elicited a
modest 2.7-fold increase in AK release (Fig. 6A); plating-based
viability assays determined that this correlated with a 1.1-log re-
duction in biofilm cell viability (data not shown), which was
comparable to the activity of ciprofloxacin under the same assay
conditions (Fig. 4A). Similarly, treatment of S. aureus small-colo-
ny-variant UAMS-1112 cells with 10X MIC terfenadine elicited a
3.3-fold increase in AK signal in comparison to that for mock-
treated cells (Fig. 6A). Conventional MIC testing subsequently

No. of active agents for species

Compound E. coli E. faecium S. aureus” K. pneumoniae A. baumannii® P. aeruginosa E. cloacae
Bactericidal 45 4 25 19 17 21 16
Bacteriostatic 2 1 14 0 7 0 1
Detergent 2 2 2 2 2 1 0
Other 5 9 10 4 18 1 12

Total 54 16 51 25 44 23 29

@ Tetracyclines were identified.
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FIG 6 Antimicrobial properties of terfenadine and tamoxifen. (A) Fold changes in AK signal of terfenadine-treated (10X MIC) S. aureus strain UAMS-1 static
biofilms and the SCV strain UAMS-1112, compared to those for mock (DMSO)-treated populations, are plotted. “*” indicates a significant increase in signal over
that with mock-treated cells (Student’s ¢ test, P =< 0.05). (B) Plotted are the percent survival of G. mellonella larvae at 48 h post-E. faecium inoculation. Groups
of larvae (n = 45) were treated at 2 h and 24 h with either PBS (mock), DMSO, 80 mg kg~ ' tamoxifen, 160 mg kg~ ' tamoxifen, or 20 mg kg™ ' vancomycin.

verified that terfenadine is active against UAMS-1112 at 2 wgml ™"
(data not shown). Because we have not yet established an E. fae-
cium biofilm AK assay and stable SCV cells were not available,
tamoxifen was not evaluated for activity against enterococci.

Next, the in vivo antimicrobial properties of terfenadine and
tamoxifen were evaluated using a Galleria mellonella model of S.
aureus and E. faecium infection, respectively. For terfenadine,
groups of larvae (n = 45) were infected with 1.0 X 10° S. aureus
USA300-1114 cells. Worms were then treated at 2 h and 24 h with
arange of terfenadine concentrations (20 to 160 mg kg~ '), vehicle
(DMSO; negative control), or 20 mg kg71 vancomycin (positive
control), and larval survival was assessed 48 h postinoculation. For
tamoxifen studies, experiments were performed exactly as de-
scribed above except that larvae were inoculated with 1.4 X 10° E.
faecium strain 824-05 cells and larvae were treated with either 80
or 160 mg kg™ ' tamoxifen. Terfenadine-treated larvae did not
reproducibly exhibit increased survival relative to vehicle-treated
larvae (data not shown). However, tamoxifen treatment of E. fae-
cium-infected larvae resulted in a dose-dependent increase in sur-
vival. As shown in Fig. 6B, treatment with 80 or 160 mg kg™ '
resulted in a 4.2-fold- or 7-fold-higher survival, respectively, than
was found with vehicle-treated controls.

Taken together, these results indicate that terfenadine exhibits
modest in vitro activity toward S. aureus planktonic, SCV, and
biofilm populations and that tamoxifen is active toward plank-
tonic E. faecium and against the organism in a simple animal
model of infection. As discussed below, these data suggest that
tamoxifen and terfenadine may represent attractive new chemical
scaffolds for antibacterial optimization.

DISCUSSION

As the search for novel antimicrobials continues, so must the de-
velopment of methods used for identifying compounds with ther-
apeutic potential. In that regard, we developed a simple set of AK
reporter-based assays for the identification of antibacterial agents.
The AK assay robustly detects the antimicrobial properties of mol-
ecules below their measured MIC values and with a dynamic range
of nearly 3 orders of magnitude. Moreover, it provides antimicro-
bial property measures in a simple add-and-read format, enriches
for bactericidal compounds, and is ostensibly applicable to any
bacterial species or clinical isolate of interest. While others have
developed highly sensitive enzyme-based reporter systems for an-
tibacterial screening purposes, these assays typically rely on B-ga-
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lactosidase, luciferase, or green fluorescent protein expression to
measure bacterial survival and thus require genetically engineered
screening strains for screening (34-36). However, these systems
do allow the identification of bacteriostatic agents, which by com-
parison would not be identified using the AK assay. Nonetheless,
based on its ease of use in an add-and-read format, as well as
adaptability to virtually any species/clinical isolate of interest, we
feel the AK assay developed here provides an attractive new ap-
proach for antimicrobial screening.

As ameans of validating the AK assay as an antimicrobial HTS
tool, each of the ESKAPE bacterial pathogens was screened with
the Prestwick library of drugs with known biological activities for
antimicrobial agents. As expected, screening revealed that the as-
say identified known antibiotics within the library that corre-
sponded with the susceptibility of the organism used and enriched
for the detection of bactericidal antibiotics. Similarly, agents
known to have no activity against a particular organism were neg-
ative in the screen. For example, we screened with a clinical isolate
of E. faecium that is resistant to ampicillin, gentamicin, and van-
comycin, and none of those agents was active in the AK assay at
supra-MIC levels. We did not expect the AK assay to show signal
with bacteriostatic agents, and in general this was the case. The
exception to this trend was the fact that S. aureus and A. bauman-
nii screens also detected bacteriostatic antibiotics, most of which
belonged to the tetracycline class. As discussed above, others have
shown that high levels of tetracyclines can induce cell death, and
we suspect this is the reason for our observations.

Recently the concept of repurposing previously developed
drugs for new therapeutic indications has emerged as an approach
to expediting the development of new therapies (37). The advan-
tages of such a strategy are twofold. In the ideal scenario, a new
activity for a drug is identified and is manifest at doses currently in
use, allowing the direct testing of the drug in clinical trials for its
new indication. A more likely scenario is that a new activity is
found for a scaffold with good pharmacokinetic and toxicology
properties which can serve as a lead compound for optimization.
In that regard, Prestwick library screening revealed that each bac-
terial species was susceptible to members of the library with no
previously reported antimicrobial activity.

We further studied the antimicrobial properties of two of these
drugs in more detail: terfenadine and tamoxifen. Terfenadine
(Fig. 7A) is a nonsedating antihistamine based on a 4-substituted
piperidine scaffold that is also known to inhibit the hERG, leading
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to prolonged QT syndrome (38). The latter property was the rea-
son that terfenadine was removed from the market. Recently,
molecules (Fig. 7B) based on this scaffold have emerged as non-
fluoroquinolone inhibitors of type II bacterial topoisomerases
(NBTIs) and have been the subject of increasing study, with par-
ticular emphasis being placed on separating the antibacterial ac-
tivity from hERG inhibition (39). Based on the structural similar-
ity between terfenadine and these molecules, we suspect that
terfenadine is acting as a topoisomerase inhibitor. The majority of
the NBTIs reported as part of medicinal chemistry projects are
4-amino-substituted piperidines (39); our results suggest that
4-alkyl-substituted piperidines are also active. Furthermore, we
found that terfenadine has activity against S. aureus small-colony
variants and biofilms, properties not previously reported for this
scaffold.

Our screen of E. faecium identified two structurally related
nonsteroid estrogen receptor antagonists, tamoxifen and clomi-
phene (Fig. 7C and D). Tamoxifen is used to treat some forms of
estrogen-receptor-positive breast cancer, while clomiphene is
used in fertility treatment regimens (40). These two compounds
are members of the triarylethylene class of estrogen receptors. This
class of compounds has been previously shown to have antifungal
activity by a number of groups (41, 42). Tamoxifen has been the
most widely studied of these and has been found to have a number
of additional targets in mammalian cells, including calmodulin
and protein kinase C (43). In addition, tamoxifen is thought to
directly interact with lipids in membranes (44). Although neither
tamoxifen nor any of its analogs has been reported to have activity
against traditionally pathogenic bacteria, its interaction with the
membranes of Bacillus stearothermophilus has been studied as
model for the effects of tamoxifen on mammalian membranes
(44). Interestingly, tamoxifen at concentrations similar to its MIC
toward E. faecium (5 pg ml™"') induces a number of ultrastruc-
tural changes in the membrane of B. stearothermophilus, including
the appearance of a symmetric membrane and evidence of mem-
brane fractures leading to the leakage of cytoplasmic contents into
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the extracellular space. Although more work will be required to
further characterize the mode of action of tamoxifen’s activity
against E. faecium, these findings are consistent with our observa-
tion that it causes bacterial cell lysis.

Since the number of agents with activity toward enterococcus
is quite limited, we investigated tamoxifen’s in vivo activity using a
Galleria model of enterococcus infection. Although it was not as
active as vancomycin, tamoxifen did impart a survival benefit,
indicating that it has in vivo antimicrobial activity. High-dose ta-
moxifen therapy has been used in experimental treatment of re-
fractory human cancers, and dosing results in micromolar serum
concentrations of tamoxifen corresponding to the levels of drug
associated with antienterococcal activity observed in our studies
(45). Similarly, tamoxifen has also been shown to have activity
against Candida albicans in a mouse model of candidiasis that
generates serum levels that approximate those levels required for
efficacy in our assays (41). The MIC of tamoxifen toward C. albi-
cans is actually 4-fold higher than its MIC toward E. faecium, sug-
gesting that further investigation of this class of molecules as an-
tienterococcal agents may be fruitful. Additionally, many analogs
of tamoxifen have been synthesized as part of structure-activity
studies designed to optimize its estrogen receptor activity; our
data suggest that exploration of these molecules for optimal anti-
enterococcal activity is warranted.

In addition to providing a powerful new HTS approach to
identify antimicrobial agents active against planktonic bacteria,
we show that the AK assay is easily amenable to screening bacteria
in disease states that cannot be readily screened via conventional
approaches. In that regard, the AK assay is capable of measuring
the killing properties of bactericidal agents administered to bio-
films formed by both Gram-negative and Gram-positive repre-
sentatives of the ESKAPE pathogens. Similarly, the AK assay can
detect the bactericidal properties of antibiotics toward a pheno-
typically stable S. aureus small-colony variant. We predict that
these features can be exploited to develop corresponding high-
throughput screening assays for the identification of agents that
kill established biofilms and small-colony variants or provide
powerful secondary assays aimed at characterizing the potential
antimicrobial properties of molecules of interest.
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