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A

ntibiotics 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, regulatory and economic pressures have led to the downsizing of pharmaceutical 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 socalled “ESKAPE” pathogens: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species (1–3). This set of
organisms frequently causes health care-associated bacterial infections and can escape the effects of most currently available antibiotics.
Recently, a number of authors have described the challenges
inherent in modern antibiotic drug discovery that must be considered during antimicrobial development. One particularly vexing problem is that screening approaches tend to detect only the
most potent antimicrobials and consequently rediscover stereotypical molecules over and over again. In response to this problem, one prominent author has proposed that “the screening paradigm 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 rediscovery problem because growth assays lack the sensitivity required to
detect antimicrobial molecules that are present in low concentrations within complex natural product extract libraries or compounds with limited antimicrobial activity. While the latter would
obviously not represent a molecule that could be directly translated to clinical use, these low-activity hits could provide structurally novel scaffolds suitable for medicinal chemistry-based optimization. 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 established biofilms and small-colony variants.
To address these limitations, we have developed a highthroughput 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 reporter of bacterial cell death. We show that the AK assay exhibits
improved sensitivity over that of conventional whole-cell growth
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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 colony 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, Acinetobacter 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 planktonic, 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.

Adenylate Kinase Release as Reporter of Bacterial Death

TABLE 1 Bacterial strains used in this study
Species

Strain

Relevant resistancea

Source or referenceb

Enterococcus faecium
Staphylococcus aureus

824-05
USA300-0114
UAMS-1
UAMS-1112
RN4220

Amp, Cf, Cp, Cl, Mp, Tmp, Sul, Erm, Kan
Amp, Cf, Cl, Sul, Kan
ND
Erm
Cl

Clinical isolate
6
7
Univ. of Arkansas
8

Klebsiella pneumoniae
Acinetobacter baumannii
Pseudomonas aeruginosa
Enterobacter cloacae
Escherichia coli

cKP1
98-37-09
PA01
PMD1001
8295

Amp, Cp, Sul, Erm, Van
Amp, Lz
Amp, Kan, Lz, Sul, Van
Amp, Erm, Lz, Sul, Van
Erm, Lz, Sul

9
10
11
Clinical isolate
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 biofilms.
To validate the AK assay as an HTS-compatible screening platform, 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 expected to be active against the organism screened. Additionally,
we identified 38 agents with no previously reported antibiotic activity. Traditional MIC testing confirmed the antimicrobial properties of many of these molecules, suggesting that they could be
repurposed as antimicrobials or serve as lead molecules for antibiotic development. Consistent with that prediction, we showed
that one of these compounds, tamoxifen, is active against E. faecium 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 (generous 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, Franklin Lakes, NJ) or brain heart infusion (BHI) (Becton, Dickinson) medium
at 37°C on a rotary 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, Switzerland). Terfenadine, suloctidil, clomiphene citrate, ceftriaxone, sulfamethoxazole, erythromycin, kanamycin, ciprofloxacin, rifampin, ampicillin, 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 purchased 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 bacterial species were collected from MH agar plates and suspended in individual 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 ⫻ 108 CFU ml⫺1) and then diluted in fresh MH
medium to a cell density of ⬃3 ⫻ 107 CFU ml⫺1. Ten microliters of the
diluted cultures was added to 88 l of MH medium in individual wells of
a 96-well, round-bottom plate (Corning, Inc.), and 2 l of a stock solution
of the indicated reference antibiotic or test compound (0 to 256 g ml⫺1)
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 ⫻ 108 CFU ml⫺1). Cells were pelleted by centrifugation (2,000 ⫻ g) and resuspended in 2.5 ml of sterile water. One
milliliter of the resulting suspension was boiled for 3 min and filter sterilized (0.45-m filter) to remove cell debris. The filtrate was serially diluted 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 l 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⫺1) 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 ⫻
108 CFU ml⫺1). Ninety-eight microliters of MH medium, 2 l of the
indicated antibiotic, and 5 ⫻ 106 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 l 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. Overnight cultures of each bacterial species were used to inoculate (1:100 dilution) 25 ml of fresh medium and grown at 37°C on a rotary shaker at 225
rpm to exponential phase (⬃1 ⫻ 108 CFU ml⫺1). In a white-walled,
384-well plate, 24 l of MH medium, 0.3 l (50 M) of antibiotic or
compound, and 5 ⫻ 106 bacteria were added to individual wells and
incubated at 37°C for 3 h. The plates were equilibrated at room temperature for 1 h. Twenty-five microliters of ToxiLight AK reagent was then
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FIG 1 AK assay. Bactericidal agents compromise bacterial cell integrity, releasing cellular adenylate kinase. Extracellular AK is measured by the addition
of a commercial ToxiLight AK cocktail containing ADP and luciferase, resulting 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 antifungal 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, Switzerland), which generates a luminescent signal by utilizing AKgenerated 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 discovery.
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 resuspended at 1 ⫻ 109 CFU per ml in Mueller-Hinton (MH) medium.
Bacterial suspensions were heat killed, and a 10-fold dilution series of supernatants was prepared; an aliquot of each heat-killed
sample was plated to ensure ⱖ99% bacterial death. The AK activity of the dilution series was measured and compared to the AK
activity of mock-treated (viable) bacteria by Student’s t test. In
comparison to untreated cells, a statistically significant increase in
AK activity was detected at dilutions containing 1.7 ⫻ 103 or more
heat-killed E. coli supernatants, compared to results for live bacteria (Fig. 2A). AK activity increased ⬃433-fold and ⬃1,574-fold
in cultures with 1 ⫻ 107 and 1 ⫻ 108 heat-killed E. coli supernatants, 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 significant difference in AK activity was detected at dilutions containing
1.8 ⫻ 104 or more heat-killed S. aureus supernatants, with a maximum 122-fold increase in AK activity observed for 1 ⫻ 108 lysed
cells (data not shown). Taken together, these results indicate that
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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, flatbottom 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, 1⫻, 10⫻, or 100⫻ MIC of
antibiotic was added to each well and incubated overnight at 37°C. Following treatment, 100 l of each biofilm supernatant was transferred to
96-well, white-walled plates, 100 l 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. Biofilm-associated bacteria were enumerated by resuspending each biofilm in
fresh PBS and plating. For S. aureus UAMS-1 biofilms, 96-well, flat-bottom plates were first coated with 100 l of 20% human plasma in carbonate buffer overnight at 4°C. Following coating, the plasma solution was
removed and cells were inoculated in each well 1:200 in 100 l 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 l 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 ⫻ 106 CFU
ml⫺1. Cells were pelleted by centrifugation and resuspended in 2 ml of
fresh MH medium. Ninety-eight microliters of MH medium containing
5 ⫻ 106 bacteria and 2 l of the indicated antibiotic 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 l 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.
Galleria mellonella model of S. aureus infection. A Galleria mellonella model of infection was used to measure the putative antimicrobial
properties of tamoxifen against E. faecium and terfenadine against S. aureus (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 ⫻ 108 CFU ml⫺1). Cultures were pelleted by centrifugation (2,000 ⫻ g), washed with sterile PBS, and resuspended at ⬃1 ⫻
109 CFU ml⫺1 in fresh PBS. Galleria mellonella larvae (Vanderhorst
Wholesale, Inc.; St. Marys, OH) weighing 200 to 300 mg were inoculated
with 5 l of E. faecium or S. aureus (5 ⫻ 106 CFU) into the last left proleg
using a 10-l Hamilton syringe. Worms were then mock treated with
either DMSO (negative control), vancomycin (20 mg kg⫺1; positive control) 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 mg kg⫺1,
whereas groups were treated with the test compound terfenadine (80, 160,
or 320 mg kg⫺1) 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 conclusion of the study (48 h postinoculation); worms were considered dead if
they did not respond to physical stimuli. In addition to mock or compound treatment of infected larvae, studies included two additional noninfected negative-control groups: one group that did not receive injections 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.

Adenylate Kinase Release as Reporter of Bacterial Death

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 toward E. coli and each of the ESKAPE pathogens. To do so, the
MICs of six classes of bactericidal antibiotics (penicillin, cephalosporin, quinolone, glycopeptide, carbapenem, and polymyxin)
were determined for each organism (Table 2). We then performed
the AK assay at 0, 0.125⫻, 0.25⫻, 0.5⫻, 1⫻, and 2⫻ MIC of each
antibiotic. As discussed below, AK release was detected at antibiotic concentrations below the MIC for most antibiotics tested,
suggesting that the AK assay would be more sensitive than growthbased 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 g ml⫺1, whereas AK release was
robustly detected at 0.25⫻, 0.5⫻, and 1⫻ MIC value.
The MIC measures for each ESKAPE pathogen and each organism’s corresponding fold increase in AK signal following treatment with 0.5⫻ and 1.0⫻ the MIC are provided in Table 2 (bactericidal 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 antibiotics ampicillin, meropenem, and colistin exhibited a significant
increase in AK signal (ⱖ3-fold over that for vehicle-treated cells)
at both 0.5⫻ and 1.0⫻ their MICs. Eighty-three percent and 100%
of ceftriaxone-susceptible species exhibited increased AK signal at
0.5⫻ and 1⫻ their MICs, respectively. Five of six (83%) ciprofloxacin-susceptible organisms exhibited AK signal at both 0.5⫻
and 1.0⫻ MIC. Interestingly, the cell wall-targeted glycopeptide,
vancomycin, caused significant AK release at 0.5⫻ and 1.0⫻ their
MICs 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 growthbased approach. We subsequently measured AK release by each
bacterial species following treatment with 0.5⫻ or 1.0⫻ 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 antibiotics 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, suggesting 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 observed that tetracyclines tend to exhibit bactericidal characteristics, which is presumably the cause of minocycline-mediated
AK detection (26, 27).
Taken together, these results suggest that the AK assay represents an attractive screening approach for identifying bactericidal
agents at sub-MICs that may otherwise be missed by growthbased 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 approaches.
Use of the AK assay to identify agents with antimicrobial activities against established biofilms and small colony variants.
Established bacterial biofilms represent a particularly problematic
disease state, in part because biofilm-associated bacteria are recalcitrant to conventional antibiotic therapy. Thus, they have been a
focus of antibiotic development. As a result, a number of approaches 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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FIG 2 AK assay development. (A) AK assay measures of E. coli lysed cell supernatants. E. coli DH5␣ cells (1 ⫻ 109) 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). “ⴱ” indicates a significant difference
between results for boiled and mock treatment (Student’s t test; P ⱕ 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 g ml⫺1). “ⴱ” indicates a significant increase in signal
compared to that for mock treatment (0 g ml⫺1; Student’s t test, P ⱕ 0.05).
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TABLE 2 MIC and AK measures of bacterial species and antibiotic combinationsa
Value for agent

Strain and parameter
Enterococcus faecium 824-05
MIC
Fold increase in AK signal

RN4220
MIC
Fold increase in AK signal

Klebsiella pneumoniae cKP1
MIC
Fold increase in AK signal

Acinetobacter baumannii 98-37-09
MIC
Fold increase in AK signal

Pseudomonas aeruginosa PA01
MIC
Fold increase in AK signal

Enterobacter cloacae PMD1001
MIC
Fold increase in AK signal

Escherichia coli 8295
MIC
Fold increase in AK signal

% increase expected

Bactericidal
Ampicillin

Ceftriaxone

Ciprofloxacin

Vancomycin

Meropenem

Colistin

0.5
1.0

⬎256
ND
ND

⬎256
ND
ND

256
ND
ND

2
1
2

⬎256
ND
ND

⬎256
ND
ND

0.5
1.0

⬎256
ND
ND

⬎256
ND
ND

2
3
5

1
11
3

4
13
17

⬎256
ND
ND

0.5
1.0

2
4
3

2
10
12

2
8
10

2
3
6

2
11
11

⬎256
ND
ND

0.5
1.0

⬎256
ND
ND

2
50
55

⬎256
ND
ND

⬎256
ND
ND

2
128
220

8
34
33

0.5
1.0

256
ND
ND

8
5
21

0.0625
2
2

64
2
4

2
79
134

4
17
49

0.5
1.0

⬎256
ND
ND

4
2
14

2
27
182

⬎256
ND
ND

2
45
39

4
5
12

0.5
1.0

⬎256
ND
ND

2
20
17

⬍1
6
7

⬎256
ND
ND

2
99
296

2
10
32

0.5
1.0

128
50
74

2
51
76

0.125
17
39

16
1
2

2
60
85

8
15
22

0.5
1.0

100
100

83.3
100

83.3
83.3

40
60

100
100

100
100
(Continued on next page)

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 10⫻ 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 bacteria were enumerated by plating, and the corresponding supernatants were analyzed by the AK assay. Plating verified that 10⫻
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) compared to findings for untreated biofilms. As shown in Fig. 4A,
corresponding AK measures indicated that the assay robustly detects the mild effects of these antibiotics on each bacterial species
tested, suggesting that it represents a promising approach to identify agents that exhibit bactericidal activity toward established
bacterial biofilms.
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Staphylococcus aureus
USA300-0114
MIC
Fold increase in AK signal

Treatment
(⫻ MIC)

Adenylate Kinase Release as Reporter of Bacterial Death

TABLE 2 (Continued)
Value for agent
Bacteriostatic
Minocycline

Erythromycin

Kanamycin

Linezolid

⬎256
ND
ND

1
3
4

⬎256
ND
ND

⬎256
ND
ND

16
2
2

⬎256
ND
ND

1
1
1

64
1
1

⬎256
ND
ND

2
1
1

2
2
3

8
1
1

2
1
1

16
1
1

2
1
1

⬎256
ND
ND

64
1
1

⬎256
ND
ND

2
1
1

⬎256
ND
ND

8
6
5

1
23
14

16
3
12

2
3
14

256
ND
ND

256
ND
ND

32
1
6

32
3
1

256
ND
ND

⬎256
ND
ND

⬎256
ND
ND

4
4
9

256
ND
ND

2
1
1

⬎256
ND
ND

⬎256
ND
ND

16
4
38

256
ND
ND

32
55
70

⬎256
ND
ND

50
100

50
62.5

50
25

40
40

0
0

a

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 bactericidal 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 tolerant of standard antibiotic treatment regimens. Based on the aberrant 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 ⫻ 106 UAMS-1112 cells were treated
with 1⫻ or 10⫻ MIC ciprofloxacin, meropenem, or vancomycin 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 release. 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 observation 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 2.5fold 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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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 0.5⫻ or 1.0⫻ the MIC value for each antibiotic, in
comparison to untreated control cells; “ⴱ” indicates a significant change in
signal as determined by Student’s t test; P ⱕ 0.05 (compared to results for
untreated cells).

microbial effects of antibiotics, such as meropenem, toward S.
aureus SCV.
Validation of AK as an HTS-compatible assay of antibacterial 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
AK reaction 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, control 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 negative-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 biologically active molecules. To further validate the AK assay pro-

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 1⫻ and 10⫻ ciprofloxacin, meropenem, and vancomycin, compared to results for mock treated cells. “ⴱ” indicates
a significant change in signal in comparison to results for mock-treated cells (Student’s t test, P ⱕ 0.05).
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FIG 3 AK assay measures of S. aureus strain RN4220 treatment with bacterio-

tocol, we screened E. coli and each of the ESKAPE pathogens
against the Prestwick library of FDA-approved drugs and biologically active molecules (1,120 compounds, total; 50 M 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. Accordingly, 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 molecules was set at a 3-fold increase in extracellular AK activity,
corresponding to the detection limit of statistically significant increases 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 summarized 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 bactericidal 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, ␤-lactam, cephalosporin, polymyxin, and fluoroquinolone antibiotics were active
against Gram-negative pathogens (E. coli and the ESKAPE pathogens A. baumannii, P. aeruginosa, and K. pneumoniae), and penicillins, cephalosporins, quinolines, glycopeptides, and carbapenems were active toward S. aureus (see Table S1 in the supplemental
material). We also determined that clofazimine, which was initially 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. Interestingly, 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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seeded with K. pneumoniae, and alternating rows were mock treated (DMSO) or treated with 50 M 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 activity (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 organisms 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 approach 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 organism) 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-

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, tamoxifen, suloctidil, and clomiphene exhibited MICs of 8 g ml⫺1
against E. faecium. S. aureus and A. baumannii were susceptible to
terfenadine (16-g ml⫺1 MIC and 64-g ml⫺1 MIC, respectively). Suloctidil was also detected to be active against P. aeruginosa 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, respectively, 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 10⫻-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 reduction 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-colony-variant UAMS-1112 cells with 10⫻ MIC terfenadine elicited a
3.3-fold increase in AK signal in comparison to that for mocktreated cells (Fig. 6A). Conventional MIC testing subsequently

TABLE 3 Prestwick Library screening results
No. of active agents for species
Compound

E. coli

E. faecium

S. aureusa

K. pneumoniae

A. baumanniia

P. aeruginosa

E. cloacae

Bactericidal
Bacteriostatic
Detergent
Other

45
2
2
5

4
1
2
9

25
14
2
10

19
0
2
4

17
7
2
18

21
0
1
1

16
1
0
12

54

16

51

25

44

23

29

Total
a

Tetracyclines were identified.
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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
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verified that terfenadine is active against UAMS-1112 at 2 g ml⫺1
(data not shown). Because we have not yet established an E. faecium 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 ⫻ 106 S. aureus
USA300-1114 cells. Worms were then treated at 2 h and 24 h with
a range of terfenadine concentrations (20 to 160 mg kg⫺1), vehicle
(DMSO; negative control), or 20 mg kg⫺1 vancomycin (positive
control), and larval survival was assessed 48 h postinoculation. For
tamoxifen studies, experiments were performed exactly as described above except that larvae were inoculated with 1.4 ⫻ 106 E.
faecium strain 824-05 cells and larvae were treated with either 80
or 160 mg kg⫺1 tamoxifen. Terfenadine-treated larvae did not
reproducibly exhibit increased survival relative to vehicle-treated
larvae (data not shown). However, tamoxifen treatment of E. faecium-infected larvae resulted in a dose-dependent increase in survival. As shown in Fig. 6B, treatment with 80 or 160 mg kg⫺1
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 planktonic 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 development of methods used for identifying compounds with therapeutic 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 molecules below their measured MIC values and with a dynamic range
of nearly 3 orders of magnitude. Moreover, it provides antimicrobial 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 antibacterial screening purposes, these assays typically rely on ␤-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 comparison 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 approach for antimicrobial screening.
As a means 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 assay identified known antibiotics within the library that corresponded 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 negative in the screen. For example, we screened with a clinical isolate
of E. faecium that is resistant to ampicillin, gentamicin, and vancomycin, 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. baumannii 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 advantages 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 bacterial 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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FIG 6 Antimicrobial properties of terfenadine and tamoxifen. (A) Fold changes in AK signal of terfenadine-treated (10⫻ MIC) S. aureus strain UAMS-1 static
biofilms and the SCV strain UAMS-1112, compared to those for mock (DMSO)-treated populations, are plotted. “ⴱ” indicates a significant increase in signal over
that with mock-treated cells (Student’s t test, P ⱕ 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⫺1 tamoxifen, 160 mg kg⫺1 tamoxifen, or 20 mg kg⫺1 vancomycin.
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isomerase II inhibitor, and clomiphene. The chemical structure of each molecule is shown.

to prolonged QT syndrome (38). The latter property was the reason that terfenadine was removed from the market. Recently,
molecules (Fig. 7B) based on this scaffold have emerged as nonfluoroquinolone inhibitors of type II bacterial topoisomerases
(NBTIs) and have been the subject of increasing study, with particular emphasis being placed on separating the antibacterial activity from hERG inhibition (39). Based on the structural similarity 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 clomiphene (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 g ml⫺1) induces a number of ultrastructural changes in the membrane of B. stearothermophilus, including
the appearance of a symmetric membrane and evidence of membrane fractures leading to the leakage of cytoplasmic contents into
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