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Antibiotic Properties against Methicillin-Resistant Staphylococcus
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Macrophages take advantage of the antibacterial properties of copper ions in the killing of bacterial intruders. However, despite
the importance of copper for innate immune functions, coordinated efforts to exploit copper ions for therapeutic interventions
against bacterial infections are not yet in place. Here we report a novel high-throughput screening platform specifically devel-
oped for the discovery and characterization of compounds with copper-dependent antibacterial properties toward methicillin-
resistant Staphylococcus aureus (MRSA). We detail how one of the identified compounds, glyoxal-bis(N4-methylthiosemicarba-
zone) (GTSM), exerts its potent strictly copper-dependent antibacterial properties on MRSA. Our data indicate that the activity
of the GTSM-copper complex goes beyond the general antibacterial effects of accumulated copper ions and suggest that, in con-
trast to prevailing opinion, copper complexes can indeed exhibit species- and target-specific activities. Based on experimental
evidence, we propose that copper ions impose structural changes upon binding to the otherwise inactive GTSM ligand and trans-
fer antibacterial properties to the chelate. In turn, GTSM determines target specificity and utilizes a redox-sensitive release
mechanism through which copper ions are deployed at or in close proximity to a putative target. According to our proof-of-con-
cept screen, copper activation is not a rare event and even extends to already established drugs. Thus, copper-activated com-
pounds could define a novel class of anti-MRSA agents that amplify copper-dependent innate immune functions of the host. To
this end, we provide a blueprint for a high-throughput drug screening campaign which considers the antibacterial properties of
copper ions at the host-pathogen interface.

he continuous rise of drug-resistant or multidrug-resistant

pathogenic bacteria has become a considerable challenge to
the health care system and increasingly jeopardizes the earlier suc-
cess of antibiotics as lifesaving treatments for bacterial diseases. In
the United States, about 4.5% of all hospital patients develop an
infection (1). About 99,000 patients that contract a nosocomial
infection die each year as a result of these infections (1). According
to the Centers for Disease Control and Prevention, the antibiotic
resistance of bacteria in the United States costs an estimated $45
billion a year in excess health care costs (2). Accelerated efforts to
identify new drugs that overcome bacterial drug resistance are
therefore easily justifiable for humanitarian and economic rea-
sons.

During the course of an infection, bacteria encounter a variety
of host-derived antimicrobial agents. In particular, macrophages
are known to expose microbes to excess copper and possibly zinc
within their phagosomal compartments (3, 4) while other essen-
tial metal ions, such as iron and manganese, are being extracted
(5). The identity of the phagosomal zinc transporter is still un-
known, but the influx of copper is facilitated by ATP7A, a copper-
specific transport protein which relocates from Golgi compart-
ments to the phagosomal membrane (3). In vitro studies have
shown that copper-sensitive Escherichia coli mutants are more
susceptible to phagosomal killing than their respective wild-type
strains (3). Likewise, copper homeostasis and resistance mech-
anisms are linked to virulence in many problematic pathogenic
bacteria, including Listeria monocytogenes (6), Pseudomonas
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aeruginosa (7), and Mycobacterium tuberculosis (8, 9). In Staphy-
lococcus aureus, copper stress leads to the repression of genes im-
portant for virulence and biofilm formation (10). CsoR has been
identified as a crucial copper-dependent transcriptional regulator
in S. aureus (11). The CsoR regulon includes the copAZ operon,
which encodes a P1-type ATPase (CopA) and a copper chaperone
(CopZ), and the copB mco operon, which is comprised of a mul-
ticopper oxidase (Mco) and another P1-type ATPase (CopB) (11).

The effects of elevated copper levels are multifaceted and in-
clude, for example, the destruction of iron-sulfur cluster proteins
and metalloproteins, production of reactive oxygen species (ROS)
by a Fenton-like chemistry, and interference with membrane in-
tegrity (12, 13). While these mechanisms are possibly the key to
the antibacterial action of copper alloys, which are proven to re-
strict the spread of epidemic methicillin-resistant S. aureus
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(MRSA) in various health care settings (14, 15), the nonselective
nature of these copper-dependent redox processes poses a chal-
lenge for target-directed applications in antibacterial therapy.
However, the recent identification of copper-boosted compounds
acting against M. tuberculosis and Neisseria gonorrhoeae at concen-
trations that are unlikely to affect intracellular copper levels (16,
17) contradicts these long-held models of activity. Indeed, other
modes of action by which copper influences the antibacterial effi-
cacy of compounds are now being investigated. For example,
Manning et al. proposed a carrier function of copper ions for the
antibiotic capreomycin (18), and select intracellular proteins have
been identified as potential specific targets of some copper com-
plexes. These targets include the isocitrate lyase from M. tubercu-
losis (19) as well as the succinate and NADH dehydrogenase of
Neisseria gonorrhoeae (17).

In this study, we provide a road map for the high-throughput
identification of copper-activated anti-MRSA compounds. Our
primary screen identified several compounds with potent yet
strictly copper-dependent anti-MRSA activities. We establish
such molecules as a promising new class of anti-MRSA growth
inhibitors potentially capable of enhancing host-induced copper-
dependent innate immune functions.

MATERIALS AND METHODS

Bacterial strains, antibiotics, and compounds. All S. aureus and MRSA
isolates were obtained in a deidentified manner from UAB Laboratory
Medicine. Bacteria were grown in Mueller-Hinton (MH) broth (Oxoid
Ltd., Basingstoke, Hampshire, England). Thiocarlide, disulfiram, neocu-
proine, bathocuproine, EDTA, and copper sulfate were purchased from
Sigma-Aldrich. The compounds glyoxal-bis(N4-methylthiosemicarba-
zone) (GTSM), pyruvaldehyde-bis(N4-methylthiosemicarbazone) (PTSM),
and diacetyl-bis(N4-methylthiosemicarbazone) (ATSM) were synthe-
sized as previously described (20, 21). Additional compounds were de-
rived from a 50,000-compound in-house library (ChemBridge).

HTS assay and determination of MICs of select compounds. All ex-
periments were performed in 96-well plates using Mueller-Hinton broth
as the growth medium unless otherwise stated. Compounds were tested at
10 uM in the presence of 50 WM copper in the high-throughput screening
(HTS) assay. After preparing the compounds (16), S. aureus was added to
achieve a final optical density at 600 nm (ODy,) of ~0.001 in a total
volume of 160 pl. Plates were incubated on a Heidolph Titramax 1000
plate shaker at 300 rpm and 37°C for 7 to 8 h. The optical density as a
quantitative surrogate marker of bacterial growth was then determined
using a SynergyHT plate reader (BioTek). Background correction was
performed against wells containing only medium. The activity of select
compounds that decreased the growth of S. aureus by at least 90% (90%
inhibitory concentration [IC,,]) during the high-throughput screen was
further analyzed in detailed dose-response curves. The assay conditions,
incubation procedure, and analysis of growth inhibition were similar to
those for the high-throughput screen.

PGFL assay. In order to monitor intracellular fluctuations of copper,
we used the fluorescent metal sensor Phen Green FL (PGFL; Molecular
Probes). Bacteria were inoculated from an overnight culture and grown at
37°C until an OD, of 1 to 2 was reached. Ten milliliters of that culture
was centrifuged at 4,000 X gand washed 3 times in 10 mM HEPES buffer
(pH 7.5). Aliquots of washed cells were treated for 1 h in HEPES buffer
with 2.5 WM copper, GTSM, ATSM, Cu"'GTSM, or Cu"ATSM. Com-
pounds and copper were removed by washing cells 3 times in HEPES
buffer. Thereafter, cells were incubated at 37°C in HEPES buffer contain-
ing 2.5 wM Phen Green FL. Fluorescence was measured at 1 h posttreat-
ment using a Synergy 2 plate reader (BioTek) equipped with a 460-nm
excitation filter and a 520-nm emission filter. The Phen Green FL fluores-
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cence is quenched by copper. Fluorescence intensity is therefore inversely
correlated to the cell copper content.

Copper quantification analysis by ICPMS. Cells were grown in MH
medium, harvested by centrifugation, and resuspended in fresh MH me-
dium to an optical density (ODg,,) of ~2.5. Copper, ATSM, GTSM,
EDTA, and the respective copper complexes were added to 30-ml cultures
at the concentrations indicated below. Following incubation for 1 h at
37°C, samples were centrifuged and cell pellets were washed once with 500
wM EDTA in phosphate-buffered saline (PBS) and then twice with PBS.
Washed and pelleted cells were subjected to acid digestion in 500 I con-
centrated HNO; (~70%j; Optima; Fisher Chemical) for 15 h at 65°C and
thereafter diluted 20-fold with molecular biology-grade water and stored
in certified metal-free tubes (Labcon). Elemental analysis was performed
on a Thermo Element 2 HR inductively coupled plasma mass spectrom-
eter (ICPMS; Thermo Fisher Scientific, Bremen, Germany) equipped with
an electrospray ionization autosampler (Elemental Scientific, Omaha,
NE). The diluted acid-digested samples were taken up by self-aspiration
via a 0.50-mm (inner diameter) sample probe and sample capillary to a
nebulizer and spray chamber. The copper content was determined on the
basis of the amount of the ®*Cu isotope at medium resolution (R = 4,300).
Samples were analyzed in triplicate, and error bars represent standard
deviations.

Structure prediction and visualization. The chemical structures of
GTSM, ATSM, and their respective copper complexes were drawn and
edited using Marvin Sketch software (ChemAxon LLC). The low-energy
conformers were generated and edited in Marvin Space software
(ChemAxon LLC) and are displayed in van der Waals surface mode.

RESULTS

A high-throughput drug screening assay for copper-activated
anti-MRSA drugs. Methicillin-susceptible S. aureus (MSSA) in-
fections cause significant health care problems. Methicillin-resis-
tant S. aureus (MRSA) has added to this challenge, and novel
drugs with activities against MRSA are clearly needed. This re-
search started as a knowledge transfer effort from our recent find-
ing that copper complexation could vastly enhance the antibacte-
rial activity of certain compounds against M. tuberculosis (16). To
test whether this concept was also applicable to MRSA, we devel-
oped a high-throughput drug screening assay allowing us to
search for compounds that synergistically enhance the antibacte-
rial properties of copper ions against S. aureus.

Our approach is based on the simultaneous screening of a
compound library for antibacterial activities under trace copper
and copper-supplemented culture conditions (16). Only com-
pounds that would be inactive in trace copper medium but active
when copper ions are supplemented are considered potential hits.
For this purpose, we identified Mueller-Hinton (MH) medium to
be a suitable growth medium. Its pH remains relatively constant
upon the addition of up to 1 mM CuSO,, and its composition
minimizes the formation of undesirable insoluble inorganic cop-
per complexes (22). At the same time, this medium efficiently
supports the growth of a wide range of bacteria, enabling the com-
parison of drug effects between different Gram-positive and
Gram-negative pathogens.

We used the optical density (ODy,) as a quantitative readout
and surrogate marker of bacterial growth. This strategy made the
assay (i) inexpensive, as no additional growth indicator dyes, such
as alamarBlue, were needed and (ii) less prone to manipulation-
induced variations due to fewer handling steps. To ensure that no
laboratory-induced adaptive mutations in S. aureus would affect
the screen (23), we chose to work invariably with methicillin-
susceptible and methicillin-resistant clinical isolates of S. aureus.
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To define the copper-supplemented condition for the actual
screen, we initially determined the level of tolerance of MSSA and
MRSA to copper in MH broth. We found that both strains, under
the chosen assay conditions, grew normally in the presence of
copper up to a concentration of at least 300 M (data not shown).
Although macrophages can challenge bacteria with a copper con-
centration of up to 400 wM (24), we chose to screen at a copper
concentration of 50 wM, which is about twice the copper concen-
tration present in human blood (25, 26). We reasoned that a
slightly higher copper concentration in the assay may increase its
sensitivity, thereby aiding in the detection of weaker synergistic
interactions between copper and compounds which could be use-
ful for subsequent structure-activity relationship analysis. Under
copper-supplemented and trace copper conditions, MSSA en-
tered into stationary growth within 7 to 8 h, at which time the
ODy, readings were taken.

The quality and performance of the assay were tested by the use
of Z'-tests. The Z'-factor that was calculated from these results is
a statistical value designed to reflect the dynamic range of the
assay, as well as the variation associated with the signal measure-
ments. As the Z'-factor is dimensionless, it can be used for assay
optimization purposes. An assay with a Z'-factor of 1.0 would
represent an ideal assay. To be considered for HTS, an assay
should be characterized by a Z'-factor of >0.5 (27). Using neocu-
proine, a well-defined copper-complexing compound and cell
growth inhibitor (16, 28), the Z'-factor for the MSSA assay in a
96-well plate format was >0.8 (see Fig. S1A in the supplemental
material), indicating that the system is highly reliable and repro-
ducible and, thus, is suitable for HTS.

Proof-of-concept drug screen. To transfer the assay to a ro-
botic platform, we performed a small proof-of-concept screen us-
ing a compound library that was enriched for rationally selected
copper-chelating compounds. The goal of this effort was to dem-
onstrate that the assay is capable of identifying copper-boosting
compounds with anti-MRSA activity and to detail the potency of
these compounds by titrating relevant hit molecules in the pres-
ence or absence of copper on MSSA and MRSA.

The well-characterized toxic copper chelator neocuproine
(Fig. 1A) showed limited antibacterial activity at high concentra-
tions in trace copper medium but was highly effective under copper-
activated conditions (Fig. 1B). The low-level activity of neocuproine
in trace copper MH broth is likely attributable to the ability of neo-
cuproine to chelate even trace amounts of copper or to deplete met-
abolically essential intracellular copper reservoirs. The membrane-
impermeant analogue bathocuproine lacked antibacterial properties
under either condition (data not shown), indicating that the neocu-
proine-copper complex exerts its activity intracellularly.

Previous studies have indicated that the antialcoholism drug
disulfiram (Fig. 1A) inhibits the growth of MRSA (29, 30). Disul-
firam and its metabolites form copper complexes in the stomach,
the small intestine, and the blood (31). Some investigators pro-
posed that copper complexation may contribute to disulfiram’s
biological activity (30). However, in our assays the activity of dis-
ulfiram against MSSA and MRSA in MH medium appeared to be
copper independent. Titration curves indicated an IC,, of 1.25
M (0.38 pg/ml) (Fig. 1C) under trace copper and copper-sup-
plemented assay conditions. The previously reported inhibitory
concentration of disulfiram on MRSA was 4.4 pM (1.33 pg/ml)
(29). Although a copper-dependent mechanism of disulfiram is
not obvious, we cannot exclude the possibility that trace copper in
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MH medium (22) may be sufficient to form disulfiram-derived
copper complexes. Lot-to-lot variations of the trace metal content
in MH medium (32, 33) may then explain the higher potency of
disulfiram in our study. Nevertheless, our assay confirms that dis-
ulfiram is indeed effective against MRSA. Reported potential cel-
lular targets of disulfiram and other dithiocarbamates in bacteria
include beta-carbonic anhydrases of M. tuberculosis (34) and the
betaine aldehyde dehydrogenase of Pseudomonas aeruginosa (35).
Specific target sites in S. aureus have not yet been reported. How-
ever, its genome does encode a betaine aldehyde dehydrogenase
(betB) (36), which could be a possible target of disulfiram.

As a striking example that our approach is capable of revealing
previously unnoticed anti-S. aureus activities, thiocarlide (Fig.
1A), an old antitubercular thiourea drug (37), was identified to
exert copper-dependent anti-MRSA activity with an ICy, of 5 uM
(2 pg/ml) (Fig. 1D), which is 100-fold more potent than the in-
hibitory concentrations from previously published assays where
MH medium was also used (38). This finding suggests that even
approved and characterized drugs should potentially be revisited
for antibacterial MRSA activity if they were once found to be in-
active on the basis of in vitro assays and have not been tested in in
vivo models.

GTSM exerts potent activity against MSSA and MRSA. The
screen further identified glyoxal-bis(N4-methylthiosemicarba-
zone) (GTSM) to be an anti-S. aureus compound active against
MSSA and MRSA (Fig. 2 and 3A and B). In contrast to the activity
profile of GTSM in M. tuberculosis (16) and Neisseria gonorrhoeae
(17), no copper-independent activity against S. aureus was de-
tected (Fig. 3B). Even at 10 uM, GTSM had no significant anti-S.
aureus activity in trace copper medium. In the presence of copper,
however, GTSM was extremely potent and exhibited an ICy, 0f 0.3
to 0.6 wM on all tested clinical isolates (Fig. 2A and B). These
results indicate that GTSM is able to evade the preexisting drug
resistance mechanisms of MRSA strains and is acting by a novel
mode of action.

The susceptibility of bacteria to antibiotics and copper can vary
in response to the utilized growth medium (39, 40). To ensure that
the copper-dependent antibacterial properties of GTSM are not a
medium-specific artifact, we confirmed its activity in an entirely
different medium. Unlike MH medium, RPMI 1640 consists ex-
clusively of defined components, such as inorganic salts, vitamins,
amino acids, and D-glucose as the carbon source. Important for
our purpose, this medium does not contain any documented cop-
per source. Using RPMI 1640, we established the same drug
screening assay with trace copper and copper-supplemented
screening conditions. Cell growth was found to be slightly delayed
relative to that in MH medium, but the RPMI 1640-based Z'-test
revealed a similar Z'-factor of >0.7 (see Fig. S1B in the supple-
mental material). Also, the copper-dependent anti-MRSA effect
of GTSM could be fully reproduced (see Fig. S1C in the supple-
mental material). As RPMI 1640 does not contain significant
amounts of zinc or iron, the medium may also be ideal to test
possible compound interactions with other metal ions. For exam-
ple, silver ions were also reported to enhance the efficacy of certain
antibiotics (41). MH broth would be less suitable for this purpose
due to its varying metal content and its undefined ingredients
(32). However, while RPMI 1640 is suitable to identify synergistic
interactions between copper ions and possibly other physiologi-
cally relevant divalent metal ions, it is important to appreciate that
standard RPMI 1640 medium does not lend itself to be a long-
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term growth medium. Precultures for the actual screening assay
need to be maintained in MH broth or any other medium that
optimally supports the normal growth of S. aureus.

Selective antibacterial properties of GTSM. We previously
described GTSM to be a copper-dependent anti-M. tuberculosis
candidate compound (16), and in this study, we found it to be
highly potent against S. aureus. Therefore, we wanted to know
whether GTSM is broadly active against other bacterial pathogens.
For this purpose, we screened a panel of 50 different clinically
isolated Gram-positive and Gram-negative bacterial pathogens
for susceptibility to Cu"GTSM. In this screen, the sole identified
susceptible bacterium was S. aureus. Gram-negative bacteria, in-
cluding various clinical isolates of Acinetobacter baumannii, Kleb-
siella pneumoniae, Serratia marcescens, Escherichia coli, Enterococ-
cus faecium, Stenotrophomonas maltophilia, and P. aeruginosa,
were not susceptible to GTSM (Fig. 4) in trace copper or in cop-
per-supplemented MH broth. These data indicate that GTSM
could exert its antibacterial activity on S. aureus and M. tubercu-
losis by inflicting damage to pathogen-specific targets.

The anti-S. aureus activity of bis(thiosemicarbazone)-cop-
per complexesis linked to their redox potential. The bioactivities
of clinically investigated bis(thiosemicarbazone) ligands have
been linked to their redox stability. In particular, the reduction of
Cu'" to Cu' is thought to destabilize the complex, leading to the
release of copper inside cells (42). This process is more likely to
occur in complexes with a high redox potential (42, 43). To inves-
tigate whether the anti-S. aureus properties of Cu GTSM may be
attributable to reductive deterioration and the subsequent release
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of copper ions from the complex into the cytoplasm, the potency
of three closely related bis(thiosemicarbazone) ligands (GTSM,
PTSM, ATSM) with different redox potentials (E;; —0.43, —0.51,
and —0.59, respectively [43]) were compared (Fig. 3A). Indeed,
the compound with the highest redox potential, Cu""GTSM, ex-
erted the highest potency toward S. aureus (ICy, = 0.3 uM) (Fig.
3B), while ATSM, the compound with the lowest redox potential,
was completely inactive (Fig. 3D). Accordingly, CuPTSM, which
has an intermediate redox potential, still had some activity
(ICyy = 1.25 pM) (Fig. 3C). A similar trend in the decline in
potency between GTSM and ATSM was previously observed in M.
tuberculosis and N. gonorrhoeae, even though Cu"ATSM was ac-
tive in these systems at 2.5 and 0.1 uM, respectively (16, 17).

Quantitative analysis of Cu by ICPMS confirmed that, despite
their contrasting activities, both compounds are taken up by S.
aureus in almost identical amounts, as indicated by the 8- to 10-
fold higher cell copper levels of Cu" ATSM- or Cu""GTSM-treated
cells (Fig. 5A). However, these cell copper levels are similar to the
copper contents of cells treated with only copper, indicating that
the activity of CuGTSM is not due to a cellular copper overload,
as has been proposed for other copper-coordinating compounds
(44). Interestingly, in E. coli, which is resistant to GTSM, treat-
ment with either compound led to a 2- to 2.5-fold higher cellular
copper content than treatment with copper alone (Fig. 5B).
Hence, the cell copper content is not indicative of the antibacterial
properties of these compounds.

In order to determine whether complexes with a high redox
potential destabilize inside the cells and release copper, we used
the fluorescent copper sensor Phen Green FL (PGFL) (45). In S.
aureus, copper quenches the fluorescence of the activated PGFL
sensor in a concentration-dependent manner (see Fig. S2 in the
supplemental material). The sensor detected increasing copper
levels in cells exposed to 1.5 to 12.5 pM extracellular copper.
ICPMS analysis confirmed that the cell copper content of S. aureus
is indeed a function of the extracellular copper content (see Fig.
S3A in the supplemental material), which was in contrast to the
findings for E. coli, where cell-associated copper levels were inde-
pendent of the extracellular copper concentration (see Fig. S3B in
the supplemental material). It should also be noted that, in our
system, S. aureus tolerates copper at concentrations of up to 400
M without significant suppression of growth (data not shown).
Treatment with 2.5 uM copper decreased the PGFL fluorescence
by ~60% (Fig. 5C). Similar quenching rates were obtained from
Cu"GTSM- or Cu"PTSM-treated samples (Fig. 5C). In contrast,
fluorescence quenching by Cu"ATSM was only minor (Fig. 5C).
Since ATSM and GTSM equally increased the cell copper content,
as determined by ICPMS (Fig. 5A), the observed differential in
fluorescence quenching may thus support a redox-dependent
copper release mechanism for these compounds. In contrast,
treatment of E. coli and Enterococcus faecium, which are both re-
sistant to Cu"GTSM, generated only a minor decrease in fluores-
cence (Fig. 5D). However, in other GTSM-resistant bacteria, in-
cluding Acinetobacter baumannii, Klebsiella pneumoniae, and
Serratia marcescens, fluorescence quenching was observed, despite
their resistance to the compound (Fig. 5D), suggesting that these
organisms counteract Cu" GTSM toxicity by means different from
those used by E. coli or Enterococcus faecium.

Copper coordination changes the conformation of bis(thio-
semicarbazone) ligands. As the copper-free GTSM ligand is not
active, we investigated potential mechanisms by which copper
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could activate the complex. The predicted low energy conforma-
tion and van der Waals surface model revealed remarkable struc-
tural differences between the free GTSM ligand and its respective
copper complex (Fig. 6A and B). While the GTSM molecule is
linear with a dumbbell-like appearance (Fig. 6A), Cu""GTSM is
more compact with the ligand wrapped around the copper ion
(Fig. 6B). It is therefore conceivable that potential binding sites on
target proteins accommodate only the metal complex and not the
free ligand. In extension, structural differences between ATSM
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and GTSM (Fig. 6C) could considerably contribute to the variable
anti-S. aureus activities of those copper complexes. GTSM and
ATSM are tetradentate ligands that interact with a variety of metal
ions through their N2S2 donor motif (46). However, other phys-
iologically relevant metal ions, including Co", Zn", Mn", and
Fe'™ if coordinated to GTSM, did not activate the complex (see
Fig. $4 in the supplemental material), despite presumably similar
structures. While these results are not conclusive in regard to the
importance of intramolecular structural rearrangements for the
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observed activity, they conclusively demonstrate that the copper
ion is absolutely essential for the growth-inhibitory activity of the
Cu""GTSM complex.

DISCUSSION

Copper ions have essential metabolic functions in most cells but
are also crucial players at the host-pathogen interface. It is well
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indicate treatment with (gray bar) or without (black bar) 10 uM copper. EDTA, GTSM, and ATSM (black bars) and the respective copper complexes (gray bars)
were provided at a concentration of 10 uM. (C) S. aureus was treated with either free (black bars) or copper-loaded (gray bars) bis(thiosemicarbazone) ligands.
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Cu''GTSM (gray bars). All agents for which the results are provided in panels C and D were provided at a concentration of 2.5 WM.
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documented that bacteria encounter elevated copper levels in var-
ious locations and subcellular environments within the host (8,
24, 47), which suggests that drugs are also subjected to copper
exposure at these naturally occurring copper reservoirs. Thus, the
emerging importance of copper ions for innate immune functions
(12, 48, 49) provides a physiological rationale to consider the me-
dium copper content during drug screens.

Most utilized growth media are not well standardized in regard
to their copper content. While some investigators use minimal
medium, others prefer media whose compositions are enriched
with a variety of mostly chemically undefined supplements. Not
surprisingly, results obtained from different drug screens, even
those using compound libraries from the same commercial
source, are sometimes hardly comparable. Here we provide the
proper screening tools and demonstrate that standardization of
the copper content in the growth medium can optimize the pro-
cess of antibacterial compound discovery. This was achieved by
the development of an HTS assay for anti-MRSA compounds,
which was then used to screen a small compound library for ac-
tivity against S. aureus in MH medium under both copper-sup-
plemented and non-copper-supplemented conditions. For the
first time, this strategy revealed the copper-dependent antibacte-
rial properties of the antibiotic thiocarlide against MRSA (Fig.
1D). Thiocarlide was previously found to be inactive against S.
aureus (38).

The limited screen further identified the bis(thiosemicarba-
zone) GTSM to exert anti-MRSA activity as a function of the me-
dium copper content. GTSM has shown some promise in mouse
models of Alzheimer’s disease (50). We expanded our analysis of
bis(thiosemicarbazone) and included ATSM and PTSM, which
have previously been administered to mice at doses between 2.5
and 100 mg/kg of body weight/day (50, 51). Both compounds
have been clinically investigated as tracer agents for tumor imag-
ing (21, 43) and as part of anticancer regimens (52), demonstrat-
ing that such copper-boosted drugs are physiologically tolerated.
Also, the effects and applications of bis(thiosemicarbazone) can
be specific. Most recently, Cater et al. demonstrated that even
highly related bis(thiosemicarbazone) compounds possess dis-
tinctive biofunctions, with GTSM being active against prostate
cancer cells and ATSM being inactive (51). This is interesting, as
GTSM was also found to be more potent than ATSM against M.
tuberculosis and N. gonorrhoeae (16, 17). It is also important to
appreciate that the antibacterial activity of GTSM and its copper
complex is limited to only a few bacterial species. While we tested
a total of 50 clinical isolates that represent at least 8 different spe-
cies, activity was restricted to S. aureus (Fig. 4). Other susceptible
species include M. tuberculosis (16) and N. gonorrhoeae (17).

While the drug-screening design presented here is cognizant of
the possibility that drugs need to interact with copper to exert an
antibacterial effect, the drug screen does not select for a specific
mechanism of action. Compounds might induce a copper suscep-
tibility phenotype by inhibiting a crucial component of the bacte-
rial copper homeostasis system rather than interacting directly
with copper. This has been described for the copper homeostasis
protein multicopper oxidase (CueQO), which is inhibited by silver
ions (53). Copper can also function as a carrier to increase the
uptake of compounds across membranes, as proposed by Man-
ning et al. (18), but the exact opposite scenario in which the com-
pounds serve as the carrier for copper ions is also conceivable and
exemplified by the potential catechol-mediated uptake of copper
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in E. coli (54). Itis also known that the coordination of copper with
a ligand can change its mode of interaction with bacterial mem-
branes, affecting its bioactivity and bioavailability, as proposed for
moxifloxacin (55). Other factors that determine the biofunctions
of copper complexes may include the Fenton-like chemistry of
copper and certain aspects of its coordination and redox chemis-
try. Given such diversity, the precise nature of copper-enhanced
antibacterial compounds needs to be carefully determined and
should not be generalized.

Copper accumulation inside the bacterial cell is one of the lead-
ing arguments to explain the antibacterial properties of copper
complexes, and in some cases it holds true (54). However, it
should be noted that copper-susceptible E. coli and Mycobacte-
rium smegmatis mutants can accumulate a lot more copper than
their respective wild types in copper-enriched medium and are
still viable (8, 54). Thus, the growth-inhibitory effects of copper
complexes may not necessarily be the result of copper overload.
Indeed, Cu""GTSM did not enhance the copper accumulation of S.
aureus beyond the levels achieved by treatment with only copper
(Fig. 5A). This finding is in excellent agreement with the findings
for the N. gonorrhoeae system (17). Copper overload is therefore
not indicated to be a potential mode of action for Cu""GTSM.

As we point out, the formation of a complex between copper
ions and the polydentate ligand GTSM substantially changes the
conformation of the ligand (Fig. 6A and B). Such structural rear-
rangements may enable an exclusive interaction between the cop-
per complexes and putative binding sites on target proteins. In
such a scenario, copper serves as an intramolecular adhesive.
However, GTSM complexes with other metal ions that have nearly
identical structural configurations were not active on S. aureus,
highlighting that the copper ion is an indispensable structural and
functional feature. Copper complexes are known to have artificial
nuclease-, metalloprotease-, or superoxide dismutase-like activi-
ties (56). Unfortunately, none of these activities can safely dis-
criminate between host and bacterial cells, which is why copper
complexes were primarily developed into analytical tools rather
than antibacterial agents. However, this long-standing paradigm
is about to change. The recent work by Djoko and coworkers
suggests that Cu"'GTSM and Cu"'ATSM specifically interact with
the NADH dehydrogenase of N. gonorrhoeae (17), delivering
proof of concept that copper complexes can be developed for tar-
get-specific applications at the host-pathogen interface. Their data
on N. gonorrhoeae (17) and our data on M. tuberculosis (16) and S.
aureus support the following mode of antibacterial action for
Cu"GTSM: the redox-dependent separation of copper from its
complex with GTSM is of potential relevance for the activity of
Cu""GTSM, which was indicated by the Phen Green FL assay (Fig.
5C) and the inverse correlation between the potency and redox
stability of bis(thiosemicarbazone) complexes (Fig. 3). While this
may not overwhelm cellular copper homeostasis systems in gen-
eral (Fig. 5A), docking of the complex to a specific protein target
and the subsequent reduction of Cu" to Cu' may lead to a local
increase of redox-active copper in close proximity to sensitive en-
zymatic functions. For instance, Cu"GTSM may be reduced and
destabilized by the action of respiratory NADH dehydrogenase, as
proposed by Djoko et al. (17). The copper ions could then inflict
damage through adverse interactions with critical thiols or iron
sulfur clusters of adjacent respiratory or metabolic proteins, as
reported elsewhere (13, 57, 58).

In summary, our data stress the importance of considering
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copper availability in the medium for antibacterial drug screens.
To this end, the drug screening assay presented here could serve as
a blueprint on how to improve current anti-MRSA drug screens
toward the efficient discovery of novel copper-activated anti-
MRSA drugs. While the importance of metal ions in presynthe-
sized complexes for anticancer therapy is undisputed (59, 60),
endogenous metal ions do not seem to have attracted much ap-
preciation as potential determinants of desirable pharmacological
activities of drugs. As microbial adaptation to antibiotics already
occurs at a faster pace than the discovery and development of new
drugs, the incorporation of in vivo transition metal coordination
chemistry in the design of whole-cell-based in vitro drug discovery
approaches may thus create a novel opportunity to prevail over
health care-related microbial drug resistance.
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