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INDUCTION OF ANTIBIOTIC ACTIVITY AGAINST METHICILLIN-RESISTANT
STAPHYLOCOCCUS AUREUS IN SMALL MOLECULES THROUGH ZINC
ACTIVATION
RACHEL MICHAELA ANDREWS
GRADUATE BIOMEDCAL SCIENCES - MICROBIOLOGY
ABSTRACT

Methicillin-resistant Staphylococcus aureus (MRSA) is a serious human pathogen
with a staggering potential for multi-drug resistance. Because of this, the Centers for
Disease Control and Prevention and the World Health Organization monitor the spread of
MRSA and encourage antibiotic development efforts targeting this pathogen. Despite
this, few antibiotics have been developed and brought to market in recent decades. To
continue treating infections caused by this organism, we must identify novel antibiotic
molecules with different mechanisms of action from known antibiotics. Bacterial copper-
dependent inhibitors (CDIs), molecules that become antibacterial in the presence of
copper (Cu), have been studied as a novel class of antibiotics. However, CDlIs are
notoriously toxic due to the inherent and self-potentiating toxicity of Cu itself. Recently,
zinc (Zn), though previously understood to be an essential micronutrient, can become
antibacterial under certain conditions, but unlike Cu, Zn does not redox cycle and
produce reactive oxygen species of its own accord. Based on this, we sought to activate
antibacterial action in small molecules with Zn rather than Cu in the following studies.

In the first study, we demonstrate Zn-activated antibiotics are readily identifiable
in characterized chemical space against MRSA using a Zn-dependent screening
approach, and we characterize the most promising of these hits, the sunscreen ingredient

avobenzone (AVB), as an anti-staphylococcal Zn-activated metallo-antibiotic. In the



second study, we expand upon Zn-activated metallo-antibiotics by exploring the metal
specificity of metal-binding and antibacterial classes of privileged structures to show Zn-
dependent antibiotics, like other drugs, can be optimized for a specific activity with a
structure activity relationship study (SAR). Here we demonstrate metal specificity of 8-
hydroxyquinolines and benzimidazoles is dependent on specific R-group modifications.
Ultimately, our data establish Zn-dependent antibiotics as their own class of antibiotics
with potential for development pipeline that mirrors those already in use for antibiotic

development.

Keywords: Staphylococcus aureus, antibiotic discovery, zinc, avobenzone, 8-
hydroxyquinolines, benzimidazoles
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INTRODUCTION

History and Epidemiology of Methicillin-Resistant Staphylococcus aureus

The bacterium Staphylococcus aureus is a Gram-positive facultative anaerobe
known for causing disease in humans and animals. While primarily responsible for skin
and soft tissue infections (SSTIs) [1], S. aureus can also cause more severe disease. This
includes localized diseases, such as pneumonia, osteomyelitis, and necrotizing fasciitis,
and invasive bloodstream infections (BSIs) [2] that can lead to endocarditis, sepsis, and
toxic shock syndrome [3-5]. Furthermore, S. aureus readily colonizes and forms biofilms
on medical devices, leading to nosocomial infections that complicate treatment [6].
Severe S. aureus infections also more predominately affect individuals with underlying
conditions, such as immunocompromised individuals with human immunodeficiency
virus (HIV) or diabetes [7, 8]. According to the World Health Organization (WHO) and
the Centers for Disease Control (CDC), BSls in particular are associated with higher rates
of comorbidity and poorer patient outcomes [9, 10]. Of the 68 countries that reported BSI
data to the WHO for the 2020 GLASS surveillance report, 91% reported at least one BSI
caused by S. aureus. According to the report, S. aureus caused 115,622 BSIs worldwide
during the reporting period, representing approximately 22.2% of the total reported. This
is likely an underestimate as the report only included cases that led to a hospital stay [10].
Generally, clearance of an S. aureus infection requires treatment with antibiotics [9, 11].

Unfortunately, S. aureus readily generates resistance to antibiotics, the most

common of which is methicillin-resistant S. aureus (MRSA). Methicillin, a semi-



synthetic B-lactam antibiotic with higher affinity for bacterial penicillin binding protein
(PBP) than its chemical analog penicillin [12, 13], was first introduced into the clinic in
1960, and a methicillin-resistant clone was identified only a year later in the United
Kingdom [14]. At the time it was hypothesized this was a result of the clinical use of
methicillin to treat infections, but recent evidence suggests methicillin resistance first
evolved in environmental S. aureus strains infecting European hedgehogs before
spreading to clinical strains [15]. Following the initial isolation of a MRSA strain, MRSA
spread across the globe. By 1967, Australia recorded its first ever case of MRSA in
Sydney [16], and the first outbreak of MRSA in the United States (US) was reported in
1968 in Boston City Hospital [17]. Over the next 30 years, MRSA became endemic to
multiple large US cities [18].

However, MRSA was primarily relegated to hospital settings. If a MRSA strain
did spread into the surrounding community, it remained limited to the family units of an
individual who contracted a MRSA infection while in the hospital [19]. This pattern
changed drastically in the late 1990s. Reports began circulating that MRSA strains were
being isolated from otherwise healthy individuals in 1999 and that these strains were
genetically distinct from those causing nosocomial infections [3, 20, 21]. The first case of
a MRSA infection in an otherwise healthy individual was reported in 1999 in a pediatric
patient from the University of Chicago Children’s Hospital [22]. The same year, a
retroactive study of MRSA isolates in a San Francisco jailed population showed that 15
MRSA infections occurred in healthy individuals rather than individuals with underlying
conditions between 1996 and 1999 [21]. Another study confirmed this same trend in Los

Angeles prisons between 1997 — 2002 [23]. The divergence in phenotype, genetic



lineage, and epidemiology among MRSA isolates led to a classification of MRSA strains
as either hospital-acquired (HA-MRSA) or community-acquired (CA-MRSA) [18]. A
CA-MRSA strain called USA300 went on to become an epidemic strain in the US,
gaining notoriety as a “superbug” when the professional American football team, the St.
Louis Rams, were affected by an outbreak of CA-MRSA among its players and staff in
2003 [24]. MRSA is now endemic Western countries. The CDC began including MRSA
in their action plan to combat healthcare-associated infections in 2008 [25], and the CDC
listed MRSA a serious public health threat in its 2013 Antimicrobial Resistance Report
[26]. While cases of HA-MRSA have decreased in the last decade due to the
implementation of preventative measures in hospitals, MRSA caused nearly 323,700
hospitalized infections in the US in just 2017, representing an economic burden of $1.7
billion [9]. At the time of writing in 2022, the CDC still categorizes MRSA as a serious

public health concern.

Horizontal Gene Transfer of Antimicrobial Resistance and Virulence in S. aureus
Antibiotic resistance is directly linked to infection severity and treatment failure

[27-31]. Of these resistant organisms, S. aureus is the primary cause of nosocomial
infections in wealthy countries [10, 32], and evidence suggests that antibiotic resistance
S. aureus is a growing problem in non-Western countries that have greater barriers to
medical care [10]. Despite its clonal lineage, S. aureus is adept at gaining a diverse array
of accessory genes, such as antimicrobial resistance genes (ARGSs) and virulence
determinants, with each strain having a different configuration of determinants that

ultimately shape infection dynamics and treatment regimens [3]. Furthermore, mobile



genetic elements (MGES) represent the primary source of diversity of S. aureus strains.
MGEs are regions of DNA that can be mobilized from one bacterial cell and transferred
to another cell, a process known as horizontal gene transfer (HGT), and they come in a
variety of forms. In S. aureus, MGEs can include prophages, phage-related chromosomal
islands (PRCIs) known as S. aureus pathogenicity islands (SaPls), conjugative and non-
conjugative plasmids, transposons, and chromosomal cassettes [33, 34]. Approximately
15 — 20% of the S. aureus genome is dedicated to MGEs [34]. In many cases, MGEs can
encode virulence genes, ARGs, or both. Thus, the presence of absence of certain MGEs
are crucial for determining the antibiotic sensitivity and virulence phenotypes of S.
aureus isolates [34].

Lysogenic bacteriophages are the primary drivers of genetic diversity in S. aureus
and commonly encode virulence genes [35, 36]. Prophages form when a lysogenic phage
infects a bacterial cell and the phage genome integrates into the host chromosome at a
phage-specific integration site, becoming quiescent [34]. The infected cell is known as a
lysogen. Under certain environmental conditions, such as those that induce the bacterial
SOS response, the prophage will reactivate, enter the lytic cycle, and produce mature
virions capable of infecting other cells upon release from the lysed host cell [34, 37]. The
most well-characterized prophages of S. aureus are ®11 and 80a due to their high
transducing efficiency [38, 39]. Both @11 and 80a are lysogenic phages from the
Siphoviridae family that, like other members of their family, have a double-stranded
DNA (dsDNA) genome and a proteinaceous capsid composed of an icosahedral head, a
long, non-contractile tile, and tail fibers that bind to the unique wall teichoic acids

(WTAS) linked to the peptidoglycan cell wall of S. aureus [35, 40, 41]. Upon transport of



the genome into a host cell, the phage genomes integrate into the host chromosome at the
insertion site using a sequence-specific integrase. Phages from this family that infect S.
aureus are divided into six clades through polymorphisms in int, the gene encoding the
integrase [42]. The phage genomes are divided into six discrete modules: the 1) lysogeny,
2) replication, 3) packaging, 4) head, 5) tail, and 6) lysis modules. Accessory genes are
generally encoded within the lysogenic or lytic modules, and certain virulence gene tend
to be associated with a specific clade of lysogenic S. aureus phages [35].

Multiple prophages are responsible for encoding immunomodulatory toxins that
affect the type and severity of an S. aureus infection. The phage ®PVL, a member of
Sazint, includes IukSF [43], the genes encoding the pore-forming toxin Panton-Valentine
leucocidin (PVL) that induces necrosis in human neutrophils [44-47]. PVL is partially
responsible for the emergence of USA300 and is common among CA-MRSA strains [3].
PVL-positive isolates have been associated with necrotizing pneumonia, a severe S.
aureus infection that can be fatal within 48 hours [48, 49]. In contrast, Salint phages, will
encode exfoliative toxins that lead to skin conditions like impetigo and staphylococcal
scalded-skin syndrome [35, 50-53]. Meanwhile, Sa3int phages are responsible for
encoding the immune evasion cluster (IEC) found in 96% of human nasal isolates [35,
54].

IEC includes several genes, including chp, scn, and sak [55]. Chemotaxis
inhibitory protein (CHIPS) [56], the product of chp, binds to the C5a receptor and formyl
peptide receptor 1 of neutrophils and monocytes, thereby inhibiting chemotaxis in these
cells by preventing their interactions with their cognate chemoattractants [57, 58].

Staphylokinase (Sak) encoded by sak is a plasminogen activator the converts



plasminogen to the serine protease plasmin that degrades fibrin from blood clots [59-61].
Sak was also shown to prevent opsonization by phagocytes by cleaving immunoglobulins
and C3b deposited on the cell surface [61]. In 2013, Kwiecnski et. al. showed expression
of Sak by S. aureus promotes infection establishment by increasing skin penetration but
reduced severe, disseminated disease in mice [62]. This may be due the fact that the
integration of Sa3int phage genomes interrupt the gene encoding -hemolysin, hlb, and
inactivating it [56]. B-hemolysin is well known for its hemolytic activity [63], but it was
also shown in 2013 to be cytotoxic against human keratinocytes, suggesting a role in
colonization and disseminated disease [64]. Lastly, scn encodes staphylococcal
complement inhibitor (Scn) [56]. As its name suggests, Scn inhibits complement, but
unlike Sak, Scn stabilizes C3 convertase to prevent new deposition of the opsonin C3b.
This in turn greatly decreases phagocytosis by neutrophils [65]. Taken together, strains
encoding IEC may be more specialized for colonization, while strains that instead
produce a functional copy of B-hemolysin are better suited for disseminated disease [42,
66].

While prophages themselves can encode virulence factors, they also contribute to
the mobilization of host DNA by a variety of mechanisms. First, prophages can perform
generalized transduction once reactivated. In the process of replicating the phage genome
with host machinery and packaging of the replicated DNA into the capsid head, host
DNA can be packaged instead of the phage genome, resulting in a heterogenous
population of viral particles composed of infectious virions and transducing particles, the
latter of which can transfer the host DNA to another bacterial cell [34]. In S. aureus, it is

estimated that approximately 1.5% of the host genome can be transferred through this



process, including plasmid DNA [34, 67-70]. For example, 80a. can transfer the plasmid-
encoded gene blaz, or penicillinase, within USA300[71]. It has also been noted that
smaller types of chromosomal cassettes, such as Staphylococcal Chromosomal Cassette
mec (SCCmec) types I and IV that encode B-lactam resistance, can be transferred with
transducing particles as they are within the size limit of the capsid head [72, 73].
Interestingly, recipient cells must already possess a plasmid encoding the bla operon that
encodes B-lactamase and its transcriptional regulators Blal and BlaR [74]. SCCmec | and
IV do not encode the regulatory genes meclR, and it is proposed that Blal and BlaR act in
trans to regulate B-lactam resistance encoded by these cassettes [75], hinting at the
interplay between divergent MGEs.

Specialized forms of transduction also contribute to host DNA transfer.
Autotransduction occurs when populations of phage-susceptible cells release transducing
particles that transduce lysogens resistant to the phage [69]. Lateral transduction is the
most recent recognized form of transduction. Identified in S. aureus in 2018, lateral
transduction is the result of a time delay in the expression of the phage excisionase during
phage genome replication. This results in large regions of the bacterial chromosome
being replicated and nonspecifically packaged into capsid head. The process also relies
on a specific head packaging mechanism called headful packing where a pac phage
cleaves the DNA being packaged after a certain length rather than at a specific cleavage
site, like what is seen in cos phages. Remarkably, lateral transduction could potentially
mobilize almost the entire chromosome of the S. aureus strain RF22 because of the
chromosomal spacing of integrated pac phages. While this process was studied in the

well-characterized phage @11, the authors note pathogens have a larger proportion of



prophages compared to non-pathogenic species and imply this process could play an
outsized role in the transfer of ARGs [67, 76].

In some cases, dedicated MGEs can co-opt prophages for their dissemination.
This is the case for S. aureus pathogenicity islands (SaPlIs) in S. aureus. SaPls are regions
of chromosomally integrated DNA with conserved gene modules originating from a
phage that have lost their structural genes required for forming a capsid. Furthermore,
SaPls do not have the ability to regulate their own replication and excision from the
chromosome. As such, a helper phage is required to induce SaPI1 replication and to
generate structural components [77]. SaPls can include several different ARGs and
virulence genes. As an example, SaPI1 is a 15 kb island that includes tst, the gene
encoding the superantigen toxic shock syndrome toxin-1 [78, 79]. SaPI1 includes its own
integrase that is responsible for its integration the host chromosome when phage are not
being actively being generating in the recipient cell [78]. Mobilization requires the helper
phage 80a to be induced and expression of phage-encoded dUTPase. Due to a 40 amino
acid stretch, dUTPase binds to the repressor of SaPI1 replication and excision and de-
represses the system. Once the SaPI1 region is induced and replicated, proteins from
SaPI1 bind to the phage scaffolding protein and alter capsid formation of 80a. This
results in capsid heads that are too small to package the full phage genome and will
therefore selectively package SaPI1 replicons [77] The host cell will then lyse, releasing
infectious 80a virions and transducing particles housing SaPI1. Various SaPI types have
been identified in S. aureus, each requiring a different helper phage and packaging
mechanism. Regardless, SaPls, and PRCIs from other Gram-positive organisms, encode

accessory genes that can affect the resistance phenotype of the expressing strain [77].



Plasmids represent one of the primary methods for S. aureus strains to gain multi-
drug resistance. S. aureus plasmids are generally categorized based on their method of
replication, either rolling-circle replication (RCR) or theta-type (6-type) replication [80].
RCR plasmids tend to be smaller (less than 8 kb) and are generally non-conjugative as
they rarely carry the suite of genes necessary for forming a type IV secretion system
(T4SS) or relaxase components for self-replication and mobilization. As a result, RCR
plasmids will only carry one resistance determinant [80]. However, RCR plasmids can
confer resistance to multiple classes of antibiotics. Tetracycline, chloramphenicol, and
aminoglycoside resistance have all been recorded with various plasmids from this group
[81-84]. ®-type plasmids, on the other hand, are typically much larger than RCR
plasmids with conjugative elements that can transfer the plasmid to another cell. As such,
0-type plasmids, which encode multiple resistance determinants and play a major role in
the establishment of multi-drug resistant populations of S. aureus [80]. The most well-
studied family of 8-type plasmids is typified by pSK41. This plasmid confers resistance
to multiple aminoglycosides, quaternary ammonia compounds, and the antiseptic
ethidium bromide. The genes responsible for these resistances are aacA-aphD and aaD
for aminoglycosides resistance [85, 86], and gacC, which provides cross-resistance to
quaternary ammonia compounds and antiseptics [87-89]. Importantly, conjugative
plasmids may also transport non-conjugative plasmids. In order for conjugation to occur,
the plasmid in question must be linearized. A site-specific relaxase encoded by the
plasmid nicks the plasmid at the oriT, the DNA sequence recognized by the relaxase, and
generates a double-stranded break in the DNA [80]. A 2015 study found that if the oriT

of a non-conjugative plasmid is similar enough to that of a conjugative plasmid, the non-



conjugative plasmid could be mobilized along with the conjugative plasmid [90, 91]. In
addition, an RCR plasmid encoding B-lactamase was shown to be mobilized through
transduction with the phages 80a and ®JB in USA300 [71], indicating interplay between
co-housed plasmids and phages can increase the host range, and therefore antimicrobial
resistance, of plasmids.

Genomic islands and chromosomal islands, large regions of chromosomally
integrated DNA, are especially important in the drug resistance profile of S. aureus. The
most well-characterized of these islands in S. aureus is the Staphylococcal Chromosomal
Cassette mec (SCCmec) that is responsible for the methicillin resistance displayed by
MRSA strains [92]. Despite the global prevalence of MRSA, the exact determinant of
methicillin resistance in S. aureus was not discovered until 1986, 25 years after MRSA
was first reported. An approximately 30 kilobase (kb) region of accessory DNA was
identified within an S. aureus strain that conferred resistance to f-lactam antibiotics when
transformed into Escherichia coli. This region of DNA was termed the mec element [93].
The next year, a Japanese group sequenced the gene responsible for methicillin resistance
and termed it mecA [94]. It was determined mecA encoded an alternative PBP with a
lower affinity for B-lactam antibiotics, bypassing the activity of B-lactams like methicillin
[95]. We now understand the mec gene is part of a much larger MGE, SCCmec, 14 types
of which have been since been described [96].

SCCmec is a 20 — 40 kb, depending on the type, region of DNA integrated near
the origin of replication of the S. aureus chromosome and is organized into three regions:
1) the ccr gene complex, 2) the mec gene complex, and 3) the joining (J) regions [97].

The ccr gene complex sits at the 5° end of the cassette and contains two site-specific

10



recombinases, a combination of either ccrA, ccrB, or ccrC, that are responsible for the
accurate excision and integration of SCCmec at the chromosomal insertion site attB [98].
The mec gene complex follows the ccr gene complex and is responsible for encoding
resistance to methicillin and other B-lactam antibiotics. Two different allotypes of the
mec gene provide this resistance [92, 97]. The genes mecA and mecC all encode the
alternative PBP called PBP2a [94, 99]. Interestingly, an SCCmec-like was identified in
Macrococcus caseolyticus that encoded the gene mecB, rather than mecA or mecC, for
methicillin resistance [100]. This region can also encode regulatory genes that alter the
expression of the mec gene. These include mecl, which encodes a transcriptional
repressor of mec [101], and mecR1 encoding a B-lactam-sensing metalloproteinase
hypothesized to degrade MecI when B-lactam antibiotics are present [102]. The J regions
are split into three segments, J1, J2, and J3, based on where they localize in the cassette.
J1 sits upstream of the ccr gene complex. J2 lies between the ccr and mec complexes, and
J3 borders the 3’ end of the mec complex. These J regions can also incorporate other
accessory DNA segments, including transposon and plasmid sequences that encode
antimicrobial and heavy metal resistance genes. The exact combination of the major
components of SCCmec is used to divide the various cassettes into different types [97].

The resistance and virulence profile of an S. aureus strain is ultimately
determined by the sum total of all the MGEs it encodes. Therefore, the disease phenotype
and epidemiology of a strain can be predicted by examining the MGEs of that strain. As,
an example, the most common CA-MRSA strain type by pulsed field gel electrophoresis
is USA300 [3, 103-105]. A clonal complex 8 MRSA strain originally isolated from the

wrist abscess of a 36 year-old white male with a history of intravenous drug use in Los
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Angeles in 2000, USA300 became the dominant strain type during the CA-MRSA
epidemic in the US [106]. This strain has a number of virulence determinants that led to
its predominance among heathy individuals. First and foremost, USA300 encodes
SCCmec IV, making it methicillin resistant. Unlike most HA-MRSA strains, USA300
includes the prophage ®SA2usa that encodes the Panton-Valentine leucocidin (PVL),
which may encourage disseminated disease. In this vein, a second prophage, ®SA3usa,
encodes sak and chp, providing another set of virulence genes associated with increased
rates of colonization [106]. Additionally, USA300 gained the arginine catabolic mobile
element (ACME) [106]. ACME is a 30.9 kb genomic island incorporated at the attB
integration site at the 3* end of SCCmec IV [106]. It is thought to have been obtained
from the skin commensal Staphylococcus epidermidis through HGT [107]. ACME
encodes the arginine deaminase pathway that ultimately converts arginine to ammonia,
carbon dioxide, and water. This protects S. aureus from inhibition by nitric oxide
produced by neutrophils and provides a fitness advantage compared to a strain lacking
ACME [108, 109]. Importantly, ACME improves the survival of USA300 on the skin and
is likely the primary driver of its spread among healthy individuals [110, 111].
Furthermore, USA300 gained two enterotoxins, sek2 and seg2, through its acquisition of
SaPI5 [106]. These genes encode superantigens that bind to major histocompatibility
complex class I molecules and elicit an excessive release of cytokines from activated T
cells [106]. Lastly, USA300 encodes three plasmids: pUSA01, pUSAQ2, and pUSAO03.
The first two plasmids, pUSAO01 and pUSAO02, are small plasmids less than 5 kb in size
[106]. While less is understood about pUSAOQ1, pUSAO02 encodes tetK, providing

resistance to tetracyclines. Meanwhile, pUSAOQ3 is a 37 kb conjugative plasmid that
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confers resistance to macrolides, lincosamides, and streptogramin B through the gene
ermC and resistance to muripirocin through ileS [106]. Taken together, these MGESs
result in a difficult-to-treat strain that is both multi-drug resistant and well-equipped for
colonization and survival on the skin, ultimately explaining its prevalence in healthy
populations.

It remains unclear when and how HGT occurs during the course of an infection.
Phage induction has been demonstrated during antibiotic stress in vitro, suggesting
increased rates of HGT may occur during treatment [112-114]. Additionally, a 2013
study published in Nature demonstrated that mice treated with ciprofloxacin, ampicillin,
or ampicillin and ciprofloxacin resulted in gut microbiota phage genomes containing
larger proportions of bacterial genes encoding functions related to the antibiotic treatment
in mice. The authors contend this increased connectivity between phage and the
microbiota during antibiotic treatment is due to increased phage integration and a broader
host range for phages to infect [115]. Other studies suggest biofilms are a likely location
for HGT[116]. Studies have also found higher rates of rates conjugation and increased
numbers of released virions in biofilms relative to planktonic cultures [117].

Another concern is how far a given MGE, and therefore ARGs, can spread among
bacterial species. The lysogenic phages of S. aureus are trophic for the uniqgue WTAs
embedded in the cell wall of S. aureus [40]. Given this, transduction is likely limited to
certain Gram-positive species that possess WTAs with a similar structure to those of S.
aureus. DNA transferred through HGT would also need to be able to escape the RM
systems encoded by S. aureus. Despite these limitations, certain MGEs primarily

associated with S. aureus have been documented in other species. SaPl, the genetic
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carrier of the toxin gene tst, has been reported in Listeria monocytogenes [38]. S. aureus
has also gained MGEs from other species. ACME, having been received from
Staphylococcus epidermidis [107], is a prime example of how acquisition of foreign
DNA can drastically affect the life cycle of an organism, and the transposon Tn1546 from
vancomycin-resistant enterococci gave rise vancomycin resistance in MRSA [118]. As
such, HGT generates a complicated network of ARGs between various bacterial species,
many of which have a profound impact on the treatment of infectious diseases like S.

aureus.

Antibiotic Discovery

Antibiotic screening was first introduced in 1904 by Paul Ehrlich. Ehrlich, who
began by studying bacteria-staining dyes, hypothesized that since synthetic stains could
bind and differentiate between bacteria, a small molecule capable of a killing a specific
bacterial species could also be synthesized, a theoretical molecule he termed the magic
bullet. He instituted a successful but labor-intensive approach to identify purely synthetic
antibiotics effective against Treponema pallidum, the causative agent of syphilis, in
rabbits. This process involved synthesizing multiple compound series where a single
molecular backbone was slightly altered with a myriad of different R groups, resulting in
a suite of structurally related analogs. Analogs would then be administered to rabbits
infected with T. pallidum to test for efficacy [119]. By 1909, Ehrlich’s group identified
compound 606, an organoarsenic compound, that could be used to treat syphilis and was
marketed under the name Salvarsan [120]. His method later identified the sulfanilamide,

quinoline, and oxazolidinone classes of antibiotics, of which the latter two are still in use
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today. His method also led to the discovery of specific drugs, including metronidazole,
isoniazid, and ethambutol [120].

However, the screening platform responsible for the discovery of most of the
known classes of antibiotics would not be developed until after the discovery of penicillin
in 1928 by the Scottish physician Sir Alexander Fleming [121]. Unlike the antibiotics
synthesized by the Ehrlich group, penicillin is natural product made by some molds of the
genus Penicillium, and as such demonstrated antibiotics could be identified from
antibiotic-producing organisms [121]. Selman Waksman, a microbiologist and
biochemist, took advantage of this to develop a simplified antibiotic screening platform
that did not require extensive synthetic chemistry, what is now known as the Waksman
platform [122]. Instead of generating a library of modified chemical scaffolds, Waksman
isolated a collection of culturable soil bacteria and tested them against a lawn of a target
organism. Antibiotics could then be isolated from strains generating a zone of inhibition,
the first of which was streptomycin [123]. The Waksman platform was an immense
success and ushered in the Golden Age of Antibiotic Discovery (1940s — 1970s). This
period saw the discovery and clinical introduction of most of the major antibiotic classes
in use today, including the macrolides, rifamycins, and aminoglycosides [122, 124].

However, the Waksman platform began to fall out of use starting in the 1970s
when screens were returning known antibiotics rather than novel molecules.
Actinomycetes, the group of soil bacteria used in the Waksman platform, were considered
to have been fully mined of all potential antibiotics after three decades of screening
[124]. To compensate, the field shifted to innovative techniques to identify new

antimicrobials and bacterial targets. Combinatorial chemistry was used to synthesize
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large compound libraries and robotic platforms capable of rapidly screening thousands of
compounds against a target organism laid the foundation for the advent of high
throughput drug screening in the current era. Meanwhile, big data methods, such as
genomics, transcriptomics, and proteomics, enabled identification of alternative targeting
strategies [125]. These targets could then be purified and screened against to identify
molecules capable of inhibiting those specific targets. This in turn caused a shift from
whole-cell screening to readily adaptable protein target screening [124].

Despite numerous innovations in drug screening, only two new antibiotics,
daptomycin and bedaquiline, have been introduced since the fall of the Waksman
platform. Of the two drugs, only bedaquiline was identified after the Waksman platform
became obsolete. Daptomycin was actually identified using the Waksman platform in
1986 but wasn’t introduced clinically until years later [122]. Concerningly, resistance has
already been reported for both drugs since their clinical introduction [126, 127]. By the
early 2000s, researchers were raising alarms over the dearth of novel antimicrobials.
Multiple reports, including those from the pharmaceutical industry, indicated screening
efforts failed to discover new antibiotics, and reduced profit margins incentivized
pharmaceutical companies to abandon or reduce their antibiotic screening divisions [128-
131]. Furthermore, health organizations like the CDC release antimicrobial resistance
surveillance reports detailing the need for novel antibiotics to be developed that can
counteract more difficult-to-treat infections [9].

One potential reason for the scarcity of new antibiotics identified by high
throughput screens (HTS) is the adoption of Lipinski’s Rule of Five in library assembly.

Lipinksi’s rules were first introduced in 2001 and defined chemical properties associated
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with improved bioavailability when administered orally. Specifically, Lipinski set
limitations on the hydrophobicity, mass, number of chiral centers, and hydrogen binding
partners of compounds [132]. Many iterations of Lipinski’s Rule of Five have been
generated over the years and tailored for particular purposes, but the majority follow the
same basic principles laid out by Lipinski. These principles were incorporated by
companies generating compound libraries for HTS, such that most libraries available for
purchase are based on Lipinski’s rules to some degree [122]. While this strategy
improved hit discovery for drug categories like neurotropic and anticancer therapeutics,
the same was not true for antibiotics. In fact, known antibiotics notoriously break
Lipinski’s Rule of Five. Antibiotics, especially those synthesized by other organisms, are
generally large, synthetically challenging, and complicated structures [130]. As a result,
screening of natural products, or molecules synthesized by biological organisms, gained
prominence as their molecular characteristics better matched those of known antibiotics
[133, 134]. One approach was to identify other groups of bacteria that could potentially
produce antibiotics by culturing previously unculturable bacteria using a device called
Ichip that allows for culturing of soil and water bacteria in their own environment. In
theory, other phylogenetic groups of bacteria could possess a different suite of untapped
antimicrobials compared to Actinomycetes, which could in turn be used to resurrect the
Waksman platform. Encouragingly, this method identified teixobactin, a promising non-
ribosomally synthesized antibiotic that interrupts peptidoglycan synthesis and did not
generate resistance in vitro over a 30-day period [135]. Teixobactin is proof that shifting

to screening of natural products could uncover new antibiotics.
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The majority of antibiotics currently in use target one of five major pathways: 1)
cell envelope integrity, 2) DNA replication, 3) transcription, 4) translation, and 5) folic
acid metabolism. All of these pathways are essential for basic survival while also being
specific for bacterial products over mammalian systems [122]. However, resistance has
been documented for each one of these antibiotic mechanisms [122]. In order to
counteract the antimicrobial crisis, we must identify new drugs with a wider array of
mechanisms of action. Alternative options for antibiotic discovery were proposed in the
early 2000s at the start of the crisis. Rather than developing entirely new screening
techniques, focus shifted to identifying inhibitors of targets utilized throughout the course
of an infection using existing HTS platforms. One of the more common methods is to
seek inhibitors of virulence mechanisms that would ultimately allow a more robust and
effective immune response to the pathogen. For instance, one successful screening
attempt against M. tuberculosis identified inhibitors of cytolytic toxin export by screening
a small molecule library against infected lung fibroblasts, rather than identifying a direct
inhibitor of M. tuberculosis. If a molecule was ineffective, M. tuberculosis would be able
to release the toxin ESX-1, killing the fibroblasts, whereas those capable of inhibiting the
transport of ESX-1 would result in cultures containing viable M. tuberculosis and
fibroblasts [136]. Similarly, multiple screening efforts have been made to identify
inhibitors of quorum sensing and biofilm formation and dispersal against multiple
bacterial species [137-139]. Further, a rational design effort produced a hapten
structurally reminiscent of a quorum sensing molecule used by S. aureus that, when
applied in a mouse model, induced protective monoclonal antibodies against the native

qguorum sensing inducer and ultimately prevented abscess formation by S. aureus [140].
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An additional benefit of screening for virulence inhibition is that it reintroduces
biological context, namely an infection, that is lost by protein target screening that
became a staple of pharmaceutical screening techniques. Evidence clearly demonstrates
targeting of virulence mechanisms is an effective means of antibiotic discovery, and the
variety of potential targets bodes well for potentially generating a large pool of effective
molecules to draw upon for development, future discovery, and rational design studies.
New antimicrobials are desperately needed to counteract the growing prevalence
of antimicrobial resistance. To do so, we must adopt new and refine old screening
strategies. HTS forms the backbone of industrial screening, and, while it has not proven
particularly fruitful in unearthing novel antibiotics in the past, will be necessary for rapid
screening and for new approaches to be adopted by the organizations with the greatest
number of resources. A return to whole-cell screening and the introduction of infection-
based methods will facilitate discovery of virulence-reducing antibiotics. Furthermore,
HTS platforms may become more successful at identifying antibiotics outright by
specializing library design, not for oral bioavailability, but for the express purpose of
antibiotic discovery by including natural products and complicated structures that deviate
from Lipinski’s Rule of Five. Ultimately though, the primary source of innovation has
been the shift to new drug targets. The success of future antibiotic discovery will likely

hinge on developing methods to efficiently identify these kinds of activities.

Nutritional Immunity as Inspiration for Antibiotics
With the knowledge that future antibiotic development will require identifying

new modes of inhibition, one way to gain inspiration for alternative bacterial targeting
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strategies is to look to the innate immune system. The innate immune system, especially
phagocytes like macrophages and neutrophils, has evolved a series of varied and broadly
applicable methods of targeting and killing invading bacteria. These methods include
degradation enzymes (lysozyme, granzyme B, serine proteases) [141-143], low pH [144],
reactive oxygen species (ROS)[145, 146], and controlled shifts in metal availability [147-
149]. This last method is known as nutritional immunity.

Historically, nutritional immunity refers to actions taken by the innate immune
system to restrict a pathogen’s access to nutritional metals and the mechanisms utilized
by a pathogen to compete for those metals. Iron (Fe) is at the forefront of this struggle. Fe
is a d-block transition metal and is the most abundant transition metal on the planet.
Importantly, Fe is necessary for all life on Earth. As such, all organisms have developed
methods to acquire or retain sufficient quantities to sustain life [150, 151]. In humans,
heme bound to hemoglobin makes up the largest store of Fe [152]. In the event of
erythrocyte damage, heme-binding proteins, like hemopexin, will scavenge the released
heme, and free serum Fe is bound to the Fe transport protein transferrin [153-155].
Humans also encode the Fe storage proteins lactoferrin and ferritin, the latter of which
can store over 4000 atoms of Fe in case of Fe depletion [156-158]. These proteins also
play a role in impeding the uptake of Fe by bacterial pathogens during an infection [148].

However, Fe is also an essential nutrient for bacteria, especially during infection
when the host sequesters Fe, and it has long been known that clinical Fe supplementation
in patients with an infection exacerbates the infection [159]. Given this, bacteria encode
multiple Fe scavenging and uptake systems. Siderophores are a prime example of this

molecular arms race. Siderophores, small non-ribosomally synthesized chelating
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peptides, are synthesized and released by many different bacteria. These molecules have
high affinities for Fe, allowing bacteria to scavenge Fe from the environment and
compete with each other for survival [160]. In the case of an infection, siderophores
scavenge host Fe from tissues and make it available to the pathogen [148]. To combat
this, mammalian hosts also export siderocalins, dedicated siderophore-binding proteins
that sequester siderophores away from the invading bacteria [161, 162]. In turn, some
pathogens also encode stealth siderophores, modified forms of an existing siderophore, to
bypass sequestration by siderocalins [163, 164]. In addition, many pathogens will encode
hemolytic toxins. S. aureus encodes three hemolytic toxins, a-toxin, y-toxin and 4-toxin,
that either form pores in or solubilize erythrocyte membranes, making the largest store of
host Fe available for scavenging [165].

Competition for Fe is a complicated but well characterized interwoven network of
pathogen and host proteins and small molecules. Similar networks are also seen for the
nutritional transition metals manganese (Mn) and zinc (Zn) [148]. Several siderophore-
like molecules, now termed metallophores, are released by certain species to assist in Zn
uptake and are necessary for bacterial fitness during an infection [166-170]. S. aureus
encodes the cnt operon that is responsible for the synthesis and an export of the Zn-
binding metallophore staphylopine [171, 172]. Additionally, pathogens commonly
encode dedicated Mn and Zn uptake operons, and the expression of these operons is
necessary for virulence [148]. E. coli encodes ZupT and the ZnuABC system for Zn
uptake [173, 174]. Similar systems are found in other gram-negative bacteria [175-179].
Meanwhile, gram-positive organisms, like Streptococcus pneumoniae, encode the similar

but unrelated adc operon for this purpose [180, 181].
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One host molecule that plays a major role in controlling available Mn and Zn
levels during infection is the immune protein calprotectin. Calprotectin is a heterodimeric
protein composed of S100 A8 and S100 A9 released by neutrophils at the site of infection
[182-184]. As its name suggests, calprotectin was originally studied for its ability to bind
to and sequester calcium ions away from pathogens [185]. More recent studies have also
shown calprotectin also acts as a sink for Mn and Zn to limit a pathogen’s access to the
metals [186-189]. This activity by calprotectin has also been shown to be protective
against abscesses formed by S. aureus in mice [190], highlighting a pathogen’s need for
these metals for both survival and pathogenesis in vivo.

While nutritional immunity primarily focuses on the sequestration of essential
metals away from pathogens during an infection by the host immune system, the innate
immune system also makes use of toxic metals to directly damage pathogens. Phagocytic
innate immune cells, specifically neutrophils and macrophages, will perform a process
called the copper burst [148]. Phagocytic cells will actively transport copper (Cu) into the
phagosomes and phagolysosomes containing an engulfed pathogen using a dedicated Cu
efflux pump [148]. In humans, this high affinity pump is called ATP7A and is an integral
membrane protein responsible for transporting Cu ions from the host cell cytoplasm into
the phagosome [191]. Once in the phagosome, Cu undergoes redox cycling through the
Fenton and Haber Weiss reactions, resulting in reactive oxygen species (ROS) that
damage the pathogen’s membranes and surface proteins [192]. If Cu penetrates the
bacterial plasma membrane, it can also degrade iron-sulfur (Fe-S) clusters necessary for
oxidative phosphorylation and branched chain amino acid synthesis [193-196] and mis-

metalate proteins with a metal cofactor due to its high affinity for metal-binding moieties,
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thereby inactivating them [197]. Cu can also mediate direct damage to proteins by
catalyzing disulfide bond formation between neighboring cysteines or preventing the
formation of native disulfide bonds required for protein function or maturation [192]. As
such, pathogenic bacteria commonly encode Cu-resistance machinery. S. aureus encodes,
at minimum, the copAZ operon regulated by the Cu-binding transcription factor CsoR
[198, 199]. CopA is a P1B-type ATPase responsible for Cu export out of the cell. CopZ
acts as a Cu chaperone that chelates individual Cu ions to prevent further damage by the
metal and transports it to CopA for export [200]. However, different strains of S. aureus
will encode extra Cu resistance machinery, such as the Cu exporters CopB and CopX,
and other bacterial pathogens will encode Cu detoxification machinery in concert with
export systems. Some strains of S. aureus also encode the Cu-chelating lipoprotein CopL
partially responsible hyper-resistance to Cu [201]. Other mechanisms responsible for
managing and detoxifying ROS can be encoded for further resistance to the downstream
effectors of Cu toxicity, such as catalase and multicopper oxidases [202-204].

Given the importance of Cu toxicity in the functioning of the innate immune
system, Cu could potentially be exploited for medicinal benefit. One study found that Cu
alloy fixtures can significantly reduce bacterial load on high touch surfaces in hospitals,
leading some hospitals to install Cu fixtures to reduce transmission of nosocomial
infections [205]. As far as potential therapies are concerned, Cu chelators have primarily
been implemented in the treatment of Wilson’s disease, a genetic disorder that results in
excessive Cu accumulation [206]. In this case, Cu chelators are employed to remove
excess Cu from tissues and promote its excretion. Subsequent Zn supplementation

counteracts future Cu absorption [207]. As of the time of writing, this is the only Cu
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chelation treatment with Food and Drug Administration (FDA) approval. However,
certain Cu chelators, particularly 8-hydroxyquinolines (8HQ) and thiosemicarbazones
(TSC), have been studied as potential treatments for neurological conditions with
dysregulated metal concentrations due to their ability to cross the blood brain barrier
[208]. These motifs have also been studied for their anticancer properties. TSCs
precomplexed with Cu can induce apoptosis in leukemic cells through ROS generation
[209], and glyoxal-bis(N4-methylthiosemicarbazone) (GTSM), is capable of inhibiting
cancer cell growth when complexed with Cu [210]. Meanwhile, clioquinol (CIQ) and
PBT2, two different 8HQ analogs, are proposed treatments for Huntington’s disease [211,
212], and PBT2 has entered phase II clinical trial for the treatment of Alzheimer’s disease
[213].

Encouragingly, recent studies also document Cu-dependent antibacterial activity
of certain small molecule classes against M. tuberculosis, Mycoplamsa spp., Ureaplamsa
spp. and S. aureus [214-225]. A screening effort published in Antimicrobial Agents and
Chemotherapy demonstrated high throughput screens could identify molecules capable of
inhibiting both replicating and non-replicating M. tuberculosis specifically in the
presence of Cu. This screen identified GTSM and the related molecule diacetylbis(N(4)-
methyl-3-thiosemicarbazone (ATSM) as Cu-dependent inhibitors of M. tuberculosis
[224]. An additional Cu-dependent screening effort against MRSA was also successful at
identifying Cu-dependent inhibitors (CDIs) [216], indicating this strategy could be
broadly applicable to multiple pathogenic bacteria. Importantly, the implementation of
Cu-dependent screening improved the hit rate of the resulting screens. In both cases, a

library was screened twice in parallel, once with Cu and once without, such that hit
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compounds could be classified as independent or Cu-dependent. As screens excluding Cu
would only result in independent hits, the inclusion of Cu as a screening condition
allowed for identification of CDIs in addition to the independent hits that theoretically
would have been identified by a standard screen. Thus, Cu-dependent screening
improved the efficiency of hit identification in antibacterial screening [216].

A later combinatorial chemistry study discovered a specific chemical motif,
termed the NNSN motif, of pyrazolyl thioureas and carbothiamides was responsible for
the Cu-dependent antibacterial activity against S. aureus and E. coli [218]. Interestingly,
this NNSN motif is also incorporated into GTSM, and previous studies with GTSM
suggested this motif was essential for the Cu-dependency of GTSM as well [224]. As
expected of Cu chelators, the sulfur and nitrogen atoms of the NNSN motif are necessary
for these molecules to bind to Cu [218]. Since these studies, a Bayesian machine learning
approach was developed for the purpose of identifying Cu-dependent clusters based on a
molecule’s two-dimensional structure. This approach identified several sulfur-containing
molecular classes as potential CDIs [217], potentially suggesting Cu binding is an
important factor in Cu-dependent antibiotic activity.

Another cluster, the pyrazolopyrimidinones, or the PZPs, was also shown to
inhibit MRSA [214]. Unlike other CDIs whose activities remain unknown, the
mechanism of Cu-dependent killing of the PZPs was determined to be Cu ionophore
activity where the PZPs would shield the Cu ions from detection by the Cu resistance
regulon of S. aureus, resulting in a toxic intracellular accumulation of Cu [214]. One
important result of this toxicity is ATP depletion. Cu export is the most direct method of

counteracting Cu toxicity in S. aureus, a process performed by ATPases [200, 201]. By
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depleting the cell’s ATP pool, Cu export is shut down and hampers the primary method
that could ensure S. aureus survival to the treatment. The PZPs then make promising lead
candidates for future development due to the ability of the PZPs with Cu to both exert
toxicity and counteract potential resistance mechanisms [214]. Similarly, another CDI,
APT-6K, shows promise for combination therapy against MRSA. While a CDI in its own
right, APT-6K synergizes with ampicillin at sub-inhibitory concentrations, and this
synergy results in reduced ampicillin resistance in clinical multidrug-resistant MRSA
isolates [215]. CDIs could therefore potentially be implemented clinically for various
purposes, either as a stand-alone antibiotic or to make otherwise unfeasible therapeutic
options viable again.

Despite numerous studies demonstrating the efficacy of CDIs against a wide
range of pathogens, the therapeutic implementation of CDIs may be limited. Eukaryotic
toxicity of Cu chelating compounds is well documented. TSCs, of which GTSM is an
example, have long been studied for their anticancer properties in the presence of Cu
[209]. Due to their overlapping effects against eukaryotic cells, TSCs, which make up the
bulk of characterized CDIs to date, are likely poor candidates for antibiotic development.
Additionally, APT-6K is the only characterized CDI with a favorable therapeutic index
against human cell lines [215]. Multiple studies suggest the anticancer properties of TSCs
complexed with Cu are due to ROS generation through Fenton chemistry perpetuated by
Cu, resulting in widespread and nonspecific damage of cellular components [192, 209].
By generating this self-potentiating and uncontrolled toxicity, Cu itself may pose the

greatest challenge to metallo-antibiotic development.
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Zinc in Biology

Another potential avenue for metallo-antibiotic development is to search for Zn-
dependent molecules in place of CDIs. Like Cu, Zn is a d-block transition metal with
high affinity for metal-binding moieties. However, Zn is unique from Cu due to its filled
d-orbitals. This reduces the inherent reactivity of Zn and renders Zn redox inert [226]. Zn
is also the second most abundant transition metal behind Fe [227]. Potentially as a result
of both its availability and increased stability, Zn is traditionally considered an essential
micronutrient. Approximately 5% of known bacterial proteomes are composed of Zn-
binding proteins, and this expands to 10% of eukaryotic proteomes due to the presence of
Zn finger motif transcription factors [228, 229].

Zn performs many biological functions. As previously suggested, Zn plays a
major role in eukaryotic transcription regulation through transcription factors with Zn
finger motifs [226, 228]. Zn is also incorporated as a cofactor in many different enzymes
where it primarily carries out non-redox catalysis [230]. Zn metalloenzymes are
abundant. All six major Enzyme Commission Classes contain at least one enzyme with
Zn as a cofactor [230]. Interestingly, Zn, while itself unable to redox cycle, still
participates catalytically in some oxidoreductases by working in concert with redox-
active cofactors and shifting between coordination geometries within the active site
[231]. Of the known Zn metalloenzymes, 66% of them are hydrolases, where Zn
catalyzes the hydrolytic cleavage of the substrate by coordinating with a water molecule
and the substrate [230]. Hydrolases are a broad class of enzymes that take part in major
biological processes [232], from nucleotide excision repair [233] to antibiotic resistance

[234, 235], and therefore Zn is a central component to these important processes.
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Zn can also act as structural cofactor to provide stability to enzymes and large
macromolecular complexes and to facilitate protein binding [226, 236]. For instance, E.
coli DNA-dependent RNA polymerase (RNAP) coordinates with two different Zn ions in
the B’ subunit. Both Zn ions performs structural functions. The first helps to compact the
B’ subunit for RNAP complex formation, while the second ion facilitates RNAP binding
to secondary proteins for transcription initiation, elongation, and termination [237-239].
Depending on the species, certain ribosomal proteins also bind to Zn, and the loss of Zn
from these proteins commonly results in reduced translation efficiency [240-244].
Furthermore, Zn was shown to mediate the complexation of a human protein hormone to
one of its receptors [245]. Lastly, eukaryotic Zn finger proteins, which bind Zn between
an a-helix and two or three B-sheets, are a major family of proteins that utilize Zn to bind
to DNA, RNA, and other biological molecules for their function [226]. Based on the
available human protein sequences as of 2006, Zn finger motifs make up approximately
40% all human Zn-binding proteins. Most of the Zn finger protein are transcription
factors, where Zn is used to bind to the major groove of the DNA template [228]. As
such, Zn plays a major role in gene regulation in humans.

Despite Zn’s role as an essential nutrient across biology, Zn can become toxic at
high concentrations. The exact mechanism Zn toxicity has not yet been defined, but
unlike Cu, Zn does not directly contribute to ROS generation [226]. Instead, Zn toxicity
is thought to be caused by the affinity of Zn for metal-binding moieties in proteins [246].
The affinity of a divalent d-block transition metal for metal-binding motifs is defined by
the Irving-Williams Series (Mn < Fe < Co < Ni << Cu > Zn), where metals with the

highest atomic number have the greatest affinity for these motifs. The exception to this
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trend is the relation between Cu and Zn. While Zn is further to the right on the periodic
table relative to Cu, Cu has the highest affinity metal-binding moieties due to additional
stabilization by the Jahn-Teller Effect [247]. It is hypothesized that the greater affinity of
Zn results in mismetalation of key proteins, where structural or catalytic metals lower on
the Irving-Williams Series are either removed or replaced by Zn, thereby inactivating
those proteins [246]. Previous work showed high physiological concentrations of Zn and
other metals can degrade solvent accessible Fe-S clusters of an E. coli dehydratase,
leading to its inactivation [248], and Zn has long been known to be an inhibitor of
aconitase, an Fe-S cluster protein of tricarboxylic acid cycle [249]. Additionally, Zn was
shown to inhibit Fe-S cluster biogenesis in E. coli by binding to the Fe transfer protein
IscA [250]. Finally, high extracellular Zn concentrations inhibit Mn uptake in S.
pneumoniae by irreversibly binding to the Mn-binding protein PsaA. This in turn
prevents proper metalation of its primary superoxide dismutase, SodA, required for
detoxification of hydrogen peroxide produced as a byproduct of its metabolism [227].

Previous models of nutritional immunity only considered Zn as nutrient, leading
to a paradigm where host Zn pools are restricted and sequestered from pathogens through
methods like calprotectin. However, recent work revealed the innate immune system also
utilizes Zn intoxication to counteract pathogens similarly to Cu [148]. Atomic force
spectroscopy showed macrophages infected with mycobacteria had higher levels of Zn
compared to uninfected controls [251], and M. tuberculosis requires Zn exporters to
survive within host macrophages [252]. In concert with this, macrophages infected with
M. tuberculosis will express metallothioneins, small metal-binding peptides used to

regulate labile metal concentrations, potentially suggesting Zn intoxication is part of a
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coordinated process to inhibit phagocytized M. tuberculosis [252]. Additionally,
Streptococcus pyogenes requires Zn export machinery to survive inside neutrophils such
that mutants without functional Zn export machinery are readily cleared by neutrophils
[253]. Furthermore, Zn deficiency leads to a broad increase in susceptibility to infections
[254-256]. This evidence leads to a new model of nutritional immunity where
extracellular Zn is sequestered by innate immune cells to prevent pathogen’s access to
Zn, and phagocytized pathogens are poisoned through Zn intoxication where Zn
concentrations can be more readily controlled. In total, this demonstrates Zn can act as an
effective antimicrobial, so much so that dedicated cellular processes evolved to utilize Zn
intoxication for this purpose. A such, Zn, if its antimicrobial properties could be
harnessed in a manner similar to that of Cu, may offer another avenue for antibiotic

discovery.

Opportunities for Advancement of Zinc-Activated Antibiotics

Despite the clear evidence of Zn as an antimicrobial metal, few efforts have been
made to take advantage of this property therapeutically. Only two antimicrobials have
been given FDA-approval that require Zn for their action. The first is bacitracin, a cyclic
polypeptide antibiotic purified from a Bacillus species that was isolated from a wound
infection in the 1940s [257]. Its mechanism of action was not elucidated until 1970s
when it was shown that bacitracin inhibits peptidoglycan synthesis by preventing the
dephosphorylation of undecaprenol pyrophosphate to the lipid carrier undecaprenol
phosphate [258, 259]. Unfortunately, bacitracin is largely relegated to use on the skin due

to nephrotoxicity [260]. As such, it is a common component of first aid antibacterial
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ointments. Zn pyrithione is the second Zn-activated antimicrobial drug. Zn pyrithione
possesses antifungal activity and is commonly found in over-the-counter anti-dandruff
shampoos. However, its mechanism of action is not entirely clear, and there is evidence
to suggest that while it is used as a precomplexed Zn salt, Zn itself may not be required
for this action, with one study indicating Zn is displaced by Cu once penetrating the
target organism [261].

Yet bacitracin is a clear indication that Zn-activated antibiotics can be developed
and clinically introduced. Doing so in the modern age of drug discovery will require the
development of a Zn-activated antibiotic discovery pipeline, from hit identification to in
vivo studies, that can be easily adopted by agencies with the resources needed for their
development. Ideally, this pipeline would make use of technological advances utilized by
pharmaceutical companies, namely HTS, as this would likely reduce the cost of adopting
this method. Given that industrial antibiotic screening has largely not been successful in
the last few decades [122], Zn-activated antibiotics will also likely need to be readily
identifiable within the available chemical space to justify their development.
Furthermore, Zn-activated antibiotics should be chemically modifiable to maximize their
on-target effects while minimizing off-target effects through structure activity
relationship (SAR) studies. Lastly, different clusters of Zn-activated antibiotics would
preferably possess separate and unique modes of action compared to bacitracin, as
multiple bacitracin resistance mechanisms have been documented.

This study seeks to identify and characterize proof-of-concept Zn-activated
antibiotics to demonstrate their potential for antibiotic development, with the above

features taken into consideration. Previously, our research group developed an HTS
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protocol to identify CDIs from drug screening libraries against multiple bacterial species
[216]. This method led to the discovery and characterization of several classes of CDIs,
including the TSCs and PZPs, as inhibitors of MRSA [214, 218]. Importantly, this
screening method is a simple and readily adaptable whole-cell screening platform that
more closely considers bacterial metabolism compared to standard antibiotics screening
protocols. By modifying this platform for Zn-dependent antibiotic discovery, we
demonstrate Zn-activated antibiotics are efficiently and accurately identified from a
bioactive library containing molecules with biological actions, including FDA-approved
drugs. We find consideration of physiological Zn concentrations greatly increases the
efficiency of hit identification using this method, allowing for the identification of the
UV-A filter and sunscreen component avobenzone (AVB) as a potent Zn-activated
inhibitor of MRSA. AVB complexed with Zn (AVB-Zn) is effective against a panel of
multi-drug resistant clinical MRSA isolates with no toxicity observed against human
immune cells and could be developed as cream that improved mouse survival in a MRSA
wound infection model. AVB-Zn then is a model for Zn-dependent antibiotic
development against a significant bacterial threat with high rates of clinical resistance.
Additionally, this work establishes Zn-activated antibiotics are modifiable, an
essential feature for drug development. This study focuses on two groups of privileged
structures within drug discovery that were found to be Zn-activated inhibitors of S.
aureus, the 8HQs and the benzimidazoles (BZIs), as they are easily modifiable
chemically. By modifying specific R-groups, we can modulate the metal requirements
and requirements of either the 8HQs or the BZIs. We find halogenated 8HQs have the

highest potency against S. aureus, while BZI metal specificity is readily adjusted by R-
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group modifications. This results in pools of BZI analogs with combined Cu and Zn
specificity and others with solely Zn dependency for their action against S. aureus.
Therefore, Zn-dependent antibiotics could be rationally designed for specifically Zn
dependency over Cu specificity and a broader host range. Taken in total, this work

establishes Zn-activated antibiotics as a viable avenue for future antibiotic discovery.
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ABSTRACT

Methicillin-resistant Staphylococcus aureus (MRSA) is a major healthcare
concern with associated healthcare costs reaching over $1 billion in a single year in the
United States. Antibiotic resistance in S. aureus is how observed against last line of
defense antibiotics, such as vancomycin, linezolid, and daptomycin. Unfortunately, high
throughput drug discovery approaches to identify new antibiotics effective against MRSA
have not resulted in much tangible success over the last decades. Previously, we
demonstrated the feasibility of an alternative drug discovery approach, the identification
of metallo-antibiotics, compounds that gain antibacterial activity only after binding to a
transition metal ion and as such are unlikely to be detected in standard drug screens. We
now report avobenzone, the primary active ingredient of most sunscreens, can be
activated by zinc to become a potent antibacterial compound against MRSA. Zinc-
activated avobenzone (AVB-Zn) potently inhibited a series of clinical MRSA isolates
(MIC: 0.62 — 2.5 uM), with no signs of pre-existing resistance. AVB-Zn was also active
against clinical MRSA isolates that were resistant against the commonly used zinc-salt
antibiotic bacitracin. We found AVB-Zn exerted no cytotoxicity on human cell lines and
primary cells. Lastly, we demonstrate AVB-Zn can be deployed therapeutically as lotion
preparations, which showed efficacy in a mouse wound model of MRSA infection. AVB-
Zn thus demonstrates Zn-activated metallo-antibiotics are a promising avenue for future

drug discovery.
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INTRODUCTION

As a result of the worldwide rise of antibiotic-resistant bacteria and the
simultaneous decline in antibiotic drug discovery, antibiotic-resistant pathogens represent
an imminent global health emergency [1]. The increased incidence of infections with
antibiotic-resistant bacteria results in longer hospital stays, increased treatment costs, and
higher numbers of patients succumbing to bacterial infections. In 2019, the six primary
pathogens for which patient death was associated with antibacterial resistance were
Escherichia coli, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Staphylococcus aureus. Together, drug
resistant forms of these bacteria were responsible for roughly 900 000 deaths worldwide
with a total of approximately 3.5 million deaths attributable to antimicrobial resistance.
Methicillin-resistant S. aureus (MRSA) alone caused more than 100 000 deaths in 2019
and is considered especially problematic [1].

Despite the ongoing antimicrobial resistance crisis, antibiotic development has
largely stalled. Only two new antibiotic classes have been discovered since the 1970s,
and of the few antibiotics brought to market, the majority were initially identified during
the Golden Age of antibiotic discovery (1940 — 1970) but were not approved for clinical
use until the 21 century [2-4]. Since the fall of the Waksman platform that fueled the
Golden Age, modern high throughput screening attempts have focused on identifying
inhibitors of known protein targets, such as DNA gyrase, but have eliminated whole-cell
screening methods that take bacterial permeability and metabolism into account [4].
Attempts to chemically modify scaffolds of synthetic or natural antibiotics to improve

potency, increase the activity spectrum, and overcome mechanisms of drug resistance
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have governed antibiotic drug discovery for the last few decades [5]. However, the
repeated introduction of only slightly modified drugs (e.g. B-lactams), chemical entities
for which bacteria had already developed resistance mechanisms, provided only
temporary relief [5]. Other approaches, such as the use of bacteriophages, polymers, and
engineered nanoparticles have certainly shown promise, but the clinical feasibility of
these therapy candidates for standard clinical use remains to be proven [6, 7]. Taken
together, these approaches led to a decades-long antibacterial innovation gap, resulting in
few novel antibiotics.

Another avenue of antibiotic drug discovery is the identification and advancement
of metal-dependent inhibitors, small molecule inhibitors that only exert their activity in
the presence of a transition metal. These efforts have primarily focused on copper (Cu)-
dependent inhibitors on the premise that the inherent antibacterial and self-potentiating
redox cycling of Cu could be focused against a target organism [8-17]. Indeed, this very
property has been harnessed by innate immune cells where Cu is actively imported into
phagosomes to damage engulfed pathogens [18]. Unfortunately, the nonspecific cytotoxic
activity of these inhibitors, which seems to be related to the redox activity of Cu, also
targets eukaryotic cells and can be cytotoxic [19].

However, recent evidence suggests zinc (Zn), a d-block transition metal
commonly regarded as an essential micronutrient with no redox activity [20], can act as
an antimicrobial. Neutrophils and macrophages were shown to employ Zn similarly to Cu
against phagocytized Streptococcus pyogenes [21, 22] and mycobacteria [23, 24]
respectively. Zn can also activate chemical compounds to become antibacterial.

Bacitracin, a common antibiotic in first-aid ointments, is primarily active in the presence
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of Zn [25], and PBT2, a compound in clinical trials for the treatment of Alzheimer’s and
Huntington’s disease [26, 27], was shown to be an effective inhibitor of multiple bacterial
species when combined with high concentrations of Zn [28, 29]. Despite this, no
dedicated screening effort, to our knowledge, has been employed to identify other Zn-
activated antimicrobials.

Here we demonstrate that drug screens designed to discover Zn-activated
inhibitors efficiently identify new antibiotics. Using a proof-of-concept Zn-dependent
screening approach, we show Zn is highly efficient at activating previously unknown
metal-dependent inhibitors against MRSA from a library of FDA-approved drugs and
bioactive molecules. Using this method, we identified avobenzone (AVB), an active
ingredient in sunscreens, as a potent and effective Zn-activated inhibitor of MRSA. We
also found Zn-activated AVB (AVB-Zn) is effective at inhibiting multi-drug resistant
MRSA isolates at concentrations with no apparent eukaryotic toxicity. Finally, we show
AVB-Zn could be developed as a therapeutic lotion using a murine wound infection

model of MRSA.

METHODS
Bacterial strains and culture conditions.

All S. aureus strains utilized in this study were routinely cultured in Mueller-
Hinton (MH; Oxoid) medium at 37°C shaking at 180 rpm prior to transfer into
experiment-specific media. Apart from clinical isolates, all strains used in this study were
purchased from ATCC. The clinical multi-drug resistant MRSA isolates were de-

identified and obtained from the UAB Laboratory Medicine. Resistance profiles of each
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isolate were also characterized by and obtained from the UAB Laboratory Medicine. For
the mouse experiments, USA300-LAC was cultured in Luria-Bertani (LB; Sigma-

Aldrich) broth.

Antibiotics, compounds, and reagents.

The bioactives screening library was purchased from Selleckchem. Avobenzone
was purchased from Selleckchem and Sigma. All compounds were reconstituted to 10
mM concentration in 100% anhydrous dimethyl sulfoxide (DMSO; Fisher Chemical),
aliquoted, and stored at -80°C for long-term storage. Antibiotics were dissolved in
double-distilled water (ddH20), sterile filtered with 0.2 um nylon filters (Fisher
Scientific) and stored as 10 mg/mL aliquots at -80°C. Copper sulfate salts and zinc
sulfate heptahydrate salts were purchased from Sigma. Metal stock solutions were stored
as 100 mM aliquots in ddH-0 at 4°C following sterile filtration with 0.2 um nylon filters.
The metabolic indicator dye resazurin (Sigma) was stored at 800 pg/mL in ddH20 at 4°C

following sterile vacuum filtration with a 0.2 um nylon filter.

Zn-dependent antibiotic screening and analysis.

Zn-dependent screening of the 1582-compound bioactives screening library
(Selleckchem) was performed against USA300-LAC. Prior to screening, the compound
library was diluted to 800 puM in 100% anhydrous DMSO (Fisher Chemical) in 96-well
round-bottom plastic plates (Fisher Scientific) using a Beckman Coulter FXP robotic
platform. The dilution plates were then covered with adhesive aluminum film (Thermo

Scientific) and stored at -80°C. To reduce variability across screening days, high density
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USA300-LAC seed stocks were used to generate the inoculum for the screen. Briefly,
USA300-LAC was cultured to mid-exponential phase in MH medium, washed twice with
1x RPMI-1640 (Corning) to remove residual MH medium, and normalized to an optical
density at 600 nm (ODeoo) of five in 1x RPMI 1640 supplemented with 15% glycerol
(Fisher Chemical) for cryoprotection. The cells were aliquoted then stored at -80°C for
future use.

To perform the screen, a seed stock was thawed, briefly centrifuged to remove the
medium, and normalized to an inoculum ODsoo 0f 0.01 in 1x RPMI-1640, allowing a 30-
minute rest period in the medium. Dilution plates were thawed, and compounds were
screened at 10 M in 1x RPMI-1640 with and without either 25 uM CuSQOg4 or 25 uM
ZnS04-7H20 using the Beckman Coulter FXP robotic platform. Resazurin was added to
the medium at a final concentration of 10 pg/mL as a surrogate marker of bacterial
growth. All screening plates were incubated at 37°C + 5% CO, for 12 hours and
metabolic conversion of resazurin to the fluorescent product resorufin (ex. 530 nm, em.
590 nm) was determined using a Biotek™ Cytation 3 plate reader. Measurements were
background subtracted and normalized as percent growth of the negative control wells on
the same plate. Hit compounds were defined as compounds that reduced the growth of
USA300-LAC by at least 50% relative to the vehicle-treated controls. Hit compounds
were subdivided into inactive, metal-dependent, metal-inverse, or metal-independent
categories by comparing the percent growth for a given compound without a metal to that

of the same compound with a metal.
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Determination of minimal inhibitory concentration.

The minimal inhibitory concentration (MIC) of the tested compounds was
determined using challenge assays as previously described [13, 14]. Briefly, each strain
was cultured to mid-exponential phase in MH medium, as determined by ODsoo
measurement. Cultures were then washed twice in the chemically defined treatment
medium, 1x RPMI-1640, to remove residual MH medium. S. aureus cultures were
normalized and treated at an ODeggo 0f 0.005 (5 million CFUs/mL) in 1x RPMI-1640.
Each strain was treated with compounds that were serially titrated 1:2 in the assay
medium in 96-well flat-bottom plastic plates with or without either 25 uM CuSQ4 or 25
MM ZnSO4. Compound-untreated samples for each metal condition were used as negative
controls. S. aureus strains were treated for 18 — 20 hours at 37°C with 5% COs..
Following the treatment period, bacterial growth was determined by measuring the
absorbance of each well at 600 nm using a Biotek™ Cytation 3 plate reader.
Measurements were then background adjusted and normalized to either the untreated
control or the metal only control. The minimal inhibitory concentration (MIC) was
defined as the minimal compound concentration that reduced the growth of the strain to

10% or less than that of the untreated control.

Binding constant determination.
Binding constants were determined using UV/Vis-absorption spectroscopy by
titrating AVB with Cu(l), Cu(ll), and Zn(ll). Briefly, 1 mM AVB in 100% anhydrous
DMSO was titrated in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

buffer (pH = 7.2 - 7.4) with 800 uM CuBr, CuSOs4, or ZnSO4 at the following

41



concentrations: 0 uM, 25 uM, 50 uM, 75 puM, 100 uM, and 150 uM. Once the gradient
of solutions was prepared, full spectrum UV/Vis-absorption spectroscopy was performed
to detect characteristic spectral changes that occur as a consequence of metal cation
binding. Binding constants were calculated by importing the spectra of individual
titrations with each metal into the UV 1:1 Bindfit program

(http://app.supramolecular.org/bindfit/).

Eukaryotic toxicity assays.

Jurkat T cells were originally purchased from the ATCC and cultured at 37°C
with 5% CO- in 1x RPMI-1640 supplemented with 10% heat-inactivated fetal bovine
serum (Cytiva, HyClone™), 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM
L-glutamine (HyClone™, GE). Peripheral blood mononuclear cells (PBMCs) were
isolated from commercially obtained buffy coats. Cell numbers and viability in the
presence or absence of drug or metals were assessed using a Guava EasyCyte flow
cytometer (GUAVA easyCyte™ BGR HT (Luminex)). This flow cytometer uses a
capillary-based analytical system combined with a precision pump and provides precise
absolute cell counts without the need of using reference beads. Each cell line was tested
against serial 1:2 titrations of a given compound starting at 30 uM to 0.04 uM with and
without 15 UM ZnSO4 or CuSOs. Cells were seeded at a standard density of 100,000
cells/well in 96-well flat-bottom plastic plates at 37°C + 5% CO. for 24 hours then

assessed for viability using forward and side scatter gating (FSC/SSC).

42


http://app.supramolecular.org/bindfit/

Lotion preparation and modified Kirby-Bauer diffusion assays.

Antibiotic lotions were formulated by using a commercially available
polyethylene glycol (PEG)-based lotion (CeraVe, CVS) as a base. To ensure thorough
mixing of the lotion and additives, the lotion was mixed with 30% (v/v) Tween-80
(Sigma-Aldrich) in sterile ddH20 to form an inert base lotion composed of CeraVe lotion
+ 3% (v/v) Tween-80. Zn-containing lotions were made by mixing this base lotion with
1.5 M ZnSO04 dissolved in sterile ddH20 for a final concentration of 10 mM ZnSQO4. An
equal volume of sterile ddH20O was added to lotions lacking Zn. AVB (Sigma) or
bacitracin (Sigma) dissolved in 100% anhydrous DMSO were added to the control and
Zn-containing lotions for a final concentration of 25 mM and 10 mM respectively. The
vehicle lotion was generated by adding an equivalent volume of 100% DMSO and sterile
ddH20 as used in the compound and Zn-containing lotions respectively. Each component
was thoroughly incorporated into the base lotion by vortexing for one minute, and lotions
were stored at 4°C in the dark for up to two weeks. The antibacterial activity of each
lotion was assessed using a modified Kirby-Bauer disc diffusion assay. Briefly, MH agar
plates with identical indentations in the agar were inoculated with 2 million cells(cm?) of
USA300-LAC. Lotions were dispensed into each indentation using a standard volume of
100 pL using sterile Leuer lock syringes (Fisher Scientific) and 22-gauge needles
(PrecisionGlide™, BD). The plates were inverted and incubated for 18 — 20 hours at
37°C. Zones of inhibition were measured and compared to that of the vehicle control for

each treatment.
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Murine wound model.

For use in in vivo wound experiments, USA300-LAC was grown overnight in LB
broth (Sigma-Aldrich) at 37°C with 250 rpm shaking. Bacterial cultures were washed and
resuspended to 10* CFUs/mL in sterile phosphate-buffered saline (PBS; ThermoFisher
Scientific). Commercially available sterile gauze was trimmed to 6 mm square dressings
and incubated with bacterial culture at room temperature for 10 min prior to use. Mouse
surgical methods were adapted from the wound model of Brandenburg, et al. [30]. On
study day 0, 5 — 6 month-old C57BL/6 mice bred and maintained in-house were
anaesthetized via intraperitoneal injection with 85.5 mg/kg ketamine hydrochloride
(Vedco Inc.) and 12.5 mg/kg xylazine (MWI1) in cocktail. The cranial thoracodorsal
region was shaved and prepared for surgery using 70% ethanol (ThermoFisher Scientific)
and topical analgesic (Burn Jel; Water-Jel Technologies LLC) for pain control. A silicon
O-ring (McMaster-Carr) was attached to the skin via four to six 5-0 interrupted nylon
sutures and secured with tissue adhesive (GLUture; Zoetis Inc.). A 6 mm diameter wound
was created within the ring using a biopsy punch. Bacteria-laden dressings were applied
to the wound, allowed to incubate, and removed four hours later.

Each mouse was housed individually and monitored following the procedure until
fully ambulatory. On day 1 post-infection, treatment was initiated with 100 pL of either
vehicle control lotion, AVB lotion, AVB-Zn lotion, or commercially available bacitracin
ointment (Bacitraycin Plus; First Aid Research Corp.) applied to the wound surface via
sterile syringe. Treatments were applied daily through study day 7, <2 hours prior to the
start of the facility dark cycle. On study day 8, mice were euthanized via intraperitoneal

injection of 200 pL pentobarbital sodium (390 mg/mL; Vortech). Throughout the study,
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mice were monitored for signs of distress (severe weight loss, prolonged lethargy) and
euthanized when necessary, under the advisory of UAB veterinary staff. All animal
experiments at UAB were conducted in accordance with UAB Institutional Animal Care
and Use Committee (IACUC) approved protocols. Animals were bred and housed in
standard cages with a 12-hour light/dark cycle at 71 — 75°F with ad libitum access to food
and water. Experimental groups were composed of even numbers of males and females.
Mouse survival was assessed on each day during the experiment. Significance in
mouse survival between groups was determined using a log rank test for trend. On day 8
of the study, swabs of the wounds of the sacrificed mice were performed with sterile
cotton swabs. CFUs were enumerated by inoculating mannitol salt agar plates with the
swabs and incubating the plates overnight at 37°C. Mean CFUs were calculated for each

treatment group, and significance was determined using a Kruskal-Wallis test.

RESULTS
Identification of Zn-activated antibiotics against MRSA.

To determine whether Zn, as the only d-block transition metal without innate
redox activity [31], has the capacity to activate otherwise inactive compounds to exert
antibacterial activity, we screened a library of 1582 FDA-approved drugs and compounds
with known bioactivities in the presence or absence of Zn. The screen was performed
against the well-described MRSA strain USA300-LAC in the chemically defined medium
1x RPMI-1640. Given that Cu-complexed compounds are the primary focus of current
antibacterial metallodrug research [10, 13, 14, 17], we performed a parallel screen using

Cu to directly compare the efficacy of Zn and Cu to promote antibacterial activation of
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compounds. Each compound was tested for antibacterial activity without a metal, with 25
MM ZnSOs4, or with 25 uM CuSOa4. Growth after overnight incubation at 37°C was
determined by measuring resorufin fluorescence, the product of the metabolic indicator
dye resazurin (Figure 1A). Compounds that reduced the growth of USA300-LAC by 50%
or more were classified as hits.

The screen identified 143 hits out of a total 1582 compounds for a hit rate of
approximately 9%. Of the compounds identified, 78 compounds (4.9%) were classified as
independent and subsequently inhibited staphylococcal growth independent of a metal
(Figure 1B — C; lower left quadrant). As expected, this category included antibiotics
known to target S. aureus (42), such as the rifamycin class and antiseptics (8)
(Supplemental Figure 1A — B), while narrow spectrum antibiotics targeting other
organisms were exclusively classified as inactive (Supplemental Figure 1C — D).
Importantly, we were able to accurately identify bacitracin, a common cyclic polypeptide
antibiotic used in first-aid ointments that requires Zn for its activity [32, 33], as Zn-
dependent (Supplemental Figure 2A upper left quadrant; Supplemental Figure 2B, upper
right quadrant). This highlights both the accuracy of Zn-dependent screening and the
need to include metals as antibiotic screening conditions to recognize successful
antibiotic molecules whose activities would otherwise be overlooked.

Screening with physiologically relevant concentrations of both Zn and Cu nearly
doubled the hit rate of the screen as a whole. Zn activation was displayed in 49 (3.1%) of
the otherwise inert compounds (Figure 1B), and antibacterial Cu activation was seen for
37 of the compounds (2.3%) (Figure 1C). While some compounds were activated by both

Cu and Zn (25), compounds solely activated by Zn (24) within the screen predominated
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over compounds with Cu-specific activation (12). Zn was thus an efficient activating
component for metallo-antibiotics. This would suggest the inherent redox potential of a
metal like Cu is not necessarily required to induce the metallo-antibiotic activity of small
chemical molecules, thereby broadening the possible modes of action a metallo-antibiotic
could possess. Zn-activated compounds could act as Zn ionophores and cause
mismetallation of essential enzymes by the intracellular release of Zn, as has been
previously described [28, 29]. Alternatively, compounds could directly coordinate with
Zn, thereby altering the compound conformation to a form active against a specific target,
or Zn-activated molecules may simply possess increased membrane permeability.
Regardless of the mechanism, it is evident that consideration of physiological Zn
concentrations during the drug screening process can expand the chemical space of

discoverable active compounds.
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Figure 1
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Figure 1 Metal-dependent screening identifies metal-activated antibiotics against
MRSA.

(A) The bioactives library from Selleckchem was screened in 1x RPMI-1640 with and
without 25 UM CuSO4 or 25 pM ZnSO;4 against the MRSA strain USA300-LAC. Growth
was measured indirectly by the conversion of the metabolic dye, resazurin, to the
fluorescent product resorufin (ex/em 530/590 nm) after overnight incubation at 37°C with
5% CO>. Compounds that reduced the growth of USA300-LAC by at least 50% were
declared as hits. This screen outline was generated using BioRender.com. (B)
Compounds were classified into various activity groups by graphing the percent growth
of USA300-LAC in the presence of each compound with a metal to that without the same
metal. Inactive compounds are displayed in the upper right quadrant, while independent
compounds plot to the lower left quadrant. The upper left quadrant represent metal-
dependent hits, and inverse hits are shown in the lower right quadrant. Zn-dependent
screening identified 49 Zn-dependent hits, 79 independent hits, and three Zn-inverse hits.
(C) Cu-dependent screening identified 37 Cu-dependent hits, 80 independent hits, and
two Cu-inverse hits.
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Supplemental Figure 1
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Supplemental Figure 1 Screen results of internal antibiotic controls.

The Zn and Cu screening results for all the antibiotics and antiseptics included in the
bioactives library were plotted to confirm their expected activity against MRSA.
Members of the rifamycin antibiotic class (4) were independently active against
USA300-LAC regardless of Zn (A) or Cu (B). Meanwhile, narrow spectrum
antibiotics specific for mycobacteria (7) were classified as inactive irrespective of
metal condition (C, D).
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Supplemental Figure 2 Screen results of bacitracin.
The metal-dependent screening activities of cyclic polypeptide antibiotics are
highlighted among the full spectrum of antibiotics and antiseptics screened with Zn
(A) and Cu (B). Metal-dependent screening correctly identified the Zn-specific
cyclic polypeptide bacitracin as possessing Zn-dependent activity but not
independent or Cu-dependent action against USA300-LAC.

50

150



Avobenzone is a potent Zn-activated metallo-antibiotic against MRSA.

While the drug screen identified a series of FDA-approved drugs as Zn-activated
compounds against MRSA, most are known to have notable or serious side effects, such
as cancer agents (e.g. ponatinib, tamoxifen, toremifene citrate) or antifungals (e.g.
clotrimazole, bifonazole, tioconazole), and would thus not warrant further exploration.
An exception to this is avobenzone, which was identified as being activated by both Zn
and Cu. Avobenzone (AVB), or 1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)propane-1,3-
dione, is an FDA-approved UV-A filter and a common active ingredient in commercial
sunscreens and beauty products [34]. It is composed of a central 1,3-diketone group
connecting two 2,4-substituted phenyl rings with a methoxy and a tert-butyl substituent
(Figure 2A).

Given that ketone groups are known to coordinate with transition metals [35-38],
we hypothesized AVB would form a complex with Zn to inhibit S. aureus. We first
confirmed AVB complexed with Cu and Zn (Table 1). UV/vis spectroscopy binding
studies demonstrated that Zn(Il) (Ko = 5.9 uM) and Cu(ll) (Kp = 4.4 uM), but not Cu(l),
efficiently bound to AVB, confirming the existence of an AVB-Zn and AVB-Cu complex
specific to their divalent form. While these constants fall short of the binding activity of
high-affinity metal chelators, such as TPEN (N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2-
ethanediamine) or EDTA (2,2',2",2"'-(Ethane-1,2-diyldinitrilo)tetraacetic acid), for which
Kps are reported in the picomolar to femtomolar range [39], the Kps are similar to those
we determined for bacitracin. Bacitracin also had similar affinities for Zn(Il) (Kp = 5.7
pnM) and Cu(ll) (Ko = 1.4 uM) as AVB. Thus, AVB has a similar affinity for Zn as a Zn-

binding, FDA-approved antibiotic.
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Having demonstrated AVB complexes with divalent Zn and Cu, we next
determined the minimal inhibitory concentration (MIC), or the lowest concentration
causing 90% inhibition of bacterial growth, of AVB against MRSA. For this purpose,
challenge assays of AVB in the presence and absence of Zn or Cu were performed
against USA300-LAC, and inhibition was determined by normalizing Aeoo
measurements, a marker of bacterial growth, to that of the compound-untreated control of
each metal condition. In line with the screening results for AVB, AVB alone exerted no
antibacterial activity against USA300-LAC but gained antibacterial activity in the
presence of a metal, with AVB-Cu effective at inhibiting the growth of USA300-LAC at
2.5 uM (Figure 2C). However, AVB-Zn was the most potent of these combinations, with
an MIC of 1.25 uM against USA300-LAC. In contrast, the MIC of bacitracin-Zn (5 uM)
was four-fold higher than that of AVB-Zn (Figure 2D), underscoring the potential of
AVB-Zn as an antibiotic treatment.

We next tested whether clinical multidrug-resistant MRSA isolates [40, 41]
possessed pre-existing resistance mechanisms against AVB-Zn (Figure 2E). None of the
five tested isolates showed any signs of pre-existing resistance to AVB-Zn relative to
USA300-LAC, with the MICs ranging from 0.6 — 2.5 uM depending on the isolate.
While this panel only includes a limited number of strains, the resistance profiles of these
strains cover most major antibiotic classes in clinical use, implying AVB-Zn has an
alternative mechanism of action than most antibiotics currently in use (Supplemental
Table 1).

This finding was particularly interesting given that four out of five of these

clinical isolates possessed resistance to bacitracin-Zn. CI-4 and CI-5 (MIC = 10 uM)
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were partially resistant to bacitracin-Zn relative to USA300-LAC, while CI-2 and CI-3
were fully resistant to the complex in our system (Figure 2F). While resistance to Zn-
activated compounds can develop, these findings suggest that these resistance
mechanisms do not necessarily provide cross-resistance to other Zn-activated

compounds, further indicating Zn activation does not induce a single mode of action.
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Figure 2
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Figure 2 Metal-specific anti-staphylococcal activities of AVB and bacitracin.

(A) Chemical structure of avobenzone. (B) Chemical structure of bacitracin. The minimal
inhibitory concentrations (MIC) of AVB (C) and bacitracin (D) were determined against
USA300-LAC under multiple metal conditions by titrating each compound in 1x RPMI-
1640 with and without either 25 pM CuSO4 or 25 uM ZnSOs4. Growth was determined
after 20 hours of incubation at 37°C using Asoo measurements as a readout. Percent
growth was calculated by normalizing the Asoo measurements relative to that of the
compound-untreated control of each metal condition. Data represent the mean = SEM (n
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= 3 biological replicates, 3 technical replicates each). The sensitivity of the multidrug-
resistant MRSA isolates, CI-1 —5, to (E) AVB-Zn and (F) bacitracin-Zn were compared
to USA300-LAC using dose-response curves described above (C and D) with 25 uM
ZnS0a. Data represent the mean + SEM (n = 3 biological replicates, 3 technical replicates
each).
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Avobenzone Bacitracin

Metal Ka (M) Kp (M) Ka (M) Kp (M)
Cu(l) 6900 144.93 9299 107.54
Cu(ll) 225 759 4.43 738 223 1.35
Zn(11) 168 982 5.92 172 757 5.79

Table 1 Metal binding Kinetics of AVB and bacitracin.

Association constants (Ka) and dissociation constants (Kp) of AVB and bacitracin with
CuBr, CuSOs, and ZnSO4 were determined using UV/vis spectroscopy. AVB and
bacitracin were titrated against a constant metal concentration in a HEPES buffer (pH 7.2
—7.4). Ka and Kp were calculated by importing the resulting spectra into the Bindfit
program (http://app.supramolecular.org/bindfit/).
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http://app.supramolecular.org/bindfit/

Drug Target Antibiotic Class Antibiotic Formulation Cl-1 Cl-2 CI-3 Cl-4 Cl-5
Amoxicillin + Clavulanic Acid R R R R R
Ampicillin + Sulbactam R R R R R
B-Lactam
Ampicillin R R R R R
Peptidoglycan Synthesis
Penicillin R R R R R
Glycopeptide Vancomycin S S S S S
Cephalosporin Ceftriaxone R R R R R
Cell Membrane Cyclic Lipopeptide Daptomycin S S S S S
Ciprofloxacin S R S S R
DNA Gyrase Fluoroquinolone Levofloxacin S R S S R
Ofloxacin R R R R R
Lincomycin Clindamycin R R S S R
Translation - 50S Subunit
Macrolide Erythromycin R R R R R
Aminoglycoside Gentamicin S S S S S
Translation - 30S Subunit
Tetracycline Tetracycline R S S S S
Folic Acid Metabolism Sulfonamide Sulfamethoxazole + Trimethoprim S S S S S

Supplemental Table 1 Resistance profiles of multi-drug resistant MRSA

isolates.

The resistance profiles of each multidrug-resistant MRSA isolate were determined
by the UAB Laboratory Medicine. Profiles are clustered by antibiotic target then
chemical class. R represents resistant, and S indicates sensitive.
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Minimal Zn requirements of AVB.

Drug screening conditions are usually designed to maximize hit discovery and, in
this case, were performed at a slightly higher Zn concentration than what is commonly
found in human serum [42, 43] to encourage compound interaction with Zn. While a
screening concentration of 25 UM Zn may be physiologically relevant under some
conditions, we wanted to determine the minimum effective concentrations of AVB and
Zn required for maximal AVB-Zn activity against MRSA. To test this, we performed
dose matrices against USA300-LAC by titrating Zn against AVB and measured bacterial
growth using Asoo measurements as a readout following overnight incubation. As
expected of a metal-binding compound, the potency of the AVB-Zn complex increased
by increasing the concentration of either component (Figure 3A). AVB required as little
as 0.16 uM Zn to reach an MIC of 10 uM AVB against USA300-LAC. This resulted in
maximal potency (0.62 uM AVB) with just 15 uM Zn, falling within the 10 — 20 uM
range of human serum Zn [42, 43]. In contrast, bacitracin required at least 15 uM Zn to
reach an MIC of 10 uM (Figure 3B). As such, AVB-Zn far exceeds the efficacy of the

FDA-approved antibiotic bacitracin with the same Zn concentration.
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Figure 3
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Figure 3 Minimal Zn requirements of AVB and bacitracin.

(A) AVB and (B) bacitracin were serially titrated against serial titrations of ZnSQOs in
1x RPMI-1640 to determine the minimum concentration of Zn required to achieve
the lowest minimal inhibitory concentration (MIC) of each compound against
USA300-LAC. Bacterial growth was measured using endpoint Asgo measurements
after 20 hours of incubation at 37°C. Growth was normalized as a percent of the
growth of the untreated control. Data are representative of three separate
experiments. Individual Zn concentrations that did not result in major changes in
bacterial growth are not presented for clarity.
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AVB-Zn is not toxic to eukaryotic cells.

We next sought to determine the toxicity of AVB-Zn against eukaryotic cells in
our system by performing challenge assays of AVB, AVB-Zn, and AVB-Cu against
human Jurkat T cells and patient-derived peripheral blood mononuclear cells (PBMCs)
from three healthy donors. Cell viability and proliferation were measured after 24 hours
of treatment using flow cytometric analysis. Cell viability was defined as the percentage
of cells in a forward scatter/side scatter-based viability gate, and cell number was defined
as the absolute number of cells within this gate. The latter analysis can detect inhibitory
effects to cell proliferation that do not result in cell death and may be the most sensitive
means to detect toxic drug effects.

In contrast to the potent antibacterial activity of AVB-Zn against S. aureus, AVB,
AVB-Cu, and AVB-Zn displayed minimal cytotoxicity against both cell types tested
(Figure 4). Minor toxicity for all forms of AVB against Jurkat T cells was observed only
at the highest concentrations and resulted in less than a 20% reduction in cell viability
(Figure 4A). As with viability, Jurkat proliferation was only affected at the highest
concentration of AVB tested (Figure 4B). Encouragingly, cell viability (Figure 4C) and
proliferation (Figure 4D) of PBMCs were unaffected by any of the treatments after 24
hours. AVB-Zn, then, is a promising candidate for antibiotic development due to its

potent antibacterial action with minimal toxic effects against human cells.
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Figure 4
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Figure 4 AVB toxicity against Jurkat T cells and healthy donor PBMCs.

Jurkat T cells (A, B) and healthy donor peripheral blood mononuclear cells (C, D)
were treated for 24 hours with serial 1:2 titrations of avobenzone by itself or with
either 15 UM ZnSO4 or 15 uM CuSOQg4. Absolute cell viability (A, C) was then
determined by flow cytometry as the percentage of cells within a life-gate as
determined by forward scatter/side-scatter analysis. Absolute cell numbers (B, D),
within the same life-gate, were also determined using flow cytometry to assess
potential effects on cell proliferation. For all experiments, data represent the mean +
SEM (n = 3 biological replicates, 3 technical replicates each).
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AVB-Zn efficacy in a murine wound infection model.

Our data suggest AVB-Zn shows promise as a repurposed antibiotic. To this end,
we wanted to test if AVB-Zn is effective at inhibiting S. aureus in vivo. S. aureus
commonly causes skin and soft-tissue infections, and AVB currently has FDA approval
for use on the skin. Because of this, we chose to test AVB-Zn in a murine wound
infection model using PEG-based lotion treatment preparations.

First, we prepared and tested the in vitro efficacy of lotion-based treatments of
AVB-Zn against USA300-LAC using a modified Kirby-Bauer disc diffusion assay.
Briefly, an inert base lotion composed of a commercial PEG-based lotion and 3% (v/v)
Tween-80 was mixed with components of each treatment to make the various treatment
lotions. MH agar plates with 100 pL volume indentations were inoculated with USA300-
LAC, and the indentations were filled with each treatment lotion. Zones of inhibition
were measured following overnight incubation (Supplemental Figure 3A).

Using this method, we compared the efficacy of four different lotion preparations:
a vehicle control, Zn alone, bacitracin-Zn, and AVB-Zn, to inhibit the growth of
USA300-LAC. These results were compared to a commercially available bacitracin-Zn
first-aid ointment. No inhibitory effect was observed against USA300-LAC with the
vehicle control and Zn control lotions (Supplemental Figure 3B). However, both the
bacitracin-Zn and AVB-Zn lotions generated zones of inhibition. Interestingly, the
commercial bacitracin-Zn ointment did not noticeably inhibit USA300-LAC growth,
indicating the size of the zones of inhibition are likely due to limitations in the rate of

diffusion in this system.
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Once efficacious lotion treatments were established, we tested the preparations in
an S. aureus wound infection mouse model to determine the in vivo efficacy of AVB-Zn.
These results were also compared to the efficacy of the commercial bacitracin-Zn
ointment. Briefly, the cranial thoracodorsal region of each C57BL/6 mouse was shaved
and cleaned for surgery. A silicon O-ring was secured to the shaved area and a biopsy
punch was used to create a 6 mm wound within each O-ring. A 6 mm dressing coated
with USA300-LAC was then applied to the wound. The wound dressing model is a
modification of a previously established model for the study of delayed wound healing
caused by Pseudomonas aeruginosa biofilms [30]. Given the dimension of the punch
biopsy, the ensuing infection would be considered equivalent to a deep tissue infection.
Treatment began 24 hours post-application of the bacteria and was re-applied once a day
for one week. Mouse survival was monitored over the course of the study, and colony
forming units (CFUs) were enumerated from wound swabs upon sacrifice (Figure 5A).

While there was no significant difference in CFUs isolated from the wounds of
each treatment group (Supplemental Figure 4), we did observe a significant difference in
trend (p = 0.0173) in mouse survival over the course of the experiment. Of the mice
treated with just a vehicle control cream (n = 10), 4 mice (40%) died or were euthanized
due to signs of insurmountable disease within the first 72 hours (Figure 5B). In the group
of mice treated with the commercial bacitracin preparation (n = 5) one mouse (20%) died
after 48 hours, while no mice from the AVB-Zn treatment group died (n =5).
Interestingly, there was also no death observed in the group of mice treated with AVB
lotion lacking Zn (n = 5), which suggests AVB may locally coordinate with Zn and

become activated to exert its antibacterial effect. Though additional studies, especially in
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systemic infection models, are required to optimize the AVB-Zn concentrations needed
therapeutically, these in vivo data support our in vitro results that AVB-Zn protects

against insurmountable MRSA infection similarly to a known antibiotic.
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Supplemental Figure 3
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Supplemental Figure 3 In vitro lotion efficacy.

(A) Treatment lotions were prepared by initially mixing a commercial polyethylene
glycol-based lotion with 30% Tween-80 to form an inert but loose base lotion. The
base lotion was then mixed with the treatment components to form four treatment
lotions: a vehicle control, 10 mM ZnSO4, 10 mM bacitracin with 10 mM ZnSO4, and
25 mM avobenzone with 10 mM ZnSO4 (AVB-Zn). A modified version of the
Kirby-Bauer disc diffusion assay was utilized to determine lotion efficacy against
USA300-LAC. Lotions were dispensed into indentations of MH agar plates
inoculated with 2x10° cells(cm) using sterile Leuer-lock syringes and 22-gauge
needles. Plates were incubated inverted for 20 hours at 37°C, and zones of inhibition
for each treatment were assessed. The protocol schematic for the lotion preparation
and modified Kirby-Bauer disc diffusion protocol was created using BioRender.com.
(B) Of the tested lotions, only the bacitracin-Zn and the AVB-Zn lotions inhibited
the growth of USA300-LAC.
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Supplemental Figure 4
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Supplemental Figure 4 CFU isolation from murine model.

Colony forming units (CFUs) were isolated from the wounds of surviving mice at the
end of the treatment period using sterile swabs and cells were cultured on mannitol
salt agar plates overnight at 37°C. Means were calculated for each treatment
condition, and significance was determined using a Kruskal-Wallis test.
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Figure 5
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Figure 5 AVB-Zn efficacy in a murine wound infection model.

(A) To determine the antibacterial efficacy of these cream preparations we used a
wound model of S. aureus infection in C57BL/6 mice that simulates a soft tissue
infection using USA300-LAC. Lotion treatment began 24 hours post-application of
the bacteria and continued through day 7. Treatments included a vehicle control (n =
10), a commercially available bacitracin-Zn ointment (n = 5), bacitracin-Zn lotion (n
=5), avobenzone (AVB, n = 5), and avobenzone-Zn (AVB-Zn, n = 5). The in vivo
antibacterial effect of each treatment was determined by measuring USA300-LAC
colony forming units (CFUs) isolated from the wounds and mouse survival. Animals
that showed signs of severe distress were euthanized. The schematic for the mouse
model was created using BioRender.com. (B) Survival was assessed each day over
the course of the experiment, and significance between treatment groups were
compared using a log rank test for trend (p = 0.0173).
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DISCUSSION

Through our proof-of-concept screen, we have demonstrated Zn is highly
effective at inducing antibacterial activities in small molecules. Consideration of Zn
within our screening protocol expanded the pool of identified hits by 3.1%, from 78 hits
to 127 hits. This enabled the discovery that AVB, a UV-A filter with FDA-approval for
use on the skin, is uniquely positioned to be repurposed as a Zn-activated antibiotic
against MRSA. We found AVB requires submicromolar concentrations of Zn for
activation and is equally effective at inhibiting multi-drug resistant MRSA isolates as a
lab-adjusted MRSA strain in vitro when combined with Zn. Furthermore, AVB-Zn
displayed minimal cytotoxic effects in vitro and was effective at preventing mortality
when applied as a lotion in a mouse wound model of MRSA infection. This discovery
from a small compound library emphasizes the largely unexplored potential of Zn-
activated compounds as antibacterial agents.

Our discovery of AVB-Zn is not the first report to show Zn-activated compounds
can have antibacterial activity. Bacitracin-Zn was described in 1945 [32] and was later
shown to sequester and prevent the dephosphorylation of undecaprenol pyrophosphate
(UPP) to undecaprenol phosphate (UP), a lipid carrier required for peptidoglycan
synthesis [33, 44]. More recently, PBT2, a Zn ionophore antibiotic with an 8-
hydroxyquinoline backbone, was shown to kill erythromycin-resistant group A
Streptococcus, MRSA, and vancomycin-resistant Enterococcus and to reverse antibiotic
resistance when combined with Zn [45]. However, our results indicate AVB-Zn operates
using a different mechanism of action than the two compounds listed above. Clinical

MRSA isolates with full resistance to bacitracin-Zn in our system were still susceptible to
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inhibition by AVB-Zn. While it is unclear by which mechanism these isolates gained
bacitracin-Zn resistance, the two known bacitracin resistance mechanisms in S. aureus
are the bacA gene and the two-component system BceRS. The bacA gene confers
resistance by encoding a UPP phosphatase that dephosphorylates UPP to UP [46-48] The
second mechanism involves transport and sensing of bacitracin and other polypeptide
antibiotics using the BceRS two-component system [49, 50] with homologous systems
found in gram-positive bacteria like Bacillus subtilis and Streptococcus mutans [51, 52]
Given that both systems are specific for either the activity or chemical structure of
bacitracin, AVB-Zn is unlikely to inhibit S. aureus in the same manner as bacitracin.
Furthermore, we found AVB-Zn requires submicromolar concentrations of Zn to inhibit
S. aureus. This contrasts with PBT2, whose ionophore activity requires 400 — 600 UM Zn
to cause Zn intoxication [45]. Because of this, we surmise the AVB-Zn complex itself
possesses antibacterial activity that may have a single cell target separate from that of
bacitracin. Future studies will be required to fully elucidate this mechanism.

Up to this point, antibiotic discovery efforts for metallodrugs have focused on Cu-
compound complexes, as Cu by itself is a potent antibacterial agent [8, 9, 15], but their
inherent toxicity to eukaryotic cells has hampered their development beyond the early
research stage [19]. This study provides another avenue for metallodrug identification
and development. Zn-dependent screening revealed AVB-Zn to be a potent antibiotic
against MRSA that circumvents the challenge plaguing Cu-based antibiotics: toxicity.
We demonstrated AVB, regardless of the metal complex being tested, possesses very
little toxicity against both tumor and healthy donor human blood cells. Furthermore,

AVB-Zn improved mouse survival in a MRSA wound infection model. Given that only a
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small number of compounds were screened in this study, the ready identification of such
a promising molecule bodes well for larger and more expensive screening efforts.
Unfortunately, drug screens that could capitalize on Zn-activated antibiotics are
usually performed in a rich medium of no physiological relevance that only acts as a rich,
nutritional resource to optimize bacterial growth rather than considering the metabolic
requirements of the target organism in the human body. These media are not defined and
do not consider physiologically relevant transition metal concentrations. It is established
that variation between different media and even between lots of a single medium will
affect drug discovery [53]. This variation is exemplified by MH broth where Zn
concentrations can range between 0.2 — 1.3 pg/ml, the equivalent of 3 — 18 uM. These
differences have biological and analytical consequences. Differences in Zn
concentrations between commercial MH lots even affect the classification of the
antimicrobial susceptibility of metallo-f-lactamase-harboring bacteria [53]. As most drug
screening conditions used to explore the currently available chemical space do not
consider the presence of physiologically relevant concentrations of Zn, our results
suggest that re-exploration of available chemical compound libraries for antibacterial Zn-
activated metallodrugs could be a promising avenue forward to overcome the current

shortage of effective antibiotics.
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ABSTRACT

Antimicrobial resistance is increasing in prevalence among bacterial pathogens,
reducing the number of effective treatments for bacterial infections, yet antibiotic
development has stalled despite advancements in drug screening technology. Novel
approaches to bacterial targeting strategies are sorely needed to counteract the growing
threat of antimicrobial resistance. One avenue for development is metallo-antibiotics, or
small molecules that become inhibitory in the presence of a transition metal. Previously,
our lab uncovered copper-dependent inhibitors of Mycobacterium tuberculosis and
Staphylococcus aureus, and using a Zn-dependent screening approach, we identified the
avobenzone as potent Zn-dependent inhibitor of methicillin-resistant S. aureus. However,
further development of metal-antibiotics will require potential lead structures to be
readily optimized for desirable characteristics. Here, we perform a structure activity
relationship study to demonstrate R-group modifications of two classes of privileged
structures with documented metal-binding capability and antibacterial activity, the 8-
hydroxyquinolines (8HQs) and the benzimidazoles (BZIs), result in differential metal-
dependent antibacterial activity. We show the addition of halogens to the 8HQ core
structure leads to induction of Zn-dependency at the exclusion of Cu dependency,
indicating metal dependency can selected for through rational drug design. Furthermore,
we show modifications to both the 8HQs and the BZIs can minimize the amount of metal
required for activation. In total, our data reveals metallo-antibiotics across classes can be
optimized using a combinatorial chemistry and therefore lays the foundation for further

metallo-antibiotic development.
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INTRODUCTION

Staphylococcus aureus is a serious human and animal pathogen capable of
causing localized skin and soft tissue infections to more serious and debilitating
infections, such as bloodstream infections, osteomyelitis, and toxic shock syndrome [1].
Treatment of S. aureus infections is complicated by the presence of methicillin-resistant
strains (MRSA) that are resistant to 3-lactam antibiotics, and multidrug resistant forms of
MRSA are not uncommon in the clinic. In 2017 in the United States alone, MRSA caused
over 300,000 hospitalized infections and resulted in over 10,000 deaths. The total cost of
MRSA infections during this period is estimated to be $1.7 billion [2], and the World
Health Organization documented an increasing prevalence of these difficult-to-treat
strains among developing countries where healthcare may be limited [3].

The prevalence of antibiotic resistance has grown in recent decades, reducing our
pharmaceutical arsenal available for the treatment of infectious diseases. Concurrently,
antibiotic development has stalled due to a drought of novel antibiotic molecules
identified by established drug screening methods, both modern and historical [4], and
dwindling profits in the pharmaceutical industry [5-8]. In order to counteract the growing
threat of antimicrobial resistance, new antibiotic molecules must be uncovered. Several
ventures towards this end have been attempted. Nichols et. al. pioneered a new method to
culture previously unculturable bacteria in their native environment [9] in an attempt to
resurrect the Waksman platform, the premier method for antibiotic screening responsible
for identifying most known antibiotics to date [4]. This method ultimately identified the
promising and novel natural antibiotic teixobactin, a molecule against which resistance

could not be generated [10, 11]. Other attempts include screening for molecules that
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reduce bacterial virulence by inhibiting toxin export or biofilm formation [5], the
development of antimicrobial nanoparticles [12], and phage therapy [13]. Despite these
efforts, no new antibiotic therapy has been given FDA approval since the introduction of
the antimycobacterial bedaquiline in 2010 [4].

Another avenue for antibiotic discovery is the burgeoning field of metallo-
antibiotics. Metallo-antibiotics are small molecules that gain antibacterial activity in the
presence of a transition metal. Most studies in this field focus on copper-dependent
inhibitors (CDIs), molecules that become antibacterial when combined with copper (Cu),
as Cu has long been known for its naturally occurring antibacterial actions [14]. This led
to the discovery of the thiosemicarbazones (TSCs) [15-17] and pyrazolopyrimidinones
(PZPs) as CDIs [18]. It has also been noted that certain 8-hydroxyquinolines (8HQ)
possess metal-dependent antibacterial action [19, 20]. Recently, we discovered zinc (Zn)
can also activate antibacterial activity in otherwise inactive small molecules similarly to
Cu by screening a small library of bioactive molecules. From this screen, we identified
avobenzone (AVB), a UV-A filter common in sunscreens [21], as possessing both Cu and
Zn-dependent inhibitory activity against MRSA (in press). While AVB appears to be a
promising candidate for drug repurposing, the combined metal-dependent activities of
AVB may pose a challenge to its future development as both activities will need to be
defined. This challenge is of broader consequence to metallo-antibiotics as a whole. For
instance, the PZPs are also activated by transition metals other than just Cu [18]. Future
development of metallo-antibiotics will thus be dependent on being able to modulate the

metal dependencies of lead candidates.
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Here, we perform a structure activity relationship study (SAR) of classes of
privileged structures, or classes of molecules that are readily modified chemically, with
documented metal-dependent antibiotic activity to determine if metal-dependency can be
manipulated chemically. We show that two classes of privileged structures, the 8HQs and
the benzimidazoles (BZIs), are differentially inhibitory against S. aureus in combination
with various transition metals. We find metal specificity of both the 8HQs and the BZIs
are R-group specific, and the metal concentration requirements for the Cu and Zn-
dependent activation are modulated in an R-group specific manner. Furthermore, we
show Zn dependency can be selected for at the exclusion of Cu dependency and therefore

lay a foundation for the rational design of specifically Zn-activated metal-antibiotics.

METHODS
Bacterial strains and culture conditions.

The S. aureus strains LAC (FPR3757) and Newman were routinely cultured in the
rich medium Mueller-Hinton (MH; Oxoid) broth. Strains were cultured at 37°C while
shaking at 180 rpm for aeration and were transferred to the chemically defined medium
1x RPMI-1640 (Corning) for use in assays. Prior to transfer, cultures were washed twice

in 1x RPMI-1640 to remove residual MH medium.

Compounds and Reagents.
All 8HQ and BZI analogs were purchased from Chembridge. Avobenzone
analogs were either purchased from Chembridge or were synthesized by the Bossmann

laboratory at Kansas State University. Compounds were reconstituted in 100% anhydrous
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dimethyl sulfoxide (DMSO; Fisher Chemical) at a final concentration of 10 mM unless
otherwise prevented due solubility issues. Reconstituted compounds were aliquoted and
stored at -80°C for long-term storage. Metal and salt solutions were made by dissolving
the salts in double-distilled water (ddH20), sterile filtered with 0.2 um nylon filters
(Fisher Scientific), aliquoted, and stored at 4°C. All metals and salts were purchased from
Sigma. Metal stock solutions were stored as 100 mM aliquots in ddH20 at 4°C following

sterile filtration with 0.2 um nylon filters.

Determination of minimal inhibitory concentration.

The minimal inhibitory concentration (MIC) of each chemical analog was tested
using challenge assays as previously described [18, 22]. Briefly, S. aureus strains were
cultured to mid-exponential phase in MH medium, which was determined by measuring
the optical density at 600 nm (ODeoo) of each starter culture. Cultures were normalized
and treated at a standard ODgoo Of 0.005 in 1x RPMI-1640. Each strain was treated with
compounds that were serially titrated 1:2 in the assay medium in 96-well flat-bottom
plastic plates with or without either CuSO4 or ZnSO4. Depending on the assay, the metal
concentrations fluctuated between 50 and 15 uM. Compound-untreated samples for each
metal condition were used as negative controls. Cultures were treated for 18 — 20 hours at
37°C with 5% COz. Growth was determined by measuring the absorbance of each well at
600 nm (Asoo) using a Biotek™ Cytation 3 plate reader following the treatment period.
Readings were background subtracted and normalized to the compound untreated control
for each metal condition. We defined the MIC as the lowest concentration which reduced

bacterial growth or viability below 10% of the compound untreated control.
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Dose Matrices.

Dose matrices were performed in a similar manner to the challenge assays.
Strains, culturing methods, starting ODsoo, and treatment media remain unchanged from
the challenge assays. Compounds were serially titrated 1:2 against serial 1:2 titrations of
either CuSOg4 or ZnSOg in flat-bottom 96-well plates. Compound concentrations started at
10 uM, while metal concentrations started between 50 uM and 30 uM depending on the
experiment. Plates were incubated at 37°C + 5% CO as described above. Relative
growth was determined by measuring the Asoo Of each condition, performing background

subtraction, and normalizing each condition to that of the untreated control.

RESULTS
Chemical modifications to the structure of AVB eliminate Zn-dependent antibacterial
activity.

Previously, we identified AVB as a metallo-antibiotic with potent Zn-dependent
inhibitory activity against MRSA (in press). Hypothesizing that Zn dependency can be
tuned through chemical modifications for increased potency, we sought to perform a
small-scale SAR of AVB analogs, both synthesized and chemically available (Figure
1A). To test this, we challenged the characterized MRSA strain LAC with serial titrations
of analog in the presence and absence of a single sub-inhibitory concentration of Zn in
the chemically defined medium 1x RPMI-1640 as previously described [18]. Bacterial
growth was measured after a 20-hour treatment period, with Asoo used a surrogate metric
of growth, and growth under each condition was normalized as a percent of the analog-

untreated control. The minimal inhibitory concentration (MIC) was defined as the lowest
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analog concentration that reduced LAC growth by 90%, and the MICs for each
concentration were compared to those of the original compound, AVB.

As with AVB, none of the analogs were inhibitory in the absence of Zn (Figure
1B). Because of this, we conclude the core region of AVB composed of the two benzene
rings is not innately inhibitory against S. aureus. Interestingly, all modifications to AVB
resulted in reduced potency of the Zn-dependent action (Figure 1C). All analogs with the
exception of AVB-1 lost all Zn-dependency against MRSA within the concentrations
tested, and the Zn-dependent activity of AVB-1 was reduced 16-fold relative to AVB.
AVB-1 and AVB-3 most closely resemble the original structure. For AVB-1, the
trimethyl group is replaced with a hydrogen atom, while the ether group of AVB is
replaced with a chlorine atom in in AVB-3. This indicates that loss of either R-group
results in reduced potency. Addition of lager, bulkier, or more charged species, as is the
case in the remaining analogs, is also detrimental to potency. Ultimately, this may
indicate the antibacterial action of Zn- activated AVB (AVB-Zn) is not readily optimized

through combinatorial chemistry.
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Figure 1 Chemical modifications to avobenzone abolish the zinc-activation of
avobenzone.

(A) The two-dimensional structures of avobenzone (AVB) and the AVB derivatives used
in this study. Structures were drawn using MarvinSketch by ChemAxon. S. aureus LAC
was treated with serial titrations of AVB and the AVB derivatives in without a metal (B)
and with 25 pM Zn(I1) (C) for 20 hours at 37°C. Aeoo readings were used as a marker of
cells growth were normalized as a percent of the untreated control for each metal
condition. Data represent the mean £+ SD (n = 1 biological replicate with 3 technical
replicates).



8HQ metal specificity is dependent on R-group modifications.

While we were unable to modify the Zn-dependent action of AVB, other
structural backbones with metal-dependent antimicrobial activities may be more
amenable to optimization. To test this, we selected a class of privileged structures with
known metal-dependent antibacterial or metal-binding capabilities, the 8HQs [23], and
assembled a small panel of compounds with an 8HQ backbone (Figure 2A). We chose
specific compounds for the 8HQ panel to have a variety of types of R-groups. These
include bulky R-groups (broxaldine, BXA), a variety of halogenated analogs
(broxyquinoline, BQ; clioquinol, CIQ; and chlorquinaldol, CQ), and nitrogenous R-
groups, both neutral (5-amino-8HQ, 5A8HQ) and charged (5-nitro-8HQ, 5N8HQ). We
then challenged S. aureus with each compound with and without sub-inhibitory
concentrations of various transition metals to determine the activity of the compounds

with each metal.
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Figure 2 Chemical structures included in the 8-hydroxyquinoline and benzimidazole

panels.

The structures depicted in (A) represent the core motif and derivatives of the 8-
hydroxyquinoline (8HQ) panel, and (B) represents the core benzimidazole (BZI) motif
and the analogs included in the panel. All structures were drawn using MarvinSketch
provided by ChemAxon.
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Focusing on the 8HQ panel, we challenged LAC with serial titrations of all seven
8HQ compounds individually with and without Cu or Zn. Previously, 8HQ was
determined to be a CDI of Mycobacterium tuberculosis with no other metal-dependent
activity [19]. In keeping with this, we found 8HQ was only inhibitory against S. aureus in
the presence of Cu (Figure 3A). Interestingly, 8HQ is the only compound in the panel
with this pattern of activity. The most potent activity BQ, BXA, CIQ, and CQ (Figure
3B-E) is Zn-dependent, with MICs ranging from 0.16 — 0.31 (uM) with 15 uM Zn. Other
than 8HQ, only BXA displays Cu dependency. Meanwhile, 5A-8HQ (Figure 3F) only
possesses metal-independent inhibitory activity against S. aureus. Lastly, 5SN-8HQ
(Figure 3G), the only 8HQ molecule with a charged R-group, is inactive against S.
aureus. These results suggest, contrary to past evidence, that the 8HQ class is more

broadly inhibitory with Zn rather than with Cu.
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Figure 3
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Figure 3 Modifications to the 8-hydroxyquinoline core cause shifts in metal
specificity.

S. aureus LAC was exposed to serial titrations of 8-hydroxyquinoline (8HQ) (A),
broxyquinoline (B), broxaldine (C) clioquinol (D), chlorquinaldol (E), 5-amino-8HQ
(5A-8HQ) (F), and 5-nitro-8HQ (5N-8HQ) (G) in the presence and absence of Cu(ll) and
Zn(11). Growth was measured after a 20-hour incubation period at 37°C through A600
measurements, and readings were normalized to the untreated control of each metal
condition. The minimal inhibitory concentration was defined as the lowest concentration
of compound that inhibited the growth of S. aureus to at least 10% of the untreated
control. The data represent the mean £ SD (n = 1 biological replicate with 3 technical
replicates).
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It is interesting that just the addition of two halogens off the fifth and seventh
carbons of the 8HQ skeleton, as with BQ and CIQ, is sufficient to abolish the Cu
dependency displayed by 8HQ and shift the molecules towards Zn dependency. The
addition of a hydrophobic group off the first carbon does not appear to alter the activity
of these halogenated analogs, nor does the exact type of halogen appear to be of
consequence. Rather, the mere presence of a halogen is all that is required to show Zn
dependency. Interestingly, BXA, which possesses two bromine atoms and a third bulky
side group, exhibits Zn dependency but is unique for also showing Cu dependency. We
hypothesize the larger aromatic side chain may be responsible for restoring Cu
dependency. Meanwhile the two analogs with nitrogenous R-groups, 5A-8HQ and 5N-
8HQ, both lost metal dependency. Nitrogenous R-groups may therefore interfere with
metal dependency at this site, though the exact mechanism is unclear. It is also possible
the added charge to 5N-8HQ relative to 8HQ results in reduced permeability across the
bacterial cell membrane. Regardless, the range of inhibitory activities displayed by the
8HQ compound panel indicates alteration of specific R-groups can lead to variations in
both metal dependency and potency. Importantly, this can be done at the exclusion of a
metal such that a metallo-antibiotic could be rationally designed to be specific for a given

transition metal.

R-group modifications of 8HQs modulate Zn requirements for Zn activation.
Once we established R-group modifications can alter metal specificity, we sought
determine whether metallo-antibiotics could be engineered for minimal metal

requirements. To do so, we focused on the potent Zn-dependent actions of the four
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halogenated 8HQ analogs: BQ, BXA, CIQ, and CQ. We performed dose matrices where
a given analog was serially titrated against serial titrations of Zn to determine the
minimum concentration of Zn required for inhibition of LAC. LAC was treated with each
condition overnight, and relative growth was determined by normalizing Aeoo readings as
a percent of the untreated control (Figure 4). Here we found that regardless of analog,
inhibition was dose-dependent on both analog and Zn concentrations, suggesting a
potential binding interaction. Here we found BQ and CIQ, the most closely related
molecules, were nearly identical (Figure 4A, C). Both compounds required as little as
0.31 uM Zn, far less than serum concentrations of Zn, to show clear Zn dependency, and

the potency of the analog increased as the Zn concentration increased.

91



- Zn(ll) 2 -Zn(ll)
0.08 uM Zn(ll) 2 0.04 pM Zn(ll)
1907 0A6uMzn(l) 100142 A 0.16 uM Zn(l}
2 031uMzZn(l) £ A 0.31 pM Zn(ll)
= =
$ 0.62uM2Zn(l)  E s 2 0.62 pM Zn(ll)
2 1.25uMzn(ll) £ 2 1.25 pM Zn(ll)
o 9
® . 2.5 uM Zn(Il) ® & 5 uM Zn(ll)
= 1suMzny = 507 A 15 pM Zn(Il)
s 30 pM Zn(ll) 2 - 30 uM Zn(l)
L[ L ) O, T 1 PR ogMe \, ------
0- ; = | —
0 0.01 0.1 1 10 100 0 0.01 0.1 1 10 100
Broxyquinoline (1M) Broxaldine (pM)
| < - Zn(ll) - Zn(ll)
<~ 0.08 M Zn(ll) 0.16 UM Zn(ll)
1004 < 016pmzn(n) _ 10040 0.31 pM Zn(ll)
& < 031pMzZn() = E 0.62 pM Zn(ll)
£ < o6zuMzn(l) 1.25 pM Zn(ll)
s - 1.25 uM Zn(ll) g L g 2.5 pM Zn(ll)
e - 2.5 M Zn(ll) e 5 UM Zn(ll)
2 50 < sumzey £ 507 15 uM Zn(ll)
2 - 30 pM Zn(ll) ] 30 uM Zn(lI)
o4MC A N NN wodMC N ANNG
0 [ e | L
0001 041 1 10 100 0001 041 1 10 100
Clioquinol (uM) Chlorquinaldol (1M}

Figure 4 Modifications to the 8-hydroxyquinoline core motif alters the minimum
zinc concentration required for activation.

Dose matrices of each compound was performed by serially titrating a compound against
serial titrations of Zn(ll). S. aureus LAC was incubated with each condition for 20 hours
at 37°C before Asoo growth measurements were taken and normalized to the untreated
control. Dose matrices are shown for broxyquinoline (A), broxaldine (B), clioquinol (C),
and chlorquinaldol (D). Data represents a single biological replicate for each dose matrix.
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Additional R-groups outside the 5” and 7° halogens appear to have a small effect
on the Zn concentration required for Zn-dependent inhibition of S. aureus. Both BXA
and CQ require less than 100 nM Zn to become more inhibitory than the metal-dependent
action of each compound. However, the bulkier BXA has a more limited range of Zn
concentrations that affect its potency relative to CQ. Larger R-groups may therefore also
alter the range of Zn concentrations resulting in changes in inhibition potency. This is
further supported by the broader range of effective Zn concentrations with CQ, though
future studies will be required to determine the extent to which R-group size affects Zn
requirements. In total, we find members of the 8HQ class of molecules possess
differential metal-dependent antibiotic activity and vary in metal requirements needed to
become inhibitory against S. aureus, demonstrating metallo-antibiotics can be tuned for

certain metal specificities and requirements through combinatorial chemistry.

BZI metal specificity is altered by R-groups modifications.

While the 8HQs are modifiable metallo-antibiotics, the same may not be true for
other classes of metallo-antibiotics. A previous Cu-dependent screening effort undertaken
by our laboratory identified a number of compound clusters with Cu-dependent anti-
staphylococcal activity [24]. One of these hit clusters was the BZIs. Like the 8HQs, BZIs
are privileged structures and are therefore common structures found in screening libraries
[25]. BZlIs are also known for binding transition metals [26]. Because of this, we chose to
perform another small-scale SAR using the BZI core structure to determine if tuning of
metal-antibiotic activity is more broadly applicable across structural classes. The

compounds composing the BZI panel were chosen based on a hit compound identified
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from our previous screen [24], which we have termed BZI-458. The remaining BZIs were
chosen for their aromatic or halogenated R-groups (Figure 2B).

First, we determined the metal specificity of each BZI compound by performing
challenge assays against the lab-adjusted S. aureus strain Newman with and without
various d-block transition metals and determining the MIC each BZI compound under
each metal condition. The resultant dose-response curves (Figure 5) show each BZI has
different inhibitory activity with each metal. None of the BZIs are inhibitory in the
absence of a transition metal, and no BZI reduces the growth of S. aureus by at least 90%
when combined with manganese (Mn). This is not surprising as Mn has the lowest
affinity metal binding moieties based on the Irving-Williams Series (Mn < Fe < Co < Ni
<< Cu > Zn), which describes relative affinity for metal-binding motifs by divalent d-
block transition metals [27]. The MICs of the BZI panel with each metal condition is

shown in Table 1.
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Figure 5
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Figure 5 Modifications to the benzimidazole core structure cause shifts in metal

specificity.

S. aureus Newman was incubated with serial titrations of BZI-458 (A), BZI-142 (B),
BZ1-486 (C) BZI-178 (D), BZI1-250 (E), and BZI-613 (F) in the presence and absence of
the following transition metals: Co(lIl), Cu(Il), Mn(11), Ni(Il) and Zn(I1). Growth was
measured after 20 hours by measuring the Asoo of each conditions, and readings were
normalized to the untreated control of each metal condition. The minimal inhibitory
concentration was defined as the lowest concentration of compound that inhibited the
growth of S. aureus to at least 10% of the untreated control. The data represent the mean
+ SD (n = 1 biological replicate with 3 technical replicates).
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MIC (M)

Analog - Metal Co(ll) Cu(ll Mn(ll) Ni(Il) Zn(Il
BZI-458 > 10 0.31 5 >10 10 0.16
BZI-142 > 10 0.31 > 10 > 10 2.5 0.16
BZI-486 > 10 0.62 > 10 > 10 > 10 0.31
BzI-178 > 10 1.25 > 10 > 10 10 0.16
BZI-250 > 10 1.25 10 > 10 > 10 1.25
BZI-613 > 10 1.25 5 > 10 10 0.31

Table 1 The minimal inhibitory concentrations of the benzimidazoles under each
metal condition against Newman.

The minimal inhibitory concentration (MIC) is the lowest compound concentration that
inhibited the growth of S. aureus by at least 90%. Data represents the dose-response
curves shown in Figure 5. The values in bold represent the lowest MIC for that metal
condition.
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Despite being initially identified as CDIs of S. aureus, the most potent anti-
staphylococcal action for all six BZIs was the Zn-dependent action, and only four of the
six BZIs displayed Cu-dependency (Figure 5). All BZIs were inhibitory in the presence
of cobalt (Co), though this was always secondary in strength to the Zn-dependent action.
Lastly, four of the six BZIs were inhibitory with nickel (Ni), specifically BZ1-458, BZI-
250, BZI-178, and BZI-613. Importantly, small alterations to the core BZI structure
results in BZIs with varying metal dependencies, as is seen with the 8HQs. Additionally,
BZIs with an aromatic R1-group lose Cu dependency, again indicating rational drug
design could potentially exclude unwanted metal dependencies.

We next performed dose matrices of each BZI serially titrated against either Cu or
Zn against Newman to determine the range of metal concentrations resulting in altered
BZI potency. BZIs with Cu dependency were titrated against both Cu and Zn, while BZIs
that did not inhibit the growth of S. aureus with Cu were only titrated against Zn. As
expected of metal-binding compounds, the BZIs showed dose-dependence on both the
analog and titrated metal. Apart from BZI-458, all the Cu-dependent BZI analogs
required 20 UM Cu or more to inhibit S. aureus growth. BZ1-458 required at least 10 uM
Cu (Figure 6A, C, E, G). In contrast, these same analogs only required 0.31 — 1.25 uM
Zn for minimum activity (Figure 6B, D, F, H), potentially suggesting a higher binding
affinity for Zn over Cu. Generally, the dose matrices for each BZI are reminiscent of each
other. The exception is BZI-250, which required more Cu and more Zn to become
inhibitory. Additionally, BZI-250 has the largest MIC with Cu and with Zn compared to
the remaining BZIs. This is also the only fluorinated BZI, which could indicate the

addition of fluorine may interfere with metal binding or inhibitory potential.
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Figure 6
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Figure 6 Minimal metal requirements of benzimidazoles with copper and zinc
dependency.

Copper dose matrices of BZI-458 (A), BZI-178 (C), BZI-250 (E), and BZI-613 (G) and
zinc dose matrices of BZI-458 (B), BZI-178 (D), BZI-250 (F), and BZI-613 (H) were
performed against S. aureus Newman. Growth was measured after 20 hours of incubation
at 37°C using Asoo measurements. Growth was normalized as a percentage of the
untreated control for each dose matrix. Data represents a single biological replicate.

99



Meanwhile, the two BZIs without Cu dependency, BZI-142 and BZI1-486, greatly
differ the amount of Zn required to cause antibacterial activation (Figure 7). BZ1-142
only required 0.62 UM Zn for activation and was fully active (MIC = 0.31 uM) with just
10 uM Zn (Table 2). In contrast, BZ1-486 needed at least 20 uM Zn for activation and at
a 32-fold higher MIC than when incubated with 50 UM Zn, as in the challenge assays.
BZI1-142 and BZI-486 are identical molecules except for the ring structures incorporated
in the R1-group. BZI-142 incorporates a phenyl group, while BZI-486 includes an
oxazole ring structure. Intriguingly, oxazoles are known Zn-binding motifs [28, 29], yet
the dose matrix of BZI-486 and Zn suggests lower Zn affinity compared to BZIs without
an oxazole structure. Given this, we hypothesize this phenomenon could be due a change
in Zn coordination geometry compared to compound-Zn complexes with the other BZIs
in our panel, though further binding studies and complex structures will need to be
determined to fully conclude this. In any case, the simple change in ring structure
drastically altered the Zn requirements between two otherwise identical compounds,

confirming metal requirements can be modulated across multiple compound classes.

100



Figure 7
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Figure 7 Minimal zinc requirements of benzimidazoles without copper dependency.
BZI-142 (A) and BZ1-486 (B) were serially titrated against serial titrations of Zn(lI). S.
aureus Newman was treated with each condition for 20 hours at 37°C. Relative growth
was determined by measuring the Asoo 0Of each condition, and background subtracted
values were normalized as a percentage of the untreated control for each compound. Data
represents one biological replicate.
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Analog  MICqyqy (UM)  [Cu(ID] (M) MICzqy (M) [Zn(ID)] (LM)

BZI-458 1.25 50 0.08 10
BZI-142 - - 0.31 10
BZI-486 - - 10 20
BZI-178 1.25 50 0.31 40
BZI-250 5 40 1.25 10
BZI-613 2.5 40 0.62 10

Table 2 Metal requirements for benzimidazole potency against S. aureus Newman.
This table represents the most potent minimal inhibitory concentration (MIC) of each
benzimidazole derivative with copper and with zinc based on the copper and zinc dose
matrices in Figure 6 and Figure 7. The metal concentrations listed are the lowest metal
concentration required to reach the listed MIC. Values are of a single biological replicate.

102



DISCUSSION

By performing two targeted SARs, we have demonstrated metallo-antibiotics
have the potential for rational design. Though AVB is not a strong candidate for
optimization using combinatorial chemistry, two different classes of privileged structures
with metal-dependent anti-staphylococcal activity, 8HQs and BZIs, can be modulated and
optimized for specific desired features. Derivatives of both the 8HQs and BZIs display
differential metal dependency that are specific to a given R-group, such that halogenated
8HQ derivatives abolish Cu-dependent inhibition of S. aureus and instead display Zn-
dependency. Similarly, R-group modifications can shift the metal specificities of certain
BZIs. We also find R-group modifications of either class modify the quantity of metal
required for inhibition. Of greatest import, the 8HQs and BZIs can be structurally
modified to exclude a specific metal activity, a feature that will be necessary for future
metal-antibiotic development.

It is promising that simple modifications to the 8HQ and BZI backbone result in
noticeable differences in metal specificity. Halogens in particular appear to be beneficial
for antibacterial Zn activation, though the reason for this is unclear. Previous reports
indicate that halogens can form halogen bonds with target biomolecules in a similar
manner to hydrogen bonding and that these follow an order of bonding likelihood defined
by their polarizability [30]. lodine forms the strongest interaction and is of similar
strength to a hydrogen bond. lodine is followed by bromine then chlorine and finally
fluorine [30], with fluorine bonds being possible [31] though comparably rare [30]. The
consequence of this binding is increased target affinity [32], and as such, halogen

bonding is feature considered in rational drug design [33, 34]. The halogenated 8HQ
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follow the pattern of halogen bonding strength, where CIQ, the only 8HQ tested with an
iodine atom, and the di-brominated BXA and BQ have the strongest Zn-activated
antibacterial action compared CQ. Interestingly, we also note the fluorinated BZI
derivative, BZI-250, is the least potent of the BZIs that display Cu and Zn activation.
Given the improved potency of the halogenated 8HQ derivatives, this may suggest Zn-
activated 8HQs inhibit S. aureus by binding to a single target. However, this in contrast
to reports showing CIQ [35, 36] and PBT2 [37-40], another 8HQ derivative, are metal
ionophores. PBT2 was recently shown to inhibit S. aureus, Group A Streptococcus, and
Enterococcus by inducing Zn intoxication [39, 41]. Mechanistic studies will therefore be
required to determine the mechanism of action of the Zn-activated halogenated 8HQs in
our experimental system.

The primary limitation of this study is that it is preliminary. We utilize two
miniaturized SARs, which have allowed us to begin hypothesizing as to which
modification will result in a given activity, but a larger, targeted SAR focused on
hypothesis-driven modifications will be required to address this particular question. This
SAR should also be expanded to include a wider array of desirable features for a metallo-
antibiotic to better illustrate the consequences of structural modifications. These features
could include reduced toxicity to eukaryotic cells, inhibition of multiple bacterial species,
improved cell permeability, and induction inhibition with a single transition metal.
Despite these limitations, this study lays the groundwork for systematic optimization of

metallo-antibiotics furthers metallo-antibiotic development.
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CONCLUSIONS
Summary of findings

Prior studies have predominantly focused on copper (Cu) as the activating metal
that contributes to the inhibitory actions of metallo-antibiotics. These Cu-driven efforts
laid the foundation for estimating potential classes of metallo-antibiotics from structural
motifs [217, 218, 262] and describing mechanisms of action of antibacterial Cu-
dependent inhibitors (CDIs) [214, 220, 263, 264], yet the sole focus on Cu
underestimates the full breadth of possible metallo-antibiotics. In the studies described
here, we demonstrate zinc (Zn) is an effective activator of antibacterial activity against
Staphylococcus aureus with minimal toxicity against eukaryotic cells. By developing a
simple and readily adaptable Zn-dependent antibiotic screening, we find Zn, rather than
Cu, is a more efficient antibacterial activator among bioactive molecules and greatly
improves the rate of hit identification of an antibiotic screen. This method also enabled
the repurposing of avobenzone (AVB), a UV-A filter used in sunscreens, as a Zn-
activated antibiotic against multi-drug resistant S. aureus. We also demonstrate
antibacterial Zn activation is a more consistent feature of classes of privileged structures
with documented metal-dependent bioactivities compared to Cu. Our structure activity
relationship (SAR) study of these privileged classes reveals structural modifications to
metallo-antibiotics can subsequently alter the metal specificity of a compound such that
metallo-antibiotics could be designed for a single metal-specific action. In total, this work

shows consideration of Zn broadens the metallo-antibiotic field and offers new
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opportunities for metallo-antibiotic development at a time when novel antibiotics are

sorely needed.

Preponderance of Zn-activated antimicrobials

A previous study estimated the total number of organic molecules in potential
chemical space is 10%3. This number assumes all molecules follow Lipinski’s Rule of
Five and are only composed of carbon, nitrogen, oxygen, sulfur, and hydrogen [265].
Naturally, this number does not represent all molecules in available chemical space (i.e.,
synthesized molecules), nor does it consider halogens, which are commonly incorporated
into drugs. The amount of known drug space, the available molecules with druggable
features, is considerably smaller. Virtual screening suggests less than 0.1% of all possible
small molecules have ever been synthesized [266], and a database of unknown chemical
space, GDB-17, was developed in 2012 to represent chemical space composed of organic
molecules of 17 atoms or less, contains 166.4 billion compounds [267]. In comparison,
112,407,039 compounds and 298,306,350 substances representing 301,290,840
bioactivities have been deposited in PubChem, an online chemical database hosted by the
National Institute of Health (NIH) [268], at the time of writing. Some of these molecules,
especially antibiotics that do not follow Lipinski’s Rule of Five [130], expand upon the
105 molecule estimate of chemical space.

Despite the sheer volume of molecules available for testing and the establishment
of HTS, antibiotic discovery continues to languish. Our small-scale Zn-dependent screen
indicates that, despite the lack of novel antibiotics, chemical space can be further mined

for antibiotics by adapting available screening methods to include Zn. Generally, a
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standard HTS effort can expect, at maximum, a hit rate of 2% [269]. In contrast, our
metal-dependent screen boasts a hit rate of over 8%. The hit rate is likely inflated because
of screening a library of known bioactive molecules. However, by assuming a similar
ratio of independent hits to Zn hits with the independent hits representing a more
conservative 1% of the total library, we can extrapolate these results to a larger number of
compounds. For a library comprising 100,000 compounds, a standard screen would
identify 1,000 compounds as hits based on a 1% hit rate. A Zn-dependent screen,
however, would identify an additional 628 compounds, boosting the hit rate to 1.63% and
increasing the pool of molecules that could be developed as lead compounds. If we
speculate further to unknown chemical space, specifically the estimates from the GDB-17
database, with these same assumptions, approximately 1 billion molecules with druggable
features could have antibacterial Zn-dependency. While this is a simple estimate with
multiple assumptions, our proof-of-concept screen demonstrates Zn-dependent screening
has the potential identify activities otherwise lost by the predominate antibiotic screening
approach currently in use. Additionally, our screen identified Zn-activated metallo-
antibiotics from characterized chemical space, not just known chemical space. Zn-
activated metallo-antibiotics are present within the current pool of drugs. Therefore, drug
repurposing efforts focused on antibiotics with Zn-dependency should be performed to
streamline metallo-antibiotic development and potentially expedite FDA approval due to
reduced risks of toxicity.

Interestingly, a previous Cu-dependent screen of a 10,000-compound library
against MRSA identified 59 Cu-related hits out of a total 129 hits [216]. The total hit rate

from this screen was 1.29%, while the Cu-related hit rate was only 0.59%, substantially
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lower than the Zn and Cu hit rates from our proof-of-concept screen. Potentially, this
suggests metallo-antibiotics targeting MRSA are more prevalent among bioactive
molecules compared to a broader array of chemical space, though screening of a greater
diversity of molecules will be required to confirm this. Additionally, the studies described
here indicate anti-staphylococcal Zn-dependency is more ubiquitous than Cu-
dependency. Our screen identified 49 Zn hits compared to just 37 hits with Cu, and both
the 8HQs and BZIs were more consistently and potently activated with Zn rather than Cu.
Despite the wealth of studies focused on Cu-dependent inhibitors, Zn may be a more
potent activator of antibiotic activity compared to Cu. Given this, we propose Zn-
activated metallo-antibiotics should be considered an included area of study within the
field of metallo-antibiotics.

Lastly, consideration of physiological metals earlier in the development process
can also eliminate unwanted compounds prior to downstream applications and thereby
reduce unnecessary development costs. For instance, our pilot screen identified Cu and
Zn inverse hits, molecules which become inactive in the presence of Cu or Zn
respectively. Zn is distributed throughout all the major body systems [270], and studies of
nutritional immunity demonstrate Zn localization and concentration will fluctuate
throughout the course of an infection [147, 148, 183, 251-253, 271]. By identifying a
compound that could become inactive at the site of an infection, lead development can be

focused on compounds with consistent activation regardless of a metal.
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Mechanisms of Zn-activated antimicrobials

Though the studies herein demonstrate the surprisingly abundant number of Zn-
activated antibiotics, antibiotics that use Zn for their antibacterial activity are not new.
The first evidence of antibacterial Zn activation was identified in 1971 by Stone et. al. by
demonstrating the antibiotic bacitracin requires Zn to bind to undecaprenol
pyrophosphate [259]. To our knowledge, only two other Zn-dependent antibiotics have
been described. The first is Zn-pyrithione (Zn-PT), an antifungal drug most commonly
used as the active ingredient anti-dandruff shampoos [261] and as an anti-fouling agent
for waste water [261, 272]. The second is an 8HQ analog called PBT2. Previously a
treatment for neurodegenerative diseases [211, 273], PBT2 has since been repurposed as
a Zn antibiotic that reverses drug resistance in bacteria [274]. Here we will discuss the
known mechanisms of Zn-activated antibiotics and potential mechanisms for the Zn-
activated antibiotics by our studies.

Bacitracin was first identified in 1945 and is cyclic polypeptide antibiotic
produced by Bacillus subtilis [257]. Previously, bacitracin-Zn was used locally and
intravenously for the control of infectious diseases, but the nephrotoxicity of bacitracin-
Zn [260] has limited its use in the current day as an ingredient in first-aid ointments.
Bacitracin-Zn is a broad-spectrum, single-target antibiotic that inhibits peptidoglycan
synthesis by binding to and preventing the dephosphorylation of undecaprenyl
pyrophosphate (UPP) to undecaprenyl phosphate (UP) [259, 275]. UP is an intermediate
lipid carrier for cell wall subunits. Preventing its formation thus presents these subunits
from interacting with the inner leaflet of the bacterial cell membrane, resulting in reduced

cell wall deposition [276]. Resistance to bacitracin-Zn has been documented since its
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introduction and primarily occurs through increased polypeptide antibiotic export [277-
280] or expression of a phosphatase that restores the pool of UP by dephosphorylating
UPP [281-283]. Both resistance mechanisms can be found in S. aureus in a strain-
dependent manner.

As previously discussed, Zn-activated AVB (AVB-Zn) is unlikely to act through
the same mechanism of action as bacitracin-Zn. Clinical multi-drug resistant MRSA
isolates we challenged with bacitracin-Zn were, to varying degrees, resistant to
bacitracin-Zn but were still susceptible AVB-Zn. To inhibit these strains, AVB-Zn would
need to bypass the resistance mechanisms encoded by the tested isolates. While AVB-Zn
could have higher affinity for UPP than bacitracin-Zn or directly inhibit the phosphatase
that converts UPP to UP, we find this possibility unlikely. The more probable possibility
is that AVB-Zn has a separate target from bacitracin-Zn. Future studies will need to
define this mechanism.

The second two Zn-dependent inhibitors, Zn-PT and PBT2, are considered
ionophores that damage target organisms by disrupting intracellular metal homeostasis
[261, 284]. While Zn-pyrithione is sold as Zn salt, it is unclear whether the precomplexed
Zn ion plays a role its inhibitory action. Zn-PT increases intracellular Zn concentrations
in mammalian cells [285-287] as would be expected of a Zn ionophore, but a mechanism
separate from Zn has been described in microbes. Zn-PT synergizes with Cu to inhibit
certain marine species [272, 288], and a 2011 study of the fungi Saccharomyces
cerevisiae and Malassezia globus demonstrated Zn-PT degrades iron-sulfur clusters by
increasing Cu uptake, not Zn [261]. Therefore, the classification of Zn-PT as a Zn-

dependent antibiotic may be inappropriate.
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There is greater evidence for PBT2 and other 8HQ analogs as Zn ionophores.
Clioquinol (CIQ), another 8HQ analog that we included in our 8HQ panel, causes Zn
influx in the neurons of mice [287], and PBT2 shunts extracellular Zn into neuroblastoma
cells. This prevents the formation of protease-resistant amyloid-p aggregates seen in
Alzheimer’s disease [273]. PBT2 has since entered into clinical phase II trials as a
treatment for Alzheimer’s disease and Huntington’s disease based on its Zn ionophore
activity [211, 213]. In 2018, PBT2 gained attention as Zn-dependent antibiotic and for its
ability to reverse antibiotic resistance across multiple pathogenic bacteria [274].
Treatment with PBT2 and Zn results in increased in total intracellular Zn concentration,
regardless of species [274, 289, 290]. Since the 2018 study, PBT2 with Zn has been
shown to reverse antibiotic resistance in Group A Streptococcus, S. aureus, Enterococci
[274], Klebsiella pneumoniae, E. coli, Acinetobacter baumanii, Pseudomonas aeruginosa
[289, 291], Neisseria gonorrhoeae [292-294], and S. pneumoniae [295]. Because of this,
PBT2 is an established broad-spectrum Zn ionophore for which resistance has not
developed [289]. Thus, PBT2 is an important molecule that demonstrates the potential of
Zn-activated antibiotics.

Given the structural similarity of PBT2 and the 8HQ analogs included in our
panel, the Zn-activated 8HQs we tested are likely Zn ionophores. This could explain why
the 8HQs we tested were more consistently activated by Zn rather Cu. The question that
remains is why some 8HQs were Zn specific and others were Cu-dependent. What factors
determine the shift from one metal dependency to another when the compounds only
differ by halogenation? A broader structure activity relationship (SAR) study will be

necessary in order to answer this question.
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Future directions

Clearly not all Zn-dependent antibiotics act in the same manner. The first step of
future studies will be to determine the spectrum of possible mechanisms of action of Zn-
activated antibiotics. Studies of bacitracin and PBT2 demonstrate inhibition of cell wall
synthesis [259] and disruption of intracellular Zn homeostasis [274] are possibilities.
Elucidating the range of Zn-dependent antibiotic modes of action will establish the
targeted pathways as targets for future antibiotic development. First, future studies will
need to compare the transcriptomic profiles of S. aureus cells treated with bacitracin-Zn,
PBT2-Zn, major antibiotics, or the Zn-activated antibiotic of interest to see if similar
pathways are upregulated due to treatment. If similar patterns of differential regulation
are seen between two conditions, this would suggest they act on similar pathways, if not
on identical targets. For instance, AVB-Zn and bacitracin-Zn share similar transcriptomic
profiles, AVB-Zn like inhibits a step of peptidoglycan synthesis.

Second, Zn-activated metallo-antibiotics should be analyzed for Zn ionophore
activity using inductively coupled plasma mass spectrometry (ICP-MS). This sensitive
method measures total metal content in parts per million and is the standard method for
measuring alterations metal levels in response to ionophore treatment. However, this
method cannot detect labile metal content, an important aspect when considering Zn
toxicity is hypothesized to be due to mis-metalation [246]. While total Zn content may
increase in response to treatment, it is important to remember this increase may not be
outside of the buffering concentration of the cell as defined by its metal-binding
transcriptional regulators [296]. For instance, Bohlmann et. al. claim PBT2 acts as a Zn

ionophore against vancomycin-resistant Enterococci based on a small but statistically
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significant increase in total Zn content compared to an untreated control, supporting the
claim through transcriptomic profiling [274], but such a small shift may be of little
biological consequence. Monitoring labile metal concentrations would answer solve this
issue.

Fluorescent chelators may provide a solution. Multiple fluorescent chelators with
varying dissociation constants for different transition metals have been developed in
recent years, and protocols have been developed for indirectly measuring intracellular
metal concentrations in live cells [297-300]. Many of these fluorescent chelators are
commercially available, and the fluorophores vary between chelators. This allows for
simultaneous surveillance of several metals at once using flow cytometry or a plate
reader for higher throughput operations. If transcriptomics profiles, total metal content,
and labile content all indicate altered metal homeostasis due to treatment, the compound
of interest is likely an ionophore.

A secondary condition to consider when studying potential ionophores is the
nonspecific nature of their action. Though PBT2 is proven and safe Zn ionophore in
humans [211, 213], PBT2 as an antibiotic will need to be considered for its off-target
neural effects. The same is true for other ionophores. As multiple classes of metallo-
antibiotics are metal ionophores, metallo-antibiotics, regardless of metal specificity,
should be thoroughly evaluated for eukaryotic toxicity and safety in an animal model. Yet
this same nonspecific action may also be beneficial from a development standpoint.
Metal homeostasis is essential for all organisms [246]. Disruption of this would then be
applicable to many different bacterial species. Metal ionophore antibiotics should then be

evaluated for broad spectrum activity as well.
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Lastly, larger Zn-dependent screens are required to begin building a database of
structural classes associated with Zn-dependency. To potentially increase the initial hit
discovery, it may be beneficial to bias the screen for antibiotic and chelator discovery.
Antibiotics break Lipinski’s Rule of Five [130]. Screening a library dedicated to breaking
these rules, such as a macrocycle library, may increase the number of independent
antibiotic hits from the screen, while screening a library of compounds with a
preponderance of metal-binding motifs is more likely to identify metal-activated
antibiotics. Hits from these screens should be clustered using strategies previously
described [216] to cluster hit compounds by structural motif. The clusters can then be
expanded using a SAR-by-catalog approach. These results can in turn be used to inform a
hypothesis-driven SAR to define how metal specificity can shifted across a class of
molecules.

New antibiotics are essential to continue treating infectious diseases as antibiotic
resistance grows. Metallo-antibiotics are one such option. Our studies here show metallo-
antibiotics are more ubiquitous than previously understood, even within characterized
chemical space and that Zn-activated antibiotics are yet another type of metallo-
antibiotics to further explore. Our initial characterization of AVB-Zn suggests the
mechanisms of Zn-activation are also broader than simply inhibition of cell wall
synthesis or disruption of Zn homeostasis. Finally, Zn-activated metallo-antibiotics
provide an opportunity for rational design of antibiotics with particular metal specificities
and improved potency using available methods. Zn-dependent antibiotics are then a rich

source for antibiotic drug development.
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