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Abstract

The continuous rise of multi-drug resistant pathogenic bacteria has become a significant challenge 

for the health care system. In particular, novel drugs to treat infections of methicillin-resistant 

Staphylococcus aureus strains (MRSA) are needed, but traditional drug discovery campaigns have 

largely failed to deliver clinically suitable antibiotics. More than simply new drugs, new drug 

discovery approaches are needed to combat bacterial resistance. The recently described 

phenomenon of copper-dependent inhibitors has galvanized research exploring the use of metal-

coordinating molecules to harness copper’s natural antibacterial properties for therapeutic 

purposes. Here, we describe the results of the first concerted screening effort to identify copper-

dependent inhibitors of Staphylococcus aureus. A standard library of 10,000 compounds was 

assayed for anti-staphylococcal activity, with hits defined as those compounds with a strict copper-

dependent inhibitory activity. A total of 53 copper-dependent hit molecules were uncovered, 

similar to the copper independent hit rate of a traditionally executed campaign conducted in 

parallel on the same library. Most prominent was a hit family with an extended thiourea core 

structure, termed the NNSN motif. This motif resulted in copper-dependent and copper-specific S. 
aureus inhibition, while simultaneously being well tolerated by eukaryotic cells. Importantly, we 

could demonstrate that copper binding by the NNSN motif is highly unusual and likely responsible 

for the promising biological qualities of these compounds. A subsequent chemoinformatic meta-

analysis of the ChEMBL chemical database confirmed the NNSNs as an unrecognized 

staphylococcal inhibitor, despite the family’s presence in many chemical screening libraries. Thus, 

our copper-biased screen has proven able to discover inhibitors within previously screened 

libraries, offering a mechanism to reinvigorate exhausted molecular collections.

INTRODUCTION

The advent of high throughput screening (HTS) technologies over thirty years ago 

revolutionized drug discovery efforts. Having apparently exhausted the readily identifiable 

repertoire of natural antibacterials derived from soil bacteria, HTS strategies began a 
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renaissance in drug discovery, promising an effectively unlimited supply of novel 

compounds to combat the emerging threat of antibiotic resistance1. However, despite ever-

expanding compound libraries and highly efficient screening methodologies, new classes of 

synthetic antibiotics have yet to materialize. The increasing concerns of returning to a pre-

antibiotic era have proven severe enough to warrant attention and action by top 

governmental agencies2, 3.

Of the sixteen antibiotic classes used clinically, all but two were derived from environmental 

sources, and there is growing interest in returning to natural inspirations1, 4–6. Among these 

inspirations lies metal-mediated innate immunity, by which the innate immune system 

directly modulates environmental levels of metals such as manganese, iron, zinc, and copper 

at the site of infection7, 8. Through limitation, in the case of iron, zinc, and manganese or 

oversaturation, in the case of copper, the intrinsic properties of these ions are utilized to form 

a crucial line of defense against pathogens. Growing bodies of evidence point toward 

copper’s essentiality in particular. In many systems, including Mycobacterium tuberculosis, 

Pseudomonas aeruginosa, Listeria monocytogenes, and Streptococcus pneumoniae, bacterial 

copper resistance is linked to virulence9; conversely, attenuation of the “copper burst” within 

macrophages weakens the phagocytic response, promoting bacterial survival10, 11. All 

sequenced bacteria possess at least a rudimentary level of copper resistance machinery12, 

varying from simple expression of an efflux pump13, to a complex network including 

pumps, sequestration proteins, oxidases, chaperones, and transcriptional regulators14. As 

free copper levels are buffered below one ion per cell in both prokaryotes15 and 

eukaryotes16, that even obligate intracellular bacteria retain resistance machinery further 

underscores copper’s profound role as an environmental and immunological insult12.

Recent advances in our understanding of copper’s role in immunity have paralleled the rise 

of reports detailing the phenomenon of copper-dependent antibiotics. These compounds are 

highly inhibitory in the presence of copper, yet impotent in its absence. Example inhibitors 

have been described for Gram negatives17, Gram positives18, and mycobacteria19, as well as 

eukaryotic targets including pathogenic fungi20 and cancer cells21–23. The broad range of 

potential targetable pathogens, coupled with the wide array of novel mechanisms of action, 

has generated interest in exploiting copper’s antibiotic properties24, 25. However, until now, 

discoveries have been largely serendipitous, or based upon established metal-binding motifs; 

though well suited for chemical probes, these scaffolds are often poorly adaptable to 

therapeutic uses. Exploring the full potential of copper-mediated therapeutics requires new 

motifs and a directed discovery effort to identify proof-of-principle compounds.

Here, we demonstrate for the first time the power of a copper-focused HTS screening 

campaign. This approach is uniquely able to uncover new interactions between copper ions 

and compounds in existing chemical libraries, and their subsequent synergistic inhibitory 

activities. A copper-biased combinatorial screen against Staphylococcus aureus revealed 

nearly twice as many hits as a traditional, copper-blind campaign. A reoccurring extended 

thiourea motif, dubbed NNSN, featured novel copper-binding properties, and was revealed 

by UV/Vis and NMR analysis to participate in a new interaction between the ligand and 

copper ion. This motif was highly inhibitory against S. aureus in a copper-dependent and 

copper-specific manner, yet was well tolerated in cell culture. Finally, despite their presence 
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in many screening libraries, a chemoinformatic meta-analysis demonstrated NNSNs as 

previously unrecognized antistaphylococcal agents, confirming the ability of copper-biased 

screens to discover new compounds hiding in existing chemical space.

METHODS

Bacterial strains, antibiotics and compounds

S. aureus clinical isolate SA3 (resistant to ampicillin, clindamycin, erythromycin, penicillin, 

and tetracycline) was characterized by and obtained in a de-identified manner from UAB 

Laboratory Medicine. Bacteria were routinely grown in Mueller Hinton (MH) medium 

(Oxoid Ltd., Basingstoke, Hampshire, England) overnight at 37°C before inoculating plates 

according to assay conditions unless otherwise stated. All experiments were performed in 

96-well plates using MH medium or RPMI1640 medium supplemented with trace metals. 

The trace metal mix was prepared as a 1,000-fold stock solution containing 3mM EDTA, 

50mM MgCl2, 0.7 mM CaCl2, 80µM NaMoO4, 168 µM CoCl2, 0.55 mM MnCl2, 0.7 mM 

ZnSO4, 2 mM FeSO4. All screened compounds were randomly taken from our 43,000 in-

house compound library (Chembridge) or Chembridge’s Hit2Lead online library 

(www.hit2lead.com). Copper sulfate and all other commercial compounds were purchased 

from Sigma-Aldrich. Copper treated assays were supplemented with 50 µM CuSO4 unless 

otherwise indicated. Other metals were used at 100 µM or as indicated.

High throughput screening assay

The HTS assay was conducted as published previously18. Briefly, all compounds were 

screened at 10 µM in duplicate plates run in parallel, one containing only medium (trace-

copper conditions) and one containing medium supplemented with 50 µM CuSO4. S. aureus 
was added to each well to achieve a final optical density (OD600) of ~0.001 to 0.004 (1:1000 

dilution of an overnight culture) in a total volume of 160 µl. All steps were performed using 

the Precision Power automated microplate pipetting system (BioTek). Plates were sealed 

with parafilm (Millipore) to minimize evaporation and incubated on a Heidolph Titramax 

1000 plate shaker at 450 rpm at 37°C for 8 hours. Optical density, as a quantitative surrogate 

marker of bacterial growth, was determined using a Synergy HT plate reader (BioTek). 

Background correction was performed against wells containing only medium and 

compounds that decreased the growth of S. aureus were identified and further analyzed.

HTS data analysis

An in-house algorithm was utilized for analysis. The software package used MySQL and 

PHP as a server backend, and a web accessible HTML interface as the front end. Hits were 

defined based upon number of standard deviations (1 SD = 20%) from the overall mean, 

which averaged 94% across all copper-replete samples after blank correction and 

normalization to positive controls. Independent hits were compounds with less than 34% 

growth (3 SDs from the mean) in both standard and copper supplemented conditions. 

Copper dependent hits had under 34% growth in the copper replete plate, with at least 40 

percentage points (2 SD) more growth in copper trace plates (e.g., 20% growth in Cu-replete 

and >60% growth in Cu-trace plates). Inverse hits were the opposite, with under 34% growth 

in trace plates and at least 40 percentage points more growth in replete plates. Substructure 
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analysis was completed using the Open Babel 2.3.2 chemistry toolbox, as installed on a 

Linux server26. The SMARTS search string for non-cyclic thioureas was “[N;!R]C(=S)[N;!

R],” while the NNSN substructure search was extended to “[#7][#6][N;!R]C(=S)[N;!R]” to 

include both cyclic and non-cyclic carbons and nitrogens.

Structure Activity Relationship (SAR) Studies (SAR-by-catalogue)

Active molecules were grouped based on the occurrence of structural motifs identified 

during visual and computational inspection of their chemical structures. Representative 

compounds and additional derivatives of each group were ordered from www.hit2lead.com. 

Activity was confirmed in dose response curves, of which we also determined the MIC (for 

details see below). Additional compounds featuring respective key motifs were identified in 

the Chembridge Hit2Lead online library using the search feature provided on the website 

(www.hit2lead.com).

Determination of the minimal inhibitory concentration (MIC)

Compounds were reconstituted in sterile DMSO (Sigma-Aldrich) typically at a 

concentration of 10 mM, then aliquotted, and stored at −80°C. In some instances, a decline 

in potency of the compounds was noted over a period of 6 months and after repeatedly 

freezing and thawing reconstituted compounds. Compounds were diluted in 96-well in 2-

fold increments, typically covering a concentration range from ~0.07 to 10 µM. Control 

wells containing media only (sterility control) and media with cells in the absence of 

compound with or without 50 µM copper were included as well. Assay conditions and 

incubation procedure were similar to that of the pilot screen. Dose-response curves were 

analyzed by determining the OD600 using a plate reader (Synergy HT, BioTek). Data was 

analyzed as the average value of 3 wells with identical conditions and normalized to the 

proper growth controls. MIC was defined as the concentration at which growth was reduced 

by at least 85%. Additional transition metals were assayed in Roswell Park Memorial 

Institute 1640 medium without phenol red (RPMI; Life Technologies) and supplemented 

with a 1:1000 dilution of a copper-free trace metal mix (RPMI1640+TM) to promote 

growth27.

Eukaryotic toxicity assessment

THP-1 cells were grown in standard RPMI plus 10% FBS. Cells were plated in RPMI at 

100,000 cells per well in a total volume of 200 µL in a 96 well plate, and challenged with 

compound in the presence or absence of 15 µM Cu for 24 hours. This copper concentration 

was well tolerated by THP-1 cells in our system and lies within the physiological range of 

copper levels in blood (10–25 µM)28. Viability was read using a Guava flow cytometer, 

through gating on live populations as assessed through forward and side scatter 

measurements.

Characterization of metal complexation and structure modeling

The binding constants of CuBr in Trizma-HCl (pH=7)/methanol (90/10 v/v) to compounds 

were determined according to the method of Benesi and Hildebrand29. The binding of Cu(II) 

and Cu(I) enhances the UV-absorption band of APT-6i at λmax= 235nm. The differences in 
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UV-absorption at λmax = 235nm were used to calculate the binding constants KB. UV/Vis 

spectra of 8.3, 17, 41, 83, 170 and 410 nM of APT-6i were recorded in the absence and 

presence of 10 µM CuBr (Sigma-Aldrich, ACS grade) at 283 K in Trizma-HCl (pH=7.0)/

methanol (1:1 v/v) using a Varian Cary 500 UV/Vis-NIR spectrophotometer and 4.0 mL 

quartz cuvettes. The measurements were performed under argon to avoid Cu(I) oxidation to 

Cu(II).

NMR Titrations
1H-NMR spectra were recorded using a Bruker Avance III, 600 MHz NMR-spectrometer at 

298K. Compound APT-6i was dissolved in deuterated acetone (6.25 mM), total volume: 400 

µl. Cu(I) was added from a stock solution of 1.5 × 10−4 M CuBr in deuterated acetone. 5 mL 

of CH3OD was added as internal standard (peak not shown).

ChEMBL database meta-analysis

The ChEMBLdb relational database, version 20, was downloaded as the provided virtual 

machine (MyChEMBL)30, 31. All SQL searches were conducted from a Linux command 

line interface.

RESULTS

Copper-biased HTS environment uncovers numerous copper-dependent hits

(1) Nearly twice as many hits discovered through copper-biased screen as in a 
traditional screen—Metal-based antibiotics have not yet advanced to clinical or 

veterinarian use and are therefore an attractive alternative to conventional antibiotics. 

Surprisingly, high throughput screening (HTS) solutions for the discovery of novel metal-

related antibacterial activities do not exist. We focused our screen on compounds that 

display antibacterial properties through the interaction of copper because of its potential 

physiological relevance in the context of copper-mediated innate immune functions7, 24, 

competitiveness over other physiological metal ions32, and intrinsic antibacterial 

properties33. To reveal novel copper binding compounds not active in the absence of copper, 

we conducted a parallel screen, in which compounds were tested both under standard, 

traditional conditions, as well as in the presence of copper (Figure 1). This strategy allowed 

us to comprehensively determine the spectrum of effects that copper ions might have on the 

antibacterial properties of potential bacterial inhibitors with copper-related activities 

(enhancing or mitigating). Screening only in the presence of copper and testing only hits for 

their activity in the absences of copper would have missed a group of compounds that we 

classify as inverse hits. We chose to screen at 50 µM copper to enable detection of 

compounds with weaker copper-dependent activity (classified as secondary and tertiary 

hits), in order to better inform SAR, hit cluster expansion, and hit prioritization strategies.

Screening our 10,000 compound test library against a clinically isolated drug-resistant S. 
aureus strain (SA3) identified 129 total hits, or 1.29% of the overall number of compounds. 

Comparison of the hits from both the trace-copper screen (Figure 2A) and copper-

supplemented screen (Figure 2B) revealed 70 compounds (54%) that were similarly 

inhibitory under both screening conditions (copper independent hits) and 6 compounds (5%) 
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that lost their antibacterial properties in the presence of copper (copper inverse hits). 

Importantly, 53 molecules (41%) were found only in the presence of copper, demonstrating 

that copper-activated antibacterial activities occur rather frequently. Of the copper-dependent 

hits, over half (28) met our criteria for a primary hit, i.e., more than 90% inhibition. These 

copper-dependent hits represent hitherto unrecognized inhibitors, given that conventional 

screening campaigns for antibiotics do not contain sufficient and physiological quantities of 

copper ions.

(2) Copper-dependent hits display significantly different chemical properties 
compared to the library as a whole—Unfortunately, there is often a great disparity 

between molecules with desirable activities and molecules that are “druggable”. To 

concentrate discovery efforts on promising compounds, certain guidelines such as Lipinski’s 

Rule of Five (Ro5) have been developed34, 35. Originally, these guidelines described four 

rules: molecular weights (MW) ≤ 500 Da, octanol/water partition coefficient (cLogP) ≤ 5, 

hydrogen bond donors ≤ 5, and hydrogen bond acceptors ≤ 10. The criteria were later 

extended to include topological polar surface area (tPSA) ≤ 140 å2 and rotational bonds 

(RB) ≤ 10. To visualize our results in aggregate, we compared Ro5 values of dependent hits, 

independent hits, inverse hits, and the screened library as a whole. Molecular weight only 

varied slightly between groups, and all were statistically indistinguishable from the library 

as a whole (Figure 3A). Rotational bonds and cLogP values were slightly significantly 

different when comparing copper-dependent hits to the screened library (p = 0.0122 and 

0.0116, respectively), though all three categories clustered toward the top of the cLogP and 

bottom of the RB ranges (Figures 3B, 3C). Topological polar surface area (tPSA) differed 

greatly between dependent hits and all other categories (p < 0.0001), with the dependent hit 

median tPSA 38% lower than the library average (Figure 3D). The most striking 

comparison, however, came from numbers of hydrogen bond donors and acceptors. The 

screened library had a relatively even distribution of both acceptors and donors (Figure 3E), 

with a median of 4 acceptors and 1 donor; while the median of copper-dependent hits 

clustered tightly at only 1 acceptor and 2 donors (Figure 3G). These structural differences 

may enable assembly or construction of custom libraries targeted towards enhanced copper-

binding molecules.

Extended thiourea structure comprised a well-established hit cluster

(1) Novel NNSN motif associated with copper-dependent antistaphylococcal 
activity—While our data indicates that the presence of physiologically relevant trace 

elements, specifically copper, reveals new hit molecules within a given compound 

collection, it is also important to demonstrate that the identified hits found by this alternative 

method are functionally relevant and responsive to optimizations. To substantiate this, we 

began a substructure analysis of our copper-dependent hits with the goal to identify 

repeatedly occurring chemical motifs and use such motifs as starting points for future SAR 

analysis. Thioureas (Figure 4A) dominated our copper-dependent hits, comprising 45 of the 

53 total hits, or 85%. Such a high proportion greatly contrasted with the library as a whole, 

which featured only 570 thioureas in total (5.7%). Further, thioureas were not found to be 

generally active but rather possessed a specific copper-dependent activity, as only 7 of the 70 

copper-independent hits contained a thiourea motif. This fraction was not significantly 
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different in proportion from the entire library as judged by a chi-squared analysis (p=0.119). 

Thus, not only did the screening conditions appear to have enriched our results specifically 

for the thiourea motif, but also have identified thioureas as the first example of a discrete 

chemical substructure identified by HTS that possesses strictly metal-dependent antibacterial 

activities.

Interestingly, 12 of the 45 thioureas featured an extended thiourea structure, which we 

dubbed NNSN-motif (Figure 4B). No NNSN-motif was found among the copper-

independent hits. All 12 copper-dependent NNSN molecules featured a linear thiourea 

structure, complemented by a heterocyclic ring system (pyrazolyl, tetrazolyl, thiazolyl, 

pyridinyl, pyrimidinyl or pyrazinyl) to form the full NNSN motif (Figure 4C). Molecular 

flexibility appeared to be essential for activity since rigid NNSN motifs with a cyclic 

thiourea structure as in triazolethiones (Figure 4D), imidazo-pyrimidine-thiones (Figure 4E) 

or pyrido-pyrimidine-thiones (Figure 4F) were inactive. A substructure search within the 

structures of all 10,000 randomly picked molecules that were included in our screen 

identified 30 total non-cyclic NNSN motifs; thus, the screen discovered 40% of all possible 

NNSN molecules.

(2) Adamantyl-bearing pyrazolyl-thioureas (APTs) yielded fruitful structure 
activity relationship analysis—In order to probe whether NNSN-compounds have the 

potential of being further developed towards early lead status, we conducted a limited 

structure activity relationship study on 9 commercially available pyrazolyl-thiourea 

derivatives featuring an adamantyl group (Figure 5). Adamantyl bearing pyrazolyl-thioureas 

(APTs) were chosen because adamantyl substituents are known to improve drug stability 

and plasma half-life by impeding the access of hydrolytic enzymes through restricting or 

altering intramolecular reactivity36, and because adamantyl groups have no significant 

reactivity allowing us to link activity differentials to other substituents36. No activity was 

observed in medium without copper for any of these molecules, but in copper-supplemented 

medium the compounds had minimum inhibitory concentrations (MICs) between 0.3 and 10 

µM (Figure 5).

Among the analogs tested, APT-6i (Figure 4G) exhibited excellent copper-dependent 

inhibition of S. aureus (Figure 6A), with a minimum inhibitory concentration of 0.3 µM. 

Additionally, APT-6i was relatively benign toward THP-1 cells, a human monocyte cell line 

(Figure 6A). Activity was also entirely copper-specific, with no observed inhibition when 

growth media was supplemented with other transition metals such as Mn, Fe, Co and Zn 

(Figure 6B). However, the presence of additional metals did not preclude activity, as full 

inhibition was restored upon co-incubation of Zn and Cu with APT-6i (Figure 6B).

Pyrazolyl-thioureas are functionalized through unique copper-coordination chemistry

To further examine the interaction between APT-6i and copper, we analyzed the metal-

ligand complex using UV-Vis spectroscopy and 1H-NMR. UV-Vis titrations are a 

straightforward method to visualize metal-ligand complex formation, and revealed a main 

absorption peak at λ=235 nm, with intensity strongly dependent on the APT-6i concentration 

(Figure 7A). This peak represents an energy shift in electron orbitals, indicative of complex 
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formation and subsequent π bonding between the copper ion and ligand. Further analysis 

through the Benesi-Hildebrand method29 produced linear plots, confirming a 1:1 

stoichiometry within the ligand-metal complex (Figure 7B). The binding constant of CuBr 

and APT-6i in Trizma/methanol was calculated to KB = 476,700 ± 1200 (L mol−1).

As we were unable to obtain crystal structures of the Cu(I) and APT-6i complex, we relied 

on 1H-NMR-titration with CuBr in deuterated acetone to discern the structure formed in 

solution (Figure 7C). Intriguingly, the 1H-NMR titration confirmed that the observed 1:1 

complexation geometry is clearly different from canonical Cu(I)-thiourea complexes, which 

usually feature at least two thiourea ligands per metal cation. It is especially noteworthy that 

both thioamide groups, but not the thiocarbonyl group, take part in the observed 

complexation. Following the shift of peak position 4 from δ=5.931 to 5.984 ppm with 

increasing CuBr concentration (Figure 7E), it is apparent that one of the aromatic carbons of 

the pyrazole unit is in close proximity to Cu(I) in solution, assuming that a CH3OD 

molecule (added as internal standard) is also coordinated to Cu(I) in order to obtain a 

slightly distorted tetrahedral geometry. The solution structure of the APT-6i-Cu(I) complex 

is the basis for the molecular modeling (Figure 8A, 8B, 8C). From our modeling, it becomes 

clear that significant conformational changes are required to accommodate the complexation 

of a central Cu(I) cation (Figure 8B, 8C).

More importantly to drug discovery efforts, this novel complexation could potentially reopen 

the door to a wide array of otherwise unattractive compounds. Although thioureas readily 

complexes metal ions, and are thus logical candidates for discovery by the paradigm detailed 

here, they are often regarded as undesirable due to common hepatotoxicity and thyroid 

peroxidase inhibition37. Sulfur’s lack of participation in the complex suggests the possibility 

of bioisoteric substitution of other functional groups or atoms, negating toxicity while 

retaining complexation ability and antibacterial activity. Previous reports offer precedent, 

though results are expectedly mixed: some substitutions, such as cyanoguanidines, retained 

activity or increased therapeutic indices38, while others lost biological activity39. A 

concerted SAR effort would likely produce new metal-complexing non-thioureas.

Meta-analysis reveals NNSNs as previously unrecognized antistaphylococcal agents

Having identified the NNSN motif as a promising and novel copper-dependent antibacterial 

structure, we examined whether this motif had previously been recognized for its therapeutic 

potential. We conducted a meta-analysis of published activities using the ChEMBL database, 

a publically available relational database containing over 13 million activity records of 1.4 

million compounds, taken from multiple sources including 2700 PubChem BioAssays and 

tens of thousands of primary literature reports30. The database facilitates tracking individual 

compounds through a large number of systems, such as biochemical assays, whole cell 

screens, and in vivo data, against prokaryotic and eukaryotic targets. Although ChEMBL 

does not generally include inactive hits, it is a rich repository of bioactive compounds in a 

variety of contexts.

Querying the NNSN motif against the database returned 608 hits with recorded activity 

(Figure 9). Narrowing the search to only whole-cell activities against S. aureus returned only 

57 hits. Most of these activities, however, were pulled from batch synthesis efforts reported 
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in the literature, rather than from a directed screening campaign. Of the entire set, 39 had 

reported MICs below 500 µM, and only 5 had MICs below 50 µM; of these, only a single 

compound had a MIC below 10 µM40. Given that HTS are limited to testing only one 

concentration, often at 10 µM, it is likely none of these compounds would have been found 

individually in a screening campaign, and, hence, would not have been identified as a lead 

series.

DISCUSSION

In this study, we report the results of the first high throughput screening (HTS) campaign for 

the discovery of copper-dependent antibacterial inhibitors. This strategy not only resulted in 

a much greater number of promising hit molecules than traditional screening methods, but 

also specifically revealed a previously unknown hit series, whose anti-staphylococcal 

activity escaped previous detection despite being present in many screening libraries.

Though metal complexation screens could hypothetically proceed using any of the first row 

transition metals (Mn, Fe, Co, Ni, Cu, and Zn), copper offers the most attractive and most 

viable vehicle for synergistic inhibition. Copper’s antimicrobial properties are multifaceted, 

but ultimately stem from its relative proclivity toward stable ligand complexation when 

compared to other transition metal ions. This phenomenon is described by the Irving-

Williams series, where complex stabilities are their lowest with manganese, increase in 

periodic fashion until maximum stability at copper, and finally decline at zinc41. 

Functionally, this gives copper a higher affinity for sulfur, oxygen, and nitrogen than any 

other physiologically relevant transition metal42. This affinity, combined with copper’s high 

redox potential, is often exploited in metallo-proteins such as superoxide dismutases or 

cytochrome c, and as such is key to the normal function of both prokaryotic and eukaryotic 

cells. However, copper ions in excess readily displace or replace crucial metalloenzyme 

cofactors, attack vulnerable iron-sulfur clusters, and directly damage accessible amino acid 

residues15. Cumulatively, these effects heavily interfere with cellular function; as a result, all 

sequenced bacteria possess at least some level of copper resistance12.

As an antimicrobial, copper assaults numerous sites within the cell. Many bacteria have had 

specific targets identified (e.g., dehydratases in E. coli43, aerobic nucleotide synthesis in 

Streptococcus pneumoniae44, and heme biosynthesis in Neisseria gonorrhoeae45), but 

outside of general mechanisms such as attacking iron-sulfur clusters in proteins, specific 

points of failure vary widely from organism to organism. The detected source of toxicity is 

simply the “weakest link,” or first component to fail. It is very likely some copper-dependent 

inhibitors feature a similar variety of mechanisms, especially if acting through general 

copper overload (as in the case of 8-Hydroxyquinoline20). More targeted compounds may be 

capable of additional mechanisms as well. GTSM, for example, acts upon the electron 

transport chain of N. gonorrhoeae, with its spectrum of activity hypothesized to be explained 

through a particular bacterium’s reliance on aerobic respiration17, 25. Yet, GTSM is also a 

potent copper-dependent inhibitor of S. pneumoniae (25; unpublished observations), a 

facultative anaerobe lacking an electron transport chain. Thus, additional modes of action 

must be at play, indicating a multi-faceted mechanism of activity. Though the “magic bullet” 

paradigm of one drug-one target has dominated since its proposal by Paul Ehrlich a century 
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ago46, copper-dependent inhibitors may offer an alternative: since multiple individual targets 

could be vulnerable, development of resistance would be much more difficult than against 

traditional, single target antibiotics.

The allure of copper’s anti-bacterial properties has not gone unnoticed17–20, 25, 47–49. 

Unfortunately, free copper ions have little therapeutic value due to their erratic 

reactivity50–53. To pharmacologically control the activity of copper ions and direct them to a 

specific target, numerous chemosynthetic efforts have synthesized copper complexes with 

greatly enhanced antibacterial activities47, 54–58. However, many of these rely on metal 

binding motifs that had analytical and technical purposes, rather than medicinal applications. 

Subsequent synthesis efforts often prioritize advancing the frontiers of organo-metallo-

chemistry (e.g. mixed ligand complexes), leaving biological considerations as a secondary 

focus. Consequently, structure activity relationship studies, such as exemplified by the 

clinically used metalloantibiotic bacitracin59, are extremely rare. While powerful in its own 

right, the agnosticism of this chemosynthetic strategy toward biological considerations 

impedes its applicability to HTS discovery. Though we have begun exploring how to harness 

the potential of copper in chelate based metalloantibiotics, we still need HTS solutions to 

probe the existing chemical space for novel metal-related activities to facilitate discovery 

and development of innovative metal-oriented therapeutics.

CONCLUSION

In summation, our work details the first concerted antibiotic HTS discovery effort to harness 

the activity of an unconventional antimicrobial, copper. These unique inhibitors have, until 

now, largely gone unnoticed within conventional screening libraries, offering a way to 

repurpose and reprobe existing chemical collections. Though therapeutically infeasible on its 

own, copper’s potential can be readily exploited through combination with small organic 

molecules, offering a promising new approach in the battle for novel antibacterials.
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Figure 1. Parallel combinatorial scheme
Compounds from a master library are assayed twice in parallel, with one plate containing 

added copper sulfate, and the other containing only base medium. After adding S. aureus, 

both plates are incubated and viability is determined via OD600. Hits were classified by 

comparing growth values in both plates; the specific criteria used are detailed in the 

Materials and Methods.
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Figure 2. Combinatorial screening results
(A) Growth values of all 10,000 compounds in standard screening medium as normalized to 

plate controls. The red lines represent three standard deviations above and below the mean 

growth value as a cutoff for hits. (B) Growth values of all compounds in medium with 

copper added, as normalized to plate controls. Red, green, and blue circles are Primary 

(growth ≤ 10%, and greater than 2 SD below the –Cu plate), Secondary (10% > growth ≤ 

20%, and greater than 2 SD below the –Cu plate), and Tertiary (20% > growth ≤ 34%, and 

greater than 2 SD below the –Cu plate) dependent hits; grey boxes are independent hits; and 
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orange diamonds are inverse hits. Some outliers may have fallen below the lower cut-off line 

but were classified as inactive because they did not meet hit criteria.
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Figure 3. Lipinski Rule of Five characteristics
Aggregate (A) molecular weight, (B) rotational bonds, (C) calculated LogP (cLogP), and 

(D) topological polar surface area (tPSA) properties of copper-dependent hits (Cu Dep), 

copper-independent hits (Cu Ind), and inverse hits (Inv). All groups were compared to the 

screened library as a whole (Library) using a one way ANOVA and Dunnett’s multiple 

comparisons test. * p < 0.05, ** p < 0.01, **** p < 0.0001. (E) Heatmap comparisons of the 

hydrogen bond acceptors and donors within the entire screened library, (F) copper-

independent hits, and (G) copper-dependent hits.
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Figure 4. A novel copper-binding NNSN motif and side groups
47 copper-dependent hits contained a thiourea (A), with 12 featuring an extended NNSN 

motif (B) that consists of the thiourea base group paired with one of 6 possible heterocyclic 

nitrogen-containing ring structures (C). Compounds with a rigid and inflexible NNSN motif 

(D, E, F) conferred no activity. (G) Full structure of APT-6i.
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Figure 5. Structure activity relationship analysis
Nine analogs of a promising hit molecule were purchased from the supplier (ChemBridge) 

and examined for antimicrobial activity.
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Figure 6. APT-6i exhibits stark copper dependency and specificity
(A) Inhibitory effects of APT-6i against S. aureus (black squares) and THP-1 cells, a human 

monocyte line (open circles). APT-6i is active only in the presence of copper (orange line). 

(B) Activity of 10 µM APT-6i against S. aureus grown in RPMI to better resolve metal 

dependencies. Cu is included at 50 µM, and Fe, Mn, Co, and Zn are included at 100 µM. 

Inhibition is strictly copper-specific, and occurs in the presence of other ions, such as a 

Cu/Zn coincubation. All values are normalized to the respective 0 µM compound control 

(either with or without copper), and expressed as percentages of survival.
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Figure 7. APT-6i forms a unique copper complex
(A) UV/Vis absorption spectra of compound APT-6i in the presence of 3.3 µM Cu(I)Br in in 

Trizma-HCl (pH=7)/methanol (90/10 v/v). Concentrations of APT-6i were 8.3 nM, 17 nM, 

41 nM, 83 nM, 170 nM and 410 nM. (B) Benesi Hildebrand plots for determining the 

binding constant and molar absorption coefficients of APT-6i with CuBr. (C) Overlay of 

the 1H-NMR spectra (Bruker Avance III, 600 MHz, 298K) of compound APT-6i without 

CuBr (bottom), with 50 µM CuBr (middle), and with 100 µM CuBr (top) in deuterated 

acetone. Peak assignments correspond to panel D with A=adamantyl. The arrow indicates a 
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copper responsive peak shift. (D) Structure of APT-6i showing relevant peak assignments 

and match with panel C. (E) Shift of highlighted peak 4 with increasing concentrations of 

CuBr from panel C, indicating an interaction with copper ions at these sites.
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Figure 8. The APT-6i and copper complex has unique coordination chemistry
The complex’s geometry was determined using UV-Vis and 1H-NMR, shown in Figure 7. 

(A) The (minor) resonance structure of APT-6i is able to form a complex with Cu(I). (B) 3D 

representation of uncomplexed APT-6i using the CHARMM force field, showing a relatively 

linear structure. Non-polar hydrogens are removed for clarity. (C) 3D model of the APT-6i/

Cu(I)/CH3OD complex. Coordination twists the molecule from a linear structure to a bent 

configuration. Copper is represented as the orange sphere, with a D1-methanol added to the 

coordination complex. Yellow sphere represents sulfur, blue are nitrogen atoms, grey are 

carbon atoms and white are polar hydrogens.
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Figure 9. Chemoinformatic search of the ChEMBL database
The ChEMBL chemoinformatic database was queried with the NNSN motif for similar 

molecules. Though the limited screen described here revealed 12 NNSNs with significant 

antibacterial effects, only a single NNSN with activity against S. aureus below 10 µM was 

found within the database.
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