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Infections associated with antimicrobial resistance (AMR) are poised to become the leading cause of death
in the next few decades, a scenario that can be ascribed to two phenomena: antibiotic over-prescription and
a lack of antibiotic drug development. The crowd-sourced initiative CO-ADD has been testing research
compounds contributed by researchers around the world to find new antimicrobials to combat AMR, and
during this campaign has found that metallodrugs might be a promising, yet untapped source. To this end,
we submitted 18 Pd(ll) and Ru(ll) — pyridyl-1,2,3-triazolyl complexes which were developed as catalysts for
their antimicrobial properties. It was found that the Pd-complexes possessed potent antifungal activity,
especially Pd1, with MICs between 0.06 — 0.125 pug/mL against C. glabrata. The in vitro studies were extended
to in vivo studies in G. mellonella larvae where it was established that the compounds were non-toxic. Here

we effectively demonstrate the potential of Pd(Il)-pyta complexes as antifungal agents.



Introduction

Antimicrobial resistance (AMR) has lived in the background of public health for many years; however,
resistant infections are now on track to become the leading cause of death within the next few decades. 2019
saw an estimated 4.95 million AMR-associated deaths,! and this number is expected to rise rapidly in the
coming vyears fueled also by the indiscriminate over-prescription of antibiotics during the COVID-19
pandemic.? Furthermore, treatment of COVID-19 and HIV/AIDS often leave patients immunocompromised
and therefore highly susceptible to fungal infections.® This is of particular concern in Sub-Saharan Africa
where cryptococcal meningitis accounted for 19 % of AIDS-related deaths in 2020.* While most infections
can be managed with current antifungal drugs — polyenes, flucytosine, azoles and echinocandins — resistance
is increasing and the development of new antifungal therapies has stalled. In 2022, the World Health
Organization (WHO) published the first fungal priority pathogens list, listing 19 human fungal pathogens
associated with mortality or morbidity.® In the case of disseminated cryptococcosis, no new therapies have
been identified in more than 25 years,® and with the increasing incidence of infections resistant to the current
treatments, the need for new classes of therapeutics, with alternative modes of action, is greater than ever.
Candida auris is also of significant concern, deemed of ‘critical importance’ by the WHO report, and an

‘urgent threat’ by the 2019 CDC report on AMR in the USA.

To this end, metallodrugs have shown great promise as a new class of antimicrobial agents, as outlined by
Frei et al.®’ in two recent publications. The crowd-sourced organization, CO-ADD (Community for Open
Antimicrobial Drug Discovery)® has tested over 300,000 molecules and shown that 27 % of all metal
compounds screened by them (~1000) showed some antimicrobial activity, compared to the 2 % of organic
compounds.® Furthermore, it is likely that antimicrobial metal complexes will act through mechanisms that

are distinct to those of traditional antimicrobial agents which could delay the development of resistance.

Palladium complexes have only been explored sparsely for their antimicrobial properties.'® Zalevskaya et al.
described a series of terpene-derived palladium complexes with antimicrobial properties in 2020.* A recent
analysis of the antifungal properties of the CO-ADD metal complexes revealed that 51 palladium containing
complexes were submitted for screening. Of these 31 (61%) showed activity against the two fungal pathogens
tested by CO-ADD, Candida albicans and Cryptococcus neoformans. Together with silver, palladium was the
element with the highest number of active compounds. In addition to antimicrobial activity, CO-ADD also
tests active compounds for their cytotoxicity against mammalian cells as well as their haemolytic properties.
Of the 31 active compounds, 12 palladium complexes did not show any toxic properties in these in vitro
assays. Figure 1 shows three of the structures (1-3) with the best antifungal activity in the CO-ADD panel.?
These compounds showed high levels of activity across a panel of fungal pathogens with different degrees of

drug resistance. However, upon further investigation, relatively high levels of cytotoxicity and haemolysis

were found for compounds 1-3. Due to their potent antimicrobial activity, their therapeutic indices (ratio of



best MIC with ‘worst’ between CCsg or HCyo) still reached as high as 2900 (for compound 2), but due to other

compounds in the library performing better, these palladium complexes were excluded from further studies.

Figure 1: The Pd-compounds (1 —3) from the CO-ADD database that displayed the highest levels of activity,'2 complex 4 was
investigated by Zalevskaya et al.'?2 and the Ru-arene complex (5) investigated by Weng et al.'3 which displayed potent activity
against MRSA.

On the other hand, ruthenium complexes have been widely investigated for their antimicrobial activities.”*°
Notably, Weng et al.® screened a large selection of Ru-arene Schiff-base (RAS) complexes for antibacterial
activity, where they identified complex 5 as a lead compound for further investigations. Mechanistic studies
revealed that 5 was able to exert potent antibacterial activity against methicillin-resistant Staphylococcus
aureus (MRSA) via in situ reactive-oxygen species induction, thereby demonstrating the potential of Ru-arene

complexes as antimicrobial agents.™

As part of the collaborative effort, we submitted a selection of neutral and cationic palladium(Il)- and
ruthenium(Il)-pyridyl-1,2,3-triazole complexes for antimicrobial screening. These complexes were originally
synthesized and evaluated as catalyst precursors for selective ethylene dimerization* and transfer
hydrogenation®>!¢ transformations. However, they possess 2-pyridyl-1,2,3-triazole (pyta) moieties which
have shown biological activity on their own'” and when coordinated to various metal centers in previous

studies, particularly to Re(l) for applications as theranostics.'®2!

Here we report the in vitro screening of these complexes against the ESKAPE pathogens and two fungi, with

further investigations into the antifungal activities of the Pd-complexes.

Results and Discussion

The synthesis and characterization of the complexes have been previously reported and are summarized in
Figure 2. With help of 2D NMR spectroscopy and single crystal X-ray diffraction (SCXRD), the molecular

structure of the Pd-complexes was confirmed where the methyl ligand on the metal center is trans to the



pyridine ring.X* Similarly, SCXRD also confirmed the cationic half-sandwich structure of the Ru(ll) complexes.®

Therefore, the synthesis of these complexes will only be discussed briefly.

The 1,2,3-triazole ligands were prepared through conventional and microwave-assisted copper-catalyzed
alkyne-azide cycloaddition (CuAAC) reactions, better known as ‘click chemistry’. In the cases where R; = Me,
the starting alkynyl reagent was prepared via a Sonogashira coupling reaction followed by a deprotection
step to obtain 6-ethynyl-2-methylpyridine, which was subsequently used in the CuAAC reaction along with
the appropriate azide. The phenyl-substituted ligand, 2-ethynyl-6-phenylpyridine, was prepared through a
Suzuki-coupling between 2,6-dibromopyridine and phenylboronic acid, which was followed by a Sonogashira

coupling and the final deprotection step to yield the desired ligands.*

The neutral 1,2,3-triazolyl-pyridinato palladium(ll)methyl chloride complexes (Pd1 — Pd7) were obtained by
reacting the ligands with the Pd-precursor, [[COD]PdMeCl] in DCM to afford the final complexes in moderate
to excellent yields (56 — 89 %). The cationic Pd(ll)-complexes, Pd8 — Pd11, were prepared by reacting the
corresponding neutral complex with AgPFs in the presence of acetonitrile to yield the final cationic complexes

in excellent yields (81 — 88 %).*
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Figure 2: The structures of the complexes evaluated.

The Ru(ll)-complexes (Rul — Ru7) were obtained by reacting the ligands with [RuCl;(p-cymene)], in DCM for
one hour followed by the addition of the desired counterion salt as a solid. The reaction was allowed to stir
for an additional 30 minutes after the salt metathesis, whereafter the product was isolated through
trituration with hexane and purified by recrystallization from DCM/hexane. The desired complexes were

obtained in excellent yields (80 — 91 %) and fully characterized as reported previously.*®



Antimicrobial evaluation

The preliminary antimicrobial screening of the complexes was performed at a fixed concentration of 32
pg/mL of each complex and the percentage growth relative to the untreated control was measured after 18
hours in the presence of the compounds. The initial screening included five bacterial species, Staphylococcus
aureus (Sa), Escherichia coli (Ec), Klebsiella pneumoniae (Kp), Pseudomonas aeruginosa (Pa), and
Acinetobacter baumannii (Ab), and two fungi, C. albicans (Ca) and C. neoformans (Cn). Most of the complexes
showed some inhibition of the microbial growth rates, as summarized in Table S1, with the exception of Rul
and Ru5 which were therefore not carried over to the minimum inhibition concentration (MIC), cytotoxicity

and haemolytic studies.

For the MIC determination, a concentration range of each complex was evaluated against the same microbes
with the addition of a human embryonic kidney cell line, HEK-293 (Hk), to evaluate the toxicity of the
complexes, and human red blood cells (RBC) to check for haemolytic properties. The results of these studies
are summarized in Table S2. None of the complexes had an MIC below the maximum concentration tested,
32 ug/mL, against either the Gram-negative or Gram-positive bacteria, except for Pd10, which showed some
activity against methicillin-resistant S. aureus (MRSA) (MIC(Pd10) < 0.25 pg/mL). Interestingly, most of the
Pd(ll)-complexes showed some activity against the fungal strains, while the Ru(ll) complexes bearing similar
ligands displayed no significant activity against any of the microbes evaluated. The observation of specifically
antifungal activity is promising as it indicates a specific target in fungal pathogens and not general toxicity of
the palladium complexes. Notably, none of the complexes were cytotoxic or haemolytic at the highest

concentrations tested.

Encouraged by these results, the Pd(ll)-complexes were screened against a broader fungal panel including
some multidrug-resistant (MDR) clinical isolates, to determine the extent of the antifungal activity. The
extended panel contained four Candida and two Cryptococcus strains (Table 1). Since Pd3 and Pd6 displayed
poor activity against the fungal strains in the MIC screening test, they were not evaluated against the
extended fungal panel. The antifungal MICs (ug/mL) are summarized in Table 1 as a range of MICs from two
biological replicates and two technical replicates (n = 4), with fluconazole as a positive control compound (for

MIC in uM, see Table S3).

All the complexes showed activity to varying degrees against all the strains tested, and more importantly,
many of the compounds had MICs below that of fluconazole against C. neoformans, C. glabrata, C.
deuterogattii and C. auris. Of the fungal strains evaluated, C. glabrata is the most intrinsically antifungal

resistant strain,?? so seeing Pd1 displaying an MIC between 0.06 — 0.125 pg/mL was particularly promising.



Table 1: The MIC-values of the complexes as evaluated against an extended panel of fungi.

MIC (ug/mL)
Candida Cryptococcus Candida Candida Cryptococcus Candida
Compounds albicans neoformans tropicalis glabrata deuterogattii auris
ATCC 90028 ATCC 208821 ATCC 750 ATCC 90030 ATCC 32609 CBS10913
Pd1 0.25-0.50 0.125 0.125 0.06 -0.125 0.25 0.03-0.125
Pd2 <0.25 <0.25 1.0 16 0.016 0.25
Pd3 16 0.5 n.d. n.d. n.d. n.d.
Pd4 0.5-2.0 0.125-0.250 0.50-1.0 1.0-2.0 0.25-1.0 0.06-1.0
Pd5 40-8.0 0.5-1.0 8.0-16.0 8.0-16.0 40-2.0 40-2.0
Pd6 >32 >32 n.d. n.d. n.d. n.d.
Pd7 0.25-1.0 <0.250 1.0 05-1.0 0.5-1.0 0.5-1.0
Pd8 0.5-1.0 0.06-0.26 0.5 1.0-2.0 0.25-0.5 0.25-1.0
Pd9 0.5-1.0 0.125 0.5-1.0 0.5-2.0 0.25-0.50 0.5-2.0
Pd10 0.25-1.0 0.25 0.5-1.0 0.5-2.0 0.5-2.0 0.5-2.0
Pd11 2.0-4.0 1.0 2.0-4.0 8.0 2.0 1.0-4.0
Fluconazole 0.25-0.5 8.0 4.0 >32.0 >32.0 >32.0

Pd1 showed broad spectrum antifungal activity against all the fungal strains tested with the highest MIC
obtained against C. albicans. Interestingly, Pd5 which is analogous to Pd1 with the addition of a methyl in the
R, position, was not as potent as Pd1, which suggests that the methyl group on the pyridyl might have a more
pronounced influence than anticipated. In the cases where the triazole substituent R; is changed to a phenyl
ring (Pd2 as a neutral complex, and Pd11 as a cationic complex) and R, remains an H-atom, the cationic Pd11
is revealed as less potent than the neutral complex, Pd2. It should also be noted that Pd2 was the most

selective complex C. deuterogattii with MIC = 0.016 pg/mL.

The activity of the 4-(CFs)Ph-bearing complexes can be divided into the cationic vs neutral complexes and the
influence of the R; substituents. Where R; = H, the activity profiles of Pd4 and Pd8 fall within the same ranges
against each of the fungal strains tested, which might suggest that the cationic nature of Pd8 does not have
a significant influence on the activity of the complex, which is contrary to the trend seen between Pd2 and
Pd11. This suggests that the strong electron withdrawing properties of the para-CFs substituent on the
triazole bound phenyl ring has a significant influence on the activity of the compounds. When compared to
the R; = Ph complexes (Pd2 and Pd11), the inclusion of the electron-withdrawing group (EWG) results in a
lower MIC and negates the influence of the charge of the overall complex on the activity of the compounds.
This argument is supported by the fact that Pd3, which included an electron-donating -OH on the triazole
bound phenyl ring, was significantly less active than the more electron-withdrawing substituents and

therefore not evaluated against the extended fungal panel.

Next, when comparing the 4-(CF;)Ph-substituted compounds based on their R; substituents, we see that the

inclusion of a methyl group on the pyridine ring resulted in an inactive neutral complex, Pd6, which was not



evaluated against the extended fungal panel. However, when R; = Ph, Pd7, good activity is obtained once
more. Therefore, where the inclusion of the methyl group is concerned, it appears that it causes a decrease
in the activity of the neutral complexes, as seen in Pd1 vs Pd5 and Pd4 vs Pd6 but has no influence on the
activity of the cationic complexes. While when R; = Ph that activity is restored, which suggests that a bulky

EWG in the R; position favors the antifungal activity of the complexes.

When comparing cationic 4-(CF3)Ph-substituted complexes based on their Ry-substituents, the MIC values
have similar activity profiles against all the fungal strains tested with no clear dependence on the R;-groups.
Nonetheless, all the cationic 4-(CFs)Ph-substituted complexes showed improved activities against the fungal
strains tested relative to the fluconazole control, with Pd8 showing MIC = 0.06 — 0.26 pg/mL against C.

neoformans, which was the most potent complex evaluated against that strain.

Solubility and Stability

For biological applications, it is necessary to investigate the stability and solubility of the compounds in DMSO
and aqueous media. During the initial investigation of the compounds, it was determined that only complexes
Pd1 and Pd5 with the octyl substituents were soluble in chlorinated solvents and DMSO, while the rest of the
neutral complexes were only soluble in DMSO. The cationic complexes were fully soluble in DMSO and

acetonitrile, and partially soluble in chlorinated solvents.'

To assess the solubility of the complexes in the presence of an aqueous buffer, turbidimetric assays were
performed to determine the kinetic solubility ranges of each complex in a 2 % DMSO:PBS solution.??* The

results of the turbidimetric assays are summarized in Table 2.

Table 2: The kinetic solubility ranges of the compounds at 25 °C as determined with a turbidimetric assay.

Compound SoI:S;LLtyDr;r;%e in Solublijli;l}/srg:r;gBesin 2%

uM ug/mL KM ng/mL
Pd1 >200 >83.0 5-10 2.18-4.20
Pd2 > 200 >75.8 20-40 7.58-15.2
Pd3 >200 >79.0 20-40 7.90-15.8
Pd4 > 200 >89.4 20-40 8.94-17.9
Pd5 >200 >85.9 5-10 2.15-4.29
Pd7 > 200 >104.7 10-20 5.23-10.47
Pd8 >200 >119.5 10-20 5.98-11.95
Pd9 > 200 >122.4 80-160 48.9-97.9
Pd10 >200 >134.8 10-20 6.74-13.5
Pd11 > 200 >105.9 20-40 10.6-21.2

The stability of the complexes in the presence of DMSO was also confirmed using complex Pd4. The UV-vis

spectrum of 4 dissolved in excess DMSO was monitored over time at 25 °C and no change in the spectrum



was observed over a 24-hour period. From this study we can conclude that the complexes are stable in the

presence of DMSO.

Interestingly, the least soluble complex, Pd1, showed the best broad-spectrum activity of all the compounds
evaluated, which emphasizes the importance of lipophilicity in drug development. However, no direct

correlations are seen between the solubility of the compounds relative to the activity of the compounds.

In vivo Studies

Having established that Pd(ll)-pyta complexes display broad-spectrum antifungal activity with no in vitro
toxicity, we moved on to assessing the in vivo toxicity of representative metal complexes in the greater wax
moth Galleria mellonella (complexes Pd1-3 could not be included in these studies as not enough material
was left over). The larvae of this insect has been previously used for antimicrobial toxicity studies and
infection studies and provides a low-cost, high-throughput animal model with data correlating well with that

obtained from the more ethically controversial rodent models.?>%®

Three groups of 5 G. mellonella larvae (250-270 mg) were injected with 10 uL of highest solubility
concentration (Table S4) and incubated at 37 °C, to text the toxicity of each test compound, in either 2% or
10% DMSO, with a control group injected with either 2% or 10% DMSO alone. The survival of the larvae was
followed for 6 days after the injection and all compounds were established as ‘non-toxic’, as 100 % of larvae
survived over the monitoring period. A table containing the results from the in vivo toxicity studies is

contained in the supplementary information (Table S4).

With some of the compounds shown to be non-toxic in vivo, we proceeded to assess the antifungal in vivo
efficacy of three of the complexes (Pd4, Pd5 and Pd9) using the same G. mellonella model but with triplicate
groups of 4 larvae infected with C. neoformans followed by a single dose of treatment after 2 hours.
Unfortunately, treatment of the infected larvae with the compounds selected did not result in prolonged
survival relative to the DMSO control (Figure S1). It should be noted that the treatment dosage each larvae
received was relatively low (1.6 — 2.4 mg/kg) and a single dose may not be an ideal treatment regime. This
limitation is likely due to the low solubility of the complexes or a requirement for multiple doses for sustained
availability in the body and represents important design issues to be solved in the future. Further structural
optimization of the compounds could aid in overcoming this challenge and lead to compounds that are active

in vivo.

Conclusion

A series of Pd(ll)- and Ru(ll)-pyridyl-1,2,3-triazole complexes were successfully screened against the ESKAPE
pathogens in collaboration with CO-ADD. While the Ru(ll) complexes proved to be inactive, the Pd(ll)-

complexes showed activity against the fungal strains in the initial MIC-determination steps. These complexes



were then evaluated against an extended panel of fungi and showed broad-spectrum activity. Most
promising is Pd1 (R1 = octyl, R, = H) which, not only was a vast improvement on the control compound,
Fluconazole, but also displayed potent activity against C. glabrata, which is considered to be the most

antifungal resistant strain in the extended fungal panel.

Additionally, the toxicity of the compounds was assessed in vitro against HEK-293 cells and in vivo in G.
mellonella larvae, where no toxicity was observed, even at higher drug concentrations. Unfortunately, an

efficacy study in the same models did not result in prolonged survival rates in the larvae.

This work demonstrates the versatility of pyta ligands and visualizes the impact each substituent on the ligand
has on the antimicrobial activity of the compounds. Furthermore, it opens up the world of investigating Pd(Il)
complexes as antifungal agents by showing the low toxicity of the compounds accompanied by broad-
spectrum activity which surpasses that of the current clinically applied treatments. Future work will aim to
synthesize new derivatives with improved solubility with the goal of optimizing to treat fungal infection in

vivo.

Experimental Procedures

Materials and Methods

The synthesis and characterization of complexes Pd1 — Pd11'* and Rul — Ru7*® were reported previously
since they were initially developed as transition metal catalysts. Compounds were prepared at 10 mg/mL in
100% DMSO and stored at 4 2C until used. The compounds were manually serially diluted in 20% DMSO two-
fold down the wells of a Mother Plate 384-deep well PP plate. Then, 5 uL per well was stamped into Test

Plates (384-well NBS plates) in duplicate per assay.

Antibacterial data collection

Inhibition of bacterial growth was determined measuring absorbance at 600 nm (OD600), using a Tecan
M1000 Pro monochromator plate reader. The percentage of growth inhibition was calculated for each well,
using the negative control (media only) and positive control (bacteria without inhibitors) on the same plate

as references.

For the all the bacterial assays, each bacterial strain was cultured in Cation-adjusted Mueller Hinton broth
(CAMHB; Bacto Laboratories 212322) at 37 °C overnight. A sample of each culture was then diluted 40-fold
in fresh CAMHB and incubated at 37 °C for 1.5-3 h. The resultant mid-log phase cultures were diluted with
CAMHB (CFU/mL measured by ODeno), then added to each well of the compound-containing plates (384-well
non-binding surface (NBS) plates; Corning CLS3640), giving a cell density of 5 x 10°CFU/mL and a total volume
of 50 uL (<2% DMSO). Plates were covered and incubated at 37 °C for 18 h without shaking. Inhibition of
bacterial growth was determined measuring absorbance at 600 nm (ODego), using media only as negative

control and bacteria without inhibitors as positive control. MIC values were determined as the lowest
9



concentration at which the growth was inhibited at = 80% (equivalent to no visible growth by eye). Colistin
sulfate (Sigma C4461) and vancomycin HCI (Sigma 861987) were used as internal controls on each plate for
Gram-negative and Gram-positive bacteria, respectively. All compounds were tested as 2 technical replicates

in 2 independent biological assays, n=4 final data.

Percentage growth inhibition of an individual sample is calculated based on Negative controls (media only)
and Positive Controls (bacterial/fungal media without inhibitors). Please note negative inhibition values
indicate that the growth rate (or OD600) is higher compared to the Negative Control (Bacteria/fungi only, set
to 0% inhibition). The growth rates for all bacteria and fungi has a variation of -/+ 10%, which is within the
reported normal distribution of bacterial/fungal growth. Any significant variation (or outliers/hits) is
identified by the modified Z-Score, and actives are selected by a combination of inhibition value and Z-Score
analysis. Z-Score analysis is done to investigate outliers or hits among the samples. The Z-Score is calculated
based on the sample population using a modified Z-Score method which accounts for possible skewed sample

population.

Antifungal data collection

Fungi strains were cultured for 3 days on Yeast Extract-Peptone Dextrose (YPD) agar at 30 °C. A yeast
suspension of 1 x 10° to 5 x 10° CFU/mL (as determined by OD530) was prepared from five colonies. The
suspension was diluted in supplemented YNB and added to each well of the compound-containing plates
giving a final cell density of fungi suspension of 2.5 x10° CFU/mL and 2% DMSO. All plates were covered and
incubated at 35 °C for 36 h without shaking.

Two biological replicates x2 technical replicates were conducted on separate days (final n=4).

Growth inhibition of Candida albicans, Candida tropicalis and Candida glabrata was determined by
measuring absorbance at 630 nm (ODs30), While the growth inhibition of Cryptococcus spp and Candida auris
was determined by measuring the difference in absorbance between 600 and 570 nm (ODgoo-s70), after the
addition of resazurin (0.01% final concentration) and incubation at 35 °C for 2 h. The absorbance was

measured using a Biotek Multiflo Synergy HTX plate reader.

The percentage of growth inhibition was calculated for each well, using the negative control (media only)
and positive control (fungi without inhibitors) on the same plate. The MIC was determined as the lowest
concentration at which the growth was fully inhibited, defined by an inhibition > 80%. In addition, the
maximal percentage of growth inhibition is reported as Dwmax, indicating any compounds with marginal

activity.

Cytotoxicity data collection
HEK-293 ATCC CRL-1573 human embryonic kidney cells were counted manually in a Neubauer

haemocytometer and added to compound-containing plates (384-well plates, tissue culture treated (TC);

10



Corning CLS3712) giving a final density of 5000 cells/well in a and a total volume of 50 uL (<0.5% DMSO),
using Dulbecco's Modified Eagle Medium (DMEM; Life Technologies 11995-073) with 10% Foetal Bovine
Serum (FBS; GE SH30084.03). The cells were incubated together with the compounds for 20 h at 37 °Cin 5%
CO.. Cytotoxicity (or cell viability) was measured by fluorescence, ex: 560/10 nm, em: 590/10 nm (F560/590),
after addition of 5 pL of 25 pug/mL resazurin (2.3 pg/mL final concentration; Sigma R7017) and after further
incubation for 3 h at 37 °C in 5% CO,, using media only as negative control and cells without inhibitors as
positive control. CCso (concentration at 50% cytotoxicity) were calculated by curve fitting the inhibition values
vs. log(concentration) using a sigmoidal dose-response function, with variable fitting values for bottom, top

and slope. Tamoxifen (Sigma T5648) was used as internal control on each plate.

Growth inhibition of HEK293 cells was determined measuring fluorescence at ex:530/10 nm and em:590/10
nm (F560/590), after the addition of resazurin (25 ug/mL final concentration) and incubation at 37 °C and 5%
CO,, for an additional 3 h. The fluorescence was measured using a Tecan M1000 Pro monochromator plate
reader. The percentage of growth inhibition was calculated for each well, using the Negative Control (media
only) and Positive Control (cell culture without inhibitors) on the same plate as references. CCso
(Concentration at 50% Cytotoxicity) were calculated by curve fitting the inhibition values wvs.
log(concentration) using Sigmoidal dose-response function, with variable values for bottom, top and slope.
The curve fitting is implemented using Pipeline Pilot's dose-response component (giving similar results to
similar tools such as GraphPad's Prism and IDBS's XIFit). Any value with > indicates a sample with no activity

(low DMax value) or samples with CCso values above the maximum tested concentration (higher DMax value)

Haemolysis data collection

Human whole blood (Australian Red Cross) was washed three times with 3 volumes of 0.9% NaCl and
resuspended in a concentration of 0.5 x 108 cells/mL, determined by manual cell count in a Neubauer
haemocytometer. Washed cells were added to compound containing plates (384-well polypropylene plates
(PP); Corning 3657) for a final volume of 50 pL, shaken and incubated for 1 h at 37 °C. After incubation, the
plates were centrifuged at 1000 g for 10 min to pellet cells and debris, 25 pL of the supernatant was then
transferred to reading plates (384-well, polystyrene plated (PS), Corning CLS3680), with haemolysis
determined by measuring the supernatant absorbance at 405 nm (OD405), using cells without inhibitors as
negative control and cells with 1% Triton X-100 (Sigma T8787) as positive control. HCio and HCso
(concentration at 10% and 50% haemolysis, respectively) were calculated by curve fitting the inhibition values
vs. log(concentration) using a sigmoidal dose-response function with variable fitting values for top, bottom
and slope. Melittin (Sigma M2272) was used as internal control on each plate. The use of human blood
(sourced from the Australian Red Cross Blood Service) for haemolysis assays was approved by the University

of Queensland Institutional Human Research Ethics Committee, Approval Number 2014000031.
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HC1o (Concentration at 10% Haemolytic activity) were calculated by curve fitting the inhibition values vs.
log(concentration) using Sigmoidal dose-response function, with variable values for bottom, top and slope.
The curve fitting is implemented using Pipeline Pilot's dose-response component (giving similar results to
similar tools such as GraphPad's Prism and IDBS's XIFit). The curve fitting resulted in HCso (50%) values, which
are converted into HCyo by HC10=HCs0*(10/90)*(1/Slope); Any value with > indicates a sample with no activity

(low DMax value) or samples with HCyo values above the maximum tested concentration (higher DMax value).

Galleria mellonella in vivo Toxicity Assay

The toxicity of compounds was tested in vivo using the G. mellonella model using our previously described
methods.'? Briefly, G. mellonella |larvae were reared in Controlled Environmental Chamber (Steridium) at
Macquarie University (Sydney, Australia) at 30 °C and 65% humidity with a 12-hour light/dark cycle. Larvae
(250-270 mg) were individually injected with 10 pL of chemical compound into the last right proleg using a
100 pL syringe (Hamilton Ltd). Each compound was dissolved in 2% DMSO at the maximum concentration of
100 puM and diluted in 10% DMSO to increase the solubility of the compounds. We injected 5 larvae in
triplicate for all the compounds at the highest testing concentrations (Table S4). Larvae injected with 2% and
10% DMSO were included as negative controls. Following injection, the larvae were incubated at 37 °C for 6
days and monitored every 24 h for health and survival according to the G. mellonella Health Index Scoring

System.?>?7

Galleria mellonella Infection (Survival) Assay

The globally available strain of C. neoformans (H99) was used to assess the antifungal potential of the Pd(ll)-
and Ru(ll)-pyta complexes in the G. mellonella insect model. The strain was cultured on Yeast Extract-
Peptone—Dextrose (YPD) media for 48 hours at 30 °C prior to inoculation. A single colony was then cultured
overnight (approximately 16hrs) at 200rpm in 5ml of YPD media at 30 °C. 1mL of the overnight culture was
then suspended in phosphate-buffered saline solution (PBS) and cells concentrations were counted and
adjusted to 1 x 108 cells/ml using a Counting Chamber (Neubauer). Compounds were prepared by dissolving
in 100% dimethylsulfoxide (DMSO) before being further diluted with water to working concentrations for

injection into larvae (as in Table S4).

For each compound, six 6™ instar G. mellonella |larvae of similar size (ranging from 250-270 mg) were selected
for each fungal species and injected with 10 pL of the fungal inoculum in the last left pro-leg using a Hamilton
(USA) 1710 TLL syringe with a 27-gauge needle. Each group of larvae were subsequently incubated at 37 °C
for 2 hours in 90 mm petri dishes. After incubation, larvae were injected with 10 uL compound into the last
right pro-leg and returned to petri dishes to incubate at 37 °C for 3 days. Larvae inoculated with the fungal

strains and then 10% DMSO were also included as a control group.

12



Acknowledgements

The antimicrobial screening was performed by CO-ADD (The Community for Antimicrobial Drug Discovery)

initially established with funding by the Wellcome Trust (UK; Strategic Funding Award: 104797/2/14/Z) and

The University of Queensland (Australia; Strategic Funding Award). A. F. thanks the SNF for an Early Postdoc

Mobility fellowship (P2ZHP2_177997) which supported his work with CO-ADD. SFM, AJS and MCJ

acknowledges the financial support from the National Research Foundation of South Africa (grant no.

CPRR160408161799, 111702 and 137758), and AvN thanks the Division of Research Development at

Stellenbosch University. AKC was funded by ARC Future Fellowship (FT220100152.)

References

1

C. J. Murray, K. S. Ikuta, F. Sharara, L. Swetschinski, G. Robles Aguilar, A. Gray, C. Han, C. Bisignano, P.
Rao, E. Wool, S. C. Johnson, A. J. Browne, M. G. Chipeta, F. Fell, S. Hackett, G. Haines-Woodhouse, B.
H. Kashef Hamadani, E. A. P. Kumaran, B. McManigal, R. Agarwal, S. Akech, S. Albertson, J. Amuasi, J.
Andrews, A. Aravkin, E. Ashley, F. Bailey, S. Baker, B. Basnyat, A. Bekker, R. Bender, A. Bethou, J.
Bielicki, S. Boonkasidecha, J. Bukosia, C. Carvalheiro, C. Castafieda-Orjuela, V. Chansamouth, S.
Chaurasia, S. Chiurchit, F. Chowdhury, A. J. Cook, B. Cooper, T. R. Cressey, E. Criollo-Mora, M.
Cunningham, S. Darboe, N. P. J. Day, M. De Luca, K. Dokova, A. Dramowski, S. J. Dunachie, T. Eckmanns,
D. Eibach, A. Emami, N. Feasey, N. Fisher-Pearson, K. Forrest, D. Garrett, P. Gastmeier, A. Z. Giref, R.
C. Greer, V. Gupta, S. Haller, A. Haselbeck, S. I. Hay, M. Holm, S. Hopkins, K. C. Iregbu, J. Jacobs, D.
Jarovsky, F. Javanmardi, M. Khorana, N. Kissoon, E. Kobeissi, T. Kostyanev, F. Krapp, R. Krumkamp, A.
Kumar, H. H. Kyu, C. Lim, D. Limmathurotsakul, M. J. Loftus, M. Lunn, J. Ma, N. Mturi, T. Munera-
Huertas, P. Musicha, M. M. Mussi-Pinhata, T. Nakamura, R. Nanavati, S. Nangia, P. Newton, C. Ngoun,
A. Novotney, D. Nwakanma, C. W. Obiero, A. Olivas-Martinez, P. Olliaro, E. Ooko, E. Ortiz-Brizuela, A.
Y. Peleg, C. Perrone, N. Plakkal, A. Ponce-de-Leon, M. Raad, T. Ramdin, A. Riddell, T. Roberts, J. V.
Robotham, A. Roca, K. E. Rudd, N. Russell, J. Schnall, J. A. G. Scott, M. Shivamallappa, J. Sifuentes-
Osornio, N. Steenkeste, A. J. Stewardson, T. Stoeva, N. Tasak, A. Thaiprakong, G. Thwaites, C. Turner,
P. Turner, H. R. van Doorn, S. Velaphi, A. Vongpradith, H. Vu, T. Walsh, S. Waner, T. Wangrangsimakul,
T. Wozniak, P. Zheng, B. Sartorius, A. D. Lopez, A. Stergachis, C. Moore, C. Dolecek and M. Naghavi,
Lancet, 2022, 399, 629-655.

W. Cong, A. N. Poudel, N. Alhusein, H. Wang, G. Yao and H. Lambert, Antibiotics, 2021, 10, 1-14.
J. R. Perfect, Nat. Rev. Drug Discov., 2017, 16, 603—616.

R. Rajasingham, N. P. Govender, A. Jordan, A. Loyse, A. Shroufi, D. W. Denning, D. B. Meya, T. M.
Chiller and D. R. Boulware, Lancet Infect. Dis., 2022, 3099, 1-8.

M. C. Fisher and D. W. Denning, Nat. Rev. Microbiol., 2023, 21, 211-212.
13



10

11

12

13

14

15

16

17

18

19

20

21

A. Frei, A. G. Elliott, A. Kan, H. Dinh, S. Braese, A. E. Bruce, M. R. Bruce, F. Chen, D. Humaidy, N. Jung,
A. P.King, P. G. Lye, H. K. Maliszewska, A. M. Mansour, D. Matiadis, M. P. Mufioz, T.-Y. Pai, S. Pokhrel,
P.J. Sadler, M. Sagnou, M. Taylor, J. J. Wilson, D. Woods, J. Zuegg, W. Meyer, A. K. Cain, M. A. Cooper
and M. A. T. Blaskovich, JACS Au, , DOI:10.1021/jacsau.2c00308.

A. Frei, A. D. Verderosa, A. G. Elliott, J. Zuegg and M. A. T. Blaskovich, Nat. Rev. Chem., 2023, 7, 202—-
224,

Community for Open Antimicrobial Drug Discovery, https://www.co-add.org, (accessed 30 September

2022).

A. Frei, J. Zuegg, A. G. Elliott, M. Baker, S. Braese, C. Brown, F. Chen, C. G. Dowson, G. Dujardin, N.
Jung, A. P. King, A. M. Mansour, M. Massi, J. Moat, H. A. Mohamed, A. K. Renfrew, P. J. Rutledge, P. J.
Sadler, M. H. Todd, C. E. Willans, J. J. Wilson, M. A. Cooper and M. A. T. Blaskovich, Chem. Sci., 2020,
11, 2627-2639.

Y. Lin, H. Betts, S. Keller, K. Cariou and G. Gasser, Chem. Soc. Rev., 2021, 50, 10346—10402.
0. Zalevskaya, Y. Gur’eva, A. Kutchin and K. A. Hansford, Antibiotics, 2020, 9, 1-10.

A. Frei, S. Ramu, G. J. Lowe, H. Dinh, L. Semenec, A. G. Elliott, J. Zuegg, A. Deckers, N. Jung, S. Brase,
A. K. Cain and M. A. T. Blaskovich, ChemMedChem, 2021, 16, 3165-3171.

C. Weng, L. Shen, J. W. Teo, Z. C. Lim, B. S. Loh and W. H. Ang, JACS Au, 2021, 1, 1348-1354.
M. C. Joseph, A. J. Swarts and S. F. Mapolie, Appl. Organomet. Chem., 2020, 34, 1-14.
M. C. Joseph, A. J. Swarts and S. F. Mapolie, Polyhedron, 2022, 212, 115579.

M. C. Joseph, I. A. Kotzé, N. J. Nnaji, A. J. Swarts and S. F. Mapolie, Organometallics, 2022, 41, 3546—
3556.

S. G. Agalave, S. R. Maujan and V. S. Pore, Chem. - An Asian J., 2011, 6, 2696-2718.

M. Wolff, L. Munoz, A. Frangois, C. Carrayon, A. Seridi, N. Saffon, C. Picard, B. Machura and E. Benoist,
Dalton Trans., 2013, 42, 7019-7031.

M. Obata, A. Kitamura, A. Mori, C. Kameyama, J. A. Czaplewska, R. Tanaka, I. Kinoshita, T. Kusumoto,

H. Hashimoto, M. Harada, Y. Mikata, T. Funabiki and S. Yano, Dalton Trans., 2008, 3292-3300.

A. Seridi, M. Wolff, A. Boulay, N. Saffon, Y. Coulais, C. Picard, B. MacHura and E. Benoist, /Inorg. Chem.
Commun., 2011, 14, 238-242.

Y. Aimene, R. Eychenne, S. Mallet-ladeira, E. Benoist and A. Seridi, Crystals, 2021, 11, 1076.

14



22

23

24

25

26

27

K. Kumar, F. Askari, M. S. Sahu and R. Kaur, Microorganisms, 2019, 7, 1-22.

L. Diand E. H. Kerns, Drug Discov. Today, 2006, 11, 446—451.

E. H. Kerns and L. Di, Drug-like Properties: Concepts, Structure Design and Methods from ADME to

Toxicity Optimization, 1st edn., 2008.
S. M. Cook and J. D. McArthur, Virulence, 2013, 4, 350-353.
C.J.Y.Tsai, ). M. S. Loh and T. Proft, Virulence, 2016, 7, 214-229.

O. L. Champion, R. W. Titball and S. Bates, J. Fungi, , DOI:10.3390/jof4030108.

15



