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Abstract

Metal complexes have emerged as a promising source for novel classes of antibacterial
agents to combat the rise of antimicrobial resistance around the world. In the exploration of
the transition metal chemical space for novel metalloantibiotics, the rhenium tricarbonyl moiety
has been identified as a promising scaffold. Here we have prepared eight novel rhenium
bisquinoline tricarbonyl complexes and explored their antibacterial properties. Significant
activity against both Gram-positive and Gram-negative bacteria was observed. However, all
complexes also showed significant toxicity against human cells, putting into question the
prospects of this compound class as metalloantibiotics. To better understand their biological
effects, we conduct the first mode of action studies on rhenium bisquinoline complexes and
show that they are able to form pores through bacterial membranes. Their straight-forward
synthesis and tuneability suggests that further optimisation of this compound class could lead
to compounds with enhanced bacterial specificity.

Introduction

Antibiotics are widely recognized pharmaceuticals with a global impact on public health and
the treatment of infectious diseases which have significantly enhanced the overall quality of
life. A crucial moment in their history was Paul Ehrlich's ground-breaking discovery of
Salvarsan in 1909.! Following, investigations, compound 606, later named Salvarsan,
exhibited promising efficacy in combating the Gram-negative bacterium Treponema pallidum,
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responsible for syphilis.? In 1928, Alexander Fleming's discovery of Penicillin laid the
foundation for the development of the first widely employed antibiotic.® This milestone not only
holds immense significance in medical history but also catalyzed the era of antibiotics,
revolutionizing the treatment of innumerable bacterial infections globally. The onset of
antibiotics in clinical practice is widely regarded as one of the most monumental medical
breakthroughs of the 20th century.* Nevertheless, the improper use of these compounds has
led to an increase in antimicrobial resistance (AMR), giving rise to infections that are now
nearly impossible to treat.® Predictions by the WHO predict that 5.2 million are expected to die
from AMR in the Western Pacific Region alone by 2030.° This rise of multidrug-resistant (MDR)
bacteria underscores the urgency for innovative medical solutions.’

In the realm of combating bacterial infections and the challenge of MDR bacteria, the
pharmaceutical industry and medicinal chemistry predominantly favor organic compounds.
This preference arises both from the immense success that organic molecules have had in
medicinal chemistry as well as the perception that metals and their complexes primarily serve
in material applications or catalytic functions, often associated with potential toxicity. However,
despite this inclination, metal or inorganic complexes have historically demonstrated
substantial contributions to medicine. Arsenic (Salvarsan) for the first syphilis treatment,
mercury in antiseptic formulations like mercurochrome, and gold (Auranofin) for managing
rheumatoid arthritis are prominent examples showcasing their medical applications.®

Auranofin is an FDA-approved organogold compound primarily designed for treating
rheumatoid arthritis, has drawn attention due to its potential across various medical domains,
including cancer®, AIDS, parasitic'! and bacterial infections.!? Studies confirm the activity of
auranofin against M. tuberculosis, S. aureus, and Bacillus subtilis strains in vitro and in vivo.
Despite this, its activity against Gram-negative pathogens appears limited.'? However, the
FDA-approved status and established safety profile of auranofin in patients underline its
potential as a prospective antibacterial medication. The approval of the platinum-based drug
Cisplatin in 1978 solidified the significance of metal complexes in medicinal chemistry,
continuing as a crucial component in most cancer treatments today.® Cisplatin, alongside
carboplatin and oxaliplatin remains pivotal in numerous cancer treatments, such as testicular,
ovarian, and lung cancer.4

In the last two decades more metal complexes have entered human clinical trials. These trials
aim to explore their potential in treating cancer, malaria, and neurodegenerative diseases.'®
However, antibacterial applications within metal-based compounds have only received limited
focus. Considering the extensive three-dimensional structural frameworks available through
metal coordination chemistry they provide an ideal platform to explore novel antibiotic
compounds, deviating from conventional two-dimensional structures. In recent research by
Morrison et al., an analysis revealed that a small library of 71 metal compounds encompassed
a notably wider segment of the existing three-dimensional fragment space compared to the
18,534 organic fragments present in the ZINC database.'® This observation emphasizes the
potential of metal complexes in accessing previously unexplored three-dimensional chemical
spaces, which holds relevance in medical chemistry associated with heightened target
selectivity and reduced off-target effects.'”!® In a key study, the Community for Open
Antimicrobial Drug Discovery (CO-ADD) conducted a crowd-sourced screening of compounds
against critical ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.)
pathogens and two fungal species.’® This extensive screening involved nearly 300,000
compounds, of which approximately 1000 belonged to the category of metal complexes.
Interestingly, metal complexes exhibited an approximately tenfold higher hit rate (27%) against
the ESKAPE pathogens in comparison to entirely organic compounds (1.6%). Contrary to the
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assumption that metal compounds inherently pose more toxicity, the assessed metal
compounds demonstrated comparable cytotoxicity to human embryonic kidney (HEK293)
cells and a similar haemolytic effect on human red blood cells (hRBC) in relation to the tested
organic compounds.2021

Within this diverse landscape of metal compounds, rhenium, often overshadowed by other
metals like iron and ruthenium in medicinal applications, has garnered increasing attention.
Ongoing research has unveiled the diverse potential of rhenium(l) complexes in medicinal
chemistry, particularly their applications as anticancer agents, imaging agents for
radiopharmaceuticals, and more recently, as antibacterial agents.??-2¢

The investigation conducted by the Bandow and Metzler-Nolte research groups stands as an
early milestone in the elucidation of the antibacterial potential of rhenium(l) tricarbonyl
complexes and comprehending their mechanism of action. Their study included the synthesis
of 1 (Figure 1), a trimetallic complex comprising rhenium, iron, and manganese integrated
within a peptide nucleic acid framework. Notably, 1 demonstrated antibacterial activity against
diverse Gram-positive bacteria, including methicillin resistant S. aureus (MRSA), vancomycin-
intermediate S. aureus (VISA), and B. subtilis. No activity against Gram-negative bacteria was
observed. Delving deeper into the mode of action, the researchers examined the relationship
between the structure and antibacterial activity of the compound. Their investigations
highlighted the pivotal role of the Re-containing [(dpa)Re(CO)s] moiety and their antibacterial
activity. Further systematic modification of 1 by substituting the metal-containing portions with
simpler organic functions revealed the crucial role of the rhenium tricarbonyl component for its
antibacterial activity. While alterations in the ferrocene and manganese fragments did not
significantly alter the antibacterial activity, the presence of rhenium component proved
indispensable for maintaining the antibacterial properties. In more in-depth studies 1 and its
ruthenium analogue were observed to disturbed crucial processes at the bacterial cell
membrane and impeding respiration and cell wall biosynthesis. Of note compound 1 displayed
limited solubility in water and bacterial growth media (< 25 ug/mL). The cytotoxicity of 1 was
tested in a range of human cell lines (healthy and cancerous) and signs of toxicity where
observed in MCF7 (human epithelial breast cancer cell line, ICso < 3 ug/mL), NRK-52E (rat
kidney epithelial cell line, 55% viability at 25 pg/mL) and CCRF-CEM (human T-cell
lymphoblast cell line, 57% viability at 25 pg/mL).?"8

The group of Zobi reported on a series of rhenium tricarbonyl complexes in recent years with
some (e.g. 2) showing activity against Gram-positive bacteria in zebrafish in vivo infection
models. While the antibacterial activity of the best compounds was higher than their toxicity,
some detrimental effects against zebrafish were observed at higher concentrations.2%%

https://doi.org/10.26434/chemrxiv-2024-dmI88 ORCID: https://orcid.org/0000-0001-6169-2491 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-dml88
https://orcid.org/0000-0001-6169-2491
https://creativecommons.org/licenses/by-nc/4.0/

_I* N 1

&\
Et,N |
Q) h
NS
‘\\co 'm,,Rle‘\\\\CO
é«\co e

N SN
oc Mn /\/ \)L | ¢
/ \ Et,N
1 2
7* X
+ +
O + | _I / _|
ClI Il Z S | X Na Q“N
[N - |N/ N/)
N
I N/) N,l'/":Rl “\\CO OC/N'Nlln“ ‘\\\\N OC,, l \\“\‘N\
N e
NS /”,"R|e“\\\co \ \N/ | \CO OC/ | \N/ ’ c/ | \ I F
Yah A CO oI
N do co B X
=
3 4 5 6

Figure 1. Selected chemical structures of M(CO)s (M = Re, Mn) compounds with reported antibacterial properties.

In more recent work Mendes et al. delved into another rhenium compound, 3, subjected to an
in-depth mechanism-of-action investigation. These investigations revealed its mode of action,
targeting the cytoplasmic membrane to potentially disrupt peptidoglycan synthesis. This
exploration was motivated by the substantial activity, blood stability, and the absence of
carbon monoxide release. This compound exhibited remarkable minimal inhibitory
concentration (MIC) of 0.5 pg/mL against MRSA and promising activity against various Gram-
negative strains, including Escherichia coli (16 pg/mL) and Acinetobacter baumannii (8
pHg/mL). However, 3 also showe high levels of cytotoxicity against HepG2 (human hepatic, 1Cso
=1.4 + 0.4 puM) and LLC-PKI cells (porcine kidney, ICso= 2.0 + 0.8 pM).3!

In other work Frei et al., extended the scope of rhenium(l) complexes with bisquinoline and
tricarbonyl moieties (4). These compounds exhibited dual mode of action against both Gram-
positive and Gram-negative bacteria, notably demonstrating enhanced activity upon light
activation against Gram-positive strains while requiring light exposure for activity against
Gram-negative bacteria. Lead compound 4 displayed moderate toxicity in the dark (CCso =
59.9 + 9.2 uM) against human embryonic kidney (HEK293) cells which was enhanced upon
light irradiation (CCso = 19.1 £ 5.7 uM).*?

Overall, the promise of rhenium(l) tricarbonyl has been shown, however in many of the reports,
hints of cytotoxicity, albeit at generally higher concentrations than their MIC, were described.
It should be noted that manganese(l) tricarbonyl compounds, sharing the same group as
rhenium(l) and being isoelectronic with it, have also been found to possess promising
antibacterial properties by our group and others.33-3®

Based on this previous work we aimed to expand our investigation of rhenium(l) bisquinoline
(Bq) tricarbonyl complexes. Herein eight novel ReBg complexes were synthesized, fully
characterized and assessed for their biological properties including in vitro antibacterial activity
and toxicity studies as well as an exploration of the mechanism of action of this compound
class.
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Results and Discussion

Synthesis of Bisquinoline Ligands

The ligands synthesis was performed via a reductive amination by Sodium
triacetoxyborohydride (STAB) involving two equivalents of 2-Quinolinecarboxaldehyde and
one equivalent of different amines (Figure 2).32 The reactions were monitored using a Liquid
Chromatography Mass Spectrometry (LC-MS) system. The determination of the reaction
completion was primarily based on the visual observation of the reaction mixture”s color, which
appeared as a bright orange color in all ligands. Initially, ligands L1-3 were purified through a
process involving their dissolution in methanol, followed by stirring for 10 min to gently quench
the STAB reagent. Afterwards, methanol was evaporated, re-introduced, and the mixture was
subjected to filtration, with the filtrate retained. Subsequently, another round of methanol
evaporation dissolution and evaporation was performed, and the resulting reaction mixture
was dissolved in dichloromethane (DCM), followed by filtration to maintain the filtrate.
However, in the later phases of the project, this purification step proved to be
counterproductive, as it led to the formation of more side products prior to the workup, as
observed through LC-MS analysis. Furthermore, it was determined that purifying the ligands
was unnecessary, given the successful performance of complex synthesis even in the
absence of ligand purification. The Ligands L1-L9 were characterized by LC-MS and Nuclear
Magnetic Resonance (NMR).

Synthesis of Small Complex Library

The complex synthesis was performed as previously reported by reacting [ReCOsBr] with the
ligands in methanol under microwave irradiation (Figure 2).32 To confirm the presence of the
desired compound, LC-MS analysis was conducted post-reaction, consistently revealing the
desired masses. The subsequent purification of Re1l-Re3 was achieved through precipitation
with ammonium hexafluorophosphate. On the other hand, the other rhenium complexes (Re4
-Re9) underwent purification via preparative reverse-phase liquid chromatography (RP-
HPLC). While RP-HPLC resulted in a lower overall yield, the outcome was notably improved
in terms of purity. Following purification, the complexes were characterized by LC-MS, *H and
13C NMR and High-Resolution MS.
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Figure 2. (Top) General reaction scheme for the preparation of rhenium bisquinoline tricarbonyl complexes. i)
Na[(CH;COO)s;BH], DCE, 0 °C, 2 h; r.t., 16 h. ii) MeOH, MW 120 °C, 1 h. (Bottom) Structure of the nine novel
rhenium complexes prepared in this work.

Rhenium Complex Stability.

To evaluate whether the studied rhenium bisquinoline complexes remain intact during their
biological assessment we investigated the stability of all nine complexes by UV/Vis
absorbance in different solvents (DMSO and HEPES buffer) at 37 °C, over time to monitor
any changes (Figure S1). The majority of all complexes showed no significant changes in
absorption over 18 h in any solvent. For Re7 a small decrease in absorbance in the agueous
solvent was observed. Overall, all compounds remained largely unchanged in the temperature
and time window relevant for the biological experiments.
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Antibacterial Activity

Table 1. Antibacterial activity against a selection of Gram-positive and Gram-negative strains, toxicity data in
HEK293T cells and human red blood cells for the 9 synthesized compounds.

MIC [uM] Toxicity [uM]

MRSA MSSA B. subtilis E. coli A. baumannii HC1o CCso
Re1 3.13-6.25 3.13-6.25 6.25 50 - >100 100 - >100 >200 1414
Re2 12.5 12.5 12.5 >100 >100 931 9+2
Re3 12.5 6.25 6.25-12.5 50 - >100 >100 66 +7 4+1
Re4 1.56 1.56 3.125 25-100 25-50 157 +5 5+2
Reb <0.78-1.56 | <0.78 - 1.56 | <0.78 - 1.56 12.5-25 12.5 38+5 71
Re6 1.56 - 6.25 3.13-6.25 3.13 25-100 25-50 >200 5+1
Re7 0.78-1.56 | <0.78 - 1.56 1.56 12.5-25 12.5-25 29+6 61
Re8 <0.78-1.56 | <0.78-1.56 | <0.78 - 1.56 125-25 125 45+3 41
Re9 <0.78-1.56 | <0.78 - 1.56 | <0.78 - 1.56 125-25 125-25 314 31

Ctrl [ug/mL] 0.5 0.25-1 <0.125 0.25-1 0.25-1

Antibacterial activity is displayed as MIC [pM]. MRSA — methicillin resistant S. aureus; MSSA — methicillin
susceptible S. aureus; HC10 — Human red blood cells; CCso— HEK293T cells; Ctrl = Vancomycin for MRSA, MSSA,
and B. subtilis. Ctrl = Polymyxin B for E. coli and A. baumannii; Tl — therapeutic index, determined by dividing the
lowest value between CCsp and HCso with the lowest MIC value for each compound; MIC determined with n=4
across two biological replicates.

To determine the MIC of the synthesized rhenium(l)Bg complexes the broth microdilution
method was performed. The antibacterial activity of the rhenium complexes was evaluated
against a panel of Gram-positive (MRSA; MSSA — methicillin susceptible S. aureus; B. subtilis)
and Gram-negative bacteria (E. coli; A. baumannii; PAO1 — P. aeruginosa). Additionally, since
previous work suggest light irradiation could enhance the antibacterial properties of ReBq
compounds®, the rhenium complexes synthesized in this work were subjected to light
irradiation (at 405 nm for 10 minutes using a Atlas Photonics LUMOS BIO irradiator) for E. coli
and MRSA. However, no heightened antibacterial activity was observed following light
irradiation. Consequently, light irradiation was excluded from subsequent assays. All MIC
values are displayed in Table 1.

All tested compounds exhibited varying degrees of activity against Gram-positive and Gram-
negative bacteria. The lowest activity was observed against the tested Gram-positive bacteria
for Re2 (12.5 pM), followed by Re3 (ranging from 6.25 to 12.5 pM), Rel (6.25 uM), Re4 (3.13
MM), and Re6 (3.13 uM) (Table 2). In contrast, Re5, Re8, and Re9 displayed identical MIC
values (ranging from 1.56 to <0.78 uM), indicative of potent antibacterial activity against the
tested Gram-positive bacteria. The tested rhenium(l) complexes displayed no to moderate
activity against the tested Gram-negative bacteria. Moderate activity against E. coli and
A. baumannii was observed with values of 12.5 — 50 uM. The rhenium(l) complexes Re5, Re7,
Re8 and Re9 display the best activity among the tested compounds against the two previously
mentioned Gram-negative bacteria. While Rel to Re3 displayed no antibacterial activity
against A. baumannii, Re4 and Re6 exhibited minimal antibacterial activity with relatively high
MIC values (25-50 pM). The other rhenium compounds, particularly Re5, Re7-Re9,
demonstrated the lowest MIC values, with Re5 and Re8 both showing an MIC of 12.5 uyM.
While these MIC values are not ideal, they do indicate some potential for the compounds.
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In contrast, no antibacterial activity was observed against P. aeruginosa and K. pneumoniae
for any of the compounds. In previous work, Rel was tested against multiple drug-resistant
strains, including K. pneumoniae, A. baumannii, and P. aeruginosa.®? No activity against
K. pneumoniae and only moderate activity against A. baumannii and P. aeruginosa was noted
when subjected to light irradiation at 365 nm. The MIC values for Rel in the literature were
>186.2 uM for K. pneumoniae in the dark, 186.2 uM for A. baumannii, and 93.1 uM for PAOL1.
These values are generally consistent with the MICs measured by us, except for PAO1, where
the measured MIC was consistently higher than 100 uM. This alignment between the obtained
data and literature findings adds confidence to the reproducibility of the results.

In conclusion, all rhenium(l) complexes (Rel-Re9) exhibited antibacterial activity against
Gram-positive bacteria. Among these, the most promising candidates are Re5 and Re7-Re9.
Firstly, they demonstrate superior activity against Gram-positive bacteria compared to the
other compounds. Secondly, they also display moderate activity against Gram-negative
bacteria, such as E. coli and A. baumannii.

Toxicity and Haemolysis

In order to determine potential toxicity of the synthesized complexes their haemolytic and
cytotoxic properties were determined. Haemolysis was determined against human red blood
cells (hRBC) using a previously reported protocol.®® The data were fit to determine the HCio
i.e. the concentration of compound that causes 10% haemolysis. The cytotoxcitiy of the
rhenium complexes was determined against human embryonic kidney HEK293T cells utilizing
a standard MTT assay. The compounds displayed strongly variable levels of haemolysis
(Table 1) with some showing no detectable effect up to 200 uM (Rel and Re6) and others
showing strong haemolysis (Re7 and Re9). Surprisingly all rhenium complexes showed
significant cytotoxicity against the HEK293T cells. Apart from Rel which still displayed a CCso
of 14+4 uM all other compounds had single digit micromolar CCs values. In order to explore
possible correlations between the structure of the compounds and their cytotoxicity, we
calculated the logP values of the nine bisquinoline ligands (as proxies for the rhenium complex
logP) and compared the results with their corresponding HC10 and CCsg values (Figure S2). A
weak but consistent trend can be observed, i.e. higher lipophilicity tends to correlate with a
higher degree of haemolysis and toxicity (or lower HC1o and CCsq values). In previous work a
CCso value of 59.9 + 9.2 uM was found for Rel against HEK293 cells®? which is significantly
higher than what was obtained here, highlighting the strong variability that is inherent to any
biological experiment.
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Bacterial cytological profiling of Re8

Bacterial Cytological Profiling

Untreated Re8 Nisin

Bright-field

PrpsD-GFP

NileRed

DAPI

Merge

Figure 3. Fluorescence microscopy pictures obtained. BCP: B. subtilis bSS82 PrpsD strain incubated with
1.56 uM Re8 for 10 min and stained with DAPI (1 ug/mL) and Nile red (0.5 pg/mL) compared with untreated
control and Nisin (100 pg/mL).

We selected Re8 for preliminary mode of action (MoA) studies to better understand the effect
of the rhenium compounds on bacteria, as well as to start understanding the possible factors
contributing to the general cytotoxicity. As Re3-9 displayed virtually identical levels of
cytotoxicity we chose Re8 for further studies as it has the highest ratio between its HCo value
and MIC against MRSA (~29).

The mode of action of Re8 on bacteria was investigated through bacterial cytological profiling
(BCP) experiments using the Gram-positive Bacillus subtilis model strain.*>3¢ Briefly,
B. subtilis bSS82%, expressing cytosolic GFP from the robust ribosomal PrpsD promoter was
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incubated with Re8 for 10 min before the DNA stain DAPI and the membrane stain Nile red
were added, and the bacteria were imaged with a fluorescence microscope. The Re8-treated
bacteria images were compared with untreated and nisin-treated control groups (Figure 3).
Nisin is an antibacterial peptide chosen as the positive control, inhibits cell-wall biosynthesis,
forming large pores, disrupting membrane potential, and causing nutrient and ion leakage.®-
40 Compared to the untreated control, clear differences were visible in the GFP, Nile red and
DAPI signal. The presence of bacterial cells with depleted GFP signal as well as strong spot-
formation in the Nile red signal was observed which is very similar to the effect caused by the
nisin control suggesting a similar mode of action.

Effect of Re8 on the bacterial membrane

As the BCP results suggested that Re8 has an effect on the bacterial membrane, we
conducted experiments to interrogate this further. Given MinD's role in cell division regulation,
we incubated a MinD-GFP B. subtilis LH131 reporter with both Re8 and the positive control
compound, nisin. The resulting effects were visualized using fluorescence microscopy
(Figure 4A). Under normal circumstances, MinD localizes around the bacterial cell poles and
septa.®4! The fluorescence pictures show a strong delocalization of MinD under the influence
of both nisin and Re8. This effect is different to the one observed in our previous work with a
manganese tricarbonyl compound (compound 6, Figure 1) where the membrane was similarly
targeted, yet the compound demonstrated the ability to release COs, and consequently
inhibiting the respiratory chain.® This adds further support to the hypothesis that Re8
detrimentally affects the bacterial membrane. Additionally, the similarity of the effects
observed between the pore-forming nisin and Re8 point towards a similar MoA for the metal
compound. Further evidence for this was provided by a propidium iodide (PI) influx assay. PI
can only cross membranes if they have been strongly compromised e.g. by a pore-forming
compound. Indeed, both Re8 and nisin resulted in a strong increase in fluorescence in the
bacteria which was not observed in the untreated sample (Figure 4B). A clear effect on the
membrane potential by Re8 was demonstrated by a DIOC, assay. A depolarization effect
comparable to the one of the ionophore gramicidin was observed (Figure 4C). Altogether these
assays suggest that the antibacterial effect of Re8 is caused, by forming pores in the bacterial
membrane which lead to bacterial death.
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Figure 4. (A) B. subtilis LH131 with MinD reporter incubated with 1.54 pM Re8 for 10 min compared with
untreated control and Nisin (100 pg/mL). (B) Quantified PI fluorescence in bacteria after exposure to Re8 (1.56
MM, 15 min), Nisin (positive control, 50 pg/mL, 15 min) or no compound. (B) DiOC: fluorescence as a measure of
membrane depolarisation after addition of Re8 (1.56 uM), gramicidin (positive control 1 pg/mL). a) indicates the
time point of DiIOC: addition b) indicates the time point of antibiotic addition.

SEM imaging of Re8

Having narrowed the primary effect of Re8 to the damaging the bacterial membrane we aimed
to further visualize this. Hence we exposed B. subtilis 168CA to different concentrations of
Re8 and prepared scanning electron microscopy (SEM) samples based on previous
reports.*>43 Untreated samples were used as negative controls and indeed intact bacteria
could be visualized (Figure 5A-B). Bacterial samples exposed to sodium dodecyl sulfate
(SDS), a pore-forming surfactant, showed clearly visible effects on the outer membrane
(Figure 5C-D), which looked deformed and ‘wrinkled‘. In some cases, distinct ,holes' and
tears’ could be observed which were not found in the untreated sample. Samples treated with
Re8 showed similarly pronounced effects on the membrane. At around the MIC concentration
of 1.56 uM not all cells were equally affected but effects similar to the SDS samples could be
observed (Figure 5E-F). At elevated concentrations of Re8 (1 mM) most bacterial cells showed
similar effects with numerous forms of membrane damage visible. Taken together with the
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other experiments, these pictures provide substantial evidence that Re8 acts by damaging the
membrane of bacteria.

A Untreated B untreated

Figure 5. SEM images of B. subtilis 168CA (A-B) untreated control (C-D) SDS positive control (0.05%) (E-F) B.
subtilis incubated with Re8 (1.56 uM) for 10 min (G-H) B. subtilis 168CA incubated with Re8 (1 mM) for 10 min.
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Conclusion

We have further explored the family of rhenium bisquinoline tricarbonyl complexes by
synthesizing, purifying and completely characterizing eight novel derivatives. We found that
most of these complexes showed high antibacterial activity against Gram-positive strains with
some even showing activity against two Gram-negative strains i.e. E. coli and A. baumannii.
Surprisingly, unlike in earlier work, the antibacterial activity of most complexes could not be
enhanced by light irradiation at 405 nm suggesting that specific structural features contribute
to the light-enhanced activity. Additionally, all compounds showed significant cytotoxic effects
against mammalian cells and some haemolysis, reducing their potential as antibacterial
agents. To better understand their biological effects, we probed the mechanism of action of
this compound class for the first time by conducting BCP microscopy studies with one
representative compound. Initial experiments indicated a strong effect of the rhenium complex
on bacterial membranes. Follow-up experiments that focused on membrane effects revealed
that these compounds are likely to form pores, similar to the antibacterial peptide nisin and
the ionophore gramicidin. Lastly, we were able to image the effect of one rhenium complex on
the bacterial membrane by SEM imaging. It is possible that these compounds cause similar
damage to mammalian cell membranes, potentially explaining their elevated cytotoxicity. Due
to their otherwise strong antibacterial properties and ease of diversification we think it is worth
exploring other compounds in this class with improved selectivity for bacterial membranes e.g.
by introducing more positive charges and/or bacterial targeting vectors.

Experimental Section

Materials and Reagents.
All reagents were commercially available, and they were used without any further purification.

Physical Measurements

Analytical RP-HPLC-MS was performed with an Ultimate 3000 Rapid Separation LC-MS
System (DAD-3000RS diode array detector) using an Acclaim RSLC 120 C18 column (2.2 pm,
120 A, 3 x 50 mm, flow 1.2 mL/min) from Dionex. The HPLC is directly linked to a Thermo
Scientific LCQ- Fleet lon-trap MS. The elution solutions were A: MilliQ deionized water
containing 0.05% TFA and D: MilliQ deionized water/acetonitrile (10:90,v/v) containing 0.05%
TFA. High resolution mass spectra were recorded from LTQ Orbitrap XL with nano ESI
(Thermo) positive mode, samples prepared in acetonitrile. NMR were recorded from AVANCE
Il 400 MHz (Bruker). UV-vis spectra were collected using 1 cm quartz cuvette at room
temperature with a Shimadzu UV-1800 UV spectrophotometer. Microwave reactions were
conducted with Biotage Initiator.

General Ligand Synthesis

2-Quinolinecaboxaldehyde (100 mg, 0.64 mmol) and the corresponding amine (0.32 mmol)
were dissolved into 10 mL of 1,2-Dichlorethane (DCE). The reaction mixture was then stirred
at room temperature under an argon atmosphere and protected from light for 2 hours.
Subsequently, sodium triacetoxyborohydride (STAB) (1.11 mmol) was added to the reaction
mixture at 0 °C, and the reaction was then stirred under an argon atmosphere, protected from
light, overnight. The solvent was removed from the reaction mixture in vacuo. This resulted in
the formation of a brightly coloured orange-white solid. No further purification was performed
for L3-6 & L8-9. Ligands L1,L2 & L7 were purified as follows: The crude was dissolved in
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approximately 20 mL of methanol and stirred at room temperature for 10 minutes. The
methanol was then evaporated, and 20 mL of methanol was added again. The mixture was
filtered, keeping the filtrate. The solvent was evaporated, and 20 mL dichloromethane (DCM)
was added. The mixture was cooled down to O °C and then filtered again keeping the filtrate.
To obtain the pure solid, DCM was evaporated. For L1, an additional purification step was
carried out by adding acetonitrile and filtering it again, keeping the filtrate.

L1. Corresponding amine: Propargylamine. Yield 20-60 %. MW 337.4 gmol. ESI-MS (+, m/z,
[M+Na]*): 360.25 [CzsHigNsNa]*. HR-MS (+, m/z, [M+Na]*) [CzsHisNsNa]® calculated:
360.1471; found: 360.1458. *H NMR (300 MHz, CDCls) 8 8.10 (dd, J = 13.0, 8.6 Hz, 4H), 7.78
(d, J=9.0 Hz, 2H), 7.73 - 7.65 (m, 4H), 7.54 — 7.47 (m, 2H), 4.14 (s, 4H), 3.51 (d, J = 2.3 Hz,
2H), 2.32 (t, J = 2.3 Hz, 1H).

L2. Corresponding amine: 2-Diethylaminoethylamine. Yield 83 %. MW 398.5 gmol*. HR-MS
(+, m/z, [M+H]") [C26H31N4]* calculated: 399.2543; found: 399.2529. 'H NMR (300 MHz,
CDCl3) 8.13 (d, J = 8.4 Hz, 2H), 8.05 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 8.1 Hz, 2H), 7.68 (ddd,
J=84,6.9, 1.4 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H), 7.51 (ddd, J = 8.0, 7.1, 1.1 Hz, 2H), 4.07 (s,
4H), 3.13 (dd, J = 8.7, 5.1 Hz, 2H), 3.01 (dd, J = 8.8, 5.0 Hz, 2H), 2.86 (q, J = 7.3 Hz, 4H),
1.05 (t, J = 7.3 Hz, 6H).

L3. Corresponding amine: (+)-dehydroabietylamine. Yield 22 %. MW 567.8 gmol?. ESI-MS
(+, m/z, [M+H]): 568.43 [CaoHasN3]". HR-MS (+, m/z, [M+H]") [CaoH4eN3]" calculated:
568.3686; found: 568.3665. *H NMR (300 MHz, CDCls) 8 8.05 (t, J = 8.1 Hz, 4H), 7.77 (d, J =
9.0 Hz, 2H), 7.71 — 7.65 (m, 4H), 7.50 (t, J = 7.0 Hz, 2H), 7.15 (d, J = 8.2 Hz, 1H), 6.97 (d, J
= 9.8 Hz, 1H), 6.79 (s, 1H), 4.08 (d, J = 10.3 Hz, 4H), 2.84 — 2.77 (m, 3H), 1.64 — 1.57 (m,
2H), 1.50 — 1.42 (m, 2H), 1.42 — 1.28 (m, 2H), 1.21 (d, J = 6.9 Hz, 6H), 1.15 (s, 3H), 0.97 —
0.81 (m, 4H), 0.80 (s, 3H), 0.71 (d, J = 1.4 Hz, 1H).

L4. Corresponding amine: Cyclopropabemethylamine. MW 353.5 gmol™®. ESI-MS (+, m/z,
[M+Na]*): 353.19 [Ca4H23NsNa]*. HR-MS (+, m/z, [M+H]") [C24H24N3]* calculated: 354.1965;
found: 354.1953. *H NMR (300 MHz, CDCls) 5 8.09 (dd, J = 16.8, 8.5 Hz, 4H), 7.83 — 7.75 (m,
4H), 7.67 (t, J = 7.6 Hz, 2H), 7.49 (t, J = 7.4 Hz, 2H), 4.13 (s, 4H), 2.53 (d, J = 6.6 Hz, 2H),
0.99 (dt, J = 12.3, 5.4 Hz, 1H), 0.45 (d, J = 7.2 Hz, 2H), 0.09 (d, J = 4.5 Hz, 2H).

L5. Corresponding amine: 3,5-Dichlorobenzylamine. MW 458.4 gmol?®. ESI-MS (+, m/z,
[M+H]"): 458.11 [C27H22Cl>2N3]*. *H NMR (300 MHz, CDCls) 8 8.16 (d, J = 8.5 Hz, 2H), 8.08 (d,
J = 8.5 Hz, 2H), 7.79 (d, J = 8.1 Hz, 2H), 7.69 (dd, J = 13.4, 7.9 Hz, 4H), 7.51 (t, J = 7.5 Hz,
2H), 7.31 (s, 2H), 7.18 (s, 1H), 4.02 (s, 4H), 2.16 (s, 2H).

L6. Corresponding amine: N,N-Diisopropylethane-1,2-diamine. MW 426.6 gmol™*. ESI-MS (+,
m/z, [M+Na]*): 449.42 [CasHasNsNa]*. *H NMR (300 MHz, CDCls) & 8.15 (d, J = 8.5 Hz, 2H),
8.05 (d, J=8.5Hz, 2H), 7.79 (d, J = 8.1 Hz, 2H), 7.67 (dd, J = 18.7, 8.1 Hz, 4H), 7.51 (t, J =
7.4 Hz, 2H), 4.12 (s, 4H), 3.52 — 3.41 (m, 2H), 3.12 (s, 4H), 1.14 (s, 12H).

L7. Corresponding amine: 4-Bromophenethylamine. MW 482.4 gmol?!. ESI-MS (+, m/z,
[M+H]"): 482.17 [C2sH25BrNs]*. *H NMR (300 MHz, CDCls) & 8.06 (d, J = 8.4 Hz, 4H), 7.79 (d,
J =8.0 Hz, 2H), 7.69 (t, J = 8.2 Hz, 2H), 7.52 (dd, J = 7.8, 3.9 Hz, 4H), 7.26 (s, 2H), 6.92 (d, J
= 8.3 Hz, 2H), 4.07 (s, 4H), 2.92 — 2.79 (m, 4H).
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L8. Corresponding amine: Cyclohexane methylamine. MW 395.5 gmol?. ESI-MS (+, m/z,
[M+H]*): 396.33 [C27H30N3]*. *H NMR (300 MHz, CDCls) 6 8.13 (d, J = 8.5 Hz, 2H), 8.06 (d, J
=8.4Hz, 2H), 7.81 - 7.74 (m, 4H), 7.71 — 7.64 (m, 2H), 7.53 — 7.46 (m, 2H), 3.97 (s, 4H), 2.39
(d, J =7.1 Hz, 2H), 2.08 (s, 1H), 1.87 (d, J = 13.0 Hz, 2H), 1.65 (d, J = 11.8 Hz, 2H), 1.17 (t,
J=11.1Hz, 2H), 0.73 (q, J = 14.2, 13.4 Hz, 2H).

L9. Corresponding amine: Hexylamine. MW 383.5 gmol™. ESI-MS (+, m/z, [M+H]*): 384.25
[C26H30N3]*. *H NMR (300 MHz, CDCls) & 8.12 (d, J = 8.5 Hz, 2H), 8.06 (d, J = 8.5 Hz, 2H),
7.76 (t, J=8.1 Hz, 4H), 7.71 — 7.64 (m, 2H), 7.53 — 7.46 (m, 2H), 4.01 (s, 4H), 2.65 — 2.56 (m,
2H), 1.57 (p, J = 7.2 Hz, 2H), 1.31 — 1.14 (m, 6H), 0.80 (t, J = 6.9 Hz, 3H).

General Rhenium Complex Synthesis

Pentacarbonylchlororhenium (30 mg, 0.083 mmol) and the corresponding ligand (0.083 mmol)
were dissolved in 3 mL of methanol inside a Biotage microwave vial with a capacity of 2-5 mL.
The reaction mixture was subjected to microwave heating at 120 °C for 1 hour using a Biotage
Inititator. After the reaction, the solvent was evaporated, and a yellowish solid was obtained.
Purification for Re3-9 was achieved through preparative high-performance liquid
chromatography using the following conditions: flow rate of 40 mL/min, solvent A: 0.1%
trifluoroacetic acid (TFA) in water, and solvent D: 90% acetonitrile (ACN) and 10% water with
0.1% TFA. The program used: A/D 90:10 to 0:100 in 60 min. The resulting fractions were
collected, and their purity was verified by LC-MS using the following conditions: flow rate of
1.2 mL/min, solvent A: 0.1% TFA in water, and solvent D: 90% ACN and 10% water with 0.1%
TFA. The LC-MS program used: A/D 100:0 to 0:100 in 10.00 min or 5 min, total absorbance
and then subjected to lyophilization.

Rel. Yield 29%. MW 704.68 gmol™. Analytical RP-HPLC: tr = 4.8 min. ESI-MS (+, m/z, [M]*):
608.12 [C2sH19N30sRe]". HR-MS (+, m/z, [M]*): [C2sH19N3OsRe]" calculated: 608.0978; found:
608.0973. 'H NMR (400 MHz, CDsCN) & 8.52 (dd, J = 8.6, 3.1 Hz, 4H), 8.04 (dd, J = 8.2, 1.3
Hz, 2H), 7.91 (ddd, J = 8.7, 7.0, 1.5 Hz, 2H), 7.75 — 7.69 (m, 2H), 7.57 (d, J = 8.5 Hz, 2H),
5.17 (d, J =17.8 Hz, 2H), 4.98 (d, J = 17.8 Hz, 2H), 4.63 (d, J = 2.5 Hz, 2H), 3.07 (t, J = 2.5
Hz, 1H). 3C NMR (101 MHz, CDsCN) d 165.48, 147.89, 142.47, 134.08, 130.64, 129.54,
129.40, 129.25, 120.95, 80.13, 77.35, 69.73, 57.02.

Re2. Yield 51%. MW 813.76 gmol™. Analytical RP-HPLC: tr = 3.7 min. ESI-MS (+, m/z, [M]*):
669.36 [Ca9H30N4O3Re]*. HR-MS (+, m/z, [M]"): [C29H30N4OzRe]* calculated: 669.1870; found:
669.1848. (+, m/z, [M+PFs+H]"): [C29H31FsN4OsPRe]" calculated: 815.1590; found: 815.1571.
(+, m/z, [M-PF6]?*): [C29H31N4O3Re]?* calculated: 335.0972; found: 335.0961. 'H NMR (400
MHz, CDsCN) 6 8.50 (dd, J = 14.3, 8.5 Hz, 4H), 8.03 (dd, J = 8.1, 1.3 Hz, 2H), 7.91 (ddd, J =
8.7, 7.0, 1.5 Hz, 2H), 7.75 — 7.70 (m, 2H), 7.54 (d, J = 8.5 Hz, 2H), 5.17 — 4.95 (m, 4H), 4.28
—4.19 (m, 2H), 3.69 — 3.58 (m, 2H), 3.32 (s, 4H), 1.35 (t, J = 7.3 Hz, 6H). 13C NMR (101 MHz,
CDsCN) 6 165.10, 147.86, 142.79, 134.24, 130.78, 129.64, 129.42, 129.31, 120.98, 69.14,
60.99, 49.58, 49.19, 9.12.

Re3. Yield 11%. MW 983.02 gmol™. Analytical RP-HPLC: tg = 7.5 min ESIMS (+, m/z, [M]*):
838.53 [C43H45N303Re]+. HR-MS (+, m/z, [M]+)Z [C43H45N303RE]+ calculated: 838.3013; found:
838.2992. 'H NMR (400 MHz, CDsCN) & 5 8.66 (d, J = 9.3 Hz, 1H), 8.46 (d, J = 8.4 Hz, 1H),
8.37 (d, J = 8.4 Hz, 1H), 8.15 (d, J = 8.9 Hz, 1H), 8.00 — 7.93 (m, 3H), 7.72 (td, J = 7.8, 7.4,
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1.0 Hz, 1H), 7.69 — 7.62 (m, 2H), 7.59 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H),
7.22 (d, J = 8.2 Hz, 1H), 7.02 (dd, J = 8.2, 2.0 Hz, 1H), 6.93 (d, J = 2.0 Hz, 1H), 5.44 — 5.28
(m, 3H), 5.05 (d, J = 18.1 Hz, 1H), 4.29 (d, J = 14.5 Hz, 1H), 4.09 (d, J = 14.5 Hz, 1H), 2.96
(dd, J=17.1, 6.7 Hz, 1H), 2.83 (ddt, J = 20.8, 13.8, 7.2 Hz, 2H), 2.39 (t, J = 11.4 Hz, 2H), 2.14
(s, 11H), 1.44 (s, 2H), 1.30 (s, 2H), 1.18 (d, J = 6.9 Hz, 6H). 3C NMR (101 MHz, CDsCN) &
167.79, 165.96, 148.52, 147.72, 147.44, 146.98, 142.42, 142.12, 135.53, 134.11, 133.61,
130.57, 129.72, 129.41, 129.18, 129.14, 129.11, 128.79, 127.86, 124.97, 121.60, 120.83,
80.71, 70.37, 69.39, 48.41, 44.10, 40.70, 39.00, 38.62, 34.31, 30.88, 25.96, 24.31, 24.28,
20.62, 19.98, 19.43.

Re4. Yield 11-25%. MW 721.12 gmol™. Analytical RP-HPLC: tr = 5.15 min. ESI-MS (+, m/z,
[M]%): 624.22 [C27H23N303Re]*. HR-MS (+, m/z, [M]+): [C27H23N3O3sRe]+ calculated: 624.1291;
found: 624.1283. *H NMR (300 MHz, CDsCN) & 8.50 (dd, J = 12.8, 8.6 Hz, 4H), 8.01 (d, J =
8.2 Hz, 2H), 7.89 (ddd, J = 8.7, 7.0, 1.5 Hz, 2H), 7.70 (t, J = 7.6 Hz, 2H), 7.56 (d, J = 8.5 Hz,
2H), 5.20 (d, J=17.8 Hz, 2H), 4.99 (d, J = 17.8 Hz, 2H), 3.70 (d, J = 6.8 Hz, 2H), 1.27 (s, 1H),
0.82 (d, J = 7.5 Hz, 2H), 0.57 (d, J = 5.2 Hz, 2H).2*C NMR (101 MHz, CD3;CN) & 166.16,
147.90, 142.44, 134.01, 130.63, 129.48, 129.44, 129.19, 121.02, 72.51, 69.55, 8.91, 5.09.

Re5. Yield 21%. MW 825.64 gmol™. Analytical RP-HPLC: tr = 5.87 min. ESI-MS (+, m/z, [M]*):
728.18 [C30H21CI2N3O3Re]*. HR-MS (+, m/z, [M]+): [C30H2:CI2N3O3sRe]* calculated: 728.0512;
found: 728.0488. *H NMR (400 MHz, CDsCN) & 8.51 (d, J = 8.8 Hz, 2H), 8.46 (d, J = 8.4 Hz,
2H), 8.02 — 7.97 (m, 2H), 7.89 (s, 2H), 7.70 (d, J = 7.1 Hz, 5H), 7.51 (d, J = 8.4 Hz, 2H), 5.20
(d, J = 17.5 Hz, 2H), 5.03 (s, 2H), 4.67 (d, J = 17.6 Hz, 2H). *C NMR (101 MHz, CDsCN) &
165.52, 147.86, 142.50, 136.42, 136.24, 134.06, 132.04, 130.69, 130.63, 129.47, 129.37,
129.27, 121.19, 69.35, 68.41.

Re6. Yield 18%. MW 796.86 gmol'. Analytical RP-HPLC: tr = 3.83 min. ESI-MS (+, m/z, [M]*):
697.25 [C31H44N4OsRe]*. HR-MS (+, m/z, [M]*): [C31H44N4O3Re]" calculated: 697.2183; found:
697.2171. '"H NMR (400 MHz, CDsCN) & 8.47 (d, J = 8.8 Hz, 4H), 8.00 (d, J = 7.9 Hz, 2H),
7.90 — 7.84 (m, 2H), 7.69 (t, J = 7.5 Hz, 2H), 7.53 (d, J = 8.3 Hz, 2H), 5.29 (d, J = 17.6 Hz,
2H), 5.15 (d, J = 17.7 Hz, 2H), 4.50 (s, 2H), 3.77 (s, 2H), 3.65 (s, 2H), 1.44 (d, J = 6.3 Hz,
12H). 3C NMR (101 MHz, CD3sCN) & 196.79, 194.78, 165.62, 147.76, 142.53, 134.02, 130.66,
129.47, 129.30, 129.26, 120.95, 69.02, 62.56, 55.77, 43.04, 18.47.

Re7. Yield 15%. MW 849.68 gmol™. Analytical RP-HPLC: tr = 6.07 min. ESI-MS (+, m/z, [M]*):
752.24 [C31H24BrNsOsRe]*. HR-MS (+, m/z, [M]*): [C31H24BrNsOsRe]* calculated: 752.0553;
found: 752.0526. *H NMR (400 MHz, CDsCN) 5 8.50 (d, J = 8.5 Hz, 4H), 8.02 (dd, J=8.1, 1.4
Hz, 2H), 7.90 (ddd, J = 8.6, 7.0, 1.5 Hz, 2H), 7.74 — 7.68 (m, 2H), 7.55 (dd, J = 8.4, 7.2 Hz,
4H), 7.33 (d, J = 8.4 Hz, 2H), 5.21 (d, J = 17.8 Hz, 2H), 5.01 (d, J = 17.8 Hz, 2H), 4.02 — 3.95
(m, 2H), 3.30 — 3.23 (m, 2H). 3C NMR (101 MHz, CD3CN) & 165.97, 147.91, 142.55, 137.49,
134.07,132.81, 132.14, 130.68, 129.55, 129.42, 129.26, 121.37, 120.97, 69.51, 68.99, 32.33.

Re8. Yield 22%. MW 762.80 gmol™. Analytical RP-HPLC: tr=5.77 min. HR-MS (+, m/z, [M]*):
[CsoH29N303Re]" calculated: 666.1761; found: 666.1750. *H NMR (400 MHz, CDsCN) & 8.47
(t, J = 8.4 Hz, 4H), 7.99 (dd, J = 8.1, 1.2 Hz, 2H), 7.87 (ddd, J = 8.7, 7.0, 1.5 Hz, 2H), 7.69 (t,
J =7.3 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 5.10 — 4.97 (m, 4H), 3.76 (d, J = 4.1 Hz, 2H), 2.07 —
2.02 (m, 2H), 1.80 (dt, J = 12.0, 2.8 Hz, 2H), 1.70 (dt, J = 12.8, 3.2 Hz, 1H), 1.42 (qt, J = 12.5,
3.2 Hz, 2H), 1.27 (tt, J = 12.4, 10.7 Hz, 4H). *C NMR (101 MHz, CDsCN) & 166.20, 147.79,
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142.41, 133.96, 130.63, 129.43, 129.36, 129.18, 121.03, 75.62, 69.71, 36.57, 34.41, 26.91,
26.41.

Re9. Yield 21%. MW 750.79 gmol™. Analytical RP-HPLC: tr = 5.75 min. ESI-MS (+, m/z, [M]*):
654.29 [C29H29N303Re]". HR-MS (+, m/z, [M]*): [C29H29N303Re]" calculated: 654.1761; found:
654.1751. *H NMR (400 MHz, CD3CN) & 8.49 (t, J = 8.6 Hz, 4H), 8.01 (dd, J = 8.1, 1.2 Hz,
2H), 7.89 (ddd, J =8.7, 7.1, 1.5 Hz, 2H), 7.70 (t, J = 7.6 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 5.07
(d, J=17.9 Hz, 2H), 4.91 (d, J = 17.9 Hz, 2H), 3.82 — 3.73 (m, 2H), 1.97 (d, J = 8.1 Hz, 1H),
1.49 — 1.25 (m, 7H), 0.95 — 0.90 (m, 3H). **C NMR (101 MHz, CD3CN) d 166.15, 147.87,
142.48, 134.01, 130.65, 129.48, 129.41, 129.19, 120.90, 69.58, 68.73, 32.20, 27.02, 26.68,
23.18, 14.25.

UV/vis spectroscopy

UV-vis spectra were recorded using a 1 cm quartz cuvette at room temperature. The stock
solutions of the complexes were prepared at a concentration of 5 mM in DMSO and
subsequently diluted to a final concentration of 50 yM in DMSO or 50 mM HEPES buffer (pH
7.4). To evaluate stability, the maximum absorption (320 hm) was monitored over an 18-hour
incubation period using a plate reader (Tecan instrument Infinite M1000).

Antibacterial Activity

Unless otherwise stated sample preparation was performed in a class Il biosafety cabinet. The
samples were tested for their antimicrobial activity against P. aeruginosa (PAO1), K.
pneumoniae (Oxa-48), E. coli (W3110), A. baumannii (BAL225), Methicillin-resistant S. aureus
(clinical isolate of MRSA), S. aureus Newman (patient isolate of MSSA), Bacillus subtilis (168
CA). A colony of bacteria was grown in Luria-Bertani (LB) medium overnight at 37 °C. Stock
solutions of 5 mM of the samples were prepared in DMSO and diluted to a starting
concentration of 100 uM in Mueller Hinton (MH) medium. For the identification of the MIC the
samples were two folds diluted. The bacterial concentration was determined by measuring the
optical density at 600 nm and then diluted to an OD600 of 0.022 in MH medium. 5 pL of the
diluted bacterial solution was used to inoculate 150 uL of the sample solutions, resulting in a
final inoculation of about 5 x 10° CFU/mL. The plates were then incubated at 37 °C for 18
hours. For each assay, a control of broth only and a growth control of broth with bacterial
inoculum without antibiotics were included in two columns of the plate. Polymyxin B and
Vancomycin were used as control antibiotic for Gram-negative bacteria and Gram-positive
bacteria respectively. The growth was measured by analysing the absorbance of the bacterial
suspension at 600 nm using a plate reader (Tecan instrument Infinite M1000).

Haemolysis

Unless otherwise stated sample preparation was performed in a class Il biosafety cabinet. The
compounds were tested on human red blood cells (hRBCs) using a haemolysis assay as
previously reported.** Blood was obtained from Interregionale Blutspende SRK AG in Bern,
Switzerland. 1.5 mL of whole blood was centrifuged at 3000 rpm for 15 minutes at 4 °C, and
the plasma was discarded. The hRBC pellet was washed three times with PBS (pH 7.4) and
then resuspended to a final volume of 10 mL in PBS. For the determination of the MHC and
HCso of the compounds, the samples were two folds diluted starting from 200 uM, respectively.
Samples stock solution was 20 mM in DMSO. Each plate included a blank medium control
(PBS) and a haemolytic activity control (2% Triton TM X- 100). hRBC suspension was
incubated with the samples in PBS in a V-shaped 96-well plate for 4 hours at 20 °C. After the
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incubation, 100 pL of supernatant was carefully pipetted to a flat bottom, clear 96- wells plate.
Haemolysis was measured by analysing the absorbance of free haemoglobin in the
supernatants at 540 nm using a plate reader (Tecan instrument Infinite M1000). The
percentage of haemolysis at each concentration was determined and the HCso was calculated.

Cytotoxicity

The HEK293T human epithelial cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The cells were cultivated in DMEM high glucose
supplemented (Merck) with 10% heat-inactivated fetal bovine serum, 100 UmL™ of penicillin
and streptomycin (Thermo Fisher Scientific) and maintained at a temperature of 37 °C with
5% CO.. Initially, 4000 mL™* of cells were seeded into 96-well plates and incubated for 18-24
hours before being exposed to compounds at concentrations ranging from 0.1 uM to 100 uM.
Following a 24 hour incubation period at 37 °C, the cells were stained with alamar Blue HS
Cell Viability Reagent (Thermo Fisher Scientific) and fluorescent was measured using a plate
reader (Tecan instrument Infinite M1000). The control for the experiments was DMSO. Each
sample was tested in at least three independent experiments. The concentration of a
compound required to reduce cell growth by 50% compared to untreated control cells was
determined as the half maximal cytotoxic concentration (CCsyo).

Fluorescence Microscopy

Protocols were adapted from previous reported papers.3” Fluorescence light microscopy was
performed using a Nikon Ti-2 Eclipse,Nikon Europe BV, Amsterdam, Netherlands with a CFI
Plan Fluor 40x oil immersion objective (CFI Plan Fluor 40x/1.30 W.D. 0.24, Nikon Europe BV).
Brightfield and fluorescence images were recorded by an Andor Zyla 4.2 Plus USB3 camera
in Widefield and using LED light excitation. Images were analyzed using ImageJ (Fiji). Bacillus
subtilis PrpsD (MW54) expressing cytosolic GFP from the strong ribosomal PrpsD promoter
was grown in LB at 37 °C under steady agitation in the presence of 100 pg/mL Spectinomycin.
Bacillus subtilis MinD (KS69) was grown in LB at 37 °C under steady agitation in the presence
of 50 pg/mL Spectinomycin. Overnight cultures of B. subtilis were regrown in LB (for MinD,
0.1% Xylose as an inducer is needed for the second culture). Rhenium complexes and
controls were added at an ODsgo Of 0.3 and images were taken after 10 min of antibiotic
treatment. Cells were immobilized on pre warmed 1.2% agarose-covered slides in HEPES
buffer (50 mM pH 7.4)*. Membranes were stained with 1 pg/mL Nile red for 2 min. Nucleoids
were stained with 1 pg/mL DAPI for 2 min.

Propidium iodide assay

Permeability for the large fluorescent molecule propidium iodide as a reporter for the presence
of large membrane pores or severe membrane disruption was quantified using a Tecan Infinite
M1000 plate reader, following the previously described protocol*'%6. Bacteria were grown until
an ODsggo of 0.3 and antibiotics were added simultaneously with 13.3 pg/mL propidium iodide
(2 mg/mL stock in DMSO). After 15 min, cells were centrifugated and the pallet washed twice
with HEPES buffer (pH 7.4) and fluorescence was measured using 535 nm excitation and 617
nm emission wavelengths. SDS 0.05% served as positive control. Each experiment was
performed in triplicate.

DiOC;assay
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Membrane potential measurements were conducted using the potentiometric fluorescent
probe 3,3’-dipropylthiadicarbocyanine iodide (DiOC>) on a Tecan Infinite M1000 plate reader,
following the previously described protocol**“6, Briefly, 1 uM DiOC, was added to
exponentially growing B. subtilis 168 cultures at 37 °C, and the baseline was recorded for 5
minutes using an excitation wavelength of 651 nm and an emission wavelength of 675 nm.
Re8 (3 uM), gramicidin (1 pg/mL, positive control) were then added, and samples were
measured for an additional 20 minutes at 37 °C. Each experiment was performed in triplicate.

Sample preparation for SEM Imaging

Unless otherwise stated sample preparation was performed in a class Il biosafety cabinet. A
colony of Bacillus subtilis (168 CA) was grown in Luria-Bertani (LB) medium overnight at
37 °C. The bacteria concentration was measured by optical density at 600 nm until an ODeggo
of 0.3-0.4. 1 mL aliquots of the bacteria were prepared with subsequent addition of the
compound and incubated at 37 °C for 10 min. Through centrifugation bacteria pellet were
washed 3x with 50 mM HEPES (pH 7.4). Fixation, dehydrating, and drying methods were
followed from the literature with minor modifications.*?4® Cells pallet were chemically fixed
using 2.5% (v/w) glutaraldehyde (Sigma-Aldrich) overnight in 50 mM HEPES, pH 7.4. The
bacteria pellet underwent a graded dehydration series of ethanol (30, 50, 70, 80, 90, 100% for
10 min each) and HMDS (Fluka) drying (50 and 100% for 10 min each). The bacteria pellets
were left dried overnight in a fume hood at room temperature. After drying, the samples were
mounted on conductive carbon adhesive tape, sputter-coated with a layer of gold using
Safematic CCU-010 sputter coater and viewed using a Gemini 450 scanning electron
microscope at 5 kV.
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