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The rise of antimicrobial resistance has necessitated novel
strategies to efficiently combat pathogenic bacteria. Metal-
based compounds have been proven as a possible alternative
to classical organic drugs. Here, we have assessed the
antibacterial activity of seven gold complexes of different
families. One compound, a cyclometalated Au(III) C^N complex,
showed activity against Gram-positive bacteria, including multi-
drug resistant clinical strains. The mechanism of action of this
compound was studied in Bacillus subtilis. Overall, the studies

point towards a complex mode of antibacterial action, which
does not include induction of oxidative stress or cell membrane
damage. A number of genes related to metal transport and
homeostasis were upregulated upon short treatment of the
cells with gold compound. Toxicity tests conducted on
precision-cut mouse tissue slices ex vivo revealed that the
organogold compound is poorly toxic to mouse liver and
kidney tissues, and may thus, be treated as an antibacterial
drug candidate.

Introduction

The interest in using gold-based substances for therapeutic
applications dates back to ancient times and was also an
important aspect of alchemy in Medieval Europe and in the
Renaissance period, when gold was an essential ingredient of
so-called aurum vitae medicines.[1] In recent years, gold(I)
compounds have also found clinical relevance as anti-rheumatic
drugs, for example in the form of auranofin ([triethylphosphine
(2,3,4,6-tetra-O-acetyl-β-1-D-(thiopyranosato-S)Au(I)], (Figure 1),
and are also currently in clinical development for the treatment
of cancer.[2]

Interest for antimicrobial gold complexes originated from
the work of Robert Koch in the end of 19th century,
demonstrating that potassium dicyanidoaurate(I), K[Au(CN)2],
had activity against Mycobacterium tuberculosis.[3] The popularity

of gold as an anti-microbial dwindled with the discovery and
subsequent mass-production of Penicillin, with which modern
science and medicine entered into the era of antibiotics.[4]

However, the benefits offered by these magic bullets have been
substantially rapidly lost following the widespread emergence
and dissemination of antibiotic-resistant bacterial strains.[5]

Therefore, in the past years, renewed interest in metallodrugs
development as antibacterial agents took place,[6] and different
families of Au(I) and Au(III) complexes were investigated for
their antibacterial properties, including Au(I) N-heterocyclic
carbenes (NHCs).[7] Early reports of Demir and Özdemir et al.
proved the activity of neutral benzimidazolylidene-based mono-
carbene Au(I) complexes against Gram-positive bacteria (Staph-
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Figure 1. Structures of auranofin and of the Au(III) complexes under
investigation, and of the antibiotic Kanamycin.
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ylococcus aureus and Enterococcus faecalis), while having no
effect toward Gram-negative bacteria in vitro.[8] In general, most
of the Au(I) complexes tested so far display antibacterial effects
only on Gram-positive bacteria, with a few exceptions.[9]

Concerning possible mechanisms of action, disruption of
the bacterial cell wall and cytosolic membrane by gold
complexes in different bacteria strains was postulated, also
based on morphological changes of the bacteria’s surface and
on cytosolic leakage as observed by scanning electron micro-
scope (SEM) measurements.[10] Docking studies suggested that
the peptidoglycan layer of the bacterial membrane is destabi-
lized by the gold compounds’ insertion in the lipid bilayer
followed by the loss of structural integrity.[10] Overall, the
selectivity of certain Au(I) complexes towards Gram-positive
bacteria strains can be explained by the different construction
of the cell membrane. While Gram-positive bacteria have only a
single layer membrane, Gram-negative strains feature an inner
and an outer membrane that also includes efflux
transporters.[11]

Of note, in 2015, Schultz and Wang showed that M. tuber-
culosis is susceptible to auranofin, in addition to a variety of
additional pathogenic Gram-positive bacteria.[12] Moreover,
auranofin was efficacious in a murine model of methicillin-
resistant S. aureus infection.[12] The study also reported on the
potent inhibition of bacterial thioredoxin reductase (TrxR) by
auranofin, showing that the compound disrupts the intracellular
redox balance, eventually leading to bacterial cell death.[12,13]

Similar potent inhibition of bacterial TrxR was reported for Au(I)
NHC complexes featuring activity in Gram-positive bacterial
strains.[14] It is worth noting that, while in several organisms
glutathione (GSH) and GSH reductase (GR) function in parallel
with thioredoxin (Trx) and thioredoxin reductase (TrxR) to
provide the cell with a source of reducing equivalents,[15] most
Gram-positive strains lack the GR/GSH system,[16] relying more
on the Trx/TrxR one to detoxify reactive oxygen species (ROS).
Therefore, inhibition of TrxR by gold complexes makes Gram-
positive bacteria more vulnerable to their treatment.

Among the Au(III) complexes that have been tested for
antimicrobial potential, early studies in the 90s highlighted
Au(III) dithiocarbamates, derived from amino acids, that
exhibited a larger activity against Streptococcus pneumoniae
than the reference antimicrobial agents.[17] Moreover, Parish
et al. have carried out a range of biological tests to evaluate
[AuCl2(damp)] (damp=2-((dimethylamino)methyl)-phenyl) and
other cyclometalated derivatives for antimicrobial activity
against a panel of bacteria, representing microorganisms of
clinical importance.[18] The latter compounds showed moderate
activities and a certain preference for Gram positive bacterial
strains.[7]

More recently, Arca and co-workers reported on the
promising antimicrobial activity of cyclometalated Au(III) com-
plexes against Staphylococcus strains, although in-depth mech-
anistic studies were not conducted.[19] The clinical relevance of
some bis(pyrrolide-imine) Au(III) macrocycles as topoisomerase
1A inhibitors was also demonstrated by their antibacterial
effects in a panel of diverse M. tuberculosis and M. abscessus
clinical isolates.[20] However, so far only limited attention has

been paid to the application of Au(III) compounds as potential
antimicrobial agents and to the elucidation of their modes of
action.

In this context, we decided to expand the investigation on
Au(III) complexes and selected seven representative molecules
– featuring bidentate N^N ligands, cyclometalated bidentate
C^N and terdentate C^N^N scaffolds, respectively – for
antibacterial screening (compounds 1–7, Figure 1). The selec-
tion was initially performed based on previous results on the
antiproliferative activities of the compounds in human cancer
cells.[21] Specifically, the compounds were chosen based on their
scarce cytotoxic activity, in order to exclude side effects in
mammalian cells.

Of note, compounds 1–4 were selected amongst a family of
organometallic derivatives endowed with increased stability in
aqueous environment relative to the Au(III) coordination
complexes 5–7. For example, density functional theory (DFT)
calculations have shown that compound 1 is less prone to
ligand exchange reactions with nucleophiles, such as thiol
groups of cysteine residues, than the cationic coordination
complex 5.[22] In general, a number of studies demonstrated
that Au(III) complexes with bidentate N^N ligands, as in 5–7,
can easily hydrolyse the chlorido ligands and even undergo the
rapid loss of the chelating ligand upon reaction with different
protein binding sites.[23] Moreover, experimental studies and
calculations highlighted mixed chloro-hydroxo species to be
the dominant ones for the reaction with endogenous
targets.[21d,24] Despite this reduced stability, we have included
the coordination Au(III) complexes in our screening since some
of them have been reported to efficiently inhibit bacterial
enzymes in vitro.[25]

Interestingly, compounds 1–3 also feature a peculiar reac-
tivity with cysteine residues.[23,26] Specifically, it has been
demonstrated that, following AuC^N-Cys adduct formation, the
reaction of complexes 1–3 with peptides proceeds towards
cysteine arylation (Scheme 1).

Combined mass spectrometry and DFT calculations showed
that formation of the covalent C^N-peptide adduct is templated
by the Au(III) centre facilitating the C� S cross-coupling reaction
via reductive elimination.[27] Instead, complexes 4–7 are known
to bind amino acid residues only establishing Au-based adducts
following exchange of the chlorido and eventually of the
bidentate ligands.[28]

Scheme 1. Reaction of cyclometalated Au(III) complexes 1–3 with cysteine
residues.
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Results and Discussion

Antimicrobial activity of the gold compounds

Initially, Minimum Inhibitory Concentrations (MICs) for the
seven Au(III) compounds were determined by broth micro-
dilution (see Experimental Section for details) against E. coli
MG1655 (Gram-negative bacterium) and B. subtilis 168 (Gram-
positive bacterium). While all the compounds were inactive
towards E. coli, complexes 1 and 4 showed an inhibitory effect
on the growth of B. subtilis colonies (Table 1, Table S1), with
MIC values only slightly higher than Kanamycin,[29] a potent
antibiotic used as positive control (12.5 μM and 6.25 μM,
respectively for 1 and 4, vs 3.12 μM). The difference in activity
between compound 1 and the two C^N analogues 2 and 3 has
also been observed in previously reported antiprotozoal
screening,[30] and may be due to different reasons. For example,
complex 2 is extremely reactive with thiols which may be
present in the extracellular environment, leading to inactivation
prior to cell uptake. Further differences in cell uptake mecha-
nisms and accumulation amongst the compounds may also
play a role and should be further investigated.

To gain more insights into the antibacterial activity of the
two effective Au(III) complexes 1 and 4, we calculated the
Minimum Bactericidal Concentration (MBC) in B. subtilis by
spotting samples from the MIC plate on LB agar plates without
antibiotics (Table 1). Surprisingly the two organometallic com-
plexes showed a different behaviour. Thus, the cells from the
12.5 μM well-spot of 1 did not show any colony growth, even
after 48 hours of plating, suggesting a bactericidal effect of the
compound (Table 1). Conversely, 4-treated cells developed
colonies from the 6.25 μM and 12.5 μM-treatment well-spots
after 24 and 48 hours of plating, respectively. The latter result
suggests that 4 behaves as a bacteriostatic agent.

Intrigued by the two compounds antibacterial activity
towards B. subtilis, we further screened 1 and 4 in a panel of
four clinically relevant Gram-positive bacterial strains: Enter-
ococcus faecium P13, vancomycin resistant E. faecium Van A
(VRE), S. aureus RN4220, and Methicillin Resistant S. aureus
(MRSA) D22 (Table 1). The latter strain is resistant to methicillin
and β-lactam antibiotics and, depending on the clinical isolate,
also to several other antibiotics such as erythromycin, gentamy-
cin, ciprofloxacin and others.[31] Both compounds were active

only towards the S. aureus strains, but with compound 4 slightly
less active in the MRSA strain, with MIC values between 12.5–
25 μM (Table 1).

Overall, the obtained results highlight that the two selected
organometallic complexes display antibacterial activity towards
Gram-positive bacteria, also including clinically relevant anti-
biotic-resistant strains. Further assays were therefore, carried
out in B. subtilis to determine the mechanism of inhibition of
bacterial growth.

Real-time killing dynamics

A real-time killing dynamics assay was performed to determine
the speed of antibiotic action. B. subtilis cells at OD600 0.2 were
incubated with compounds 1 and 4, and the OD600 was
measured in real-time to determine the point at which the
antimicrobial activity of the compound affected the growth
curve. In this assay, Kanamycin showed significant activity only
after 30 min of addition of the drug at a concentration of 4
times the MIC (Figure S1A). The killing dynamics curve of nisin,
another fast-acting antibiotic used as a control, showed fast
activity at half the MIC (Figure S1B), and a continuous decrease
in OD600, due to the fact that nisin kills the cells immediately by
inducing formation of large pores in the cell membrane.[32]

Concerning the gold complexes, the assay showed that 1 is
a fast-acting drug, inducing a reduction in the growth rate of
the treated cells compared to untreated ones within five min of
incubation at half the MIC (Figure 2A). The killing dynamics
curve of 4 shows that the compound is slow acting compared
to 1 (Figure S1C), with a decrease in growth rate appearing after
about 30 min following addition of the compound and only at
concentrations around the MIC value and above. These results
are in line with the observation from the MBC assay that 1 is
bactericidal rather than bacteriostatic, impacting bacterial
growth much faster than 4 and Kanamycin. However, when
compared to nisin, there is only a gradual reduction in OD600

over time with the Au(III) compounds, indicating that the cells
do not immediately lyse. These results led us to focus the rest
of the study exclusively on 1.

Since OD600 does not directly report on the number of cells
killed, the number of viable cells in a B. subtilis culture treated
with 1 (1×MIC) was determined at various time points, by

Table 1. Summary of the MIC values (μM) of 1 and 4 in E. coli, B. subtilis, S. aureus and E. faecium strains. MIC values are reported as a range between the
highest concentration of compound allowing bacterial growth and lowest concentration inhibiting bacterial growth after 24 h.

Compound Gram negative Gram positive
E. coli B. subtilis S. aureus RN4220 Methicillin-resistant

S. aureus (MRSA)
E. faecium
Van A (VRE)

E. faecium

Kanamycin 12.5–25 1.56–3.12 50–100 50–100 >100 >100
1 50–100 6.25–12.5

(<12.5[a])
3.12–6.25 6.25–12.5 25–50 25–50

4 >100 3.12–6.25
(<12.5[a])

3.12–6.25 12.5–25 50–100 >100

[a] MBC values are reported in brackets as lower than the minimum concentration that, after incubation of cells with drugs for 24 h, inhibited outgrowth of
colonies on compound-free plates after 24 h. Values shown here are the mean values performed for 2 biological replicates with 2 technical replicates each
in case of B. subtilis and E. coli, 1 technical replicate each for E. faecium and 2 biological replicates with 3 technical replicates each in S. aureus.
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plating diluted cultures and counting the number of colony
forming units (cfu’s). After 1.5 h incubation with the compound,
the number of viable cells in the culture had dropped 107-fold.
However, over time the number of cells in the culture increased
again, indicative of growth in the culture upon longer exposure
(Figure S2). The control culture stops increasing in total cells
earlier as the growth medium gets exhausted. Two possible
explanations for the growth of cells after prolonged metal-
lodrug incubation can be given: either resistant cells appear
that start growing, or not all cells in the culture are killed and
over time 1 loses activity allowing the remaining cells to resume
growth.

To test whether 1 loses activity over time, we preincubated
the compound in LB medium for 24 hours at 30 °C, and
subsequently determined the activity of the compound using a
MIC assay. The MIC of the compound went up by a factor of 2,
as the compound failed to kill the cells at 12.5 μM but could
prevent bacterial growth at 25 μM. (Figure S3). The most likely
explanation for this loss of activity is that 1 is undergoing
speciation (e.g. reduction, decomposition) over time, although
a fraction of 1 remains still active in the medium. Determining
the exact cause of activity loss is beyond the scope of this
study.

In summary, 1 immediately acts on bacteria, stopping cell
growth and reducing the number of viable cells in culture by a
factor of 107, but loses antibacterial activity over time. We note
that this activity loss may be beneficial when 1 is used as an
antibacterial – this would reduce the risk of resistance develop-
ment in environmental settings such as hospital wastewater.[33]

Effect on NADH levels

To shed light onto the mechanism of action of the compound,
the effect of 1 on the bacterial cells’ respiratory activity was
studied by measuring the NADH level in B. subtilis. Specifically,
in the applied assay, NADH reduces resazurin to fluorescent
resorufin, and the detection of fluorescence over time can be
used as a measure of the cell’s respiratory activity.[20] Other
antibiotics that do not affect respiration were used as controls
to distinguish between an overall reduction of respiratory
activity because of growth arrest or cell death, and a specific
effect on respiration. As shown in Figures 2B and S4 A, 1-treated
cells (1×MIC) have low levels of NADH, close to the no-cell
control, whereas treatment with four different antibiotics
(vancomycin, ciprofloxacin, rifampicin, tetracycline) did not
greatly block cellular respiration (Figure S4A). The effect of 1 on

Figure 2. A) Killing dynamics for 1 in B. subtilis at different concentrations. The y-axis shows the absorbance at 600 nm. Cells were allowed to grow till
OD600 0.2. The arrow indicates the time-point of drug entry, and the time of action is estimated to be 30 min. DMSO-1.25%. The experiment was performed
with two different biological replicates with two technical replicates each for each condition. The curve plots the median values for each time point for one of
the biological replicates. B) REMA assay to determine NADH levels. The y-axis shows the fluorescence intensity observed at 560 nm (emission) following
excitation at 530 nm vs time (x-axis). The first reading was taken after 6 min, followed by a reading every 20 min. DMSO-1.25%. Vancomycin-1 μg/mL. The
experiment was performed with 3 biological replicates and 3 technical replicates each. The graph plots the median values at each time point of one biological
replicates. C) ATP luciferase assay. The y-axis shows the ATP concentration vs time (x-axis). DMSO-1.25%. CCCP-20 μg/mL; ****p<0.0001 (ordinary one-way
Anova performed on the percentage data). The experiment was performed with 3 biological replicates and 2 technical replicates each. The graph shows the
mean with SD of each condition as percentage of the DMSO sample. D) Membrane potential assay with DiSC3 showing the depolarization effect of 1. The first
arrow indicates point of cell addition and second arrow indicates point of compound/controls addition. The y-axis reports the fluorescence intensity observed
at 666 nm (emission) following excitation at 643 nm vs time (x-axis). Nisin-6 μg/mL. The experiment was performed for 2 biological replicates and 3 technical
replicates each. The graph plots the median value at different time point of 1 biological replicate.
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the cellular NADH level increased with increasing concentra-
tions of the compound, with effects already starting at 0.1×
MIC. (Figure S4B). This result suggests that the respiratory
pathway is a possible target for the gold compound.

Effect on ATP level

A decrease in respiratory activity is expected to result in a
decrease in the ATP level in the cell. Therefore, the ATP levels of
B. subtilis cells treated with 1 were measured, and the results
showed a significant reduction in the total ATP level of the cell,
already 5 min after addition of the drug compared to DMSO-
treated cells (Figure 2C). The ATP depletion was maximal after
30 min of drug treatment. As a control, CCCP, a protonophore
which blocks ATP generation, was used. CCCP caused an
immediate drop in cellular ATP levels. The depletion of ATP
with 1 was slower compared to the CCCP control, indicating
that ATP synthesis is not directly targeted by the gold
compound. Overall, this result agrees with the NADH assay,
showing a decrease in the overall energy status of the cell.

Effect on membrane potential

A decrease in intracellular energy levels could be caused by a
drop in membrane potential, which is linked to energy
generation. Therefore, the effect of 1 on the membrane
potential of B. subtilis was studied using the dye DiSC3(5), which
inserts into negatively charged membranes with concomitant
quenching of fluorescence. Membrane depolarization leads to a
release of the dye from the membrane and an increase of
fluorescent signal, as seen in the positive control with the pore-
forming antibacterial peptide nisin (Figure 2D). 1-treated cells
do not show an immediate increase in fluorescent signal, and
fluorescence only gradually increases after ca. 40 min of
incubation. Since 1 is a fast-acting compound, the effect of
depolarization would be expected to be fast. Instead, the
increase in fluorescent signal seen after ca. 40 min incubation is
likely the result of dye leakage from the membranes of dead
cells. Thus, 1 does not seem to act via depolarization of the
bacterial membrane.

Effect on membrane permeability

To further study the effect of the compound on the membrane
integrity, cells were labelled with two DNA stains: SYTO9 and
propidium iodide (PI), and inspected by microscopy. SYTO9 is a
membrane-permeable dye and can stain all cells, while PI, being
membrane impermeable, can only enter a cell with permeabi-
lized cell membranes. This assay is commercialised as the
‘BacLight Live/Dead assay’, but in earlier work we have shown
that cells identified as ‘dead’ in the assay are either dead or
have temporarily damaged membranes that can recover.[34]

Microscopic inspection of labelled cells revealed that com-
pound 1 did not have any significant effect on membrane

permeability (Figure 3A), as the percentage of cells stained with
PI is 5.67�2.17% after treatment with 1, which is similar to the
percentage of stained cells for the no-drug and DMSO controls
(3.73�2.77% and 4.89�0.99% respectively). Nisin treatment,
on the other hand, resulted in complete cell lysis. The obtained
results suggest that compound 1 does not form pores in the
bacterial cell membrane. This result also agrees with the result
from membrane potential assay presented above, as pores in
the cell membrane would be expected to result in a collapse of
the membrane potential.

RNA sequencing

To further assess the cellular response to the gold compound’s
treatment, total RNA sequencing of B. subtilis cells treated with
1 was conducted. To detect effects of 1 without killing the cells,
RNA was isolated and sequenced from cells treated with non-
cytotoxic concentrations of 1 (0.2×MIC) for 45 and 60 min,
respectively. Raw data analysis showed that 149 genes were
upregulated and 99 genes were downregulated five-fold or
more after 45 min. The data were further analysed using the

Figure 3. Membrane permeability assay with SYTO9 and PI. A) Compound 1
(1×MIC), B) DMSO-1.25%, C) control, D) Nisin-6 μg/mL. Scale bar 5 μm. The
experiment was performed for 3 biological replicates with 2 technical
replicates in each case. Incubation time was 15 min for samples A, B and C
and 10 min for treatment D.
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T-Rex pipeline.[35] The volcano plot in Figure 4 shows the
differential expression patterns of the genes in the 45 min
treated sample. Of the 149 upregulated genes, the top 20
significantly upregulated in the volcano plot, by analysis using
the T-Rex pipeline included: metal transporters like copA, cadA,
czcD, MFS transporter (ybcL), glyceraldehyde-3-phosphate de-
hydrogenase (gapB), genes responsible for arsenic metabolism
(arsB, arsC, arsR), oxidoreductases (ykvO, ycnD [FMN reductase],
ydgI [NADPH nitroreductase]), proteases like clpE, transcriptional
regulators of MarR family (ydgJ), sat (sulfate adenylyl trans-
ferase), yxeM (amino acid binding protein) and several hypo-
thetical genes (yrkF [putative sulfur carrier protein], yrkE [similar
to sulfur transferase], yrkH, yqcK [similar to C-As lyase]). The
downregulated genes also belong to different classes, including
genes involved in cell wall formation (manA), genes involved in
contact dependent growth inhibition (wapA) and various other
ABC transporter genes.

After 60 min incubation with 1, 176 genes were upregulated
and 78 genes were downregulated five-fold or more from raw
data analysis (data not shown). In addition to the genes
mentioned for the 45 min treatment, cysP (sulfate permease) is
also upregulated and is amongst the top 20 of the volcano plot
analysis. Of note, ykvO, which is similar to glucose-1-dehydro-
genase, seems to be the most significantly upregulated gene in
both the 45 minute and 60 minute sample.

The transcriptional activators for all of these genes (sigA and
sigF) show down-regulation in our experimental conditions, but
not to a significant level.

We further analysed the interacting gene networks for the
upregulated genes using Subtiwiki,[36] an integrated database
for B. subtilis comprising information on genes, proteins and
including regulatory, metabolic and protein-protein network
annotations. An interesting result concerns the upregulation of
cadA, which is a cadmium transporting ATPase and czcD, which
is a cation exchanger mainly known to exchange cadmium or
zinc in exchange for H+ and K+. czcO, which is similar to Flavin
containing mono oxygenase and facilitates cation exchange via
czcD is also upregulated. Other metal transporters like copper
(copA, copZ) and sulphate (yrkF, cysP) transporters are also
upregulated. arsB, arsC, arsR and yqcK, which are genes involved
in arsenic metabolism are also upregulated in our test samples.
The protease clpE interacts with a number of genes, of which
only clpP, clpC and mcsB show significant upregulation (within
top 100 hits in the volcano plot). It is interesting to note that
gapB, a gene involved in the gluconeogenesis pathway, is the
only glucose metabolism gene that is upregulated.

Comparison with a study on condition dependent tran-
scriptome change in B. subtilis shows that all the upregulated
genes from our study, except two (gapB and sat), are also
upregulated upon treatment with diamide, an agent known to
induce disulphide stress.[37] In 2002, another study appeared on
the global characterization of genes in B. subtilis related to
disulfide stress, showing that genes responsible for oxidative
stress (under the repression of PerR) and heat shock genes
(repression of CtsR) were highly induced.[38] However, none of
the oxidative stress genes repressed by PerR were upregulated
in our study. Among the heat shock genes repressed by CtsR,

Figure 4. Volcano plot generated using T-Rex pipeline of B. subtilis samples treated with compound 1 (0.2×MIC) for 45 min. Colours represent specific classes
of genes. Red- Purine/pyrimidine metabolism, Green- Drug metabolism, Brown- peptidoglycan biosynthesis, Blue- Metal metabolism, Yellow- Pentose
phosphate pathway, Pink- Glycolysis/Gluconeogenesis, Purple- Citrate cycle, Orange- Oxidative phosphorylation. The grey shaded area represents genes that
do not show significant difference in their expression pattern. The area within the dotted lines shows the top hits with two- to five-fold changes in expression
level. The genes on either side of the dotted line show high fold change genes with greater than equal to five-fold changes in expression level. The p value
above the dotted horizontal line parallel to the x axis is �0.01.
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only clpP, clpC, clpE and mcsB were significantly upregulated by
the treatment with gold compound. Thus, although we do see
some similarity between the genes upregulated in our study
and those upregulated by disulfide stress, the overall effect of 1
on the transcriptome is not fully comparable.

Looking at the effect of the compound on the expression
levels of other eight different classes of genes, namely purine/
pyrimidine metabolism, peptidoglycan biosynthesis, metal
metabolism, pentose phosphate pathway, glycolysis/gluconeo-
genesis, citrate cycle, oxidative phosphorylation and drug
metabolism, only genes belonging to the class of ‘metal
metabolism’ showed a clear difference in expression profile
between the control and treated samples (Figure S5). Significant
amongst the latter are cysH, cysC and sat, showing 20, 36 and
37-fold upregulation, respectively. The other upregulated genes
cysI, cysE, cysJ, yxjG were not significantly affected in the
volcano plot. All these genes are involved in sulfur metabolism.
There are however, three genes (nasC, nasA and nasB) which
are involved with nitrate metabolism and transfer that are
downregulated in the treated samples.

A possible explanation for the difference in significance in
the volcano plot vs direct expression profile is the weight
associated to the fold change difference in the volcano plot.
Genes like ykvO, yrkE and others show almost 1000× upregula-
tion, which could cause genes with lower fold change differ-
ence to appear as not significantly affected in the volcano plot
analysis.

Direct expression analysis also revealed downregulation of
all the genes involved in ATP synthesis (atpF, atpE, atpH, atpC,
atpD, atpB, atpG, atpA, atpI), up to almost 10-fold for atpF. This
downregulation was not scored as significant in the volcano
plot. In general, this analysis shows that 1 kills the bacterial cells
by causing general cellular stress. The upregulation of genes
encoding metal transporters can be explained by the need of
the bacterial cells to react to the toxic gold ions, and the
upregulation of proteases such as clpE to protein misfolding,
but clearly the overall mode of action of the compound is far
more complex. For example, the upregulation of ykvO and
gapB, genes involved in the maintenance the NADH/NAD+

balance in the cell, may be an attempt to compensate for the
observed overall decrease in NADH and ATP levels after
treatment with 1. But counter to that, the observed down-
regulation of ATP synthesis genes is not in line with the cells
experiencing an increased ATP demand.

Evaluation of oxidative stress

The response of the cells to compound 1 showed some
similarities to disulfide stress which has similarities to oxidative
stress; however, the RNA sequencing data did not provide
evidence for a triggered oxidative stress response. Therefore,
we analysed whether 1 can cause the generation of Reactive
Oxygen Species (ROS), using the fluorescent ROS reporter 2’, 7’-
Dichlorodihydrofluorescein diacetate (H2DCFDA). For this ex-
periment, cells were grown in DMM which results in slower
growth (doubling time of 4.5 h compared to 1 h for LB) but also

a slower effect of 1 treatment which affects growth after ca.
60 min incubation (Figure S6C). The delay in effect is most likely
to the slower growth rate compared to when cells grow on LB,
however, we cannot exclude that other components of the
media may also affect the activity of the gold compound.

ROS generation was monitored over an interval of 90 min as
the effect of compound 1 is prominent in this time interval, but
still not causing marked bactericidal effects. 1 treatment over a
wide concentration range (between 0.0625×MIC up to 4×MIC
values) did not result in any detectable ROS formation, whereas
the positive control treatment, H2O2, gave clear ROS production
(Figure 5 and S6A). The endpoint values at 90 minutes of the
experiment are plotted in Figure S6B. These results are in line
with the observed absence of upregulation of oxidative stress
genes in the RNA sequencing experiment.

Probability of occurrence of mutation

A bacterial culture is full of cells containing spontaneous
mutations as a result of errors in DNA replication. To test
whether such spontaneous mutations can generate resistance
to 1, a one-step plating experiment was performed where large
amounts of cells are plated on medium containing a high
concentration (5×MIC) of 1. The experiment was conducted
three times; each time 2 to 3×107 cells were used. No colonies
appeared in each experiment, also not after prolonged
incubation (up to 30 days) which would allow for the gener-
ation of mutations on the plate in cells that were not
immediately killed. An image of the control and treated plates
after 2 days of incubation is shown in Figure S7. Thus, the
chance of resistance development due to a spontaneous
mutation is less than 10� 7. A frequency of resistance develop-
ment by mutation lower than 10� 6 is considered suitable for
any potential drug candidate.

Figure 5. Fluorescence unit (excitation 488 nm and emission 530 nm) at
each time point is normalized against the emission at T0. The graph plots
the median normalized fluorescence emission value of data from 2 biological
replicates with 3 technical replicates each for 90 min for 4×MIC of 1 and the
controls.
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Ex vivo toxicity studies

For any compound to be a successful drug candidate, the toxic
effect of the compound on mammalian tissue has to be studied.
Precision-cut tissue slices are widely used for toxicology studies
as they very closely resemble the tissue and cell composition of
the organ of origin.[39] In this model, all cells remain in their
natural environment maintaining the original cell-cell and cell-
matrix contacts, which are lacking in classical 2D cell cultures
in vitro. Of note, this method is a FDA-approved model for drug
toxicity and metabolism studies, and is also useful to determine
drug uptake/efflux mechanisms. Recently, we have successfully
used the PCTS method to study the toxic effects of experimen-
tal anticancer organometallic compounds, including amino-
ferrocene-containing prodrugs, ruthenium-based kinase inhib-
itors, as well as experimental gold anticancer agents.[40]

Mouse liver and kidney precision-cut tissue slices were
incubated with the compound, and the toxic effect was
determined by measuring the ATP/protein level of the tissue
slices after 24 and 48 hours. For the 48 hours samples, slices
were re-incubated in fresh media containing fresh compounds
after 24 hours. The obtained results are plotted in Figure 6, and
show that 1 did not have any significant toxic effect on mouse
liver and kidney tissue compared to the DMSO control (p<0.05)
after 24 hours. (Figure 6A,C). After 48 hours of incubation with
the metallodrug, some toxic effects could be noted in kidney
tissue slices (Figure 6D), while liver tissue slices were undam-
aged (Figure 6B). Specifically, kidney viability was reduced to ca.
60% vs control upon treatment with compound 1 at 1×MIC
after 48 h.

Conclusions

Antibiotic resistance development in pathogens poses a
significant threat to human health and urges the development
of novel antibacterial agents. Here, we show that an organogold
compound (1) featuring a bidentate C^N scaffold can be
considered as a candidate antibacterial against drug resistant
bacteria. The compound is a fast acting, bactericidal drug which
is effective on a range of Gram-positive bacterial strains
including B. subtilis and S. aureus strains, but does not cause
significant tissue toxicity ex vivo in mouse liver precision-cut
tissue slices. Toxic effects appear in kidney slices after only after
48 h of continuous incubation with the compound. Our studies
show that in B. subtilis the compound rapidly decreases the
energy levels of the cells, but does not have any effect on
bacterial membrane permeability or membrane potential,
neither on ROS production. This is different with respect to
other antimicrobial gold complexes, including auranofin.
A number of stress response genes and active metal transporter
genes were shown to be upregulated in response to treatment
with the compound. The probability of development of
mutation in B. subtilis is less than 10� 7, which also suggest that
there is not one specific target for 1, as the chance of
development of resistant colonies by mutation would be higher
if the compound had only one specific target in the cell. Overall,

the mechanism of antibacterial action of the organogold
compound 1 appears to be multimodal in nature, activating a
number of cellular stress response pathways, but different with
respect to other metal-based complexes and disulfide stress-
inducing agents. Ongoing studies in our labs are focusing on
the identification of possible bacterial protein targets for 1 via
proteomic studies.

Figure 6. Tissue toxicity test of compound 1 on mouse precision cut tissue
slices. The y-axis shows the concentration of ATP per μg of protein.
The x-axis shows the different conditions of the study as individual columns.
A) Liver 24 h (n=3), B) Liver 48 h (n=2), C) Kidney 24 h (n=4), D) Kidney
48 h (n=3). DMSO-1.25% as negative control (corresponding to the highest
concentration used in experimental samples) 10% DMSO was used as
a positive control for the experiment; *p<0.05, **p<0.01, ***p<0.001, and
****p<0.0001 (Kruskal-Wallis test for A&C, ordinary one-way Anova for
B&D).
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Experimental Section

Gold compounds

The cyclometalated Au(III) complexes with bidentate C^N ligands -
[Au(CCH2N)Cl2] (1, CCH2N=2-benzylpyridine),[41] [Au(CCON)Cl2] (2,
CCON=2-benzoylpyridine),[42] [Au(CNHN)Cl2] (3, CNHN=N-phenylpyr-
idin-2-amine),[43] [Au(bipydmb-H)GS][PF6] (4, bipydmb-H=cyclometa-
lated 6-(1,1-dimethylbenzyl)-2,2’-bipyridine and GSH=

gluthatione),[21c] as well as the cationic coordination complexes
[Au(pbzMe)Cl2]PF6 (5, pbzMe=1-methyl-2-(pyridin-2-yl)-
benzimidazole)[22] and [AubipyCl2]PF6 (6-7, bipy=4,4’-dimethoxy-
2,2’- bipyridine or 4,4’-diamino-2,2’-bipyridine, respectively) were
synthesized accordingly to previously published procedures. The
compounds’ purity was assessed to be >95%. Compounds stock
solutions (10 mM) were freshly prepared in DMSO and stored in the
freezer. Further dilutions for experiments were always made fresh
from stock in either DMSO or medium and discarded after usage.

Minimal inhibitory concentration and minimal bactericidal
concentration assay

The minimal inhibitory concentration (MIC) of the compounds was
tested against Bacillus subtilis 168 (from our lab strain), Escherichia
coli MG1655 (from Microbial Ecology lab, University of Groningen),
Staphylococcus aureus RN4220 (from our lab strain), Methicillin
Resistant Staphylococcus aureus D22 (MRSA) (isolated from Den-
mark), Enterococcus faecium (from Dr. Zhou’s lab, UMCG, Gronin-
gen), and Enterococcus faecium Van A (VRE) (from Prof. J.M van Dijl’s
lab, UMCG, Groningen) by broth micro-dilution assay. B. subtilis and
E. coli were cultured in LB-Lennox medium (composition per liter:
10 g Tryptone, 5 g yeast extract, 5 gNaCl), S. aureus and MRSA were
cultured in CAMH medium (composition per liter: 20 g NaCl, 17.5 g
casein acid hydrolysate, 3 g beef extract, 1.5 g starch, 25 mgCaCl2,
12.5 mg MgCl2), and E. faecium strains were cultured in TSB medium
(composition per liter: 17 g casein peptone (pancreatic), 5 gNaCl,
3 g soya peptone, 2.5 gglucose, 2.5 gK2HPO4) at 30 °C, 200 rpm.
Exponentially growing bacteria were diluted to an OD600 of 0.005 in
200 μl of respective medium in a 96-well plate (Greiner). Com-
pounds were added as a two-fold serial dilution series ranging from
100 μM to 0.195 μM. The plate was incubated in a microplate
incubator at 30 °C with shaking (1000 rpm). OD600 was measured in
a BioTek Powerwave 96-well pate reader at time-points 0 and
24 hours. The minimum inhibitory concentration was determined
as the lowest concentration of compound that prevented the
growth of bacteria after 24 hours. A difference of OD600 values
between 0 and 24 hours of less than 0.1 was considered as
inhibition of growth.

Two microliters from each well for 1 and 4, starting with the lowest
concentration at which bacterial growth was last seen and moving
up the concentration range, was spotted on a LB agar plate without
compounds and incubated at 30 °C. The minimum bactericidal
concentration was determined as the lowest concentration of
compound that prevented the growth of a colony on the LB plates
without compound after 24 h. MBC assay was only performed on
B. subtilis cells. Kanamycin was used as a positive control for both
the assays.

Killing dynamics

A B. subtilis culture at 0D600 of about 0.1 (6.05×106 to 3.1×107 cfus)
was split into test tubes containing 1 mL of culture (for each time
point) and treated with 1 at 12.5 μM concentration (1×MIC of the
compound). Controls without compound treatment were also
made for each time point. Samples were taken at 1.5, 3, 4.5 and

24 h of growth (in LB medium at 30 °C, shaking at 200 rpm), serially
diluted and plated on LB plates without compound. After O/N
growth, the number of viable bacteria at each time interval after
drug treatment was determined by counting the number of cfu per
mL culture.

To determine the activity of the drugs in real time, a B. subtilis
culture was diluted in 200 μL of LB medium to an OD600 of 0.005 in
a 96-well plate and incubated in BioTek Synergy Mx 96-well plate
reader at 30 °C, 1000 rpm with reading at 20 min intervals till OD600

reached 0.2. Compound 1 was added in different concentrations
(6.25 μM, 12.5 μM, 25 μM and 50 μM) and absorbance readings
were taken at 20-min intervals for a period of 1.5 h. A similar
experiment was performed with 4 at different concentrations
(3.125 μM, 6.25 μM, 12.5 μM and 25 μM). Kanamycin (MIC –
3.125 μM) and Nisin (MIC – 6 μg/mL) were used as controls in the
experiment.

To determine the stability of the drug in the medium after 24 hours,
LB medium was incubated with DMSO, 1 at 6.25, 12.5 and 25 μM
and kept in a microplate shaker overnight at 30 °C without shaking.
Bacillus at OD600 0.005 was added to the pre-incubated medium for
MIC assays. A MIC assay in medium without pre-incubated
compound was also performed as a control.

Membrane permeability

The effect of compound 1 on membrane permeability was meas-
ured using the live/dead BacLight Bacterial Viability kit (Invitrogen).
Exponentially growing B. subtilis cells were incubated with DMSO
(1.25%), Nisin (6 μg/mL), 1 (12.5 μM) or without compound for
15 min (10 minutes for the Nisin sample) at 30 °C with shaking
(200 rpm). Subsequently, Propidium iodide (PI) (final concentration:
30 μM) and SYTO9 (final concentration: 5 μM) were used to stain
the DNA (incubated in the dark for 15 minutes). Cells were washed
with PBS and concentrated 10 times, mounted on agarose pads
and imaged under a microscope. Green and red fluorescence were
imaged using a Nikon Ti-E microscope (Nikon Instruments, Tokyo,
Japan) with Hamamatsu OrcaFlash 4.0 camera using FITC and TriTC
fluorescence filters. Microscopy images were analysed using ImageJ
software and cells were counted using the chain tracer plugin. A
total of around 400 cells (200 from different technical replicates for
each biological replicates) were analysed for each condition.

REMA assay

The effect of the compounds on the respiratory activity of the cell
was measured by the REMA assay (Resazurine Microtiter Assay).
B. subtilis cells at 0D600 0.005 were incubated in DMM media (Davis
Minimal Medium, composition per liter: 2 g casaminoacids, 7 g
K2HPO4, 3 g KH2PO4, 0.1 g MgSO4.7H2O, 1 g (NH4)2SO4, 0.5 g tri-
sodium citrate dihydrate. Addition after autoclaving: 7 g glucose,
10 mg tryptophan) with compound 1 (12.5 μM), DMSO (1.25%),
Ciprofloxacin (0.625 μg/mL), Rifampicin (0.625 μg/mL), Tetracycline
(10 μg/mL) and Vancomycin (1 μg/mL). A no-compound control
was also made. All the compounds were incubated in the medium
without cells to account for the background fluorescence of the
compounds. Resazurin was added at a final concentration of
0.1 mg/L. Fluorescence (excitation 530 nm, emission 560 nm) was
recorded for 2 h at every 20 min interval in BioTek Synergy Mx 96-
well plate reader.

ATP assay

The ATP assay was conducted to measure the ATP level in the cells
using the BacTiter-Glo™ Microbial Cell Viability Assay (Promega).
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B. subtilis was grown to OD600 0.1 and treated with 1 at 1×MIC,
DMSO and CCCP (Carbonyl cyanide m-chlorophenyl hydrazine,
30 μg/mL). A no-drug control was also included. Samples were
collected after incubation at room temperature for 5, 10, 15 and
30 minutes and snap-frozen in liquid nitrogen. 100 μL of sample
was added to 100 μL of solubilized BacTiter-Glo Reagent in a 96-
well plate and incubated at room temperature in a shaker for
5 minutes. Luminescence was measured in Tecan Infinite F-200 Pro
luminometer to determine the ATP level. An ATP standard curve in
the femtomolar range was also measured with each study.
Statistical analysis was done using GraphPad Prism 8. The mean of
the amount of ATP for the DMSO (1.25%) sample for each replicate
at each time point was considered as 100% and the other
conditions were expressed as percentages relative to such sample.
Ordinary one-way Anova was performed on the percentage data
for all the samples.

Membrane potential assay

The change in membrane potential upon treatment with com-
pound 1 was studied by measuring the fluorescence emitted by
DiSC3-5 (Molecular probes). DiSC3-5 was diluted in 1×PIPES buffer
(composition per 100 mL (10×): 0.58 g NaCl, 3 g PIPES in 1 MNaOH
(diluted to pH 7, 0.2 g MgCl2.6H2O) and dispensed in a 96-well
microplate at a working solution of 3 μM (final volume 200 μl).
Fluorescence (excitation 643 nm, emission 666 nm) was measured
in a BioTek Synergy Mx 96-well plate reader. After stabilization of
the signal (15 min) 100 μl of B. subtilis cells at a final OD600 of 0.3
was added to the wells. The signal was allowed to stabilize again
(5 min) followed by the addition of 1 (12.5 μM) and Nisin (1.5 μg/
mL), used as positive control. No-cell controls were included to
verify the stability of the dye and also to determine whether the
compounds interfered with the test. Fluorescence was measured in
a BioTek Synergy Mx 96-well plate reader for 60 min at 1 min
interval after addition of the drug.

Ex vivo toxicity assay

Mouse liver and kidney was sliced into precision-cut tissue slices of
5 mg as described,[44] and put in 24 well plates containing WilliamE
medium substituted with glucose (1.375 g/500 mL WilliamE me-
dium) and antibiotics (gentamycine 500 μL/500 mL WilliamE me-
dium for liver tissues and streptomycin 5 mL/500 mL WilliamE
medium for kidney tissue). The tissues were incubated with DMSO
and 1 at various concentrations for 24 hours at 37 °C. The first
sample was taken at time point zero. Tissue samples for the
48 hours incubation time point were transferred into plates with
fresh medium and antibiotic test compounds. The tissue was
homogenized in SONOP (Sonification solution – 70% v/v Ethanol
containing 2 mM EDTA, pH � 10.9) and snap frozen in liquid
nitrogen. The tissue was homogenized using a mini bead beater for
45 sec twice followed by centrifugation at 13000 rpm for 5 min to
pellet the cell debris and protein. ATP levels in the supernatant
were determined using a Roche ATP assay kit in the Synergy HT
plate reader. The pellet was dried at 37 °C for 24 h to be used for
protein determination. The pellet was incubated with 5 M NaOH at
37 °C water bath for 30 min, followed by homogenization using the
mini bead beater for 40 sec. The protein concentration was
determined using the Bio-Rad RC Dc Protein Assay at 655 nm.
Calibration curves were prepared for ATP and protein using ATP
standard and BSA stock solutions respectively. The ATP/protein
level in the tissues was an indication of the viability of the tissue.
Statistical analysis was performed using GraphPad Prism 8. Shapiro-
Wilk normality test was performed on the data. The 24 h data was
non-parametric and the 48 h data was parametric. So, Kruskal-

Wallis-Dunn test was performed for all the replicates for each
condition using the DMSO as a control for the 24 h samples.
Ordinary one-way Anova was performed using the same conditions
for the 48 h sample.

The experiments were approved by the Animal Ethical Committee
of the University of Groningen (CCD number AVD105002017884)
and were performed in accordance with the EU directive 2010/63/
EU for animal experiments.

RNA sequencing

RNA extraction - Total RNA was extracted from B. subtilis cells
treated with 1 at 0.2×MIC for 45 min and 60 min following a
standard Trizol RNA extraction protocol[45] with modifications. The
initial lysozyme incubation of the cells was replaced with disruption
of the cells using Thermo Savant Fast Prep FP120 disruptor AT 6 m/
sec for 40 sec. DMSO treated cells were included as controls for the
same time points. Total RNA was sequenced by Illumina sequencing
(Macrogen, Europe) to generate 20 M paired reads of read length
100bp PE.

RNA sequencing data analysis – FastQ files were run through a
BowTie2 – Top Hat- Sam Tool pipeline to generate the BAM files.
Further analysis of the BAM files was performed using T-REx2:
Comprehensive Gene Expression Data Analysis[35] and Subtiwiki.[36]

Raw counts for the experiments are included as Supporting
Information.

ROS measurement assay

The effect of the compound on the generation of oxidative stress in
the cell was studied using the fluorescent dye 2’,7’-Dichlorodihydro-
fluorescein diacetate (H2DCFDA). Cells were grown in DMM media
and incubated with the dye (5 μM) in the dark for 1 h, washed with
fresh media, followed by addition of 1 in two-fold serial dilution
from 50 μM to 0.78 μM. H2O2 was used as a positive control and a
no drug sample was used as a negative control. Fluorescence
(excitation – 488 nm, emission – 530 nm) and absorbance (600 nm,
to monitor growth) were measured using the BioTek Synergy Mx
96-well plate reader for 12 h at 5 min interval. The data at each
time point was normalized against the T0 value, and fluorescence
was plotted for 90 min following treatment with the compound.
One-way Anova was performed for all the replicates data keeping
the ‘No drug’ as the control set. All statistical analysis was
performed using GraphPad Prism 8.

Probability of occurrence of mutation

A fresh bacterial culture was plated on LB agar plates containing
5×MIC 1. The same culture was also plated on a LB agar plate
without any antibiotics to determine the number of bacteria in the
culture. The frequency of occurrence of mutation was defined as
the number of colonies appearing on the compound-containing
plate relative to the total number of cells plated as determined by
counting colonies from the untreated culture after 24 h. The
compound-containing plates were further incubated for a period of
30 days with frequent inspection for the appearance of resistant
colonies.
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