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ABSTRACT: Two hetero-tri-organometallic compounds with potent activity
against Gram-positive bacteria including multi-resistant Staphylococcus aureus
(MRSA) were identified. The compounds consist of a peptide nucleic acid
backbone with an alkyne side chain, substituted with a cymantrene, a
(dipicolyl)Re(CO); moiety, and either a ferrocene (FcPNA) or a ruthenocene
(RcPNA). Comparative proteomic analysis indicates the bacterial membrane as
antibiotic target structure. FCPNA accumulation in the membrane was confirmed
by manganese tracing with atomic absorption spectroscopy. Both organo-
metallics disturbed several essential cellular processes taking place at the
membrane such as respiration and cell wall biosynthesis, suggesting that the
compounds affect membrane architecture. Correlating with enhanced
antibacterial activity, oxidative stress was induced only by the ferrocene-
substituted compound. The organometallics described here target the

cytoplasmic membrane, a clinically proven antibacterial target structure, feature a bactericidal but non-bacteriolytic mode of
action and limited cytotoxicity within the limits of solubility. Thus, FcPNA represents a promising lead structure for the

development of a new synthetic class of antibiotics.

acterial antibiotic resistance has become a major public

health problem of our time. This is owed to the enormous
bacterial adaptability causing rapid resistance development,
acquisition, and spread. With a prevalence of methicillin-
resistant S. aureus (MRSA) in hospitals of up to 50% and the
prevalence of multi-resistant Gram-negative pathogens steadily
rising, it is clear that new antibiotics with full activity against
multi-resistant pathogens are urgently needed. However, the
number of newly approved antibiotics steadily declined since
the 1980s. Currently, on average less than one antibiotic
reaches the market each year." Most of these newly approved
antibiotics belong to long-established compound classes and are
likely affected by cross-resistance. It is therefore thought that
the development of new compounds from old classes is not
going to be sufficient to counteract bacterial antibiotic
resistance, and the identification of structurally completely
new classes is highly desirable.

During the past decade, only three new antibiotic classes
were approved for clinical use: cyclic lipopeptides (daptomy-
cin), pleuromutilines (ratapamuline), and glycylcyclines
(tigecycline). The glycylcylines are synthetic tetracycline
derivatives, thus structurally and mechanistically related to a
long established antibiotic class. The cyclic lipopeptides and
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pleuromutilines are structurally and mechanistically new
compounds of microbial origin. Such naturally occurring
structures bear the risk of triggering the clinical manifestation
of bacterial adaptation strategies long-established in the natural
environment of the producer. This has already been observed
for daptomycin-resistant strains, which show protective
modifications of the cell envelope due to enhanced lipoteichoic
acid production.”® In the natural environment, this adaptation
of the cell envelope occurs in response to exposure to
antimicrobial compounds secreted by other species rendering
bacteria cross-resistant to vancomycin and telavancin.*> Fully
synthetic structurally novel antibiotic classes might give us an
edge in the fight against multi-resistant pathogens by avoiding
pre-existing resistance mechanisms.

Recently, we reported a proof-of-principle study on the
synthesis of the hetero-tri-organometallic compound FcPNA
(Figure 1), attaching three distinct organometallic residues to a
building block containing both a peptide nucleic acid (PNA)
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Figure 1. Structures of the hetero-tri-organometallic compounds
FcPNA and RcPNA.

backbone and an alkyne side chain.® Characterized by a pseudo-
peptide backbone, a positive charge, and three lipophilic
organometallic residues, namely, ferrocene, cymantrene, and a
(dipicolyl)Re(CO); moiety, FcPNA possesses distinct struc-
tural features not occurring in nature. At the same time, it
shares chemical properties with membrane-active antimicrobial
peptldes, Wthh often are both positively charged and
lipophilic.”~® Here we report on the antibiotic properties of
FcPNA and the identification of the bacterial membrane as its
antibiotic target structure. We observed an elevation in reactive
oxygen species (ROS) in vivo in response to FcPNA treatment
and were able to link ROS formation to the ferrocene moiety
using a ruthenocene-substituted reference compound
(RcPNA).

B RESULTS AND DISCUSSION

Antibacterial Potency and Cytotoxicity. Antibacterial
activity of FcPNA was tested against both Gram-positive and
Gram-negative strains according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines (Table 1)."° In water and
growth media the limit of solubility was 25 ug mL™". While
within the limit of solubility the organometallic compound was
inactive against Gram-negative pathogens (Pseudomonas
aeruginosa, Escherichia coli, Acinetobacter baumannii),
exhibited activity against Gram-positive bacteria (Staphylococcus
aureus, Bacillus subtilis) in the low micromolar range
comparable to clinically used antibiotics. In contrast to
amoxicillin, it exhibited full activity against MRSA strains
ATCC 43300 and COL at 2 ug mL™". FcPNA further showed
good activity against the vancomycin-intermediate S. aureus
(VISA) strain MuS0 at 6 ug mL™". Survival assays indicated that
FcPNA is a bactericidal compound. For B. subtilis, the minimal
inhibitory concentration of FcPNA equals the minimal
bactericidal concentration, achieving more than 5-log reduction
in colony forming units after 24 h. Survival rates even 15 min

after treatment with 4 ug mL™" FcPNA were reduced to 5%
compared to untreated controls. Growth experiments showed
that neither compound is bacteriolytic within the limits of
solubility (data not shown).

The cytotoxicity of FCPNA against several mammalian cell
lines was tested in three different assays (Table 2). Moderate

Table 2. Cytotoxicity of FcPNA against Mammalian Cell
Lines at the Limit of Solubility (25 gg mL™") Determined at
Three Different Stages of Growth

% ICsy" [ﬂg
cell line viability % SD mL™']
Caco-2 (human epithelial colorectal 108 12.1 nd
adenocarcinoma cell line)
L6.C11 (rat skeletal muscle cell line)” 96 14.7 nd
MCF?7 (human epithelial breast cancer cell 10 2.0 <3
line)©
HepG2 (human hepatocellular carcinoma 92 12.7 nd
cell line)©
HT29 (human colon carcinoma cell line)® 83 11.9 nd
NRK-52E (rat kidney epithelial cell line)? 55 16.0 nd
CCRF-CEM (human T-cell lymphoblast cell 57 6.3 nd

line)

“nd: 1Cs, values could not be calculated as 50% inhibition was not
reached up to the limit of solubility. “Cells were exposed to FcPNA 7
days after seeding. “Cells were exposed 24 h after seeding. 9Cells were
exposed directly after seeding.

cytotoxicity close to the limit of solubility (around 25 g mL™")
was observed for NRK-52E and CCRF-CEM cells that were
incubated with FcPNA directly after seeding of microtiter plate
wells. Variable cytotoxicity was observed when cells were
exposed to FCPNA 24 h after seeding, when cells were already
attached but still growing into confluency. Under these
conditions significant cytotoxicity was observed for MCF7
cells with an ICs, of less than 3 ug mL™", while low cytotoxicity
was observed up to the limit of solubility for HepG2 and HT29
cells. Finally, no cytotoxicity was observed against differentiated
Caco-2 and L6.C11 cells that were exposed to FcPNA 7 days
after seeding, when they were already fully established and no
longer growing. All cell lines were grown in the presence of
10% fetal bovine serum. To estimate serum binding of FcPNA,
the minimal inhibitory concentration against B. subtilis was
tested in the presence of 10% bovine serum albumin. A S-fold
increase in the minimal inhibitory concentration was observed
in the presence of bovine serum albumin, suggesting that serum
binding is approximately 80%.

Table 1. Minimal Inhibitory Concentrations in g mL™' and uM*“
FcPNA RcPNA amoxicillin norfloxacin vancomycin

pug mL™ uM ug mL™ UM pug mL™ uM pug mL™ UM pug mL™ UM
B. subtilis (DSM 402) 2 14 32 21 3 82 1 3.1 0.5 03
S. aureus (DSM 20231) 2 14 4 2.7 2 S.5 0.5 1.6 0.5 0.3
S. aureus (ATCC43300) (MRSA) 2 14 6 4 48 131 0.5 16 1 0.7
S. aureus (COL)(MRSA) 2 1.4
S. aureus (MuS0) (VISA) 6 4
E. coli (DSM 30083) nd nd nd nd 64 175 0.5 16 96 66
A. baumannii (DSM 30007) nd nd nd nd >256 >700 0.7§ 2.3 64 44
P. aeruginosa (DSM 50071) nd nd nd nd >256 >700 4 13 >512 >353

“MIC testing was performed according to Clinical and Laboratory Standards Institute (CLSI) guidelines. Results are reported in the CLSI standard
unit for MICs (ug mL™") and in uM concentration. nd: MIC was not reached up to the limit of solubility (25 yg mL™" for FcPNA and RcPNA).
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A ruthenocene analogue, RePNA (Figure 1), was designed to
investigate metal-specific mechanistic differences related to the
different redox potentials of ferrocene and ruthenocene (see
Supporting Information for synthesis, Supplementary Figures
1-3). Compared to FcPNA, RcPNA displayed lower
antibacterial activity (MICs against B. subtilis were 2 and 32
ug mL~, respectively) (Table 1). The small organometallic
building blocks of FcPNA and RcPNA by themselves
containing a (dipicolyl)Re(CO)3 or cymantrene as well as
the ferrocene or ruthenocene carboxylic acids (Supplementary
Figure 4) showed no antibacterial activity up to 512 ug mL™".

Proteomic Profiling. To gain first insights into the
antibacterial mode of action of this new class of hetero-tri-
organometallics, the response of B. subtilis to treatment with
FcPNA and RcPNA was investigated by global proteome
analyses. Changes in protein synthesis triggered by antibiotic
stress often reveal cellular mechanisms of damage control and
compensation for loss of function. Over the years, a proteomic
response library for the Gram-positive model organism B.
subtilis has been built that allows the comparison of proteome
profiles of structurally new compounds to proteomic profiles of
antibacterial agents of known antibiotic classes. Sets of target-
or mechanism-specific marker proteins, so-called proteomic
signatures, provide a diagnostic tool that can aid in narrowing
down the antibiotic target area.'' As the proteome is highly
sensitive to changes in growth conditions, all mechanistic
studies were carried out under standardized growth conditions
in a chemically defined medium as previously described.'* Cells
were stressed with antibiotic concentrations leading to a
significant reduction in growth rates without inflicting lethal
damage (Supplementary Figure S). The FcPNA and RcPNA
concentrations required to reduce growth rates of a B. subtilis
culture growing exponentially in chemically defined medium
were similar (2 and 1 pg mL™', respectively (Supplementary
Figure S)). Proteins newly synthesized in response to the
organometallics were then pulse-labeled with L-[**S]-methio-
nine. Cytosolic proteins were subsequently separated by two-
dimensional SDS-polyacrylamide gelelectrophoresis, and pro-
tein synthesis patterns of antibiotic-treated cells were compared
to those of untreated controls.

The proteomic responses to FcPNA and RcPNA treatment
were generally very similar (Figure 2). Biosynthesis of many
housekeeping proteins was substantially diminished in both
cases, evidenced by the majority of protein spots on the 2D gel
overlays appearing green, representing proteins no longer
synthesized after treatment with the organometallics. FCcPNA
and RcPNA shared 23 marker proteins (proteins induced more
than 2-fold), while 32 markers were unique to FcPNA, and 12
to RcPNA treatment (details on protein function, regulation,
and induction factors are provided in Supplementary Tables 1
and 2). Many of the induced marker proteins can be grouped
into three related functional categories: cell envelope stress,
energy metabolism, and general stress response (Figure 3).
Two marker proteins indicative of general cell envelope stress,
YceC and YceH,"* were induced, classifying FcPNA and
RcPNA as cell envelope-targeting agents. Moreover, induction
of the phage shock protein A (PspA), which stabilizes the
membrane by binding to its inner surface, allows narrowing
down the antibiotic target to the cell membrane. Upregulation
of both PspA and NAD synthase (NadE) suggests that the
compounds integrate into the membrane."® YoxD, YjdA, and
IspH are proteins involved in fatty acid biosynthesis. However,
none of the three proteins is part of the standard biosynthetic
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Figure 2. Differential proteome analysis of B. subtilis in response to
FcPNA and RcPNA. (a) FcPNA, (b) RcPNA. 2D gel-based protein
biosynthesis profiles of the controls false-colored in green were
overlaid with those of the antibiotic-treated samples false-colored in
red. Down-regulated proteins appear green, upregulated proteins red,
and proteins expressed at pre-stress rates yellow. Unidentified
upregulated proteins are circled. Orange labels indicate proteins
induced by both FcPNA and RcPNA, and white labels indicate non-
overlapping upregulated proteins.

pathway, suggesting that compound treatment causes a
restructuring of the membrane lipid composition. The
proteome responses to the organometallics were compared to
the antibiotic response library (Supplementary Table 3).
Proteins upregulated in response to FcPNA and RcPNA
most strongly overlap with marker proteins of potassium carrier
ionophore valinomycin and of depolarizing agent gramicidin S
(Supplementary Figure 6). In addition to the cell envelope
stress response, some of the overlapping proteins were involved
in energy metabolism, a further common characteristic for
membrane-targeting antibiotics. NadE falls into this category of
indicators for energy limitation."® Other proteins involved in
energy metabolism were also upregulated, particularly by
FcPNA, most of which, however, are poorly characterized
with regard to their functions. Many of the upregulated proteins
are known to participate in the ¢®-dependent general stress
response or in sporulation, two alternative strategies of B.
subtilis for coping with energy limitation.'"* Comparing the

dx.doi.org/10.1021/cb4000844 | ACS Chem. Biol. 2013, 8, 1442—1450
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Figure 3. Functional categories of the FcPNA- and RcPNA-induced marker proteins. (a) Overlapping marker proteins of FcPNA and RcPNA.
Proteins previously described as markers for general cell envelope and membrane stress are indicated in bold letters. (b) Scheme of the bacterial

stress response to the PNA organometallics.

proteome responses to FCPNA and RcPNA treatment, several
marker proteins of oxidative stress were upregulated only by the
ferrocene but not the ruthenocene-substituted compound,
among them metallo-regulated DNA-binding stress protein
MrgA and thiol peroxidase Tpx. Both of these stress proteins
are regulated in a o™-independent fashion. Oxidative stress is
also known to trigger the o°-dependent general stress
response,'® and we observed that more proteins of the ¢
regulon were upregulated in response to FcPNA treatment.

Oxidative Stress. CellROX; a fluorescent probe sensitive to
reactive oxygen species, was employed to test for intracellular
oxidative stress (Figure 4ab). Paraquat, which causes super-
oxide formation, served as positive control and led to B. subtilis
cells fluorescing red. Similarly, red fluorescence was observed
after treatment with FcPNA indicating oxidative stress. In
contrast, RcPNA-treated cells and untreated controls did not
give a fluorescence signal. We conclude that the iron in the
ferrocene moiety is redox-active under physiological conditions,
probably resulting in the generation of a ferrocene/ferrocenium
redox pair that in vivo generates reactive oxygen species as part
of its redox cycle. However, ferrocene by itself does not seem to
be sufficient for antibacterial activity as the ferrocene carboxylic
acid building block used to synthesize FcPNA did not show any
antibacterial activity (Supplementary Figure 4). As in MIC tests
FcPNA showed higher antibacterial potency than RcPNA, it is
tempting to speculate that, while it is not essential for
bactericidal activity, the oxidative stress component can
enhance antibiotic potency.

Influence on Membrane Function. The proteome
response to both FcPNA and RcPNA showed upregulation of
typical marker proteins for membrane stress. As a Gram-
positive bacterium, B. subtilis possesses only one membrane, the
cytoplasmic membrane, constituting a phospholipid bilayer rich
in proteins. To investigate whether FcPNA interacts with the
bacterial membrane, its subcellular localization was determined
by tracing manganese using atomic absorption spectrometry
(AAS). We expect the manganese-containing moiety of FcPNA
to be stable under physiological conditions based on previous
imaging studies with a compound containing the same
manganese—carbonyl building block.'® Antibiotic-treated cells
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Figure 4. Metal-dependent oxidative stress formation and subcellular
localization of FcPNA. (a) Light microscopy and (b) fluorescence
microscopy images of CellROX-stained B. subtilis cells treated with
antibiotics or left untreated demonstrate oxidative stress after FCPNA
treatment. (c) FcPNA subcellular localization was investigated by
measuring the manganese content of the different cell fractions by
atomic absorption spectroscopy. The manganese concentrations in the
cell wall, the cytosol, and the membrane were calculated.

were fractionated by differential centrifugation, and the
manganese content was determined in the cytosolic, the
membrane, and the cell wall fractions (Figure 4c). After
treatment with FCPNA, the concentration of manganese in the
membrane fraction was about 10-fold higher than in untreated
controls and about 6-fold higher than in the cytosolic and cell
wall fractions, demonstrating that a majority of FcPNA localizes
in or at the B. subtilis membrane (Supplementary Figure 7).
During sample preparation, cells were repeatedly washed with
Tris/EDTA buffer to remove loosely bound manganese.
FcPNA seems to bind to the bacterial membrane very tightly

dx.doi.org/10.1021/cb4000844 | ACS Chem. Biol. 2013, 8, 1442—1450
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Figure 5. Influence of FcPNA and RcPNA on the B. subtilis membrane and cell wall integrity. (a) GFP-MinD localization after antibiotic treatment.
(b) Light microscopy images corresponding to panel a. (c) Light microscopy images of antibiotic-treated cells stained with BacLight green dye
passing through intact membranes and red dye passing through membrane pores. (d) Antibiotic-stressed cells fixed with acetic acid/methanol.

as little manganese was removed by the washing steps. At the
same time, as manganese levels in the cytosol and cell wall
fractions increased only slightly after FCPNA treatment, it is
unlikely that FCPNA targets cell wall or cytosolic components.

The overlap of marker proteins between the organometallics
and valinomycin and gramicidin S suggests that the organo-
metallics might also cause disruption of the cellular membrane
potential. Membrane depolarization was monitored using an
assay that utilizes the membrane potential-dependent local-
ization of cell division protein MinD. If the membrane potential
is intact, MinD localizes at the cell poles and the cell division
plane, while upon depolarization MinD delocalizes and
distributes irregularly throughout the cell."*'” Using a GFP-
MinD fusion strain, MinD localization was monitored by
fluorescence microscopy (Figure Sab). The untreated control
as well as vancomycin, an inhibitor of cell wall biosynthesis that
does not affect the membrane potential, displayed normal
MinD localization. Like valinomycin and gramicidin S, FcPNA
and RcPNA led to MinD delocalization, demonstrating
membrane depolarization by both organometallics.

Membrane depolarization can be the result of a number of
different challenges ranging from inhibition of the respiratory
chain to an enhanced bilayer permeability, e.g, due to pore
formation or potassium or proton translocation. Using a pair of
fluorescent dyes we investigated the potential of FcPNA and
RcPNA to form pores. The commercially available BacLight
staining kit combines a green-fluorescent dye that readily
crosses intact membranes and a red-fluorescent dye, which can
only enter bacterial cells through pores in the membrane
(Figure Sc). Only nisin, a pore-forming lantibiotic serving as
positive control, permeabilized B. subtilis for the red dye,
resulting in cells fluorescing both red and green. Cells not
treated with antibacterial agents as well as cells treated with
non-pore-forming comparator compounds fluoresced only
green. Since the organometallics fluoresced green, formation
of large pores can be excluded as a mechanism of both FcPNA
and RcPNA.

Energy Limitation. To examine if the interaction of
FcPNA and RcPNA with the membrane causes energy
limitation in the cell as suggested by the proteome response,
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we determined cytosolic ATP levels after treatment with the
organometallics (Figure 6). Compared to the untreated control,
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Figure 6. Relative intracellular ATP levels of B. subtilis after treatment
with FcPNA, RcPNA, and comparator compounds.

valinomycin, a potassium ionophore, and gramicidin S, which
was previously shown to permeabilize the membrane for
potassium,'® reduced the ATP content by 40% and 80%,
respectively. In contrast, protein biosynthesis inhibitor
erythromycin did not influence intracellular ATP levels.
FcPNA reduced the cellular ATP content by 50%, demonstrat-
ing a strong impact of the organometallic on cellular energy
metabolism. The effect on cellular energy levels, however, does
not seem to correlate strictly with antibacterial activity, as the
less potent RcPNA applied at only 0.66 yM led to ATP levels
only half of those observed after treatment with 1.4 uM
FcPNA. A decrease in ATP levels after treatment with the
organometallics could be a result of membrane depolarization
and subsequent cessation of ATP production. However, it
could also be an effect of the organometallic compounds on
ATP synthase or the respiratory chain, both of which are
located at the cytoplasmic membrane.

Cell Wall Integrity. Due to the upregulation of the proteins
YceC and YoxD, which were also found to be upregulated by
cell wall biosynthesis inhibitors like vancomycin (Supplemen-
tary Table 3), we examined the impact of FcPNA and RcPNA
on cell wall integrity. If cell wall biosynthesis is inhibited,

dx.doi.org/10.1021/cb4000844 | ACS Chem. Biol. 2013, 8, 1442—1450
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fixation of antibiotic-treated cells in a 1:3 mixture of acetic acid
and methanol leads to deformation of cells."” A characteristic
formation of membrane extrusions after acetic acid/methanol
fixation is typically observed, if a membrane-associated cell wall
biosynthesis step is inhibited. This form of membrane blebbing
was observed, for instance, after treatment with lipid II-binding
compounds nisin and vancomycin, which served as positive
controls here (Figure Sd). Both organometallic compounds
showed the same aberration in cell shape after acetic acid/
methanol fixation, suggesting that FcPNA and RcPNA either
directly or indirectly interfere with the cell wall biosynthesis
machinery. A direct inhibition of cell wall biosynthesis
components by the organometallics is unlikely as the proteome
responses to both compounds lack the typical marker proteins
for cell wall biosynthesis inhibition, LiaH, YtrE, and YtrB.B A
similar effect was observed for gramicidin S, which integrates
into the bacterial membrane and acts rapidly depolarizing.'>'®
Both gramicidin S and the organometallics might indirectly
affect cell wall biosynthesis by disturbing membrane
architecture. Despite FcPNA and RcPNA having gramicidin
S-like effects on the membrane potential, ATP levels, cell wall
integrity, and the proteome, the organometallics differ from
gramicidin S in that they are not bacteriolytic.

Conclusion. The recently reported hetero-tri-organometal-
lic compound FcPNA showed potent antibacterial activity
against Gram-positive bacteria. It was active against S. aureus
including MRSA and VISA strains in the low micromolar range,
comparable to antibiotics currently used clinically. FcPNA
represents a fully synthetic novel class of antibiotics with
structures completely new to nature. Generally, aside from
antiseptics, organometallics have been underexplored in
antibacterial research and development,”®™>* and to our
knowledge this work represents the first study on a metal-
based antibacterial agent that addresses both the antimicrobial
potency and the antibiotic target.

We initiated global proteome-based mechanistic studies to
identify the general target area for FcPNA and designed a
ruthenocene-substituted derivative, RcPNA, to study metal-
specific effects. The proteomic response of B. subtilis to the
organometallics showed upregulation of marker proteins for
cell envelope stress in general and membrane stress in
particular. A strong interaction of FcPNA with the cytoplasmic
membrane was demonstrated by tracing manganese as a
surrogate for the manganese-containing FcPNA using AAS. A
direct interaction of FcPNA with the bacterial membrane is
consistent with an induction of alternative fatty acid biosyn-
thesis enzymes involved in adjusting the composition of the
membrane to antagonize interactions with the organometallics.
As shown by fluorescence microscopy, FcPNA and RcPNA
efficiently depolarized B. subtilis cells. While the cause of
depolarization remains to be elucidated, we were able to
exclude formation of large pores as a mechanism. Consistent
with membrane depolarization, the proteome and a luciferase-
based ATP assay revealed severe energy limitation.

An elevation in reactive oxygen species was observed after
treatment with FcPNA, but not RcPNA. To our knowledge, we
could show here for the first time that ferrocene can induce
oxidative stress in a living system. Similar results were
previously obtained in vitro for the ferrocene-substituted
chloroquine-based antimalarial drug candidate ferroquine.**
Further, Dunbar et al. provided evidence for the colocalization
of ferroquine with a sulfur-containing compound, presumably
the antioxidant glutathione.”® Ferroquine provides a rare
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example of an organometallic compound in clinical develop-
ment for antimicrobial therapy targeting a unicellular parasite
Plasmodium falciparum. It has been shown to overcome
chloroquine resistance and is about to complete phase II
clinical trials.’® Ferroquine passing phase I clinical trials
suggests that there are no major safety issues connected to
the ferrocene moiety itself, clearing the way for future
ferrocene-containing organometallic drug candidates in the
antimicrobial field.

While the molecular mechanism of action of FcPNA remains
to be studied further, we were able to identify the cytoplasmic
membrane as the target structure. On the basis of the effects
observed, we postulate that FcPNA integrates into the
phospholipid bilayer causing a change in membrane architec-
ture that affects the function of one or more membrane
proteins. However, it is also possible that FcPNA interacts
directly with different membrane proteins. The bacterial
membrane has been validated as an antibacterial target only
in the past decade. As demonstrated by daptomycin,
membrane-targeting antibiotics can be successfully applied in
the clinic using systemic administration.”” Membrane-targeting
antibiotics were shown to be less prone to bacterial resistance
develo};ment than antibiotics inhibiting a single enzyme
target,”® making the bacterial membrane a particularly attractive
target for future antibiotic development. Based on its potent
antibacterial activity and the limited cytotoxicity, FcPNA,
representing a novel class of antibiotics, is a promising lead
structure that warrants further investigation. The solubility of
FcPNA is rather poor and currently prevents systemic
administration, thereby limiting evaluation of acute toxicity in
animal models. The main goal of future structure—activity
relationship studies will be to increase solubility while retaining
antibacterial activity and retaining or increasing selectivity for
bacteria over mammalian cells.

B METHODS

Antibiotics. FcPNA was synthesized as described previously.
RcPNA synthesis largely parallels FCcPNA synthesis and is described in
the Supplementary methods. All antibiotic stock solutions were
prepared at 10 mg mL ™" in DMSO. Valinomycin and bacitracin were
purchased from Sigma-Aldrich. Vancomycin was purchased from
Applichem. Gramicidin S was synthesized and purified according to
Wadhwani et al,,*® and nisin was obtained from H.-G. Sahl (University
of Bonn, Germany).

Minimal Inhibitory Concentration. Minimal inhibitory concen-
trations (MIC) were tested against Escherichia coli DSM 30083,
Acinetobacter baumannii DSM 30007, Pseudomonas aeruginosa DSM
50071, Bacillus subtilis DSM 402, Staphylococcus aureus DSM 20231
(type strain), Staphylococcus aureus ATCC 43300 and COL (MRSA),
and Staphylococcus aureus MuSO (VISA) in a microtiter plate assay
according to CLSI guidelines as described previously.'*** To estimate
serum binding, MIC tests were analogously performed in the presence
of 10% bovine serum albumin.

Minimal Bactericidal Concentration. Minimal bactericidal
concentration (MBC) against B. subtilis 168 was determined in
Mueller Hinton medium in a microtiter plate assay. Cells (5 x 10°
mL™") were treated with 1-, 2-, 5-, and 10-fold MIC (2, 4, 10, 20 ug
mL™" FcPNA. An untreated control was directly plated on Mueller
Hinton agar plates and colony-forming units (CFUs) counted after 16
h of incubation at 37 °C. The antibiotic-treated cultures in the
microtiter plates were incubated at 37 °C for 24 h prior to plating of
200 pL of the cultures on Mueller Hinton agar for CFU determination.
CFUs were related to those of the untreated control. The antibiotic
concentration that led to a CFU reduction of 5 log units was taken as
MBC.
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Cytotoxicity. Cytotoxiciy against human cancer cell lines was
tested in three different assays (for detailed experimental procedures
see Supporting Information). Caco-2 and L6.C11 cells were exposed
to FcPNA 7 days after seeding when cells had grown into confluency
and were fully established and no longer growing. Metabolic activity
was determined in a resazurin-based assay. MCF7, HepG2, and HT29
cells were exposed to FcPNA 24 h after seeding, when cells had
attached but were still growing into confluency. Viability was
determined using a crystal violet-based assay. NRK-S2E and CCRF-
CEM cells were exposed to FcPNA directly after seeding, and
metabolic activity was determined in an Alamar Blue-based assay.

Bacterial Strains and Growth Conditions. For mechanistic
studies, B. subtilis 168 (trpC2)®" was grown at 37 °C under steady
agitation in chemically defined Belitzky Minimal Medium (BMM).**
In growth experiments, bacterial cultures were treated with different
antibiotic concentrations in mid exponential growth phase after
reaching an optical density at 500 nm (ODjsy) of 0.35. For
physiological stress experiments, including proteomic studies, anti-
biotic concentrations were chosen that led to reduced growth rates
compared to the untreated control (Supplementary Figure ).

Determination of Survival Rates. B. subtilis was grown in Luria—
Bertani (LB) medium at 37 °C under steady agitation to an ODgg, of
0.35. Five X 10° cells per mL were exposed to 4 ug mL~' FcPNA for
1S min or left untreated. Cells were then plated on LB agar plates and
incubated overnight before colony forming units were counted. The
experiment was performed 4 times independently.

Proteome Analysis. Preparation of radioactively labeled protein
extracts and two-dimensional polyacrylamide gelelectrophoresis were
performed as described previously.'> FcPNA was applied at a
concentration of 2 ug mL™' (2.9 uM), and RcPNA at 1 yg mL™"
(1.5 uM). Proteins were identified by MALDI-ToF/ToF as described
previously.'” Protein spots that could not be identified with this
method were identified by nLC—ESI-MS/MS as described in the
Supplementary Methods.

Atomic Absorption Spectroscopy. Cells were grown in BMM
until early logarithmic growth phase and stressed with 2 ug mL™" (2.9
uM) FcPNA as in the proteomic experiments. After 15 min of
antibiotic stress, cells were harvested by centrifugation, washed three
times with Tris/EDTA buffer (100 mM Tris/1 mM EDTA, pH 7.5),
and disrupted by ultrasonication. Cell debris was kept for measuring
the cell wall fraction. The crude cell extract was subjected to
ultracentrifugation at 80,000¢ for 4 h. The resulting supernatant
yielded the cytosolic fraction. The membrane pellet was dissolved in
EDTA-free Tris buffer (100 mM Tris, pH 7.5). Samples were
lyophilized using a freeze-dryer BETA I instrument (Martin Christ) at
—20 °C overnight. For determination of the manganese content,
samples were resuspended in distilled H,O. Triton X-100 and HNO,
were added to 200 uL of resuspended samples to final concentrations
of 1% and 13%, respectively. Manganese measurements were
performed using a ContrAA 700 graphite furnace high resolution
continuum source atomic absorption spectrometer (Analytik Jena).
Samples were injected at a volume of 20 L into regular graphite tubes
and processed in the furnace according to a recently described
protocol.>> Manganese was detected at a wavelength of 279.4817 nm.
The mean absorbance of duplicate injections was used throughout the
study. A pure sample of FcPNA was used for calibration. Sensitivities
and detection limits of the AAS method depend on the sample matrix
and instrument performance. For biological samples measured in this
study sensitivities ranged between 0.35—1.12 A uM™' and detection
limits reported by the instrument software as characteristic
concentrations were in the range of 0.0039—0.0096 uM (1% A)™".
Measured manganese concentrations were related to the B. subtilis
cytosolic, cell wall, and membrane volumes. Volumes of these cell
fractions were calculated based on cryo-electron micrographs by
Matias and Beveridge.**** The volumes of the cellular cytosolic
fraction, the cell wall fraction, and the cell membrane fraction were
estimated at 3.09 X 1072 uL, 8.08 X 107*° uL, and 8.99 X 107" uL,
respectively. The experiment was performed three times independ-
ently.
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Microscopy. All microscopy experiments were performed in three
biological replicates. For fluorescence and light microscopy experi-
ments, the following antibiotic concentrations were used to treat B.
subtilis: 8 ug mL™" (11.6 uM) FcPNA, 6 ug mL™" (8.8 M) RcPNA,
10 ug mL ~! (11.1 uM) valinomycin, 1 ug mL ~' (1.1 gM) gramicidin
S, 0.75 pug mL ' (2.5 uM) nisin, and 1.5 pug mL 7' (22 uM)
vancomycin. MinD-GFP localization and cell wall integrity were
examined as described previously'® using the B. subtilis 1981 GEP-
MinD strain’® obtained from L. Hamoen (Newcastle University,
England) or B. subtilis 168, respectively.

For the BacLight assay, B. subtilis 168 was grown in BMM until
reaching mid logarithmic growth phase. The culture was split, and the
subcultures were treated with the same antibiotic concentrations
described above. After 15 min of antibiotic stress, 2 yL of a 1:1 mixture
of the green- and red-fluorescing dyes were added per milliliter of
culture volume and incubated for 15 min in the dark under steady
agitation. Cells were washed with 100 mM Tris/1 mM EDTA, pH 7.5
and resuspended in the same buffer. Five microliters of the cell
suspension was imaged in fluorescent mode as described previously."?
The Cell Imaging Software was used to merge the green and red
channel pictures. The same background value (factor = 25) was
subtracted from each single picture.

For the CellROX assay, B. subtilis was grown in BMM until early
logarithmic growth phase and subsequently divided into subcultures,
which were stressed with 25.7 g mL ™" (100 uM) paraquat, 8 ug mL™"
(11.6 uM) FcPNA, or 6 ug mL™" (8.8 uM) RcPNA or left untreated as
control. After 15 min of antibiotic stress, CellROX Deep Red reagent
(Invitrogen) was added, and the cells were incubated for another 30
min. Subsequently, cells were washed in 100 mM Tris/1 mM EDTA
and resuspended in the same buffer. Five microliters of cells was
imaged without fixation in fluorescence mode using an Olympus BXS1
microscope with a U-UCDS8 condenser, an UPlanSApo 100XO
objective, a U-LHIOOHGAPO burner, and a U-RFL-T power supply.
Pictures were taken using a CC12 digital color camera and the Cell
Imaging Software (all components by Olympus).

Determination of Cellular ATP Levels. B. subtilis 168 was grown
in BMM to an ODjy, of 0.35 and subsequently exposed to the
antibiotics at the same concentrations described above. Erythromycin
was applied at 0.5 ug mL™" (0.37 uM). Cells were harvested after 15
min of antibiotic stress by centrifugation, resuspended in 500 yL 10
mM Tris, pH 7.5, and disrupted by ultrasonication as described for
proteome analysis. ATP levels were determined using the Perkin-
Elmer ATPlite onestep assay kit following the manufacturer’s
instructions. ATP standards were prepared from 1 X 1077 to 8.5 X
1077 M ATP in the provided buffer. For determination of cellular ATP
levels, 100 uL of cytosolic cell extracts was used. All measurements
were performed in five independent biological experiments with two
technical replicates each using the Tecan Infinite 200 PRO multimode
reader (Tecan).
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