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Violacein is a tryptophan-derived purple pigment produced by environmental
bacteria which displays multiple biological activities, including strong inhibition of Gram-
positive pathogens. Here we applied a combination of experimental approaches to identify
the mechanism by which violacein kills Gram positive bacteria. Fluorescence microscopy
showed that violacein quickly and dramatically permeabilizes B. subtilis and S. aureus
cells. Cell permeabilization was accompanied by the appearance of visible discontinuities
or rips in the cytoplasmic membrane, but it did not affect the cell wall. Using in vitro
experiments, we showed that violacein binds directly to liposomes made with commercial
and bacterial phospholipids and perturbs their structure and permeability. Furthermore,
molecular dynamics simulations were employed to reveal how violacein inserts itself into
lipid bilayers. Thus, our combined results demonstrate that the cytoplasmic membrane is
the primary target of violacein in bacteria. The implications of this finding for the

development of violacein as a therapeutic agent are discussed.

Keywords: violacein, mechanism of action, membrane disruption, membrane-active agent,

daptomycin, Staphylococcus aureus.

Infectious diseases caused by antimicrobial-multiresistant bacteria are difficult to
eradicate and represent an increasing health problem worldwide. Resistance to antibiotics
may be (1) intrinsic, as in the case of many Gram-negative bacteria, which carry an outer
membrane !, (2) can occur through the acquisition of genetic elements carrying resistance
genes or (3) by mutations in the bacterial genome 2. Resistance to a new antibiotic is

inevitable, but its spread has been favored by poor and excessive use of antibiotics, both in
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human health and in agriculture 3. The antibiotic crisis is also exacerbated by the fact that
most of the currently used antibiotics were discovered between 1940 and 1960 # and are
directed against a limited set of targets. Therefore, the development of new antimicrobials
with novel mechanisms of action is an urgent need (World Health Organization —

Who/Emp/lau/2017.12).

Violacein (Figure 1) is a blue-purple pigment, a bisindole formed by the
condensation of two molecules of tryptophan. This substance is produced as a secondary
metabolite by several phylogenetically distinct bacteria found in diverse environments, such
as oceans, glaciers, rivers and soil °. Violacein production has been reported in Collimonas
sp. 6 Pseudoalteromonas 7, Alteromonas %, Duganella sp. ° and Janthinobacterium '°.
However, the first bacterium described as violacein producer and the most studied thus far
is Chromobacterium violaceum "3, In C. violaceum, violacein production is under the
control of quorum sensing mechanisms > and the biosynthetic pathway involves a five
genes cluster (viod, vioB, vioC, vioD and vioE) transcribed in the same direction . The
entire synthesis process consists of five enzymatic (VioA-E proteins) and one non-
enzymatic step, the latter corresponding to the conversion of violaceinic acid into violacein

by oxidative decarboxylation >4,
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Figure 1. Violacein structure.

Violacein has attracted attention because of its wide spectrum of biological
activities. It is a potent antibacterial, the first report of this activity dating back more than
70 years 15, In addition, violacein displays antifungal '®, antiprotozoal 37, antiviral 8,

antitumoral '° and antioxidant 2 activities.

The antibacterial potential of violacein has become more widely explored in recent
years. Violacein displays activity against different Gram-positive bacteria, with MICs for S.
aureus ranging from 1.6 (this work) to 25 uM 2!-23. This large variability in MIC values is
likely due to the use of different sources of violacein by different laboratories, some of
which were produced in house while others were purchased commercially. Despite this
variability, violacein has been shown to be highly active against antibiotic resistant

pathogens, such as methicillin-resistant and multidrug-resistant S. aureus 2423
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Violacein seems to be significantly less active against Gram-negative bacteria
212226 but there are at least two reports showing that this molecule can sensitize Gram-
negative pathogens of the clinically important ESKAPE group to currently used antibiotics
%7 including carbapenemase producers 2. Thus, violacein could help circumvent the threat
of widespread antibiotic resistance. Nevertheless, a crucial step before the real therapeutic

potential of violacein can be assessed is the determination of its mechanism of action.

The study of the cell biological effects of antibiotic compounds on bacteria has
emerged as a simple and powerful approach to determine their mechanism of action 2°.
Here, we applied such an approach to violacein and found that this molecule quickly and
dramatically permeabilizes Gram-positive bacterial cells. Cell permeabilization was
accompanied by the appearance of visible discontinuities or rips in the cytoplasmic
membrane, but it did not affect the cell wall. Using in vitro experiments, we showed that
violacein binds directly to liposomes made with commercial and bacterial phospholipids
and perturbs their structure and permeability. Furthermore, molecular dynamics simulations
were employed to reveal how violacein inserts itself into lipid bilayers. Thus, our combined
results demonstrate that the cytoplasmic membrane is the primary target of violacein in
bacteria. The implications of this finding for the development of violacein as a therapeutic

agent are discussed.
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Results

Violacein disrupts the bacterial cytoplasmic membrane

We used fluorescence microscopy and a set of indicator dyes as a way to determine
how violacein kills Gram-positive bacteria. Because the microscopy experiments are
carried out under cell density conditions different from MIC assays (107 cells/ml instead of
5 x 10° cells/ml) we first confirmed that the MICs we measured for violacein (0.8 uM for B.
subtilis and 1.6 uM for S. aureus) were also sufficient to inhibit growth of denser cultures
(Supplemental Figure S1). Because growth is fully inhibited at higher cell density, we
chose to maintain the MIC as the reference concentration in both microscopy and ATP

release experiments that will be reported later.

When Bacillus subtilis wild-type (PY79) cells were treated with violacein at 0.8
puM, approximately 20% of the cells became permeable to propidium iodide (PI) as early as
30 minutes after treatment. The fluorescence intensity and the number of permeabilized
cells further increased after 60 minutes of treatment, with approximately 50% of cells being
stained with PI. Interestingly, visualization of the membranes of treated cells, by means of
the membrane specific dye FM1-43, showed remarkable alterations, with permeable (PI+)
cells often exhibiting patches of stain discontinuity of different sizes, which we called
membrane holes (see arrowheads in Figures 2 and 4). Some holes were barely visible at the
resolution of the light microscope whereas others were as large as a third of a cell’s length.
To confirm that the membrane staining discontinuities were indeed holes we also treated a

strain of B. subtilis expressing GFP with violacein and observed that the presence of
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membrane staining discontinuities perfectly correlated with loss of GFP content (Figure

2B).

Membrane

Figure 2. Violacein disrupts the
membrane of B. subtilis. A.
Representative fluorescence microscopy
images of wild-type (PY79) B. subtilis
cells treated at the minimal inhibitory
concentration (MIC) of violacein (0.8
uM) and stained with a membrane dye
(FM1-43) and propidium iodide (PI).
Yellow arrowheads point to holes in the
membranes. B. Treatment of a B. subtilis
strain that expresses cytoplasmic GFP
(FG897) shows that cells that have
membrane stain discontinuities have lost
their GFP content. Note that the
membrane stain used in B was FM-4-64,
which is red and compatible with GFP.
Experiments were repeated at least three

times.
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Treatment of wild-type Staphylococcus aureus (ATCC 29213) cells with violacein
at the MIC for this species (1.6 pM) produced results similar to those observed for B.
subtilis. After 30 minutes of treatment, approximately 25% of the cells were stained with
PI, and after 60 minutes this percentage was greater than 50% (Figure 3). However, a
difference between the two bacterial species was the absence of visible holes in the
membranes of S. aureus samples. This may be due to the morphological differences
between these two bacteria, since the B. subtilis cells are larger (4 to 10 um in length) and
rod-shaped and those of S. aureus are smaller (0.5 to 1 um) and round. For both B. subtilis
and S. aureus, cells from untreated control cultures remained intact for the duration of the

assays (less than 1% cells were stained with PI).

Membrane

-
1um

Figure 3. Violacein disrupts the
membrane of S. aureus. Representative
fluorescence microscopy images of wild-
type (ATCC 29213) S. aureus cells treated
at the minimal inhibitory concentration
(MIC) of violacein (1.6 pM) and stained
with a membrane dye (FM1-43) and
propidium iodide (PI). The experiment was

repeated three times.
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We also treated B. subtilis and S. aureus with violacein concentrations equivalent to
5-fold their MICs, and, as expected, observed stronger membrane perturbation effects
(Supplementary Figure S2 A and B). Under these conditions, PI permeability and
membrane damage revealed by FM1-43 were apparent immediately after the treatment and
after 30 minutes practically all cells were stained with PI and membrane fluorescence was
much dimmer, suggesting a direct effect on this structure. This effect on the membrane
stain increased further with time and after one hour of treatment the FM1-43 stain was

almost undetectable, indicating that membranes were completely destroyed or dissolved.

An important observation made from the images above is that cells did not lose their
normal shape even when fully permeabilized by the violacein treatment, suggesting that this
compound does not directly affect the cell wall. To check for more subtle cell wall defects
we also stained violacein-treated cells with a cell-wall specific marker (WGA-Alexa Fluor
488), which showed that all cells, including those with heavily damaged membranes,
exhibited a pattern of WGA staining that was indistinguishable from untreated cells (Figure
4). These experiments cannot rule out that violacein, by affecting the membrane, will have
an indirect effect on cell wall synthesis. However, the fact that violacein treated cells
maintain both their normal morphology and their WGA staining pattern is most consistent

with the cell wall not being the primary target of violacein.
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Figure 4. Cell shape and cell wall staining are not significantly affected by violacein.
Representative fluorescence microscopy images of B. subtilis cells treated at the minimal

Membrane Cell wall Merge inhibitory concentration (MIC) (0.8 uM) of

—
4pm

violacein and stained with the red membrane
dye (FM4-64) and a cell wall binding lectin
(WGA- Alexa Fluor 488). Yellow arrowheads
point to cells with damaged membranes but

Viol 30 | ’ whose cell walls are intact. The experiment was

repeated three times.

Ctrl 60

Violacein promotes fast leakage of ATP from cells

If violacein disrupts the cytoplasmic membrane and makes cells permeable to
external dyes, it should also promote the leakage of cellular contents. We tested this
possibility by measuring the appearance of ATP in the culture medium at different times
after violacein treatment. We used as controls daptomycin, a well-established membrane
agent, and ampicillin, whose effect on membrane integrity should be slower, because it
depends on growth induced weakening of the cell wall. When B. subtilis cells were treated

with violacein at 5x its MIC (4 uM) large amounts of ATP became detectable in the

10
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medium almost instantly, and as early as five minutes post-treatment essentially all the ATP
from cells was found extracellularly (Figure 5, black line). The ATP leakage effect of
violacein was not an artifact of high antibiotic doses because treatment of cells at 1 x MIC
also promoted extensive release of ATP, although with a slightly slower kinetics (Figure S3
A). Daptomycin under similar conditions (5 x and 1 x MIC) also promoted fast leakage of
ATP from cells (Figure 5, grey line), although, surprisingly, its effect was significantly
slower than violacein’s, which could indicate that the two compounds affect the membrane
in different ways. Leakage of ATP occurred at an even slower rate upon treatment with
ampicillin (Figure 5, red line), as expected from the mode of action of this beta lactam. The
kinetics of ATP release by the different antibiotics correlated well with the speed in which
they inhibited growth and caused lysis, something that can be inferred from the measure of

total ATP in the bacterial cultures in the same experiment (Figure S3, B).

Vviol 4 —A—Dap 14.35 . .
120 - :Al:lp o.125f.l|\\nn _v_czﬂ"ola o Figure 5. ATP leakage from B. subtilis

cells after treatment with violacein,

daptomycin  and  ampicillin  at

concentrations equivalent to 5 x MIC (4

ATP leakage (%)

uM, 144 uM and 0.125 pM,

respectively). A.U.: Arbitrary units.

T T T T T T Y_'
0 20 40 60 8 100 120
Time (min) Each point is the mean (+ standard

deviation, SD) of three different replicate experiments, each performed in triplicate.
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Violacein kills stationary cells

Drugs and peptides known to perturb the bacterial membrane effectively kill
stationary or dormant cells 3°. This is because nongrowing cells still depend on ATP
production and ion transport to maintain their viability. We investigated the effect of
violacein on stationary cells and found that treatment with 1 x MIC for 120 minutes caused
a 100 fold reduction in viability for S. aureus and 1000 fold for B. subtilis (Figure 6 A and
B). In contrast, ampicillin, had essentially no effect on the viability of stationary cultures of
the same bacteria (Figure 6 A and B), as expected of a drug that preferentially kills growing
cells. These results demonstrate that violacein’s activity is independent of the metabolic
state of the cell, a finding which is also consistent with the hypothesis that it affects the

bacterial membrane.

12
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Figure 6. Violacein Kkills stationary

A

9 1000000

oNOYTULT D WN =

cells. Stationary cells (5 x 10%/ml) of B.

11 100000 subtilis (A) or S. aureus (B) were

10000 treated with 1 x MIC of violacein or

®
CFU/ml

16 1000 —®— B. subtilis Control ampicillin for 120 min and viability

—@— B. subtilis Amp  0.025 uM

17 —A— B, subtilis Viol 0.8 uM .

18 1001 — . was assessed by plating.
0 120

Time (min)

22 B

23 T
1000000

24 — ¢

26 100000

10000

CFU/ml

30 10004 —¥— S. aureus Control
31 —— S. aureus Amp 1.3 uM
—<4— S. aureus Viol 1.6 uM
32
100 +— y T
33 0 120
34 Time (min)

43 Violacein binds to LUV’s and release their content

46 The ability of violacein to disrupt the membranes of B. subtilis and S. aureus could
be due to effects on both the lipid and/or the protein components of the bilayer. To
51 distinguish between these possibilities, we evaluated the action of this antimicrobial on

53 large unilamellar vesicles (LUVs) of different lipid compositions.
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LUVs were produced with commercial lipids, using mono-component systems or a
combination of them: POPC (phosphatidylcholine), POPG (phosphatidylglycerol), POPC:
POPG (70:30) and POPC: POPG (50:50). These different compositions were used to
explore whether the effect of violacein was related to lipid head-group charge since
phosphatidylcholine (POPC) is zwitterionic and phosphatidylglycerol (POPG) has a net
negative charge. The effect of violacein on the different LUVs was monitored by dye

leakage assays, in which LUVs were previously loaded with carboxyfluorescein (CF).

In preliminary experiments using 20 uM of POPC LUVs we found that 39 pM of
violacein produced leakage of 50% of the dye (Supplementary Figure S4A). However, we
noticed that the effect of violacein was quite sensitive to the LUV concentration in each
experiment. For example, if we used 10 or 40 uM of LUVs the Cs, of violacein varied to 19
uM and 77 puM, respectively (Supplementary Figure S4A). This is because the effect of
membrane perturbing agents generally depends on the accumulation of a threshold level of
the damaging agent on target membranes, and this, in turn, is directly affected by the ratio
of drug to membrane in each experiment. Thus, we chose to express the effect of violacein
in terms of the violacein:lipid molar ratio that led to 50% of CF leakage (V/Ls), since this
is a normalized measure of activity that does not vary with the initial LUV concentration

(Supplementary Figure S4B).

According to the data presented in Figure 7A, violacein has the ability to
permeabilize all types of LUVs tested. The V/Ls of liposomes of different compositions
were quite similar, varying just 2-fold between LUVs made with 100% PG (V/Lsy = 1.5)
and liposomes made with 100% PC (V/Lso = 3.1). LUVs made with a mixture of both

phospholipids had V/Ls, values of 1.9 (PC:PG 30:70), 2.3 (PC:PG 50:50) and 1.7 (PC:PG

14
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70:30). This demonstrates that violacein can directly disturb phospholipid membranes. In
addition, the similar V/Lsy values for LUVs of different compositions suggest that the
interaction of violacein with membrane lipids is not highly dependent on headgroup charge.
For the sake of comparison, cationic antimicrobial peptides such as Magainin exhibit

marked preference (10-100 fold lower V/Ls) for negatively-charged membranes 3'.

We also measured the binding affinity of violacein for the different LUVs by
monitoring changes in its intrinsic fluorescence in the presence of lipids (Supplementary
Figure S5 and Supplementary Table 1). These experiments showed that violacein bound
with highest affinity to liposomes made of 100% PC (K, of 1,295 M- in 0 mM salt and
1,381 M- in 300 mM salt) and with lower affinity to liposomes with a net negative charge
(PC:PG 70:30) (K, of 343 M! in 0 mM salt and 628 M-! in 300 mM salt). Interestingly,
there was no correlation between the leakage activity and binding affinities against the two
types of LUVs: although violacein presented higher binding affinity for membranes
containing only PC, this antimicrobial presented a greater destabilizing effect on
membranes containing anionic phospholipids. This lack of correlation has been observed
before and can be explained by LUV permeability being affected not only by the amount of
drug bound, but also by factors such as the fluidity and packaging of the bilayer, which

vary with different charged headgroups 2.

Tests were also carried out with LUVs made with phospholipids extracted from
bacteria, in order to better mimic the membranes of these microorganisms (Figure 7B). In
addition to B. subtilis and S. aureus, we tested LUVs made with E. coli lipids, even though
this Gram-negative bacterium is resistant to violacein. As shown in Fig. 7B, the LUVs

made with bacterial lipids were as affected by violacein as the commercial liposomes, with

15
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V/Lsy values of 0.9 (B. subtilis), 1.4 (S. aureus) and 1.5 (E. coli). This suggests that

violacein does not require non-phospholipid components such as lipid II, to recognize and

perturb bacterial membranes. The observation that LUVs produced with E. coli

phospholipids presented similar values of V/Lsy as LUVs produced with phospholipids

from Gram-positive bacteria also suggests that the outer membrane of Gram-negative

bacteria is what makes them insensitive to violacein.
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Figure 7. Violacein permeabilizes
LUVs. A. Release of CF from LUVS of
different composition after 60 minutes of
violacein  treatment (concentrations
ranging from 1 to 256 puM) using LUVs
composed of POPC; POPC:POPG
(70:30); POPC:POPG (50:50);
POPC:POPG (30:70) and POPG.
Experiments were performed in 10 mM
Tris-HCI buffer, pH 7.4, 300 mM NacCl
and lipid concentration of 20 pM, at
37°C. B. Release of CF from LUVs
prepared with lipids extracted from
different bacterial species (S. aureus

ATCC 29213, E. coli ATCC 25922 and

B. subtilis PY79) after 60 minutes of violacein treatment. Experiments were performed in
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10 mM Tris-HCI buffer, pH 7.4, 300 mM NaCl and lipid concentration of 20 puM, at
37°C..POPC: phosphatidylcholine; POPG: phosphatidylglycerol. Each point is the mean (+
standard deviation, SD) of three different replicate experiments, each performed in

triplicate..

Simulations of violacein-membrane interactions

To gain further insight into how violacein interacts with the bacterial membrane,
molecular dynamics (MD) simulations were performed in which we followed the insertion
of a single violacein molecule into membrane models with different lipid headgroups
(POPC, POPG and POPC:POPG 5:5). In 200 ns of simulation, we observed that violacein
penetrates lipid bilayers and becomes predominantly inserted in the interfacial area between
the lipid head group and the aliphatic chains (Figures 8 A-E and movies S1, S2 and S3).
This can be clearly seen in plots of the location of violacein and landmark atoms of the
phospholipid molecules integrated over the duration of the MD trajectories, which showed
that violacein exhibits a mass number density peak (meaning a high probability of finding
the molecule in that position) that matches the location of the first carbon in the acyl chains
of the phospholipids and is also close to the phosphate peak (Figure 8 B-E). Importantly,
the position of violacein did not change substantially in membranes of different
composition. However, the violacein peak was broader in POPG, probably because fluidity
is higher due to electric repulsion of the headgroups, leading to higher mobility of violacein

within this membrane.

17
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Figure 8. Molecular dynamics (MD) simulations of violacein interacting with bilayers
of different lipid compositions. A. Three snapshots at different time points (0, 50, 100 ns)
of violacein interacting with a 100% POPC bilayer. Violacein is represented in spacefill
(green). Silver: POPC acyl chains; Cyan: carbonyl carbon from snl chain; Yellow:
phosphate phosphorus; Blue: choline nitrogen. Movies of the complete simulation, and for
the simulations with POPG, are available in the Supporting Information. B. Number density
plot of the distribution of violacein in a 100% POPC bilayer. C. Number density plot of the
distribution of violacein in a 100% POPG (phosphatidylglycerol) bilayer. D. Number
density plot of the distribution of violacein in a POPC: POPG (50-50%) bilayer. E. POPC
molecule highlighting the reference atoms of this phospholipid tracked in the number

density plots. OC3 refers to the POPG glycerol oxygen and is not present in POPC.
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Discussion

The urgent need for therapeutic alternatives capable of fighting multiresistant
bacteria has triggered renewed interest in the identification of new antimicrobial
compounds. Here we focused on violacein, a natural product whose antimicrobial activity
was first described long time ago !°, but that was only explored extensively as an

antimicrobial in the last decade 2127,

Previous studies have described violacein’s spectrum of antibacterial activity and
synergy with other antibiotics 2!?7. In contrast, the goal of our work was to identify the
target and mode of action of violacein. By applying a combination of cytological,
biochemical and biophysical assays we generated results that demonstrate unequivocally

that the primary target of violacein in bacteria is the cytoplasmic membrane.

Fluorescence microscopy showed that violacein disrupts the membrane of B. subtilis
and S. aureus when used at MIC concentrations. The effect was quite fast (30 minutes) and
became essentially instantaneous at higher violacein concentrations (5 x MIC)
(Supplementary Figure S2). Using a specific membrane dye (FM1-43), we could clearly see
that violacein produces “holes” or “rips” in the membranes of B. subtilis at 1 x MIC (Figure
2). The fact that this effect could not be observed in S. aureus is probably due the
differences in the shape and/or size of cells, which make membrane holes easier to visualize
in B. subtilis. At higher violacein concentrations (5 x MIC), the membranes of both B.
subtilis and S. aureus were essentially dissolved (Supplementary Figure S2). Another way
to demonstrate membrane permeabilization by violacein was to measure ATP leakage out

of treated cells. Violacein promoted massive leakage of ATP from cells and this happened
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as fast as the membrane permeabilization seen by microscopy (Figure 5). Finally, as
expected from a membrane damaging agent 3033, violacein was equally effective against
growing and nongrowing cells (Figure 6). Therefore, violacein belongs to a heterogenous
group of antimicrobials that target the bacterial membrane such as nisin 34, daptomycin 33,

the vancomycin derivatives telavancin 3¢ and oritavancin 37, and DCAP 33, among others.

Antibiotics that disrupt the bacterial cytoplasmic membrane are generally lipophilic,
being able to directly interact with the membrane, causing changes in its functions and
physical structure 3°. Simply inspecting violacein’s structure and solubility (predicted LogP
of 2.75 — http://zinc.docking.org/substances/ZINC000014829611/) suggests that it should
indeed interact with membranes. To confirm this and to better characterize the specificity of
violacein-membrane interaction we carried out in vitro experiments with model
membranes. These experiments showed that violacein binds and affects the permeability of
LUVs of different composition with similar efficiency. Violacein exhibited somewhat
higher affinity to zwitterionic than to anionic LUVs (Table S1), probably because violacein
itself is a neutral molecule, but this higher affinity for neutral LUVs does not translate into
higher permeabilizing activity, since LUVs made with 100% anionic phospholipids were
slightly easier to disrupt than neutral LUVs, requiring two-fold less violacein to release half
of their content (Figure 7A). In contrast, well-studied antibacterial membrane damaging
agents, such as classic antimicrobial peptides, nisin and daptomycin, exhibit marked
preference for anionic membranes %%, Another important observation of the in vitro
experiments was that violacein affected LUVs made with bacterial lipids as well as it
affected those made with commercial lipids. This suggests that violacein does not recognize

non-phospholipid components of the bacterial membrane, like lipid II, which significantly
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increases the binding of molecules such as nisin and oritavancin to the bacterial membrane
4041 Finally, molecular dynamics simulations showed that violacein inserts itself in the
interface between the polar headgroups and the hydrophobic core of lipid bilayers, a finding
supported by experimental observations with indole and other tryptophan analogs
structurally similar to violacein, which were shown to occupy the same location within the
membrane as violacein in our simulations** . Because the simulations also showed that
violacein insertion was not affected by the lipid headgroup (Figure 8 and movies S1, S2 and
S3), the overall conclusion from the in vitro and computational experiments is that
violacein is a relatively non-selective membrane damaging agent. This is in agreement with
the broad biological activities of this natural product, which has been described to affect a

variety of prokaryotic and eukaryotic cells 21274344,

The results from the in vitro experiments and MD simulations also allowed us to
propose a mechanism for how violacein perturbs membranes. By using equation 2 and the
binding constants determined by fluorescence experiments we estimated that under the
typical conditions of the CF release experiments (20 uM of total POPC and 32 uM of
violacein) ca. 1.9 % of the total violacein is bound to the bilayers, which translates to a ratio
of one violacein for every 35 POPC molecules. This low ratio, together with violacein’s
low solubility in water and low amphiphilicity, suggests that the mechanism of LUV
permeabilization does not consist in a detergent-like membrane solubilization. Instead, we
propose that the interaction of violacein with the interfacial region of the bilayer changes
the distances and alters the packing of the phospholipids, causing defects and
discontinuities (thinning, transient holes and/or phase separation) that allow the passage of

molecules across the membrane. This mechanism is supported by experimental work with
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other hydrophobic or amphiphilic small molecules that, similarly to violacein, were shown
to occupy the interfacial region when partitioned within bilayers*°. In vivo, the turgor
pressure of cells may further stress the bilayer and cause it to rupture and produce the holes
documented in our microscopy experiments. However, it must be noted that such drastic
alterations of membrane structure are not necessary for violacein to exert its effects, as cell

permeabilization often happens in the absence of visible membrane holes.

While this work was under way, de Souza et al. >° showed that violacein was able to
interact with Langmuir monolayers made of dipalmitoylphosphatidylserine (DPPS) and
dipalmitoylphosphatidylcholine (DPPC), representing tumorigenic and healthy cells,
respectively. However, in this study, violacein was not able to permeabilize LUVs
composed of DPPC, DPPS and POPC. This apparent discrepancy with our results is likely
due to differences in the experimental conditions employed by the two groups. For
example, the highest violacein to lipid ratio used by de Souza et al. °° was 0.5, a ratio which
we also found insufficient to significantly permeabilize LUVs (Figures 7A and B).
Therefore, we predict that if de Souza et al. °° had done their experiments at higher
violacein to lipid concentration they too would have concluded that violacein can

permeabilize membranes.

Recently, Aruldass et al. »° published results claiming that violacein acts on the S.
aureus membrane. However, this paper analyzed violacein effects 12 and 48 hours after
treatment. At such late time points it is impossible to determine if effects on membrane
structure and permeability are direct or indirect. In fact, Aruldass et al. 2> observed very
similar results for violacein and vancomycin in all their assays and it is well known that

vancomycin does not directly permeabilize membranes. Moreover, Aruldass et al. 2° did not
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provide any evidence, in vitro or otherwise, of a direct interaction of violacein and
phospholipids. Thus, this paper’s conclusion is not supported by careful interpretation of its

results.

The discovery that violacein is a membrane targeting compound should set the stage
for future research on the usefulness of this natural product. The membrane is an attractive
and underexploited target of antimicrobials. In contrast to the antibiotics currently used
such as B-lactams, aminoglycosides, tetracyclines, and quinolones, which are effective only
against actively growing cells, membrane perturbation can kill slow growing and persister
cells, and eradicate biofilms, all of which are important sources of treatment failure 30!,
Violacein is a molecule that conforms to Lipinski rules and is as potent against some
clinically relevant strains of Gram positive bacteria as daptomycin and, thus, could expand
the limited arsenal of membrane targeting antibiotics. However, the observation that
violacein seems to bind bacterial membranes rather non-specifically has important
implications for its development as a therapeutic. In fact, the multiple biological activities
of violacein, from antiviral to antitumor, and its reported hemolytic activity 744, are strong
indications that this natural product is capable of disrupting membranes of eukaryotic cells
as well. Thus, the challenge going forward with the development of violacein as an
antibiotic would be to more systematically determine if it can display selectivity against
bacterial cells. The question of selectivity is not as simple as it may seem: as explained
above, the activity of membrane perturbing agents like violacein is strongly affected by the
ratio of drug to lipids (or drug to cells) employed in the experiments, and these ratios are
not usually taken into account in the literature (see Matsuzaki > for an insightful discussion

of selectivity with focus on antimicrobial peptides). Thus, even though the activity of
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violacein has been measured against a variety of bacteria and eukaryotic cells, these results
are not comparable because the experiments were likely carried out with widely different

drug to lipid ratios.

Despite the lack of systematic toxicity studies, there is at least one report of the
therapeutic use of violacein in vivo, e.g., in the mouse model of Plasmodium infection!”,
suggesting that violacein is not overly toxic. Even if violacein is found to be too toxic in its
natural form to be of therapeutic value, it should be possible to use medicinal chemistry to
modify it into a more discriminating membrane targeting agent. In support of this idea, a
recent publication showed that deoxyviolacein is much more selective than violacein
against protozoa, when compared with mammalian host cells 44. Another way to circumvent
toxicity to the host would be by employing adequate formulation and delivery strategies. In
either case, knowing that violacein targets membranes should help direct and interpret these

experiments.
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Methods

Bacterial strains and reagents

The bacterial strains used were B. subtilis PY79 33, S. aureus ATCC 25923, a
methicillin-sensitive strain (MSSA), and E. coli ATCC 25922, both obtained from the
American Type Culture Collection. Violacein and ampicillin were purchased from Sigma,
FM1-43, FM4-64, WGA-Alexa Fluor 488 and propidium iodide were purchased from
ThermoFisher and daptomycin was purchased from Selleck Chemicals. Violacein was
dissolved in DMSO to create 20mM or 2 mM stock solutions, depending on the

experiment.

Fluorescence microscopy

Sample preparation for fluorescence microscopy analysis was performed according
to 4. Bacterial cultures were grown until ODgy = 0.1 and violacein (Sigma Aldrich, St.
Louis, MO, USA) was added at the desired concentration. At appropriate times after
violacein treatment, cells were concentrated 10-fold by centrifugation and stained for 1
minute with 1 pg/ml of FM1-43 and 10 pg/ml of propidium iodide to evaluate membrane
damage and permeability. For cell wall integrity, cells were stained with 1 pg/ml of FM4-
64 and 10 pg/ml of WGA-Alexa Fluor 488. Stained cells were imaged using a Nikon
Eclipse TiE microscope equipped with a Plan APO VC Nikon 100X objective (NA=1.4), a
25-mm Smart Shutter and Andor EM CCD i-Xon camera.. Each assay was repeated at least

three times.

MIC determinations
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MICs were determined by twofold broth microdilution according to CLSI guidelines
33, Bacteria were grown in Muller Hinton broth or cation adjusted Muller Hinton broth in
the case of daptomycin. For violacein and ampicillin, similar MIC values were obtained
whether bacteria were grown in Muller Hinton or in LB broth. Inoculum density was
approximately 5 x 10° CFU/mL and the MIC was determined as the lowest concentration
capable of inhibiting visual growth of the tested strains after 18-24 hours incubation at
37°C. The values of the MICs measured for the different antibiotics against B. subtilis and

S. aureus are shown in Table 1.

Table 1. MICs (uM) measured in this work. ND, not determined.

ampicillin Daptomycin violacein
B. subtilis 0.025 2.9 0.8
S. aureus 1.3 ND 1.6

Time-kill of stationary cells

Cultures were grown for 20 hours in Mueller Hinton broth to reach stationary phase,
washed twice in PBS (pH 7.4), pelleted (4000 x g for 15 minutes at 4°C) and diluted to a
density of approximately 5 x 10° CFU/ mL in nutrient-depleted medium (depMH). This
spent medium was prepared by removing the cells of a 48-hour bacterial growth in Mueller
Hinton broth using sequential centrifugation (5000 x g, 10 minutes at 4°C) and filtration

(0.45 pm-pore-size) steps.
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Diluted stationary cells were treated with MIC concentrations of antibiotics: (1.6
and 0.8 uM of violacein and 1.3 and 0.025 uM of ampicillin for S. aureus and B. subtilis,
respectively). Bacterial cultures without treatment were used as negative controls. Aliquots
of 0.1 mL were withdrawn immediately after (0 min) and 120 minutes after antibiotic
addition, serially diluted in saline solution and plated (25 uL) on MH Agar. MH plates were
incubated overnight at 37°C for determination of the CFU/mL. The experiment was

repeated three times.

Measurement of ATP leakage from cells

Leakage of ATP from cells was evaluated using the BacTiter — Glo Microbial Cell
Viability Assay Reagent (Promega, Madison, WI). B. subtilis cells were grown in LB until
the ODgqo reached 0.5, diluted to ODgo 0.1 (approximately 107 cells/ml) and treated with
antibiotics in concentrations equivalent to 1 x and 5 x the MIC. ATP determination in
culture supernatant is usually done by separating cells from the medium by centrifugation>®
but control experiments in our laboratory showed that standard centrifugation (16,200 x g
for one minute) caused significant leakage of ATP from cells. Therefore, we chose to use
filtration through 0.22 pum —pore-size filters as the way to separate cells from medium
because our controls showed that this procedure caused no leakage of ATP from cells. For
each condition, we sampled an aliquot of the culture before filtration to measure total ATP
and filtered another aliquot through the 0.22 pm filter to measure ATP in the supernatant.
50 uL of the total culture or filtered supernatant were then mixed with 50 pLL of BacTiter —
Glo Reagent directly in a 96-well opaque plate (Costar, Corning) and incubated for five
minutes before reading in a SpectraMax M2 plate reader (Molecular Devices) at 560 nm.

ATP leakage was expressed as a percentage of total ATP measured at the same condition
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and time point (ATP leakage = 100 x ATP in supernatant/total ATP). The experiment was

performed in triplicate and repeated three times.

Large Unilamellar Vesicle (LUV) Preparation

Lipids used to prepare LUVs were from two different sources: commercial lipids 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-[phospho-rac-(1-glycerol)] (POPG) were purchased from Avanti Polar Lipids
(Alabaster, AL) and used without further purification. Lipids extracted from bacterial
cultures were obtained as described previously °7~3. In brief, cells were grown in LB until
ODggo = 0.1 and harvested by centrifugation at 4800 x g for 15 minutes at 4°C. The pellet
was re-suspended with 50 mL of chloroform, methanol and water (2:1:0.8, v/v) and
samples were shaken vigorously for approximately 1 minute and maintained for at least 24
hours at -20°C with occasional shaking. Solvent was separated from bacterial mass by
filtration with filter paper and the bottom (organic) phase of the biphasic system was

collected. The solvent was evaporated under nitrogen until completely dried.

LUVs composed of 100% of phosphatidylcholine, 30:70, 50:50 and 70:30
phosphatidylcholine:phosphatidylglycerol and 100% phosphatidylglycerol were made as
described previously °. Initially, the lipids were homogenized in chloroform, which was
evaporated with nitrogen for complete removal of the solvent and subjected to vacuum for
two hours. Then, a 50 mM solution of carboxyfluorescein (CF) in Tris HCI 10 mM and
NaCl 300 mM (pH 7.4) was added to the lipid film to form an emulsion that was sonicated
for approximately 2 minutes to encapsulate the CF. LUVs were made by extrusion of the
lipid emulsion through two stacked polycarbonate filters with 100 nm pore size (Nuclepore,

Maidstone, UK), using a mini-extruder (Avanti Polar Lipids, Alabama, US). External CF

28

ACS Paragon Plus Environment

Page 28 of 44



Page 29 of 44

oNOYTULT D WN =

ACS Infectious Diseases

was removed by gel-filtration on a Sephadex G-25 mini-column (GE Healthcare) with Tris-
HCI1 10 mM and NaCl 300 mM as eluent. The lipid content of the LUV preparations was

quantified by measuring inorganic phosphate, following the procedure of Rouser et al. .

Carboxifluorescein leakage by violacein

LUV permeabilization was investigated as described by Mojsoska et al. (2017) °.
Due to the high concentration used in this experiment, CF is self-quenched in the internal
aqueous compartment of the LUVs. When an added external compound damages the LUV
bilayer, the CF is released to the external aqueous compartment and its fluorescence
increases. Violacein was serially diluted in 96-well- microdilution plates at a range of 256
to 0.125 puM in 10 mM Tris-HCI, pH 7.4, NaCl 300 mM and the LUV suspension was
added to each well to a final concentration of 20 uM of lipids in 150 pL. Final
concentration of DMSO (from violacein stock) in samples was no greater than 0.6%, a
concentration that does not interfere on CF leakage experiments. Wells containing only
LUVs and 10 mM Tris-HCI, pH 7.4, NaCl 300 mM were used as negative control. The
fluorescence was determined using a multi-mode microplate reader (BioTek Synergy™ H1
Hybrid Reader) immediately after LUV addition, with excitation and emission wavelengths
of 490 and 520 nm, respectively, every one minute, for 1 hour at 37°C. At the end of the
time course, 2 pL of Triton X-100 (10%) was added to all wells to obtain the maximum CF

release. CF leakage was calculated using the following equation:

R% =100 x [(Fy — F,) / (Fmax— Fo)]  Equation 1

29

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Infectious Diseases

where F, and F, represent the initial and final values of fluorescence before and after
violacein addition, respectively. Fyy is the fluorescence value after the addition of Triton
X-100, representing maximal LUV damage. The experiment was performed in triplicate

and repeated three times.

Binding of violacein to LUVs

Fluorescence spectra of violacein with different LUVs were collected in a Hitachi F-
7000 spectrofluorimeter (Hitachi, Japan), exciting the samples at 350 nm and recording the
emission from 680 to 720 nm. Emission scanning speed was 240 nm/min, with the
photomultiplier at 700 V and using excitation and emission slits of 2.5 nm, at room
temperature. Violacein concentration was 10 uM in 10 mM Tris-HCI buffer, pH 7.4, NaCl
300 mM, and lipid concentration was varied from 0.16 to 22.2 mM. Lipids were re-
suspended in 10 mM Tris-HCI buffer, pH 7.4, NaCl 300 mM, and extruded as described
above to obtain 100 nm LUVs. Spectra of water and the vesicles without violacein taken
under the same conditions were subtracted from violacein’s spectra for correction.

Violacein’ affinity for the different LUVs was calculated considering a two-state
model of the violacein (free and bound forms). The following Hill equation was fitted to the
binding isotherms to determine the lipid concentration where half of total amount of
violacein is bound and the apparent binding constant (Kg, M-"). Experiment was repeated

three times.

Fraction bound = [Lipid]®/ (1/K)" + [Lipid]" Equation 2
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Molecular dynamics simulations

The force field used for violacein molecule was GAFF ¢!, and Slipids 9263 for the

oNOYTULT D WN =

membranes. We performed 200 ns simulations with violacein in three conditions: in the
10 presence of POPC, POPG and POPC:POPG (50 : 50) bilayers. In all simulations, one
violacein molecule was positioned on one side of the bilayer, approximately 2 nm above the
15 phosphorus atoms. Membranes composed of 64 lipids per monolayer were hydrated in 55
17 water molecules per lipid ratio with the TIP3P water model. POPG lipids had their negative
19 charges counter-balanced with Na* ions. Prior to simulation, the bilayers were thermalized
for 500 ns. The temperature was maintained at 37°C using the V-rescale thermostat (with
24 frequency of 1 ps) and semi-isotropic pressure coupling at 1 bar with the Parinello-Rahman
26 barostat, in a frequency of 10 ps. The simulations were carried out using the GROMACS

5.0.2 %465 package and visual inspections and renderings of images by VMD 1.9.2 66,

35 Supporting Information

38 The Supporting Information is available free of charge on the ACS Publications

40 website at DO XXXXXXXXXX.

43 Growth curve of violacein effect at high cell density; fluorescence microscopy of
violacein at 5 x MIC; ATP release experiment controls; CF release experiment controls;

48 Violacein binding affinity raw data and calculated constants.
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