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Abstract: Bacteria accumulate osmolytes to prevent cell dehydration during hyperosmotic stress. A
sudden change to a hypotonic environment leads to a rapid water influx, causing swelling of the
protoplast. To prevent cell lysis through osmotic bursting, mechanosensitive channels detect changes
in turgor pressure and act as emergency-release valves for the ions and osmolytes, restoring the
osmotic balance. This adaptation mechanism is well-characterized with respect to the osmotic chal-
lenges bacteria face in environments such as soil or an aquatic habitat. However, mechanosensitive
channels also play a role during infection, e.g., during host colonization or release into environmental
reservoirs. Moreover, recent studies have proposed roles for mechanosensitive channels as determi-
nants of antibiotic susceptibility. Interestingly, some studies suggest that they serve as entry gates for
antimicrobials into cells, enhancing antibiotic efficiency, while others propose that they play a role in
antibiotic-stress adaptation, reducing susceptibility to certain antimicrobials. These findings suggest
different facets regarding the relevance of mechanosensitive channels during infection and antibiotic
exposure as well as illustrate that they may be interesting targets for antibacterial chemotherapy.
Here, we summarize the recent findings on the relevance of mechanosensitive channels for bacterial
infections, including transitioning between host and environment, virulence, and susceptibility to
antimicrobials, and discuss their potential as antibacterial drug targets.

Keywords: mechanosensitive channels; osmotic stress; osmotic down-shock; hypoosmotic stress;
antibiotics; antimicrobial peptides; bacterial-stress response

1. Introduction

Mechanosensitive channels are integral membrane proteins that are present in the
membranes of bacteria, archaea, and eukaryotes [1,2]. These channels are closed un-
der normal conditions and open in response to mechanical-membrane stretch [3]. This
mechanosensitive response plays a role in a variety of biological functions such as hearing,
touch, and cardiovascular regulation [4]. In bacteria, the role of mechanosensitive channels
is that of an emergency-release valve. In response to a sudden shift from high to low
osmolarity, as, e.g., experienced by soil bacteria after heavy rainfall, which leads to an
influx of water, mechanosensitive channels release osmolytes to relieve increased turgor
pressure and prevent cells from bursting (Figure 1) [5,6].

Osmolytes, also referred to as osmoprotectants, are highly soluble organic compounds
that do not interfere with cellular processes. Amino acids and derivatives (glutamate, glu-
tamine, aspartate, proline, betaines), sugars (sucrose, trehalose), polyols (glycerol, arabitol,
inositol), and many other compounds can assume the role of osmoprotectants [7-9]. In response
to hypotonic challenges, Bacterial Mechanosensitive channels have been shown to release
osmolytes, such as glycine betaine, glutamate, and trehalose [10-12].

Bacterial Mechanosensitive channels are often viewed from an environmental or
biotechnological perspective, e.g., enhanced glutamate secretion in the industrial amino-
acid producer Corynebacterium glutamicum. Yet, they have also been reported to play a role
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low osmolarity:
cell in osmotic balance

hyperosmotic
shock

in bacterial pathogenesis [13-17] and appear to be of importance for the susceptibility of
different bacterial species to antimicrobials [18-20]. Interestingly, some studies have shown
that mechanosensitive channels increase the potency of certain antibiotics, by serving
as their entry gates into bacterial cells [19,20], while others have observed that bacteria
adapt to antibiotic-induced membrane stress by opening mechanosensitive channels that
contribute to antibiotic tolerance [11,21]. In this review, we summarize recent developments
on the role of Bacterial Mechanosensitive channels regarding antibiotic susceptibility and
pathogenesis.

II 11

_shock

QU
|hypoosmotic

increased osmolarity: high osmolarity 'L low osmolarity low osmolarity-adapted
% g | shock A
release of water leads to adaptation: 3 adaptation: cells resume normal
shrinking of protoplast accumulation of < release of osmolytes growth
osmolytes restores through mechanosensitive
osmotic balance : channels
. a
4 - e 2
o AN - Al
‘e e channels fail to gate:
TR S 'S cell lysis

Figure 1. Adaptation of bacterial cells to changing osmotic pressure. A sudden increase in osmolarity
leads to loss of water and shrinking of the protoplast, counteracted by the accumulation of compatible
solutes, which raise intracellular-solute concentrations and restore the cell’s osmotic balance (I-I1I).
A sudden decrease in osmolarity leads to an influx of water, resulting in increased turgor pressure,
which is relieved by the opening of mechanosensitive channels and subsequent release of osmolytes
into the environment (IV), restoring osmotic balance (V). If mechanosensitive channels fail to gate,
cells lyse (VI). Figure adapted from Booth et al. [22].

2. Structure and Gating of Bacterial Mechanosensitive Channels

A bacterial cell typically harbors multiple mechanosensitive channels with differ-
ent properties that allow a nuanced temporal response to various levels of hypoosmotic
stress. These different properties are related to conductance, gating kinetics, sensitivity
to membrane tension, and structure of the channel proteins. Based on these properties,
mechanosensitive channels are typically divided into three classes: MscL (mechanosensitive
channel of large conductance), MscS (mechanosensitive channel of small conductance), and
MscM (mechanosensitive channel of mini conductance) [3,23]. However, in Escherichia coli,
an additional class of mechanosensitive channel has been described. This class, named
MscK (mechanosensitive channel K*), is structurally similar to MscS, but its gating requires
lower membrane tension and high extracellular concentrations of potassium [24].

Both MscL- and MscS-type channels have been studied extensively, and crystal struc-
tures are available [25,26]. MscL-family proteins are moderately to highly conserved,
whereas MscS-family proteins exhibit a broader structural diversity [2]. Typically, microor-
ganisms possess only one MscL but multiple MscS homologs [27].

There are two model organisms that have been used predominantly to study Bacterial
Mechanosensitive channels, the standard Gram-negative model E. coli and the ubiquitous
Gram-positive soil bacterium Bacillus subtilis. However, C. glutamicum and its relative
Mycobacterium tuberculosis have also been used as models to examine the structural and
functional aspects of mechanosensitive channels.
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A plethora of studies have been performed on these channels and many excellent
reviews are available on their structure, gating mechanisms, and function in osmoadapta-
tion [3,6,23,27-32]. Therefore, we will not address these points in detail, but briefly outline
the key aspects of their structure and gating mechanisms that are relevant to understand
their role in antimicrobial resistance and pathogenesis, which shall be the main focus of
this review.

2.1. Structural Determinant of MscL and MscS Gating

Several crystal structures are available for mechanosensitive channels (Supplementary
Table S1). Two of these have become major models to study the structures and molecular-
gating mechanisms of mechanosensitive channels, M. tuberculosis MscL (Mt-MscL, PDB:
20AR) and E. coli MscS (Ec-MscS, PDB: 6PWP) (Figure 2) [33,34].
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|
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Figure 2. Structures of MscL and MscS. The structure of Mt-MscL (A—-C) was derived from X-ray
crystallography (PDB: 20AR) [33]. (A) Side view, (B) periplasmic view, (C) schematic topological
depiction of an MscL monomer. The structure of Ec-MscS (D-F) was derived from cryo-electron
microscopy in lipid nanodiscs (PDB: 6PWP) [34]. (D) Side view, (E) periplasmic view, (F) schematic
topological depictions of an MscS monomer. Schematic topological depictions of MscL and MscS
were adapted from Pivetti et al. and Reddy et al. [1,34], respectively (relative sizes of domains not
to scale). A: Anchor, N: N-terminal a-helix, M1, M2, M3a, and M3b: transmembrane domains,
I: periplasmic loop, L: linker, S: short C-terminal region, H: hook lipid.

MscL channels form homopentamers, as shown for Mt-MscL in Figure 2A,B [33]. Each
subunit of this pentamer has an N-terminal o-helix along the membrane (N), two «-helical
transmembrane domains (M1 and M2), a periplasmic loop (I) that connects M1 and M2, and
a short C-terminal region (S) linked to M2 via a flexible linker (L) (Figure 2C) [1,25,33,35].

M1 and M2 form the transmembrane channel, while the C-terminal region forms a
cytoplasmic bundle below the channel pore and has been proposed to maintain the closed
state of the channel [1,22]. The N-terminus of MscL acts as a “slide helix” that runs along
the cytoplasmic membrane and stabilizes the M1 domain [35].
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Recently, a hydrophobic nanopocket in the transmembrane region of MscL, situated
between M1 and M2, sitting close to the surface of the inner membrane leaflet, has been
identified and proposed to be essential for channel gating [36,37]. In the current model,
this nanopocket is in contact with membrane-lipid fatty-acid chains, which act as negative
modulators and prevent channel gating. Removal of lipid chains from the nanopocket
through a membrane stretch is proposed to activate MscL [36].

MscS is a homoheptamer with a large cytoplasmic domain (Figure 2D,E) [3,38,39].
This cytoplasmic domain is believed to act as a molecular sieve that balances the passage of
positive and negative osmolytes as well as ensures a net-neutral efflux in order to conserve
the transmembrane potential [40]. The cytoplasmic domain has also been suggested to
be a sensor for the excessive cytoplasmic crowding involved in preventing cytoplasm
over-draining [41].

Each subunit of the MscS heptamer has three membrane-spanning helices: M1, M2,
and M3 (Figure 2D-F). M1 and M2 form a sensor for membrane tension. M3 consists of
two parts: the hydrophobic M3a that lines the pore and the amphipathic M3b situated at
the membrane-cytoplasm interface [26]. An N-terminal domain, called Anchor (A), has
recently been identified by cryo-electron microscopy (Figure 2F). This anchor is situated
at the outer-leaflet interface and was shown to be essential for channel gating [34]. The
new cryo-electron-microscopy structure also revealed the presence of a ‘hook’ lipid (H)
that hooks to the top of each M2-M3 hairpin. This hook lipid is believed to facilitate force
transition from the lipid bilayer to the transmembrane domains of the channel (Figure 3).
However, it is yet unclear whether the hook lipid is removed from its binding pocket during
membrane stretch or not [34].

closed open

Figure 3. Schematic representation of the MscS-gating mechanism proposed by Reddy et al. [34].
Arrows represent ‘force-from-lipids’. The relative sizes of the domains are not to scale. A: Anchor,
M1, M2, M3a, and M3b: transmembrane domains, H: hook lipid. The figure shows a model, in which
the hook lipid moves out of its binding pocket upon membrane stretch and corresponding channel
opening. An alternative model, where the hook lipid stays situated between M1 and M2, was not yet
ruled out [34].

2.2. Importance of Membrane Lipids for the Gating Mechanism

The paradigm of the “force-from-lipid” model, in which, in the simplest of terms, a
membrane stretch pulls the channel apart to open, has been long established [42,43]. In this
model, the lipid bilayer influences channel gating by directly interacting with mechanosen-
sitive channels or by modulating the global properties of the cell membrane, such as
membrane thickness, membrane fluidity, membrane curvature, hydrophobic interactions,
and many more [42,44,45].

In recent years, the roles of specific lipids and lipid—protein interaction sites, such as
the hydrophobic lipid chain-binding pocket of MscL and the hook lipid binding to MscS,
have been revealed. A recent cryo-electron-microscopy study has examined Ec-MscS in
different membrane environments, mimicking stretched and unstretched conditions as
well as supporting the diverse and complex roles of lipids in the gating of MscS [46]. This
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includes pore lipids, which prevent the passage of molecules through the channel in the
closed state, gatekeeper lipids that stabilize the closed conformation of the channel and
dissociate during membrane stretch, and pocket lipids that sit in pockets between subunits
and are pulled out under membrane tension, transferring the force of the membrane stretch
to the channel protein [46].

Not only can specific membrane lipids in the immediate proximity of the channels
play a role in gating but also the overall membrane composition and organization critically
influence the behavior of mechanosensitive channels. Since they respond to membrane
stretch, factors such as overall membrane thickness and fluidity are the first to come to mind.
Water influx into bacterial cells during hypoosmotic shock will increase the turgor pressure
against the cell wall. This will stretch the bilayer, concomitantly leading to membrane
thinning, fluidization, and increased membrane tension [47].

In fact, Ec-MscL was reported to be sensitive to lipid-bilayer thickness in vitro [48,49].
Thus, a decrease in bilayer thickness led to a lowered gating threshold for MscL, whereas
an increase in bilayer thickness led to an increased MscL-gating threshold [49].

In contrast, Ec-MscS was reported to be less sensitive to bilayer thickness [49], indicat-
ing a different responsiveness from MscL and MscS. This was supported by another study,
which showed that altering fatty-acyl chain length did not notably alter Ec-MscS-gating
thresholds [45]. However, a significant shift in tension sensitivity was observed, when more
rigid model membranes were used, suggesting that a less-fluid membrane environment,
e.g., through enrichment of fully saturated lipids, hampers Ec-MscS gating [45].

Similarly, surface-adhesion forces have been observed to trigger mechanosensitive-
channel opening in biofilms of Staphylococcus aureus [50]. Channel gating increased with
increased adhesion force. It is believed that, when bacteria attach to a surface during the
first stage of biofilm formation, adhesion forces will deform the bacterial cell wall and,
consequently, generate sufficient membrane tension to trigger channel opening [51,52]. It is
likely that adhesion forces work in concert with other driving forces, such as thickness and
fluidity, to modulate channel gating.

3. Role of Mechanosensitive Channels during Infection

While new discoveries are being made regularly about the structural determinants
of mechanosensitive-channel gating, their biological role as emergency-release valves
that protect bacteria during hypoosmotic shock is long-standing and well-established.
Thereby, they are typically viewed in the context of environmental challenges, e.g., the
adaptation of soil bacteria such as B. subtilis to heavy rainfalls. However, in recent years,
more and more evidence has been discovered about how they also play an important role
for pathogenic bacteria during infection. For example, mechanosensitive channels play a
role in adapting to osmotic changes occurring upon transitioning from the environment to
the host and back [13,16]. They may also play an important role in adapting to changing
osmotic conditions within the body, e.g., in bladder infections, where osmolarity can change
dramatically depending on the patient’s water intake [53]. In the following, we will review
the importance of mechanosensitive channels for transitioning between environment and
host, host colonization, and virulence.

3.1. Transition between Host and Environment

Upon transitioning from the environment to the host (and vice versa), pathogens sud-
denly face a drastic osmotic change and need suitable adaptation mechanisms to survive this
challenge. Typically, the human or animal body will constitute a higher osmolarity environ-
ment than many natural reservoirs, such as freshwater. For example, Francisella tularensis, a
pathogen that causes tularemia disease in mammals [54-56], needs an MscS-like channel
(Ft-MscS) to survive the transition from its mammalian host to freshwater [16]. Similarly,
Campylobacter jejunii, a major cause of bacterial gastroenteritis in humans [57], needs MscS
homologs to survive the hypoosmotic stress that occurs during transmission from the diges-
tive tract of the host to the environment [13]. In both cases, mechanosensitive channels are
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necessary to maintain natural bacterial reservoirs and, thus, play a role in the environmental
persistence and transmission of these pathogens. F. tularensis has been known to cause
waterborne-tularemia outbreaks in several countries [54-56], and Campylobacter spp. are
on the WHO's list of antibiotic-resistant bacteria, against which new antibiotic treatments
are most urgently needed [58]. Thus, understanding the role of mechanosensitive channels
in transitioning from host to environment and their relevance for maintaining natural
reservoirs, allowing transmission and spread of these bacteria, is of high relevance.

In some cases, mechanosensitive channels play a role in transitioning from the environ-
ment to the host and enable bacteria to colonize host tissues [14,15,17]. One example for this
is Salmonella typhimurium. Studies have shown that the mechanosensitive channel Ynal is
required for host-intestinal colonization, and the deletion of the ynal gene in S. typhimurium
leads to an increased internalization in macrophages [14,17]. Another notable example
is Neisseria gonorrhoeae, which causes gonorrhea by colonizing the mucosal epithelia of
the human urogenital tract. During infection, N. gonorrhoeae may experience fluctuating
osmotic conditions, e.g., during the passing of urine. An MscS-like channel (Ng-MscS)
has been shown to be essential for osmotic downshock survival in this organism, and
the N. gonorrhoeae wild type outcompeted a mutant lacking this channel, with respect to
colonization and survival, in a murine vaginal-tract-infection model, putting forward the
importance of Ng-MscS in host colonization [15].

3.2. The Urinary Tract as an Osmotically Challenging Environment in the Human Body

The urinary tract is the most prominent example of an environment with drastically
fluctuating osmolarity within the human body. Generally, urine is a complex, hypertonic
medium with low pH as well as high salt and urea content [59]. In healthy adults, urine
typically contains glucose (0.2-0.6 mM), creatine (0.38-55.6 mM), citrate (1.0-2.0 mM),
sucrose (70-200 uM), manganese, amino acids, and traces of fatty acids [59]. However,
depending on factors such as diet, water intake, frequency of passing urine, and a number
of health conditions, the osmolarity of urine can vary considerably. For example, kidney
urine usually has higher osmolarity and lower pH compared to bladder urine [59]. This
variability poses dramatic osmotic challenges to bacteria colonizing the bladder and urethra.
Despite being a generally harsh and challenging environment, uropathogens can survive
and even thrive in the urogenital tract. These pathogens utilize urine contents as nutrients
and rely on their osmoadaptive mechanisms to survive the stressful osmotic conditions in
this environment [59].

Several studies have demonstrated the importance of osmoadaptation mechanisms for
uropathogens, yet this has mostly been studied for high-osmolarity-adaptation strategies.
For example, Culham et al. have shown that the osmoregulatory proline-transporter ProP
has higher activity in the E. coli pyelonephritis isolate HU734 compared to the E. coli lab
strain K-12 [53]. Deletion of proP impaired the in vitro growth of E. coli HU734 in human
urine but not in a high-osmolarity minimal medium. Moreover, the deletion of ProP also
reduced bladder colonization by HU734 [53]. Furthermore, it has been shown that the
survival of uropathogenic E. coli in the urinary tract depends on OmpR, which is a part of
the EnvZ-OmpR regulatory system that responds to hyperosmotic stress [60].

The osmolarity of urine has been suggested to influence the virulence of uropa-
thogens [61,62]. Thus, the production of virulence factors in Pseudomonas aeruginosa in-
creased when osmolarity was raised from 200 to 300 mOsmol /L [62]. However, a significant
decrease in both growth and production of virulence factors was observed with a further
increase in osmolarity. Additionally, P. aeruginosa grown in high osmolarity-medium
(300 mOsmol/L) was more resistant to phagocytosis and more virulent in a mouse model
than the same strain grown in nutrient broth.

These studies show that osmoadaptive mechanisms are crucial for the growth of
uropathogens and colonization in the urinary tract. While the importance of hyperosmotic-
stress-adaptation strategies in urine is rather clear, virtually nothing is known about the
importance of low-osmolarity adaptation measures such as mechanosensitive channels.
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Yet, considering that the osmolarity of urine can decrease rapidly and considerably, e.g.,
by imbibing a large amount of water, it is reasonable to assume that mechanosensitive
channels may play a role in this environment as well. This notion is supported by the
apparent importance of Ng-MscS in N. gonorrhoeae colonization of the urogenital tract [15]
and will be an interesting subject for future research.

4. Impact on Antibiotic Susceptibility

In addition to their possible roles in virulence and pathogenesis, mechanosensitive
channels have also been shown to impact the activity of antibiotics. Thus, studies have
shown that they may serve as entrance gates for certain antibiotic classes into bacterial cells
(Figure 4A) [11,19,20]. Conversely, other antimicrobial compounds appear to be able to
trigger mechanosensitive-channel opening and it has been suggested that they play a role in
stress adaptation and resistance towards such compounds [11] (Figure 4B). In the following,
we will review the importance of mechanosensitive channels for antibiotic sensitivity.

(A) entrance gate (B) antibiotic stress response
aminoglycosides, membrane-targeting
tetracycline, viomycin, antimicrobials

nifuroxazide

® @
® ®

®®®
CDCDCD GDCDG) @

Figure 4. Documented interactions of mechanosensitive channels with antimicrobials. (A) Mechanosensi-
tive channels as entrance gate for antimicrobials into bacterial cells. Upon membrane stretch (orange
arrows), channels open and allow better uptake of certain antibiotic molecules, such as the aminogly-
cosides dihydrostreptomycin, spectinomycin, and kanamycin as well as tetracycline, viomycin, and
nifuroxazide [19,20]. (B) Mechanosensitive channels as part of an antibiotic-stress response. Treat-
ment with membrane-active antimicrobials, such as MP196, nisin, gramicidins, and aureins mimics
membrane stretch and triggers release of osmoprotective amino acids (E = glutamate, D = aspartate),
resulting in osmotic-membrane stabilization and decreased antibiotic susceptibility [11,21].

4.1. Mechanosensitive Channels as Antibiotic Entry Point

Several studies have shown that the potency of some antibiotics depends on or in-
creases with the presence of mechanosensitive channels (Table 1) [18-20]. This has been
explained by these channels acting as an entrance route for these antimicrobials to bacterial
cells [19,20]. This was, for example, the case for the aminoglycoside dihydrostreptomycin,
which can bind to and change the conformation of Ec-MscL, allowing the efflux of gluta-
mate and potassium into the environment and the influx of the antibiotic itself into the
cell [19,20]. Spectinomycin, another aminoglycoside, exhibited a similar dependency on
Ec-MscL [19]. These findings suggest that using MscL as entry point is not an exclusive
feature of streptomycin but a common property of aminoglycosides.
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Table 1. Antimicrobials known to be affected by mechanosensitive-channel activity.
Compounds Entering Cells through Compounds Triggering Amino-Acid Release
Mechanosensitive Channels from Mechanosensitive Channels
dihydrostreptomycin [19,20] MP196 [11]
spectinomyecin [19] gramicidin A [11]
viomycin [19] gramicidin S [11]
nifuroxazide [19] nisin [11]
curcumin [63] aurein 2.2 [11,21]
tetracycline [64,65] aurein 2.3 [21]
* sublancin 168 [18] aurein 2.2A3 [21]

* penicillin [28,66-70]
* ampicillin [28,66-70]

* indirect evidence.

Supporting this notion, another study demonstrated that hypoionic shock specifically
enhances the potential of aminoglycosides to eradicate bacterial persisters. Strikingly,
mechanosensitive-channel activators, such as indole or parabens, greatly increased this
effect [71]. Furthermore, rapid freezing has been shown to enhance the bactericidal activity
of aminoglycosides against pathogenic bacteria, including persisters. This was explained
by cell-membrane destabilization resulting in the activation of MscL, which subsequently
enhanced the uptake of aminoglycosides into the cells [72]. This phenomenon was not
observed for 3-lactams and fluoroquinolones, so it was suggested that it is specific for
aminoglycosides.

However, other compounds have by now also been shown to enter bacterial cells
through mechanosensitive channels. Thus, tuberactinomycin viomycin and nitrofuran
nifuroxazide turned out to be dependent on both Ec-MscS and Ec-MscL [19]. Similarly,
curcumin, an antibacterial compound found in tumeric, was recently reported to have
activity dependent on MscL (but not on MscS) [63]. Curcumin has been shown to be
able to activate Ec-MscL, both by patch-clamp analysis of native-bacterial membranes
and in vivo physiology/flux studies, indicating that MscL also serves as an entrance
pathway for curcumin [63]. Moreover, recent studies on MscL-specific agonists suggested
that tetracycline also exhibits an MscL-dependent activity and might use this channel
as an entry point [64,65]. Further studies will be needed to assess how widespread this
mechanism truly is.

MscL-dependent antibacterial activity has also been observed for sublancin 168, a lan-
tibiotic with an as-yet-unknown mechanism of action [18]. Susceptibility to sublancin 168
was observed to depend on osmolarity, as high NaCl concentrations reduced the sensitivity
of both B. subtilis and S. aureus. While it is common for antimicrobials, especially antimicro-
bial peptides, to exhibit a salt-dependent activity, the authors could show that NaCl did not
influence the production, activity, or stability of sublancin 168 itself. Furthermore, deletion
of the mscL genes rendered a sensitive strain resistant against the lantibiotic, regardless of
the presence of NaCl [18]. However, it has not yet been resolved whether MscL serves as
the entry point for sublancin 168, constitutes a target, or is involved in another process that
promotes the bactericidal activity of this lantibiotic.

4.2. Mechanosensitive-Channel Activation as Antibiotic-Stress Response

In contrast to these examples, where mechanosensitive channels enhanced the activity
of antibiotics, other studies have found that they may also act as part of an antibiotic-stress
response, which protects bacterial cells from membrane-targeting antibiotics [11,21]. This
was first discovered for the antimicrobial peptide MP196, which disturbs membrane ar-
chitecture leading to the displacement of peripheral-membrane proteins. Additionally,
this peptide induced the release of glutamate and aspartate from B. subtilis cells into the
culture medium, a response that was also observed with osmotic downshock. Impor-
tantly, this release was specific for these amino acids, not caused by pore formation, and
could be impaired by deleting the four mechanosensitive channels in this organism [11].
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The quadruple-mechanosensitive-channel mutant was also more sensitive to MP196. Im-
portantly, supplementation of the culture medium, with exogenous glutamate strongly
decreasing the susceptibility of B. subtilis for MP196. A similar effect was seen with NaCl
and KCl, suggesting that this effect was due to osmostabilization [11].

A similar glutamate /aspartate release was also observed in response to other membrane-
targeting antimicrobial peptides, including gramicidin A, gramicidin S, nisin, and aureins
2.2,2.3, and 2.2A3 [11,21]. Thus, mechanosensitive channels appear to be involved in a
protective-stress response to a range of membrane-active antimicrobials.

Resembling these observations, the industrial amino-acid producer C. glutamicum
excretes glutamate through its mechanosensitive channels MscCG (NCgl1221) and MscCG2,
in response to penicillin [67,68]. Deleting both mscCG and mscCG2 strongly decreases
the excretion of glutamate, which is restored by complementation of either one of them.
Interestingly, heterologous expression of Ec-MscS in the C. glutamicum mscCG deletion
strain also restores ampicillin-induced glutamate excretion [66].

As reviewed by Nakayama et al. [28], C. glutamicum only overproduces glutamate
when the cell envelope is compromised by specific treatments, such as biotin limitation, the
addition of fatty-acid ester surfactants (tween 40 and tween 60), or antibiotics that inhibit
cell-wall synthesis. It has been suggested that these treatments increase membrane tension
and weaken the cell wall, resulting in osmotic pressure allowing glutamate efflux [28].

Apart from L-glutamate, MscCG has also been proposed to transport L-aspartate and
L-phenylalanine [73]. Thus, an mscCG-deletion strain grown in biotin-depleted medium
accumulated higher intracellular L-glutamate and L-aspartate pools than the wild type,
suggesting that these channels transport both of these molecules [73]. A patch-clamp
analysis of a B. subtilis strain, which was heterologously expressing MscCG, suggested that
both glutamate and aspartate were exported through MscCG by passive diffusion [74]. Both
studies found a preference of MscCG for glutamate over aspartate. While corresponding
studies on the B. subtilis proteins are lacking, it was likewise observed that antimicrobial
peptide-treated cells released more glutamate than aspartate [11,21], suggesting that a
similar preference may exist for the B. subtilis channels as well.

Interestingly, penicillin-induced glutamate production in C. glutamicum led to the upregu-
lation of genes encoding MscCG as well as genes involved in cellular-defense mechanisms [75].
Hirasawa et al. suggested that these genes might be transcriptionally activated as part of
a penicillin-stress response. Yet, their connection with glutamate production and excretion
remains unclear.

Similarly, ampicillin has been shown to induce the transcription of mscL and mscS in
E. coli [69,70]. This induction was not observed with other antibiotics, such as norfloxacin,
gentamicin, and ofloxacin, which is in line with cell-envelope-compromising conditions
triggering channel opening. Overexpression of MscS protects cells against sub-inhibitory
ampicillin concentrations. Interestingly, this effect is diminished by mutating its cytoplas-
mic domain [76]. Biochemical screens, aimed at measuring the effects of diverse metabolite
supplementations on antibiotic susceptibility, have revealed that L-ornithine, L-arginine,
and D-glutamate supplementation reduce the activity of ampicillin [77]. This is similar to
decreased susceptibility of B. subtilis to MP196, upon supplementation with glutamate [11].

In several of these studies it was hypothesized that the respective antibiotics and stress
conditions trigger mechanosensitive-channel opening, by mimicking a membrane stretch
similar to that caused by increased turgor pressure. This hypothesis would explain why
only cell-envelope-compromising conditions caused the observed effects. Yet so far, the
molecular mechanisms underlying antibiotic-induced mechanosensitive-channel gating
and amino-acid release remain elusive.

4.3. Osmolarity and Host-Defense Peptides

The observation that not only glutamate/aspartate release but also exogenous supple-
mentation of glutamate and salt appears to protect bacterial cells from membrane-active
antibiotics, which sheds new light on the salt-sensitivity of antimicrobial peptides [11,21].
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It is well-established that the activities of many antimicrobial peptides are significantly
reduced under high-salinity conditions, which is often explained by either blocking of nega-
tively charged binding sites on the cell membrane by cations or by electrostatic interactions
of salt with the peptides themselves [78-81]. However, the aforementioned studies suggest
that salt may indeed provide an osmotic stabilization of the cell membrane, which elicits a
protective effect against the action of membrane and cell-wall-active antibiotics. While the
true impact of this possibility is yet to be ruled out, it is exciting to discuss an impact of this
effect under infection conditions, e.g., on host-defense peptides.

Few observations, particularly with respect to urogenital infections, may be related
to such an osmostabilization effect. For example, both the killing and phagocytosis of
E. coli and Staphylococcus saprophyticus by neutrophils are significantly impaired in urine,
with higher osmolarity and lower pH [61]. Neutrophils contain host-defense peptides that
are released in the phagosome upon pathogen ingestion [82]. It is tempting to speculate
that their activity may be hampered in a high-osmolarity environment, as previously ob-
served in vitro [11,21]. Asogwa et al. could show that an S. typhimurium strain, lacking
its mechanosensitive channel Ynal, is more vulnerable to macrophages [17]. Possibly, this
channel could play a role in a similarly protective-stress response as the aforementioned
B. subtilis, E. coli, and C. glutamicum mechanosensitive channels. Moreover, several studies
have shown that mechanosensitive channels are required for host colonization or viru-
lence [11,14,15,17], so it is tempting to speculate that they do not only help in transitioning
between environments of different osmolarity but may also protect against host-defense
mechanisms such as antimicrobial peptides.

5. Mechanosensitive Channels as Novel Antimicrobial-Drug Targets

Whether mechanosensitive channels promote bacterial virulence and host colonization,
serve as entry points for certain antibiotic classes into bacterial cells, or are part of a
protective antibiotic-stress response, all these functions support the notion that these
channels play an important role during infection, meaning they can possibly be exploited
as a novel-drug target. Even though mechanosensitive channels are normally not essential
in bacteria and their inhibition may not even cause growth defects under lab conditions,
they may be essential for virulence or pathogenesis or may serve as an excellent target
for antibiotic potentiators, either by promoting antibiotic uptake or by inhibiting bacterial-
defense systems. They may even serve as potentiators for host immunity, by boosting
antimicrobial-peptide activity. Furthermore, the modulation of channel gating into an
‘always open’ state is in fact very likely to be lethal due to unhindered intracellular-content
leakage. Thus, mechanosensitive channels constitute rather versatile drug targets.

Mechanosensitive channels are conserved and structurally distinct from their mam-
malian counterparts [1,4], suggesting that selective inhibitors can be developed. Impor-
tantly, several compounds are already known that inhibit or modulate mechanosensitive-
channel activity. While none of them has made it to a clinical study yet, they do demon-
strate the druggability of these channels. So far, little effort has been put into develop-
ing mechanosensitive-channel inhibitors as antimicrobials or antibiotic potentiators, yet
they do constitute an attractive new drug target to be explored more thoroughly in the
future. Table 2 shows an overview of currently known inhibitors and modulators of
mechanosensitive-channel activity, which will be discussed in the following.

5.1. Compounds Directly Targeting Mechanosensitive Channels

Few compounds have been developed that interact with and impair the function of
MscL. Its strong conservation among bacteria and its structural distinction from mammalian
mechanosensitive channels makes MscL an attractive target for drug development [35].
MscL lacks a selectivity filter, so constitutive gating of this channel will be detrimental for
the cell, since its large pore will unselectively permeabilize the cell membrane, resulting in
dissipation of the membrane potential and, consequently, cell death.
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Table 2. List of known inhibitors and modulators of mechanosensitive-channel activity.

Compound Target

Mechanism Structural Class Activity Shown against

compounds directly targeting mechanosensitive channels

. MscL
ramizol [83-88] MscS
011A [64,65,89] MscL
K05 [64,65,89] MscL

S. aureus,
reduces gating threshold styrylbenzene Streptococcus pneumoniae,
Clostridium difficile
E. coli, S. aureus,
Mycolicibacterium smegmatis
E. coli, S. aureus,
M. smegmatis

stabilizes open state, increases
permeability for antibiotics
stabilizes open state, increases
permeability for antibiotics
stabilizes open state, increases

small organic molecule

small organic molecule

compound 262 [90] MscL permeability for antibiotics small organic molecule E. coli, M. tuberculosis
compounds indirectly targeting mechanosensitive channels
MscL . S .
parabens [91,92] MscS modulates gating 4-hydroxylbenzoic acid ester  E. coli
piscidins (P1 and P3)  MscL .\ . ET . .
[93,04] MscS sensitizes channel gating alpha-helical peptide E. coli
MscL promotes or inhibits channel . .
GsMTx4 [95-97] MscS gating; concentration-dependent globular peptide E. coli
gadolinium chloride MscL inhibits channel eatin inoreanic salt E. coli, B. subtilis,
(GdCl3) [98,99] MscS gatng 8 Enterococcus faecalis

One of the first success stories in designing an MscL-targeting antibiotic compound is
that of ramizol (previously ‘compound 10) [88]. Ramizol was discovered in an in-silico
screening approach and was predicted to interact with MscL. Indeed, the compound
was shown to inhibit the growth of MscL-expressing S. aureus cells in vivo. Although
less effective, ramizol also inhibited the growth of MscS-expressing cells, suggesting a
nonspecific activation of mechanosensitive-channel gating in vivo. Moreover, it is likely
that mechanosensitive channels may not be the only targets of ramizol: cells not expressing
either MscL or MscS were, in fact, also inhibited when treated with higher concentrations
of the compound, suggesting an additional, concentration-dependent mechanism of action.
However, patch-clamp analyses revealed that ramizol only significantly reduced the gating
threshold of MscL, indicating that it has at least a preference for this specific channel.
Although its mechanism of action is not yet fully understood, ramizol has been shown
to be effective in a Caenorhabditis elegans model of methicillin-resistant S. aureus infection,
demonstrating its potential to be developed as a new therapeutic against antibiotic-resistant
bacterial infections. Subsequently, ramizol has been further explored in pre-clinical studies;
with respect to its efficacy against Clostridium difficile infections, its pharmacokinetics profile,
dosage, and drug-delivery options [83-87] all show promising results.

In a different set of studies, two MscL-specific agonists, 011A and K05, have been
evaluated for their potential as novel antibiotics [64,65,89]. These compounds bind to MscL
and increase its sensitivity to membrane tension. Upon treatment with these compounds,
improper gating of MscL led to the decreased viability of E. coli cells [65,89]. Cells lacking
MscL were resistant to these compounds. Similar effects have been observed in other
bacteria, such as S. aureus and M. smegmatis [64,65]. It has been demonstrated that a lysine
residue at position 97 of Ec-MscL is the crucial binding site for both compounds [65,89].
When Bs-MscL, which lacks a lysine residue at the equivalent position, was heterologously
expressed in an E. coli mscL-null mutant, the strain was insensitive to both compounds. Changing
the corresponding Bs-MscL residue to lysine rendered it sensitive to both agonists.

Both A011 and K05 have been reported to increase the potency of dihydrostreptomycin,
kanamycin, tetracycline, and ampicillin against both S. aureus and M. smegmatis [64,65],
suggesting their potential use as antibiotic adjuvants. The authors propose that these
compounds specifically permeabilize the membrane, by modulating MscL gating, and,
thus, facilitate the uptake of antibiotics into the cytoplasm. While this may explain the



Pharmaceuticals 2022, 15, 770

12 0f 18

increased activity of antibiotics with cytoplasmic targets (dihydrostreptomycin, kanamycin,
tetracycline), this mechanism would not explain the increased potency of ampicillin, with
a target that is located on the outside surface of the cell membrane. Since penicillin
activates the mechanosensitive channels in C. glutamicum [28], and ampicillin induces their
expression in E. coli [69,70], it can be speculated that the observed activity increase could
be due to a different combined effect of the agonists with ampicillin.

Very recently, a structurally novel class of MscL agonists that targets a similar binding
pocket as A011 and K05, situated at the cytoplasm-membrane interface, has been discovered
by in silico docking studies [90]. While the potential for clinical development of such
compounds remains to be evaluated, these studies demonstrate the specific druggability
of MscL.

5.2. Compounds Indirectly Modulating Channel Gating

In addition to molecules that directly interact with mechanosensitive channels, several
compounds are known that modulate channel gating through an interaction with the
lipid bilayer. For example, it has been shown that amphipathic molecules can activate
mechanosensitive channels in giant E. coli spheroplasts, whereby their effectiveness is
proportional to their hydrophobicity [100]. This is, for example, the case for parabens,
which are amphipathic compounds that have been used as antimicrobials in the food
and cosmetic industries [92]. They have been shown to spontaneously activate MscL and
MscS [91]. Interestingly, parabens affected the sensitivity of MscS differently, depending on
whether they were applied to the cytoplasmic or periplasmic side of excised membrane
patches [92]. When added to the periplasmic side, parabens increased the sensitivity of
MscS, while the opposite was the case when parabens were added to the cytoplasmic side
of the membrane patch. It has been hypothesized that this effect may be due to the MscS
gate being located in the cytoplasmic domain. When applied externally, parabens will
insert into the outer leaflet, increasing tension in the inner leaflet and activating channel
gating. In contrast, when applied internally, the insertion of parabens will increase the
lateral pressure around the channel, creating a ‘squeezing’ effect, which hampers channel
opening [92]. Although the antimicrobial mechanism of parabens remains unclear, it is
unlikely that mechanosensitive channels are their primary target, as bacteria lacking these
channels are still susceptible [92].

Another group of amphipathic molecules that affect mechanosensitive-channel gating
are the piscidins (P1 and P3), which are histidine-enriched, alpha-helical antimicrobial
peptides that have been shown to decrease the activating tension of MscS and MscL in E. coli
spheroplasts [93,94]. Comert et al. suggest that piscidins may directly or indirectly modify
the protein-lipid boundary, for example, by inducing membrane stretch or curvature, and
re-direct forces acting on the lipid bilayer to the protein, resulting in a lower-activation
threshold [93]. However, an E. coli-mutant lacking mscL, mscS, and mscK, does not markedly
differ from the wild type in its sensitivity to piscidins, indicating that mechanosensitive
channels are not their primary targets [94].

Another compound that is able to modulate mechanosensitive-channel activity is
the spider venom GsMTx4, a globular amphipathic peptide. GsMTx4 has been reported
to possess antimicrobial activity and is significantly more active against Gram-positive
bacteria [97]. Intriguingly, patch-clamp experiments revealed a biphasic response of E. coli
MscS and MscK, when the peptide was applied at the periplasmic side of the membrane
patch: low peptide concentrations (2-4 uM) decreased the sensitivity of the channels to
pressure, but the opposite was the case when higher peptide concentrations (>12 pM) were
used [95]. In another study, it was shown that applying GsMTx4 to the cytoplasmic side
increases the opening rate of MscL and MscS. This was attributed to the peptide binding to
the lipid interface, locally increasing the membrane tension and, thereby, stabilizing the
expanded conformation of the mechanosensitive channels [96].

In contrast to these varied activities of GsMTx4, gadolinium chloride (GdCl3) exclu-
sively acts as an inhibitor that blocks mechanosensitive-channel opening [98,99]. Admin-
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istration of 100 pM GdCl; has been reported to completely abolish channel gating in the
patch-clamp analyses of E. coli, B. subtilis, and Enterococcus faecalis mechanosensitive chan-
nels [98]. Another in vitro study demonstrated that GdCls could only inhibit MscL gating
in the presence of anionic phospholipids, possibly because they mediate the interaction of
the Gd3* ion with the cell membrane [99]. Interaction of the gadolinium ions is assumed to
induce lipid-bilayer compaction, resulting in increased lateral pressure that will “squeeze”
the channels into their closed state. Mechanosensitive channels can be reactivated by
washing out GdCl; traces from the membrane [98,99].

While the potential of molecules that impact mechanosensitive channels through
a disturbance of the lipid bilayer as antibacterial drugs is yet to be determined, which
may possibly be hampered by specificity and selectivity issues, such compounds are at
the very least helpful for studying the function of mechanosensitive channels and have
already essentially contributed to their characterization [101-106]. So far, little effort has
been put into developing such compounds as antibacterial drugs, yet with the continued
antibiotic-resistance crisis, they may resurface as novel-drug candidates.

6. Conclusions

Bacterial Mechanosensitive channels have been extensively studied, with respect to
their structures and gating mechanisms, yet their biological function is typically attributed
to counteracting hypoosmotic challenges, mostly in environmental settings. In this review,
we have highlighted studies that shed light on their functions with respect to infection
scenarios. While not extensively studied yet, several studies have shown or suggested an
important role for mechanosensitive channels in the transitioning of pathogens between
host and environment (and vice versa), in host colonization, and in virulence. It is rea-
sonable to assume that they may play a role in infection sites with fluctuating osmolarity,
such as the urogenital tract. Future studies are needed to shed light on the function and
importance of these channels in such infection scenarios. Furthermore, mechanosensitive
channels have been implicated as entry points for antibiotics into cells, as antibiotic-stress
response systems, and as targets for potential future antibiotics and potentiators. So far,
we have just scraped the surface of the apparently diverse connections of mechanosensi-
tive channels to antimicrobial chemotherapy and have not yet explored their potential as
novel-drug targets. Yet, the first steps have been made that clearly show the great potential
for new groundbreaking discoveries in this area, so it will be very interesting to see where
these leads will go.

Supplementary Materials: The following supporting information can be downloaded at: https://
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