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Abstract: MscL is a highly conserved mechanosensitive channel found in the majority of bacterial
species, including pathogens. It functions as a biological emergency release valve, jettisoning solutes
from the cytoplasm upon acute hypoosmotic stress. It opens the largest gated pore known and has
been heralded as an antibacterial target. Though there are no known endogenous ligands, small
compounds have recently been shown to specifically bind to and open the channel, leading to de-
creased cell growth and viability. Their binding site is at the cytoplasmic/membrane and subunit
interfaces of the protein, which has been recently been proposed to play an essential role for channel
gating. Here we have targeted this pocket using in silico screening, resulting in the discovery of a
new family of compounds, distinct from other known MscL-specific agonists. Our findings extend
the study of this functional region, the progression of MscL as a viable drug target, and demonstrate
the power of in silico screening for identifying and improving the design of MscL agonists.

Keywords: : Bacterial channels, antibiotic resistance, bacterial drug target

1. Introduction

The mechanosensitive channel of large conductance, MscL, is a homopentameric
protein found in the cytoplasmic membrane of the vast majority of bacterial species, as
well as some fungi [1-3]. It serves as a biological emergency release valve, gated by mem-
brane tension effected by the sudden decrease in the osmolarity of the environment [2-4].
The opening of MscL’s huge pore, on the order of 25 to 30A [5,6], allows osmoprotectants,
that are accumulated or synthesized at higher osmolarity, to rapidly jettison from the cell,
avoiding lyses and thus reaching osmotic homeostasis [3,7]. Not surprisingly, inappropri-
ate gating of the MscL channel, either by mutations [8-11] or post-translational modifica-
tions [9], is detrimental to the cell, causing the channel to leak valuable metabolites, which
leads to slowed growth and decreased viability.

These finding suggested that MscL could be a viable novel drug target for difficult-
to-treat bacterial infections. Indeed, one study independently identified MscL as one of
the top 20 potential bacterial drug targets [12]. Although amphipaths that add tension to
the membrane have been known to gate bacterial mechanosensitive channels [3,13,14],
these are non-specific, also gating an unrelated bacterial mechanosensitive channel, MscS
('S’ for smaller conductance).

We have performed a high-throughput screen (HTS) [15] and identified two novel
MscL agonists, with antibiotic and adjuvant properties [16-18]. Given their different struc-
tures, they surprisingly bind in a similar binding pocket, at the cytoplasmic membrane
interphase in a region of dynamic protein-protein and protein-lipid interactions that are
crucial for MscL gating [19-21].
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One major hurdle is identifying additional candidate MscL agonists, especially those
with a novel scaffold, which will act as leads for potential drugs that maintain MscL ago-
nist specificity have greater efficacy. Here, we have used an in silico screen for compounds
that bind the same binding site, specifically looking for compounds not related to those
previously characterized. We have found a new family of related compounds that specif-
ically activate MscL as their sole mechanism of action, experimentally show all of the char-
acteristics expected for agonists that bind to this region, but have a slightly different ago-
nist character. These findings demonstrate that in silico screening is a viable approach for
identifying and improving the design of novel MscL agonists.

2. Results

2.1. In silico screening: the identification and characterization of a small family of compounds
that bind at the targeted location.

2.1.1. An in silico screen identifies a small family of related compounds from the ZINC
library that are candidates for agonists for the E. coli MscL channel.

An in silico screen was performed with compounds from the ZINC library against the
binding pocket previously found for the 011A and K05 MscL agonists. Promising hits
were recognized according to their docking scores, and their agonist activities were con-
firmed by additional experimental approaches and more accurate molecular modeling
techniques. We concentrated our efforts on “diverse” compounds not obviously related
to those isolated previously. A small family of four related compounds appeared high on
the list for having potential high affinity binding ZINC22855261, ZINC22409262,
ZINC56952642, and ZINC22409190 (Figure S1 shows structures of these and previously
characterized compounds that bind to this site). We will refer to the ZINC compounds by
their unique last three identifying numbers (261, 262, 642, and 190). All members of this
family were characterized using MD simulations and in vivo growth and viability experi-
ments. The binding free energy between each ligand with MscL was calculated using MM-
PBSA-WSAS approach for 300 snapshots collected from a 150-nanosecond MD trajectory
(See Figures 1 and S2 to S4). The compound 262 was the most stable during MD simula-
tions and had the lower MM-PBSA-WSAS binding free energy, suggesting a higher affin-
ity binding. Compound 262, with the lower binding affinity at -31.5 kcal/mol was followed
by compounds 261, 642 and 190 (Table S1). Given these data, and the tractable nature of
the molecule (see below), we concentrated our efforts studying compound 262.

2.1.2. Compound 262 decreases E. coli cell growth and viability in a MscL-dependent
manner.

The compounds were then tested in vivo using whole-cell physiology. As predicted
from the computational analyses, compound 262 decreased the growth and viability of
bacterial cells in a MscL-dependent manner (Figure 2). In contrast, the expression of an-
other bacterial mechanosensitive channel of a different family, MscS, did not make the
strain susceptible to the 262 compound (Figure 2A). We found that compounds 261 and
642 also decreased cell growth in a MscL-specific manner (Figure S7). However, the 190
compound did not go into solution in 2% DMSO, demonstrating the limitations of the in
silico screening approach and the necessity to complement this approach along with in
vivo physiology. The ability of compound 262 to decrease growth and viability were sim-
ilar to that previously observed for the compounds 011A and K05 [16-18]; compound 262
showed greater decreased growth relative to 011A at similar concentrations (Figure S8),
confirming the potential advantage of the in silico screening approach.

The experimental data shown in Figure 2 was performed in a MscL/MscS double-
null strain with the channels, when expressed, expressed in trans. The expression con-
struct used, pB10, is a mid-copy number plasmid that expresses MscL less than 10-fold
greater than it is normally expressed endogenously [22]. However, even this relatively
small increase in expression of only a few fold could have consequences in results
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obtained. We therefore utilized strains selectively null for specific mechanosensitive chan- 97
nels and directly compared them to a strain expressing MscL in trans. As seen in Figure 3, 98
two different concentrations of compound 262 were tested (20 and 40puM), and the effects 99
were similar to those obtained with MscL in trans; MscL-specific affects were observed at 100
wild-type endogenous levels. 101

2.1.3. MscL is sensitive to compound 262 in electrophysiological experiments. 102

We next tested if the 262 compound, like other agonists binding to the targeted site 103
[16-18], increased the probability of opening (Po) of the MscL channel when assayed by 104
patch clamp of native membranes. As seen in Figure 4, MscL activity, measured in excised 105
patches from giant spheroplasts [22], greatly increased with the addition of compound 106
262 in the bath chamber. A quantification of this effect is shown in Figure 4B; the proba- 107
bility of opening of MscL dramatically increases upon treatment with compound 262. 108
Note that in excised patches all cytoplasmic proteins are removed, so the compound is 109
exposed only to the membrane and membrane proteins. The fact that we found that the 110
compound worked in the bath of the inside-out excised patch, which correlates with ad- 111
dition of the compound to the cytoplasmic side, is also consistent with the other agonists 112
that diffuse across the membrane to obtain the binding site at the cytoplasmic-membrane 113

interface (see Figure 1). 114
2.1.4. Compound 262 binds in the targeted pocket at the cytoplasmic/membrane and 115
subunit interfaces. 116

Computational analyses of the binding of compound 262 to MscL were performed 117
by MD simulations, leading to testable predictions by mutational analyses. The binding 118
posture of the ligand and some of the potential interactions are shown in Figure 5; similar 119
sites were found for the other compounds in the family (Figure S2) 120

MscL residues crucial for its interaction with compound 262 were further identified 121
by MM-GBSA analysis (AG values less than -1.2, see Table S2). These residues include 122
F10, A11, V17, 125, 1232 (196), N236 (N100), and F362 (F90). In agreement with these pre- 123
dictions, as shown in Figure 6, these residues, when mutated, lead to partial suppressors 124
of the growth inhibition induced by compound 262 in WT MscL. Additionally, mutations 125
of residues K97, L98 and 199, known to contribute to the binding of other ligands to this 126
pocket [16-18], also all showed partial suppression. Hence, predictions from previous 127
studies and computational analyses are supported by whole-cell physiological experi- 128
ments. 129

Previously, to confirm binding sites, we have used orthologues that have differences 130
in a proposed binding pocket. These orthologues show partial suppression of MscL-ago- 131
nist-dependent slowed growth that is due to lower affinity binding. When the orthologues 132
are modified to have the canonical binding site, an observed increase in agonist effective- 133
ness gives strong evidence that the proposed site is indeed involved. In a general screen, 134
we found that compound 262 was more effective against the E. coli MscL than that Bacillus 135
subtilis (Figure 7). 136

The B. subtilis MscL channel differs in the canonical binding site for 011A and K05, 137
other agonists that bind in this location, and the channel can be modified to become sen- 138
sitive to the agonists by mutating the site to the canonical binding site [16-18]. The primary 139
residue that differs is the binding site is K97, which is R in the analogous site in B. subtilis 140
(R88). Consistent with previous results, we found that mutating this residue in E. coli to 141
K97R led to a channel that did not respond well to compound 262 (Figures 6 and 7). More 142
significantly, mutation of the analogous site in B. subtilis to the canonical site (R88K) leads 143
to an increased sensitivity to compound 262 (Figure 7A). These data strongly support that 144
the 262 compound is binding to this site of the MscL protein complex. 145

A second binding site, in the pore of the MscL channel, has been identified for dihy- 146
drostreptomycin. In previous studies, we have shown that this antibiotic binds to this site, 147
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opens the MscL channel pore, and uses it as a pathway into the cytoplasm [23]. In this 148
case, the canonical binding site is missing from the H. influenza orthologue, which can be 149
mutated to make this orthologue sensitive to the antibiotic [23]. Although we found that 150
H. influenza is not sensitive to compound 262, the mutation that makes MscL sensitive to 151
dihydrostreptomycin does not make this homologue sensitive to compound 262 (Figure 152
7B), demonstrating specificity to the previously described binding site for 011A and K05. 153

Together the data are all consistent and confirm that compound 262 binds to the 154
MscL channel in the pocked used for the in silico screen, demonstrating the power of this 155
approach for MscL-targeted drug development. 156

2.1.5. Compound 262 works synergistically with kanamycin and other antibiotics. 157

Previous experiments have demonstrated that MscL agonists work in concert with 158
several other antibiotics by allowing them passage into the cytoplasm [16,18,23]. As seen 159
in Figure 8, at a sub-threshold concentration of Kanamycin, addition of compound 262 160
leads to a decreased growth much greater than either compound alone. Similar results 161
were obtained for tetracycline (Figure S9). These data are consistent with those obtained 162

for the other MscL agonists [16,18]. 163
2.2. Figures 164
165
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Figure 1. The binding site of compound 262 within the MscL structure
as determined by docking and MD Simulations. (A) the docking pose
of the compound, shown in green within the red circle at the
cytoplasmic-membrane interface. The boundaries of the lipid bilayer are
within the grey rectangles on the left. (B) Shown is a representative
conformation of the ligand, in brown, within the pocket after MD
Simulation. Note that it resides in the binding pocket with little
conformational change. (C) Root-mean-square deviation (RMSD)
analysis over time shows that compound 262 underwent some
translational or rotational movement (blue curve), but the overall
conformations are very similar to the docking pose. “MscL” (black curve)
is for all residues, while “SS” (red curve) is for residues in secondary

structures. The green and blue curves represent the RMSD of the ligand

with and without least square fitting, respectively.
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Figure 2. Compound 262 affects both growth and viability of E.
coli cultures in a MscL dependent manner. E. coli MJF455 (AMscL,
AMscS) bacterial strain are shown. For expression of MscL (red) and
MscS (blue), the pb10d expression vector (black) was used. (A)
Growth inhibition in the presence of increasing concentrations of
compound 262 is shown as the percentage of growth (ODseo),
normalized to untreated cultures. The structure of compound 262 is
shown as an insert. (n=3) and error bars show standard error of the
mean (SEM). (B) The percent reduction in CFU’s normalized to
untreated samples after overnight treatment with 40 pM compound
262 (n=4). ** p<0.005 by a 2-tailed, homoscedastic t-test.
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Figure 3. Compound 262 affects cultures with
endogenous levels of expression of E. coli MscL. Cell
lines used as indicated with endogenous levels of
expression of MscL or MscL expressed in trans (EXP
MscL), treated with compound 262 overnight at either
20uM (blue) or 40uM (red). Shown as the percent change
in ODew normalized to untreated cultures. (n=3) **
p<0.005 by a 2-tailed, homoscedastic t-test when
compared to MJF455 (AMscL, AMscS) at the same

concentration.
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Figure 4. Compound 262 increases MscL activity in patch
clamp of native bacterial membranes.

A) Representative traces of MscL activity in an excised
patch from bacterial giant cells, held at a pressure of -110
mmHg, before (control) and after 10 minutes of the addition
of 40 pM compound 262 to the bath. B) Quantification of
MscL channel activity measured as the open probability
(NPo) of the channels in a patch held at the same pressure,

before and after curcumin treatment. * p<0.05 Student
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Figure 5. Two views of the 262 compound in the binding pocket
after MD simulations; interactions with specific residues are

shown.
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Figure 6. Mutational analysis provides additional evidence for the
binding site of compound 262. Inhibition of growth after treatment of
compound 262 at 40uM shown as ODsw normalized to untreated. MJF455
(AMscL, AMscS) cell line carrying pB10d empty plasmid (Null) or
expressing, wild type E. coli-MscL (WT) or mutations of E. coli-MscL, as
indicated. (n=3-10), *p<0.05, ** p<0.005, ***p<0.0005, ****p<0.00005,

mutations vs. WT for either E. coli-MscL, 2-tailed, homoscedastic t-test.
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Figure 7. Compound 262 efficacies for cells espressing MscL
orthologues and mutants of Bacillus subtilis and Haemophilus
influenzae are consistent with its docking profile. E. coli strain MJF455
cultures, in the presence of 40uM compound 262. A) Note that changing
the E. coli-MscL K97 to R decreases 262 sensitivity, whereas changing B.
sub-MscL R88 to K increases sensitivity, consistent with the canonical
sequence in the proposed binding pocket. B) E. coli expressing E. coli-
MscL (E. coli) or the orthologue Haemophilus influenzae (H. inf). Note that
changing the E. coli-MscL L19 to M or H. inf M19 to L does not change
262 sensitivity, demonstrating 262 does not share the canonical binding
pocket in the pore, where dihydrostreptomyecin is known to bind. (n =3
to 6), * p<0.05, mutations vs. WT for either E. coli- B.sub- or H. inf-MscL,

2-tailed, homoscedastic t-test.
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Figure 8. Compound 262 increases potency of the common
antibiotic kanamycin only when MscL is present. Values are
expressed as a percentage of growth (ODew), relative to non-treated
samples. MJF455 (AMscL, AMscS) cultures carrying empty
plasmid (Null) or expressing E. coli-MscL (MscL), treated with
varying concentrations of compound 262, grown in the presence or
the absence of 0.5 pM kanamycin as indicated (n=3-4). error bars

show standard error of the mean (SEM).
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3. Discussion 185

Until the recent discovery of MscL specific agonists in an HTS screen, [15,16,18,23], 186
only compounds with amphipathic properties were known to activate bacterial mechano- 187
sensitive channels. These compounds, like parabens and arachidonic acid, exert their un- 188
specific effects mainly by altering the lipid membrane properties, to which many mecha- 189
nosensitive channels proved sensitive (see [3] for a review). 190

Historically, one of the first chemical families used as topical antibiotics included 191
dyes, some of which have been proposed to bind in the MscL pore [24]. An in silico screen 192
to the region led to the discovery of “compound 10”, coined as Ramizol [24]. However, 193
Ramizol appears to have a second mechanism of action. It also affects MscS to some de- 194
gree, demonstrating that it is not entirely specific because, like many amphipaths, it adds 195
tension to the membrane. Finally, the evidence for Ramizol binding to the MscL pore is 196
limited to docking studies by computational analysis and has not yet been demonstrated 197
experimentally by mutational analysis. 198

The original HTS screen we performed found a handful of known antibiotics whose 199
potency was increased with MscL expression [15]; the best characterized of these is dihy- 200
drostreptomycin, which has been shown by multiple approaches to directly bind to the 201
pore of the MscL channel, activate it, and pass through it into the bacterial cell cytoplasm, 202
thus increasing its potency [23]. The observation that a handful of antibiotics were found 203
in the screen [15] suggests that drugs having MscL agonist properties as one of their mech- 204
anisms, or to get into the cell, may play a role in several systems. Indeed, we recently 205
found that MscL is gated by curcumin, a natural antibiotic compound found in turmeric, 206
and it is one of the two major mechanisms of the antibacterial properties this drug [25]. It 207
thus seems possible, if not likely, that MscL may underlie other dual-mechanism drugs 208
where one of the mechanisms is membrane permeation and/or loss of membrane potential 209
(e.g. see [26]); further investigation in this area is necessary. 210

The original screen, in addition to known antibiotics, identified several candidates 211
for novel MscL agonists. Interestingly, the first two characterized (011A and K05), alt- 212
hough not obviously structurally related (see Figure S1), shared a similar binding site. It 213
is of interest to note that the binding site is at a subunit interface, a common feature for 214
ligand-gated channels first found for the muscle acetylcholine channel [27]; it is also at the 215
cytoplasm/membrane interface. The site of this binding pocket was not initially suspected 216
for playing a large energetic contribution for MscL gating because, unlike the pore, only 217
a few mutations yielded gain-of-function phenotypes in random mutagenesis studies 218
[8,10]. However, later, with the advance of our understanding of the functional role of N- 219
terminal helix [28] and its interactions with the cytoplasmic regions of the TM domains 220
[20], this region is now known to fine-tune the large structural changes required to open 221
large-conducting MscL pore [20,21]. 222

Here, with the use of in silico screening, combined with molecular dynamics (MD) 223
simulations, we have successfully identified compounds that bind to this region that are 224
new and distinct from those previously characterized, but sharing the property of MscL 225
specificity. Interestingly, the family member best characterized in this manuscript, 262, 226
was active in an HTS screen searching for compounds with antimicrobial activity against 227
M. tuberculosis (PubChem AID 2842). This finding supports the notion that like 011A and 228
K05, compound 262 will be effective against other pathogens. This compound 262 candi- 229
date was never followed-up or published for its activity on M. tuberculosis, presumably 230
because the researchers were looking for compounds inhibiting a tuberculosis-specific ki- 231
nase (as indicated in the text) — 262 simply did not hit the desired target. We have now 232
determined the target is MscL. 233

Compound 262 has many similarities to 011A and K05, the other agonists that bind 234
to the same pocket. It inhibits growth and has some cidal activity. It works at endogenous 235
MscL expression levels. Electrophysiologically, it increases the probability of MscL chan- 236
nel opening in native membranes, even when the compound is added to the cytoplasmic 237
side of the membrane. It also increases the potency of common antibiotics in a MscL- 238
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dependent manner, suggesting that while members of this class of compounds may not 239
serve as stand-alone antibiotics, they may evolve into efficient adjuvants. Several ap- 240
proaches confirmed that it binds the targeted binding pocket shared by 011A and K05, but 241
its interactions with some specific residues yields a unique pattern. The diversity of the 242
compounds that bind to this generalized site in unique ways bodes well for isolating com- 243
pounds with increased potency and efficacy; indeed, 262 is better in these properties than = 244
the first and best characterized MscL agonist, 011A (see Figure S4). Thus, the findings 245
presented here demonstrate that in silico screening is a viable approach for identifying 246
novel MscL agonists with advantageous characteristics. 247

In silico screening can enrich two types of libraries, the diverse and focused screening 248
libraries. The former is suitable to identify novel hits with different structures, while the 249
latter can optimize the existing hits and facilitate to construct structure-activity relation- 250
ships. Prior to compound acquisition and bioassays, the top hits can be validated with 251
more rigorous molecular modeling methods, e.g., a promising ligand can stably reside in 252
the binding pocket during the MD simulations, and has a decent binding affinity. Finally, 253
the potency of the ligand is confirmed by bioassays. This approach was successfully ap- 254
plied here to identify promising activators of MscL using a gate-closed structure. How- 255
ever, there is a disadvantage of applying a closed MscL structure, i.e., one needs to run 256
long MD simulations to conform if the ligand binding can trigger gate opening [18]. Also, 257
physiologically, because the compounds only destabilize the closed state, the channel 258
opening is transient and the efficacy in vivo is low. On the other hand, it is more promising 259
to apply an open structure in the above in silico HTS protocol to identify potent binding 260
compounds that can lock the MscL channel into an open state. The calculated binding 261
affinity should reflect the ability of a ligand to maintain the MscL in the open state, and 262
this ability can be evaluated through short MD simulations. Toward this end, we have 263
collected a set of open state structures from MD simulations of the passage of dihy- 264
drostreptomycin and small proteins through the MscL channel [23]. In the future, utilizing 265
established in silico HTS protocols on these open-channel structures should allow for the 266
isolation of compounds that lock the channel in an open state, and thus have greatly in- 267

creased efficacy in bacterial cidal activity. 268
. . . . . . 269

270

271

4. Materials and Methods 272
4.1. Strains and Cell Growth. 273

The following bacterial E. coli Frag 1 derived strains were used as hosts in this study: 274
MJF367 (AmscL::Cam), MJF451 (AMscS), MJF455 (AmscL::Cam, AMscS), and MJF612 275
(AmscL::cm, AmscS, AmscK::kan, AybdG::aprA) [11,29]. The pB10d expression vector was 276
used alone or with constructs inserted for expression; note that this is a mid- level expres- 277
sion vector and expresses MscL at only a few times endogenous levels. Cultures inocu- 278
lated from a single colony were grown either in citrate-phosphate-defined media (CphM) 279
pH 7.0, consisting of per liter: 8.57 g of Na2HPOs, 0.87 g of KeHPO4, 1.34 g of citric acid, 280
1.0 g NH4SO4, 0.001 g of thiamine, 0.1 g of MgS047H:0, 0.002 g of (NH4)2504.FeSO+.H20, 281

and incubated in a 37°C shaker, rotated at 250 cycles per minute. 282
4.2. In Vivo Assays 283
4.2.1. Growth experiments. 284

Growth inhibition was measured as previously described [15,23]. Briefly, overnight 285
cultures of MJF376, MJF451, MJF455 or MJF612 strains carrying constructs, were diluted 286
1:50 in CphM and grown until an ODsoo of 0.2 was reached. Expression was then induced 287
by the addition of 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 30 minutes, 10 288
mM stocks of compound 262 solubilized in sterile dimethyl sulfoxide (DMSO) (Sigma,- 289



Antibiotics 2022, 11, x FOR PEER REVIEW 14 of 18

Aldrich, St. Louis, MO), was diluted to two times its final concentration in pre-warmed 290
CphM with a final DMSO concentration of 2% and 100 pl was added to wells of a pre- 291
warmed, sterile 96 well flat bottom plate (Greiner bio-one, Monroe, NC). Cultures were 292
then diluted 1:200 in pre-warmed CphM, 100 pug/ml ampicillin and 2 mM IPTG with di- 293
luted experimental antibiotics, were indicated, at 2X their concentration or mock (DMSO 294
only). Final concentrations of kanamycin A at 0.2 pM (Sigma Aldrich St. Louis, MO, CA) 295
in 100 pl of culture mixture was added to the 96 will plates for a total of 200 ul, sealed 296
with a sterile breathable film (Axygen, Union City, CA), wrapped in aluminum foil and 297
placed in a 37°C shaker, rotated at 110 Cycles per minute for 16-17 hours and ODex was 298
then taken with a Multiskan Ascent 354 (Thermo Fisher Scientific Waltham, MA) plate 299
reader. 300

4.2.2. Viability Experiments. 301

Cultures from the above overnight growth experiments were used for all viability 302
experiments done as previously described [28]. Briefly, cultures were diluted 1:20 into 303
pre-warmed CphM, serially diluted from 103 to 10-¢ in a 96 well plate and liquid drops of = 304
5 ul were placed on a pre-warmend LB ampicillin plates and placed in a 37°C incubator. 305
The next morning colony-forming units were calculated to determine cell viability. 306

4.3. Electrophysiology 307

E. coli giant spheroplasts were generated and used for patch-clamp experiments as 308
described previously (Blount 1999, trends microb). Excised, inside-out patches were ex- 309
amined at room temperature under symmetrical conditions using a buffer containing 200 310
mM KCl, 90 mM MgClz, 10 mM CaClz and 5 mM HEPES pH 6 (Sigma, St. Louis, MO). To 311
study the effects of compound 262, each patch was measured before and after 10 minutes 312
of addition of the compound to the bath chamber, with the patch held at the same negative 313
pressure. Recordings were performed at -20 mV (positive pipette). Data were acquired at 314
a sampling rate of 20 kHz with a 5-kHz filter using an AxoPatch 200B amplifier in con- 315
junction with Axoscope software (Axon Instruments, Union City, CA). A piezoelectric 316
pressure transducer (World Precision Instruments, Sarasota, FL) was used to monitor the 317
pressure throughout the experiments. Data were analyzed using Clampfitl0 from 318

pClamp10 software (Molecular Devices). 319
4.4. Molecular Modeling and Computational Analyses 320
4.4.1. In silico screenings. 321

We performed in silico docking screening using a subset of the ZINC database that 322
we compiled [30]. Each compound in this subset has one or more structurally similar drug 323
molecules (Tanimoto coefficient > 0.85). All 123,192 compounds were ranked using the 324
Glide [31] standard-precision docking scores. From this, 486 hits were identified usinga 325
docking score threshold of -9.5 kcal/mol. Then 100 diverse compounds were selected for 326
potential further study. The Glide docking protocol was briefly described as follows: the 327
binding site center was defined by a set of residues (13, E6, F7, F10, 1161, A361, F362, 1364, 328
F365 and K369) and the cubic binding site has a size length of 30 A; the standard precision 329
(SP) Glide was applied to evaluate docking poses with the intramolecular hydrogen bonds 330
being rewarded; the planarity of the conjugated pi groups was enhanced during the dock- 331
ing simulations; for each compound, up to 100 docking poses were minimized in the post- 332
docking minimization step and the best one was outputted. The same protocol was ap- 333
plied in our previous studies.[16-18] 334

4.4.2. Molecular dynamics simulations and free energy analysis. 335

Compounds that had activities were further studied using more rigorous molecular 336
modeling techniques. MD simulations were performed to study binding stability and to 337
collect representative conformations for free energy analysis. Each ligand-MscL system 338
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contains one ligand, one MscL protein complex, 230 POPC lipids, 95 Cl-, 96 K+, and 32312 339
TIP3P water molecules. The force filed models that describe the systems include FF14SB 340
[32] for proteins, GAFF2 [33] for ligands, and LIPID14 [34] for POPC, etc. The residue 341
topologies of ligands were prepared using the Antechamber package [35]. Each system 342
was first relaxed by a series of restrained minimizations with the harmonic restraint force 343
constant applied to the main chain atoms decreased from decreased from 20 to 10, 5, and 344
1 kcal/mol/A?, progressively. The system was then fully optimized without any restraint 345
for 5,000 steps. Next, 4-stage MD simulations were performed including the relaxation 346
phase (four 100-picosecond MD simulations utilizing the same restraint scheme as mini- 347
mizations), the system heating up phase (five 100-picsecond MD simulations with the de- 348
sirable temperature being set to 50, 100, 150, 200 and 250 K), the equilibrium phase (298 349
K, 1 bar for 15 nanoseconds) and the final sampling phase (298 K, 1 bar for 150 nanosec- 350
onds). Integration of the equations of motion was conducted at a time step of 1 femtosec- 351
ond (fs) for the first two phase and 2 fs for the last two phases. The root-mean-square 352
deviations of main chain atoms (for MscL) and heavy atoms (for ligands) along MD sim- 353
ulation time were calculated to investigate the conformational changes upon ligand bind- 354
ing. Two types of RMSDs were calculated for a ligand, LS-Fit describes the conformational 355
change of the ligand, while No-Fit also accounts for the translational and rotational move- 356
ment of the ligand inside the binding pocket. No-Fit RMSDs were direct calculated after 357
MD snapshots were aligned to the reference structure (the initial model of MscL) using 358
only the secondary structures. The MD conformation which has the smallest RMSDs to 359
the average structure of all the collected MD snapshots was identified as the representa- 360
tive MD conformation of a MD system. Besides the RMSD, we also evaluated the fluctua- 361
tions of MscL and the overall size of the simulations system during MD simulations. The 362
B-factors of individual residues and the radius of gyration (RoG) were shown in Figures 363
S5 and S6, respectively. Overall, the B-factor and RoG data are reasonable and consistent 364
with the RMSD result. 365

All 3000 snapshots sampled from the last phase were used to conduct MM-GBSA 366
binding free energy decomposition analysis, while only 150 evenly selected snapshots 367
were subjected to MM-PBSA-WSAS binding free energy calculation. For MM-GBSA free 368
energy decomposition, the internal dielectric constant was set to 1, while the external di- 369
electric constant was set to 2 for modeling the hydrophobic part of the POPC lipids. Unlike 370
MM-GBSA free energy decomposition, we applied two external dielectrics (ewa=80 for wa- 371
ter and e1p=2.0 for the lipid bilayer) in the MM-PBSA-WSAS binding free energy calcula- 372
tions. The membrane center offset parameter, mctrdz which is defined as the distance be- 373
tween the coordinate center of all phosphorous atoms and the coordinate center of 374
MscL/ligand complex, and the thickness of membrane, mthick, which is defined as the 375
distance between the coordinate centers of the phosphorous atoms in the upper and lower 376
layers, varied from one MD snapshot to another. Thus, those two parameters were calcu- 377
lated for each individual snapshot. For a ligand itself, the implicit membrane option was 378
turned off and the external dielectric constant was set to 80. The nonpolar part of a solva- 379
tion free energy was calculated using the following equation: AGonporer = 0.0054 X 380
SAS + 0.92, where SAS is the solvent accessible surface area and 0.0054 is the surface ten- 381
sion coefficient parameter. The entropic term was estimated using the WSAS method de- 382
scribed [36]. All the MD simulations and the followed free energy analysis were per- 383
formed using the AMBER18 software package [37]. 384

Supplementary Materials: The following supporting information can be downloaded at: 385
www.mdpi.com/xxx/s1, Figure S1: Structures of MscL-specific agonists that bind within the same 386
region of the channel; Figure S2: Computational analyses of compound 261; Figure S3: Computa- 387
tional analyses of compound 642; Figure S4: Computational analyses of compound 190; Figure S5: 388
Residue-based B-Factor for the MD trajectories; Figure S6: The time courses of radius of gyration; 389
Figure S7: Two closely related compounds also inhibit growth of E. coli cultures in a MscL depend- 390
ent manner; Figure S8: Comparison of the effects of two MscL agonists on E.coli growth; Figure S9: 391
Compound 262 can also increase the potency of the common antibiotic tetracycline when MscL is 392
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present; Figure S1: title; Figure S1: title; Table S1: MM-PBSA-WSAS Binding Free Energy of the Iden-
tified activators of E. coli MscL Channel; Table S2: MM-GBSA Ligand-Residue Interaction Energies
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5. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is
unusually long or complex.
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