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Abstract

The rapid and persistent emergence of drug-resistant bacteria poses a looming public health

crisis. The possible task of developing new sets of antibiotics to replenish the existing ones is
daunting to say the least. Searching for adjuvants that restore or even enhance the potency of
existing antibiotics against drug-resistant strains of bacteria represent a practical and cost-effective
approach. Herein we describe the discovery of potent adjuvants that extend the antimicrobial
spectrum of existing antibiotics and restore their effectiveness towards drug-resistant strains
including mcr-I-expressing strains. From a library of cationic compounds, MD-100, which has

a diamidine core structure, was identified as a potent antibiotic adjuvant against Gram-negative
bacteria. Further optimization efforts including the synthesis of ~20 compounds through medicinal
chemistry work led to the discovery of a much more potent compound MD-124. MD-124 was
shown to sensitize various Gram-negative bacterial species and strains, including multi-drug
resistant (MDR) pathogens, towards existing antibiotics with diverse mechanisms of action. We
further demonstrated the efficacy of MD-124 in an ex-vivo skin infection model and in an in vivo
murine systemic infection model using both wild-type and drug-resistant £. coli strains. MD-124
functions through selective permeabilization of the outer membrane of Gram-negative bacteria.
Importantly, bacteria exhibited low resistance frequency towards MD-124. In-depth computational
investigations of MD-124 binding to the bacterial outer membrane using equilibrium and steered
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molecular dynamics simulations revealed key structural features for favorable interactions. The
very potent nature of such adjuvants distinguishes them as very useful leads for future drug
development in combating bacterial drug resistance.
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Introduction

The emergence of multi-drug resistance (MDR) in bacteria represents a major threat

to public health.12 The so-called “super bugs” that are resistant to almost all current
antibiotics are frequently isolated from clinics, leaving few therapeutic options available to
handle the most difficult cases. To invent a whole new set of antibiotics to overcome such
drug-resistant problems would be a huge undertaking to say the least. To compound this
problem, there is a decreasing rate of new antibiotic discovery.3 Therefore, the field is in
urgent need for new approaches to either attenuate the rate of emergence of drug resistance
or directly tackle the issue of infection by drug-resistant bacteria. There are several major
mechanisms through which bacteria develop resistance, including 1) reduced permeability
for antibiotics and reduction of porin protein expression; 2) over-expression of efflux pumps
and metabolizing enzymes for drug degradation; and 3) reduced affinity towards the drug
target due to mutation of the target(s).*® While the latter one usually leads to resistance

to certain types of antibiotics, the first two mechanisms often result in resistance to a wide
range of antibiotics, and thus MDR.# Indeed, the discovery of new antibiotics is still very
important.5-17 In parallel, a somewhat different approach is the sensitization of bacteria
towards existing antibiotics by adjuvants with well-defined efficacy and safety profiles.18-
43 This is especially true in the case of MDR Gram-negative bacteria, which are often
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considered more difficult to overcome because of the existence of an outer membrane.44-46
Strategies that can permeabilize the outer membrane of Gram-negative bacteria and increase
the uptake of antibiotics would add extra ammunition to the current arsenal of effective
antibiotics without the need to develop new antibiotics as the sole solution.

Previous efforts in the search for compounds capable of sensitizing Gram-negative bacteria
have focused on using polycationic peptides such as colistin and its analogs such as
polymyxin B nonapeptide (PMBN), with very promising results.19 22. 47-50 Recently,

a linear antibacterial peptide was identified as a broad-spectrum antibiotic adjuvant.
Similarly, cationic polymers have been shown to sensitize Gram-negative bacteria toward
antibiotics.51-54 Recently, an FDA-approved antifungal drug, pentamidine (NebuPent® as
the isethionate salt), was reported as a non-polypeptide sensitizer of Gram-negative bacteria
including drug-resistant strains, with the ability to sensitize by ~30-fold at the dosage of ~50
pg/ml.%° Pentamidine disrupts bacterial outer membrane by binding to lipopolysaccharide
(LPS). Subsequently, efforts have been made to probe the structure and activity relationships
(SAR) by modifying the linker between the two amidine groups.>® Along this line,

several other small-molecule bacterial sensitizers with diverse mechanisms such as LPS
binding, outer membrane protein biogenesis impairment, and efflux inhibition have been
discovered.41: 57-68 Sych compounds serve as excellent examples of initial success, with
much room for exploring improved potency, mechanistic understanding, establishing /n vivo
activity and examining broad chemical space for success.

We took an integrated approach combining mechanistic insights, medicinal chemistry
efforts, bioassays, computational investigation, and animal model efficacy work. Herein, we
report the discovery of novel bacterial sensitizers originating from a library of thousands of
compounds and the study of sensitizer-outer membrane interactions using a combination

of experimental efforts and sophisticated computational studies. We identified a new
bacterial sensitizer scaffold, elucidated the mechanism of sensitization, and demonstrated its
efficacy against various Gram-negative species, including several MDR strains. The efficacy
of one such compound, MD-124, was demonstrated in an ex-v/vo skin burn infection

model, in which MD-124 enabled the use of novobiocin to treat Gram-negative bacterial
skin infection. MD-124 also increased the efficacy of clindamycin in treating carbapenem-
resistant £. coliin a skin burn infection model. Further, MD-124 was shown to sensitize
mcr-I-expressing Gram-negative bacteria towards polymyxin B in a bacterial skin infection
model. Finally, we validated the efficacy of MD-124 in a murine model of systemic infection
using both wild-type and drug-resistant £. coli strains. Dramatically improved survival was
observed in the treatment group with a combination of MD-124 and novobiocin, compared
with novobiocin or MD-124 alone group.

Library screen and chemical synthesis

Considering the grave threat from drug resistant Gram-negative bacteria, our initial efforts
focused on the development of sensitizers of Gram-negative bacteria. The effort started with
a library of ~ 2,500 mono-, di- and tri-cation (amine, amidine, guanidine, efc.) compounds
collected over the years from the Boykin lab and references cited therein.6%-71 We examined
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their structures and chose 150 cationic compounds with diverse chemical properties,
including variations in linker length between the cationic groups, linker hydrophobicity/
hydrophilicity, and rigidity. These compounds were tested for their ability to sensitize
wild-type E. coli (ATCC 25922) towards rifampicin, which is generally considered to

be ineffective against Gram-negative bacteria (Scheme 1). We found four compounds
capable of 32-fold sensitization at a concentration equal to or below 10 pg/ml (Table

S1). The sensitization fold is calculated with the following formula: MIC of antibiotic
only /MIC of antibiotic with bacterial sensitizer. After assessment of their sensitization
ability and cytotoxicity, the core structure MD-100 (Scheme 1 and Table S1) was chosen
for medicinal chemistry modifications. MD-100 was found to sensitize £. colitowards
rifampicin for 32-fold at 10 pg/mL (22 uM) and 8-fold at 4.5 ug/mL (10 uM) (Table S1
and scheme 2). To further optimize the activity of MD-100, we synthesized ~ 20 analogs
(Scheme 2 and 3). Briefly, dinitrile compounds were synthesized first through method A
(Scheme S1). Diamidine compounds were then synthesized from dinitrile compounds, either
through method B or method C. Substituted amidine or cyclized amidine compounds were
synthesized from dinitrile compounds through method D.

We tested their ability to sensitize £. colitowards rifampicin and utilized the sensitization
fold at 10 uM as the potency index. It is well known that the cationic property of these
bacterial sensitizers plays a key role in their activity.4”- %0 As a result, we firstly focused

on modifying the amidine group (Class| in Scheme 2). A guanidine analog MD-101
(trifluoroacetic acid salt form) was synthesized and it showed similar activity with MD-100.
Substitutions on the amidine group almost completely abolished the sensitization activity.
MD-102, 112 and 113, which have the amidine alkylated or being part of a ring failed to
sensitize £. colitoward rifampicin at up to 25 pM. Changing the amidine group to an amine
group (MD-106) led to the abolishment of the activity.

The hydrophobicity/hydrophilicity of linker between the two diamidine groups has been
reported to affect sensitization ability.>> We then modified the linker between the middle
and flanking phenyl rings and synthesized three analogs (class |1 in Scheme 2). A less
polar linker between the middle and flanking phenyl rings contributed to an increase

in sensitization magnitude. When X in class || was changed from oxygen (MD-100)

to methylene (MD-108) or to sulfur (MD-117), potency increased. For example, 10 uM
MD-100 sensitize £. colitowards rifampicin for 8-fold; while for MD-108 and MD-117,
the sensitization fold was 16 and 32, respectively. Interestingly, switching the oxygen
and methylene group between the middle and flanking phenyl rings did not affect the
activity (MD-100 vs. MD-109). Shortening the distance between the two amidine groups
by changing the amidine from parato meta positions (MD-116) significantly decreased the
activity.

We then focused on modifying the substituents on the middle and flanking phenyl rings and
synthesized class 111 analogs (Scheme 3). Introduction of an electron-withdrawing group

at the R, position increased the activity while an electron-donating group decreased the
activity. For example, changing the hydrogen atom in the R, position in MD-100 to a fluoro
group (MD-120) increased the sensitization fold from 8 to 32-fold, while introduction of

a methoxy group at the same position (MD-103) decreased the activity. The comparison
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between MD-105 and MD-115 supported the same trend. Hydrophobic substituents at the
R4 position significantly increased the activity. For example, changing the methyl group in
MD-109 to n-butyl group (MD-123) increased the sensitization ability from 8 to 256-fold.
The comparison between MD-100 and MD-105 revealed a similar trend, in which the
methyl group was changed to a #butyl group. Introduction of an electron-withdrawing
group at the Ry position significantly increased the potency while an electron-donating
group decreased the potency. For instance, changing the methyl group in MD-109 to the
trifluoromethyl group (MD-124) increased the sensitization ability from 8 to 512-fold. The
introduction of a methoxy group (MD-126) in the R4 position almost completely abolished
the activity.

Identification of MD-124 as a potent sensitizer of Gram-negative bacteria

Among all the compounds prepared in the subsequent optimization efforts, MD-124 showed
superior bacterial sensitization activities and was chosen for further biological evaluation
(Scheme 1). MD-124 at 5 pg/ml (~ 10 uM) was able to sensitize £. colitowards rifampicin
by 512-fold, lowering the minimum inhibitory concentration (MIC) of rifampicin from 10
to 0.02 pg/ml (Fig. 1A). MD-124 itself at the same concentration showed no effect on
bacterial growth (Fig. 1B). A checkerboard assay showed that MD-124 sensitized £. coli
towards rifampicin in a concentration-dependent manner, reaching over 16,000-fold when
12 pg/ml of MD-124 was used, with the MIC of rifampicin being 0.6 ng/ml (Fig. 1C, blue
represents MIC). The fractional inhibitory concentration (FIC) index was calculated to be
0.09 based on the checkerboard assay (The MIC of MD-124 itself on £. coliis 50 pug/ml),
indicating a strong synergistic effect between MD-124 and rifampicin.”2 We observed that
the sensitization ability of MD-124 changed drastically in the range of 3 to 12 pg/ml. To
investigate this further, a checkerboard assay of MD-124 in the concentration range of 0

to 10 pg/ml was performed (Fig. 1D). It is worth mentioning that 5 to 10 pg/ml MD-124
showed no direct bacteriostatic or bactericidal effects when used in this concentration range.
Therefore, MD-124 is considered as an adjuvant at this concentration range. MD-124 at 5
pg/ml sensitized £. colitowards a broad range of existing antibiotics with diverse targets
and mechanisms of action such as clarithromycin (256-fold), erythromycin (128-fold),
novobiocin (64-fold), trovafloxacin (32-fold), polymyxin B (32-fold) and chloramphenicol
(8-fold) (Fig. 1G and Table S2A). A greater degree of sensitization was achieved when
MD-124 was combined with antibiotics that tend to possess characteristics unfavorable

for membrane permeation. This indicates that the sensitization ability of MD-124 varies
depending on the antibiotics used in combination. When combined with MD-124, the MIC
of various antibiotics that are viewed as relatively narrow-spectrum ones was lowered to
around 1 pg/ml or below (Fig. 1G and Table S2). Together, those results demonstrated

that MD-124 could potentiate antibiotics with diverse targets and mechanisms of action at
sub-MIC levels. Pentamidine and PMBN have been shown as potent antimicrobial adjuvants
capable of overcoming drug-resistance.*8: 5 Compared with them, MD-124 showed much
improved potency (Fig. 1F). For example, 30 pg/ml pentamidine and 20 pg/ml PMBN were
shown to sensitize £. colitowards rifampicin by 8 and 16 folds respectively, while 5 pg/ml
MD-124 was able to sensitize £. coliby 512-fold. The above tests were performed using
reference strain £. coli 25922 from American Type Culture Collection (ATCC). To test if the
observed effects are translatable to other E. colistrains, we also tested MD-124 on another
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reference strain (ATCC 10536) and found similar sensitization activity (Table S2B). Besides
E. coli, MD-124 also showed sensitization effect on various other wild-type Gram-negative
bacterial species such as Acinetobacter baumannii (ATCC 17978), Klebsiella pneumoniae
(ATCC 43816) and Salmonella enterica Typhimurium (ATCC 14028), the resistant strains of
which are listed as WHO Priority | pathogens in urgent need of new antibiotics (Fig. 1E).46

Since cytotoxicity is an essential factor to be considered in drug discovery, we tested the
cytotoxicity of MD-124 on mammalian cells in the cell culture medium supplemented
with 10% fetal bovine serum (FBS). The 1C5q of MD-124 on mammalian cells such as
HEK?293 and NIH3T3 was found to be ~100 uM (Fig. S1). Drug molecules can bind

to serum proteins, leading to a decreased concentration of free molecules and potentially
a decreased efficacy.”374 To test if serum protein binding would affect the sensitization
activity of MD-124, we then tested the sensitization ability of MD-124 on E. coli towards
rifampicin in the absence and presence of 10% FBS, the same serum concentration used for
mammalian cell culture. We observed that 5 ug/ml MD-124 was able to sensitize £. coli
towards rifampicin by 512-fold under both conditions, indicating the neglectable influence
of serum protein under such experimental conditions.

MD-124 is effective against drug-resistant Gram-negative bacterial strains

We then focused on examining the sensitization effect of MD-124 on various clinically
relevant drug-resistant strains, especially Gram-negative bacteria belonging to the ESKAPE
category of pathogens.’® Checkerboard assays revealed MD-124 was able to sensitize A.
baumannii (wild-type, ATCC 17978) towards rifampicin, decreasing the MIC from 5 pg/ml
to 0.04 and 0.01 pg/ml, in the presence of 5 and 7 pug/ml of the sensitizer, respectively (Fig.
2A). The FIC index between MD-124 and rifampicin was calculated to be 0.14 (Table S3).
A similar sensitization effect on A. baumannii was also observed with novobiocin through
a checkerboard assay and the FIC index between MD-124 and novobiocin was determined
to be 0.20 (Fig. 2B). MD-124 at 5 pg/ml also sensitized A. baumanniitowards a variety of
other antibiotics such as clarithromycin, fusidic acid and clindamycin, achieving 64-, 128-
and 8-fold sensitizations, respectively (Table S4). Another ESKAPE pathogen species, K.
pneumoniae (wild-type, ATCC 43816), also showed susceptibility to MD-124. As shown in
Fig. 2C and 2D, MD-124 sensitized K. pneumoniae towards rifampicin and clarithromycin
by 512-fold or more; and at 10 ug/ml it brought the MIC of rifampicin and clarithromycin
from more than 20 pg/ml to 0.2 pg/ml or less. The FIC index between MD-124 and
rifampicin or clarithromycin was determined to be 0.15 and 0.16, respectively. Many other
antibiotics such as clindamycin, chloramphenicol, fusidic acid and novobiocin also showed
synergistic effect when combined with 5 pg/ml MD-124 with sensitization of 4-64 fold in
inhibiting K. pneumoniae growth (Table S5).

The emergence and the spread of carbapenem-resistant Enterobacteriaceae are causing rising
concerns. This class is listed as Priority 1 pathogens by the WHO for developing new
antibiotics.”5=77 To test the effect of MD-124 on carbapenem-resistant bacteria, an NDM-1
(New Delhi Metallo-beta-lactamase 1)-expressing £. coli strain was constructed to induce
carbapenem-resistance.”® Compared with wild-type £. coli, the NDM-1-expressing strain
showed a 30- to 100-fold increase in MIC towards p-lactam antibiotics such as ampicillin,
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ceftazidime and a carbapenem antibiotic, meropenem (Table S6). We found that MD-124
was able to sensitize the NDM-1-expressing strain of £. colitowards various antibiotics.
Specifically, MD-124 sensitized the NDM-1-expressing strain towards rifampicin in a
concentration-dependent manner, decreasing the MIC from 10 to 0.02 and 0.005 pg/ml,
when 5 and 7 ug/ml MD-124 were used, respectively (Fig. 2E). MD-124 also showed
synergistic effects with rifampicin with an FIC index of 0.09 (Table S3) and sensitized
carbapenem-resistant £. colitowards various antibiotics with distinct mechanisms of action
(Table S7).

Polymyxin- and colistin-resistant strains (harboring the mcr-1 gene) are threatening the

last line of defense of antimicrobial treatment.”3-80 Bacteria expressing mcr-1 can modify
the phosphate group on lipid A, resulting in decreased negative charge density on the
Gram-negative bacteria outer membrane, and subsequent resistance to colistin.”® 81 We
observed that MD-124 sensitized mcr-I-expressing £. colitowards rifampicin and several
other antibiotics (Fig. 2F, Table S8). MD-124 showed synergistic effects with rifampicin on
mer-I-expressing £. coliwith a FIC index of 0.37 (Table S3). Interestingly, MD-124 also
sensitized this strain towards polymyxin B, bringing its MIC from 30 to 0.9 ug/ml. Such
results suggest that MD-124 is able to convert the polymyxin B-resistant £. coli strain to a
polymyxin B-sensitive strain (Fig. S2).

To further evaluate the role of MD-124 in antimicrobial therapy, we then assessed if MD-124
can sensitize MDR Gram-negative strains. Thus, MD-124 was tested on one MDR K.
pneumoniae strain (ATCC BAA-2472) and one MDR S. Typhimurium strain (ATCC 14028),
both of which are resistant to almost all antibiotics. Specifically, they are resistant to a

wide range of antibiotics including colistin, aminoglycoside, fluoroquinolone, tetracycline,
B-lactam families of antibiotics and other class of antibiotics (Table S9). These MDR strains
represent the most severe challenges in antimicrobial treatment. The MIC of rifampicin on
this MDR K. pneumoniae strain is >320 pg/ml. MD-124 decreased the MIC of rifampicin

to 10 pg/ml and below 0.2 pg/ml at a dose of 5 and 7 pg/ml, respectively. (Fig. 2G, Table
S3). A similar phenomenon was observed on the MDR S. Typhimurium strain. While the
MIC of rifampicin itself is 40 pg/ml, this was brought down to below 0.05 pg/ml when
combined with 7 pg/ml of MD-124 (Fig. 2H, Table S3). As summarized in Table S3,
MD-124 potentiated rifampicin against drug-resistant strains, including MDR strains of
Gram-negative bacteria.

Bacteria exhibit low resistance frequency towards MD-124

Because bacteria can quickly develop resistance to new antimicrobial agents, we then
evaluated the frequency of resistance development of E. colitowards MD-124 using a
literature reported method.?® Briefly, £. coli (ATCC 25922) was cultured with antibiotic
and 10 pg/ml MD-124. For each antibiotic, the concentration ranged from 2 to 7-fold of

its respective MIC. We chose clindamycin, novobiocin, and trovafloxacin for this study

to include antibiotics with different mechanisms of action. Colonies that were resistant to
the MD-124-antibiotic combination were studied further to determine whether the observed
resistance phenotype was due to resistance against MD-124 or against the antibiotic used in
the combination. Therefore, the corresponding resistant colonies were subjected to another
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antibiotic combination: MD-124 and rifampicin. Our results indicated that MD-124 was still
effective in sensitizing those strains towards rifampicin, with the same potency as on the
wild-type E. coli. Hence such results strongly suggest that these resistant strains are not
resistant to MD-124. No strain was found to be resistant to 10 pg/ml MD-124 out of 2.7

x 1010 CFUs, giving a resistant frequency of less than 3.7 x1071L, It is worth noting that

the resistance frequency here is not defined based on direct inhibition/bactericidal effect as
it is usually the case for traditional antibiotics; rather, it is based on the sensitization effect
of MD-124 at a concentration far below its MIC (the MIC of MD-124 itself on £. coliwas
determined to be 50 pg/ml) since MD-124 serves as an adjuvant here.

MD-124 sensitizes Gram-negative bacteria through binding to a key component of LPS:

lipid A

We next investigated the mechanism of action for MD-124. The fact that MD-124 can
sensitize Gram-negative bacteria towards a broad range of antibiotics and that the outer
membrane is the major barrier of antibiotic uptake led us to examine the disruption of
bacterial outer membrane as a possible mechanism (Fig. 3A). Further, polymyxin analogs
and pentamidine are also known to interact with the outer membrane. MD-124 and our
initial lead compound, MD-100, were used for this study. MD-124 showed compromised
ability to sensitize an outer membrane “leaky” mutant of £. coli, strain NR698 (Fig. 3B),
which is already susceptible to antibiotics such as clarithromycin and erythromycin.82
MD-124 at 5 ug/ml was shown to sensitize wild-type £. colitowards clarithromycin by
256-fold (Fig. 1G), and NR698 by only 4-fold. We also observed the same phenomenon
when MD-100 was used on both £. coli wild-type and NR698 mutant strains (Fig. S3A).
Such results support the involvement of the outer membrane integrity in the sensitization
ability of MD-124 and MD-100. We then directly probed the disruption of the bacterial
outer membrane by MD-124 using a lysozyme assay on £.coli (ATCC 25922).83 Briefly,
lysozyme can break down peptidoglycan and lead to bacterial lysis. While lysozyme cannot
naturally penetrate intact Gram-negative bacterial outer membrane, disruption of the outer
membrane would result in increased lysozyme efficacy, leading to bacterial lysis. We found
that lysozyme caused quick bacterial lysis in the presence of 25 ug/ml of MD-124 or 50
ug/ml of MD-100 and no lysis in the absence of the sensitizer (Fig. 3C, blue bar). MD-124
and MD-100 themselves showed no lytic effects (Fig. 3C, pink bar). These results indicate
that MD-124 was able to disrupt outer membrane integrity. In comparison, polymyxin B at
25 pg/ml and pentamidine at 50 pug/ml also caused bacterial lysis when incubated together
with lysozyme. Collectively, these results support the notion that the sensitizers function by
permeabilizing membrane and allowing for increased antibiotic entry.

We then conducted various experiments to determine the molecular target(s). By adding
LPS to the growth media, we were able to abolish the sensitization effect of MD-124 and
MD-100 (Fig. 3D and Fig. S3B). This finding brought lipid A, an essential component of
LPS, which is responsible for maintaining the outer membrane integrity of Gram-negative
bacteria, to the forefront of our investigation.84-85 Mg2* and Ca2* were able to dampen the
bacterial sensitization activity of MD-124 on E. coli in a concentration-dependent manner
(Fig. 3E). Divalent cations such as Mg2* and Ca?* are known to bridge between adjacent
lipid A and enhance membrane integrity.86-87 Therefore, high concentrations of divalent
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cations may displace the diamidine and thus exert antagonistic effects against MD-124.
This phenomenon was also observed on MD-100 (Fig. S3B). It is worth noting that the
growth medium for £. coliis Mueller Hinton Broth 11, a cation-adjusted broth that already
contains approximately 0.5 mM Mg2* and 0.5 mM Ca?*. Therefore, the Mg2* and Ca2*
concentrations in Fig. 3E reflect the exogenous amounts and not the total amounts in the
culture medium. The free magnesium and calcium concentration in human blood is between
0.55 to 0.75 mM and 1.1 to1.3 mM, respectively.88-89 Based on the high concentrations of
cation needed to antagonize the effect of MD-124, as observed in the current study, one can
predict that physiological concentrations of Mg2* or Ca?* will have a very limited effect on
the sensitization ability of MD-124. A fluorescent conjugate of a polymyxin-B nonapeptide
derivative, Dansyl-PMBN (Scheme S2) has been reported to increase fluorescent intensity
after binding to the lipid A part of LPS.%0 Therefore, we chose Danzyl-PMBN (PB) as an
indicator agent in a displacement assay. Addition of 200 uM MD-124 to a mixture of £. coli
and 10 uM Dansyl-PMBN led to a decrease of the fluorescent intensity of Dansyl-PMBN,
indicating binding of MD-124 to lipid A and displacement of Dansyl-PMBN (Fig. 3F).
Pentamidine and MD-100 were also able to displace Dansyl-PMBN, although not as much
as MD-124. Another piece of evidence that supports that lipid A is the molecular target of
MD-124 was obtained through the sensitization activity comparison between wild-type and
mcr-1-expressing E. coli. Bacteria harboring mcr-1 can modify the phosphate group on lipid
A and lead to decreased negative charge density,”® which might decrease the sensitization
activity of MD-124. Indeed, MD-124 showed slightly decreased sensitization activity on
mcr-1-expressing E. cofithan on wild-type strain. For example, it required 3 pg/ml and 5
ug/ml of MD-124 to achieve a 32-fold sensitization towards rifampicin on wild-type E. coli
and mcr-1-expressing E. coli, respectively (Fig. 1D and Fig. 2F). It is worth mentioning that
this resistance towards MD-124 by mcr-1 is moderate (less than 2-fold). Collectively, these
results support LPS as the molecular target of MD-124.

Computational investigations of sensitizer-membrane interactions

To further understand the sensitizer-membrane interactions, we performed molecular
dynamics (MD) simulations of a model £. co/i OM in the presence of MD-124 using
previously our published methods.87 91-92 The simulations revealed that MD-124 quickly
adsorbs to the LPS molecules in the outer leaflet of the £. co/i OM when it is placed 20

A above the top of the LPS (Fig. 4A). Similar behavior was observed for simulations of

the antimicrobial peptide LL-37 with a Salmonella enterica OM.93 Adsorption is followed
by the formation of stabilizing interactions, such as salt bridges between the positively
charged amidine groups of MD-124 and the negatively charged phosphate groups of LPS.
Normally, these phosphate groups are bridged by divalent cations (Ca2* and Mg?*), thus
forming a tight network.87- 92 Disruption of hydrogen bonds between the phosphates and
the neighboring sugars due to interaction with adjuvants has been observed. We also
observed MD-124 to interact with ion-bridged phosphates; while we did not see the ions
displaced during the 1.3-ps simulation, the interactions between ions and phosphates appear
weakened. For comparison, we also performed MD simulations of a model £. co/i OM in
the presence of a very weak sensitizer, MD-126. MD-124 and 126 were found to adopt
similar geometries in water (Fig. 4C), as measured by the distance between the two amidine
groups within each molecule (d1, Fig. 4B); this was expected given their similar structures.
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However, when they directly interacted with the LPS layer of the OM, the distance (d1) of
MD-126 became much smaller than in water (Fig. 4D). In contrast, the average distance
(d1) between the positively charged ends of MD-124 remained very large, leading us to the
working hypothesis that a larger separation between the ends contributes to the effectiveness
of sensitizers. To better quantify the connection between d1 and membrane interaction for
each sensitizer, we performed steered molecular dynamics (SMD) simulations in which we
slowly pull (0.25 A/ns) each sensitizer through the model OM. Our analysis shows large
differences in the d1 values between MD-124 and MD-126 in the hydrophilic part (Lipid A
sugars and core sugars) of the LPS layer (Fig. 4, E and F), with larger values for MD-124,
just as was observed in the equilibrium simulations. Overall, our simulations show that
MD-124 and MD-126 behave similarly in water, in the hydrophobic part of the LPS layer,
and in the lower leaflet of the OM. Differences between the two sensitizers were only
observed in the hydrophilic part of the LPS layer, suggesting that this is the region in which
they are active.

Similar to LPS in Gram-negative bacteria, various phospholipids serve structural roles in
eukaryotic cells. Since the amidine group is known to bind to the phosphate group, potential
cytotoxicity of MD-124 could arise in eukaryotic cells.?* To address this potential limitation,
we conducted additional experiments. While adding extra LPS was found to effectively
dampen or even abolish the activity of MD-124 (Fig. 3D), exogenous phospholipid from
eukaryotic cells such as phosphatidylcholine was much less potent in neutralizing the
sensitization ability of MD-124 (Fig. S4). For example, 10 uM LPS was able to almost
completely abolish the activity of MD-124 (5 pg/ml), while 160 pM phosphatidylcholine did
not alter the sensitization effect of MD-124. These results suggest that MD-124 is selective
towards LPS over phospholipids from eukaryotic cells, such as phosphatidylcholine. Such
findings are expected because the structures of lipid A and phospholipids from eukaryotic
cells are quite different, especially in that the phosphate groups in lipid A are doubly
charged while in phospholipids, the phosphate group is singly charged.%°

MD-124-antibiotic combinations show potent antimicrobial effects an ex-vivo skin infection

model

We examined the effect of MD-124 on E. coliin an ex-vivo skin-burn infection model.%¢ To
achieve topical application, compounds were formulated as hypromellose gel.97-98 Briefly,
human skin (about 1 cm x 1 cm) was burnt with a soldering iron (95 °C) for 10 s; then

10° CFUs of bacteria were inoculated to the burnt skin and was cultured at 37 °C for

1 h. Then the skin was loaded with hypromellose gel containing different antibiotics and
cultured at 37 °C. After 24 h of incubation, the skin sample was homogenized and the
supernatants were serially diluted and plated on agar plates, and bacterial counts were
carried out. We firstly tested the combination of MD-124 with novobiocin because MD-124
showed good sensitization activity with novobiocin /n vitro and the good water solubility
of novobiocin (sodium salt form) for easy formulation. While neither 4%o (w/w) novobiocin
nor 1.5%. MD-124 alone achieved significant inhibition of wild-type (WT) £. coli (ATCC
25922) growth, the combination of novobiocin and MD-124 effectively decreased the
bacterial load compared with the vehicle group (Fig. 5A). For example, while novobiocin
or MD-124 alone each led to approximately 108 CFUs, their combination resulted in an
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approximately 3-log decrease (105 CFUs); 1%o polymyxin B hypromellose gel was used

as the positive control. To further investigate the scope and effectiveness of MD-124, we
then tested the combination of MD-124 and clindamycin on drug-resistant Gram-negative
bacteria. MD-124 and clindamycin also effectively treated skin infection caused by NDM-1-
expressing £. coli, leading to a reduction of the bacterial load by more than 2,000-fold

over clindamycin alone (Fig. 5B). The dosage used was comparable to or lower than

the commonly used ointment preparations, containing 5 to 20%. antibiotics. Those results
showed MD-124 potentiated the activity of novobiocin and clindamycin against £. coly,
both antibiotics are typically considered ineffective against £. coli. Besides extending the
spectrum of antibiotics which are ineffective in treating Gram-negative bacterial infection,
restoring the effectiveness of antibiotics towards drug-resistant strains is another important
property of bacterial sensitizers. As described earlier, MD-124 restored the effectiveness of
polymyxin B towards mcr-I-expressing £. coli (Fig. S2). Thus, we investigated whether
MD-124-polymyxin B combination would be effective in treating infection caused by
mcr-I-expressing bacteria in this skin-burn model. Treatment with polymyxin B alone (3%,
wi/w) showed minor effect, compared with the vehicle group (Fig. 5C). In contrast, the
MD-124-polymyxin B combination effectively reduced the bacterial load (Fig. 5C).

MD-124-antibiotic combinations show potent antimicrobial effects in a systemic infection
model in mice

We then tested the /n vivo efficacy of MD-124 in a systemic infection model in mice
following literature procedures.19 21. 55,59 Briefly, each mouse was infected with 107 CFUs
of E. coli (\WT or NDM-1-expressing) intraperitoneally (i.p.). One hour post infection, the
mice were subjected to different treatments through i.p. injection. Survival of the mice in
each group was monitored for 72 h (Fig. 5D). As shown in Fig. 5E, all the mice treated

with saline died from infection within 18 h post-infection. Novobiocin was chosen to pair
with MD-124 for the same reason as in the ex vivo model. Single dose of combination of
MD-124 (10 mg/kg) and novobiocin (80 mg/kg) treatment increased survival rate from 0%
(novobiocin or MD-124 only) to 93% in the case of WT E. coli (ATCC 25922) infection.
Encouraged by those results, we then tested if MD-124 was effective against drug-resistant
strains. As described earlier, MD-124 sensitized NDM-1-expressing £. colitowards a variety
of antibiotics (Table S7). We tested MD-124 in the mice infected with NDM-1-expressing £.
coliand observed a similar effect (Fig. 5F). MD-124 (10 mg/kg) and novobiocin (80 mg/kg)
combination group achieved a survival rate of 87%, while the MD-124 only and novobiocin
only group has a survival rate of 0% and 6.7%, respectively. Mice that survived after 72

h in the MD-124 and novobiocin combination group showed normal body temperature,
recovered body weight, and normal vibrant behavior, indicating a cure from the otherwise
lethal infection. Taken together, these results showed MD-124 extended the spectrum of
novobiocin and potentiated novobiocin for treating drug-resistant Gram-negative bacterial
infection /n vivo and greatly increased the efficacy of the tested antibiotic.

Discussion

In the combat against existing and emerging drug-resistant Gram-negative bacterial strains,
there is a need for innovative approaches to develop therapeutics. There are ongoing efforts
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in many directions, including targeting new mechanism(s) of actions and regulating bacterial
quorum sensing.5: 8 42. 99 One “economical” approach is to salvage existing antibiotics
against drug-resistant strains by re-sensitizing the bacteria towards these antibiotics. This
way, the entire arsenal of antibiotics will still be available for clinical use. With this goal in
mind, we discovered a new chemical moiety, MD-124, which can significantly sensitize
drug-resistant Gram-negative bacteria, including carbapenem-resistant, colistin-resistant,
and other MDR strains, towards existing antibiotics. MD-124 can sensitize Gram-negative
bacteria, including MDR strains, to the point that it allows the use of some narrow-spectrum
antibiotics to be effective treatment options. This sensitization effect of MD-124 works on
antibiotics with diverse targets and mechanisms of action, bringing the MIC of various
antibiotics on Gram-negative bacteria below 1 ug/ml. Compared with previously discovered
sensitizers such as PMBN and pentamidine, MD-124 showed much improved potency (Fig.
1F). For each bacterial species tested herein, including £. coli, K. pneumoniae, and S.
Typhimurium, two reference strains were tested for cross-validation (Table S2, S3, and S5,
Fig. 1E, 2).

Besides its potent sensitization effect, MD-124 also exhibited a very low propensity to
induce bacterial resistance. A bacterial sensitizer should ideally 1) extend the spectrum of
antibiotics; and 2) restore the effectiveness of existing antibiotics towards drug-resistant
strains. The second point might arguably be more clinically relevant. We believe the
MD-124, as described in this study, was able to fulfill both objectives. Indeed, MD-124
enabled narrow-spectrum antibiotics to treat Gram-negative bacterial infections (Fig. 5, A,
B, C, and D) and restored the effectiveness of polymyxin B towards mcr-I-expressing strain
(Fig. 5C) at the same time.

Finally, MD-124 sensitizes Gram-negative bacteria by binding to LPS, disrupting the outer
membrane integrity and increasing the antibiotic uptake. MD-124 has been shown to be
effective against all the Gram-negative strains of bacteria studied herein (Fig. 1E and

2), presumably because they share very similar LPS structures, especially the lipid A

part. Bacteria can express the mcr-1 gene, which confers colistin resistance by modifying
LPS.80. 100 We found mcr-1-expressing E. coli only showed moderately increased effective
dose of MD-124 (3 to 5 mg/ml) compared with the wild-type (Fig. 1D and 2F). Very
importantly, MD-124 can sensitize mcr-1-expressing £. coli towards various antibiotics,
including polymyxin B (Table S8, Fig. S2), which also targets the outer membrane.

We recognize that drug development is a complex, costly (Averaging over $1B),101 and
lengthy undertaking.”# 102 The promising results described only constitute the first step

in potentially translating the initial success into clinical therapeutics. Much more work is
needed in areas of toxicology, pharmacokinetics, metabolism, and efficacy beyond rodents.
It is our hope that the compounds described can serve either as leads for future development
or inspirations for other efforts in the same area so as to facilitate the development of potent
adjuvants to overcome bacterial drug resistant problems.

In summary, we have described the discovery of a group of small molecules that can
significantly sensitize Gram-negative bacteria towards existing antibiotics and extend the
spectrum of antibiotics. One such compound, MD-124, was shown to achieve antimicrobial
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effects through combinations with various antibiotics. Remarkably, the combination was
shown to be effective against some pathogens of the highest priority for antibiotic
development, including those with mcr-1 and NDM-1 mediated drug-resistance and MDR
strains of Gram-negative bacteria. Further, the bacterial resistance rate for MD-124 was low,
which further signifies its therapeutic values. MD-124 enables the use of antibiotics like
novobiocin and clindamycin to treat not only wild-type but also carbapenem-resistant Gram-
negative bacteria in a skin infection model. MD-124 also enables the use of polymyxin B

in an ex-vivo skin infection model for the treatment of infection by bacteria with mcr-1
induced resistance to the polymyxin family of antibiotics. Finally, MD-124, when combined
with novobiocin, significantly increased the survival rates of mice infected with either WT
or drug-resistant (NDM-1-expressing) £. coli. Extensive computational efforts also led to
significant insight into how MD-124 interacts with the bacterial outer membrane.

Experimental section

General Information.—All solvents were of reagent grade and were purchased from
Fisher Scientific and Aldrich. Reagents and antibiotics were purchased from Aldrich,
Oakwood, or VWR. The stationary phase of chromatographic purification is silica (230

x 400 mesh, Sorbtech). Silica gel TLC plate was purchased from Sorbtech. TH-NMR

(400 MHz) and 13C-NMR (100 MHz) spectra were recorded on a Bruker Avance 400
MHz NMR spectrometer. All compounds are >95% pure by HPLC. Mass spectral analyses
were performed on an ABI API 3200 (ESI-Triple Quadruple). HPLC was performed on

a Shimadzu Prominence UFLC (column: Waters C18 3.5 pM, 4.6x100 mm) or Agilent
1100 HPLC system (Column: Kromasil C18 5um, 4.6 x 150 mm). ODgqq and fluorescence
intensity were recorded on a Perkin Elmer Enspire UV/ Vis/Fluorescence plate reader.

Safety statement—No unexpected or unusually high safety hazards were encountered.

Bacterial strains

Escherichia coli (ATCC 25922 or ATCC 10536), Acinetobacter baumannii (ATCC 17978),
Klebsiella pneumoniae (ATCC 43816), Stenotrophomonas maltophilia (ATCC 31559),
Salmonella enterica Typhimurium (ATCC 14028), Citrobacter werkmanii (ATCC 51114),
MDR Klebsiella pneumoniae (ATCC BAA-2472) and MDR Salmonella enterica serovar
Typhimurium (ATCC 700408) were also purchased from ATCC. E. coli strain NR698 was
generously provided by Dr. Thomas J. Silhavy (Princeton University, Princeton, NJ).

Bacteria culture and MICs determination

All bacterial species were cultured in Mueller Hinton 11 (MH- 1) Broth Il (cation-adjusted).
MICs of antibiotics only (no bacterial sensitizer) were determined by performing two-fold
serial dilutions of antibiotics. MICs of antibiotics in the presence of bacterial sensitizers
were determined by performing two-fold serial dilutions of antibiotics with or without a
constant concentration of bacterial sensitizers. The MICs tests were performed on 96-well
plates with a final volume of 200 pl Mueller Hinton Broth Il (cation-adjusted) in each well.
Each well was inoculated with 5 x 10° CFU/ml and plates were incubated for 24 h at 37

°C with continuous shaking of 200 rpm. The bacterial density was determined by ODgqg.
The percentage (%) of bacterial growth is calculated with the following formula:(ODggq of
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antibiotic treatment group/ODgqq of the non-treatment group) x 100. The MIC is defined as
the concentration that inhibits more than 90% of bacterial growth.

Sensitization fold determination and fractional inhibitory concentration (FIC) index
calculations.

The sensitization fold is calculated with the following formula: MIC of antibiotic only /MIC
of antibiotic with bacterial sensitizer. For example, given a 10 ug/ml MIC of rifampicin

for E.coli; and a 0.019 pg/ml MIC of rifampicin in the presence of 5 pg/ml MD-124, the
calculated sensitization fold is 10 /0.019 = 512-fold.

The FIC index between compound a (e.g., antibiotic) and b (e.g., bacterial sensitizer) was
calculated according to the formula below:72

MIC of a in combination MIC of b in combination
MIC of a alone MIC of b alone

FIC=FICa+ FICb =

FIC < 0.5: Synergy; FIC between 0.5 and 1: Additive; FIC between 1 and 2: no interaction;
FIC >4: antagonism.

Bacterial resistance frequency study

E. coli (ATCC 25922) was grown overnight in MH-I1 broth and resuspended to
approximately 5 x 109 cells/ml in MH-11. A 200 pl volume of this suspension
(approximately 1 x 109 cells) was transferred onto solid MH agar plates (100 mm Petri
dishes) containing antibiotic with concentrations ranging from 2- to 7 -times of the MIC

and 10 pg/ml MD-124. Three antibiotics including clindamycin, novobiocin or trovafloxacin
was used separately with MD-124 in this study. Approximately 2.7 x 1010 CFUs were tested
in the MD-124 and antibiotics combination. Plates were incubated at 37 °C for 48 h, after
which colonies formed on the plate were counted. Those colonies were resistant to MD-124
and antibiotic combination. To find out whether those resistant strains are resistant to
MD-124 or antibiotic, those colonies were then subjected to another antibiotic combination:
MD-124 and rifampicin. It turned out that MD-124 was still able to sensitize those resistant
strains towards rifampicin with the same potency on wild-type £. coli, which demonstrated
those combinational therapy resistant strains were not resistant to MD-124. No strain was
found to be resistant to 10 pg/ml MD-124 out of 2.7 x 1010 CFUs.

The resistance frequency towards MD-124 was calculated to be:

Lysozyme sensitivity assays
To evaluate the disruption of Gram-negative bacteria outer membranes by bacterial
sensitizers, we performed lysozyme assays, as previously described.83 Briefly, £. coli
(ATCC 25922) cells were grown in MH-11 broth overnight, centrifuged at 3,000 X g for
10 min, washed with HEPES buffer (pH 7.2), and gently resuspended in HEPES buffer
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supplemented with 5 mM NaCl to obtain an £. coli suspension of ODggg 0.8-1.0. Next,

100 pl of the bacterial suspension was added to 96-well plates containing 100 pl of
lysozyme solution (100 pg/ml), and either 50 or 100 pg/ml of bacterial sensitizer prepared
in HEPES buffer (final concentration of lysozyme:50 pg/ml). Plates were incubated at room
temperature for 10 min and the ODggg Was recorded. £. coliwas also incubated with
bacterial sensitizers in the absence of lysozyme to test if bacterial sensitizers would directly
induce bacterial lysis. £. colithat was incubated with lysozyme alone or £. coli without any
treatment were also included as negative controls.

Evaluation of the influence of exogenous LPS and Mg?*, Ca2* on bacterial sensitizers

The MICs of bacterial sensitizer and antibiotic combination in the presence of LPS (ranging
from 0 to 40 UM ) or Mg2* or Ca2* (ranging from 0 to 20 mM) were determined as
described above (Bacteria culture and MICs determination section). £. coli (ATCC 25922)
was used for this study.

Construction of MCR-1 and NDM-1 expressing E. coli strain

E. coli (ATCC 25922) was transformed with pGDP2 MCR-1 (Addgene, pGDP2 MCR-1,
plasmid #118404) to generate colistin-resistant strains. £. coli (ATCC 25922) was
transformed with pGDP1 NDM-1 (Addgene, plasmid # 112883, pGDP1 NDM-1) to
generate strains resistant to a broad range of p-lactam antibiotics.193 The successful
construction of the MCR-1 and NDM-1 expressing £.coli strains were validated by their
increased resistance towards polymyxin B and p-lactam antibiotics (ampicillin, ceftazidime
and meropenem) respectively.

Dansyl-PMBN displacement assay

Dansyl-PMBN was synthesized following a previously described protocol.20 Dansyl-PMBN
was dissolved in H,O to make 500 uM stock. Bacterial sensitizers were dissolved in ethanol
to make 10 mM stock solutions. £. coli (ATCC 25922) was cultured in MH-11 overnight

at 37 °C, centrifuged at 3,000 g for 10 min, washed with HEPES buffer (pH 7.2), and
finally resuspended in HEPES buffer, to obtain a £. coli suspension of ODggg 0.3. Using
96-well plates, 10 uM Dansyl-PMBN was added to a volume of 100 pl of the bacterial
suspension and the fluorescence intensity was recorded (Ey = 340 nm; E,; = 520 nm).
Bacterial sensitizer was then added to achieve a final concentration of 200 pM. Then the
mixture was incubated at room temperature for 3 min and the fluorescence intensity was
recorded (Eyx = 340 nm; E, = 520 nm).

Cytotoxicity test of bacterial sensitizers on mammalian cells

Cell viability was assessed by using Cell Counting Kit-8 (CCK-8, Dojindo, Japan).
HEK?293 or NIH3T3 cells were cultured in DMEM (Dulbecco’s Modified Eagle’s Medium)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Sigma-
Aldrich; P4333) at 37 °C with 5% CO». Cells were seeded in a 96-well plate one day
before the experiment. Cells were then incubated with various concentrations of bacterial
sensitizers at 37 °C in incubators with an atmosphere of 5% CO, for 24 h, then 10 uL of
CCK-8 solution was added to each well, and the plate was incubated for an additional 2 h
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at 37 °C with an atmosphere of 5% CO,. The optical density at 450 nm was recorded by
plate reader, and the results were calculated as a percentage of viability compared with the
untreated control.

Computational simulations—Initial force-field parameters for MD-124 and MD-126
were obtained from the CGenFF webserver at cgenff.umaryland.edu.104-105 partial charges
on the MD-124 and MD-126 central rings were further modified using the Force Field
Toolkit (ffTK).106 Additionally, one dihedral angle parameter (with penalty of ~33 in

both molecules) was improved using ffTK by fitting to a quantum mechanical dihedral
scan at 6-31G*/MP2 level of theory. The CHARMM36 force field was used for all other
components.107

We built the outer membrane (OM) using CHARMM-GUI.108-109 The OM comprised

36 lipopolysaccharides (LPS) and 105 phospholipids in the upper and lower leaflets,
respectively. The phospholipid layer (inner leaflet) is composed of 90 PPPE (charge = 0),
11 PVPG (charge = -1), and 4 PVCL2 (charge = —2). The compositions and structures

of the OM were based upon previous studies.8” Lipid A and core sugars of the LPS were
neutralized by adding Ca2* ions. After that, we added Na* and CI ions in a bulk solvation
box at a 0.15 M NaCl concentration. Equilibration of each system was performed using
NAMD, 0 followed by production simulations using Amber!1! at a constant temperature of
310 K and pressure of 1 atm. Equilibration involved multiple steps: (i) We melted the lipid
tails for 1 ns. (ii) We equilibrated for another 1 ns where everything was allowed to relax.
(iii) We simulated the membrane for another 200 ns to obtain a converged area-per-lipid.
Using the resulting membrane system, we added two copies of a given adjuvant molecule on
top of the membranes followed by the removal of four Na* ions to keep the overall system
neutral. Furthermore, we also removed any clashing water molecules that were within 2 A
of the added molecules. Next, the combined system was equilibrated for 11 ns followed by
production simulations with Amber. Hydrogen mass repartitioning (HMR) was employed to
accelerate the simulations by allowing for a 4-fs time step.112-113 The Berendsen barostat
was used for pressure control and Langevin thermostat for temperature control. Van der
Waals interactions were cut off at 12 A with a switching function starting at 10 A. To
prevent the molecules from leaving the upper bulk solvation box above the LPS, which is
possible due to the use of periodic boundary conditions, we added a wall potential 40 A
from the lipid A phosphates in equilibrium simulations.

For steered MD (SMD) simulations, we added one molecule of an adjuvant on top of

the equilibrated membrane followed by the removal of two Na* ions and clashing water
molecules. In addition, we prepared another system with a different initial orientation of the
same molecule. We performed two SMD simulations for each molecule after equilibrating
each system for 1 ns. In the SMD simulations, we pull a molecule slowly (0.25 A/ns)
towards the lipid head groups of the lower leaflet. Therefore, we capture the behavior of the
molecules as it traverses the OM. These simulations were run for nearly 300 ns each with a
2-fs time step and without HMR.

Skin-burn infection model—Evaluation of MD-124-antibiotic combinations was
conducted in a skin-burn infection model following published literature.9-97 £.coff wild-
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type (ATCC 25922) or MCR-1 and NDM-1 expressing £. coli strains were used in this
study. Full Thickness human skin was purchase from ZenBio. Skin was cut to 1cm x 1 cm
before use. MD-124 and antibiotics were formulated as water based hypromellose gel.%8

2 g Hypromellose 4000 was suspended with 15 ml propylene glycol to prepare the gel

base. 0.8 ml MD-124 and antibiotic in autoclaved H,O was mixed with 0.2 ml gel base

to prepare MD-124-antibiotic combination gel for topical applications. 0.8 ml MD-124 or
0.8 ml antibiotic in H,O were also mixed with 0.2 ml gel base to prepare gel containing
MD-124 or antibiotics only. Bacteria were grown in MH-11 broth overnight, centrifuged at
3,000 g for 10 min, washed with PBS buffer (pH 7.4), and gently resuspended in PBS buffer
to reach 1 x 107 CFU/ml. Human skin was burnt with a soldering iron (95 °C) for 10 s;

then 10° CFUs bacteria (10 pl of 1x 107 CFU/mI bacteria stock) were inoculated to the burnt
skin and was cultured at 37 °C for 1 h. Then the skin was loaded with hypromellose gel
(~50 plI gel for each piece of skin) containing different compounds and cultured at 37 °C.
After 24 h of incubation, each skin sample was transferred to a 1.5 ml tube with 1 ml PBS,
homogenized (4,000 rpm with beads, 2 min) and the supernatants were serially diluted and
plated on agar plates, and bacterial counts were carried out. The homogenization process did
not affect bacterial viability.

Mouse infection models—This study was carried out in accordance with the guide for
the Care and Use of Laboratory Animals and under the Georgia State’s Animal Welfare
Assurance in accordance with the Public Health Service (PHS) Policy for Humane Care
and Use of Laboratory Animals with assurance number D16-00527(A3914-01). The animal
study protocol (A21045) was approved by the Georgia State’s Institutional Animal Care
and Use Committee (IACUC). CD-1/ICR mice (female, 5-6 weeks) were purchased from
Charles Rivers Laboratories and raised under standard sterile housing with free access

to food and water. After acclimation, the average body weight was 26.2 g for wild-type
(WT) E. coli (ATCC 25922) and 25.8 g for NDM-1 E. coliinfection experiment. For

the mouse studies, overnight cultures of £. coligrown in LB were diluted to an ODggg

of 0.05 with fresh LB and allowed to grow at 37°C with shacking until reaching an

ODgqg of about 1.0 (about 2.5 hours). The bacteria were enumerated by microscopic
counts (Zeiss, Germany) using a Hauser counting chamber and diluted with 5% mucin

in normal saline (autoclaved) to 108 CFU/ml. The mouse was infected with £, co/i (WT or
NDM-1 expressing) by intraperitoneal (i.p.) injection of 0.1 ml of the 108 CFU/ml bacteria
suspension (107 CFU/mouse). One hour post infection, treatments were administered
intraperitoneally as described. After treatment, the animal comfort level was determined
by observing their appearance and behavior. Bodyweight and temperature (monitored by
infrared body temperature meter) were monitored 5 hours post-infection and on day 2

and day 3. Mice that showed signs of terminal systemic infection such as lethargy, head
tilt, paralysis, labored breathing, or body temperature lower than 30°C were euthanized
and considered to reach clinical endpoint. Experimental endpoint was defined as 3 days
post-infection for mice not reaching clinical endpoint. The survival data was collected and
analyzed by Graphpad Prism 9 to generate the survival curve and statistical analysis using
Log-rank (Mantel-Cox) test.
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Fig. 1. MD-124 sensitizes Gram-negative bacteria towar ds various antibiotics.
(A) 5 pg/ml MD-124 sensitized E. colitowards rifampicin (Rif). £. coliwas cultured with

rifampicin at various concentrations in the presence or absence of 5 ug/ml MD-124 for 24

h at 37 °C. Then bacterial growth density was determined by measuring ODgqg. Values are
means = SD. n = 3. (B) 5 ug/ml MD-124 itself showed no inhibition effect on bacterial
growth. £. coli (5 x 10° CFUs/ml) was cultured in the absence or presence of 5 ug/ml
MD-124 and ODgq Vvalues at different time points were recorded. Values are means * SD.

n = 3. (C) Checkerboard assay of MD-124 (0 to 100 pg/ml) and rifampicin on £. coli. From
red bar to blue bar: decreasing bacterial growth density. (D) Checkerboard assay of MD-124
(0 to 10 pg/ml) and rifampicin on £. coli. (E) MD-124 sensitizes various Gram-negative
bacterial species towards rifampicin (Rif). Sensitization fold = MIC of rifampicin only /MIC
of rifampicin with MD-124. (F) Comparison among MD-124, pentamidine and PMBN for
their sensitization effects on £. colitowards rifampicin. (G) 5 pg/ml MD-124 sensitizes

E. colitowards a broad range of antibiotics. All results shown represent biologically
independent triplicates.
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Fig. 2. MD-124 sensitization of wild-type A. baumannii, K. pneumoniae and drug-resistant Gram-
negative strains towar ds existing antibiotics.

(A and B) Checkerboard assays showed sensitization of A. baumannii by MD-124 towards
rifampicin and novobiocin. (C and D) Checkerboard assays showed sensitization of K.
pneumoniae by MD-124 towards rifampicin and clarithromycin. (E) Sensitization of an
NDM-1-expressing strain of £. coliby MD-124 towards rifampicin. (F) Sensitization of
an mcr-1-expressing strain of £. coliby MD-124 towards rifampicin. (G) Sensitization

of MDR K. pneumoniae by MD-124 towards rifampicin. (H) Sensitization of MDR S.
Typhimurium by MD-124 towards rifampicin. All experiments were done at least in
biologically independent duplicate.
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Fig. 3. Mechanistic studies revealed that MD-100 and M D-124 sensitize E. coli by disrupting the
outer membrane and increasing antibiotics uptake through binding to L PS.

(A) Proposed sensitization mechanism of MD-124 and MD-100. (B) MD-124 showed
decreased ability to sensitize £. colistrain NR698 (a mutant with a “leaky” outer membrane)
towards clarithromycin. Values are means + SD. n = 3. (C) Bacterial sensitizers facilitated

E. colilysis by lysozyme. Poly B and Penta are short for polymyxin B and pentamidine,
respectively. As control, £. coliwas incubated with various bacterial sensitizers at the same
concentration in the absence of lysozyme (pink bar). Values are means + SD. n=3. P

values were determined using unpaired two-tailed Student’s t-tests. ***: £< 0.001 compared
with vehicle group. (D) LPS decreased the sensitization ability of MD-124 on £. coliin a
concentration-dependent manner. (E) Mg?* and Ca?* decreased the sensitization ability of
MD-124 in a concentration-dependent manner. (F) Dansyl-PMBN (DP) displacement assay.
10 uM Dansyl-PMBN was added to £. coli (ODggg = 0.3) in HEPES buffer (pH = 7.4),

and the fluorescent intensity was recorded as F1 (Ex = 340 nm; Em = 520 nm). Then 200
UM compounds were added, and the fluorescent intensity was recorded as Fx. Fluorescent
intensity/% = (F1-Fx)/F1. The fluorescent intensity of 10 uM Dansyl-PMBN with £. coli
(F1) was marked as 100 %. Values are means + SD. n = 3. P values were determined using
unpaired two-tailed Student’s t-tests. ***: £<0.001 compared with vehicle group.
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Fig. 4. Molecular dynamics simulations of the interactions between bacterial sensitizersand E.
coli outer membrane (OM).
(A) MD-124 interacts with phosphate groups of LPS. A representative state for one of the

two copies of MD-124 present in the £. co/i OM simulation. Hydrogen bonds are indicated
by dotted lines. Purple spheres are Ca2* ions. (B) d1 is defined as the distance between

the two positively charged diamidine groups. (C) MD-124 and MD-126 adopt similar
geometries in water in terms of the distance between the two amidine groups (d1). (D)
MD-126 diamidine groups come closer together than those of MD-124 when they directly
interact with the LPS layer of the OM. (E and F) Steered molecular dynamics (SMD)
simulations (pulling speed of 0.25 A/ns) show large differences in the d1 values between
MD-124 and MD-126 in the hydrophilic part (Lipid A sugars and core sugars) of the LPS
layer. Sim1 and Sim2 are short for simulation 1 and simulation 2.
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Fig. 5. Validation of M D-124 efficacy in an ex-vivo skin infection model (A, B, C) and in-vivo
systemic infection model in mice (D, E, F).

(A) Combination of MD-124 and novobiocin inhibited wild-type (WT) E. coli growth.
Concentration (w/w) for polymyxin B (poly B), novobiocin (Novo) and MD-124 were
1%o, 4%o and 1.5%o. The same concentration was used for novobiocin and MD-124 in

the combination treatment groups (Novo + MD-124). (B) Combination of MD-124 and
clindamycin inhibited the growth of NDM-1-expressing £. col/i. Concentration (w/w) for
polymyxin B (poly B), clindamycin (Clind) and MD-124 were 1%o, 3%0 and 1.5%o.. The
same concentration was used for clindamycin and MD-124 in the combination groups
(Clind + MD-124). (C) Combination of MD-124 and polymyxin B inhibited the growth

of mcr-I-expressing £. coli. Concentration (w/w) for polymyxin B (poly B) and MD-124
were 3%o and 1.5%o. The same concentration was used for polymyxin B and MD-124

in the combination groups (Poly B + MD-124). For Fig. A, B, C, values are means +

SEM. n =5, P values were determined using unpaired two-tailed Student’s t-tests. ***P <
0.001 vs antibiotics or MD-124 alone group. (D) Schematic illustration of the experimental
procedures of a systemic infection model in mice. (E and F) MD-124 and novobiocin
combinations significantly increased the survival rates of mice after infection by WT E.
coli (E) and NDM-1-expressing £. coli (F). Arrows in Fig. E and F indicate the treatment
time. The concentration for MD-124 and novobiocin is 10 mg/kg and 80 mg/kg respectively.
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The same concentration was used for novobiocin and MD-124 in the combination treatment
groups. For Fig. E and F, n = 15 biologically independent animals per group. ***P < 0.001
vs antibiotics or MD-124 alone group. Statistical analysis using Log-rank (Mantel-Cox) test.
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