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Abstract

The outer membrane (OM) is a formidable barrier that has made antibiotic
drug discovery in Gram-negatives exceedingly difficult. Many antibiotics which
are effective against Gram-positive bacteria cannot permeate the Gram-negative
OM to reach their intracellular targets. Thus, it is important to explore
unconventional approaches to overcome the intrinsic resistance conferred by the
OM. Herein, we used both genetic and chemical means to compromise OM
integrity to potentiate the activity of large-scaffold antibiotics against Escherichia
coli. First, we mapped the genetic interaction network of OM biosynthetic genes
using synthetic genetic arrays (SGAs) to reveal permeability determinants of the
E. coli OM. This led to the creation of a publicly accessible dataset of ~155,400
double deletion strains with growth data in the presence of the large-scaffold
antibiotics rifampicin and vancomycin. Investigations of a subset of synthetic sick
interactions revealed connectivity in the context of permeability between
lipopolysaccharide (LPS) inner core biosynthetic genes and an enigmatic gene
involved in enterobacterial common antigen (ECA) regulation. Second, we
leveraged a chemical screening platform based on the observation that disruption
of the E. coli OM leads to antagonism of vancomycin activity at cold temperatures
to uncover molecules that potentiate Gram-positive-targeting antibiotics at 37 °C.
Two of these compounds, liproxstatin-1 and MAC-0568743, were characterized
to bind to LPS and disrupt OM integrity specifically without impacting the inner

membrane (IM). Third, we performed genetic and chemical screening to unearth
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targets capable of potentiating the activity of Gram-positive-targeting antibiotics
against E. coli. This validated the OM as a valuable target for antibiotic adjuvants
and led to the discovery of two membrane active compounds and an inhibitor of
lipid A biosynthesis. Overall, this thesis emphasizes the importance of elucidating
biological factors contributing to OM permeability and the attractiveness of the

OM as a target for antibiotic potentiators.



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

Acknowledgements

Dr. Eric Brown — thank you for giving me the opportunity to perform my graduate
research in your lab. Your guidance and mentorship have helped to shape me
into the more confident and driven scientist that | am today. | will never forget this
experience.

Drs. Marie Elliot and Mike Surette — thank you for your scientific guidance and
support along the way. | appreciate the time you've given me and the positivity
you both bring to our meetings.

Brownies, past and present — thank you to everyone who has taken the time to
share their expertise with me and lend a helping hand. Thanks for always being
there for me, both in science and in friendship.

My dearest friends — thank you for reminding me that there’s more to life than just
lab. | appreciate all our life chats and rants and laughs.

Daniel — thank you for all the love and encouragement you’ve given me
throughout graduate school. The walks and smiles in stressful times helped get
me through it. | am so glad that we have gone on this journey together. Words
cannot describe how much you mean to me. | love you.

Mom and Dad - this is for you. Thank you for always believing in me and
encouraging my pursuit of education. | could not have made it this far without

you. Your love and support are everything to me. | love you both.



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

Table of contents

Foreword
Y 01 1= S iii
ACKNOWIEAGEMENTS. ....ooiiiiiiiiie e v
Table Of CONtENTS ... e Vi
LiSt Of fIQUIES ... iX
(I ES] 0] 8 =1 o [ Xi
List of @abbreviations...........cooo e Xii
Chapter | — Introduction
Preface ... 2
The history of antibiotics: An evolutionary arms race ..............cccccccvviiiiiiiieeenn. 3
Synthetic interactions as probes of complexity in cell systems ........................ 4
Investigating genetic synthetic lethality using synthetic genetic arrays ............ 7
Chemical-genetic synthetic lethality............ccccooiiiiiiiiiii 10
The Gram-negative outer membrane as a barrier to antibiotic entry.............. 12
Lipopolysaccharide biosSynthesis ...........ooooiiiiiiiiiiiiiieeeeeee e 13
Targeting the outer membrane to overcome intrinsic antibiotic resistance..... 15
Research objectives: From understanding outer membrane biology to drug
ISCOVEIY ...ttt et e e e e e e e e e e e e et e e n e eees 19
REEIENCES ... e 20
U e 31
Chapter Il - Genetic and chemical-genetic interactions map biogenesis and
permeability determinants of the outer membrane of Escherichia coli
Preface ... e 38
Y 01 1= USSR 39
1 g 0] i c= 1 o = S 40
] (oo 1¥ o3 o] o IS 40
RESUIS .. e e e e 44
Synthetic genetic arrays of outer membrane-related genes...................... 44
Frequent interactors in SGA analysis ..........cccccuiiiiiiiiiiie 46
Profound differences in interactions when probed with Gram-positive
targeting antibiotiCs..........oooo i 47
OMI Explorer: An online, searchable database for genome-wide
interactions of outer membrane biosynthetic genes ............ccccc. 49
An interaction between AyhdP and deletions in LPS inner core
DIOSYNINESIS ... . 50
DT U 11 o] o 55
Materials and Methods ... 61
] (=T (=] T 67
U S e 75
1= o] 1= EPPURPRR 83
Supplementary fIQUIES ...... ... e 84
Supplementary tables ..........oooo e 90

Vi



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

Chapter Ill — Chemical screen for vancomycin antagonism uncovers probes of
the Gram-negative outer membrane

Preface ... e 94
Y 01 1= USSR 95
] (oo 1¥ o (o] o 1SS 96
Results and DISCUSSION ......ccoeeiiiieiiieeeeeeee e 101
A high-throughput screen to uncover compounds that perturb the outer
0T 0] o] =T o U= U 101
Liproxstatin-1 and MAC-0568743 potentiate Gram-positive-targeting
antibiotics in Gram-Negatives ...............eeeiiiiiiiiiiiiiiii 104
The potentiation of Gram-positive-targeting antibiotics is due to outer
membrane diSrUPLION ........cooo oo 105
Liproxstatin-1 and MAC-0568743 interact with the outer membrane by
DINAING 10 LPS ... 108
Liproxstatin-1 and MAC-0568743 minimally impact inner membrane
INEEGIIEY oo e 111
Potentiation activity of structural analogues of liproxstatin-1 and MAC-
OBB8T 43 ...t e e e e e e e e e e e e e e e e e e e 113
{©70] o T3 U171 o 116
METNOAS ... 117
FUNAING e e 123
ACKNOWIEAGEMENTS. ..o 124
REEIENCES ... e 124
o U] £ TP PPPPPPPPPPPPRR 129
TADIES .. 139
Supplementary fIQUIES ...... ... i 140
Supplementary tables ... 145

Chapter IV — Genetic and chemical screening reveals targets and compounds
to potentiate Gram-positive antibiotics against Gram-negative bacteria

Preface ... s 150
Y 01 1= PSPPSR 151
1] (oo 18 o 1o o I 152
Results and DISCUSSION ......ccoeeiiiiiiieeeeeeee e 154
Genetic requirements for resistance of E. coli to Gram-positive-targeting
=] 1] o] o) [ 154
Chemical screening for potentiation of Gram-positive-targeting
ANtIDIOICS IN E. COl oo 157
MAC-0493157 and MAC-0483351 potentiate linezolid through outer
and inner membrane diSruUPtioN ..........cccoooiii i 159
MAC-0485042 potentiates rifampicin and vancomycin by inhibition of
0 ) SEREERRURRR 161
LpxC inhibitors are synergistic with rifampicin in Gram-negative
PATNOGENS ... 164
{©70] o T3 U171 o 166

Vii



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

METNOAS ... e 167
FUNAING et e e 173
ACKNOWIEAGEMENTS. ...cooiiiiiiiiii e 173
REEIENCES ... s 174
B U S e a e 179
L= o] 1= EEUUPRPRRRR 185
Supplementary fIQUIES ...... ... 186
Supplementary tables ... 189
Chapter V — Conclusion
SUMM@IY ettt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaeeeas 191
LeSSONS 1€ArNEAd .......eeeiiiii e 192
FUture dir€CHIONS ... 193
Exploiting synthetic interactions in antibacterial drug discovery................... 196
Targeting the outer membrane for antibiotic potentiation in the clinic .......... 198
ConClUdING FEMAIKS ...t 201
REEIENCES ... s 202
B U e e 206

viii



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

List of figures

Chapter |
Figure 1: The principle of synthetic lethal interactions...............c.cccccocceeiiin. 31
Figure 2: A synthetic genetic array WOrkflow ..., 32
Figure 3: Classes of Gram-positive-targeting antibiotics which are ineffective
against Gram-negative bacteria with an intact OM.............c.oooiiins 33
Figure 4: Increased OM permeability leads to potentiation of the activity of
impermeable antiDiotiCS ..........oooi i 34
Figure 5: Lipid A biosynthesis and LPS core assembly in E. coli ................... 35
Chapter lI
Figure 1: Synthetic genetic arrays of outer membrane-related gene
[0 =111 (o 1 EUPURPRR 75
Figure 2: Frequent interactors in SGAs have conjugation and recombination
(0= =T o £ EPPURRRR 76
Figure 3: Synthetic genetic interactions are altered in the presence of
subinhibitory concentrations of large-scaffold antibiotics.................ccccuvvveeeee. 77
Figure 4: Example of a search output in OMI Explorer............cccccviiieinnn. 78

Figure 5: A synthetic sick interaction between AyhdP and LPS inner core
deletion strains results in increased susceptibility to cell wall active

ANTIDIOTICS .. 79
Figure 6: The increased susceptibility, of strains with deletions in yhdP and
LPS inner core genes, to vancomycin is due to both outer membrane

permeability and UNd-P fluX.............oooe e 81
Figure S1: The workflow used to generate SGAS..........cccccceeiiiiiiiiiieiiiie 84
Figure S2: SGAs of outer membrane-related gene deletions in subinhibitory
concentrations of rifampicin and vanCcomycin ............ccccccvvviiiiiiiiiiiiiieee 85
Figure S3: Network interaction map for SSL gene pairs for no drug,

rifampicin, and VanCOMYCIN .........ooooiiiiiieee e 86
Figure S4: t-SNE clustering of SGAs under rifampicin stress compared to

Lo 3o | (U Lo TP PPPPPPPPPPPPPR 87
Figure S5: Deletion of yhdP in LPS inner core deletion strains leads to a
GrOWEN AEFECT ... 88
Figure S6: Deletion of ECA production suppresses vancomycin MIC in

AyhdP AlpcA, AyhdP ArfakE, AyhdP AwaaF, and AyhdP AwaaP..................... 89

Chapter Il
Figure 1: High-throughput chemical screen for molecules that antagonize

the activity of vancomycin at cold temperatures...............ccoeeiiiiiiiiiiiiiinnee. 129
Figure 2: Liproxstatin-1 and MAC-0568743 potentiate Gram-positive-

targeting antibiotics in Gram-negative bacteria .................cccooeiiiiiiiiiinnee 131
Figure 3: Potentiation of large-scaffold antibiotics by liproxstatin-1 and
MAC-0568743 was due to OM diSruption..........cccooeeeeeeeeiiiiiiieeeee 133
Figure 4: Liproxstatin-1 and MAC-0568743 disrupt the bacterial OM by
physically interacting with LPS ... 135



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

Figure 5: Liproxstatin-1 and MAC-0568743 exhibit minimal IM disruption ... 137
Figure S1: Liproxstatin-1 and MAC-0569743 do not potentiate the large,
hydrophilic antibiotic, vanComycCin ... 140
Figure S2: Treatment with subinhibitory liproxstatin-1 and MAC-0568743
results in regions of accumulation of membrane stain FM4-64 in E. coli...... 141
Figure S3: MAC-0568743 is able to physically perturb the OM of stationary

PRASE CeIIS ... 142

Figure S4: Liproxstatin-1 is able to physically perturb the OM of stationary

PRASE CeIIS ... 143

Figure S5: Liproxstatin-1 and MAC-0568743 are effective OM perturbants

in polymyxin-resistant environmental and clinical isolates of E. coli............. 144
Chapter IV

Figure 1: Genetic requirements for resistance to Gram-positive-targeting

ANtIDIOLICS IN E. COl .o 179

Figure 2: Workflow of the chemical screens for potentiation of Gram-

positive-targeting antibiotiCs ... 180

Figure 3: MAC-0493157 and MAC-0483351 potentiate the activity of

linezolid against E. coli through outer and inner membrane disruption ........ 181

Figure 4: MAC-0485042 potentiates rifampicin and vancomycin activity in

E. coli through inhibition of LPXC ......ccoiiiiiiiiiii e 183

Figure 5: LpxC inhibitors can be used to potentiate the activity of rifampicin

IN PAtNOGENS ... 184

Figure S1: Replica plots of normalized E. coli growth in all five primary

chemical screens performed in duplicate ..............iiiiiiiiii s 186

Figure S2: Chemical structures of A22 analogues detected as actives from

the primary potentiation SCreens.............ooooiiiiiiiii s 187

Figure S3: Chemical structures of sulfonamides detected as actives from

the primary vancomycin potentiation screen .............cccccoiiiiiiiiiiiiiiiineee. 187

Figure S4: The hydroxamate moiety is required for potentiation activity of

MAC-0485042......co oot e e e e e e e e e e e e nnneeeeaeean 188

Figure S5: The E. coli IpxC101 D22 mutant strain is hypersensitive to

rifampicin @and VanCOMYCIN ........cooiiiiiiiiiiiii e 188
Chapter V

Figure 1: Compounds that target LPS, both physically and its biosynthesis,

are synergistic with vancomycin in a AyhdP background ............................. 206



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

List of tables

Chapter lI
Table 1: Summary of SSL interactions across all SGAs performed................ 83
Table S1: Background information on query gene deletion strains................. 90
Table S2: All synthetic interaction values for SGAs performed in no drug,
vancomycin, and rifampiCin ... 90

Table S3: Gene list from t-SNE cluster highlighted in green in Figure 3 ........ 91

Table S4: Antibiotic susceptibility testing of a diverse panel of antibiotics

against double and single deletion strains of AyhdP and LPS inner core....... 92
Chapter Il

Table 1: Potentiation and inner membrane activity of liproxstatin-1

analogues in E. coli BW25113 ... .. e 139

Table S1: Physicochemical properties of active and inactive compounds

S =T =Y o USRS 145

Table S2: Potentiation activity of D-Series MAC-0568743 analogues in

E. COliBW25113 ..ttt e e e e e e e e 146

Table S3: Characterization and potentiation activity of B-series

MAC-0568743 analogues in K. pneumoniae C026 ..............cooevvveuiciiaanennnn. 147
Chapter IV

Table 1: Minimum inhibitory concentrations of Gram-positive-targeting
antibiotics in wild type, hyperporinated, and efflux-deficient strains of

E. COlIBW25T13 ..ttt e e e e e e e e 185
Table S1: Potentiation activity of MAC-0493157 and MAC-0483351
analogues in E. coli BW25113 ... .. e 189

Xi



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

List of abbreviations

AD e ————— Acinetobacter baumannii
AP e acyl carrier protein
AFM atomic force microscopy
Y o] - L PPURUSPR apramycin
N N adenosine triphosphate
CIP chromosomal integrative plasmid
DISCa(5)..ciiiiiiiieeece e 3,3’-dipropylthiacarbocyanine
DMEM ... Dulbecco’s modified eagle medium
DIMSO .. dimethyl sulfoxide
DN A e ————————— deoxyribonucleic acid
EC A enterobacterial common antigen
B A et e ettt a e e e e e e e e e e e e e e e e e cyclic ECA
ECALPS oo lipopolysaccharide-linked ECA
EC ARG et phosphatidylglycerol-linked ECA
ED T A s ethylenediaminetetraacetic acid
BN e erythromycin
F B S i e fetal bovine serum
FlC e fractional inhibitory concentration
FIC fractional inhibitory concentration index
GGl e galactose
GGl C e a e glucose
GICNAC. .o N-acetylglucosamine
G0 e —————————— Gene Ontology
HE D e L-glycero-D-manno-heptose
HEPES.......... 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
T e high-frequency recombination
L 50 ettt half-maximal inhibitory concentration
PP PP PPPPPPPPPPPPPP inner membrane
| isopropyl B-D-1-thiogalactopyranoside
6= o PO PP PPPPPPPRRPPPPRR kanamycin
KAO s 3-deoxy-D-manno-octulosonic acid
o Klebsiella pneumoniae
LB e e e e e lysogeny broth
LD H. lactate dehydrogenase
o TSP PPPPPPPPPPPPR linezolid
I O EERRRUN lipopolysaccharide
MEM L ————— minimal essential medium
MES .. morpholinoethanesulfonic acid
M A e Mueller Hinton Agar
MH B e —————— Mueller Hinton Broth
MIC s minimum inhibitory concentration
MIa s maintenance of lipid asymmetry

Xii



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

1N )Y o P UPUSTTR novobiocin
OFN et overnight
O e optical density
L ] U outer membrane
OMI .. Outer Membrane Interaction
ONPG ..o ortho-nitrophenyl-B-galactoside
O e —————————— oligosaccharide
P e Pseudomonas aeruginosa
PABN L phenylalanine-arginine -naphthylamide
P B S . phosphate-buffered saline
PR e ————— polymerase chain reaction
P I B e polymyxin B
PMBN .. polymyxin B nonapeptide
R e rifampicin
RIN A et e e e e e e e e e e eennannnna ribonucleic acid
R e a e e e e e eeeeaeees room temperature
SIS e sodium dodecyl sulfate
S A e synthetic genetic array
STV synthetic interaction value
SMILES.....ooiiiii simplified molecular-input line-entry system
SRIN A e e e e e e e aees small RNA
B3] PP PPPPPPRPPPPPR synthetic sick or lethal
t-SNE ... t-distributed stochastic neighbour embedding
I3 uridine diphosphate
1Y | uridine monophosphate
UNA-Pe e undecaprenyl-phosphate
UPEC ... e uropathogenic Escherichia coli
VaNCO OF VAN ..ot vancomycin
WHO L. World Health Organization
LT TP TPPPPPP wild type

Xiii



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

CHAPTER | - Introduction



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

Preface

Some parts of this chapter were adapted from two previously published reviews:

Klobucar K, Brown ED. 2018. Use of genetic and chemical synthetic lethality as
probes of bacterial cell systems. FEMS Microbiol Rev. 42: fux054. Copyright

2018 Oxford University Press. Reused with permission.

Klobucar K, Brown ED. 2022. New potentiators of ineffective antibiotics:
Targeting the Gram-negative outer membrane to overcome intrinsic resistance.
Curr Opin Chem Biol. 66: 102099. Copyright 2022 Elsevier. Reused with

permission.

| wrote and edited both manuscripts with input from Brown ED.
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The history of antibiotics: An evolutionary arms race

The discovery of antibiotics has had an immense impact on modern
medicine, providing the ability to treat and prevent bacterial infections, originating
with the discovery of penicillin in 1928 and its widescale use in 1945 (1). This
spurned the golden era of antibiotics, which focused on the discovery of natural
product antibiotics, which are produced by bacteria and fungi to protect
themselves from environmental competitors (2). Whole cell screening of natural
product extracts led to the successful discovery of many antibiotics which were
effective in treating bacterial infections in vivo and were well-tolerated in hosts
(3). However, this reservoir of antibiotics was quickly depleted by the 1960s.
Research efforts shifted from the discovery of new scaffolds to the improvement
of existing scaffolds via medicinal chemistry efforts and screening of synthetic
compounds. Later antibiotic drug discovery efforts were met with little success;
leads discovered in target-based discovery platforms did not translate to whole
cell activity (2, 4). This is especially true for Gram-negative bacteria, as no novel
classes of antibiotics have been approved to treat Gram-negative infections since
the quinolone antibiotics in 1962 (3, 5).

With the sparse antibiotic pipeline and increasing levels of bacterial
resistance, we are in the modern resistance era (2). In fact, soon after the
discovery of the first antibiotic, bacteria with resistance to penicillin were detected
(6). Bacteria have developed many resistance mechanisms to antibiotics

including modifications to the cellular targets of antibiotics, inactivation of the
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antibiotics themselves, and upregulation of efflux pumps (7). Antimicrobial
resistance has been responsible for millions of deaths worldwide (8) and public
health organizations have highlighted the need for new treatments against
pathogens including Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacteriaceae, which have been listed as critical priority pathogens by the
World Health Organization (WHO) (9, 10). Notably, these critical priority
pathogens are Gram-negative, which are intrinsically resistant to many
antibiotics; this will be further discussed in a later section of this chapter.

Since there are widespread bacterial resistance mechanisms to most
currently available antibiotics, more research needs to be done to find
unconventional ways to target bacterial cells (2). These unconventional
approaches can include the discovery of druggable targets that have previously
been overlooked, exploiting multiple weaknesses of bacterial cells in
combination, and repurposing existing antibiotics in combination with other
compounds, like adjuvants, to increase their efficacy in the face of resistance
determinants. In order to accomplish this, more work must be done in the scope
of gene or target essentiality in different contexts to truly understand the

weaknesses in complex bacterial cell systems which can be exploited.

Synthetic interactions as probes of complexity in cell systems
Our classic understanding of gene essentiality is that some genes are

indispensable, meaning that they are required for growth and cannot be deleted;
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others are dispensable and can be mutated. This is a vast oversimplification as
there are many different conditions and genomic contexts that can lead to a non-
essential gene becoming essential for viability (11). Genetic interactions can alter
gene essentiality, thus it is important to consider the complexity of the biological
system under study (11).

Formally, a synthetic interaction is known as a phenotype that is produced
by a combination of perturbations (genetic, chemical, or both) that differs from the
expected phenotype based on the effect of each perturbing agent individually
(12). In the study of microbial synthetic interactions, the phenotype that tends to
be measured is fithess or growth (13—18). A synthetic interaction can be either
positive or negative (Figure 1A). Positive genetic interactions (also referred to as
synthetic viable interactions or alleviating epistasis) occur when the combination
of perturbations leads to greater fitness than expected. An example of a synthetic
viable interaction could involve a toxin-antitoxin system. Deleting both the toxin
and corresponding antitoxin gene, would result in cell viability, whereas if the
antitoxin gene was deleted alone, the cell would die (19). Negative genetic
interactions (also referred to as aggravating epistasis, synergistic interactions, or
synthetic lethality/sickness depending on the extent) occur when the combination
of perturbations leads to a lower fithess than expected, or even a lethal
phenotype (Figure 1B). Negative or synthetic sick/lethal (SSL) interactions tend to
occur if both perturbations target genes in parallel or redundant pathways (Figure

1C) (20, 21). In this case, an essential precursor that is made only by these
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redundant pathways will no longer have a means of being synthesized, resulting
in synthetic lethality.

SSL interactions have been studied in eukaryotic organisms such as fruit
flies, nematodes, yeast, and cancer cells, as well as prokaryotes, including many
model bacterial organisms (13, 14, 22-27). Investigating these interactions
provides insight into complex biological systems and allows the characterization
of genes of unknown function and cellular pathways within the organism. For
example, certain pairwise combinations of null mutations of surA, degP, and skp,
genes predicted to be involved in periplasmic chaperone activity in E. coli, could
not be constructed as they formed synthetic lethal pairs (28). Inferences based
around the synthetic lethal combinations allowed Rizzitello et al. to propose a
model with two periplasmic chaperone pathways — one pathway involving DegP
and Skp, and the other being a redundant and parallel pathway that requires
SurA (28).

Although low-throughput synthetic interaction experiments are effective in
lending support to very specific hypotheses, in the last decade it has become
increasingly more common to perform genetic interaction experiments in high-
throughput using automated instrumentation and computational approaches. The
first high-throughput, large-scale genetic interaction mapping study was
performed in Saccharomyces cerevisiae, which found an average of 34 SSL
interactions per gene (15, 22). Methodologies such as the ones used in yeast

have been adapted for use in bacteria, and other bacterial-specific approaches
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have been designed. This has allowed us to take systems-based approaches
when attempting to understand the genetic interaction networks of bacterial
species. Our toolbox for performing genomic and chemical genomic studies to
understand the synthetic interaction networks in bacteria is ever expanding,
especially with the creation of genome-wide deletion and transposon mutant

libraries in bacterial organisms (29-35).

Investigating genetic synthetic lethality using synthetic genetic arrays
Genetic SSL screening involves the testing of combinations of gene
deletions or mutations that lead to a fitness defect greater than expected based
on the effects of each gene disruption alone. The use of synthetic genetic arrays
(SGAs) for probing SSL genetic interactions was first developed in yeast (22).
SGAs have since been modified for use in bacteria, with similar methods being
released simultaneously by two groups—genetic interaction analysis technology
for E. coli (GIANT-coli) and E. coli synthetic genetic array (eSGA) (13, 14). For
ease, these protocols will be grouped and referred to as SGAs (Figure 2).
Performing an SGA involves the crossing of a query gene deletion or mutant
bacterial strain with an arrayed collection of single gene deletion strains, like the
Keio collection in E. coli (29), or other mutant strains to generate double mutants
in high-throughput (13, 14). The query gene deletions must be marked with a
different selectable marker than the mutant collection it is being crossed with and

be made Hfr (high-frequency recombination) using a chromosomal integrative
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plasmid, if it is not already capable of acting as a donor in conjugation (13). The
query gene deletion must be close to the Hfr origin of transfer to ensure transfer
of the query gene deletion from donor to recipient strains. Double mutants are
then created via high-throughput conjugation, are selected for, and the size or
fitness of the colonies is measured by computer software (16, 36) and compared
to the expected value based on that of the single mutants. The colonies on the
plates must be normalized for edge effects (16) as well as linkage effects (37—
39). Most SGA studies use interaction or S-scores (37) and some calculate
synthetic interaction values (SIVs) (39) to classify interactions. In essence, both
tactics apply the multiplicative rule to determine the expected growth of the
double deletion strain based on the product of the growths of the individual
deletions (40, 41). If the observed growth is significantly higher than the expected
growth, a synthetic viable interaction is categorized. If the observed growth is
significantly lower than the expected growth, an SSL interaction is categorized
(Figure 1B).

Generating systematic genome-wide genetic interaction maps in E. coli
has enabled the discovery of unknown connections between pathways and rich
new biology in general. Certainly, the first two studies describing an SGA in E.
coli made some interesting observations in their method validation (13, 14).
Typas et al. uncovered that the gene encoding Pal, a lipoprotein known to tether
the outer membrane (OM) to peptidoglycan, formed SSL interactions with genes

involved in various aspects of lipopolysaccharide (LPS) core, enterobacterial



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

common antigen (ECA), and other OM or envelope proteins (13). This hinted
toward a larger role for Pal in cell envelope organization than previously
suspected. Butland et al. chose to focus their proof-of-concept on the genetic
interactions involving the isc and suf operons, two redundant pathways in Fe-S
cluster biosynthesis (14, 42). They discovered that ydhD formed SSL interactions
with the isc operon, but not the suf operon, suggesting a role in the Suf system
(14).

Other studies and groups have since applied the SGA methodology to
probe different interactions in E. coli. In a large-scale study where OM-related
genes were crossed with each other, it was uncovered that SSL interactions
occurred between colanic acid biosynthetic pathways and the pathways that
synthesize ECA and LPS (43). The authors concluded that these pathways
interact by means of shared intermediates (43). SGA technology was also used
as a starting point in the characterization of lepA, a gene of unknown
physiological function (44). The gene’s SSL interactions led the research group to
investigate the role of /epA in ribosome function, and it was determined to encode
a GTPase involved in translation initiation (44). Another study found that gene
deletions leading to cell shape defects displayed extreme enrichment in SSL
interactions with genes involved in redox processes (45).

It is also possible for SGAs to be performed on media containing chemical
stressors to probe the interactions under these conditions, as demonstrated by

studies in yeast (46—48). In an attempt to characterize the genetic interactions of
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E. coliin DNA-damaging conditions, one research group performed SGAs on a
variety of query genes and compared the interactions in methyl methanesulfonate
to the untreated condition (49). Synthetic interactions were vastly different
between these conditions hinting at a “rewiring” of the genome integrity
machinery (49). Brown and colleagues probed genes required for growth in
nutrient-limited conditions for genome-wide interactions using SGAs (39). SSL
interactions were detected between nutrient biosynthesis and transport genes
such as those involved in pantothenate biosynthesis and transport, and between
pairs of genes functioning in redundant pathways such as metL and thrA, which

are involved in parallel pathways leading to homoserine biosynthesis (39).

Chemical-genetic synthetic lethality

Chemical-genetic SSL screening involves the combination of genetic
perturbations with chemicals and observing the pairs that lead to a more extreme
growth defect than expected based on the individual effects of the perturbations.
Although genetic synthetic lethality can be approached from a solely biological
discovery perspective, as soon as chemicals are introduced into the equation, the
applications become increasingly about drug discovery and combination
therapies, as well as probing drug mechanism of action (50). Chemical-genetic
approaches rely on the use of chemicals to probe bacterial gene functions. In

addition to genetic approaches to study essential genes such as knockdowns and
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conditional essentiality, chemicals are another way to probe these genes. The
amount of a chemical probe introduced can be both varied and reversed (51).

An extremely high-throughput way to study chemical-genomic interactions
is to take an arrayed bacterial collection of single gene deletion strains or
transposon mutants and growth them in the presence of various drugs to see
which mutants give an SSL phenotype with the drug. Gene-compound SSL
interactions have been widely studied in E. coli, as it is a model organism with an
extremely well-characterized, widely available, arrayed, single gene deletion Keio
collection (29, 52, 53). Large-scale phenomic profiling of the Keio collection was
performed by Gross and colleagues, who screened the collection in 114 different
conditions including many chemical compounds, at varying concentrations, using
colony size on solid media to determine SSL interactions of the gene deletion and
drug combinations (54). French et al. also performed a large-scale chemical
genomics study, arraying the Keio collection onto sub-MIC levels of 15 different
antibiotics to probe any SSL interactions by monitoring both growth rate and
endpoint colony biomass (16). Notably, deletions in pal and IpoB, which encode
OM proteins, were more sensitive to antibiotics targeting the cell wall, and
deletion of some exonuclease subunits were synergistic with topoisomerase
inhibitors (16). The quantitative nature and high number of chemical-genetic
interactions observed when testing dozens of different chemicals across a mutant
library enables inferences to be made about drug mechanism of action and gene

function at an unprecedented level.
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Generating a phenotypic or chemical interaction profile of various deletion
strains produces highly useful information. Deciphering which mutants lead to an
SSL phenotype with drugs that either are ineffective or are becoming ineffective
due to a rise in resistance allows us to propose potential combination therapies.
Theoretically, if a gene is identified to be SSL with a drug, it should be possible to
either use known inhibitors of that target or screen for inhibitors of that target in
order to potentiate the drug (55). This would translate from studies of chemical-
genetic synthetic interactions to studies of chemical-chemical interactions, aiming
to identify drug-drug synergy or drug-adjuvant synergy. As well, generating a
chemical-genomic profile for antibiotics can increase our understanding of their
mechanism of action, just as genetic interactions can unveil the function of an

unknown gene.

The Gram-negative outer membrane as a barrier to antibiotic entry

As mentioned earlier in this chapter, it is of critical importance to explore
new avenues for antibiotic discovery due to the diminishing availability of effective
treatments for bacterial pathogens (2). Gram-negative bacteria are particularly
worrisome, as they are intrinsically resistant to many antibiotics, such as
glycopeptides, macrolides, aminocoumarins, rifamycins, and oxazolidinones,
which are effective against Gram-positive organisms (56) (Figure 3). This intrinsic
resistance is largely due to the OM, an asymmetric bilayer consisting of

phospholipids on the inner leaflet and LPS on the outer leaflet (57). Generally,
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the OM excludes compounds which are hydrophobic, as well as compounds
greater than ~600 Da in size (58). Although the intracellular targets of many
antibiotics are present in Gram-negative bacteria, entry of such drugs into cells is
largely hindered by the OM, requiring higher concentrations for growth inhibition
than those achievable in clinical practice (Figure 4A). Notably, many of these
antibiotics become drastically more effective in vitro when tested against Gram-

negative bacteria with a compromised OM (Figure 4B,C).

Lipopolysaccharide biosynthesis

The impenetrability of the Gram-negative OM has been attributed to the
presence of LPS, which comprises approximately 75% of the bacterial cell
surface (59). Adjacent molecules of LPS pack together tightly and are stabilized
by divalent cations to reduce their negative charge, creating a barrier to entry
(57). LPS molecules are composed of a 3-deoxy-D-manno-octulosonic acid
(Kdo)2-lipid A moiety, inner and outer core oligosaccharides (OS), and O-
antigenic polysaccharide (60). However, since O-antigen is not present in E. coli
K-12 strains due to disruption of the gene encoding the WbbL
rhamnosyltransferase (61), the biosynthesis of O-antigen will not be discussed
here. In contrast, the presence of lipid A-Kdo: is essential for viability of E. coli
and is synthesized in nine steps as described by the Raetz pathway (Figure 5A)
(59). Lipid A is synthesized at the interface between the inner membrane (IM)

and the cytosol, where uridine diphosphate-N-acetylglucosamine (UDP-GIcNAc)
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is acylated by LpxA, with a 14-carbon chain from B-hydroxymyristoyl-acyl carrier
protein (ACP), at the 3-OH (62, 63). The second step, and first committed step, in
the pathway is catalyzed by LpxC, a metalloenzyme which deacetylates UDP-3-
O-acyl-GIcNAc to form UDP-3-O-acyl-GIcN (64, 65). LpxC has been widely
explored as an antibacterial target, where inhibitors have mainly been
hydroxamic acids that coordinate on the zinc ion to occupy the active site (66). A
second acyl chain, again from (B-hydroxymyristate, is added by LpxD to form
UDP-2,3-diacyl-GIcN (67, 68). LpxH then hydrolyzes UDP-2,3-diacyl-GIcN to
form uridine monophosphate (UMP) and lipid X (69). Subsequently, lipid X and
UDP-2,3-diacyl-GIcN are condensed by the glycosyltransferase LpxB, creating a
B-1’,6-glycosidic bond to form a disaccharide, releasing UDP (70). The 4’ position
of the disaccharide is then phosphorylated by LpxK to form lipid IVa (71). Two
Kdo residues are added to lipid IVa by WaaA, in the last essential step of the
Raetz pathway (72). Secondary acyl chains are added to lipid IVa-Kdo2 by LpxL
and LpxM, which transfer lauroyl to the 2’ acyl and myristoyl to the 3’ acyl,
respectively, to form hexa-acylated lipid A-Kdoz (73, 74). Notably, the phosphates
on lipid A can be modified with 4-amino-4-deoxy-L-arabinose or
phosphoethanolamine through intrinsic and acquired polymyxin resistance
mechanisms, decreasing the net negative charge of LPS (75).

Core OS is assembled onto Kdol by a series of glycosyltransferases
(Figure 5B) (76). The inner core is composed of L-glycero-D-manno-heptose

(Hep), which is synthesized by the enzymes LpcA (GmhA), Rfak (HIdE), GmhB,
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RfaD (HIdD) (77-79). Hepl, Hepll, and side chain Heplll are added sequentially
by WaaC, WaaF, and WaaQ, with Hepl and Hepll being phosphorylated by
kinases WaaP and Waay, respectively (80-82). Phosphorylation of Hepl is
required for the phosphorylation of Hepll and the addition of Heplll (82). The
constituents of the outer core OS are more variable among Gram-negatives,
even within E. coli (76). In E. coli K-12, outer core OS addition begins by the
addition of glucose (Glc) | by WaaG to Hepll, followed by addition of a galactose
(Gal) | side chain by WaaB, Glcll by WaaO, Giclll by WaaJ, and HeplV by WaaU
(83-85). The rough-type LPS is fully synthesized at this point in the inner leaflet
of the IM and is then transferred to the outer leaflet of the IM by the MsbA
flippase (86, 87). In strains expressing O-antigen it would be added to HeplV by
Waal on the outer leaflet of the IM (88). LPS molecules can then be transported
across the periplasm to their terminal location of the outer leaflet of the OM by the

Lpt transport system (89, 90).

Targeting the outer membrane to overcome intrinsic antibiotic resistance
Uncovering potentiator or adjuvant compounds which improve the activity
of existing antibiotics by increasing the permeability of the OM is an avenue in
drug discovery which is gathering increased attention. Combination therapies
spare the dose of both the antibiotic and the potentiator when compared to
antibiotic monotherapies, which is promising for toxicity reduction. Further, it has

recently been shown that OM perturbation decreases the frequency of

15



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

spontaneous resistance for the partner antibiotic and is sufficient to overcome
acquired resistance elements such as efflux pumps and antibiotic inactivation
enzymes (91).

The most prevalent potentiator molecules in the literature are peptides.
Cationic antimicrobial peptides, along with other LPS binding molecules, have
long been known to bind to the negatively charged phosphates of lipid A and
disrupt the OM (92). Most notably, last-resort cyclic cationic peptides polymyxin B
and polymyxin E (colistin) bind to lipid A and accumulate in the OM, displacing
divalent cations and thus destabilizing the OM. This allows their access to the IM,
where they exert their lethal effects (92). Even in the presence of mcr-1 mediated
phosphoethanolamine modification to lipid A, which abrogates the killing effect of
polymyxins, these drugs are still able to disrupt the OM and act as potentiators
(93). Although targeting both the OM and IM can lead to reduced resistance
frequency and broaden the potentiation spectrum, these compounds can also be
cytotoxic to mammalian cells. Indeed, the nephrotoxicity of polymyxins has
prompted the design of less toxic derivatives, which maintain potentiation activity
but are less active on the IM and, therefore, display reduced antibacterial activity
(94-97). One such derivative molecule, SPR741, is capable of potentiating
several antibiotic classes against E. coli, Klebsiella pneumoniae, A. baumannii,
and Enterobacter cloacae, however it is ineffective against P. aeruginosa and
polymyxin-resistant Gram-negatives (94, 95, 98—-100). Although SPR741 showed

promising results in Phase | clinical trials, advancement into Phase Il is unknown.

16



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

In addition to polymyxin derivatives, other OM disrupting peptides and
peptidomimetics have been recently investigated as potentiators of Gram-
positive-targeting antibiotics (101-104). Some of these peptides and
peptidomimetics have also been shown to impair efflux, in addition to their OM
disruption activity (101, 104). As peptides are commonly physical membrane
disruptors, it is important to determine whether they act exclusively on the OM or
display indiscriminate activity on all membranes. A study investigating a library of
peptides created by proline-scanning mutagenesis found that peptides that were
most potent against Gram-negatives exhibited substantial hemolysis due to non-
selective membrane disruption, while those which exhibited no hemolysis had
increased hydrophilicity and specificity for the Gram-negative OM (103).

Large libraries of diverse small molecules provide another collection of
chemical matter widely explored for compounds that increase OM permeability in
Gram-negatives. Small molecule potentiators can be either physical OM
disruptors or inhibitors of enzymes involved in OM biosynthesis and integrity
(Figure 4B,C). An unconventional screening platform for antagonism of
vancomycin activity at cold temperatures in E. coli has uncovered OM active
compounds capable of antibiotic potentiation (105, 106). From a screen of
previously approved drugs for this phenotype, the anti-protozoal and anti-fungal
drug pentamidine was found to be an effective OM disrupting adjuvant for
impermeable antibiotics (105). Pentamidine showed strong in vivo efficacy in

combination with novobiocin against a strain of colistin-resistant A. baumannii
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with phosphoethanolamine-modified LPS, in a systemic murine infection model
(105). Other studies include focused medicinal chemistry efforts on generating
analogues of known OM permeabilizers, such as phenylalanine-arginine 3-
naphthylamide (PABN) and spermine, which minimize cytotoxicity and IM
disruption, while maximizing potentiation (107-109). Some groups have also
repurposed membrane active compounds with potent Gram-positive activity for
antibiotic potentiation in Gram-negative bacteria (110, 111).

Enzyme inhibitors are also highly desirable for drug discoverers in the field
of OM permeability. In theory, an inhibitor of an enzyme involved in OM
biogenesis or integrity maintenance would produce a narrow-spectrum drug,
unlike physical membrane disruptors that may lack specificity for the OM over the
IM and host membranes. A majority of the work in this field has focused on
targeting OM enzymes with essential phenotypes rather than their non-essential
counterparts, where the goal is to uncover a growth inhibitory compound (100).
However, potent inhibitors of essential OM processes can be used at sub-
inhibitory concentrations or against less sensitive pathogens to compromise OM
integrity and potentiate impermeable antibiotics. For instance, the potent inhibitor
of LpxC PF-5081090 has poor antibacterial activity against A. baumannii, in
which LPS is non-essential for viability, but can potentiate the activity of
azithromycin, rifampicin, and vancomycin in this organism (112). Treatment with
PF-5081090 in A. baumannii led to a decrease in lipid A levels in the OM, giving

rise to the increased permeability of the OM to large-scaffold antibiotics. Another
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small molecule with an intracellular target, MAC13243, has been shown to
sensitize E. coli to the hydrophobic antibiotics erythromycin and novobiocin by
increasing the permeability of the OM (113). MAC13243 has been shown to
interact with the OM lipoprotein chaperone LolA and the cytoskeletal protein
MreB, resulting in OM barrier defects (114, 115). In contrast to the
aforementioned molecules with intracellular targets, Hart et al. (116) discovered
an inhibitor of BamA, MRL-494, which acts at the cell surface to block OM protein
biogenesis. Interestingly, MRL-494 was shown to be membrane active in Gram-
positive bacteria, but it is precluded from entry into Gram-negative bacteria and
exhibits no physical membrane disruption. Rather, it potentiates rifampicin by
increasing OM permeability via its inhibition of BamA (116). While membrane
active molecules may have an advantage in suppression of antibiotic resistance
development and activity against biofilms, the inhibition of OM biosynthesis can
potentially provide a narrower spectrum solution to OM perturbation, with little
impact on host cell membranes. In all, both physical OM perturbants and

inhibitors of OM biosynthesis are encouraging leads for antibiotic potentiators.

Research objectives: From understanding outer membrane biology to drug
discovery

The goal of this thesis is to explore genetic and chemical perturbations
which lead to increased permeability of the Gram-negative OM to Gram-positive-

targeting antibiotics. Chapter 2 focuses on mapping the genetic and chemical-

19



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

genetic interactions of E. coli OM biogenesis to uncover previously
uncharacterized permeability determinants (117). In chapters 3 and 4 the focus
shifts toward chemical screening to find antibiotic potentiators. Chapter 3
describes a chemical screening platform for antagonism of vancomycin activity at
cold temperatures in E. coli which led to the discovery of OM active compounds
(106). Chapter 4 describes a chemical screen for compounds that potentiate five
Gram-positive targeting antibiotics against E. coli which led to the discovery of
membrane active compounds and an inhibitor of lipid A biosynthesis. Lastly,
chapter 5 discusses the future of genetic and chemical synthetic lethality

approaches to drug discovery, with a focus on subverting the Gram-negative OM.
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Figure 1: The principle of synthetic lethal interactions. (A) Data for genome-
wide interactions tend to be symmetrical around a central value as most
interactions are indifferent and only small subsets are positive or negative. (B)
Negative or synthetic lethal interactions can be classified using the multiplicative
rule (40, 41). Colony sizes shown are relative to wild type. Assuming no
interaction exists between the two perturbations (in this case deletions are used)
the multiplicative rule states that the growth in the presence of two perturbations
should be the product of the growths for each perturbation alone. An observed
value that is less than the expected value is a synthetic lethal interaction. (C) A
schematic of how synthetic lethal interactions can occur is shown. Individually,
perturbations targeting one of the pathways that synthesize an essential
precursor for the cell should not change the viability of the cell, as long as the
parallel pathway leading to the synthesis of that precursor is functional. When
both pathways are non-functional, the essential precursor is not produced and
the cell cannot survive, resulting in a synthetic lethal phenotype.

31



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

arrayed query deletion/mutant

2z :
a %' 0202 -;
arrayed double mutants a MOStcivading 4
conjugation .
and
selection S Index
X » 2 ® @ Ageneax] Density
. . [ N ]} AgeneB | 1.0034
arrayed gene deletion/mutant collection L~ AgenecC|1.2021
AgeneD | 0.9908
e e AgeneE | 1.0156
® @  sgener |0.0581 S
2
o . 2
[ N J g
[ N J

High-throughput generation of double mutants =~ Computational image analysis

Data normalization and
quality control

Downstream studies w
AaAb observed

to confirm Aa 2
synthetic lethal b Aalb expected

pairs and uncover o

novel biology expected .. synthetic lethal pair
AaAb
observed

Relative Colony Size
Synthetic lethal network analysis Synthetic interaction calculations

Figure 2: A synthetic genetic array workflow. The query deletion is conjugated
with a gene deletion or mutant collection, with each carrying a different selectable
marker in high-throughput using automated colony printing to generate arrayed
double mutants. The plates can be scanned and images converted to grayscale
to more easily detect colony margins and determine relative colony sizes or
densities. These must be normalized for edge effects, which can be done as
described in (16). SSL interactions can be identified by comparing the growth of
the double deletion to the product of the growths of the single deletions on control
plates. Network interactions maps can be created and used to find interesting
interactions to follow up on.
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leads to increased intracellular accumulation of these antibiotics.
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Figure 4: Increased OM permeability leads to potentiation of the activity of
impermeable antibiotics. (A.) In Gram-negative bacteria with an intact OM,
large-scaffold antibiotics are unable to sufficiently penetrate the OM barrier to
reach their intracellular targets and inhibit bacterial growth. (B.) Compounds
capable of physically disrupting OM integrity allow increased influx of these
normally impermeable antibiotics into cells where they can access their targets
and lead to growth inhibition. (C.) Treatment with non-lethal compounds that
increase OM permeability via inhibition of an OM biosynthetic enzyme can also
allow for increased influx of large-scaffold antibiotics without physical membrane
disruption. For example, inhibition of an enzyme which leads to truncated LPS
and/or reduced LPS content in the OM results in a more permeable OM.
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Figure 5: Lipid A biosynthesis and LPS core assembly in E. coli. (A.) The
Raetz pathway describes the nine steps of Kdoz-lipid A biosynthesis. Enzymes
performing each step are shown with each arrow. (B.) The structure of core OS
and the enzymes involved in its biosynthesis.
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CHAPTER Il - Genetic and chemical-genetic interactions map biogenesis

and permeability determinants of the outer membrane of Escherichia coli
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Abstract

Gram-negative bacteria are intrinsically resistant to many antibiotics due to
their outer membrane (OM) barrier. Although the OM has been studied for
decades, there is much to uncover about the biology and permeability of this
complex structure. Investigating synthetic genetic interactions can reveal a great
deal of information about genetic function and pathway interconnectivity. Here,
we performed synthetic genetic arrays (SGAs) in Escherichia coli by crossing a
subset of gene deletion strains implicated in OM permeability with non-essential
gene and small RNA (sRNA) deletion collections. Some 155,400 double deletion
strains were grown on rich microbiological media with and without subinhibitory
concentrations of two antibiotics excluded by the OM, vancomycin and rifampicin,
to probe both genetic interactions and permeability. The genetic interactions of
interest were synthetic sick or lethal (SSL) gene deletions that were detrimental
to the cell in combination but had negligible impact on viability individually. On
average there were ~30, ~36, and ~40 SSL interactions per gene in the no drug,
rifampicin, and vancomycin conditions, respectively, however many of these
involved frequent interactors. Our datasets have been compiled into an
interactive database called the Outer Membrane Interaction (OMI) Explorer,
where genetic interactions can be searched, visualized across the genome,
compared between conditions, and enriched for Gene Ontology (GO) terms. A
set of SSL interactions revealed connectivity and permeability links between

enterobacterial common antigen (ECA) and lipopolysaccharide (LPS) of the OM.
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This dataset provides a novel platform to generate hypotheses about OM biology

and permeability.

Importance

Gram-negative bacteria are a major concern for public health, particularly
due to the rise of antibiotic resistance. It is important to understand the biology
and permeability of the outer membrane (OM) of these bacteria in order to
increase the efficacy of antibiotics which have difficulty penetrating this structure.
Here, we studied the genetic interactions of a subset of OM-related gene
deletions in the model Gram-negative bacterium E. coli. We systematically
combined these mutants with 3,985 non-essential gene and small RNA deletion
mutations in the genome. We examined the viability of these double deletion
strains and probed their permeability characteristics using two antibiotics that
have difficulty crossing the OM barrier. Understanding the genetic basis for OM
integrity can assist in the development of new antibiotics with favourable
permeability properties, and the discovery of compounds capable of increasing

OM permeability to enhance the activity of existing antibiotics.

Introduction
The Gram-negative outer membrane (OM) confers an intrinsic resistance
to some antibiotics (1, 2). This OM structure is an asymmetric bilayer with a

phospholipid inner leaflet and lipopolysaccharide (LPS) outer leaflet, which is
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typically composed of lipid A, inner and outer core oligosaccharides, and O-
antigenic polysaccharide, the last being absent in K-12 strains of Escherichia coli
(3-5). Negatively charged LPS molecules exhibit strong lateral interactions and
are stabilized by divalent cations such as Mg?* and Ca?*, creating a strong
permeability barrier to protect the cell from toxins (5-8). As such, diffusion of
hydrophobic molecules through the OM is hindered, and hydrophilic molecules
over ~600 Daltons are excluded from entry through OM porins (9—11). Thus, any
molecules that are hydrophobic or large and hydrophilic are prevented from cell
entry, including many antibiotics that are otherwise effective against Gram-
positive bacteria, rendering these drugs useless in the treatment of Gram-
negative infections (12).

In order to potentiate antibiotics conventionally used to treat Gram-positive
infections in Gram-negative bacteria, the permeability of the OM must be altered.
As the divalent cations that reduce the negative charge of LPS are required for
OM stability, chelation of these ions with compounds such as
ethylenediaminetetraacetic acid (EDTA) results in membrane permeabilization (8,
13). Cationic compounds such as polymyxins are also known to bind LPS to
physically disrupt the OM (8, 14). Mutations in certain OM biosynthetic genes,
such as LPS inner core, are likewise known to potentiate hydrophobic antibiotics,
as these mutants tend to have more phospholipids in the outer leaflet of their OM
(5). Additionally, cold temperatures have been shown to increase the rigidity of

the Gram-negative OM and increase its susceptibility to “cracking” that
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compromises the permeability barrier (5). Indeed, we previously demonstrated
that E. coli could be sensitized to the Gram-positive targeting antibiotic
vancomycin at cold temperatures (15). In a systematic search for suppressors of
this phenotype, we found that deletion of certain OM-related genes leads to
antagonism of vancomycin activity in the cold. Since many of those genes
encoded LPS biosynthetic functions, we reasoned that altered LPS packing could
make the OM more resistant to cracking (15). Although the Gram-negative OM
has been studied for decades, there is still much to learn about this complex
barrier.

A great deal of information can be uncovered about genes of interest by
investigating their synthetic interactions. A synthetic interaction is a phenotype
produced by a combination of genetic and/or chemical perturbations that differs
from the phenotype expected based on the effect of each perturbation alone (16).
Synthetic interactions in which the result is better growth than expected are
referred to as suppressing or synthetic viable. Conversely, those interactions
which result in worse growth than expected or lethality to the cell are referred to
as enhancing or synthetic sick/lethal (SSL) interactions (17—-21). SSL interactions
tend to occur if both perturbations target genes in parallel or redundant pathways
to abrogate a process that is essential for growth (22). Studying these
interactions in high-throughput using synthetic genetic arrays (SGAs) (17-19) can
provide a wealth of complex information about genetic involvement in cellular

pathways and crosstalk between pathways, which can help characterize genes of
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unknown function. Further, including small RNA (sRNA) deletions (23) in SGAs
can provide some clarity on regulation of SSL interactions. Previous SGA studies
in E. coli have characterized the roles of certain OM proteins (19, 24), iron-sulfur
cluster biosynthetic genes (18), ribosome biogenesis factors (25, 26), nutrient
stress genes (21), and cell shape related genes (27). Interactions have also
previously been probed in different conditions such as DNA damage (28) and
nutrient and temperature stressors (29).

Here, we performed SGAs by focusing on a subset of E. coli gene deletion
strains that have been implicated in OM permeability; mutations in these genes
led to suppression of the cold-sensitive phenotype of vancomycin (15). We
systematically constructed double deletions with these 39 query genes and each
of the E. coli single gene deletion (Keio) (30) and sRNA deletion (23) collections.
Other studies have performed genome-wide SGAs by crossing query deletions
with the Keio collection, however this study also includes a large collection of
sRNA deletions, increasing the scope of interactions probed. Once generated,
the double deletion strains were grown on rich microbiological media with and
without subinhibitory concentrations of two Gram-positive targeting antibiotics,
rifampicin and vancomycin, to probe both genetic interactions and OM
permeability. High-density arrays of double deletion strains were carefully
analyzed for growth (21, 27, 31) and the resulting dataset has been compiled into
a searchable, interactive database called the Outer Membrane Interaction (OMI)

Explorer (https://edbrownlab.shinyapps.io/omi_explorer/) where genetic
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interactions of these OM implicated genes can be visualized across the genome.
Herein, we have also explored a curious synthetic sick interaction on solid media
between strains with truncated LPS inner core and AyhdP, an enigmatic gene
implicated in stationary phase stress response (32) and the production of

enterobacterial common antigen (ECA) (33).

Results
Synthetic genetic arrays of outer membrane-related genes

In order to gain insight into the permeability of the OM and the
interconnectivity of its biosynthetic pathways, we crossed 39 query gene deletion
strains, previously implicated in OM permeability in E. coli (15), with genome-
wide single gene and sRNA deletion collections (23, 30). The 39 query gene
deletion strains include those involved in LPS biosynthesis, maintenance of lipid
asymmetry, ECA biosynthesis, flagella biosynthesis, curli biosynthesis, efflux
pump components, and genes of unknown function (Table S1). These crosses
were performed in high-throughput using standard SGA procedures (18, 19, 21),
whereby a query gene deletion was transferred to each gene and sRNA deletion
strain using conjugation at 1,536 colony density to generate double deletion
strains (see Methods and Figure S1A-B for workflow). Double deletion strains
were pinned in quadruplicate to 6,144 colony density onto assay plates
containing no drug, 1/8™ of the minimum inhibitory concentration (MIC) of

vancomycin, or 1/8" MIC of rifampicin (see Table S1 for solid media MIC values
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of query strains) and growth was measured at endpoint. Vancomycin and
rifampicin were chosen as they are both large scaffold antibiotics with widely
different physical-chemical properties that are precluded from entry into Gram-
negative bacteria by the OM (34, 35).

Experiments were performed in biological duplicates, with four technical
replicates, which correlated well (Figure S1B), and the average standard
deviation across all SGAs was 0.068. Synthetic interaction values (SIVs) for each
double deletion strain were calculated using a multiplicative approach and the
dips in the regions of the query genes due to decreased recombination efficiency
were corrected as described in (21) and the materials and methods section. The
majority of the SIVs are around 1 which indicates no interaction, while less than 1
is an enhancing interaction and greater than 1 is a suppressing interaction. A
total of ~155,400 double deletion strains were generated and probed in rich
media with no drug, vancomycin, and rifampicin. SIVs for all generated double
deletion strains can be found in Table S2. A hierarchically clustered heatmap
showing all SIVs of double deletion strains in the no drug condition is presented
in Figure 1. Synthetic growth profiles changed when exposed to antibiotic probes
of membrane permeability (Figure S2), indicating that certain double deletion
strains may be viable in the no drug condition but are hyperpermeable to either
vancomycin and/or rifampicin. We focused on SSL interactions, which were
defined as double deletion strains with SIVs three standard deviations (30) below

the mean of the SGA, excluding outliers in the o calculation. From our 39 SGAs,
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we observed approximately 30 SSL interactions on average per gene, with
approximately six and ten more interactions per gene in the presence of
rifampicin and vancomycin, respectively (Table 1). The high density of SSL
interactions is shown in the centre of the network maps in Figure S3, where
larger nodes indicate high network connectivity. However, many outer nodes only
have a single connection showing an interaction that is specific to that gene pair
(Figure S3).
Frequent interactors in SGA analysis

As previously noted in SGA studies, e.g., (21), several recipient strains
frequently formed SSL interactions with our query genes. Many of these were
strains with deletions in genes that are known to be important for conjugation or
recombination and are therefore unable to form double deletion strains in SGAs.
Working with only a specific subset of query genes, such as those implicated in
OM structure and function, makes it challenging to decipher whether the gene
deletions that were frequently SSL with our query genes are simply conjugation
or recombination deficient or are meaningful interactions. Gene deletion strains
which appear as frequent interactors in SGAs are an important class of
interactors to examine to determine the reason for the frequently detected genetic
interactors and whether these should be further studied.

Thus, we compared the frequent SSL interactors between our OM SGA
dataset in the no drug condition and two previously published SGA datasets

generated in our laboratory, one of which focused on nutrient biosynthetic query
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gene deletions (21) and the other which focused on query gene deletions
producing shape defects (27) (Figure 2A). A cross-gene deletion was deemed a
frequent interactor if it was SSL in at least 25% of SGAs in that study. Many of
the frequent interactors common between at least two of the three datasets were
linked directly to having recombination or conjugation defects. For example,
ArecG and ArecA, appear as frequent interactors as the deletions in these strains
are both in genes encoding double-strand break repair enzymes, which are
needed for homologous recombination (36, 37). As well, AompA and AbamB also
appear as frequent interactors as OmpA encodes an OM protein that stabilizes
mating pairs and BamB assists in inserting OmpA into the OM, leading to
conjugation deficiencies in strains lacking these proteins (38, 39) (Figure 2B).
Several frequent interactors were also indirectly linked to conjugation such as
AfabH, as FabH is involved in fatty acid biosynthesis which is important for
membranes and cell size (40, 41), and AenvC, as EnvC is a peptidoglycan
hydrolase activator that when deleted results in cell division and peptidoglycan
defects (42).
Profound differences in interactions when probed with Gram-positive
targeting antibiotics

As the number of SSL interactions increased in the presence of
subinhibitory concentrations of vancomycin and rifampicin, this indicated that
there were double deletion strains that were more sensitive or permeable to at

least one of these two antibiotics. This increased sensitivity arose from either the
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combined effect of both gene deletions or was a property of the single deletion
strain that was not one of our query strains since the concentrations of
vancomycin and rifampicin used were subinhibitory for the queries.

To uncover how genetic interactions were altered in the presence of
Gram-positive targeting antibiotics, the SIVs from the vancomycin and rifampicin
datasets were compared to the no drug dataset using a t-distributed stochastic
neighbour embedding (t-SNE) machine learning algorithm to find clusters of cross
gene deletions that differed most between datasets. When comparing the SIVs
between the vancomycin and no drug conditions, t-SNE produces clusters of
cross gene deletions that are more SSL in the presence of vancomycin (Figure
3A; Table S3). One of these clusters is enriched for Gene Ontology (GO) terms
notably related to OM assembly, protein folding, 3-deoxy-D-manno-octulosonic
acid (Kdo).-lipid A biosynthesis, and lipid metabolism (Figure 3B). One of the
genes from this highlighted cluster encodes the 3-barrel assembly-enhancing
protease, bepA. The BepA protein is known to be involved in OM integrity and
deletion of the gene encoding it results in higher permeability to large scaffold
antibiotics (43). As AbepA is frequently SSL with the query gene deletion strains
in the presence of vancomycin and rifampicin, this confirms the increased
sensitivity of the strain to these antibiotics (Figure 3C-E).

An additional cluster showing large differences between the vancomycin
and the no drug datasets is highlighted in Figure 3A. One of the gene deletions

from this cluster is the sSRNA ryjB. Based on the frequent SSL interactions of
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AryjB with the query gene deletion strains which exclusively occur in the
rifampicin and vancomycin conditions, this implicates the sRNA in OM
permeability. Although this SRNA is largely uncharacterized, one group has
predicted the genes it regulates using context likelihood of relatedness, an
algorithm which uses transcriptional profiles to infer regulatory interactions (44).
One of the inferred potential targets of RyjB was rfaH, a transcription
antiterminator which regulates LPS production (44—46). Interestingly, ArfaH also
shows frequent SSL interactions under rifampicin and vancomycin stress. The
same clustering method was performed comparing the rifampicin dataset to the
no drug dataset, and the bottom right cluster of red points also contains many
genes involved in the OM, especially LPS biogenesis, among others (Figure S4).
OMI Explorer: An online, searchable database for genome-wide interactions
of outer membrane biosynthetic genes

Our accumulated dataset has a total of ~466,200 datapoints across all
three conditions. We created an online, user friendly database called the OMI

Explorer (https://edbrownlab.shinyapps.io/omi_explorer/) to increase the

accessibility of our datasets. This database allows the user to view all SGAs
which can be selected by choosing the OM probe of interest (none, vancomycin,
or rifampicin). The user can select the desired cutoff value for which to call SSL
or enhancing interactions and suppressing interactions and select the query gene
of interest (Figure 4A). In real time, a plot will be generated displaying the SIVs of

all double deletion strains for that selected query gene along the position of the
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genome (Figure 4B). Gene names of any cross-gene deletions of interest can be
individually selected to appear highlighted on the plot (Figure 4A-B). Additionally,
gene names and their corresponding GO term annotations appear below the plot
for significant enhancers and suppressors depending on the chosen cutoff
(Figure 4C). The gene names in these enrichment tables are hyperlinked to the
gene’s corresponding EcoCyc (47) page. Enhancing and suppressing
interactions can be compared between conditions using the Venn diagram tab
and the genes in each region of intersection are displayed below. Furthermore, a
table tab is included which shows all SIVs for double deletion strains with
conditional formatting to highlight enhancers and suppressors based on the
chosen standard deviation. A gene of interest can be searched within this table in
order to easily view its interaction values with all query gene deletions. In all, this
tool makes the dataset approachable without the need for the user to be familiar
with programming.
An interaction between AyhdP and deletions in LPS inner core biosynthesis
Using the OMI Explorer, we noticed that AyhdP showed SSL interactions
with query deletion strains in LPS inner core biosynthesis: AlpcA (AgmhA), ArfaE
(AhIdE), AwaaF, AwaaP (Figure 5A). Deletion of IpcA and rfak results in a
heptoseless LPS consisting only of Kdoo-lipid A (48, 49), while deletion of waaF
results in only one heptose on LPS (50). Deletion of waaP leads to loss of core
phosphates, loss of the third heptose, as well as a lower percentage of full length

core oligosaccharide (51, 52). The function of YhdP in the cell has not yet been
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fully elucidated. The YhdP protein is predicted to have a transmembrane domain
in the inner membrane with the majority of its structure in the periplasmic space;
it contains a domain of unknown function (DUF3971) near the middle of the
protein and an AsmA2 domain at the C-terminus. Recent characterization of
YhdP has implicated it in stationary phase stress response, acting downstream of
RpoS to strengthen the permeability barrier in response to sodium dodecyl
sulfate (SDS) in carbon-limited media (32). Furthermore, YhdP has been linked to
a role in ECA regulation (33). ECA consists of repeats of N-acetylglucosamine,
N-acetyl-d-mannosaminuronic acid, and 4-acetamido-4,6-dideoxy-d-galactose,
and there are three different forms: cyclic ECA (ECAcyc) contained in the
periplasm, LPS-linked ECA (ECALps), and phosphatidylglycerol-linked ECA
(ECApG), reviewed in (53). The deletion of yhdP results in permeability defects
and suppression of these defects has been linked specifically to ECAcyc, for which
the function is not well understood (33, 53). Levels of the linear LPS-linked ECA
(ECALpPs) and phosphatidylglycerol-linked ECA (ECAprg) have also been shown to
be altered upon deletion of yhdP (33).

To confirm that AyhdP is synthetic sick with LPS inner core truncations,
the double deletion strains AyhdP AlpcA, AyhdP ArfakE, AyhdP AwaaF, and AyhdP
AwaaP were remade by conjugation and PCR confirmed. Growth kinetics of the
double and single deletion strains were monitored in solid media (31) and the
double deletion strains showed a growth defect relative to the corresponding

single deletion strains (Figure 5B-C, S5A-B). In the AyhdP AlpcA and AyhdP
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ArfaE strains the most prominent defect is in the endpoint amplitude, while in
AyhdP AwaaF and AyhdP AwaaP along with the defect in endpoint amplitude
there also appears to be a slight defect in growth rate (Figure 5B-C). However, in
liquid media the growth defect is only evidenced by a slight increase in lag time in
the double deletion strains compared to the slowest growing strain of the single
deletions (Figure S5C).

Since these double deletion strains of AyhdP with LPS inner core
truncations are able to grow in liquid media, antibiotic susceptibility testing was
performed using a large panel of diverse antibiotics to determine whether the
double deletion strains were hyperpermeable (Table S4). High levels of sensitivity
to the large scaffold antibiotic vancomycin were observed in the double deletion
strains relative to the single deletion strains (Figure 5D-E). Increased sensitivity
to bacitracin was also observed, as well as a slight increase in rifampicin and
erythromycin sensitivity in one of the strains (Figure SE). This suggests a
potential increase in OM permeability allowing entry to these Gram-positive
targeting antibiotics. However, enhanced MICs were also observed for other cell
wall targeting antibiotics such as ampicillin and piperacillin, suggesting that the
antibiotic susceptibility of the double deletion strains may also be due to
weakened peptidoglycan (Figure 5E).

To determine whether the increased susceptibility of the double deletion
strains in yhdP and LPS inner core to vancomycin was due to increased OM

permeability, the effect of Mg?* on the MIC of vancomycin was tested. Increasing
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levels of divalent cations such as Mg?* should strengthen the OM by increasing
bridging of phosphates and carboxyl functional groups between adjacent LPS
molecules (15, 54). A Mg?* concentration dependent increase in vancomycin MIC
was observed in the double deletion strains, with at least a 2- to 4-fold shift for
each increase of 10 mM Mg?* (Figure 6A). Thus, OM permeability is one aspect
which alters vancomycin potency in these double deletion strains.

As vancomycin targets the D-alanyl-D-alanine portion of the peptidoglycan
crosslinks, it is possible that the increased susceptibility of the double deletion
strains to vancomycin was also due to a weakened cell wall. The deletion of yhdP
has previously been shown to increase the levels of ECALps and ECApg together
(33). Thus, it is possible that when LPS is altered or truncated, deletion of yhdP
causes an accumulation of dead end ECA intermediates on the undecaprenyl-
phosphate (Und-P) carrier as they cannot be displayed on truncated LPS,
decreasing the flux of Und-P for peptidoglycan synthesis. Indeed, this
phenomenon has previously been noted for dispensable cell surface polymers,
such as O-antigen and ECA, that require Und-P for synthesis (53, 55, 56). To test
this, we overexpressed murA in the double deletion strains. MurA catalyzes the
first committed step of peptidoglycan synthesis and competes for uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc) with the ECA biosynthetic
pathway (57). Therefore, increased levels of MurA should increase Und-P
availability for peptidoglycan and decrease it for ECA (55). Indeed,

overexpression of murA suppressed the MIC of vancomycin by between 8- and

53



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

16-fold in each of the double deletion strains (Figure 6B). Thus, the susceptibility
of the double deletion strains in yhdP and LPS inner core to vancomycin can also
be attributed to decreased flux of Und-P for cell wall biosynthesis as a result of
ECA intermediate accumulation.

Another way to test whether the accumulation of ECA intermediates could
explain, in part, the vancomycin sensitivity of double deletions between yhdP and
LPS inner core genes was to eliminate ECA production in these strains. Rfe
(WecA) transfers GIcNAc-1-phosphate onto Und-P to initiate ECA biosynthesis
(58, 59). In the absence of Rfe, ECA production in the cell is abolished (55) and
thus should relieve pressure on the competing peptidoglycan pathway,
decreasing susceptibility to vancomycin. We constructed triple deletion strains in
which rfe was deleted in the AyhdP LPS mutants. The triple deletion strains
lacking ECA showed suppression of vancomycin activity, supporting the
hypothesis that in strains with truncated or altered inner core LPS lacking yhdP
leads to sequestration of ECA by dead end intermediates, weakening
peptidoglycan (Figure S6). However, overexpressing murA, disrupting ECA
biosynthesis by the deletion of rfe, and increasing Mg?* levels were unable to
restore the growth defects observed in these double deletion strains (data not
shown). Overall, the evidence suggests that double deletions between yhdP and
LPS inner core genes leads to increased sensitivity of cell wall active antibiotics
like vancomycin due to hyperpermeability of the OM and weakened

peptidoglycan due to competition with ECA for Und-P.
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Discussion

Herein, we probed the synthetic genetic interactions of 39 OM-related
genes previously implicated in permeability in E. coli (15). This was done using
high-throughput bacterial conjugation to move the 39 query gene deletions into
the rest of the genome-wide single gene and sRNA deletion backgrounds (23,
30), generating double deletion strains which were observed for SSL interactions.
To increase the scope of interactions probed, the double deletion strains were
also grown in the presence of two Gram-positive targeting antibiotics,
vancomycin and rifampicin, capturing double deletions that are SSL and those
which result in a viable but hyperpermeable cell. Two antibiotics of different
properties were chosen as sensitivity is not necessarily generalizable across all
large scaffold antibiotics (60). This is the first E. coli genetic interaction study, to
our knowledge, that probes growth of double deletion strains generated through
SGAs on antibiotics, and it also includes the largest scale of SRNAs in the
deletions crossed with the query strains. The percentage of SSL interactions
detected in this study in the no drug condition is on the higher end of a similar
range to previous SGA studies in E. coli, where ~0.6-0.8% of all double deletion
strains generated were SSL (21, 27). This suggests that the processes
supporting OM integrity are highly connected with each other and the rest of the
cell.

In and of itself, this dataset can be mined to advance knowledge gaps in

the biology and interconnectivity E. coli OM pathways, as well as in the
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permeability of the OM to large scaffold antibiotics. The dataset has particular
utility as a hypothesis generation tool for researchers working to further
characterize OM biosynthetic genes, including genes of unknown or poorly
described functions. Due to the complexity and size of this dataset, it has been

made publicly available at https://edbrownlab.shinyapps.io/omi_explorer/ in an

interactive and easily searchable format in order to encourage its use among
researchers who are not versed in programming languages. Several other
genetic interaction databases exist, with the most comprehensive being BioGRID
(61), however most of them do not enable visualization of the screening data for
the SGAs from which they originated.

The number of SGAs in this dataset provides information about frequent
interactors, in addition to genetic interactions, both for the no drug and drug
conditions. Determining the frequent SSL interactions in the no drug condition
reveals either genes that interact with many of the query genes in the study or
those which are unable to form double recombinant strains, either due to defects
in recombination or conjugation. By comparing the frequent interactors in this
dataset with those from other datasets with unrelated query genes, it is possible
to infer that these common frequent interactors result in one of these defects.
Thus, any conjugation- or recombination-defective deletion strains discovered in
low-throughput studies are likely to appear as frequent interactors here. In
addition, the dataset produced herein reveals there are frequent interactors in the

presence of subinhibitory concentrations of vancomycin and rifampicin but not in
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the no drug condition. This suggests that there are underlying sensitivities of the
individual deletions to these antibiotics and that growth defects become evident in
the SGAs where they might not be detected with traditional broth microdilution
assays to determine MIC changes. For example, AmalQ is frequently SSL with
the query genes in the presence of vancomycin, however it does not have a
different MIC from WT (data not shown). As expected, interactions which become
more intense in the presence of the Gram-positive targeting antibiotics show
enrichment for OM biogenesis-related GO terms. Since the OM precludes
hydrophobic and large hydrophilic molecules, altering the OM should increase
sensitivity to these antibiotics.

In the work reported here, we reveal new chemical and genetic
interactions important to our understanding of the role of YhdP, an enigmatic
inner membrane protein that has been implicated in stationary phase stress
response (32), and suggested to have a role in ECAcyc regulation (33). Recently,
deletion of the yhdP gene alone was found to result in sensitivity to SDS EDTA
and vancomycin (33). Suppressor mutants that reversed this phenotype mapped
exclusively to enterobacterial common antigen (ECA) biosynthetic genes, that
encode synthesis of the three forms of ECA, phosphatidylglycerol-bound
(ECAprG), LPS-associated (ECALps), and cyclic (ECAcyc). Further, strains lacking
YhdP were shown to have decreased levels of ECAyc and increased levels of

ECArc and ECALps. Selective perturbation of the three forms of ECA led to the
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conclusion that ECA.yc in the absence of YhdP led to OM damage, independent
of Und-P pools (33).

Herein, we report new interactions that shed light on the function of YhdP.
Foremost were the synthetic sick interactions between AyhdP and deletions in
LPS inner core genes in solid media, in the absence of drugs. Further, we
revealed profound sensitivities in these double deletion strains to several large
scaffold antibiotics and cell wall targeting antibiotics, including vancomycin, which
falls into both categories. This is in contrast to the comparatively subtle change in
sensitivity of the single gene deletion mutant AyhdP to vancomycin, i.e., a two-
fold change in MIC (33). Indeed, we have leveraged our discovery of a strong
synthetic sensitivity to vancomycin that results from deletions in LPS inner core
genes in the AyhdP genetic background to further probe the function of the YhdP
protein. In strains lacking LPS inner core, LPS cannot be substituted with ECA
(53), amplifying the significance of the regulation of ECA biosynthesis. Thus, in
strains where yhdP is deleted, and LPS inner core is truncated, ECALps cannot
be attached to its LPS destination and likely leads to the accumulation of dead
end ECA intermediates on undecaprenyl-phosphate (Und-P), a substrate
common to both ECA and peptidoglycan synthesis. Indeed, our work suggests
these dead end intermediates reduce the availability of Und-P for peptidoglycan
biosynthesis and lead to a weakened cell wall which can be damaged more
easily by cell wall active antibiotics such as vancomycin. The vancomycin

sensitivity in these double mutants is partially reversed by murA overexpression,
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to increase precursor availability for peptidoglycan biosynthesis, and by rfe
deletion, to prevent ECA production. Vancomycin activity is also antagonized in
these double deletion strains by the addition of Mg?*, indicating that OM
permeability is an additional factor. Divalent cations are well-known to strengthen
OM integrity (15, 54). In addition to these peptidoglycan- and permeability-related
phenotypes, other factors may also influence vancomycin potency in the double
deletion strains. While cell wall defects have been linked to slower growth (62),
overexpressing murA, disrupting ECA biosynthesis, and increasing Mg?* levels
were unable to restore the growth defects of the double deletion strains in solid
media while restoring vancomycin MIC. Nevertheless, despite previous findings
showing that Und-P could not restore the permeability defect of AyhdP due to
ECAcyc (33), Und-P becomes important in AyhdP strains in a genetic context
where LPS is truncated, revealing a connection between YhdP and ECALps. This
previously unknown interaction offers further insight into the enigmatic role of
YhdP in E. coli.

In addition to further describing OM biology in the model organism E. coli,
the data described herein could also provide a platform to design new
antibacterial therapies for Gram-negative pathogens. SSL gene pairs could
inspire chemical screens targeting those gene products. So discovered,
combinations of chemicals could be used to treat pathogens in which that SSL
gene pair is considered an Achilles heel (reviewed in (16)). Moreover, single or

double deletion strains which are sensitized to vancomycin and/or rifampicin
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provide a conceivable route to enhancing the activity of large scaffold Gram-
positive-only antibiotics against Gram-negative bacteria. In fact, biochemical
inhibitors of some of these OM biosynthetic enzymes have shown promise to this
end but often lack whole cell activity due to poor permeability or efflux (63, 64).
The dataset described herein provides a particularly compelling discovery path
that uses phenotypic screens to generate compounds with activity on whole cells.
These genetic interactions have special utility as a tool for elucidating mechanism
of action of compounds thought to target one of the query deletion strains. Such
compounds would not inhibit the growth of wild-type E. coli but would have
signature growth inhibitory capacity when screened against the single gene and
SRNA deletion collections. A chemical-genetic fingerprint similar to one of the
query genes would provide a strong hypothesis regarding the target of such a
compound. Indeed, new chemical probes of known mechanisms that target OM
biosynthetic processes would provide great tools for further research and may
have utility as leads for new therapies directed at Gram-negative pathogens (65—
70).

In all, the genetic and chemical-genetic interaction networks described
herein provide a useful tool for the exploration of Gram-negative OM biology and
permeability. Further, the dataset provides additional opportunities for the
discovery of new chemical compounds with value as probes of the biology and as
leads for new drugs that target the permeability barrier of Gram-negative

pathogens.
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Materials and methods
Strains, gene deletions, and growth conditions

Escherichia coli BW25113 [F- A(araD-araB)567 lacZ4787A::rrmB-3 LAM-
rph-1 A(rhaD-rhaB)568 hsdR514] was used throughout this study to create gene
deletions using an apramycin, kanamycin, or chloramphenicol resistance
cassette and was used to perform all assays. Apramycin-resistant strains were
crossed with the kanamycin-resistant Keio collection (non-essential single gene
deletions in E. coli BW25113) and sRNA and small peptide deletion collection in
E. coli MG1655 [F- LAM- rph-1]) (23, 30). Bacteria were grown at 37 °C for 18-24
hours in LB (Lysogeny Broth) or LB agar (1.5%) with ampicillin (50 pg/mL),
spectinomycin (100 pg/mL), kanamycin (50 ug/mL), apramycin (100 pg/mL),
and/or chloramphenicol (25 ug/mL) if needed, unless otherwise stated. All
antibiotics used in this study were purchased from Sigma-Aldrich.

The PCR products for gene deletions were generated by amplifying the
apramycin resistance cassette from pSET152 linearized by EcoRI digestion (New
England Biolabs). PCR amplification was performed using Phusion polymerase
(Life Technologies, Inc.) and the apramycin amplification primers in Table S1 with
a melting temperature of 65 °C and an elongation time of 30 s. Amplification
primers contain a 50 bp region of homology with the targeted region followed by
5-AGCAAAAGGGGATGATAAGTTTATC-3’ (forward primer) and 5'-

TCAGCCAATCGACTGGCGAGCGG-3’ (reverse primer).
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Single gene deletions were generated using homologous recombination
(71, 72) as described in Coté et al. (21). Briefly, E. coli BW25113 was
transformed with pSim6 (71), cells were grown at 30 °C to an optical density at
600 nm (ODeoo) of 0.8, and heat shocked at 42 °C for 20 min to induce
expression of A phage genes exo, beta, and gam on pSim6. Cells were made
electrocompetent, transformed with the PCR products described above, and
plated on LB agar with selection. Deletions were confirmed by three PCR
reactions using primers upstream, downstream, and internal to the apramycin
resistance cassette (forward: 5-CAGAGATGATCTGCTCTGCCTG-3’; reverse:
5-CAGGCAGAGCAGATCATCTCTG-3’), kanamycin resistance cassette
(forward: 5-CACGTACTCGGATGGAAGC-3’; reverse: 5'-
CTTCCATCCGAGTACGTG-3'), or chloramphenicol resistance cassette (forward:
5-CGATGCCATTGGGATATATC-3’; reverse: 5'-
CAATCCCTGGGTGAGTTTCAC-3') (Table S1).
Synthetic genetic arrays and MIC determination on solid media

Synthetic genetic arrays (18, 19) were performed as described in Coté et
al. (21). Briefly, apramycin-resistant query deletion strains were made competent
for conjugation through mating with pseudo-F* E. coli strains carrying a
chromosomal integrative plasmid (CIP) containing the machinery required for
conjugation (73). Overnight cultures of the apramycin-resistant query deletion
strains (in LB with apramycin) and the CIP strain (in LB with 0.3 mM

diaminopimelic acid and spectinomycin) with an integration site close to the query
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gene were co-spotted in a 1:1 ratio and incubated at 37 °C overnight. Hfr strains
were recovered by plating on another LB agar plate with apramycin and
spectinomycin.

To determine the MICs of vancomycin and rifampicin in solid LB agar
medium for each apramycin-resistant Hfr query strain, cultures of the query
strains in LB were arrayed in a 384-well plate in quadruplicate and pinned to
1,536-colony density on LB agar with apramycin. Upon incubation overnight at 37
°C, strains were upscaled to 6,144-colony density on LB agar plates with varying
concentrations of vancomycin and rifampicin (12 two-fold dilutions from 512
pug/mL to O pg/mL).

For the SGAs, each apramycin-resistant Hfr query strain was arrayed on
LB agar with apramycin at 1,536-colony density using the Singer Rotor HDA
(Singer Instruments) and incubated overnight at 37 °C. The gene and sRNA
deletion collections were also arrayed at 1,536 density on LB agar with
kanamycin and grown at 37 °C. The query strain and deletion collection colonies
were co-pinned onto LB agar without antibiotic selection at 1,536 density and
incubated at 30 °C for 24 hours. Colonies were transferred to LB agar with
apramycin and kanamycin to select for the double deletion strains at the same
colony density and incubated overnight at 37 °C. Double mutants were pinned in
quadruplicate at 6,144 density onto LB agar, LB agar with 1/8" MIC of
vancomycin, and LB agar with 1/8" MIC of rifampicin (as determined in the query

strain), and incubated at 37 °C for 18 hours. The fraction 1/8" MIC was chosen
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because this concentration did not inhibit growth and maximized the available
amplitude to detect growth inhibition in all genetic backgrounds sensitive to the
antibiotics. The deletion collections were also pinned at 6,144 density in parallel
to be used as controls.
Plate imaging, quantification, and analysis

Plates were imaged using Epson Perfection V750 scanners and analyzed
as previously described in (31) and (21). Briefly, images were analyzed using
Imaged (74) to extract integrated density values for each colony. Edge effects
were normalized using a two-pass rows and columns normalization system (31).
A SIV was calculated for each double deletion strain by dividing the observed
normalized integrated density of the double deletion strain by the expected
integrated density of the double deletion based on the product of integrated
densities of the corresponding single deletion collection strains. For the SIVs in
the vancomycin and rifampicin conditions, double deletions were normalized as in
the no drug condition above, then the normalized observed integrated density of
that double deletion strain as the new query strain in the triple factor interaction
calculation. Here, the effect of the drug is represented by Ac, which acts as a
third deletion would in a triple mutant analysis (75), and the growth of the double

deletion strain (AaAb) on the drug condition is represented by AaAbAc:

AaAb AaAbAc
SIV(no drug) = vy SIV(drug) = A As
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The dip in the index plot in the region of the query gene is corrected using a
rolling median. SSL interactions are indicated by a SIV <1 and significant
interactions were identified using a 30 cutoff.

Data visualization

SGA datasets were visualized in a heatmap, using the heatmap.2 function
from the gplots package in R. Batch effect correction was performed using the
ComBat function from the sva package in R (76, 77). Genetic interaction
networks were generated using R programming language and Cytoscape (78).
SSL interactions were mined using Gene Ontology (GO) term enrichments
through EcoCyc (47) and REVIGO (79) to determine dispensability and
uniqueness of GO terms.

To visualize the overall genetic interactions within the SGAs under
vancomycin and rifampicin stress, we utilized t-SNE machine learning (80). This
collapsed the number of dimensions to three, while also providing a spatial
structure to the data. t-SNE visualizations were prepared in OSIRIS Datawarrior
(81), using a perplexity of 20, 50 source dimensions, and 1000 iterations to
structure the data.

Solid media growth kinetics

Glycerol stocks of E. coli strains in a 96-well plate were pinned using the
Singer Rotor HDA in quadruplicate to 384 density using 96 long pins onto an LB
agar plate and incubated overnight at 37 °C. The 384 source plate was pinned in

duplicate using 384 short pins onto fresh LB agar plates. Plates were incubated
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at 37 °C for 24 hours and scanned every 20 minutes in Epson Perfection V750
scanners as described in (31), and integrated densities were extracted for each
colony. Values were background subtracted, averaged, and LOESS smoothed.
Liquid media growth kinetics

Overnight cultures of E. coli strains were grown in LB media with the
appropriate antibiotic selection, if applicable. Strains were subcultured 1:50 in LB
and grown at 37 °C with aeration at 250 rpm to mid-log phase (ODgsoo ~0.4). Cells
were diluted 1:10,000 in fresh LB, added to a 96-well assay plate, and ODeoo was
monitored for 18 hours at 37 °C with shaking using a Tecan Sunrise plate reader.
Antibiotic susceptibility testing

Overnight cultures of E. coli strains were grown in LB media with the
appropriate antibiotic selection, if applicable. Strains were subcultured 1:50 in LB
media and grown at 37 °C with shaking at 250 rpm to mid-exponential phase
(ODgoo ~0.4). Cells were diluted 1:10,000 in fresh LB and added to a 96-well
assay plate containing 2-fold dilutions of antibiotic in either water or DMSO. Prior
to incubation, ODsoo of assay plates was measured using the Tecan Infinite
M1000 plate reader. Assay plates were incubated at 37 °C with shaking (250
rpm) for 18 hours and ODesoo Was measured. Final measurements were
background subtracted and normalized to the O ug/mL well. The MIC was
determined to be the lowest concentration that resulted in less than or equal to

10% residual growth.
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Figure 1: Synthetic genetic arrays of outer membrane-related gene
deletions. A heat map showing the genome-wide SIVs for each double deletion
strain in rich microbiological media in the no drug condition. Interactions are
colour coded with enhancement in red (SSL) and suppression of growth defect in
blue. Hierarchical clustering was performed using interaction profiles for both
query deletion strains and the deletion collection strains.
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Figure 2: Frequent interactors in SGAs have conjugation and
recombination defects. (A.) A Venn diagram of single deletion strains that are
frequently SSL with query strains in SGA datasets. The studies compared are the
OM SGAs in the no drug condition published here in purple, the nutrient
biosynthesis SGAs from (21) in orange, and the shape-related SGAs from (27) in
green. Single deletion strains that were SSL (using a 2.50 cutoff for the nutrient
and shape datasets and 30 cutoff for the OM dataset) in at least 25% of crosses
by SGA dataset were deemed frequent interactors. (B.) Gene deletion strains that
were common frequent SSL interactors between the datasets in (A.). Bolded
gene names are those which have been previously linked to conjugation and
recombination deficiencies in the literature, either directly or indirectly.
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Figure 3: Synthetic genetic interactions are altered in the presence of
subinhibitory concentrations of large-scaffold antibiotics. (A.) Cluster
visualization of SGAs under vancomycin stress. Dimensionality reduction using t-
SNE reveals a structure to genetic interaction data specific to vancomycin stress.
To highlight interactions across the vancomycin-treated array, points are colored
based on the median SIV for each gene in the deletion collections. Highlighted
here are two small clusters that are more SSL under vancomycin stress than in
no drug. (B.) GO term enrichment of the single gene deletions from the deletion
collections in the highlighted green cluster shown in (A.). Full gene list of this
green cluster in (A.) can be found in Table S3. (C.-E.) SIVs of AbepA with every
query gene deletion in (C.) no drug, (D.) vancomycin, and (E.) rifampicin. The
horizontal dotted line at 1.0 indicates no interaction.
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Figure 4: Example of a search output in OMI Explorer. (A.) The search
window allows the specification of the OM probe of interest, selection of the hit
cutoff value based on number of standard deviation from the mean, selection of
the query gene deletion strain of interest, and which gene deletions strains in the
cross are to be highlighted. (B.) A plot is generated showing the SIVs of all
double deletion strains with the specified query gene deletion. (C.) GO terms and
annotations for strains classified as enhancers (SSL) and suppressors based on
the hit cutoff. Gene names are hyperlinked to the corresponding gene information
page on EcoCyc.
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Figure 5: A synthetic sick interaction between AyhdP and LPS inner core
deletion strains results in increased susceptibility to cell wall active
antibiotics. (A.) A heatmap of SIVs between AyhdP and the query gene deletion
strains. Red represents a lower SIV, white represents neutral interactions, and
blue represents a higher SIV. (B.) Growth kinetics in solid media of the single
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deletion strains compared to the double deletion strain, n = 8. Error bars
represent standard deviation from the mean. (C.) Endpoint (24 hour) normalized
integrated densities of the strains in (B.). Expected growth was calculated as the
product of the growths of each single deletion based on the multiplicative rule.
Each point represents the individual replicate and the line indicates the mean;
***P < 0.001, two-tailed Mann-Whitney test. (D.) Potency analysis of vancomycin
in the single and double deletion strains. In order to determine differences in
MICs, strains were grown in the presence of two-fold dilutions of vancomycin
from 0-256 ug/mL where the normalized absorbance is the background
subtracted endpoint ODego divided by the background subtracted endpoint ODeoo
in the 0 pg/mL well. The average value of three technical replicates is shown from
one experiment, although experiments were performed in biological duplicate.
(E.) Fold enhancement (decrease) in MIC of a subset of antibiotics in the AyhdP
AwaaP double strain compared to the corresponding single deletions. MIC tests
were performed in triplicate. All MIC values for all strains can be found in Table
S4.
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Figure 6: The increased susceptibility, of strains with deletions in yhdP and
LPS inner core genes, to vancomycin is due to both outer membrane
permeability and Und-P flux. (A.) Suppression of vancomycin activity by
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addition of magnesium in (i) AyhdP AlpcA, (ii) AyhdP ArfaE, (iii) AyhdP AwaaF,
(iv) AyhdP AwaaP. (B.) Suppression of vancomycin activity by overexpression of
murA in (i) AyhdP AlpcA, (ii) AyhdP ArfaE, (iii) AyhdP AwaaF, (iv) AyhdP AwaaP.
Induction using 0.1 mM IPTG was performed for both pCA24N-murA and
pCA24N-empty (82). Strains were grown in the presence of two-fold dilutions of
vancomycin from 0-128 ug/mL where the normalized absorbance is the
background subtracted endpoint ODeoo divided by the background subtracted
endpoint ODego in the 0 ug/mL well. Values shown are averages of three
technical replicates. Experiments were performed in at least biological duplicate
and one representative example is shown.
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Tables

Table 1: Summary of SSL interactions across all SGAs performed.
Interactions 30 below the mean, excluding outliers, were classified as SSL
interactions.

" Interactions

Condition Total Per gene
No drug 1173 30.077
Rifampicin 1409 36.128
Vancomycin 1564 40.103
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Figure S1: The workflow used to generate SGAs. (A.) Shown are the steps to
perform a single replicate of a query deletion strain crossed with the one plate of
the Keio collection using the Singer Rotor HDA. Drug plates pinned at 6144
density are at 1/8" MIC of the query strain. (B.) Data analysis steps for
determination of synthetic interactions. apra: apramycin, kan: kanamycin, vanco:
vancomycin, rif: rifampicin
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Figure S3: Network interaction map for SSL gene pairs for (A.) no drug, (B.)
rifampicin, (C.) vancomycin. Network maps were generated in Cytoscape using
an edge-weighted spring embedded layout. Nodes were sized according to their
number of edges and coloured by Markov cluster (using a granularity/inflation
value of 2). Self loops due to incomplete dip correction were removed. (D.)
Network statistics output from Cytoscape’s NetworkAnalyzer for genetic
interaction network maps in (A.-C.).
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Figure S4: t-SNE clustering of SGAs under rifampicin stress compared to
no drug. To highlight interactions across the rifampicin-treated array, points are
colored based on the median genetic interaction score for each gene in the
deletion collections. Related to Figure 3.
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Figure S5: Deletion of yhdP in LPS inner core deletion strains leads to a
growth defect. (A.) Growth kinetics in solid media of the single deletion strains
compared to the double deletion strain, n = 8. Error bars represent standard
deviation from the mean. (B.) Endpoint (24 hour) normalized integrated densities
of the strains in (A.). Expected growth was calculated as the product of the
growths of each single deletion based on the multiplicative rule. Each point
represents the individual replicate and the line indicates the mean; ***P < 0.001,
two-tailed Mann-Whitney test. (C.) Growth kinetics in liquid media of the single
deletions compared to the double deletions, n = 2. Related to Figure 5.
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Figure S6: Deletion of ECA production suppresses vancomycin MIC in (A.)
AyhdP AlpcA, (B.) AyhdP ArfaE, (C.) AyhdP AwaaF, (D.) AyhdP AwaaP. Triple
deletions were constructed by replacing rfe with a chloramphenicol resistance
cassette using lambda red recombineering in the double deletion backgrounds.
Values shown are averages of three technical replicates. Experiments were
performed in at least biological duplicate and one representative example is
shown.
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Tables

Table S1: Background information on query gene deletion strains. Selected
CIP strains used to making query gene deletion strains Hfr are shown. Primers
for amplifying the apramycin resistance cassette to generate deletion strains and
confirmation of cassette are listed. Solid MICs of vancomycin and rifampicin are
also listed. *This supplementary table is a spreadsheet file which can be found at
https://mbio.asm.org/content/11/2/e00161-20.

Table S2: All synthetic interaction values for SGAs performed in no drug,
vancomycin, and rifampicin. Included are SSL interactions and their
corresponding SIV used to generate the network maps in Figure S3. *This
supplementary table is a spreadsheet file which can be found at
https://mbio.asm.org/content/11/2/e00161-20.

90



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

Table S3: Gene list from t-SNE cluster highlighted in green in Figure 3.

Gene deletion

Product

asmA

putative assembly protein AsmA

atl

DNA base-flipping protein

bamB outer membrane protein assembly factor BamB

bamC outer membrane protein assembly factor BamC

bepA B-barrel assembly-enhancing protease

clpX ATP-dependent Clp protease ATP-binding subunit ClpX
cydB cytochrome bd-I ubiquinol oxidase subunit Il

dksA RNA polymerase-binding transcription factor DksA

fepD ferric enterobactin ABC transporter membrane subunit FepD
gpmM 2,3-bisphosphoglycerate-independent phosphoglycerate mutase
hns DNA-binding transcriptional dual regulator H-NS

hupA DNA-binding protein HU-a

icd isocitrate dehydrogenase

ihfB integration host factor subunit 3

lapB lipopolysaccharide assembly protein B

Ipp murein lipoprotein

IpxL lauroyl acyltransferase

ninE DLP12 prophage; NinE family prophage protein

nuodJ NADH:quinone oxidoreductase subunit J

pgpB phosphatidylglycerophosphatase B

ptsl PTS enzyme |

rep ATP-dependent DNA helicase Rep

rodZ transmembrane component of cytoskeleton

rpiA ribose-5-phosphate isomerase A

rseA anti-sigma-E factor RseA

sdhB succinate:quinone oxidoreductase, iron-sulfur cluster binding protein
sdhD succinate:quinone oxidoreductase, membrane protein SdhD
secB SecB chaperone

skp periplasmic chaperone Skp

sucC succinyl-CoA synthetase subunit 3

tauA taurine ABC transporter periplasmic binding protein

tolB Tol-Pal system periplasmic protein TolB

ybcN DLP12 prophage; DNA base-flipping protein

ybcO DLP12 prophage; putative nuclease YbcO

ybgC esterase/thioesterase

yedF putative sulfurtransferase YedF

yegQ putative peptidase YegQ

yhdP outer membrane permeability factor YhdP
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Table S4: Antibiotic susceptibility testing of a diverse panel of antibiotics
against double and single deletion strains of AyhdP and LPS inner core.
MIC values are in pg/mL. *This supplementary table is a spreadsheet file which
can be found at https://mbio.asm.org/content/11/2/e00161-20.
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CHAPTER Ill - Chemical screen for vancomycin antagonism uncovers

probes of the Gram-negative outer membrane
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Abstract

The outer membrane of Gram-negative bacteria is a formidable
permeability barrier which allows only a small subset of chemical matter to
penetrate. This outer membrane barrier can hinder the study of cellular
processes and compound mechanism of action, as many compounds including
antibiotics are precluded from entry despite having intracellular targets.
Consequently, outer membrane permeabilizing compounds are invaluable tools
in such studies. Many existing compounds known to perturb the outer membrane
also impact inner membrane integrity, such as polymyxins and their derivatives,
making these probes non-specific. We performed a screen of ~140,000 diverse
synthetic compounds, for those that antagonized the growth inhibitory activity of
vancomycin at 15 °C in Escherichia coli, to enrich for chemicals capable of
perturbing the outer membrane. This led to the discovery that liproxstatin-1, an
inhibitor of ferroptosis in human cells, and MAC-0568743, a novel cationic
amphiphile, could potentiate the activity of large-scaffold antibiotics with low
permeation into Gram-negative bacteria at 37 °C. Liproxstatin-1 and MAC-
0568743 were found to physically disrupt the integrity of the outer membrane
through interactions with lipopolysaccharide in the outer leaflet of the outer
membrane. We showed that these compounds selectively disrupt the outer
membrane while minimally impacting inner membrane integrity, particularly at the

concentrations needed to potentiate Gram-positive-targeting antibiotics. Further
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exploration of these molecules and their structural analogues is a promising

avenue for the development of outer membrane specific probes.

Introduction

Gram-negative bacteria are intrinsically resistant to many compounds due
to the outer membrane (OM) component of their cell envelopes. The Gram-
negative cell envelope is composed of an inner membrane (IM), which is a
canonical phospholipid bilayer, a thin layer of rigid peptidoglycan in the
periplasmic space, and the OM, which is an asymmetric bilayer composed of
phospholipids on the inner leaflet and lipopolysaccharide (LPS) molecules on the
outer leaflet (1). LPS molecules are principally composed of a lipid A component
which anchors the LPS molecules into the membrane, a core oligosaccharide
region, and a negatively charged, O-polysaccharide; however, O-polysaccharide
is absent in Escherichia coli K-12 strains (2). The LPS molecules in the outer
leaflet pack together tightly, with adjacent molecules being stabilized by divalent
cations like Mg?* and Ca?*, producing a barrier that is difficult to penetrate by
many antibiotics (3, 4). The chemical matter capable of cell penetration is limited.
The molecules that tend to be able to pass through the OM barrier are small (less
than ~600 Da) and hydrophilic, passing through porins rather than diffusing
across the OM (5-8). To explore the use of small molecules to knock down

cellular processes, this OM obstacle needs to be circumvented.
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OM permeability has proven to be especially problematic to modern target-
based antibacterial drug discovery efforts. Biochemical screening campaigns
have no shortage of tightly-binding enzyme inhibitors, however, their targets are
often unreachable due to the OM barrier. These sorts of inhibitors are often
ineffective against Gram-negative cells, as the chemical properties favoured for
target inhibition are largely incompatible with OM permeability (8). Regardless,
antibiotics often require high concentrations to produce any detectable growth
inhibitory effect on Gram-negative bacteria, despite being effective against Gram-
positive bacteria. In particular, antibiotics such as macrolides, rifamycins,
aminocoumarins, oxazolidinones, and glycopeptides have high minimum
inhibitory concentrations (MICs) against Gram-negative bacteria with an intact
OM (9, 10). The targets of these antibiotic classes are present in Gram-negative
bacteria (11), including the model bacterium E. coli, for which there is a strong
foundational understanding of bacterial genetics and physiology as well as a
plethora of omics tools to address the mode of action of antibacterial compounds.
Thus, chemical probes capable of permeabilizing the OM can facilitate
mechanism of action studies which can be otherwise challenging. Further, such
probes of OM processes have broad potential for OM permeability studies across
a spectrum of Gram-negative pathogens.

OM perturbation can be achieved in vitro through a variety of genetic
means. Genetic lesions in OM biosynthetic genes, such as those involved in LPS

biogenesis, tend to result in increased OM permeability (3). There is utility in
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libraries of systematic gene disruptions, particularly in well-annotated and
characterized organisms such as E. coli (12). Indeed, this translates well to
approaches using such libraries to explore the biology of the OM (13). However,
the effects of genetic perturbation are permanent in most instances, and
conditional mutations are challenging to engineer (14, 15). Further, disruption of
essential processes must always be partial or conditional in some way, as
knocking out essential processes ultimately results in growth inhibition. This can
be achieved using complementation systems, or CRISPR-Cas disruption, but
these approaches can be imprecise under control of promoters prone to basal
levels of transcription. While mutants with hyperpermeable OM phenotypes are
useful in conjunction with small molecule probes of biology, such as cytoplasmic
membrane activity (16, 17) or assaying efflux (18), chemical perturbation of the
OM has many advantages. For example, it is fast-acting and does not require
complex genetic disruption to achieve the desired effect.

Chemical perturbation of the OM is often an organism-agnostic approach,
with utility in explorations of biology as well as antimicrobial combination
therapies. The level of perturbation can be altered by tuning probe concentration,
in contrast to the complex systems of regulation outlined above. Such probes are
powerful tools for exploring cell biology, particularly when combined with genomic
libraries in model organisms. Compounds like EDTA increase the permeability of
the OM by chelating the divalent cations that stabilize LPS (19, 20). Other

chemical compounds, most notably polymyxins and polymyxin derivatives, are
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known to physically bind to the OM and disrupt its integrity. For example,
polymyxins, which are cationic antimicrobial peptides, are known to bind to the
lipid A component of LPS, displacing the divalent cations which stabilize the OM
(21, 22). Subsequently, these compounds promote their own uptake, through
deficiencies in the OM caused by their accumulation, and interact with the IM
leading to cell death (21). Thus, despite being good OM permeabilizers, their IM
activity makes these compounds non-specific as OM probes. Derivatives of
polymyxin B such as polymyxin B nonapeptide (PMBN) and SPR741 have been
designed to retain OM disruption while reducing IM activity (23—-25).

In an effort to discover new compounds capable of perturbing the Gram-
negative OM, our group developed an unconventional screening platform to
enrich for non-lethal molecules that are likely to potentiate molecules such as
large-scaffold antibiotics. The basis for this chemical screening platform
originated with the observation that E. coli becomes susceptible to vancomycin at
sub-physiological growth temperatures (26). Normally, the E. coli OM is
impervious to large, hydrophilic antibiotics like vancomycin; however, phase
transitions in the OM under cold stress create fissures that allow entry of
vancomycin into cells (27). Interestingly, at low temperatures the activity of
vancomycin was antagonized by deletions in OM biosynthetic genes, notably
those involved in LPS biogenesis (28). These deletion strains were also more
sensitive to other large-scaffold antibiotics like rifampicin, novobiocin, and

erythromycin at 37 °C, indicating compromised OM integrity (29). Previously, our
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group performed a pilot screen of ~1,500 approved drugs for those that
antagonized the growth-inhibitory activity of vancomycin at 15 °C in E. coli and
discovered that pentamidine, an antiprotozoal drug, had the cryptic ability to
physically perturb the OM and potentiate Gram-positive-targeting antibiotics
against Gram-negative pathogens (29).

Here, we extended our previously published vancomycin antagonism
screening platform to a diverse library of ~140,000 synthetic compounds, in an
effort to uncover more probes of the OM. We began by performing a high-
throughput screen for growth in the presence of a lethal concentration of
vancomycin at 15 °C in E. coli. An analysis of active compounds revealed unique
physicochemical properties of these presumed OM perturbing compounds. We
chose to focus on two compounds which were found to potentiate Gram-positive-
targeting antibiotics in several Gram-negative organisms, a hallmark for OM
disruption, namely, MAC-0568743 and liproxstatin-1. Characterization of these
two compounds revealed that they potentiate large-scaffold antibiotics by
physically disrupting the OM through interactions with LPS, while exhibiting
minimal disruption of the IM. Altogether, this work describes two new, selective,
chemical perturbants of the Gram-negative OM, liproxstatin-1 and MAC-0568743,

and their structural analogues.
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Results and Discussion
A high-throughput screen to uncover compounds that perturb the outer
membrane

As shown previously, screening for antagonists of the growth inhibition by
vancomycin at cold temperatures has the potential to uncover molecules that
perturb the OM, either physically or by altering its biogenesis (28, 29). A pilot
screen of ~1,500 previously approved drugs for vancomycin antagonism at cold
temperatures led to the discovery of pentamidine, a known antifungal drug, with
the cryptic capacity to perturb the bacterial OM and potentiate large-scaffold
antibiotics against Gram-negative bacteria (29). Here we have expanded this
screen to include a collection of ~140,000 diverse synthetic compounds, sourced
from four different vendors, Asinex, ChemDiv, ChemBridge, and Enamine. These
compounds were screened at a concentration of 10 uM against E. coli K-12
BW25113 in the presence of 16 ug/mL of vancomycin at 15 °C for 96 h in rich
microbiological media (Figure 1A). The concentration of vancomycin used in the
screen was lethal to E. coli cells grown under cold stress (28). Any compounds
which promoted growth in the presence of vancomycin at 15 °C in both replicates
of the screen were deemed active (Figure 1B). Of the ~140,000 compounds
screened, only 39 molecules were found to antagonize the activity of vancomycin
in the cold (Figure 1A-B). This resulted in an active rate of ~0.027%, which was
much lower than is typical for screens, for example, where growth inhibition is the

phenotype of interest (30).
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For the resulting 39 active compounds, physicochemical properties were
calculated in order to determine which characteristics distinguished the actives
from the rest of the screened compounds which did not antagonize vancomycin
in these conditions. Active compounds had significantly lower log D and log S
values compared to the inactive compounds, where D is the distribution
coefficient of ionizable species between octanol and water and S is the water
solubility (Figure 1C; Table S1). Interestingly, the active compounds also had
significantly lower topological polar surface area values than the rest of the
library, despite similarity in total surface area. The distribution of pKa values was
also higher, and active compounds possessed more basic nitrogens, compared
to the inactive ones (Figure 1C; Table S1). Accordingly, most compounds which
were active against the OM tended to be positively charged, presumably because
LPS is negatively charged and molecules with positive charge are more likely to
bind to the LPS component of the Gram-negative OM (31). Additionally, active
compounds had more sp? hybridization and molecular flexibility relative to the
inactive molecules in the screen (Table S1). Several properties did not
significantly differ between groups, including molecular weight and total surface
area. Although these molecules themselves were not antibacterial, the
physicochemical properties followed some of the same trends observed with
antibacterials, which tend to have lower log D and higher polar surface areas on

average than general drugs (7, 8).
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Of the 39 actives, 17 compounds were resupplied based on structural
diversity and availability for purchase from the vendors. These reordered
compounds were assessed for synergy with rifampicin, a large-scaffold antibiotic,
using checkerboard broth microdilution assays. Seven of the tested compounds
were found to be synergistic with rifampicin (Figure 1A). Of these compounds we
chose to focus on two: (1) a commercially available analogue of the active MAC-
0549481, liproxstatin-1 (Figure 2A), and (2) MAC-0568743, which produced the
greatest suppression of vancomycin activity in the primary screen (Figures 1B,
2B). Liproxstatin-1, which is a spiroquinoxaline derivative, differs from the
screening active only in the position of the chlorine group on the phenyl ring,
which is in the meta position as opposed to the ortho position in MAC-0549481
(Figure 2A). Several molecules with quinoxaline moieties have been shown to
have biological activity, including activity against human chronic and metabolic
diseases as well as antimicrobial activity (32). Liproxstatin-1 has been shown to
inhibit ferroptosis, a form of programmed cell death in mammalian cells that is
characterized by the accumulation of lipid hydroperoxides in an iron-dependent
manner, by acting as a radical-trapping antioxidant in lipid bilayers (33-35).
However, liproxstatin-1 has not previously been reported to have any activity
against bacterial cells. The other compound of focus, MAC-0568743, N'-[2-(2-
benzyl-4-chlorophenoxy)ethyl]propane-1,3-diamine, has not been previously
described to have any biological or antimicrobial activity. Notably, neither of these

compounds are peptides.
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Liproxstatin-1 and MAC-0568743 potentiate Gram-positive-targeting
antibiotics in Gram-negatives

As these prioritized compounds were found to potentiate the large-scaffold
antibiotic rifampicin, other antibiotics which have low permeability or
accumulation in Gram-negatives were tested in combination with liproxstatin-1
and MAC-0568743. Despite having a high MIC alone, liproxstatin-1 was able to
potentiate the activity of the large, hydrophobic antibiotics, rifampicin, novobiocin
and erythromycin, as well as the small, hydrophilic antibiotic, linezolid, in E. coli
BW25113 at 37 °C at workable concentrations (Figure 2C). However, liproxstatin-
1 was unable to sensitize E. coli cells to vancomycin which is large and
hydrophilic (Figure S1A). In addition to its potentiation activity in E. coli,
liproxstatin-1 was also able to potentiate rifampicin in Klebsiella pneumoniae and
Acinetobacter baumannii, but was ineffective against Pseudomonas aeruginosa
(Figure 2D). MAC-0568743 was also able to potentiate rifampicin, novobiocin,
erythromycin, and linezolid in E. coli (Figure 2E), and was similarly unable to
potentiate vancomycin (Figure S1B). MAC-0568743 maintained its potentiation
activity in K. pneumoniae, A. baumannii, and P. aeruginosa (Figure 2F). Indeed,
tool compounds of any kind that are effective potentiator molecules of Gram-
positive-targeting antibiotics against P. aeruginosa are rare, with PMBN being
one of the few available (36). Commonly used OM disrupting compounds such as

SPR741 and pentamidine lack activity against this organism (29, 37). Thus,
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MAC-0568743 is able to fulfill the need for an effective potentiator compound in
this organism.
The potentiation of Gram-positive-targeting antibiotics is due to outer
membrane disruption

As liproxstatin-1 and MAC-0568743 antagonized the activity of
vancomycin at 15 °C and were synergistic with large-scaffold antibiotics with poor
permeability in Gram-negatives, we sought to investigate whether these
compounds were physically disrupting the OM barrier. Lysozyme is a ~14 kDa
protein that hydrolyzes peptidoglycan effectively in Gram-positive bacteria;
however, it is only effective against Gram-negative bacteria that have a
compromised OM. A permeabilized OM enables increased uptake of lysozyme,
allowing it to access its target, resulting in cell lysis (38, 39). Exposure of whole
cells to subinhibitory concentrations of liproxstatin-1 and MAC-0568743, as well
as the known OM perturbant SPR741, resulted in cell lysis by lysozyme in
comparison to the untreated control (Figure 3A). The compounds did not lyse
cells in the absence of lysozyme under these conditions. An additional assay for
measuring OM perturbation was performed by measuring nitrocefin cleavage by
a strain of E. coli constitutively expressing periplasmic 3-lactamase. Disruption of
the OM allows the periplasmic B-lactamase to come into contact with and cleave
the extracellular nitrocefin substrate, producing a detectable colour change. Cells
treated with MAC-0568743 showed a strong increase in absorbance, comparable

to the positive control, SPR741, while liproxstatin-1 exhibited a much weaker
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increase in absorbance that was only detectable at the highest concentration
(Figure 3B). Additionally, although both compounds increased the permeability of
cells to lysozyme, the permeability of liproxstatin-1 treated cells to nitrocefin was
lower than the MAC-0568743 treated cells, suggesting differing permeability
properties. Overall, it is likely that liproxstatin-1 and MAC-0568743 physically
impair the structural integrity of the OM since these results are produced upon
brief exposure to the compounds rather than exclusively with extended growth in
their presence.

Since these compounds increase the permeability of the OM, it is possible
that they would produce visible changes to the architecture of the OM. Cells
grown in the presence of subinhibitory concentrations of liproxstatin-1 and MAC-
0568743, and then stained with the membrane dye, FM4-64, displayed regions of
concentrated FM4-64 which are not present in the untreated control (Figure S2).
This phenotype has previously been reported for a peptide found to disrupt the
OM (40). Consistent with this observation and an increase in permeability, the
topology of the OM of cells treated with liproxstatin-1 and MAC-0568743 showed
striking changes, revealed using atomic force microscopy (Figure 3C-I). MAC-
0568743 treatment resulted in a dose-dependent increase in the roughness of
the OM of treated cells, with undulations up to 17 nm in amplitude detected at 8
pug/mL, relative to the untreated cells with a maximum roughness of 8 nm (Figure
3C-F). Perhaps more striking was the abundance of ~10 nm wide crevices that

appeared in a dose-dependent manner when grown in the presence of MAC-
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0568743. The effects of MAC-0568743 on stationary phase cells were noticeable
in the first 10 minutes upon treatment, with more visible undulations on the cell
surface (Figure S3), suggesting disruption via physical interactions with the OM,
rather than through inhibition of OM biosynthesis. Similarly, liproxstatin-1
treatment produced a dose-dependent increase in roughness of the OM, with an
increase of 11 nm in undulation amplitude between the 32 ug/mL and 64 pyg/mL
concentrations (Figure 3G-l). In the presence of 128 ug/mL of liproxstatin-1, blebs
or vesicles were observed on the OM of whole cells (Figure 31). The surface
area-to-volume ratio for these structures was much higher than where absent,
with a 31% increase in the surface area in the blebbing region with a roughness
(Rmax) of 26 nm. The region without the presence of blebbing was notably
smoother, with a surface area difference of 6% and Rmax of 13 nm. Interestingly,
there were a large number of released vesicles accumulated on the filter paper
existing independently from the cells. Surface topologies of these exogenous
vesicles were indistinguishable from those appearing on the surface of whole
cells (data not shown). Furthermore, time course imaging upon treatment of
stationary phase cells with liproxstatin-1 revealed that vesicles were detected
within 60 minutes after exposure to the compound (Figure S4). Based on these
results, both liproxstatin-1 and MAC-0568743 appeared to disrupt the physical
architecture of the Gram-negative OM, producing phenotypic changes to the

surface topology of cells. Although both compounds resulted in changes to OM
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surface architecture, their differing effects suggest that liproxstatin-1 and MAC-
0568743 may impact the OM in different ways.
Liproxstatin-1 and MAC-0568743 interact with the outer membrane by
binding to LPS

As LPS is a major component of the Gram-negative OM, and most known
antibiotic potentiator molecules interact with or disrupt the lateral interactions of
adjacent LPS molecules, we hypothesized that liproxstatin-1 and MAC-0568743
were interacting with LPS. To explore whether liproxstatin-1 and MAC-0568743
disrupt lateral interactions between LPS molecules, we investigated the effects of
addition of divalent cations like Mg?* on their activities. Divalent cations are
known to stabilize the interactions between adjacent LPS molecules in the OM
via reduction of negative charge (3, 4). As expected, liproxstatin-1 and MAC-
0568743 lost their ability to potentiate rifampicin in the presence of 20 mM MgCl>
(Figure 4A). The ability of these compounds to synergize with large-scaffold
antibiotics was also suppressed upon addition of exogenous LPS (Figure 4B),
with the fractional inhibitory concentration index (FICI) between rifampicin and
liproxstatin-1 increasing from 0.38 to 0.5, and the FICI between rifampicin and
MAC-0568743 increasing from 0.16 to <0.5. Thus, both liproxstatin-1 and MAC-
0568743 likely act by binding to LPS. However, the concentration of LPS required
to suppress the activity of MAC-0568743 was lower than that required to observe

suppression of liproxstatin-1.

108



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

To further investigate the interaction between both compounds and LPS,
checkerboard broth microdilution antibiotic susceptibility assays were performed
in a strain of E. coli possessing a deletion in waaC, the gene responsible for the
transfer of the first heptose of LPS onto the lipid A-Kdo. portion of the inner core
(41). The LPS in this strain is deep rough and highly truncated, possessing only
the lipid A-Kdoz region essential for growth. In this genetic background, the
synergies between both liproxstatin-1 and MAC-0568743 with rifampicin were
more pronounced relative to wildtype (Figure 4C). The FICIs decreased from 0.38
(wildtype) to 0.08 (AwaaC) in the checkerboard assay between liproxstatin-1 and
rifampicin, and <0.16 (wildtype) to 0.09 (AwaaC) in the checkerboard assay
between MAC-0568743 and rifampicin. This suggests that the LPS core is not
required for the interaction of these compounds with LPS. Additionally, we
explored whether mcr-1 mediated phosphoethanolamine modification to lipid A,
reducing the anionic charge of LPS molecules, would impair the ability of the
potentiator molecules to synergize with their partner antibiotics. In the E. coli
strain expressing mcr-1, liproxstatin-1 was no longer synergistic with rifampicin,
with an FICI of 0.56, greater than the <0.5 value required for synergy (Figure 4D).
On the other hand, the potentiation activity of MAC-0568743 was unchanged, as
the FICI with rifampicin was 0.16 regardless of the presence of the mcr-1 gene
(Figure 4D). These results suggest that the liproxstatin-1 interactions are
dependent on phosphoryl sites flanking lipid A on LPS, but that MAC-0568743 is

active in a different manner. Nonetheless, despite the suppression of liproxstatin-
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1 activity upon expression of mcr-1 in wildtype E. coli BW25113, liproxstatin-1
was still able to potentiate rifampicin in the three tested environmental isolates of
polymyxin resistant E. coli and in the polymyxin resistant clinical E. coli strain
tested, all of which had FIClIs of 0.5 or less (Figure S5). MAC-0568743 was also
able to potentiate rifampicin in all environmental and clinical polymyxin resistant
strains tested (Figure S5).

Recently, the OM perturbant SPR741 was investigated for its ability to
impact intrinsic, acquired, and spontaneous resistance development in laboratory
and clinical strains of E. coli, when used in combination with large-scaffold
antibiotics (42). However, a limitation in this study was that polymyxin resistant
strains had cross-resistance to SPR741, constraining the use of SPR741 as an
OM probe to clinical isolates lacking polymyxin resistance. With the use of MAC-
0568743 or liproxstatin-1, the spectrum of bacteria suited to this type of study
could be expanded to include polymyxin resistant clinical isolates. Both MAC-
0568743 and liproxstatin-1 were shown to be effective OM permeabilizers in the
clinical E. coli isolate C0244 (Figure S5), one of the strains which SPR741 was
ineffective against (42). Additionally, liproxstatin-1 and MAC-0568743
demonstrated utility against mcr-1 positive environmental E. coli isolates which
are known to be insensitive to PMBN as a potentiator (29). Interestingly, another
polymyxin derivative, NAB739 which is otherwise identical to SPR741 but has an

octanoyl residue instead of an acetyl residue at the N-terminal of the linear (tail)
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portion of the molecule, is capable of sensitizing target Gram-negatives with
acquired polymyxin resistance to several Gram-positive antibiotics (43).

Next, we examined the binding of liproxstatin-1 and MAC-0568743 to LPS
using a BODIPY-cadaverine displacement assay (25, 44). BODIPY-tagged
cadaverine binds to LPS molecules at the negatively charged phosphates of lipid
A, quenching its fluorescence. Upon displacement of the BODIPY-cadaverine
probe from LPS by a compound that also binds LPS, an increase in fluorescence
intensity is observed. Both MAC-0568743 and liproxstatin-1 resulted in a dose-
dependent increase in fluorescence intensity, indicating that both compounds
were able to bind LPS and displace the BODIPY-cadaverine probe (Figure 4E).
Notably, the increase in fluorescence intensity in MAC-0568743 was at similar
levels to SPR741, which is known to bind to LPS. This was an unexpected result,
given that MAC-0568743 was not impacted by phosphoethanolamine
modifications arising from mcr-1 mediated resistance. However, liproxstatin-1
treatment produced much lower fluorescence levels, suggesting a weaker binding
affinity to LPS (Figure 4E). Along with the AFM data, this may suggest that
liproxstatin-1 has other additional mechanisms of action to impair OM integrity.
Liproxstatin-1 and MAC-0568743 minimally impact inner membrane
integrity

Historically, it has been difficult to uncover drugs which exclusively
permeabilize the OM of Gram-negative bacteria without also impacting the IM.

For instance, polymyxin B and colistin are both strong disruptors of the OM,
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however these compounds are also highly potent antimicrobials due to their
strong activity on the IM (21). These molecules are highly positively charged
possessing 5 positively charged amines. Efforts to reduce this IM activity of
polymyxin B have produced PMBN, which retains the same number of positive
charges but lacks the hydrophobic N-terminal fatty acyl chain (23). Although
PMBN has reduced lytic activity relative to its parent compound, recent work has
shown that PMBN treatment still results in substantial levels of IM depolarization,
albeit less than polymyxin B (25). A derivative of PMBN with only 3 positively
charged amines, SPR741, was designed to reduce the nephrotoxicity of the
compound, and as a consequence its IM activity was minimized while the OM
permeabilization properties were retained (45, 46). SPR741 is substantially less
active on the IM, resulting in minimal membrane disruption, making this
compound the polymyxin derivative most specific for the OM and an excellent
OM perturbant (25). Thus, SPR741 makes a suitable standard for comparison
with liproxstatin-1 and MAC-0568743.

In order to measure IM permeability, a strain of E. coli constitutively
expressing B-galactosidase in the cytoplasm with a deletion in the lactose
permease was used. Any cleavage of the ortho-nitrophenyl-3-galactoside
(ONPG) substrate by p-galactosidase is the result of a compromised IM and
produces a detectable colour change. As expected based on previous work (25),
SPR741 resulted in a relatively small increase in absorbance compared to the

high control of polymyxin B, which is known to be highly IM active (Figure 5A).
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Both liproxstatin-1 and MAC-0568743 were found to have minimal levels of IM
disruption, comparable to or less than that of SPR741 at concentrations where
potentiation of large-scaffold antibiotics was possible (Figure 5A). For further
validation, the effects of the compounds on IM potential was investigated. This
assay employs the use of the fluorescent dye, 3,3’-dipropylthiacarbocyanine
[DiSC3(5)] (16). E. coli cells are loaded with DiSC3(5), which is known to
accumulate in the IM and self-quench its fluorescence. Upon IM depolarization or
disruption of IM integrity by a compound, release of the dye occurs, leading to an
increase in fluorescence. In this assay, SPR741 treatment produced fluorescence
intensities drastically lower than the polymyxin B high control, with particularly low
levels of fluorescence at large-scaffold antibiotic potentiation concentrations
(Figure 5B). Again, both liproxstatin-1 and MAC-0568743 treatment also
produced low levels of fluorescence, indicating minimal IM disruption
(depolarization), particularly at their potentiation concentrations (Figure 5B). Thus
liproxstatin-1 and MAC-0568743 specifically disrupt the OM while sparing the IM.
Potentiation activity of structural analogues of liproxstatin-1 and MAC-
0568743

The observed preferential targeting of the Gram-negative OM by
liproxstatin-1 and MAC-0568743 led us to initiate a preliminary medicinal
chemistry effort to probe the effects of minor modifications to these chemical
scaffolds in the context of antibiotic potentiation. Liproxstatin-1 and its analogues

are readily accessible via chemical synthesis using a modular three-component
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condensation reaction between an o-phenylenediamine, a benzyl isocyanate, and
a carbonyl derivative (see Supporting Information) (47). Eleven synthetic
analogues of liproxstatin-1 were evaluated for synergy with linezolid in E. coli
(M1-M11, Table 1). Linezolid was chosen as the partner antibiotic for liproxstatin-
1, rather than rifampicin, as it showed a stronger synergy in the checkerboard
assay, with an FICI of 0.19 compared to 0.38 (Figure 2C). First, modification of
the N-benzyl moiety resulted in modest reduction in potentiation activity relative
to liproxstatin-1 for seven analogues (MAC-0549481, M1-M5, M10) and
considerable reduction in potentiation activity for compound M6 (Table 1). The
reduced potentiation by compound M6 indicates that chlorine atoms of both
liproxstatin-1 and MAC-0549481 have a beneficial effect on this activity.
Complete loss of potentiation was observed for the pyridine-containing derivative
(M9) (Table 1). Similarly, three modifications to the spirocyclic piperidine moiety
of liproxstatin-1 all resulted in complete loss of antibiotic potentiation activity (M7,
M8, and M11) (Table 1). All of the compounds with FICI values <0.5 and
potentiation concentrations lower than their respective MICs were tested for IM
activity using the B-galactosidase assay. Compound M10, which was the most
potent analogue alone, had relatively strong IM activity at 16 ug/ml (Table 1).
Four compounds (M1-M4) had no detectable IM activity at the highest
concentration tested (>128 ug/ml). Of these, compound M3 was the most potent
potentiator of linezolid (Table 1). Further medicinal chemistry efforts are

underway and will be reported in due course.
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A more extensive structure-activity relationship analysis was performed for
MAC-0568743, with 29 structural analogues tested for synergy with rifampicin
(Tables S2, S3). In contrast to liproxstatin-1, MAC-0568743 can be viewed as a
more flexible molecule consisting of a cationic headgroup and a lipophilic tail.
With regards to the lipophilic region, conformational flexibility appears to be
favored, as the 2-benzyl substituent in MAC-0568743 resulted in superior activity
compared to the more rigid biphenyl (D3) or carbazole (B34) analogues (Tables
S2, S3). In the cationic headgroup region, the influence of freely-rotatable bonds
is more complex: cyclization strategies which reduce conformational freedom of
both nitrogen atoms (B2, B3R and B3S, B11-cis/trans) are less active, whereas
cyclization designs which preserve the flexibility of the C-N bonds (B8A and B8B)
are quite active (Table S3). A series of chiral derivatives were designed to probe
any influence of stereochemistry on biological activity. For all optically-pure
derivatives (for example B3R and B3S, B5R and B5S, and B35R and B35S), no
difference in biological activity was observed between stereoisomers (Table S3),
thus making it highly unlikely that these molecules bind to a topologically-complex
surface like a protein. A dibasic motif was required for biological synergy, as the
di-aniline version B37 was significantly less active (Table S3). In general,
however, a wide variety of diamino headgroups were able to confer activity,
suggesting the role of this ionic headgroup was predominantly electrostatic in

nature.
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Conclusion

The OM provides intrinsic resistance in Gram-negative bacteria, acting as
a barrier to prevent toxic compounds from entering the cell. Increasing the
permeability of the OM should improve the influx of compounds which are
typically excluded by this structure. However, many existing chemical disruptors
of outer membrane integrity are often also active on the IM due to a lack of
specificity. In an effort to expand the available collection of OM perturbants, we
performed a ~140,000 compound screen to uncover compounds which perturb
the OM of E. coli whole cells. Of the actives obtained in this screen, we prioritized
two compounds for subsequent studies: liproxstatin-1 and MAC-0568743. These
compounds were found to potentiate the activity of the Gram-positive-targeting
antibiotics rifampicin, novobiocin, erythromycin, and linezolid, which are typically
ineffective against Gram-negative bacteria due to a lack of cell penetration. This
potentiation was confirmed to be due to physical disruption of the OM by the two
compounds, facilitated through their interactions with LPS, with MAC-0568743
being the stronger LPS binding compound. Despite targeting the outer
membrane, liproxstatin-1 and MAC-0568743 were found to spare the IM, a
desirable property for a specific chemical probe of the OM. In all, the properties of
OM perturbants and the prioritized molecules described here are assets to the
study of the Gram-negative OM and processes beyond the OM which are made

challenging to study by this impermeable barrier. These compounds and their
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structural analogues expand our available repertoire of probes for the study of

Gram-negative bacterial cell systems and compounds acting on those systems.

Methods
High-throughput chemical screening

Chemical screening was performed at the McMaster Centre for Microbial
Chemical Biology. E. coli BW25113 was grown overnight (~18 h) in LB medium
(10 g/L trypticase peptone, 5 g/L yeast extract, 10 g/L NaCl) and diluted 1:5000
into fresh LB media containing 16 ug/mL of vancomycin (Sigma-Aldrich). A 49.5
ML volume of cells was subsequently transferred to each well of a clear 384-well
flat-bottom plate. A 0.5 pL volume of compound was added to each well for a final
concentration of 10 uM. Plates were immediately read for absorbance at 600 nm
(ODe0o0) on an EnVision plate reader (Perkin-Elmer), then grown in a stationary
incubator at 15 °C for 96 h. Plates were read again at 600 nm, and cell growth
was calculated by subtracting the initial ODgoo of each well at 0 h from the final
ODeoo at 96 h. Actives were identified as wells with visible growth.
Physicochemical property analysis

The Collective Drug Discovery (CDD) Vault was used to extract the
SMILES codes and several physicochemical properties (molecular weight, log P,
H-bond donors, H-bond acceptors, Lipinski violations, log D, log S, pKa, CNS
MPQO score, topological polar surface area, Fsp?, heavy atom count, rotatable

bonds) for the screened compound library and the actives in the screen. The rest
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of the physicochemical properties were calculated by importing the compound
SMILES into OSIRIS DataWarrior (48). Averages and standard deviations for the
properties were calculated in Excel and GraphPad Prism was used to perform
statistical analyses. Density plots were generating using the R programming
language using the default bandwidth.
Checkerboard broth microdilution assays

Overnight cultures (~18 h) of the appropriate strain of bacteria were grown
in LB media. Strains were subcultured 1:50 in fresh LB media and grown at 37 °C
with shaking at 250 rpm to mid-exponential phase (ODsoo ~0.4). Cells were diluted
to 1:10,000 in fresh LB (including MgClz or LPS from E. coli O127:B8 [Sigma-
Aldrich] at the indicated concentrations, where appropriate) and added to a clear,
flat-bottom 96-well assay plate containing two-fold dilutions of two compounds in 8
by 8 dose-point matrices. ODgoo was measured using a Tecan Infinite M1000 Pro
plate reader prior to incubation in a 37 °C stationary incubator. After incubation for
18 h, ODeoo was measured again and background (0 h) reads were subtracted.
Heat maps were generated by converting ODeoo to percent growth, with the scale

shown here:

Percent Growth

0 100

The MIC values of the individual drugs were determined to be the concentration
of the compound that resulted in a percent residual growth of <10%. The FIC of

each compound was determined to be its MIC in combination with the other
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compound divided by its MIC alone. The reported FIC indices (FICIs) are the sum
of FICs for the two compounds being tested (49). FICI values <0.5 were
considered synergistic.
Lysozyme assay for OM permeability

Assay was performed as previously described (39), with modifications. E.
coli BW25113 was grown overnight (~18 h) in LB and subcultured 1:50 in fresh
LB media at 37 °C with shaking at 250 rpm to mid-log (ODeoo ~0.4-0.5).
Subcultures were centrifuged and resuspended in 5 mM HEPES pH 7.2 to ODsoo
~0.5. A volume of 1 mL of cells was added to microfuge tubes containing the
appropriate drug at 1/4 MIC and 50 pg/mL lysozyme (Sigma-Aldrich). Tubes were
gently inverted to mix and left at room temperature for ~15 min for any cell debris
to settle. A volume of 200 pL was transferred from each tube to a clear, flat
bottom 96-well plate, and ODsoo Was read using a Tecan Infinite M1000 Pro plate
reader. Controls were included to ensure that the drugs alone did not lyse cells
and to find the baseline levels of cell lysis by lysozyme alone.
B-lactamase assay for OM integrity

Assay was performed as previously described (50). E. coli ML35 pBR322
cells grown overnight (~18 h) in LB with 50 pg/mL ampicillin were subcultured
1:50 in fresh LB media and grown at 37 °C with shaking at 250 rpm to mid-log
(ODsoo ~0.4-0.5), centrifuged, washed in PBS, and resuspended to ODegoo = 0.02
in PBS. A volume of 50 uL of the cell suspension was added to a clear, flat

bottom 96-well plate containing 50 puL of PBS with a final concentration of 30 yM
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nitrocefin (Sigma-Aldrich) and the two-fold dilution of compound. No cell controls
were performed in parallel. Plates were incubated at 37 °C in a stationary
incubator and read at 0 h and 2 h using a Tecan Infinite M1000 Pro plate reader
at 492 nm to monitor nitrocefin hydrolysis. Reads from the corresponding no cell
control well were subtracted from the 2 h timepoint.
B-galactosidase assay for IM integrity

Assay was performed as previously described (50). E. coli ML35 pBR322
cells grown overnight (~18 h) in LB with 50 pg/mL ampicillin were subcultured
1:50 in fresh LB media and grown at 37 °C with shaking at 250 rpm to mid-log
(ODs0o ~0.4-0.5), centrifuged, washed in PBS, and resuspended to ODegoo = 0.02
in PBS. A volume of 50 uL of the cell suspension was added to a clear, flat
bottom 96-well plate containing 50 uL of PBS with a final concentration of 1.5 mM
of ONPG (Sigma-Aldrich) and the two-fold dilution of compound. Plates were
incubated at 37 °C in a stationary incubator and read at 0 h and 2 h using a
Tecan Infinite M1000 Pro plate reader at 405 nm to monitor ONPG hydrolysis.
Reads from the corresponding no cell control well were subtracted from the 2 h
timepoint.
DiSC;(5) assay for IM depolarization

Assay was performed as previously described (25). E. coli MC1061 cells
(hyperpermeable strain of E. coli to allow for dye uptake) grown overnight (~18 h)
were subcultured 1:50 in fresh LB media and grown at 37 °C with shaking at 250

rpm to mid-log (ODeoo ~0.4-0.5). Cells were centrifuged and washed in buffer
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containing 5 mM HEPES and 20 mM glucose (pH 7.2). Pellets were resuspended
in buffer to ODesoo = 0.085, loaded with 1 uM DiSC3(5) (Sigma-Aldrich), and
allowed to equilibrate for ~1 h. Cells were then added to a black, flat-bottom 96-
well assay plate containing two-fold dilutions of compound and fluorescence was
read using a Tecan Infinite M1000 Pro plate reader using 620 + 5 nm excitation
and 685 + 5 nm emission wavelengths.

BODIPY-cadaverine LPS displacement assay

Assay was performed as previously described (25, 44). A solution of
BODIPY-cadaverine (Sigma-Aldrich) and LPS from E. coli EH100 (Sigma-
Aldrich), with final assay concentrations of 2.25 yM and 5.25 pg/mL, respectively,
in Tris-HCI buffer (50 mM, pH 7.4) was prepared. A volume of 0.5 yL of
compound and 49.5 L of Tris-HCI buffer with BODIPY-cadaverine and LPS were
added to a Corning non-binding surface black 384-well polystyrene plate.
Fluorescence intensity was measured immediately using a Tecan Infinite M1000
Pro plate reader with an excitation wavelength of 580 + 5 nm and emission
wavelength of 620 £ 5 nm.

Atomic force microscopy (AFM)

Subinhibitory concentrations of MAC-0568743 and liproxstatin-1 were
used in AFM scans of surface topology, using the method described previously
(29). For long-exposure treatments, E. coli BW25113 cultures were prepared as
described previously for checkerboard assays in the presence of the compounds.

For short-exposure treatments, an overnight culture of E. coli BW25113 was
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treated with the indicated concentration of compound. A 50 uL volume of culture
was transferred to hydrophilic polycarbonate 0.2 ym Millipore Isopore GTTP
filters (Merck Millipore) on top of Kimwipes (Kimberly-Clark Professional) to
absorb excess liquid from the filter. Salts were flushed from the LB medium in the
culture using 50 pL of 25 mM HEPES (pH 7.0), which was absorbed by the
Kimwipes. Upon removal of the liquid from the filter, the filter was attached to a
glass slide using non-conductive double-sided tape. A Bruker BioScope Catalyst
AFM with a NanoScope V controller was used to analyze the samples. For each
drug concentration, a 0.65 uym thick SizN4 triangular cantilever was used (Scan
Asyst AIR, Bruker), with scan rates of ~1 Hz and 256 data points per scan line
resolution, in PeakForce quantitative nanomechanical mapping mode. Images
were processed and analysed using Nanoscope software (Bruker). Z-Height was
used to process images downstream, flattening images to account for subtle cell
curvature, with topography calculated from cross sections of these image scans.
Live cell fluorescence microscopy

E. coliBW25113 cells were grown in the presence of subinhibitory
concentrations of liproxstatin-1 and MAC-0568743 as described for checkerboard
assays. Cultures were transferred to a black 384-well 0.17 mm glass bottom
microwell plate (Brooks Life Sciences). Cells were stained with 20 pyg/mL of FM
4-64FX (Invitrogen) and incubated at room temperature for 30 minutes.
Fluorescence images were acquired using a Nikon Eclipse Ti inverted

microscope, a 100x Plan Fluor Apo A oil immersion objective, and a FM4-64 filter
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(excitation/emission 515nm/740nm). Micrographs were captured using the NIS-
Elements AR (v. 4.50 Nikon) software with identical imaging conditions applied
for all samples. At least three biological replicates were performed for each
condition and representative images were chosen. Images were cropped while
maintaining the original aspect ratios.
Chemical synthesis of analogues

MAC-0568743 and its analogues were purchased from ChemBridge (D-
series) or synthesized by WuXi AppTec (B-series) according to standard
literature procedures. Liproxstatin-1 was purchased from Sigma-Aldrich.
Liproxstatin-1 analogues (MAC-0549481 and M-series) were synthesized using

the procedures described in the Supporting Information.
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Figure 1: High-throughput chemical screen for molecules that antagonize
the activity of vancomycin at cold temperatures. (A.) Shown is the workflow
for the screening platform in which ~140,000 compounds were screened for
antagonism of vancomycin activity at 15 °C. Reordered compounds were
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subsequently tested for rifampicin potentiation at 37 °C. (B.) A replicate plot is
shown for the primary screening data, performed in duplicate. Growth was
measured as absorbance at 600 nm with the background (0 h) reads subtracted
from the endpoint absorbance readings. Blue points represent active compounds
that promoted growth in the presence of vancomycin at 15 °C. (C.) Density plots
compare the distribution of selected physicochemical properties of active (n=39)
and inactive (n=141,803) compounds from the primary screen. Table S1 has
details for all calculated physicochemical properties.
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Figure 2: Liproxstatin-1 and MAC-0568743 potentiate Gram-positive-
targeting antibiotics in Gram-negative bacteria. Structures shown are: (A.)
MAC-0549481, an active from the vancomycin cold antagonism screen, and its
close structural analogue liproxstatin-1, and (B.) MAC-0568743. (C.)
Checkerboard broth microdilution assays for E. coli with liproxstatin-1 and the
Gram-positive-targeting antibiotics, rifampicin, novobiocin, erythromycin, and
linezolid at 37 °C are shown. (D.) Checkerboard broth microdilution assays for
liproxstatin-1 and rifampicin with clinical isolates of K. pneumoniae C026 (Kp;
purple), A. baumannii C015 (Ab; red), and P. aeruginosa C028 (Pa; green) at 37
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°C are shown. (E.) Checkerboard broth microdilution assays in E. coli with MAC-
0568743 and rifampicin, novobiocin, erythromycin, and linezolid at 37 °C are
shown. (F.) Checkerboard broth microdilution assays between MAC-0568743
and rifampicin in clinical isolates of K. pneumoniae C026 (Kp; purple), A.
baumannii C015 (Ab; red), and P. aeruginosa C028 (Pa; green) at 37 °C are
shown. Dark regions depicted in the checkerboard assays represent regions of
higher cell growth. Checkerboard data are representative of at least two
biological replicates.
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Figure 3: Potentiation of large-scaffold antibiotics by liproxstatin-1 and
MAC-0568743 was due to OM disruption. (A.) Disruption of E. coli OM was
measured by lysozyme permeability using subinhibitory concentrations of
SPR741 (2 pg/mL), liproxstatin-1 (32 pg/mL), and MAC-0568743 (16 pg/mL). The
control was the percent cell lysis by lysozyme without the addition of potentiator
compound. The experiment was performed in biological triplicate. (B.) Disruption
of the OM was measured by B-lactamase assay for OM permeability in E. coli,
where increased absorbance at 486 nm indicated nitrocefin hydrolysis by
periplasmic B-lactamase, resulting in the production of a coloured product.
Concentrations of each compound shown are two-fold dilutions from O (left) to
128 (right) yg/mL. An arrow has been included to indicate the potentiation
concentration (MIC of the compound in the presence of 1 ug/mL rifampicin).
Experiments were performed in biological triplicate. (C.-1.) Shown are atomic
force microscopy images of E. coli cell surfaces grown in the presence of
increasing concentrations of liproxstatin-1 and of MAC-0568743. (C.) Shown are
untreated E. coli whole cells (top) and high-resolution 3D surface topology scan
(bottom). (D.-F.) Shown are E. coli cells treated with (D.) 2 ug/mL, (E.) 4 pg/mL,
and (F.) 8 yg/mL MAC-0568743. Scans depict whole cells (top) and high-
resolution 3D surface topology of a representative region of the cell (bottom) for
each concentration. (G.-l.) Shown are E. coli cells treated with (G.) 32 pg/mL, (H.)
64 yg/mL, and (F.) 128 ug/mL liproxstatin-1. Scans depict whole cells (top) and
high-resolution 3D surface topology of a representative region of the cell (bottom)
for each concentration. (1.) Whole cell scans (i., ii.) show blebbing on the cell
surface; (ii.) is zoomed into a region of (i.). Arrows in (i.) indicate membranes of
cells that have lysed which still show blebs on their surface. High-resolution 3D
surface topology of a region containing (iii.) a bleb and (iv.) one without visible
blebbing is shown to emphasize the differences in surface architecture between
the two regions.
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Figure 4: Liproxstatin-1 and MAC-0568743 disrupt the bacterial OM by
physically interacting with LPS. (A.-D.) Checkerboard broth microdilution
assays are presented for E. coli with liproxstatin-1 (left) or MAC-0568743 (right)
and rifampicin, with the following: (A.) 20 mM MgCl: in wildtype E. coli, (B.) 2
mg/mL LPS for liproxstatin-1 and 0.5 mg/mL LPS for MAC-0568743, (C.) E. coli
AwaaC, a strain of E. coli with LPS truncated at lipid A-Kdo., and (D.) E. coli
BW25113 expressing the mcr-1 gene from the pGDP2 plasmid. Dark regions on
the checkerboard represent regions of higher cell growth. Data are representative
of at least two biological replicates. (E.) Shown is a BODIPY-cadaverine LPS
binding assay. Dose-dependent increases in fluorescence by SPR741,
liproxstatin-1, and MAC-0568743 indicate that the compounds displaced
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BODIPY-cadaverine probe from the phosphates of E. coli LPS, with liproxstatin-1

exhibiting the lowest affinity for LPS. Experiments were performed in triplicate. An
arrow has been included to indicate the MIC of the compound in the presence of

1 pg/mL rifampicin (the potentiation concentration).
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Figure 5: Liproxstatin-1 and MAC-0568743 exhibit minimal IM disruption.
(A.) A B-galactosidase assay for IM permeability in E. coli measured increased
absorbance at 405 nm to indicate ONPG hydrolysis by cytoplasmic [3-
galactosidase, resulting in the production of a coloured product. SPR741 is
known to have minimal activity on the IM and is less IM active than the high
control polymyxin B (PMB; 64 ug/mL). Concentrations of each compound shown
are two-fold dilutions from 0O (left) to 128 (right) pg/mL. An arrow has been
included to indicate the potentiation concentration (the MIC of the compound in
the presence of 1 ug/mL rifampicin). Experiments were performed in triplicate.
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(B.) A DiSC3(5) assay for IM depolarization in E. coli is shown. Increased
fluorescence intensity indicated release of the DiSC3(5) fluorescent dye from the
IM. Concentrations of each compound shown are two-fold dilutions from O (left) to
128 (right) yg/mL. An arrow has been included to indicate the potentiation
concentration, or the MIC of the compound in the presence of 1 pg/mL rifampicin.
Experiments were performed in triplicate. A no cell control was performed to
ensure the compounds themselves did not quench DiSC3(5) fluorescence; any
decreases in fluorescence in the absence of cells were less than 3 standard
deviations from the mean of the DMSO controls.
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Tables

Table 1: Potentiation and inner membrane activity of liproxstatin-1
analogues in E. coli BW25113.

cokt R@@% “@U S0

Liproxstatin-1: R = 3-Cl M9
MAC-05494M8‘1|:: E : i:IC:)I j\/o
b e X pﬁ L,
M4: R = 4-OMe
M5: R = 4-Br
M6: R=H 1
Linezolid Minimum
Compound  MICGgm)  Fcr  Eoentaton Soncentaton
(ng/mL) Activity® (ug/mL)
Liproxstatin-1 256 0.19 32 128
MAC-0549481 256 0.38 64 64
M1 >256 <0.38 128 >128
M2 >256 <0.38 128 >128
M3 >256 <0.25 64 >128
M4 >256 <0.38 128 >128
M5 128 0.38 32 64
M6 128 <0.5 128 N/A
M7 >256 <1.01 N/A N/A
M8 >256 <1.01 N/A N/A
M9 >256 <0.75 N/A N/A
M10 64 0.31 16 16
M11 >256 22 N/A N/A

@ FICI data reported are for liproxstatin-1 analogues in combination with linezolid.
b Concentration needed to potentiate 16 pug/mL of linezolid for liproxstatin-1
analogues found to be synergistic with linezolid (FICI <0.5)

¢ Concentration needed to elicit 20% of the absorbance at 405 nm of the high
control (64 pg/mL polymyxin B) in the B-galactosidase assay for IM integrity
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Figure S1: Liproxstatin-1 and MAC-0568743 do not potentiate the large,
hydrophilic antibiotic, vancomycin. Checkerboard broth microdilution assays
in E. coli between (A.) liproxstatin-1 or (B.) MAC-0568743 and vancomycin at 37
°C are shown. Dark regions depicted in the checkerboard assays represent
regions of higher cell growth. Checkerboard data are representative of at least
two biological replicates.
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untreated Y2 MIC Liproxstatin-1 2 MIC MAC-0568743

10 ym 10 ym 10 pm

Figure S2: Treatment with subinhibitory liproxstatin-1 and MAC-0568743
results in regions of accumulation of membrane stain FM4-64 in E. coli.
Cells were grown in the presence of compound for 18 h at 37 °C prior to
membrane staining. Arrows in insets mark lipophilic regions of FM4-64
concentrated in the membrane.

141



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

A. B. C. D.
i 0 min i 10 min i 30 min i 60 min
) mliminmi - . mliminmi - : mliminmi - : - mliminmi -

1.
Hclim (nm)

°
°

=R
° 4

200 300

2
2
.Z.
2

2
1
1
1

Height (nm)
-1t 0 1 2 =
Height (nm)
-4 -2 0
! |
Height (nm)
-1 0
L1 11

Height (nm)
-1 0 1 2
T N N N |

-2

-2
-2

1

-3

-3

T T T T T T
T T T I T T T
0 100 200 300 0 100 200 300 100 200 300 400 0 100 200 300 400

Distance (nm) Distance (nm) Distance (nm) Distance (nm)

o

Figure S3: MAC-0568743 is able to physically perturb the OM of stationary
phase cells. Atomic force microscopy of stationary phase E. coli cells exposed to
8 pg/mL MAC-0568743 for (A.) O minutes, (B.) 10 minutes, (C.) 30 minutes, and
(D.) 60 minutes. Scans shown for each timepoint depict (i.) whole cells with white
squares indicating the region shown at higher resolution in 2D in panel (ii.), (iii.)
high-resolution 3D topology scans of a portion of the cell surface shown in (ii.),
and (iv.) a plot showing the height along a cross-section of the cell surface.
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Figure S4: Liproxstatin-1 is able to physically perturb the OM of stationary
phase cells. Atomic force microscopy of stationary phase E. coli cells exposed to
128 pg/mL liproxstatin-1 for (A.) O minutes, (B.) 10 minutes, (C.) 30 minutes, and
(D.) 60 minutes. Scans shown for each timepoint depict (i.) whole cells with white
squares indicating the region shown at higher resolution in 2D in panel (ii.), (iii.)
high-resolution 3D topology scans of a portion of the cell surface shown in (ii.),
and (iv.) a plot showing the height along a cross-section of the cell surface.

143



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

A
-
£
(o))
=
£
Q
Q.
€
S
[
Q X Q;.\Qa,g,bv\qg;@b O LNV X0
Liproxstatin-1 (ug/mL) MAC-0568743 (ug/mL)
B.
- 8
£ 4
g2
c 1
g 0.5
£ 03
£ 0.1
9
N Q).\Q),b‘],bb‘d’b(ﬁ)b SNV X o
Liproxstatin-1 (ug/mL) MAC-0568743 (ug/mL)
C.
-5 8
E 4
g2
s 1
g_ 0.5
£ 0.3
£ 0.1
€ 9

SN OP PR O PNV H 0o

Liproxstatin-1 (ug/mL) MAC-0568743 (ug/mL)

Figure S5: Liproxstatin-1 and MAC-0568743 are effective OM perturbants in
polymyxin resistant environmental and clinical isolates of E. coli.
Checkerboard broth microdilution assays between liproxstatin-1 (left) or MAC-
0568743 (right) and rifampicin in (A.) E. coli N15-02865, (B.) E. coli N15-02866,
and (C.) E. coli C0244. Strains N15-02865 and N15-02866 are both mcr-1
positive isolates from contaminated meat samples. Strain C0244 is a clinical
isolate from urine, carrying resistance elements ugd and eptA resulting in lipid A
modified with 4-aminoarabinose and phosphoethanolamine. Dark regions
depicted in the checkerboard assays represent regions of higher cell growth.
Checkerboard data are representative of at least two biological replicates.
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Tables

Table S1: Physicochemical properties of active (n = 39) and inactive (n = 141,803)
compounds screened.

Actives Inactives Significance
Level
Property Average  Std Dev Average  Std Dev  (Kolmogorov—
Smirnov)?

Molecular weight (g/mol)  345.9277  56.5750 342.0187 64.1848 ns
Log P 3.2323 0.7522 2.7444 1.1263 *

H-bond donors 1.7436 0.6774 1.1462 0.8293 b
H-bond acceptors 3.2308 1.0628 3.7870 1.3520 *

Lipinski violations 0.0000 0.0000 0.0083 0.0908 ns
Log D 1.3005 1.6659 2.5314 1.3492 b
Log S —2.1808 2.0073 -3.9567 1.4291 b
pKa 8.8567 2.4157 7.5304 4.9345 o
CNS MPO score 4.3700 0.5954 4.9047 0.7238 b
zfepao'og'ca' polarsurface  4q 4597  17.7622 713799 235721
Fsp® 0.3656 0.1787 0.2753 0.1562 b
Heavy atom count 23.7179 3.9132 241285 4.6864 ns
Rotatable bonds 6.3590 2.3112 4.9816 1.8685 **

Total surface area 267.1454  36.9972 258.3576  46.7883 ns
Relative polar surface 01736 0.0618 0.2604  0.0795
Druglikeness 0.8210 5.2129 0.4584 5.3368 ns
Shape index 0.6479 0.0946 0.5945 0.0678 b
Molecular flexibility 0.4970 0.0873 0.4457 0.0825 b
Molecular complexity 0.7226 0.0890 0.7649 0.0821 o
Non-C/H atoms 5.4359 1.6669 6.6036 1.8666 *

Metal atoms 0.0000 0.0000 0.0000 0.0038 ns
Electronegative atoms 5.4359 1.6669 6.6035 1.8667 *

Stereocenters 0.2564 0.5946 0.2893 0.5773 ns
Rings closures 2.6410 0.9315 2.9188 0.9414 ns
Small rings 2.6410 0.9315 2.9229 0.9468 ns
Aromatic rings 2.0000 0.6882 2.2304 0.8265 ns
Aromatic atoms 11.3077 3.4577 12.2901 4.1829 ns
sp® atoms 8.8205 4.1031 6.2564 3.4088 b
Symmetric atoms 2.4103 1.9963 2.1108 2.1828 ns
Amides 0.3077 0.5691 1.0602 0.8536 b
Amines 1.3077 0.8631 0.3011 0.5577 b
Alkyl amines 1.2564 0.8497 0.1925 0.4474 b
Aromatic amines 0.0513 0.2235 0.1086 0.3299 ns
Aromatic nitrogens 0.4615 0.8840 1.0798 1.3236 **

Basic nitrogens 1.4359 0.8206 0.3227 0.5652 b
Acidic oxygens 0.0000 0.0000 0.1510 0.3783 ns

@ ns = not significant (P > 0.05); * P < 0.05; ** P < 0.01; *** P <0.001; **** P < 0.0001.
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Table S2: Potentiation activity of D-Series MAC-0568743 analogues in E.
coli BW25113.

MIC MIC

(ug/mL) FICI Compound (ug/mL) FICI

Compound

Cl
O “0
N NH, H
0NN 64 S016 O/\/N\/\/NH2 >128 S031

O MAC-0568743 Me D7
[¢]]
> o 32 05 ON“W“”Z >128 <0.25

ONH\/DLNHZ >128 <0.19 HV\DQ/\/OH >128 <05

(¢]]
C
OMuN“M% 16 0.52 HwNOH >128 <0.31

Cl
H Br.
H
O O/\/N\/\NMEZ 32 075 \Q\o/\/\/N\/\NMeZ 128 025

O D5 cl D11
/1 H NH
O/\/\H/\/NHZ 32 0094 o “\/\NQ 32  0.31

Dé

@ FICI data reported are for MAC-0568743 analogues in combination with rifampicin.
Refer to the Methods section for FICI determination.
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Table S3: Characterization and potentiation activity of B-Series MAC-
0568743 analogues in K. pneumoniae C026.

Compound

MIC
(Mg/mL)

FICI @

Characterization ?

O O O/\/ONHz

B2

256

0.38

36.9 mg; 34% yield; 98.8% purity (Q. HPLC); LCMS RT 0.928
min; [M+H]* 297.2; 'H NMR (400 MHz, CDsOD): & 7.59-7.53 (d,
4H), 7.39 (t, J = 8.0 Hz, 2H), 7.29-7.25 (m, 1H), 7.35 (s, 1H),
7.07-7.11 (m, 2H), 4.45 (t, J = 4.8 Hz, 2H), 3.64 (brs, 2H), 3.55—
3.49 (m, 2H), 2.32-2.28 (m, 2H), 2.14-2.05 (m, 2H).

Yoo

R-B3

256

0.38

88.9 mg; 39% yield; 98.3% purity (Q. HPLC); LCMS RT 0.928
min; [M+H]* 297.3; 'H NMR (400 MHz, CDsOD): & 7.60~7.54 (m,
4H), 7.42—7.40 (m, 2H), 7.40-7.38 (m, 1H), 7.14-7.12 (m, 2H),
4.51-4.48 (m, 2H), 3.92 (s, 1H), 3.75-3.73 (m, 4H), 3.22 (s, 2H),
2.24-2.15 (m, 2H), 2.08-2.07 (m, 1H), 1.73-1.70 (m, 1H)

Yoo

S-B3

256

0.5

75.3 mg; 36% yield; 97.1% purity (Q. HPLC); LCMS RT 0.908
min; [M+H]* 297.3; 'H NMR (400 MHz, CDsOD): & 7.60~7.54 (m,
4H), 7.42—7.40 (m, 2H), 7.40-7.38 (m, 1H), 7.14-7.11 (m, 2H),
4.51-4.47 (m, 2H), 3.89 (s, 1H), 3.72 (s, 4H), 3.20 (s, 2H), 2.23—
2.15 (m, 2H), 2.07-2.00 (m, 1H), 1.73-1.71 (m, 1H)

e

B5-R

O/\/O"'//NHZ

>256

<0.25

115 mg; 45% yield; 98.8% purity (Q. HPLC); LCMS RT 0.929
min; [M+H]* 311.1; 'H NMR (400 MHz, CDsOD): & 7.59-7.55 (m,
4 H), 7.42-7.38 (m, 2H), 7.31-7.29 (m, 1H), 7.13-7.11 (m, 2H),
4.52-4.47 (m, 2H), 3.78-3.75 (m, 2 H), 3.66-3.64 (m, 2H), 3.11—
2.93 (m, 4H), 2.41 (br's, 1H), 2.09-1.96 (m, 3H), 1.39-1.35 (m,
1H)

e

B5-S

O/\/O\/NHZ

>256

<0.25

82.2 mg; 32% yield; 99.4% purity (Q. HPLC); LCMS RT 0.907
min; [M+H]* 311.1; "H NMR (400 MHz, CDsOD): & 7.60~7.55 (m,
4H), 7.42-7.38 (m, 2H), 7.31-7.29 (m, 1H), 7.13-7.11 (m, 2H),
4.49-4.47 (m, 2H), 3.74-3.66 (m, 4H), 3.11-2.94 (m, 4 H), 2.41
(br s, 1H), 2.09-1.94 (m, 3H), 1.39-1.29 (m, 1H).

®

( )-B8A-trans

sV

HN. _~_ NH,

>256

<0.078

54.6 mg; 13% yield; 96.9% purity (Q. HPLC); LCMS RT 0.992
min; [M+H]* 325.3; 'H NMR (400 MHz, DMSO-ds): & 9.66 (s, 1H),
9.03 (s, 1H), 8.16 (s, 3H), 7.59-7.57 (m, 4H), 7.42-7.39 (t, J =
7.6 Hz, 2H), 7.29 (t, J = 7.6 Hz, 1H), 7.14 (d, J = 8.8 Hz, 2H),
4.61-4.56 (m, 1H), 3.27-3.26 (m, 1H), 3.09-3.08 (m, 2H), 2.88—
2.83 (m, 2H), 2.24-2.16 (m, 2H), 2.04-2.01 (m, 2H), 1.99-1.65
(m, 2H), 1.59-1.53 (m, 1H), 1.31-1.29 (m, 3H).

Y0

HN. _~_NH,

>256

<0.047

75.7 mg; 67% yield; 99.1% purity (Q. HPLC); LCMS RT 0.998
min; [M+H]* 325.3; 'H NMR (400 MHz, DMSO-ds): & 9.35 (s, 1H),
9.18 (s, 1H), 8.25 (s, 3H), 7.60~7.58 (m, 4H), 7.40 (t, J = 7.6 Hz,
J=8.0Hz, 2H),7.28 (t, J= 7.2 Hz, J = 7.6 Hz, 1H), 7.19.(d, J =
8.8 Hz, 2H), 5.01 (s, 1H), 3.36 (s ,1H), 3.09-3.87 (m, 2H), 2.84
(d, J = 6.0 Hz, 2H), 2.06-2.03 (m, 4H), 2.01-1.73 (m, 2H), 1.41—
1.36 (m ,4H).

( )-B8B-cis
NH,

C . A

( )-B11-cis

128

0.62

72.7 mg; 21% yield; 96.2% purity (Q. HPLC); LCMS RT 0.974
min; [M+H]* 311.3; 'H NMR (400 MHz, CDsOD): 5 7.58-7.53 (m,
4H), 7.38 (t, J = 8.0 Hz, 2H), 7.27 (t, J = 8.0 Hz, 1H), 7.1 (d, J =
8.0 Hz, 2H), 4.42 (t, J = 4.0 Hz, 2H), 4.03 (s, 1H), 3.86-3.62 (m,
3H), 2.14-2.04 (m, 2H), 1.94-1.84 (m, 3H), 1.68-1.52 (m, 3H).

C .
J o~y

nz

B11-(R,R)-trans

128

0.62

53.6 mg; 10% yield; 97.2% purity (Q. HPLC); LCMS RT 0.96 min;
[M+H]* 311.2; 'TH NMR (400 MHz, CDsOD): & 7.59-7.53 (m, 4H),
7.39 (t, J = 8.0 Hz, 2H), 7.27 (t, J = 8.0 Hz, 1H), 7.11 (d, J = 8.0
Hz, 2H), 4.49-4.41 (m, 2H), 3.73-3.67 (m, 1H), 3.54-3.44 (m,
3H), 2.38 (d, J = 8.0 Hz, 1H), 2.19 (d, J = 8.0 Hz, 1H), 1.92-1.84
(m, 2H), 1.62—-1.53 (m, 2H), 1.48—1.37 (m, 2H).
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: b NH:
O/\/N",G

B11-(S,S)-trans

128

0.62

68.4 mg; 19.6% yield; 99.4% purity (Q. HPLC); LCMS RT 0.58
min; [M+H]* 311.2; 'H NMR (400 MHz, CDsOD): 5 7.61-7.56 (m,
4H), 7.42 (t, J = 8.0 Hz, 2H), 7.31 (t, J = 8.0 Hz, 1H), 7.14 (d, J =
8.0 Hz, 2H), 4.54-4.43 (m, 2H), 3.77-3.73 (m, 1H), 3.60-3.52 (m,
3H), 2.41 (d, J = 8.0 Hz, 1H), 2.19 (d, J = 8.0 Hz, 1H), 1.95-1.87
(m, 2H), 1.67-1.61 (m, 2H), 1.49-1.42 (m, 2H).

®

Ol

B19

>256

<0.31

99.2 mg; 41% yield; 98.9% purity (Q. HPLC); LCMS RT 0.938
min; [M+H]* 299.2; 'H NMR (400 MHz, CDsOD): & 7.61-7.55 (m,
4H), 7.42-7.40 (m, 2H), 7.35-7.33 (m, 1H), 7.13-7.11 (m, 2H),
4.45-4.43 (m, 2H), 3.61-3.59 (m, 2H), 3.22 (s, 2H), 3.06 (s, 2H),
1.23 (s, 6H).

>256

<0.25

57.5 mg; 46% yield; 100% purity (Q. HPLC); LCMS RT 0.908
min; [M+H]* 284.2; 'H NMR (400 MHz, DMSO-ds): 5 10.93-11.23
(m, 1H), 11.09 (s, 1H), 9.58 (br s, 2 H), 8.42 (br s, 3H), 8.08 (d, J
= 7.58 Hz, 1H), 7.72 (d, J = 2.20 Hz, 1H), 7.45 (d, J = 8.07 Hz,
1H), 7.40 (d, J = 8.56 Hz, 1H), 7.30-7.37 (m, 1H), 7.08-7.16 (m,
1H), 7.01-7.08 (m, 1H), 7.06 (dd, J = 8.80, 2.45 Hz, 1H), 4.18 (t,
J=6.11 Hz, 2H), 3.13-3.30 (m, 6H), 2.11-2.26 (m, 2H)

256

0.078

20 mg; 29% yield; 94.3% purity (Q. HPLC); LCMS RT 0.771 min;
[M+H]* 333.2; 'H NMR (400 MHz, DMSO-ds): 5 = 9.53-9.20 (m,
2H), 8.22-7.96 (m, 3H), 7.34-7.24 (m, 5H), 7.24-7.18 (m, 1H),
7.13(d, J= 2.6 Hz, 1H), 7.06 (d, J = 8.8 Hz, 1H), 4.31 (t, J= 5.2
Hz, 2H), 4.08-3.93 (m, 2H), 3.47-3.38 (m, 1H), 3.38-3.27 (m,
2H), 3.06-2.81 (m, 2H), 2.22-2.07 (m, 1H), 1.95-1.77 (m, 1H),
1.30 (d, J = 6.6 Hz, 3H)

128

0.12

21.1 mg; 20% yield; 99.5% purity (Q. HPLC); LCMS RT 0.776
min; [M+H]* 333.1; 'H NMR (400 MHz, DMSO-ds):  9.53 (br s,
2H), 8.21 (br s, 3H), 7.33-7.23 (m, 5H), 7.22-7.17 (m, 1H), 7.11
(d, J = 2.6 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H), 4.32 (br t, J = 5.1 Hz,
2H), 4.05-3.94 (m, 2H), 3.32 (br s, 3H), 2.99-2.82 (m, 2H), 2.22—
2.12 (m, 1H), 1.97-1.85 (m, 1H), 1.30 (d, J = 6.5 Hz, 3H)

64

0.38

51.8 mg; 33% yield; 100% purity (Q. HPLC); LCMS RT 0.795
min; [M+H]* 361.3; 'H NMR (400 MHz, CD;OD): & 7.34-7.27 (m,
2H), 7.26-7.16 (m, 4H), 7.07-6.99 (m, 2H), 4.42-4.26 (m, 2H),
4.05 (s, 2H), 3.61-3.38 (m, 2H), 3.24 (br dd, J = 5.6, 13.6 Hz,
1H), 3.18-3.08 (m, 2H), 3.08-3.00 (m, 1H), 2.20-1.90 (m, 2H),
1.00 (dd, J = 6.8, 16.8 Hz, 6H).

NH,

B37

>256

45.7 mg; 38% yield; 99.5% purity (Q. HPLC); LCMS RT 0.931
min; [M+H]* 367.2; 'H NMR (400 MHz, DMSO-ds):  7.27-7.19
(m, 6H), 7.19-7.05 (m, 3H), 7.02-6.95 (m, 1H), 6.78 (br s, 2H),
412 (t, J = 6.0 Hz, 2H), 3.90 (s, 2H), 3.61-3.54 (m, 1H), 3.20 (br
t, J = 7.0 Hz, 2H), 2.08 (q, J = 6.3 Hz, 2H).

Me

nl\

O/\/\N/'\/NHz
H

B38-R

32

0.56

58.9 mg; 21% yield; 100% purity (Q. HPLC); LCMS RT 0.792
min; [M+H]* 347.3; 'H NMR (400 MHz, DMSO-ds):  9.76 (br s,
1H), 9.53 (br s, 1H), 8.60 (br s, 3H), 7.32-7.26 (m, 2H), 7.25—
7.16 (m, 5H), 6.98 (d, J = 8.4 Hz, 1H), 4.07 (br t, J = 5.6 Hz, 2H),
3.90 (s, 2H), 3.34 (br s, 1H), 3.26-3.13 (m, 2H), 3.13-2.93 (m,
2H), 2.19 (br s, 2H), 1.84-1.72 (m, 1H), 1.71-1.57 (m, 1H), 0.94
(t, J= 7.6 Hz, 3H).

Cl Me
O O/\/\NL/NHZ
H
u‘; B38-S

32

0.56

45.9 mg; 39% yield; 100% purity (Q. HPLC); LCMS RT 0.791
min; [M+H]* 347.3; 'H NMR (400 MHz, DMSO-ds): 8 9.85-9.25
(m, 2H), 8.54 (br s, 3H), 7.35-7.12 (m, 7H), 6.98 (d, J = 8.6 Hz,
1H), 4.14-4.01 (m, 2H), 3.90 (s, 2H), 3.18 (br s, 2H), 3.12-2.94
(m, 2H), 2.18 (br d, J = 2.7 Hz, 2H), 1.84-1.53 (m, 2H), 0.94 (t, J
= 7.4 Hz, 3H).

@ FICI data reported are for MAC-0568743 analogues in combination with rifampicin.
Refer to the Methods section for FICI determination ? Instrument for LCMS: Shimadzu
LCMS-2020; Software: LabSolution Version 5.82 SP1; Method A: 0.0375% TFA in water
(v/v): 0/01875% TFA in acetonitrile (v/v), 10% B to 90% B.
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CHAPTER IV - Genetic and chemical screening reveals targets and
compounds to potentiate Gram-positive antibiotics against Gram-negative

bacteria
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Preface

The work presented in this chapter is in preparation for submission, as of April

25, 2022:

Klobucar K, Jardine E, Farha MA, MacKinnon MR, Fragis M, Nkonge B, Bhando
T, Borrillo L, Tsai CN, Coombes BK, Magolan J, Brown ED. 2022. Genetic and
chemical screening reveals targets and compounds to potentiate Gram-positive

antibiotics against Gram-negative bacteria. In preparation.

| performed all antibiotic susceptibility testing, checkerboard assays, membrane
integrity assays, and enzyme assays. | performed chemical-genetic screening
with assistance from Jardine E. Chemical screening and dose-response
experiments were performed by Jardine E. | performed compound prioritization
with significant input from Farha MA, Jardine E, and Brown ED. Hyperporinated
strains were constructed by Bhando T. Cytotoxicity assays were performed by
Tsai CN. MAC-0485042 and analogues were synthesized and chemically
characterized by MacKinnon MR and Borrillo L. MAC-0493157 and MAC-
0483351 analogues were synthesized and chemically characterized by Fragis M.

and Nkonge B. | wrote and edited the manuscript with input from all authors.
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Abstract

Gram-negative bacteria are intrinsically resistant to a plethora of antibiotics which
effectively inhibit the growth of Gram-positive bacteria. The intrinsic resistance of
Gram-negative bacteria to classes of antibiotics including rifamycins,
aminocoumarins, macrolides, glycopeptides, and oxazolidinones, has largely
been attributed to their lack of accumulation within cells due to poor permeability
across the outer membrane, susceptibility to efflux pumps, or a combination of
these factors. Due to the difficulty in discovering antibiotics which can bypass
these barriers, finding targets and compounds that increase the activity of these
ineffective antibiotics against Gram-negative bacteria has the potential to expand
antibiotic spectrum. In this study, we investigated the genetic determinants for
resistance to rifampicin, novobiocin, erythromycin, vancomycin, and linezolid, to
determine potential targets of antibiotic potentiating compounds. We
subsequently performed a high-throughput screen of ~50,000 diverse, synthetic
compounds to uncover molecules that potentiate the activity of at least one of the
five Gram-positive-targeting antibiotics. This led to the discovery of two
membrane active compounds capable of potentiating linezolid, and an inhibitor of
lipid A biosynthesis capable of potentiating rifampicin and vancomycin.
Furthermore, we characterized the ability of known inhibitors of lipid A
biosynthesis to potentiate the activity of rifampicin against Gram-negative

pathogens.
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Introduction

The lack of available effective antibiotics to treat Gram-negative
pathogens is one of the greatest current threats to medicine (1, 2). Treatments
using the existing antibiotics which are effective against Gram-negative bacteria
are plagued by widespread resistance elements, making their use increasingly
obsolete. The void in discovery of new antibiotics has produced no new classes
of antibiotics to treat Gram-negative infections in over 50 years (3, 4). Itis
exceedingly difficult to find antibiotics which target Gram-negative bacteria as cell
envelopes of these microbes provide a formidable permeability barrier (5). The
Gram-negative cell envelope consists of a canonical phospholipid inner
membrane (IM), a thin layer of peptidoglycan, and an asymmetric outer
membrane (OM) composed of phospholipids in the inner leaflet and
lipopolysaccharide (LPS) molecules in the outer leaflet (6). LPS typically consists
of a 3-deoxy-D-manno-octulosonic acid (Kdo)-lipid A moiety, inner and outer
core oligosaccharides, and O-polysaccharide; however, O-polysaccharide is
absent in Escherichia coli K-12 strains (7, 8). LPS contributes to the
impenetrability of the OM barrier, which hinders the entry of hydrophobic
molecules and molecules greater than ~600 Da in size (8, 9). An additional
barrier to antibiotic accumulation in Gram-negative bacteria is the presence of
multidrug efflux pumps, such as the AcrAB-TolC system, whereby much of the
chemical matter capable of entry is still susceptible to removal by these pumps,

limiting intracellular concentrations (10, 11).
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As a result of the OM barrier, as well as the presence of efflux pumps,
many antibiotics which are effective against Gram-positive bacteria are unable to
reach their targets and lack any growth inhibitory activity against Gram-negative
bacteria. Gram-positive-targeting antibiotics include rifamycins (e.g. rifampicin),
aminocoumarins (e.g. novobiocin), macrolides (e.g. erythromycin), glycopeptides
(e.g. vancomycin), and oxazolidinones (e.qg. linezolid) (12, 13). Our research
group has previously explored genetic and chemical approaches to understand
and overcome the permeability barrier of the model Gram-negative E. coli (14—
18). Chemical perturbation of intrinsic resistance mechanisms is an avenue with
broad application across multiple pathogens and with the potential to expand the
spectrum of Gram-positive-targeting antibiotics to include Gram-negative
bacteria. Therapeutically, this could be accomplished through a combinatorial,
dose-sparing approach, in which a Gram-positive-targeting antibiotic is co-
administered with a enhancing agent (13, 19, 20). Potentiators could target OM
biogenesis or impact OM integrity through physical perturbation to increase
antibiotic influx. Such agents could also target efflux pumps to reduce antibiotic
removal from cells. In principle, potentiator compounds might also impact specific
cellular processes that enhance efficacy without affecting antibiotic accumulation
within cells.

In the work described here, we investigated the genetic requirements for
resistance of E. coli to rifampicin, novobiocin, erythromycin, vancomycin, and

linezolid, antibiotics that have intracellular targets in Gram-negative bacteria but
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are only effective against Gram-positive bacteria. Similarly, we screened a library
of ~50,000 diverse, synthetic compounds for growth inhibitory activity against E.
coli in the presence subinhibitory concentrations of the five Gram-positive-
targeting antibiotics. Some 12 compounds were determined to be synergistic with
at least one of the antibiotics and we characterized the mechanism of potentiation
of three of these. Two were structural analogues that physically disrupted both
the OM and IM to potentiate linezolid. One compound was a weakly potent
inhibitor of the lipid A biosynthetic enzyme, LpxC, that potentiated rifampicin and
vancomycin. The latter finding led us to characterize the synergy between known

LpxC inhibitors and rifampicin in various Gram-negative pathogens.

Results and Discussion
Genetic requirements for resistance of E. coli to Gram-positive-targeting
antibiotics

As Gram-negative bacteria are intrinsically resistant to several Gram-
positive-targeting antibiotics due to the presence of the OM barrier and efflux, we
sought to confirm the relative contribution of each to antibiotic activity. We began
by selecting five antibiotics of different classes which are effective against Gram-
positive bacteria but are ineffective against Gram-negative bacteria despite the
presence of otherwise susceptible intracellular targets: rifampicin (a rifamycin),
novobiocin (an aminocoumarin), erythromycin (a macrolide), vancomycin (a

glycopeptide), and linezolid (an oxazolidinone). We performed susceptibility
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testing of these antibiotics in four different strains of E. coli BW25113: wild type
(WT), a hyperporinated strain constitutively expressing a truncated form of the
FhuA pore (WT-pore) (21, 22), an efflux-deficient strain (Afo/C), and a
hyperporinated, efflux-deficient strain (Ato/C-pore). Both rifampicin and
vancomycin are largely OM excluded as their minimum inhibitory concentrations
(MICs) were 232-fold lower in the hyperporinated strains compared to wild type,
while the efflux-deficient strains were no more susceptible to either antibiotic
(Table 1). Erythromycin, novobiocin, and linezolid activities were all improved by
both hyperporination and a lack of efflux, to varying extents (Table 1). These
findings were largely in line with previous observations (22). Linezolid resistance
in Gram-negative bacteria has generally been attributed to efflux (23), however
our data suggested, as has other recent work (15, 18, 24), that a compromised
OM barrier can also increase its activity, albeit to a lesser extent. While efflux and
permeability are closely linked, these strains provided valuable benchmarking for
the impact of these elements on the five chosen antibiotics.

Next, we sought to identify the genetic determinants for resistance to these
antibiotics in E. coli using high-throughput genetic screens. We measured the
growth of a collection of single gene deletion strains (25), as well as a collection
of small RNA deletion strains (26), in the presence of subinhibitory concentrations
(1/4 of the solid media MIC) of five Gram-positive-targeting antibiotics, rifampicin,
novobiocin, erythromycin, vancomycin, and linezolid, and compared the growth to

that with no drug added. Strains with impaired growth in the presence of
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subinhibitory concentrations of antibiotic compared to the no drug condition,
defined as 2 standard deviations (o) below the mean, were deemed to be
sensitive to the respective antibiotic (Figure 1A). Of the 222 gene deletion strains
that were sensitive to at least one of the five antibiotics, 134 were uniquely
sensitive to one of the antibiotics (Figure 1A). Some of these sensitive strains
reflected the mechanism of action or cellular response to the antibiotic. For
instance, deletions in ruvA and uvrA, which are genes involved in the SOS
response, as well as frxA, a regulator of DNA replication, resulted in sensitivity to
rifampicin which targets DNA-dependent RNA polymerase. Deletions in gimZ and
hfq, elements of small RNA regulated gene expression, were more sensitive to
linezolid which targets protein synthesis. Increased sensitivity to vancomycin,
which targets peptidoglycan synthesis, was also observed in deletions of
peptidoglycan metabolism genes [dtC, pgpB, and mitD, as well as the nucleotide
metabolism gene deletions atpE, atpB, sucB, sucC, and upp. The remaining 88
gene deletion strains were sensitive to at least two of the antibiotics. Interestingly,
rifampicin and vancomycin showed the most overlap, despite having widely
different mechanisms of action and hydrophobicities (Figure 1A). An analysis of
gene ontology (GO) terms of the genes that were important for resistance to at
least two of the Gram-positive-targeting antibiotics revealed an enrichment in a
variety of processes including LPS core metabolism (waaP, waaF, IpcA, gmhB,
rfak, galU), bile acid and bile salt transport (acrA, acrB, tolC, ygiS), protein

folding (skp, dnaK, bepA, dppA, elfD, dsbB), protein insertion into membrane
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(skp, secG, bamkE), and peptidoglycan turnover (murQ, IdcA, nagE) (Figure 1B).
Based on these GO terms, increased sensitivity to these different classes of
antibiotics was commonly due to increased cell permeation and decreased efflux.
Consequently, these processes represent potential targets for chemicals which
increase the sensitivity of E. coli to these Gram-positive-targeting antibiotics.
Chemical screening for potentiation of Gram-positive-targeting antibiotics
in E. coli

Given the varied genetic targets which led to sensitivity to the five different
Gram-positive-targeting antibiotics, we undertook a chemical screening campaign
to uncover molecules which are capable of potentiating each of the antibiotics in
Gram-negative E. coli. We screened a library of ~50,000 diverse synthetic
compounds at 10 yM for growth inhibitory activity against E. coli BW25113 in the
presence of the five antibiotics, rifampicin, novobiocin, erythromycin, vancomycin,
and linezolid, at subinhibitory concentrations in rich microbiological media (Figure
2). Compounds which resulted in E. coli growth less than 4o below the mean for
each screen were deemed active (Figure S1). For each of the five screens there
were between 100 and 200 actives, resulting in active rates of ~0.2-0.4% (Figure
2). As the primary screen was unable to differentiate between compounds with
growth inhibitory activity alone and those which increased the growth inhibitory
activity of the partner antibiotic, all active compounds were tested in dose-
response assays to determine their MICs in the presence and absence of the

corresponding antibiotic. Compounds which had an unchanged MIC in the
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presence and absence of the antibiotic were eliminated from further study (Figure
2).

From all screens, 45 compounds were found to potentiate the activity of at
least one of the five antibiotics tested (Figure 2). Five of these compounds were
structural analogues of S-(3,4-dichlorobenzyl) isothiourea, also known as A22
(Figure S2). A22 and other thiourea compounds have been shown to potentiate
the activity of large-scaffold antibiotics via their inhibitory activity on the bacterial
cytoskeletal protein MreB, resulting in increased permeability (27-30). Similarly,
the A22 analogue MAC13243, and related compounds are likely to break down to
expose the active thiourea fragment of the molecule (29). Additionally, seven of
the actives were sulfonamides found to be synergistic with the peptidoglycan
targeting antibiotic vancomycin (Figure S3). Sulfonamide antibiotics target the
enzyme dihydropteroate synthase involved in folic acid biosynthesis by
competing with the native substrate of the enzyme, p-aminobenzoic acid (31). A
similar observation by Zhou et al. (32) revealed that vancomycin was synergistic
with trimethoprim, another antibiotic which targets folic acid biosynthesis. The
observed synergy was speculated to be due to a small amount of vancomycin
entering cells, causing DNA damage through generation of hydroxyl radicals, and
acting synergistically with compounds which deplete thymine from cells, such as
inhibitors of the folic acid biosynthetic pathway (32).

Excluding the five A22 analogues and seven sulfonamides, 25 compounds

were resupplied based on commercial availability (Figure 2). All 25 resupplied
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compounds were tested in combination with the five Gram-positive-targeting
antibiotics against E. coli using checkerboard broth microdilution assays, which
were used to calculate a fractional inhibitory concentration index (FICI) for each
antibiotic-compound combination. The FICI is the sum of the fractional inhibitory
concentration (FIC) of each tested compound, which is the MIC of the compound
in combination divided by the MIC of the compound alone (33). FICIs less than or
equal to 0.5 are deemed synergistic (34). Of the 25 compounds tested, 12
compounds were synergistic with at least one of the antibiotics tested (Figure 2).
MAC-0493157 and MAC-0483351 potentiate linezolid through outer and
inner membrane disruption

In our screen, we identified two potentiators of linezolid in E. coli that were
structural analogues of one another, MAC-0493157 and MAC-0483351 (Figure
3A). Interestingly, MAC-0493157 was also active in the novobiocin potentiation
screen, while MAC-0483351 was not. This was confirmed in the checkerboard
assays, with MAC-0493157 being most synergistic with novobiocin and linezolid,
while MAC-0483351 was synergistic with linezolid but not novobiocin (Figure 3B).
MAC-0493157 was also weakly synergistic with rifampicin and erythromycin, and
MAC-0483351 was weakly synergistic with vancomycin (Figure 3B). To test the
effects of these compounds on OM integrity, a B-lactamase assay was
performed. Upon OM disruption of a strain of E. coli constitutively expressing -
lactamase in the periplasm, the B-lactamase enzyme can encounter the nitrocefin

substrate, resulting in its cleavage, to produce a detectable colour change. Both
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compounds were found to physically disrupt OM integrity in the B-lactamase
assay (Figure 3C). In this assay, MAC-0493157 disrupted the OM to a similar
extent as the known OM perturbant, SPR741 (35), while MAC-0483351 exhibited
a lower maximal observed level of OM disruption (Figure 3C).

As many physical membrane disruptors act indiscriminately on all
membranes, we also tested whether MAC-0493157 and MAC-0483351 perturb
IM integrity using a B-galactosidase assay. To measure their effects on IM
permeability, a strain of E. coli constitutively expressing (-galactosidase in the
cytoplasm was used. If the IM integrity of cells is disrupted, the B-galactosidase
can come into contact with the chromogenic substrate, o-nitrophenyl-f3-
galactoside (ONPG) and cleave it to produce a detectable colour change. Indeed,
both MAC-0493157 and MAC-0483351 disrupted the integrity of the IM as
measured in the 3-galactosidase assay at levels approaching the polymyxin B
high control (Figure 3D). In accordance with these findings, MAC-0493157 and
MAC-0483351 were potently growth inhibitory against Staphylococcus aureus, a
Gram-positive bacterium, which possesses a cytoplasmic membrane similar to
the Gram-negative IM (Figure 3E). As expected for compounds which
indiscriminately disrupt cell membranes, both compounds were also cytotoxic
against the HEK293 mammalian cell line in a lactate dehydrogenase (LDH)
release assay at the concentrations which would be useful for potentiation of
linezolid (Figure 3F). Thus, both MAC-0493157 and MAC-0483351 are capable

of potentiating linezolid against Gram-negatives, however, would require
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considerable medicinal chemistry optimization to maintain OM activity while
decreasing activity against canonical phospholipid membranes that is presumably
the mechanism of cytotoxicity. Based on preliminary structure-activity relationship
efforts, modifications to the carbazole group including removal of one of the
benzene rings and removal of the halogen substituents resulted in loss of
potentiation activity (Table S1).
MAC-0485042 potentiates rifampicin and vancomycin by inhibition of LpxC

One of the hit compounds detected in the vancomycin potentiation screen
was MAC-0485042, a hydroxamic acid containing compound (Figure 4A).
Hydroxamic acid containing drugs have been used in a variety of therapeutic
applications due to their ability to form complexes with metal ions (36, 37).
Additionally, hydroxamic acids have been explored as inhibitors of bacterial
metalloenzymes (37). Such enzymes include UDP-3-O-(R-3-hydroxymyristoyl)-N-
acetylglucosamine deacetylase (LpxC), a zinc-binding metalloenzyme which
catalyzes the first committed step of lipid A biosynthesis in Gram-negative
bacteria (38—40), and peptide deformylase, a metalloenzyme which catalyzes the
removal of the formyl group from the N-terminal methionine residue of nascent
peptides (41). MAC-0485042 has previously been reported to inhibit E. coli
peptide deformylase in an in vitro biochemical assay (42).

Since MAC-0485042 was discontinued by the supplier, the compound was
synthesized in house for further studies. As discovered in the potentiation screen,

MAC-0485042 was synergistic with vancomycin (Figure 4B). MAC-0485042
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displayed enhanced synergy with rifampicin compared to vancomycin (Figure
4B), however was undetected in the rifampicin potentiation screen due to
depletion of the stock in the cherry-picking source plate. MAC-0485042 also
showed borderline synergy with erythromycin and linezolid (Figure 4B). Notably,
MAC-0485042 lacked growth inhibitory activity against E. coli on its own, with an
MIC of 256 ug/mL, suggesting either a non-essential target or weak inhibition of
an essential target. We set out to eliminate the possibility of the compound acting
via physical OM perturbation. Indeed, MAC-0485042 lacked any physical OM
disruption in the B-lactamase assay, unlike the SPR741 positive control (Figure
4C). Interestingly, there was a decrease in absorbance in this assay with
increasing concentrations of MAC-0485042 upon subtraction of the
corresponding no cell control wells, since the compound alone resulted in
nitrocefin cleavage (data not shown). A lysozyme assay was performed as an
additional method to confirm the lack of OM disruption by MAC-0485042
observed in the B-lactamase assay. Lysozyme, an ~14 kDa protein, only lyses
Gram-negative cells with a compromised OM facilitating its entry (43, 44). MAC-
0485042 was unable to produce cell lysis by lysozyme, confirming the lack of
physical OM disruption by this compound (Figure 4D). Thus, MAC-0485042 was
capable of potentiating rifampicin and vancomycin without physically perturbing
the OM.

Due to the high concentration of MAC-0485042 required for growth

inhibition, we postulated that the compound could be susceptible to efflux or have
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difficulty permeating the OM. Thus, we tested the potency of MAC-0485042 in the
efflux-deficient and hyperporinated strains of E. coli. MAC-0485042 was =4-fold
more potent with an MIC of 64 pg/mL in the efflux-deficient strain relative to wild
type E. coli, with little difference in MIC in the hyperporinated strain (Figure 4E).
These results suggested MAC-0485042 was susceptible to efflux by TolC-
dependent efflux pumps and inhibited an intracellular target. Additionally, MAC-
0485042 did not inhibit the growth of S. aureus (MIC >256 pg/mL), suggesting a
Gram-negative specific target.

Since inhibition of LpxC, a Gram-negative specific target with numerous
known hydroxamate-containing inhibitors (40), would increase the permeability of
the OM, we hypothesized that MAC-0485042 was able to potentiate the activity of
rifampicin and vancomycin through weak inhibition of LpxC. To confirm that the
hydroxamic acid portion of the molecule which would interact with this bacterial
metalloenzyme was required for the potentiation of rifampicin by MAC-0485042,
we synthesized and tested two structural analogues which lacked the
hydroxamate group. Both analogues lacked any synergy with rifampicin,
suggesting that the hydroxamic acid portion of MAC-0485042 is critical to its
biological activity (Figure S4). To explore whether LpxC inhibition was indeed the
reason for potentiation of Gram-positive-targeting antibiotics by MAC-0485042,
we tested the potency of MAC-0485042 against a strain of E. coli possessing a
mutation in the /pxC gene (lpxC101) resulting in reduced lipid A biosynthesis (39).

The IpxC101 mutation is known to increase the sensitivity of cells to LpxC
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inhibitors, along with other impermeant antibiotics (Figure S5) (45). MAC-
0485042 was observed to be >64-fold more potent against the [pxC707 mutant
compared to the parental strain (Figure 4F). This increase in potency is
substantially larger than any increase in potency due to reduction in efflux and
permeability barriers (Figure 4E). Therefore, it is likely that the [JpxC7101 mutant is
more susceptible to MAC-0485042 due to LpxC being the target of the compound
rather than due to increased permeability of the compound in this mutant
background. To test whether MAC-0485042 was able to inhibit the activity of the
E. coli LpxC enzyme, the use of an in vitro biochemical assay was employed.
This fluorescence-based assay measures the conversion of the UDP-3-0O-(R-3-
hydroxymyristoyl)-N-acetylglucosamine substrate into UDP-glucosamine which is
detected with o-phthaldialdehyde (45). In this assay, MAC-0485042 was able to
weakly inhibit the activity of the LpxC enzyme, with an 1Cso value of ~333 yM
(Figure 4G). Thus, MAC-0485042 may be capable of potentiating rifampicin and
vancomycin through its weak inhibition of LpxC. Although the mechanism of
synergy between MAC-0485042 appeared to be due to inhibition of LpxC, this
does not exclude the possibility of peptide deformylase as an additional cellular
target of this compound.
LpxC inhibitors are synergistic with rifampicin in Gram-negative pathogens
As LpxC is an essential enzyme for viability in most Gram-negative
pathogens, drug discovery efforts in this area have largely focused on targeting

LpxC as a monotherapy. A plethora of chemical matter targeting this enzyme has
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been uncovered and many of these characterized inhibitors are highly potent on
their own, with MICs typically in the single digit ug/mL range, with some being
less than 1 pg/mL in certain strains (40). Additionally, since compromising LpxC
function is known to increase OM permeability (39, 45), inhibitors of LpxC have
potential for use in combination therapies with antibiotics excluded by the OM.
One of the LpxC inhibitors discovered by Pfizer, PF-05081090, has also
previously been shown to potentiate Gram-positive-targeting antibiotics in A.
baumannii, in which inhibition of lipid A biosynthesis results in increased OM
permeability but is not lethal (46). To further validate the use of LpxC inhibitors in
combination with Gram-positive-targeting antibiotics against Gram-negative
pathogens, we tested MAC-0485042 and the commercially available LpxC
inhibitors ACHN-975, CHIR-090, PF-04753299, and PF-05081090, in
combination with rifampicin in uropathogenic E. coli (UPEC), Klebsiella
pneumoniae, and Pseudomonas aeruginosa. MAC-0485042 was synergistic with
rifampicin in UPEC and K. pneumoniae, but not in P. aeruginosa (Figure 5). All
other LpxC inhibitors tested were synergistic with rifampicin in all three pathogens
tested, with the strongest synergy detected between PF-05081090 and rifampicin
in K. pneumoniae (Figure 5). LpxC inhibitors have faced difficulty entering clinical
trials, with ACHN-975 being the only one of its class to reach Phase | (40, 47).
However, the compound was found to have issues due to cardiovascular toxicity
(48). Despite concerns surrounding the hydroxamic acid moiety resulting in

toxicity, it was found that the cardiovascular toxicity of the LpxC inhibitor was not
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exclusively due to the hydroxamate (48). Thus, opportunities still exist in this area
through the use of these compounds in combination with other large-scaffold
antibiotics that could enable further dose-sparing, as well as investigation of
analogues which are less potent and less toxic on their own while exhibiting

synergy with other antibiotics.

Conclusion

The intrinsic antibiotic resistance mechanisms of Gram-negative bacteria
must be subverted to potentiate the activity of antibiotics which are currently
limited to use against Gram-positive bacteria. Through studies of the contribution
of efflux and OM permeability, as well as the genetic determinants of resistance
to these antibiotics, we have described potential processes which can be
targeted for antibiotic potentiation. We performed high-throughput chemical
screening for antibiotic potentiation and uncovered two membrane active
compounds with a shared scaffold, MAC-0493157 and MAC-0483351, which are
synergistic with linezolid, as well as MAC-0485042 which is capable of
potentiating rifampicin and vancomycin through weak inhibition of LpxC. MAC-
0485042 and other commercially available LpxC inhibitors have utility in
potentiating antibiotics against Gram-negative pathogens which is an avenue that

should be explored further for in vivo potential.
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Methods
Bacterial strains and chemicals

Bacterial strains used in this study include E. coli BW25113, E. coli
BW25113 AtolC (Keio collection) (25), E. coli ML35 pBR322 (49), S. aureus
Newman, E. coli D21 (CGSC #5158) (50), E. coli D22 (CGSC #5163) (51), E. coli
CFTO73, K. pneumoniae ATCC 43816, P. aeruginosa PAO1. The hyperporinated
E. coli BW25113 (E. coli WT-pore) and hyperporinated, efflux-deficient E. coli
BW25113 (E. coli AtolC-pore) were generated by moving the pore, as described
previously (21), into E. coli BW25113 and E. coli BW25113 AtolC, respectively.

Chemicals were purchased from Sigma-Aldrich (rifampicin, vancomycin,
novobiocin, erythromycin, CHIR-090, PF-04753299, polymyxin B), AvaChem
Scientific (linezolid), MedChem Express (ACHN-975), Maybridge (MAC-0493157,
MAC-0483351), and Axon Medchem (PF-05081090). SPR741 was supplied by
Spero Therapeutics and Northern Antibiotics. MAC-0485042 and its analogues,
as well as analogues of MAC-0493157 and MAC-0483351 were synthesized in
house. Stock solutions of compounds were routinely dissolved in DMSO, except
for polymyxin B and SPR741 which were dissolved in sterile deionized H20, and
stored at -20 °C.
Chemical-genetic screening

The Keio collection (25) was pinned from Mueller Hinton agar (MHA) at
1,536-colony density to 6,144-colony density using the Singer Rotor onto MHA

plates containing the following concentrations of antibiotics (1/4 of the solid media
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MIC as determined using the method described in French et al. (52)), in
duplicate: 4 pg/mL rifampicin, 128 ug/mL novobiocin, 128 ug/mL linezolid, 64
Mg/mL vancomycin, 64 ug/mL erythromycin. A no drug control condition was also
included. Plates were incubated at 37 °C for 18 h and imaged at endpoint using
Epson Perfection V750 scanners. Data was analyzed and normalized as
previously described (52). The normalized integrated density of each colony in
the presence of antibiotic was divided by its normalized integrated density in the
no drug condition. Colonies which grew less than 20 below the mean in each
antibiotic were defined as sensitive. GO term enrichment and P value
calculations (using a Fisher exact test) were performed using EcoCyc (53).
REVIGO was used to reduce the redundancy of GO term enrichments (54).
High-throughput chemical screening and dose-response assays

Chemical screening was performed at the McMaster Centre for Microbial
Chemical Biology. E. coli BW25113 was grown overnight (~18 h) in cation-
adjusted Mueller Hinton Il Broth (MHB), subcultured 1:50 into fresh MHB, and
grown at 37 °C with shaking at 250 rpm to mid-exponential phase (absorbance at
600 nm or ODeoo ~0.4). Cells were diluted to 1:10,000 in fresh MHB containing
the following antibiotics, where applicable: 2 pg/mL rifampicin, 8 ug/mL
novobiocin, 25 pg/mL linezolid, 8 ug/mL vancomycin, 4 yg/mL erythromycin. A
100 nL volume of compound was added to each well of a clear 384-well flat-
bottom plate for a final concentration of 10 uM (or two-fold dilutions from 0-100

MM for dose-response assays) using the Echo 550 (LabCyte). A 50 uL volume of
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cells was subsequently transferred to each well using the Tempest liquid
dispenser (Formulatrix). Plates were then placed in a stationary incubator at 37
°C for 18 h and were subsequently read for absorbance at 600 nm. Normalization
was performed as described previously in Mangat ef al. (55). Active compounds
were defined as those which resulted in growth less than 4o below the mean.
Checkerboard broth microdilution assays and MIC determination

Overnight cultures (~18 h) of the appropriate strain of bacteria were grown
in cation-adjusted MHB. Strains were subcultured 1:50 in fresh MHB and grown
at 37 °C with shaking at 250 rpm to mid-exponential phase (ODeoo ~0.4). Cells
were diluted to 1:10,000 in fresh MHB and added to a clear, flat-bottom 96-well
assay plate containing two-fold dilutions of two compounds in 8 by 8 dose-point
matrices (or one compound for MIC determination). ODgoo was measured using a
Tecan Infinite M1000 Pro plate reader prior to incubation in a 37 °C stationary
incubator. After incubation for 18 h, ODsoo was measured again and background
(0 h) reads were subtracted. The MIC values of the individual drugs were
determined to be the concentration of the compound that resulted in a percent
residual growth of £10%. The FIC of each compound was determined to be its
MIC in combination with the other compound divided by its MIC alone. The
reported FIC indices (FICls) are the sum of FICs for the two compounds being
tested (33). FICI values <0.5 were considered synergistic. Checkerboards and

MICs were performed in at least duplicate.
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Lysozyme assay for OM permeability

Assay was performed as previously described in Klobucar et al. (15).
Briefly, E. coli BW25113 was grown overnight (~18 h) in MHB and subcultured
1:50 in fresh MHB media at 37 °C with shaking at 250 rpm to mid-exponential
phase (ODsoo ~0.5). Subcultures were centrifuged and resuspended in 5 mM
HEPES pH 7.2 to ODego 0.5. A 1 mL volume of cells was added to microfuge
tubes containing the appropriate compound at 1/4 MIC and 50 pg/mL lysozyme
(Sigma Aldrich, Fluka Analytical). Tubes were gently inverted to mix and left at
room temperature for ~1 h for any cell debris to settle. A volume of 200 pL was
transferred from each tube to a clear, flat bottom 96-well plate, and ODsoo was
read using a Tecan Infinite M1000 Pro plate reader. Controls were included to
ensure that the compound alone did not lyse cells and to find the baseline cell
lysis by lysozyme alone.
B-lactamase assay for OM integrity

Assay was performed as previously described (15, 49). E. coli ML35
pBR322 cells grown overnight (~18 h) in MHB with 50 ug/mL ampicillin were
subcultured 1:50 in fresh MHB and grown at 37 °C with shaking at 250 rpm to
mid-exponential phase (ODeoo ~0.4-0.5), centrifuged, washed in 1x phosphate-
buffered saline (PBS), and resuspended to ODsoo = 0.02 in PBS. A volume of 50
WL of the cell suspension was added to a clear, flat bottom 96-well plate
containing 50 uL of PBS with a final concentration of 30 yM nitrocefin (Sigma-

Aldrich) and the two-fold dilution of compound in DMSO or H20. No cell controls
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were performed in parallel. Plates were incubated at 37 °C in a stationary
incubator and read at 4 h using a Tecan Infinite M1000 Pro plate reader at 492
nm to monitor nitrocefin hydrolysis. Reads from the corresponding no cell control
wells were subtracted from the 4 h timepoint.
B-galactosidase assay for IM integrity

Assay was performed as previously described (15, 49). E. coli ML35
pBR322 cells grown overnight (~18 h) in MHB with 50 ug/mL ampicillin were
subcultured 1:50 in fresh MHB and grown at 37 °C with shaking at 250 rpm to
mid-exponential phase (ODeoo ~0.4-0.5), centrifuged, washed in PBS, and
resuspended to ODsgo = 0.02 in PBS. A volume of 50 pL of the cell suspension
was added to a clear, flat bottom 96-well plate containing 50 uL of PBS with a
final concentration of 1.5 mM of ONPG (Sigma-Aldrich) and the two-fold dilution
of compound in DMSO or H2O. Plates were incubated at 37 °C in a stationary
incubator and read at 4 h using a Tecan Infinite M1000 Pro plate reader at 405
nm to monitor ONPG hydrolysis. Reads from the corresponding no cell control
well were subtracted from the 4 h timepoint.
Cytotoxicity assays

Cytotoxicity was measured using the Gbiosciences Cytoscan-LDH
cytotoxicity (Cat. #786-210, 786-324), which measures LDH release upon cell
death. Briefly, HEK293 cells were maintained in DMEM supplemented with 10%
FBS, 0.1 mM MEM non-essential amino acids, 6 mM L-glutamine, and 1 mM

MEM sodium pyruvate. Cells were seeded at 5x10* cells per well of a 384-well
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tissue culture plate and incubated for ~20 h at 37 °C with 5% CO.. Cherry-picked
compound was added to each well in two-fold dilutions from 0-100 pM using the
Echo 550 (LabCyte), and cells were incubated for 48 h. Plates were centrifuged
at 500xg for 2 min and LDH release was measured according to manufacturer’'s
instructions.
LpxC assay

LpxC assay was performed as previously described in Clements et al.,
with slight modifications (45). Assays were performed in a 96-well black non-
binding surface plate with a total volume of 100 ul per well containing 40 mM
sodium morpholinoethanesulfonic acid (MES) buffer (pH 6.0), 0.02% Brij 35, 80
MM dithiothreitol, 25 yM UDP-3-0O-(R-3-hydroxymyristoyl) GIcNAc Tris salt
(Toronto Research Chemicals), 50 ng/mL E. coli LpxC (BPS Bioscience), 1%
DMSO vehicle with or without MAC-0485042. Reactions were started upon LpxC
addition and incubated at 37 °C for 60 min prior to stopping with 40 ul 0.625 M
sodium hydroxide. After 10 min at 37 °C, 40 pl of 0.625 M acetic acid was added
to hydrolyze the 3-O-acyl ester. A volume of 33.5 ul of o-phthaldialdehyde
solution complete (Sigma-Aldrich) was added to detect the UDP-glucosamine.
Fluorescence was measured using a Tecan Infinite M1000 Pro plate reader using
340 nm excitation and 455 nm emission wavelengths. CHIR-090 at 0.25 pg/mL
was used as a control for full enzyme inhibition. The ICso was calculated using

GraphPad Prism.
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Figure 1: Genetic requirements for resistance to Gram-positive-targeting
antibiotics in E. coli. (A.) Shown is a Venn diagram with the number of E. coli
gene deletion mutants that were sensitive to the antibiotics rifampicin (blue),
novobiocin (red), erythromycin (green), linezolid (yellow), and vancomycin
(brown). The Keio and sRNA deletion collections were arrayed on solid media
agar containing subinhibitory concentrations of each antibiotic. Colonies which
grew less than 20 below the mean in each antibiotic were defined as sensitive.
(B.) Gene deletion strains which were sensitive to at least two of the antibiotics
were categorized by GO terms for biological process. The topmost enriched and
non-redundant GO terms are shown, where the GO classification count is the
number of genes present belonging to each GO term. GO term enrichment and P
value calculations (using a Fisher exact test) were performed using EcoCyc (53).
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Figure 2: Workflow of the chemical screens for potentiation of Gram-
positive-targeting antibiotics. A collection of ~50,000 compounds was
screened for growth inhibition in rich microbiological media with subinhibitory
concentrations (1/4 MIC) of each of the antibiotics, rifampicin (Rif), novobiocin
(Nov), erythromycin (Erm), vancomycin (Van), and linezolid (Lin), against E. coli.
Active compounds from the primary screens were subsequently tested for growth
inhibitory activity against E. coli alone and in the presence of the corresponding
Gram-positive-targeting antibiotic. Of those, 45 compounds had MICs at least
two-fold more potent in the presence of the antibiotic. The resupplied compounds
were assessed for synergy with rifampicin, novobiocin, vancomycin,
erythromycin, and linezolid using checkerboard broth microdilution assays and 12
compounds showed synergy (FICI <0.5) with at least one of the antibiotics.
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Figure 3: MAC-0493157 and MAC-0483351 potentiate the activity of linezolid
against E. coli through outer and inner membrane disruption. (A.) Shown are
chemical structures of MAC-0493157, an active in the linezolid and novobiocin
potentiation screens, and MAC-0483351, an active in the linezolid potentiation
screen. (B.) Fractional inhibitory concentration indices (FICIs) calculated from
checkerboard broth microdilution assays confirmed synergy between linezolid
and the two compounds, MAC-0493157 and MAC-0483351, against E. coli in rich
microbiological media. MAC-0493157 has an MIC of 128 ug/mL alone, and MAC-
0483351 has an MIC of >64 ug/mL alone. The dashed line at FICI=0.5 indicates
the cutoff value for synergy. The FICI value shown is representative of two
replicates. (C.) Disruption of the OM was measured by a 3-lactamase assay in E.
coli, where increased absorbance indicated nitrocefin hydrolysis by periplasmic 3-
lactamase. Concentrations of each compound shown are two-fold dilutions from 0
(left) to 128 (right) pg/mL, and those concentrations above the MIC of the
compound have been coloured with an opacity of 25%. SPR741, a known OM
disruptor, was used as a positive control. (D.) Disruption of the IM was measured
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by a B-galactosidase assay in E. coli, in which increased absorbance at 405 nm
indicates ONPG hydrolysis by cytoplasmic (3-galactosidase. SPR741 is known to
have minimal activity on the IM and is less IM active than the high control, 32
pug/mL of polymyxin B (PMB). (E.) Potency analysis of MAC-0493157 and MAC-
0483351 in S. aureus reveals single digit MIC for both compounds. (F.)
Cytotoxicity of MAC-0493157 and MAC-0483351 in HEK293 as determined by
LDH release assay.
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Figure 4: MAC-0485042 potentiates rifampicin and vancomycin activity in E.
coli through inhibition of LpxC. (A.) Chemical structure of MAC-0485042, an
active from the vancomycin potentiation screen. (B.) FICIs calculated from
checkerboard broth microdilution assays revealed synergy between MAC-
0485042 and four of the five the Gram-positive-targeting antibiotics, against E.
coli in rich microbiological media. MAC-0485042 has an MIC of 256 pg/mL alone.
The dashed line at FICI=0.5 indicates the cutoff value for synergy. The FICI value
shown is representative of two replicates. (C.) Disruption of the OM was
measured by a -lactamase assay in E. coli, where increased absorbance
indicates nitrocefin hydrolysis by periplasmic B-lactamase. Concentrations of
each compound shown are two-fold dilutions from O (left) to 128 (right) pg/mL,
and those above the MIC of the compound have been coloured with an opacity of
25%. SPR741, which is known to disrupt the OM, was used as a positive control.
(D.) Disruption of OM integrity was measured by permeability of lysozyme in E.
coli using subinhibitory concentrations of SPR741 (2 ug/mL) and MAC-0485042
(64 pg/ml). The control was cell lysis by lysozyme in the absence of compound.
(E.) Potency analysis of MAC-0485042 in wild type, efflux-deficient (Ato/C), and
hyperporinated (pore) strains of E. coli reveal susceptibility to efflux. (F.) Potency
analysis of MAC-0485042 in D21 (parent of [poxC101 mutant) and D22 (lpxC101
mutant) strains of E. coli shows sensitivity of D22 to the compound. (G.) In vitro
inhibition of E. coli LpxC by MAC-0485042.
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Figure 5: LpxC inhibitors can be used to potentiate the activity of rifampicin
in pathogens. Shown are FICIs calculated from checkerboard broth microdilution
assays of MAC-0485042 and commercially available LpxC inhibitors (ACHN-975,
CHIR-090, PF-04753299, PF-05081090) in combination with rifampicin in E. coli
BW25113, E. coli CFT073, K. pneumoniae ATCC 43816, and P. aeruginosa
PAO1. The MICs of all commercially available LpxC inhibitors are <8 ug/mL and
MICs of MAC-0485042 are 2256 pg/mL for all strains tested. The dashed line at
FICI=0.5 indicates the cutoff value for synergy. Values shown are representative
of two replicates.
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Tables

Table 1: Minimum inhibitory concentrations of Gram-positive-targeting
antibiotics in wild type (WT), hyperporinated (pore), and efflux-deficient
(AtolC) strains of E. coli BW25113.

Minimum Inhibitory Concentration (ug/mL)

Antibiotic WT WT-Pore AtolC AtolC-Pore
Rifampicin 4 <0.125 4 <0.125
Vancomycin 128 <4 256 <4
Novobiocin 64 4-8 <1 <1
Erythromycin 32 1 2 <0.5
Linezolid 128-256 32 <4 <4
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Figure S1: Replica plots of normalized E. coli growth in all five primary
chemical screens performed in duplicate. Growth was measured by
absorbance at 600 nm (ODsoo) and normalization was performed as described in
Mangat et al (55). Active compounds, shown as red circles, were defined as
those which resulted in growth less than 4o below the mean.
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Figure S3: Chemical structures of sulfonamides detected as actives from
the primary vancomycin potentiation screen.
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Figure S4: The hydroxamate moiety is required for potentiation activity of
MAC-0485042. Shown are checkerboard broth microdilution assays of MAC-
0485042 and two structural analogues lacking the hydroxamic acid group, MLEB-
21066 and MLEB-21067, in combination with rifampicin in E. coli BW25113.
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Figure S5: The E. coli IpxC101 D22 mutant is hypersensitive to (A)
rifampicin and (B) vancomycin, compared to the parental D21 strain.
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Tables

Table S1: Potentiation activity of MAC-0493157 and MAC-0483351
analogues in E. coli BW25113.
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@ FICI data reported are for compounds in combination with linezolid. Refer to the
Methods section for FICI determination.
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CHAPTER YV - Conclusion
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Summary

The work presented in this thesis explores genetic and chemical avenues
to increase the permeability of the Gram-negative OM to large-scaffold antibiotics
in studies of basic bacterial biology and preclinical drug discovery. Chapter 2
describes the crossing of 39 OM-related query gene deletion strains with non-
essential gene and sRNA deletions strains to generate ~155,400 double deletion
strains in E. coli. The growth of these double deletion strains was quantified alone
and in the presence of subinhibitory concentrations of the large-scaffold
antibiotics rifampicin and vancomycin to probe both genetic interactions and
permeability of the strains. SSL interactions between yhdP, an enigmatic gene
implicated in ECA regulation, and LPS inner core biosynthetic genes revealed a
connection between these two processes in the maintenance of OM and
peptidoglycan integrity. Chapter 3 describes the implementation of a chemical
screening platform for antagonism of vancomycin activity at cold temperatures in
E. coli. This led to the discovery of liproxstatin-1 and MAC-0568743 as
compounds which are specifically active on the OM, while sparing the integrity of
the IM, fulfilling a need for OM-specific probes to study OM permeability in Gram-
negative pathogens. Lastly, chapter 4 describes the genetic determinants for
resistance to five Gram-positive-targeting antibiotics in E. coli to build a target list
for chemical screens for antibiotic potentiators. These chemical screens led to the
characterization of two linezolid potentiating compounds that were analogues of

one another, which were found to be active on both the OM and IM. Furthermore,
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a hydroxamate-containing compound was found to potentiate the activity of
rifampicin and vancomycin likely through weak inhibition of LpxC. This prompted
investigations of other known LpxC inhibitors as antibiotic potentiators in Gram-
negative bacteria. This thesis work using both genetic and chemical perturbations
has shown that targeting OM permeability is certainly promising for antibiotic
potentiation efforts. Here, | hope to address some of the lessons | have learned,

prospective avenues for future work, and outlook for the field.

Lessons learned

Although chapter 2 was presented in such a way where the focus was on
characterizing novel biology of the OM, it was not the sole intention behind this
project. The query gene deletion strains used for the SGAs were chosen because
they were shown to antagonize the activity of vancomycin at cold temperatures
(1), and in theory were the genetic targets for the compound screen of the same
phenotype performed in chapter 3. The genetic interaction fingerprints of the
query gene deletions generated in the SGAs were intended to be a tool for
uncovering the mechanism of action for compounds with the same vancomycin
antagonism phenotype. Despite the discovery of pentamidine as a physical
membrane disruptor in the pilot chemical screen (2), we did not expect that the
compounds uncovered would almost exclusively be membrane active. This may
simply be due to the difficulty in finding enzyme inhibitors with whole cell activity

due to susceptibility to efflux or lack of permeability (3). For instance, previously
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reported inhibitors of LPS core biosynthesis have lacked any whole cell activity
(4-6). If physical OM disruptors are not the desired compounds of this screening
platform, investigators would benefit from secondary screening for membrane
activity using assays such as those used throughout chapters 3 and 4 on cherry
picked amounts of compound prior to the resupply stage.

Additionally, the potentiator compounds in chapters 3 and 4 of this thesis
were discovered in screens of E. coli BW25113. Recognizing the ease of working
with a model Gram-negative organism and all the genetic tools and databases
that exist for E. coli, screening with a lab strain has pitfalls. Most importantly,
investigators must be aware of the risk that results may not translate to other
Gram-negatives, or even other pathogenic strains of E. coli. This is particularly
true for OM related phenotypes, as E. coli K-12 lacks O-antigen (7). Many of the
actives found in chapter 4 were only active on E. coli and none of the other
Gram-negatives tested. For drug discovery efforts, it is important to consider
which organisms have the highest need for treatments to increase the chances of

compounds ever advancing past the preclinical discovery phase.

Future directions

The study presented in chapter 2 contains a wealth of synthetic interaction
data that has not been extensively explored. Of the ~1000 detected SSL
conditions in the no drug condition, we have only characterized a subset of four

interactions in depth relating to our described phenotype between AyhdP and
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deletions of LPS inner core biosynthetic genes and the sensitivity of these double
deletion strains to vancomycin (8). Further experiments could be pursued in the
realm of this subset of interactions, as well as the other interactions yet to be
explored. For instance, YhdP has yet to be fully characterized. Since the
publication of our work, recent work from Ruiz et al. (9) and Grimm et al. (10) has
proposed that YhdP is also involved in anterograde phospholipid transport. The
exact role of YhdP in phospholipid transport and ECA regulation, as well as the
interplay between these processes requires additional investigations.

Since publishing this work, | have collected preliminary data which
suggests that the susceptibility of the AyhdP ALPS inner core double mutants can
be exploited to find compounds that either bind to LPS inner core or inhibit LPS
biosynthesis. In this case, replacing the LPS inner core gene deletion with a
compound that either binds LPS or inhibits its biosynthesis phenocopies this
three-way SSL interaction between vancomycin, AyhdP, and LPS perturbation.
Compounds that physically bind to the inner core of LPS, including pentamidine,
liproxstatin-1, and MAC-0568743, as well as an inhibitor of LpxC, PF-05081090,
are synergistic with vancomycin in E. coli AyhdP, but not in WT (Figure 1). While
more compounds should be tested to confirm this observation and its specificity,
this interaction could form the basis of a screen to find compounds that target
LPS. A chemical screen could be performed in AyhdP in a subinhibitory
concentration of vancomycin to find compounds that result in growth inhibition.

Actives would need to be counter-screened for lack of growth inhibition in the
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same conditions but in WT. Alternatively, this interaction could be used as a tool
to help elucidate the mechanism of action of a compound known to increase OM
permeability to reveal whether the target is LPS or some other aspect of the OM.
The studies described in chapters 3 and 4 which employ the use of
chemical screening platforms to uncover compounds which increase the
permeability of the OM could also be expanded and improved to find more
chemical matter that physically perturbs the OM or alters OM biosynthesis.
Although the vancomycin cold antagonism screening platform is more selective,
producing a lower hit rate, the higher hit rate of the potentiation screening
platform, in my opinion, is more valuable as the compounds uncovered are not
limited to non-lethal molecules. When paired with the appropriate follow up
assays to eliminate undesired compounds, this has the potential to uncover
inhibitors of both essential and non-essential OM biosynthetic processes.
Screening natural product libraries for antagonism of vancomycin activity
or potentiation of Gram-positive-targeting antibiotics is an avenue which should
be further investigated. One of the most well-known OM disruptors, polymyxin B,
is a natural product antibiotic produced by the bacterium Paenibacillus polymyxa
(11, 12). Our lab has previously tried screening crude natural product extracts for
antagonism of vancomycin activity in the cold with limited success. However,
recent progress with the development of fractionated and purified natural product
libraries makes this worth revisiting, particularly with the membrane assays that

the lab is now well-versed in.

195



Ph.D. Thesis — K. Klobucar; McMaster University — Biochemistry & Biomedical Sciences

Another direction that should be considered is antibiotic potentiation in
host-mimicking conditions. Despite rich microbiological media being the standard
for antibiotic susceptibility testing, it is not representative of the host environment
where bacterial infections would take place (13). For instance, bicarbonate, which
is the main buffer in human blood, alters the efficacy of antibiotics (14). If the goal
is to find a potentiator compound that works in vivo, perhaps future screens
should be done in the presence of bicarbonate or in human serum. Many of the
compounds uncovered in the screens in chapters 3 and 4 were synergistic with
rifampicin in standard rich media, however when bicarbonate was added to the
media the synergy was abrogated, despite rifampicin itself only being
antagonized by bicarbonate two-fold. The reason for this phenomenon is
currently unknown but is important to consider if one hopes to find an antibiotic

potentiator compound with clinical applications rather than a probe of biology.

Exploiting synthetic interactions in antibacterial drug discovery

Understanding the incredibly complex biology of the bacterial cell systems
for which treatments are needed is of utmost importance for giving ourselves an
advantage in the antibiotic evolutionary arms race. The study of SSL interactions
is one unconventional avenue that can be used in drug discovery. Targeting
specific gene pairs that are SSL is theoretically possible but exceedingly difficult
in practice. As SSL interactions are often context and strain specific (15, 16),

these target combinations would provide a narrow spectrum approach which
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would be beneficial for sparing the microbiome. However, the practicality of
finding two inhibitors of gene products that are SSL for use in combination
therapy is faced with double the challenges of finding an inhibitor of a single gene
product and ensuring it has whole cell activity, a low frequency of resistance, and
lacks toxicity in vivo. This is difficult to justify for individually dispensable targets.
However, targets that are individually important for viability and exhibit synergism
in combination, or targets that increase sensitivity to an existing therapy, can be
excellent opportunities for dose-sparing and hitting bacteria with a “one-two
punch”.

Mapped SSL interaction networks can be incredible tools in preclinical
drug discovery (16—19). SSL interactions are useful for mechanism of action
investigation, which is a bottleneck in antimicrobial drug discovery. Comparing
the chemical-genetic interaction profile of an antimicrobial compound with
unknown mechanism of action to known genetic interaction profiles can help
reveal information leading to the target of the compound. Uncovering
idiosyncratic genetic interactions can also be used for designing chemical
screens to enrich for compounds that target certain processes. The work
described in chapter 2 mapping the interaction network of OM permeability genes
contains a wealth of data that can be used for mechanism of actions studies and
the described sensitivity of LPS inner core and yhdP double deletion strains can

be leveraged for chemical screening purposes (Figure 1).
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Research into SSL interaction networks can also help investigators
prioritize targets and processes for drug discovery. Genes that have the most
densely connected networks within cells should be prioritized as targets since
their inhibition is more likely to impact other cellular processes and prevent
resistance from arising (17). Genes categorized as essential tend to have more
interactions than dispensable genes, based on the studies in yeast using
temperature sensitive alleles (20). Furthermore, knowledge of genes that are
conditionally essential in different infection environments can inform on in vivo
relevant targets that would not be uncovered using traditional approaches to
study gene essentiality in standard microbiological growth media (21, 22).
Investigating chemical-genetic interactions of various pathogens in a multitude of
infection relevant growth media in combination with antibiotics can help inform on
optimal antibiotics to be used in different sites of infection (23). Another area that
warrants further exploration is whether acquired resistance elements exhibit any
SSL interactions with other bacterial genes, which when targeted result in
decreased fitness of the drug resistant bacteria. Overall, the exploration of SSL
interactions is useful for numerous facets of antimicrobial drug discovery and

should not be overlooked as a tool.

Targeting the outer membrane for antibiotic potentiation in the clinic
As the antibiotic pipeline continues to dwindle, especially for Gram-

negative infections, researching alternative approaches such as the use of
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adjuvants to revive ineffective antibiotics is imperative. Expanding the spectrum
of antibiotics which are already clinically used for treating Gram-positive
infections would be beneficial given the rising resistance to antibiotics effective
against Gram-negative bacteria. This is an approach that has gained increased
attention from the drug discovery community in recent years (24). Thus far, the
OM disrupting antibiotic potentiator discovered by Northern Antibiotics and
licensed by Spero Therapeutics, SPR741, completed Phase | clinical trials in
2017 with promising results, however its advancement to Phase Il is unknown
(25). Our group has recently shown that physical OM perturbation is able to
overcome antibiotic inactivation and efflux resistance mechanisms for rifamycins,
aminocoumarins, and macrolides being potentiated (26). OM perturbation by
physical and genetic disruption was also found to lower the frequency of
spontaneous resistance to rifampicin (26). These findings have countered
concerns that resistance to one of the two agents in the potentiator-antibiotic
combination would render the therapy useless.

The goal of chapters 3 and 4 was to find compounds that either physically
disrupt OM integrity or increase OM permeability through inhibition of its
biosynthesis for the purpose of increasing the activity of impermeable antibiotics
against Gram-negative bacteria. The probe compounds uncovered in chapter 3,
liproxstatin-1 and MAC-0568743, despite having limited potential for use in vivo
due to the high concentrations required for potentiation, show that it is indeed

possible for compounds to act on the OM while sparing the IM. IM activity is often
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associated with toxicity (24, 27), as evidenced with the membrane active
compounds discussed in chapter 4, due to indiscriminate activity on all
membranes including those of mammalian cells. However, it is possible for
compounds to be active on the Gram-negative IM while sparing mammalian
membranes. Song et al. (28) reported a short linear antibacterial peptide that
potentiated the activity of antibiotics by binding to LPS in the OM and
phosphatidylglycerol in the IM. Despite its disruption of the 1M, it exhibited no
substantial toxicity to mammalian cell lines tested (28). Thus, although specificity
for the OM over the IM is valuable for compounds to be used as biological
probes, compounds that are active on the IM but are nontoxic to mammalian cells
should not be discarded.

In chapter 4, we also demonstrate the prospects of inhibitors of lipid A
biosynthesis being used in combination with large-scaffold antibiotics such as
rifampicin. While LpxC inhibitors have been extensively explored as
monotherapies, their capacity to be used as antibiotic potentiators has been
acknowledged but not comprehensively characterized (29). Achaogen’s LpxC
inhibitor, ACHN-975, is the first and only LpxC inhibitor to enter Phase | clinical
trials, however it was found to have an insufficient therapeutic window due to
cardiovascular toxicity (30). ACHN-975 has been shown to be synergistic with
vancomycin in both in vitro and in vivo models (31, 32). Our work demonstrates
that the synergism between various LpxC inhibitors and Gram-positive-targeting

antibiotics should not be overlooked and has the potential for dose-sparing. With
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lower doses required for antibiotic potentiation, the toxicity of LpxC inhibitors can
be minimized. Based on the genetic perturbation of waaC resulting in a lower rate
of spontaneous resistance to rifampicin (26), one would expect that perturbation
of IJpxC should exhibit a similar effect. Further work should characterize the
impact of both genetic and chemical perturbation of LpxC on acquired and
spontaneous resistance to partner Gram-positive-targeting antibiotics to validate
the feasibility of LpxC inhibitors as antibiotic potentiators for clinical applications.
Although combinations of agents that increase the permeability of the OM
and antibiotics is promising for the treatment of Gram-negative infections, this
approach is not without hurdles (24, 25). The justification of a combination of two
compounds that lack activity alone is difficult for regulatory bodies. Issues such
as routes of administration, pharmacokinetics, pharmacodynamics, and dosing
regimens must be compatible for the two compounds being administered. Clinical
trials for safety and efficacy of the combination must be tested on multiple
concentrations of each compound to find the optimal therapeutic dose for each.

Undeniably, these considerations are more challenging than for monotherapies.

Concluding remarks

The work presented in this thesis has aimed to increase our understanding
of Gram-negative OM biology and permeability through SSL interactions and
chemical probes. Indeed, we have uncovered interesting connections between

ECA and LPS biosynthetic pathways through SSL interactions that illuminate
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aspects of OM permeability that are not well characterized. We have also
characterized several chemical probes of the OM and demonstrated the potential
that OM targeting compounds hold as antibiotic adjuvants. The work presented in
this thesis is exclusively in vitro, and the translation of synthetic lethality and
antibiotic potentiator compounds into clinical use faces substantial challenges, as
discussed throughout. Despite these challenges, both approaches are valuable
tools to subvert bacterial survival strategies in a time where conventional
strategies for antibiotic discovery have not been fruitful. | am especially hopeful
that OM perturbation is not far from clinical relevance, due to the immense efforts
in this field in recent years, including the advancements of a physical OM

perturbant and an LpxC inhibitor into clinical trials.
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Figure 1: Compounds that target LPS, both physically and its biosynthesis,
are synergistic with vancomycin in a AyhdP background. Shown are
checkerboard broth microdilution assays between compounds which physically
interact with LPS (pentamidine, liproxstatin-1, MAC-0568743) or inhibit LPS
biosynthesis (PF-05081090) and vancomycin in E. coli BW25113 wild type (top)
and AyhdP (bottom). Darker blue represents regions of higher growth and white
represents growth inhibition.
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