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Globally, it is estimated that more than 700,000 people die annually from infections
caused by drug-resistant bacterial pathogens. Resistant strains of bacteria continue to
be isolated in healthcare and community settings. At the same time, the antibiotic
pipeline remains dry — exemplified by the paucity of new antibiotics introduced into
clinical use. Consequently, antibiotic-resistant strains are rapidly spreading, and
antibiotic-resistant infections persist. Additionally, the existing antibiotics target one
of the common targets — DNA, RNA, protein and cell wall synthesis. There is an
apparent need to identify antibacterial agents against novel targets to slow down the
generation of resistance. Cyclic dinucleotides have emerged as central regulators of
bacterial physiology. Particularly, cyclic di-AMP (c-di-AMP) regulates cell wall

homeostasis, cell size, potassium ion transport, virulence and biofilm formation in



various Gram-positive pathogens including Staphylococcus aureus, Enterococcus
faecalis, Listeria monocytogenes and Streptococcus pneumoniae. It has been
demonstrated that under standard laboratory conditions, deletion of the diadenylate
cyclase genes that encode c-di-AMP synthesizing enzymes (diadenylate cyclase,
DAC) was lethal in human pathogens like S. aureus and L. monocytogenes. Hence,
DACs have been suggested as potential antibiotic targets. Thus far, the effect of c-di-
AMP on bacterial physiology has been studied using genetic approaches whereby the
key players of the second messenger signaling are deleted, inactivated or
overexpressed to create conditions of varying intracellular c-di-AMP levels.
However, these approaches are not amenable to drug development. Cell permeable
small molecule modulator or c-di-AMP levels are required to validate the
druggability of c-di-AMP signaling.

This dissertation reports the identification of different small molecules that potently
inhibit c-di-AMP synthesis. The cell permeable inhibitors possess the ability to
decrease the intracellular concentration of c-di-AMP. Furthermore, the antibacterial
activities of the cell permeable c-di-AMP synthesis inhibitors have been
characterized. Efforts towards the development of antibiotics have also been

discussed.
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Chapter 1: Introduction

1.1 Background

The history of medicine, particularly the treatment of bacterial infections was
transformed following the landmark discovery of penicillin and its subsequent
introduction into the clinic in the 1940s. Infections which previously claimed lives
became treatable. Notably, penicillin was tagged ‘the miracle drug’, as it helped save
many lives during World War 11.> This discovery paved way for the identification of
many classes of antibiotics during what has been termed the ‘antibiotic era’.?
However, bacteria rapidly developed resistance to penicillin and the many other
antibiotics later developed, rendering them ineffective. In fact, resistance to almost all
antibiotics has been observed in some bacterial isolates, leading to the term
multidrug-resistant bacteria. Consequently, the US Centers for Disease Control and
Prevention (CDC) has classified several bacterial pathogens including carbapenem-
resistant Klebsiella spp, multidrug-resistant Acinetobacter, vancomycin-resistant
Enterococcus and methicillin-resistant Staphylococcus aureus (MRSA) as significant
threats to public health.® Such infections are associated with enormous medical costs
as well as increasing mortality rates.®

The evolution of resistance has been attributed to factors such as misuse of antibiotics
in humans and in agriculture. It has also been proposed that bacteria possess
resistance mechanisms, which are activated with antibiotic exposure.* In a study by
Wright and colleagues, bacteria strains sampled from a cave left untouched for over 4

million years were resistant to 14 structurally different antibiotics.* Paradoxically,



there is a wide gap between the rate of antibiotic resistance and the development of
new and effective antibiotics.> The CDC cites the development of new antibiotics as
one of the core actions to solving the antibiotics resistance crisis.> Considering that
most antibiotics target one of a few cellular processes, new antibiotics with novel
targets may be required to mitigate resistance.

Bacteria pathogens utilize finely tuned molecular programs in response to specific
host environments to successfully establish infections and persist. The interception of
such regulatory programs has become the focus of novel approaches to prevent or
treat infections. The role of nucleotide-based signaling molecules in bacterial
physiology is well established.® ” For example, the intracellular concentration of the
second messenger cyclic AMP signals the energy level of the cell. The discovery of
cyclic di-GMP (c-di-GMP) changed the scenery of nucleotide-based signaling.®
Although discovered in 1980s, it did take close to two decades before the scientific
community realized that cyclic dinucleotides are key signaling molecules.® In Gram-
negative bacteria, the role of c-di-GMP as a master regulator has been established.®
In 2008, Hopfner and colleagues discovered the similar but distinct cyclic di-AMP in
Thermatoga matima.l® Subsequently, the hybrid 3',3'-cGAMP was discovered to be
essential  during intestinal colonization of V. cholerae.!! These bacterial second
messenger are not produced by mammalian cells but could however be detected by
mammalian immune systems.2 In 2012, the eukaryotic cyclic dinucleotide 2’,3'-
cGAMP was discovered to be synthesized by mammalian cells with a role in inducing
immune response.’® * In both bacteria and mammalian cells, cyclic dinucleotides

have emerged as central regulatory molecules.



Considering the pivotal roles of cyclic dinucleotides, efforts have been directed
towards understanding the molecular details of the signaling controlled by these
second messengers and how to harness them in the development of various
therapeutics.” The succeeding sections briefly describe the signaling roles of c-di-
GMP and cGAMP (2’3 and 3’3”). Cyclic di-AMP signaling is extensively (but not

exhaustively) discussed.

1.1 Cyclic di-GMP signaling

Cyclic dimeric guanosine 3’5’—monophosphate is a ubiquitous second messenger
predominant in Gram-negative bacteria but also present in some Gram-positive
bacteria (see Figure 1.1 for structure).® Cyclic di-GMP signaling has now been shown
in several clinically relevant bacteria, including Pseudomonas aeruginosa, Yersinia
pestis, Vibrio cholerae, Salmonella typhimurium, Clostridium difficile and
Escherichia coli.® Following the discovery of c-di-GMP in 1987, the relevance of
the second messenger was not immediately apparent. It will take over two decades
before researchers realized the central role of c-di-GMP.1® 17 The second messenger
has now been established as a master regulator of various processes including

virulence factor production, biofilm formation, cell cycle and motility.® 18 19



Cyclic di-GMP was
discovered in 1987 by
Benzimann and colleagues
in A. xylinum

Cyclic di-AMP was
discovered in 2008 by
Hopfner and colleagues in

B. subtilis

3,3'-cGAMP was
discovered in 2008 by
Mekalanos and colleagues

in V. cholerae

2',3'-cGAMP was
discovered in 2008 by Chen
and colleagues in mammals

—p— NH
oH P-F-0 o 2
)\-—/( 0 ';j
0
0 I
HaN N N> o-p-o  Of
HN\'(\‘[N/ o
0 c-di-GMP (1.1)
NH,
— N SN
Q ¢ 1
OH O—II:I’—O N N
S W;O_?
0 9
NN o-p-0  OH
7 T » -
Na N o)
NH; c-di-AMP (1.2)
o
- N NH
;AL
OoH O—P-0 N™N” "NH,
I o
Kﬁ‘ o ;—-\(
o il
¢ N> 0—$=0 OH
NP o
NH, 3',3-cGAMP (1.3)
0
NH
¢ |
_9Q N N/)\NHZ
O—/P—O 0
OH O OH [
@\/O—P\/_
60

NN
(5

NH, 2',3'-cGAMP (1.4)

1980

—» 1987

1990

2000

—> 2008

2010

2012

2015

2020

Figure 1.1. Structures of cyclic dinucleotides discovered in bacteria and mammals.



1.1.1 Synthesis of c-di-GMP: GGDEF domain proteins

The bacteria that utilize c-di-GMP signaling possess enzymes known as diguanylate
cyclases (DGC) that catalyze the synthesis of the c-di-GMP from two molecules of
GTP to first form the linear 5’pppGpG and then cyclizing it to c-di-GMP. DGCs
contain the conserved GGDEF (Gly-Gly-Asp-Glu-Phe) or GGEEF (Gly-Gly-Glu-
Glu-Phe) motifs essential for DGC activity. In 1995, Hecht and Newton characterized
the first GGDEF domain-containing protein PleD, a response regulator in
Caulobacter crescentus.?’ An inhibitory site (I-site) with the RxxD motif (where X is
any amino acid) is often present on DGC enzymes.?! Binding of c-di-GMP to the I-
site allosterically inhibits c-di-GMP synthesis.?! Other DGC examples are Wspr?
from P. aeruginosa as well as YdaM from Escherichia coli?® and DgcK and DgcL
from Vibrio cholerae.?* More than one DGC may be present in a given cell, each
contributing to increasing either the local or global c-di-GMP concentration.?> P.
aeruginosa has 33 GGDEF containing-proteins localized either in the cytoplasm or
on the cytoplasmic membrane.® 1 26 |t has been suggested that DGCs may directly
interact with their targets to effect signaling. The I-site of the P. fluorescens DGC

GcbC was found to be involved in interacting with the target protein LapD.?’

1.2.2 Degradation of c-di-GMP: EAL or HD-GYP domain proteins

Cyclic di-GMP specific phosphodiesterases (PDESs) degrade the signaling molecule.®
19,28 Two types of PDEs have been documented based on residues in their catalytic
pocket. The EAL (Glu-Ala-Leu) domain-containing PDEs are able to hydrolyze c-di-

GMP into the linear 5’-phosphoguanylyl-guanosine (5’-pGpG) although they have



been shown to degrade 5’—pGpG into GMP. Some examples of EAL domain-
containing PDEs include YahA, YhjH and DosP from E. coli,?®* RocR from P.
aeruginosa.’! HD-GYP (His-Asp and Gly-Tyr-Pro) domain-containing PDEs are the
second group c-di-GMP specific PDEs.®? These enzymes are capable of hydrolyzing
c-di-GMP directly into two GMP molecules.>®* Examples of HD-GYP domain-
containing PDEs include RpfG from Xanthomonas campestris pv. Campestris,3
Bd1817 from Bdellovibrio bacteriovorus,® PmGH from Persephonella marina® and
PA4781 from Pseudomonas aeruginosa.®’ Like with the DGCs, multiple c-di-GMP

PDEs exist in a given strain. 2> 2

1.2.3 c-di-GMP receptors

The signal transduction function of c-di-GMP is exerted via binding to receptors and
effector molecules including various enzymes, transcription factors and riboswitches.
The first and perhaps most characterized c-di-GMP binding receptor, the PilZ domain
was identified in 2006 and eventually found to regulate various phenotypes.*® Binding
of c-di-GMP to the PilZ domain of Alg44 regulates cellulose synthesis in P.
aeruginosa whereas in C. crescentus the PilZ domain containing protein DgrA
regulates motility.?% 3% 40 C-di-GMP binding regulates enzyme activity. The cell cycle
kinase, CckA in C. crescentus switches enzymatic activity from kinase to
phosphatase upon binding to c-di-GMP.*- 42 As earlier stated, the RxxD motifs of
DGCs bind to c-di-GMP leading to inhibition of c-di-GMP synthesis. The RxxD
motif of PopA regulates cell cycle progression in C. crescentus whilst PelD of P.

aeruginosa is involved in exopolysaccharide production.*® 44 C-di-GMP can also bind



to degenerate GGDEF or EAL domain-containing proteins that lack DGC or PDE
activity respectively. The P. aeruginosa EAL domain protein FimX, binds c-di-GMP
and regulates twitching motility of the bacteria.*> ¢ Thus far, two classes of c-di-
GMP riboswitches have been documented, types | and Il which are ubiquitous in
bacteria. Binding of c-di-GMP to a riboswitch could either enhance or suppress gene
expression.’® 470 Also, during intracellular infection of bacteria in mammalian
immune cells, c-di-GMP has been shown to directly bind and activate STING
(Stimulator of Interferon Genes, also known as MITA, MPYS and ERIS) leading to
the induction of type | interferon response.®® STING is a transmembrane protein
associated with the endoplasmic reticulum. STING regulates the transcription of
several host defense genes that encode type | interferons and pro-inflammatory
cytokines.%> % STING is also activated by binding to c-di-AMP and 2’,3'-cCGAMP

(discussed below).

1.3 Cyclic di-AMP signaling

In a seminal paper published in 2008, Hopfner and colleagues showed that DNA
Integrity Scanning protein A (DisA), a Bacillus subtilis protein that had been
implicated in regulating sporulation by scanning for DNA damage, had a nucleotide-
binding domain that binds to ATP to make a novel cyclic dinucleotide, cyclic dimeric
adenosine 3’5’-monophosphate (c-di-AMP) (see Figure 1.1 for structure).’® The
nucleotide-binding domain DUF147, was renamed diadenylate cyclase (DAC)
domain.® It turned out that the presence of DNA structures that would interfere with

proper chromosome segregation such as Holliday junctions caused DisA to halt the



production of c-di-AMP.X® Hopfner also predicted that many bacteria harbored
proteins that contained the DAC domain and hence c-di-AMP could have a wider role
in bacteria, beyond reporting DNA strand breaks.!® The importance of Hopfner’s
discovery became apparent when soon thereafter many reports by other laboratories
confirmed that c-di-AMP was indeed widely distributed across Firmicutes such as
Listeria monocytogenes and Staphylococcus aureus, and in Actinobacteria like
Mycobacterium tuberculosis and M. smegmatis.®* °-°8 Cyclic di-AMP signaling has
been identified in some Gram-negative bacteria such as Chlamydia trachomatis.®® %°
C-di-AMP has now been shown to control a dazzling array of processes in different
bacteria, including cell wall formation,® cell size regulation,®* biofilm formation,®* 62

heat stress,®® virulence,% ion transport,®® resistance to acid®® and others.% ¢

1.3.1 Cellular metabolism of c-di-AMP

1.3.1.1 Cyclic di-AMP synthases and phosphodiesterases

The intracellular concentration of c-di-AMP is under the control of diadenylate
cyclases (DACs) and phosphodiesterases (PDEs).% The first DAC domain containing
protein to be described was DisA. The crystal structure of DisA from T. maritima was
published by Hopfner and colleagues, an effort that serendipitously led to the
discovery of c-di-AMP.2® The monomeric unit of DisA contains three distinct
domains; a globular nucleotide-binding domain (DAC domain, DisA_N Pfam
PF02457), an alpha helical linker domain and a terminal DNA binding domain. A
dimer of tetramers forms an octameric dumbbell-shaped complex with the DAC

domains at the center.'® With this architecture each opposing monomer binds an ATP



unit at the DAC domain and the two bound ATP molecules are condensed into c-di-
AMP.1° Hopfner and colleagues showed that the DAC activity of DisA was inhibited
by DNA structures with three- and four-way junctions but not single-stranded or
double stranded DNA.X° The DisA class of DAC enzymes is found mostly in spore-
forming bacteria like B. subtilis where it checks the DNA integrity during
sporulation.%® 7

Before entry into sporulation, DisA forms a focus which non-specifically binds to
DNA and moves rapidly across the cell with an average focus speed of 0.22 pm/sec
scanning for chromosomal damage.’® © Treatment of cells with DNA-damaging
agents like mitomycin C or nalidixic acid, resulted in significantly decreased number
of spores in DisA mutant compared to wildtype B. subtilis.®® 7 The DisA foci was
observed to have stalled in cells treated with DNA-damaging agents with a
corresponding decrease in intracellular c-di-AMP levels.®® 0 Interestingly, exogenous
addition of c-di-AMP to sporulating cells could recover sporulation.®® A D77N
mutant DisA, which lacks DAC activity, prevents the formation of the DisA foci.
Hence DAC activity is essential for DisA foci assembly and in effect DNA integrity
scanning.®® The lack of DAC activity in the presence of DNA damage, hinders the
activation of SpoOA, a master regulator of sporulation in B. subtilis, leading to
delayed entry into sporulation.”® Campos et al. also noted a role for DisA during
germination and outgrowth of B. subtilis spores.”* Spores lacking the AP
endonucleases Nfo and Exo had slow germination and outgrowth rates.”* However,
inactivating DisA in such cells restored germination and outgrowth to rates similar to

wildtype, implying that DisA serves as a checkpoint for spore germination to



vegetative growth transition.”* In exponentially growing B. subtilis cells however,
DisA foci is not stalled in the presence of DNA-damaging agents.”> Homologs of
DisA have been found in M. tuberculosis (MtDisA)”® and M. smegmatis (MsDisA)"*
as well as T. maritima,® which are all non-sporulating cells, implying that it has other
functions beyond enforcing DNA integrity during sporulation and spore germination.
The DAC activity of DisA is modulated by RadA (Radiation-sensitive gene A)
protein which is encoded by radA gene that forms an operon with disA. RadA is a
DNA repair protein required for DNA recombination.” Burghout et al. revealed that
mutating the radA gene rendered S. pneumoniae sensitive to DNA-damaging agents.”
A similar observation was made in B. subtilis.”® RadA was found to directly interact
with DisA with a resultant inhibition DAC activity in many bacteria.”> ™ A recent
publication by Gandara et al. revealed that the DisA foci predominantly moved on the
nucleoids whilst RadA moved in spaces without DNA.”? The observation that RadA
and DisA co-localized only transiently on sites on the nucleoid enforced the assertion
that DisA recruits RadA.”? Additionally, the presence of the Holliday junction (HJ)
resolvase RecU and the branch migration translocase RecG is critical to the formation
and dynamic movement of the DisA foci.”? An increased amount of HJ intermediates
is present in ArecU and ArecG cells. In such cells, a decrease in dynamic movement
of DisA foci was observed.”? Consequently, RecU and RecG may interact with DisA
in repairing recombination intermediates. However, the role of the concentration of c-
di-AMP in these processes remains to be clearly elucidated.”’

Another class of DAC enzymes is the CdaA (also called DacA) which is found in B.

subtilis™ ® and the human pathogens S. aureus,® L. monocytogenes,®! Streptococcus
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pyogenes,® S. pneumoniae® and Chlamydia trachomatis.®® CdaA is a membrane-
bound protein (Figure 1.2) with three transmembrane (TM) domains and a cytosolic
DAC domain.'? 8 |t interacts with the membrane-integrated regulator protein CdaR.%
The B. subtilis CdaR was shown to enhance the DAC activity of CdaA.”® However, in
L. monocytogenes, the DAC activity of CdaA is inhibited by interaction with CdaR.8
CdaR did not affect the synthesis and membrane-localization of CdaA® and given
that it is also not present in some CdaA-containing bacteria’” its function may not be
universal. The cytosolic portion of CdaA also interacts with the glucosamine-6-
phosphate mutase GImM.”” 8 GImM is an essential enzyme which synthesizes
glucosamine-1-phosphate, an intermediate in the synthesis of the peptidoglycan
precursor UDP-N-acetylglucosamine (UDP-NAG).”” In Lactococcus lactis, GImM
was found to negatively regulate the activity of CdaA when lower c-di-AMP levels
were observed in mutant GImM cells compared to wildtype.®> Additionally, high
levels of UDP-NAG were observed in gdpP mutant L. lactis strains (signifying high
c-di-AMP levels) compared to wildtype, suggesting a role for c-di-AMP in
peptidoglycan homeostasis.®® In pathogenic bacteria S. aureus, L. monocytogenes and
S. pneumoniae, the DAC gene has been said to be essential for bacterial survival.>” 8¢
87 This is because it was not possible to generate mutant strains without the DAC
gene. The central role of c-di-AMP signaling in these pathogens and the essentiality
of the DAC coupled with the knowledge that c-di-AMP signaling is not present in
human cells, it has been suggested that this second messenger signaling is a potential

antibiotic target.'?
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Figure 1.2. Regulation of intracellular pool of c-di-AMP. The membrane-integrated
DACs CdaA (found in B. subtilis, S. aureus etc) and CdaM (found in Mycoplasma
pneumoniae) as well as cytosolic DACs DisA (found in B. subtilis, M. tuberculosis,
T. maritima etc) and CdasS (found in B. subtilis, Clostridium spp) synthesis c-di-AMP
while the membrane-bound PDEs, PgpH (found in L. monocytogenes) and GdpP
(found in L. monocytogenes, S. aureus, B. subtilis etc) degrade the signal. In some
bacteria, like L. monocytogenes, transporters are involved in decreasing the
intracellular c-di-AMP concentration by secreting the second messenger into the
extracellular milieu. Reproduced with permission from ’ Published by The Royal

Society of Chemistry.
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The last two classes are the CdaS and CdaM DAC proteins. The CdaS DAC enzyme
is required for spore germination and has been found in B. subtilis and Clostridium
spp.>® 8 The CdaS protein consists of an N-terminal domain which possesses
autoinhibitory activity over the C-terminal DAC domain.® Deletion of the N-terminal
domain resulted in enhanced DAC activity.®® Recently, Bl6tz et al. also demonstrated
that the DAC enzyme, CdaM was present in Mycoplasma pneumoniae.?® The DAC
domain of CdaM shares similarity with that of CdaS but CdaM has a transmembrane
(TM) domain with an architecture different from the three TM domains found in
CdaA.®®

By synthesizing c-di-AMP, DACs increase the intracellular concentration of the
second messenger. Unlike in c-di-GMP signaling where bacteria could have multiple
DGCs most bacteria that utilize c-di-AMP signaling have single DAC encoding
genes. Multiple DAC enzymes are found in B. subtilis (DisA, CdaA and CdaS)”® and
Clostridium spp (DisA, CdaS).%® However, at least one DAC has to be present for cell
survival.”

Cyclic dinucleotide PDEs carry out the degradation of c-di-AMP (Figure 1.2).%° It has
been shown that a catalytic DHH/DHHAL domain is required for c-di-AMP specific
PDE activity.®® One of the earliest identified examples was YybT (renamed GdpP)
from B. subtilis.%® YybT is anchored to the membrane by a transmembrane domain.
The cytosolic portion contains a Per-Arnt-Sim (PAS) sensory domain, a modified
GGDEF domain with ATPase activity and a DHH/DHHA1 domain with c-di-AMP
PDE activity.®® Degradation may yield either the linear pApA or AMP. % %1 Some

reported examples of DHH/DHHAL1 domain-containing PDEs are PdeA from L.
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monocytogenes,®? GdpP from Staphylococcus aureus,®* and Pdel and Pde2 from S.
pneumoniae.®® Aside from the DHH/DHHA1 domain-containing PDEs, a second
family was discovered by Woodward and coworkers in L. monocytogenes. This
family of c-di-AMP PDEs contained a catalytic Asp-His (HD) domain.®* The PDE,
PgpH, was found to be dominant during broth growth of L. monocytogenes whilst the
DHH/DHHAL domain-containing PdeA effected its PDE activity mostly during
intracellular infections.®* Suppressor mutations that lead to the inactivation of c-di-
AMP PDEs have been noted to result in resistance to [-lactam resistance. In B.
subtilis, resistance to cefuroxime and other -lactams is conferred by the sigma factor
oM. Resistance to cefuroxime in c™ mutants was found to be restored by mutations in
the PDE gdpP.” In methicillin-resistant S. aureus strains, disruption of gdpP permits
growth of strains lacking lipoteichoic acid, a component of the Gram-positive
bacterial cell wall.®

An additional mechanism of regulating the intracellular concentration of c-di-AMP is
seen in bacterial pathogens like in L. monocytogenes and M. tuberculosis.®® These
bacteria possess multidrug-resistant (Mdr) transporters that secrete endogenous c-di-
AMP into the extracellular milieu. In L. monocytogenes, MdrM and MdrT were
shown to be involved in secreting c-di-AMP into the host cytoplasm during

intracellular infection with a resultant increase in type | interferon response.>” %

1.3.1.2 Cellular c-di-AMP concentration and bacterial physiology

As stated above, DACs and PDEs work in concert to regulate the global cellular

concentration of c-di-AMP.® The basal concentration of c-di-AMP in S. aureus was
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found to be 2.1 uM, which increased to 8 uM during stationary phase.®* 8’ In AgdpP
strains, c-di-AMP concentrations could get as high as 31.5 uM to 54.93 uM.5%87 |n B.
subtilis, the concentration is 1.7 UM during vegetative growth and could get to 5.1
UM during sporulation.®® The increased c-di-AMP concentration in B. subtilis during
sporulation was attributed to the DAC activity of DisA because in AdisA sporulating
cells, the elevation in c-di-AMP was lower.®® To better understand the role c-di-AMP
signaling plays in bacterial physiology and pathogenesis, researchers have looked at
the effects of cellular concentration of c-di-AMP in various bacteria. In B. subtilis,
deletion of YybT, which signifies a condition of high cellular c-di-AMP level led to
mutant cells which were resistant to acid stress.®® Also, the spores of the mutant cells
were resistant to DNA-damaging agents.®® High c-di-AMP concentration as a result
of the overexpression of MsDisA in M. smegmatis resulted in minute colonies.® In
L. monocytogenes, the gene Imo2120 (which they renamed dacA) was found to
encode a DAC domain protein that produced c-di-AMP, which could be secreted into
the environment.” When bone marrow-derived macrophages were infected with the
intracellular pathogen, the secreted c-di-AMP induced a host cytosolic surveillance
pathway, which was dependent on the Stimulator of Interferon Genes (STING).®° The
group also demonstrated that overexpression of the PDE PdeA (signifying a condition
of low cellular c-di-AMP level) resulted in reduced growth rate and virulence and an
increased susceptibility of L. monocytogenes to peptidoglycan-targeting antibiotics.%
A similar observation was made in S. aureus where the deletion of the PDE GdpP
(depicting a condition of high cellular c-di-AMP level) resulted in increased

peptidoglycan cross-linking and resistance to cell wall targeting antibiotics, implying
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a role for c-di-AMP in cell size and envelope stress.®* Although much work has been
done through genetic manipulations to unravel the intricacies of c-di-AMP
concentration in bacteria, our understanding of how bacteria regulate the

accumulation of c-di-AMP is still minimal.

1.3.1.3 Bacterial receptor and effector molecules of c-di-AMP

To transduce a signal, a second messenger must interact with cellular targets.
Following the identification of c-di-AMP, there was a surge in reports that sought to
demonstrate c-di-AMP signaling in different bacteria and to identify the key players.
The identification of effector proteins and riboswitches that interact with the second
messenger was central to this process.®® In 2013, He and colleagues reported the first
c-di-AMP receptor regulator DarR, a TetR family regulator in M. smegmatis.®®
Binding of DarR to c-di-AMP, a process characterized by a Kd of 2.3 + 0.5 uM, was
observed to enhance the DNA binding ability of the receptor.®® When bound to its
target DNA, DarR was found to repress the expression of its target genes in M.
smegmatis.® Cyclic di-AMP has been shown to interact with several RCK_C
(Regulator of Conductance of K*) domain-containing protein that function to
regulation potassium ion homeostasis in bacteria. In S. aureus, KtrA the membrane-
associated component of the K* transporter KtrA-KtrB, is required for S. aureus
survival under low-potassium conditions.®’ Cyclic di-AMP binds to KtrA at its C
terminus resulting in the inhibition of K* uptake in S. aureus.® A similar c-di-AMP
binding protein CabP, is required for K™ uptake and growth under low-potassium

conditions in S. pneumoniae.®”” CabP interacts with the membrane-integrated
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component SPD_0076. Like in the case of KtrA-KtrB in S. aureus, binding of c-di-
AMP to CabP inhibits potassium uptake in S. pneumoniae.®

CpaA, a cation/proton anti-porter in S. aureus also binds c-di-AMP at its RCK_C
domain. This protein functions to exchange intracellular proton with potassium or
sodium ions.®% Contrary to the effect of c-di-AMP binding to the earlier described
potassium transporters, binding of c-di-AMP to CpaA was found to enhance the
antiporter activity of CpaA.% Cyclic di-AMP also binds to the histidine kinase KdpD
of the two-component system KdpD-KdpE in S. aureus.®> *° It has been shown that
KdpD-KdpE regulates K™ homeostasis in bacteria by controlling the expression of the
Kdp-ATPase high-affinity potassium pump required under low salt conditions.'®
Binding of c-di-AMP to the histidine kinase KdpD leads to the downregulation of the
expression of Kdp and decreased survival of S. aureus under low potassium
conditions.®®

In L. monocytogenes, high c-di-AMP levels have been shown to diminish the uptake
of osmolytes such as carnitine.’’ The binding of the carnitine importer OpuC in L.
monocytogenes to c-di-AMP decreases its carnitine import activity.'%* This
observation was also made with the carnitine uptake system in S. aureus where the
OpuC transporter directly binds c-di-AMP.2%2 In AgdpP strains (signifying high
cellular c-di-AMP concentration), carnitine accumulation was observed to be
decreased compared to wildtype.'%2 Hence in both L. monocytogenes and S. aureus, c-
di-AMP signaling inhibits osmolyte transport.

A fine balance of ions and osmolytes are required by cells to maintain membrane

integrity. Cyclic di-AMP inhibits ion and osmolyte transport which will lead to
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detrimental effects on cell integrity. The changes in cell size, cell wall formation, -
lactam resistance among others associated with c-di-AMP signaling could stem from
its effect on ion and osmolyte transport. This is an emerging theme for the central role

of c-di-AMP signaling in bacteria.'®®

1.3.1.4 Mammalian receptors of c-di-AMP: Host-pathogen interactions

The innate immune system has evolved mechanisms to recognize nonself molecules.
These mechanisms, known as pattern recognition receptors (PRRs) are localized
either on the cell surface or in the intracellular milieu. Extracellular receptors such as
Toll-like receptors identify conserved patterns on pathogens during extracellular
infection whilst DNA-sensing mechanism are in place to recognize intracellular
infections, particularly nucleic acids.!® 1% Bacteria that utilize cyclic di-AMP
signaling release the second messenger into extracellular milieu either via the use of
non-specific transporters or via cell lysis.>” %% % Given that c-di-AMP is not made by
mammalian cells, it is recognized as a foreign agent and hence elicits immune
response via cytosolic DNA-sensing mechanisms.>® Woodward et al. first showed
that c-di-AMP secreted by L. monocytogenes induces type | interferon response.®’ It
was subsequently determined that bacterial cyclic dinucleotides directly bind to and
activate STING.®! Further research revealed that cytosolic PRR DDX41, an RNA
helicase binds to c-di-AMP.1%: 197 |t turns out that STING has lower affinity for c-di-
AMP compared to the mammalian 2’5" cGAMP and that binding of DDX41 to c-di-
AMP leads to a STING-DDX41 complex that enhances the affinity of STING for c-

di-AMP. Recently, Woodward and colleagues identified another c-di-AMP sensor,
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the mouse oxidoreductase RECON.% Compared to STING, RECON has higher c-di-
AMP affinity and does not bind c-di-GMP.1%® Binding of RECON to c-di-AMP
relieves its inhibition on NF-xB thereby increasing proinflammatory response leading
to decreased bacterial survival.%

To survive attack by mammalian cells, bacteria first need to regulate the
concentration of c-di-AMP. Some bacteria encode cell surface PDEs, known as
ectonucleotidases, which degrade c-di-AMP secreted into the cytosol during infection
to decrease the STING-dependent type | interferon response.'% 110 |n Streptococcus
agalactiae (Group B Streptococcus), CdnP on the cell surface hydrolyzes
extracellular c-di-AMP resulting in decreased IFN-B.1%° Recently, Sintim, Bishai and
colleagues demonstrated that aside decreasing c-di-AMP concentrations, the M.
tuberculosis PDE CdnP can degrade the host response by hydrolyzing 2’5’
cGAMP.0 This might be an additional virulence strategy employed by M.

tuberculosis and other bacteria to survive in immune cells.

1.3.2 Inhibiting c-di-AMP signaling
Undoubtedly, c-di-AMP is essential in many Gram-positive bacteria including the
human pathogens L. monocytogenes, S. pneumoniae and S. aureus.®” 8 & As
described above, most studies into the molecular mechanisms behind c-di-AMP
signaling has involved genetic manipulation of the bacteria by deletion mutations or
overexpression of c-di-AMP DACs and PDEs. Indeed, these molecular biology
approaches have improved our understanding of c-di-AMP signaling. Unlike these

approaches, the use of small molecule probes to investigate c-di-AMP is yet to gain
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the same level of attention. Consequently, there is a dearth of inhibitors against c-di-
AMP synthesis and degradation.” Aside the fact that the understanding of c-di-AMP
is still increasing, the limited number of inhibitors could be due to the paucity of
assays for screening large libraries. High performance liquid chromatography (HPLC)
and liquid chromatography-mass spectrometry (LC-MS) approaches have been used
to quantify c-di-AMP levels and to determine enzyme activity, but these are not
amenable to high-throughput screening.5% %8 72 77 Using HPLC analysis, Rao et al.
identified the alarmone guanosine tetraphosphate (ppGpp) as an inhibitor of the PDE
activity of YybT.% Detection and quantification of c-di-AMP using an ELISA
approach was documented by Bai and colleagues in 2014.1%° This assay was useful in
determining c-di-AMP concentrations in bacterial extracts.'!® Although this assay
could be used to determine the effect of compounds on the intracellular concentration
of c-di-AMP, a direct measure of enzyme activity may not be possible. Hopfner and
colleagues used the colorimetric phosphate quantification assay (BIOMOL Green
reagent, Enzo, Farmingdale, NY, USA) to determine cordycepin triphosphate (3'-
deoxyATP) as an inhibitor of Thermotoga maritima DisA (TmaDisA) with an
ICs0 of 3 mM at 26 nM TmabDisA.1!! In 2014, Sintim and colleagues developed the
coralyne assay for the detection of c-di-AMP levels.!2 In line with the observation
that coralyne could bind to polyadenosine,!'? 114 coralyne was found to complex with
c-di-AMP with a resultant change in fluorescence which depended on the c-di-AMP
concentration.!*?> The coralyne assay led to the identification of the first DAC

inhibitor bromophenol thiohydantoin, from screening a 1,000 compound library.>

116
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Following this initial success, | have identified several DAC inhibitors.” 17119 Of
note, some of these inhibitors possess activity against Gram-positive bacteria. These

findings are discussed in the succeeding chapters of this document.

1.4 Cyclic GMP-AMP signaling

1.4.1 Bacterial cyclic GMP-AMP (3',3’-cCGAMP)

Davies et al. discovered the novel hybrid cyclic dinucleotide, cyclic GMP-AMP
(3',3-cGAMP) (see Figure 1.1 for structure) while exploring the contribution of the
Vibrio seventh pandemic island-1 (VSP-1) to pathogenesis in V. cholerae.!! Cyclic
GMP-AMP (3',3") was observed to be synthesized by the novel cyclase DncV, a
member of the nucleotidyltransferase superfamily which is encoded by the dncV gene
located on the VSP-1.' A conserved G[G/S]X9-13DX[D/E] active site motif in
DncV was observed to be required for catalytic activity. DncV was found to repress
chemotaxis.!* Hence, in an infant mouse model, deletion of dncv resulted in
decreased intestinal colonization.!* Hydrolysis of 3',3'-cGAMP has been found to be
carried out by HD-GYP domain proteins V-cGAP1, V-cGAP2 and V-cGAP.12° Apart
from V-cGAP1 which can degrade 3',3'-cCGAMP to 5-ApG, the other two PDEs
hydrolyze the cyclic dinucleotide to 5'-pApG.1% Although their genome does not
encode DncV, 3',3'-cGAMP was found in the extracts of Geobacter sulfurreducens'
implying that the signaling molecule was present in that bacteria. GEMM-Ib, a
GEMM-I class riboswitch (GEMM-Ib, Genes for the Environment, Membranes, and
Motility), was found to be a receptor for 3',3-cGAMP in Geobacter

sulfurreducens.'?
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1.4.2 Mammalian cyclic GMP-AMP (3',3'-cCGAMP)

Thus far, the only cyclic dinucleotide of mammalian origin is 2',3'-cCGAMP (see
Figure 1.1 for structure) which was discovered in 2012.*® This second messenger
contains a unique phosphodiester linkage between the 2'-OH of GMP and 5'-
phosphate of AMP which makes it distinct from 3',3'-cGAMP and other bacterial
cyclic dinucleotides.'?? Synthesis of 2',3'-cCGAMP from ATP and GTP is mediated by
cyclic GMP-AMP synthase (CGAS). It has become apparent that cGAS is involved in
sensing cytosolic DNA and its 2',3'-cCGAMP activity is dependent on the presence of
DNA.123 124 The second messenger then binds to STING leading to the induction of
type | interferon response.?® 124 Degradation of 2',3'-cGAMP is attributed to PDE
function of ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) which
hydrolyzes the second messenger into AMP and GMP.'? Sintim, Bishai and
colleagues demonstrated that the M. tuberculosis c-di-AMP PDE, CdnP could
hydrolyze 2',3'-cGAMP, suggesting a function for the bacterial PDE in interfering

with host immune response.1%

1.5 The antibiotics resistance crisis

Humans have been at the end of several disease outbreaks throughout history. A
standout example is the so-called “Black death” plague which laid waste to Europe in
the mid-thirteenth century.*?® It was discovered that the bacterium Yersinia pestis was
the cause of the plague.’?® The discovery of antibiotics increased the chances of
successfully treating deadly bacterial infections. However, antibiotic exposure is

concomitant with the emergence of resistance in bacteria. Multidrug-resistant bacteria
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are continuously isolated and present an enormous public health treat.*?” Infections
caused by the likes of methicillin-resistant S. aureus (MRSA) and vancomycin-
resistant Enterococcus (VRE) result in high mortality rates as well as significant

financial burden on healthcare.®

1.5.1 Resistance mechanisms

Various mechanisms have been described to be employed by bacteria that are
antibiotic resistant. Mechanisms to modify the antibiotic are utilized by bacteria to
inactivate antibiotics.!?®® 12 Bacteria achieve this by encoding enzymes that
functionalize groups on the antibiotic. For example, the acetylation of
chloramphenicol or the phosphorylation of aminoglycosides introduces bulk groups
which reduce the ability of the targets to interact with the antibiotics.'?® Another
example is the production of hydrolytic enzymes like in the case of B-lactam
antibiotics such as penicillins, cephalosporins and carbapenem. Bacteria encode -
lactamases which hydrolyze B-lactam antibiotics.'?3

Increased efflux of antibiotics by efflux pumps limit the tendency for antibiotics to
accumulate in bacteria.!?® Hence, antibiotics with intracellular targets such as those
involved in DNA or protein synthesis inhibition are more susceptible to this
mechanism. This is particularly prominent in Gram-negative bacteria. Efflux pumps
specific for antibiotic classes as well as multidrug pumps have been described.**° In
E. coli, the AcrAB-TolC efflux system, which is one of the well characterized efflux
pumps, is responsible for the expulsion of a wide variety of chemical scaffolds from

the cytoplasm to the extracellular milieu.** 13!

23



Also, bacteria have been observed to modify the antibiotic targets. Vancomycin binds
tightly to the D-alanyl-D-alanine (D-Ala-D-Ala) dipeptide of the pentapeptide
component of the Lipid Il molecule of the nascent peptidoglycan.t®? In vancomycin
resistance, the terminal alanine residue is mutated to a lactate (D-Lac) to give D-Ala-
D-Lac which has a significantly decreased binding affinity for vancomycin.'** A
similar situation is observed with methicillin resistance in S. aureus. Methicillin,
which is resistant to B-lactamases, acts by binding to the transpeptidase, penicillin
binding protein 2 (PBP 2) involved in peptidoglycan synthesis.'?® S. aureus encodes a
modified PBP 2 known as PBP 2a which has lower affinity for methicillin. The mecA
gene, which encode PBP 2a is located on the staphylococcal chromosomal cassette
mec (SCCmec), a mobile genetic element.*?°

Beyond these mechanistic modes of antibiotic resistance, it has been suggested that
antibiotic mechanisms already exist given that antibiotic exposure predates the
“antibiotic era”.3* A wide variety of antibiotics are produced by bacteria for defense
against other bacteria in the environment. Hence, to survive attack, bacteria must
evolve resistance mechanisms. Consequently, ‘intrinsic’ resistance to antibiotics may
be present in bacteria even before the discovery of the antibacterial agent.'?° There is
also the human contribution to antibiotic crisis which mostly borders on misuse of

antibiotics.

1.5.2 Approaches to reduce the rate of antibiotic resistance

It is almost certain that at some point bacteria will develop resistance to any new
antibiotic deployed. Several strategies have been used to limit or eradicate antibiotic

resistance.?’
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First, efforts to develop antibacterial agents with novel chemical scaffolds should be
facilitated.’?” Several antibiotic classes, like the B-lactams, have different generations
which are only derivatives of the first class. It only takes a few years for bacteria to
develop resistance to derivatized antibiotics, since such resistance mechanisms will
already exist in bacteria. For example, modified versions of penicillin like methicillin,
amoxycillin and ampicillin have all become ineffective over a relatively short period
of time. Consequently, a push towards identification of small molecule antibacterial
agents with limited resemblance to the natural product antibiotics should be
encouraged.

Alongside finding novel antibiotics, the identification of novel targets will be
paramount to a successful reducing antibiotic resistance.’®® Majority of existing
antibiotics target one of a few cellular processes including cell wall synthesis, DNA
and protein synthesis and membrane integrity.**> Some prospective antibiotics targets
include quorum sensing, virulence factors, cyclic dinucleotide signaling, two
component systems’ 134 among others.

Another proven strategy is by ‘resurrecting’ current ineffective antibiotics by
combining them with small molecules.’*® B-lactamase inhibitors such as sulbactam,
clavulanic acid and tazobactam have been used to enhance the efficacy of B-lactams
sensitive to such as amoxycillin and ampicillin. Antibiotic-adjuvant combinations
introduce secondary targets with a potential to decrease the tendency for bacteria to
develop resistance.’®® Several research groups including the Sintim group have
interests in this approach.t!® 136137 1n Chapter 3, I will discuss hydroxybenzylidene-

indolines which were identified as DAC inhibitors and were found to possess
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antibiotic potentiation activity. Efforts towards understanding the mechanism of
action of GW5074 and related compounds will be discussed in Chapter 4.
Additionally, the identification of a novel antibacterial agent is discussed in Chapter

5.
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Chapter 2: Identification suramin and theaflavin-3,3'-digallate
as inhibitors of c-di-AMP synthase, DisA.

1.2 Potent inhibition of cyclic diadenylate monophosphate cyclase by the

antiparasitic drug, suramin.

This section (2.1) was originally published as: Opoku-Temeng, C. and Sintim,
H.O. “Potent inhibition of cyclic diadenylate monophosphate cyclase by the

antiparasitic drug, suramin.” Chem. Commun., 2016, 52, 3754

1.2.1 Introduction

Cyeclic diadenylate monophosphate (c-di-AMP) is an important second messenger
found in Gram-positive Firmicutes and Actinobacteria.l® It is synthesized from
two molecules of adenosine triphosphate (ATP) by diadenylate cyclases, DAC
(Figure 2.1), and degraded by c-di-AMP-specific phosphodiesterases (PDE).*’ C-
di-AMP has been shown to regulate important processes in bacteria, such as
virulence,® cell wall formation,® ° cell size,'° ion transport!! among others. For
some Gram-positive bacteria, such as Bacillus subtilis and Listeria
monocytogenes, it has been demonstrated that low intracellular levels of c-di-
AMP increased the sensitivity of the cells to B-lactam antibiotic treatment; an
effect attributed to defective peptidoglycan synthesis.'? 13 Attempts to delete
DAC from human pathogens L. monocytogenes'® and Streptococcus
pneumoniae,** failed and this was probably due to the essentiality of DAC for

maintaining the integrity of the peptidoglycan.
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Considering that most antibiotics target peptidoglycan synthesis, there is an

obvious interest in discovering inhibitors of DAC enzymes.!*'’

NH

OH NN

NH, \ <)
oH P—P-O N

Inhibition NH, c-di-AMP (1.2)

Figure 2.1. Schematic of the synthesis of c-di-AMP by DisA from ATP. A DAC

inhibitor will hinder the synthesis of c-di-AMP.*

Motivated by the potential of DAC inhibitors as antibacterial targets we
developed an interesting fluorescent assay for monitoring c-di-AMP synthesis,
using readily available coralyne fluorophore.!® Using this assay, we discovered
the first small molecule inhibitor of a DAC (DisA), bromophenol
thiohydantoin (or bromophenol- TH).!® Bromophenol-TH is however a weak
inhibitor of DisA (ICso of 56 mM at 5 mM DisA)® and attempts to improve its
potency via modifications were unfruitful.l’ Recently, Miller et al. showed that
cordycepin triphosphate (3'-deoxyATP) was an inhibitor of Thermotoga
maritima DisA (TmaDisA) with an ICso of 3 mM at 26 nM TmaDisA.°

In an effort to identify more potent and non-nucleotide-based inhibitors of c-di-
AMP synthesis, we employed the coralyne assay to screen a library of 2000
known drugs against DisA. This effort led to the identification of suramin
(Figure 2.2), a drug used to treat parasitic infections, as a potent inhibitor of

DisA.
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against DisA. Abbreviations: ANTS is 8-aminonaphthalene-1,3,6-trisulfonic

acid; APTS is 8-aminopyrene-1,3,6-trisulfonic acid.



2.1.2 Results and Discussion

Suramin is a symmetrical polysulfonated urea derivative that has long been
used as an anti-parasitic drug for the treatment of African trypanosomiasis as
well as onchocerciasis.’® ?° To delineate which moieties on suramin are
responsible for DisA inhibition, we tested the enzyme against five structurally
related compounds (Figure 2.2) using the coralyne assay. Suramin and trypan
blue inhibited DisA activity (Figure 2.3). 8-aminonaphthalene-1,3,6-trisulfonic
acid (ANTS), Ponceau S and benzothiazole-2,5-disulfonic (compounds that
contain two or more sulfonic acid groups) did not inhibit DisA significantly
compared to suramin and trypan blue (Figure 2.3), indicating that the

presence of sulfonic acid alone was not sufficient to cause DisA inhibition.

30001
S 2500 -~ No inhibitor
< ANTS (2.2)
= 2000- —+ BDS (2.6)
§ 1500- -¥- Ponceau S (2.5)
2 Suramin (2.1)
g 1000+ Trypan Blue (2.4)
>
T 500

0%

Time (min)

Figure 2.3. Coralyne assay of suramin and suramin-related compounds. For
the coralyne assay, emission fluorescence intensity of coralyne (at 475 nm)
increases as the concentration of c-di-AMP increases.'> 17 BDS stands for

benzothiazole-2,5-disulfonic acid. 8-aminonaphthalene-1,3,6-trisulfonic acid
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(ANTYS) is highly fluorescent so could not be tested using the coralyne assay.

Each experiment was done in triplicate.

To eliminate the possibility that a positive hit from the coralyne assay was not
due to the quenching of coralyne’s fluorescence by the tested compounds, we
also used HPLC to monitor the DisA reaction in presence the active
compounds and APTS (was not be tested in the coralyne assay). Both trypan
blue and suramin inhibited DisA (Figure 2.3) but suramin was a better

inhibitor. APTS did not inhibit DisA activity.

A. i o B. .
2000 No inhibitor 2000 Trypan Blue
__ 15004 __ 15004
=2 =2
I I
£ 1000 -di-AMP £ 1000
(=] o
2 &
< <
500 ATP 500
X L
0 o . . 0 - - .
5 10 15 20 5 10 15 20
Time(min) Time (min)
C. 2000 Suramin D. 2000 APTS
__ 15004 __ 15004
=2 =2
E 1000- E 1000-
2 2
< <
500+ 500+
0 L A T 1 0 + T 1
5 10 15 20 5 10 15 20
Time (min) Time (min)

Figure 2.4. HPLC analysis of DisA reactions. The results from further analysis of hits
from coralyne assay showing reactions of 1 uM DisA with A. No inhibitor, B. 20 uM

Trypan Blue and C. 20 uM suramin. D. The HPLC chromatogram of APTS reaction
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which was not tested by coralyne assay. Only suramin significantly inhibited DisA
activity. ATP and c-di-AMP peaks with respective retention times of 10 min and 14.6

min are indicated with arrows on the No inhibitor chromatogram.

Using HPL.C to monitor the DisA reaction (Figure 2.4), we noted that that at 20
MM, suramin inhibited DisA activity by 90% after 30 min while trypan blue
only showed 20% inhibition. The coralyne assay indicated about 80%
inhibition with trypan blue; the discrepancy between the coralyne and HPLC
results for trypan blue inhibition is probably due to partial fluorescence
guenching by trypan blue, which contains an azo moiety. Therefore, although
the coralyne assay is more convenient than HPLC analysis for high
throughput screening to discover c-di-AMP synthase inhibitors, it is crucial to
use counter screens, such as HPLC analysis, to confirm ‘hits’’.

We wondered if suramin was inhibiting DisA via ATP- competitive
mechanism. Previous report by Avliyakulov et al. indicated that binding of
suramin to L3, a ribosomal protein from Trypanoplasma borreli, completely
abolished ATP binding.> Also, Morgan et al. crystallized suramin bound to
the ATP binding site of Leishmania mexicana pyruvate kinase.??> These
precedents provide evidence of suramin binding to the nucleotide binding
pockets of proteins.

Docking of suramin with a monomer of TmaDisA(PDB:3C1Z)? revealed that
suramin bound to the ATP binding site of TmaDisA (Figure 2.5) with binding

affinity of —9.4 kcal mol~2. Future crystallography studies, beyond the scope of
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this work, should reveal if the docked structure is accurate and could provide
more insight into how to design potent DisA inhibitors. B. subtilis DisA is
similar to TmaDisA; computationally modelled 3D structure?® of B. subtilis DisA

aligned well with TmaDisA (Figure 2.5).

@ T maritima DisA (PDB 3C1Z)

@ B. subtilis DisA model

Figure 2.5. Molecular docking with AutoDock Vina 1.1.1 used to obtain a

suramin/TmaDisA complex. A. Suramin (magenta) binds in the nucleotide-
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binding pocket of TmaDisA. B. Overlay of TmaDisA with modeled structure of

B. subtilis DisA. Images were generated with PyMOL visualization software.

To provide some experimental confirmation that suramin and ATP compete for
the same binding site in DisA, we determined the ICso values at various ATP
concentrations (100 uM, 500 uM and 1 mM, see Figure 26A). The formation of a-
32p_¢c-di-AMP/c- di-AMP from a-32P-ATP/ATP by 1 uM DisA in the presence of
increasing concentrations of suramin at the various ATP concentrations was
monitored via TLC. ICsp values of 1.1 pM, 3.1 pM and 5.4 pM were obtained at

the ATP concentrations of 100 uM, 500 uM and 1 mM respectively.
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Figure 2.6. Dose-reponse curves for the inhibition of DisA (1 uM) activity. A.
The IC50 of suramin was determined at 100 pM, 500 pM or 1 mM a-32P-
ATP/ATP in reaction buffer. The ICso values at 100 pM, 500 pM and 1 uM ATP
were 1.1 pM, 3.1 uM and 54 pM. B. The ICso values of bromophenol
thiohydantoin, 3'-deoxyATP and suramin were determined to be 67.2 uM, 3.8
UM and 2.3 uM respectively at 300 uM ATP and 1 uM DisA. Experiments were
done in triplicate. Error bars represent mean+SEM generated using GraphPad

Prism 4.0 Software (La Jolla, CA, USA).
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The observed increase in ICso values upon increasing ATP concentration is
consistent with both molecules competing for similar binding site. We also
compared the potency of suramin’s inhibition with that of 3'-deoxyATP and
bromophenol-TH. Here, ICso values of 2.3 uM, 3.8 pM and 67.2 uM (DisA
concentration was 1 pM) were obtained for suramin, 3'-deoxyATP and
bromophenol-TH respectively (Figure 2.6B). This indicates that suramin is more

potent than either of the two previously identified inhibitors of DisA (Figure 2.6B).
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Figure 2.7. Analysis of the binding interaction between DisA and suramin. A.
The fluorescence emission of DisA (5 uM) was observed to be quenched in
the presence of increasing suramin concentration. B. Plot of relative
fluorescence of DisA (5 pM) at 340 nm as a function of suramin
concentration. The data was fitted to the non-linear regression, egn (2.3). C.
Stern-VVolmer plot of the relative fluorescence (at 340 nm) as a function of
suramin concentration. Eqn 2.1 was used for the linear regression. D. Stern—

Volmer plot generated by fitting the fluorescence emission at 340 nm to eqn
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(2.2). GraphPad Prism 4.0 Software was used to obtain plots from triplicate

measurements.

The addition of suramin to DisA resulted in a decrease in the protein intrinsic
fluorescence, probably due to changes in the microenvironment(s) of the
tyrosine residues in the protein. Therefore, we were able to determine the
apparent Kq of suramin binding to DisA via fluorescence titration of the
inhibitor with 5 uM DisA (Figure 2.7A). The apparent Kq was determined to
be 5.4 uM (Figure 2.7B), assuming a 1:1 binding. Bromophenol-TH bound to
DisA with an apparent Kq of 21 uM,** so it appears that suramin binds tighter to
DisA, compared to bromophenol-TH.
We also analyzed the fluorescence quenching data using the Stern—\Volmer
equation.?* ?° The data was fitted to the linear equation?:

Fo/F =1+ kq7,[Q] = 1+ K, [Q] (2.1)
where F, and F are respectively the fluorescence intensities of a biomolecule (DisA)

without and with a quencher (suramin) at concentration Q, k, is the quenching rate
constant of the biomolecule, 7, is the fluorescence lifetime of biomolecule (about 10
8 5)% and K, is the Stern-Volmer constant. From the above equation, K, was
estimated to be 1.23 + 0.039 x 10> M~1 (Figure 2.7C) and so we determined kq
was 1.23 x 10" M~'s~!. Since the estimated value of k, is greater than the
diffusion-controlled quenching rate, 2 x 101° M~1s~1 a static quenching mechanism
prevails in the DisA-suramin complex.?®

The data was also fitted to the modified form of the Stern—\Volmer equation
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(egn (2.2) and Figure 2.7),%

(FO_F)

Log = LogK + nLog[Q] (2.2)

where F and Fo are respectively the fluorescence intensities (at 340 nm) in
the presence and absence of the quencher (suramin) at concentration Q, the
binding constant K (reciprocal of which gives the dissociation constant, Kd) is
the y-intercept of the line and the slope gives the number of binding sites, n
on the protein (DisA). From eqn (2.2), an apparent K; of 3.2 uM was
determined and the number of binding sites (n) was found to be 1, implying a

1: 1 binding between DisA and suramin.

Suramin did not inhibit the activity of B. subtilis YybT, a c-di-AMP specific
phosphodiesterase (Figure 2.8), indicating that the observed DisA inhibition

is somehow specific.

A. B.
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Figure 2.8. HPLC analysis of YybT reactions. The effect of suramin on 1 uM YybT
A. without suramin and B. with 20 pM suramin at 37 °C was analyzed by HPLC.

There was no difference between the reaction with and without suramin. The arrows
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point to the product, pApA and substrate, c-di-AMP which had retention times of

13.7 min and 14.4 min respectively.

2.1.3 Conclusions

In conclusion, we have identified suramin as a potent inhibitor of DisA.
Suramin is already used in the clinic to treat parasitic infection and has also
been shown to have anti-cancer?® and anti-viral® properties. Recently Nautiyal
et al. showed that suramin inhibited Mycobacterium tuberculosis RecA protein
with submicromolar 1Cs0.® They also showed that suramin potentiated the
activity of ciprofloxacin against M. smegmatis.>® Here, we show that suramin
also inhibits cyclic diadenylate cyclase enzyme and represents an interesting
scaffold, which could be used to develop cyclic dinucleotide signaling
inhibitors. The advances made in the identification of c-di-AMP related
enzymes, receptor proteins and RNA far outpace the number of small molecule
inhibitors of these proteins. This paper sets the tone for the discovery of such
small molecules, which could find use in unravelling the intricacies of cyclic

dinucleotide signaling as well as being used as antibacterial agents.

2.1.4 Experimental section

2.1.4.1 Protein expression and purification
E. coli BL21(DE3) cells transformed with plasmids of enzymes were grown at 37 °C

in LB medium amended with 50 pg/mL Kanamycin. Cultures were grown to an
ODsoo of 0.6, and expression was induced by adding 1 mM isopropyl-p-D-
thiogalactopyranoside (IPTG). YybT expression was induced for 6 h at 30 °C whilst

DisA was induced for 18 h at 16 °C. Cell pellets were harvested by centrifugation at
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4,000 rpm for 15 min and resuspended in lysis buffer (10 mM Tris-HCI, pH 8.0, 100
mM NaCl for YybT and 50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl for
DisA). The cells were lysed by sonication and the lysates were centrifuged at 25,000
rpm for 25 min at 4 °C to collect the supernatant. The hexahistidine-tagged proteins
were purified from the supernatants by affinity chromatography using a GE
HisTrap™ HP 1 mL column mounted onto a Bio-Rad NGC™ Chromatography
System. Protein concentration was determined by measuring the UV absorbance at
280 nm and the purified proteins were stored with 10 % glycerol in their respective

lysis buffers at - 80 °C.

2.1.4.2 The coralyne assay
The initial screening of the library was done at the Johns Hopkins University

ChemCORE facility. Suramin and suramin-related compounds were stored as 10 mM
stock solutions in DMSO. Triplicate 100 pL reactions were set up containing 300 uM
ATP, 10 uM coralyne, 3 mM KI and 20 uM compound or DMSO in a 40 mM Tris-
HCI pH 7.5, 100 mM NaCl and 10 mM MgClz reaction buffer. The reactions were
started by adding 1 uM DisA. The fluorescence of coralyne over the course of 30 min
was measured on a Molecular Devices SpectraMax M5e microplate reader with

Aex=420 nm and Aem=475 nm at 30 °C.

2.1.4.3 HPLC analysis
Reactions containing 20 uM suramin or related compounds, 300 uM ATP and 1 uM

DisA were set up and allowed to go for 30 min at 30 °C. The reactions were then
terminated by heating at 95 °C for 5 min and the precipitated proteins were filtered
off. Components of the filtrate were then analyzed on a COSMOSIL C18-MS-II

Packed column (5 pm) using 0.1 M TEAA in water (Buffer A) and acetonitrile
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(Buffer B). The samples were eluted with 99 %—87 % Buffer A at 0 to 16 min, 87
%—10 % Buffer A at 16 to 22 min and kept at 10% Buffer A till 25 min, detecting
signals at room temperature with a 260 nm UV detector. For the effect of suramin on
YybT, HPLC reactions were set up containing 50 uM c-di-AMP and 1 uM YybT in
the presence or absence of 20 pM suramin for 30 min at 37 °C in reaction buffer (100
mM Tris-HCI, pH 8.3, 20 mM KCI, 0.5 mM MnClz and 1 mM DTT). The reaction

was analyzed as described above.

2.1.4.4 1Cso determination
Half maximal inhibitory concentrations (ICso) were determined in 10 pL reactions

containing ATP (at either 100 uM, 300 uM, 500 uM or 1 mM), 11 nM 32P-ATP and
increasing concentrations of suramin mixed in reaction buffer (40 mM Tris-HCI pH
7.5, 100 mM NaCl and 10 mM MgCl2). Reactions were initiated by adding 1 uM
DisA at 30 °C for 1 hour. Afterwards, 0.4 pL aliquots of the reaction mixtures were
spotted on TLC plates (EMD Millipore TLC Cellulose) and spot separation was

achieved in a 1:1.5 (vol/vol) saturated (NH4)2SO4 and 1.5 M KH2PO4 buffer.

2.1.4.5 Measurement of intrinsic fluorescence of DisA
DisA (5 uM) was incubated with various concentrations of suramin at 25 °C for 1

hour. Protein intrinsic fluorescence was measured on a Cary Eclipse Fluorescence
Spectrophotometer (Agilent) with dex = 290 nm and Xem = 300 - 450 nm. Initially,
apparent Kq (assuming 1:1 binding ratio) was calculated using fluorescence intensity

at 340 nm according to the equation®:

(KPP +Pr+Q;) —J (KPP +Pe+Qp)2—4PQ;

F=F, +AF
2P,

(2.3)
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Where F is the fluorescence intensity at 340 nm, Fo is the fluorescence intensity at
340 nm in the absence of ligand, AF is the change in fluorescence upon ligand
binding, K;** is the apparent dissociation constant, Pt is the total protein (DisA)
concentration and Q: is the total ligand (suramin) concentration.

For Stern-Volmer analysis of the fluorescence emission spectra, the emission at 340
nm at each suramin concentration was used to generate the Stern-Volmer plots* %/
according to the equations (1) and (2) from which the Stern-Volmer constant, Ksv

dissociation constant, Kd and number of binding site, n were estimated.

2.1.4.5 Molecular docking and computational modelling
We used Autodock Vina 1.1.1% to perform docking calculations. TmaDisA PDB file

(3C1Z) was downloaded from RCBS Protein Data Bank and used as AutoDock
protein. Suramin was converted into a PDB file using ChemDraw and used as
AutoDock ligand. AutoDockTools was used to convert the PDB files to the required
PDBQT file format. A grid box large enough to cover the globular nucleotide
binding domain of TmaDisA (Center X = -20, Center Y = 10, Center Z = 75, Size X
=92, Size Y = 96, Size Z = 68) was selected. We set the exhaustiveness value to 32
and conducted the molecular docking experiment. The best pose was determined as
the one with the highest binding affinity. PyMOL viewer version 1.3.49 was used to
visualize the docking results. For computational modelling, the FASTA sequence of

DisA was obtained from UniProt (AOA0C2Q1A6) and submitted to the Phyre2 web

portal for protein modelling?. PyMOL was then used to align the 3D model with the

structure of TmaDisA.
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1.3 Inhibition of cyclic deadenylate cyclase, DisA, by polyphenols

This section (2.2) was originally published as: Opoku-Temeng, C. and Sintim,
H.O. “Inhibition of cyclic deadenylate cyclase, DisA, by polyphenols.” Sci. Rep.,

2016, 6:25445

2.2.1 Introduction

Nucleotides play critical roles in cells, some of which include serving as a source of
energy, as components of biomolecules like DNA and RNA and as cofactors of
enzymes. It has long been known that mononucleotides such as cAMP and ppGpp
regulate several processes in bacteria.? * In the late 1980s Benziman and colleagues
identified cyclic dinucleotide bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-
di-GMP) as an allosteric regulator in the bacterium Acetobacter xylinum (now called
Gluconacetobacter xylinus).3* It would take close to two decades before the
microbiology community fully appreciated that c-di-GMP is a master regulator of
bacterial physiology.®® In Gram-negative bacteria c-di-GMP controls the transition
from planktonic to the biofilm state and there has been an explosion of research
activities dedicated to unravelling the intricacies of c-di-GMP signaling. Just as c-di-
GMP research was taking shape, another related cyclic dinucleotide, bis-(3'-5")-cyclic
dimeric adenosine monophosphate (c-di-AMP) was identified by Hopfner and
colleagues during their study of the Bacillus subtilis checkpoint protein, DNA

integrity scanning protein A (DisA).2
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Figure 2.9. Cellular processes affected by c-di-AMP signaling. Fluctuations in the
levels of cellular c-di-AMP cause a myriad of phenotypic changes in different

bacteria.

Just like the analogous c-di-GMP, c-di-AMP is also emerging as an important
signaling second messenger in several bacteria and has been found to regulating
several physiological processes including but not limited to cell wall homeostasis,® °
fatty acid metabolism,® cell size regulation®® and virulence® (Figure 2.9). C-di-AMP
has been found to be mainly produced predominantly in Gram-positive Firmicutes,
Actinomycetes and mycobacteria.l* 2 The intracellular levels of c-di-AMP are tightly

regulated by two opposing enzymes: diadenylate cyclases (DAC), which synthesize c-
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di-AMP from two molecules of ATP/ADP and phosphodiesterases (PDE), which
degrade c-di-AMP into pApA or AMP.*" This tight regulation is important in
keeping an optimal intracellular c-di-AMP concentration as overproduction or
underproduction of the signaling molecule has been observed to cause interesting
changes in bacteria physiology.? 1 12 |In Listeria monocytogenes, overexpression of
PdeA led to low levels of intracellular c-di-AMP and resulted in reduced growth rate
and avirulent phenotype.® Decreased intracellular concentration of c-di-AMP in L.
monocytogenes also resulted in a higher susceptibility to peptidoglycan-targeting
antibiotics.® An opposite observation was made when the PDE GdpP of
Staphylococcus aureus was deleted, leading to an increase in peptidoglycan cross-
linking and resistance to cell wall-targeting antibiotics.*°

Studies that aimed to knock out the DAC gene however proved futile since the DAC
domain in several bacteria, including the pathogens L. monocytogenes®® and S.
pneumoniae” * is essential. Thus, to study the role  of DAC in such bacteria,
researchers have resorted to conditional depletion of the gene.® Arguably, there is a
need to identify small molecules that can modulate the functions of c-di-AMP
metabolism enzymes for use as chemical probes to interrogate c-di-AMP-mediated
processes. Also, since c-di-AMP has been shown to affect peptidoglycan synthesis or
remodeling, it is likely that inhibitors of c-di-AMP synthesis or degradation could also
be utilized as antibacterial agents or used in synergy with traditional antibiotics.

We have been interested in the development of technologies that could aid the
identification of inhibitors of cyclic dinucleotide metabolism enzymes.!8 %6 37 These

probes have facilitated the identification of the first DisA inhibitor, bromophenol
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thiohydantoin,*™ 17 which are weak inhibitors of DisA. In an effort to discover more
potent inhibitors of DisA and motivated by the dazzling arrays of enzymes that
polyphenols regulate,® 3 we turned our attention to evaluating polyphenols as DisA
inhibitors. The biological properties of plant polyphenols have long been
established.*> ' Tea polyphenols for example are known for their antioxidant
properties and have been studied for their anticancer, antiviral and antibacterial
properties.*> 4 Strikingly, some tea polyphenols like catechin have been shown to
potentiate the action of antibiotics, particularly cell wall targeting antibiotics like
oxacillin and ampicillin, against methicillin resistant S. aureus.** We were therefore
interested in investigating if polyphenols could inhibit c-di-AMP metabolism proteins.
Since c-di-AMP has emerged as important second messenger that regulates diverse
processes in bacteria, we wondered if perhaps some of the activity of polyphenols
against bacteria was due to inhibition of c-di-AMP metabolism enzymes. Thus, we

tested 14 polyphenols (Figure 2.10) against B. subtilis DisA.
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Figure 2.10. Structures of polyphenols tested against DisA
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2.2.2 Results

2.2.2.1 Coralyne assay identifies TA, TF2B and TF as DisA inhibitors.

We utilized the coralyne assay'® developed by our group to evaluate the inhibitory
effect of 14 polyphenols (compounds 2.7 to 2.20) on DisA. For structures of these
compounds, see Figure 2.10. From the coralyne assay results, we selected compounds
that yielded 50% or more inhibition, after 30 min. At 20 uM inhibitor concentration and

1 uM DisA concentration, TA completely inhibited c-di-AMP formation (Figure 2.11).

30004
| No Inhibitor
S 25001 F* = c(@7) -9~ EGCG (2.14)
< Lo00- - CG(28) -e TF1(2.15)
3 EC(29) -9 TF2B(2.16)
g 1500- - ECG (2.10) —+ TF3(2.17)
S 10004 - GC(2.11) -e TA(2.18)
E GCG (2.12) - GA(2.19)
L 5001 -0- EGC (2.13) -® PG (2.20)

0 5 10 15 20 25 30
Time (min)

Figure 2.11. Screening of polyphenols against DisA. Coralyne assay results of 14
polyphenols screened against DisA (1 puM); Aex = 420 nm and Aem= 475 nm.

Polyphenols that yielded at least 50% inhibition were selected for further analysis.

TF2B and TF3 also inhibited DisA activity, albeit not as potent as tannic acid (Figure
2.11). It appears that as the number of gallates on a polyphenol increased, so did the
potency of inhibition. For example, TF1 (compound 2.15), TF2B (compound 2.16) and
TF3 (compound 2.17) contain the same theaflavin moiety and only differ by the
number of attached gallate units (TF1 contains no gallates; TF2B contains one gallate

and TF3 contains two gallates); inhibition was observed to increase from TF1 to TF3.
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Control experiments with gallic acid (GA, compound 2.19) and propyl gallate (PG,

compound 2.20) did not lead to any inhibition (Figure 2.11). From these experiments,

we conclude that it is the combination of both the theaflavin and gallic acid units that

results in DisA inhibition.
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Figure 2.12. Effect of polyphenols on DisA activity. HPLC analysis of DisA reactions (1 uM)

reactions A. without inhibitor, with B. 20 uM TA C. 20 uM TF3 and D. 20 uM TF2B. The

ATP and c-di-AMP peaks are labeled with arrows.

To further explore the inhibition of TA, TF2B and TF3, we first performed HPLC

analysis of their respective reactions. Consistent with the results from the coralyne

assay, TA was observed to be the most potent of the three; with ~97% inhibition at 20
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uM TA when 1 uM DisA was used (Figure 2.12). TF3 and TF2B followed in that order
with ~83% and ~78% inhibition respectively (Figure 2.12). We then proceeded to
determine the half maximal inhibitory concentration, 1Cso of TA, TF2B and TF3.

Different concentrations of TA, TF2B and TF3 were incubated with 1 uM DisA, 300

uM ATP and 11 nM 32p-ATP at 30 °C. The amount of c-di-AMP synthesized in the
presence or absence of inhibitor was normalized with respect to the amount in the
absence of inhibitor and used to estimate the ICso values. A steep dose-response curve
was observed when TA (but not TF2B and TF3) was titrated against 1 uM DisA
(Figure 2.13). Steep dose-response curves have been shown to be caused by
promiscuous enzyme inhibitors and for such inhibitors, the 1Cso values have been
observed to increase linearly with enzyme concentration.*. Hence, we determined the
ICso of TA at four enzyme concentrations. The 1Cso values increased from 1.8 uM at
0.5uM DisAto 3.4 uM at 1 uM DisA, 16.2 uM at 5 uM DisA and 18.3 uM and 10 uM
DisA (Figure 2.13); consistent with the observations made for non-specific enzyme

inhibitors.*
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Figure 2.13. Inhibition of DisA by polyphenol. Half maximum inhibitory
concentration, 1C50 curves of A. polyphenol inhibitors TF2B, TF3 and TA at 1 uM
DisA at 300 uM ATP and B. TA at 0.5 uM DisA, 1 uM DisA, 5 uM and 10 uM DisA
using 300 uM ATP. Error bars represent the mean and SEM of triplicate experiments.

Curves were generated with GraphPad Prism 4 software.

The dose response curves for TF2B and TF3 were not as steep as for tannic acid and
presumably these two compounds are not promiscuous protein inhibitors. At 1 uM
DisA, the ICso values of TF2B and TF3 were 23.6 uM and 8.5 uM respectively (Figure

2.13), which is lower than what was obtained for the first reported DisA inhibitor,
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bromophenol thiohydantoin.*

2.2.2.2 TF3 inhibition does not depend on ATP concentration.

Because TA was deemed a promiscuous inhibitor, it was not investigated further. TF3
was selected for further investigation and to gain insight into the type of inhibition
exhibited by TF3 (ATP competitive or non-competitive), we determined the 1Cso of
TF3 at various ATP concentrations. Here, we incubated DisA (0.5 uM) with either 100
uM ATP, 300 uM ATP or 500 uM ATP and increasing concentrations of TF3. ICso
values of 3.8 uM, 3.4 uM and 4.4 uM were obtained at 100 uM ATP, 300 uM ATP and
500 uM ATP respectively (Figure 2.14). Since the ICso barely increased upon 3-fold and
5-fold increases of ATP concentration, we conclude that TF3 inhibits DisA in an ATP

non-competitive manner.

e~ 100 uM ATP (ICxo = 3.8 uM)
-= 300 pM ATP (ICxg = 3.4 uM)
500 uM ATP (ICsq = 4.4 uM)
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Figure 2.14. Dose-response curves for the inhibition of DisA (0.5 uM) by TF3 at 100
uM ATP, 300 uM ATP and 500 uM ATP. Error bars represent the mean and SEM of

triplicate experiments. Curves were generated with GraphPad Prism 4.0 Software.
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2.2.2.3 TF3B and TF3 are specific inhibitors of DisA

Cyclic di-AMP signaling in B. subtilis is regulated by DisA, CdaS and CdaA,* ¢ which
act as DACs and YybT#’ (recently renamed as B. subtilis GdpP?) which is the cognate
PDE.*’ To determine whether the inhibitors of DisA identified were specific for the c-
di-AMP synthase but not phosphodiesterase, HPLC analyses of YybT hydrolysis of c-
di-AMP in the absence or presence of the inhibitors were analyzed. About 50%
inhibition of YybT activity was observed when incubated with TA (Figure 2.15).
Furthermore, it has been shown that tannic acid inhibition is abolished in the presence
of non-ionic surfactants.*® When incubated with 0.1% Triton X-100, the inhibition of
DisA by TA was completely abolished. TF2B and TF3 did not inhibit YybT (Figure
2.15), confirming our initial assessment (from the DisA dose-response curves) that TA

is a promiscuous inhibitor whereas TF2B and TF3 are not promiscuous.
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Figure 2.15. HPLC chromatogram of YybT reactions A. without inhibitor B. with 20
MM TA C. 20 uM TF3 and D. 20 uM TF2B. The pApA and c-di-AMP peaks are

labeled with arrows.

2.2.2.4 Analysis of binding of TF3 to DisA

We determine the binding affinity of TF3 to DisA by measuring the intensity of DisA
intrinsic fluorescence when incubated with different concentrations of TF3. When
excited with light of wavelength 290 nm, DisA has intrinsic fluorescence with
maximum emission at 340 nm. We found that when incubated with TF3, the
fluorescence of DisA decreased (Figure 2.16). Assuming a 1:1 binding, we determined
the apparent Kgq of DisA (5 uM) binding to TF3 using equation (2.3).3! The apparent

dissociation constant, K; " was estimated to be 23 uM (Figure 2.16).
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Figure 2.16. Intrinsic fluorescence analysis of DisA. A. Fluorescence emission trace
of DisA (5 uM) in phosphate buffer (50 mM, pH 7.5) titrated with indicated
concentrations of TF3 at room temperature; Aex = 290 nm and Aem= 300—450 nm B.
Plot of normalized fluorescence intensity (at 340 nm) as a function of TF3
concentration. C. The modified Stern-Volmer plot of DisA fluorescence quenching
by TF3. E, is the maximum fluorescence intensity in absence of TF3 and F is the
fluorescence intensity in presence of TF3. Data points represent the mean and SEM of

triplicate measurements plotted using GraphPad Prism 4.0 Software.

The decrease in DisA fluorescence upon TF3 binding denote fluorescence quenching.
Hence, we also used equation (2.2), the modified form of the Stern-Volmer equation?’

to determine the binding constant, K, and number of binding sites, n at different

inhibitor concentrations, Q (Figure 2.16). A binding constant, K, of 4.25x104 M1

was obtained and a reciprocal of this gave a dissociation constant, K; of 23.5 uM.
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This agrees with the apparent K, initially determined from equation (2.3). The
number of binding sites, n on DisA was also estimated to be approximately equal to
1, implying that DisA has a single binding site for TF3. This observation is also in

agreement with the earlier 1:1 binding assumption made from equation (2.2).

2.2.3 Discussion

C-di-AMP is emerging as a central second messenger that controls various functions in
bacteria. Small molecule modulators of c-di-AMP could potentially have applications
in medicine, agriculture and synthetic biology. Thus far there is a paucity of small
molecules that can be used to “switch” off c-di-AMP synthesis in bacteria and our goal
is to identify various small molecules that could be used to inhibit DisA, a c-di-AMP
synthase. Polyphenols represent a class of natural products that are primarily known
for their antioxidant and antibacterial properties and we were curious to know if these
interesting biologically active molecules also inhibit c-di-AMP metabolism enzymes.
Indeed, there are a few literature reports that suggest that polyphenols inhibit
processes in bacteria. Takahashi et al.** and Zhao et al.*® have shown that polyphenols
can affect bacterial cell wall. Interestingly some of these tested polyphenols also affect
the c-di-AMP synthase, vide infra.

Tannic acid (TA), theaflavin-3'-gallate (TF2B) and theaflavin-3,3'-digallate (TF3)
were found to inhibit the activity of DisA. Of the three, TA was shown to inhibit DisA
better than TF3 and TF2B as depicted in Figures 2.11 — 2.13. Of note, the inhibition of
DisA appeared to depend on the number of gallate moieties on a given aglycone unit.

For example, TF3 was more effective than TF2B, which was also more effective than
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TF1. Also, EGCG was more effective than EGC whilst GC was less effective than
GCG and so on. Yet gallic acid on its own or propyl gallate did not inhibit DisA
(Figure 2.11), meaning that it is not just the presence of gallate moiety per se that
caused DisA inhibition but rather the proper spatial presentation of the gallate group
that was critical for enzymatic inhibition. It has been reported that gallic acid has
antimicrobial activity and it is effective against S. mutans, which is one of the
causative agents of dental caries.>® Our data suggests that the effect of gallic acid on
bacteria is not via DisA inhibition and is probably via the inhibition of another target;
it appears that the gallate moiety is indeed a polypharmacophore unit.

The dose-response curve of TA had a steep slope (Figure 2.13), a signature of a non-
specific inhibitor. When tested against YybT, a PDE from B. subtilis, TA was found to
inhibit the PDE activity of YybT (Figure 2.15). Others have also reported the
inhibition of several enzymes by tannic acid. For example, TA has been shown to
inhibit the activity of a-glucosidase, an enzyme targeted in the development of
antidiabetic drugs®® This inhibition was observed to be stronger than that seen with
the antidiabetic drug acarbose®. The study also noted the inhibitory effect on trypsin
by TAS! Yang et al. showed TA as a strong inhibitor of epidermal growth factor
tyrosine kinase.!! They also observed that the plant polyphenol inhibited other protein
kinases including protein kinase C, mitogen-activated protein kinase and cAMP-
dependent protein kinase.>? The activity of gastric HT,K*-ATPase® has also been
shown to be inhibited by TA. Based on the perceived promiscuity of tannic acid and
the fact that it is not drug-like, we decided to focus more on TF2B and TF3, which

were observed to specifically inhibit DisA but not YybT (Figure 2.11 — 2.15). The 1Cso
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of TF3 against DisA (8.5 uM) was lower than that of TF2B (23.6 uM), highlighting the
importance of the gallate moiety. Regarding the mode of inhibition, there was no
direct correlation between ATP concentration and ICso values TF3 (Figure 2.14),
implying that TF3 might be binding to a site on DisA distinct from the nucleotide-
binding domain. The binding interaction between DisA and TF3 was found to have an
apparent K; of 23 uM (Figure 2.16), which shows moderate affinity.

A number of studies have shown that polyphenols synergize with traditional cell wall-
targeting antibiotics and in some cases antibiotic-resistant bacteria could become
susceptible to antibiotics via polyphenol potentiation.>*¢ C-di-AMP has been shown
to modulate bacterial cell wall synthesis® ° so the expectation is that inhibitors of c-
di-AMP synthesis could potentiate the effects of cell wall-targeting antibiotics. This
work has uncovered a few polyphenols that could be used to modulate c-di-AMP in
bacteria but for these molecules or analogs thereof to find practical applications, some
limitations need to be addressed. Friedman et al. showed that black tea theaflavins
possessed antibacterial activity against B. cereus at nanomolar levels®’. However,
several other studies have reported rather high minimum inhibitory concentrations for
such molecules against other bacteria.>* % The latter observation might be due to the
difficulty of the molecules to enter bacteria. Use on whole animals might also be
limited by rapid metabolism. Perhaps the limitation on membrane permeation could
be addressed in the future via acylation of the phenolic moieties. It is likely that the acyl
groups would be deprotected by esterases inside cells to uncover the active molecules.
Furthermore, the essential gallate moieties are attached to the theaflavin unit via an

ester linkage but this type of linkage is unstable towards enzymatic hydrolysis so a
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more stable analog of theaflavin gallates will have to be developed. Beyond the practical
application of these molecules to reduce c-di-AMP synthesis in bacteria, the molecules
identified in this manuscript could be used to identify the binding site (probably an
allosteric site) that would be targeted for the development of potent and specific
inhibitors of DisA. Future work, beyond the scope of this paper, will be aimed at
gaining structural insights into the binding mode of polyphenols to DisA and could
lead to new tactics or design principles to inhibit DisA and ultimately inhibit bacterial

cell wall synthesis or other processes that are regulated by DisA.

2.2.3 Methods

2.2.4.1 Protein expression and purification.
For protein expression, overnight cultures of E. coli containing plasmids of either

DisA or YybT were inoculated into 1 L LB medium and cultured at 37 °C. At ODsoo of
0.6, the cultures were supplemented with 1 mM IPTG to induce expression and
incubated at 16 °C with 250 rpm for 18 h. The induced cells were centrifuged at 4 °C
and pellets resuspended in lysis buffer [50 mM sodium phosphate buffer, pH 8.0, 300
mM NacCl for DisA and 10 mM Tris-HCI, pH 8.0, 100 mM NaCl for YybT]. The
resuspended cells were lysed by sonication and centrifuged at 25,000 rpm for 25 min

at 4 °C. The supernatants were passed through HisTrap HP 1 mL columns (GE) and

the proteins purified using the Bio-Rad NGCTM Chromatography System at a 1
mL/min flowrate. Elution of proteins was achieved by adding 200 mM imidazole to the
lysis buffer. The concentrations of the purified proteins were determined by measuring

their A2so.
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2.2.4.2 Screening of polyphenols

The polyphenols were screened for DisA inhibition as earlier described®. Briefly,
reactions containing 300 uM ATP, 10 uM coralyne, 3mM KI, 20 uM inhibitor and 1 uM
DisA in reaction buffer (40 mM Tris-HCI, pH 7.5, 100 mM NaCl and 10 mM MgClz2)
were set up in triplicates at 30 °C in 96 well plates. A Molecular Devices SpectraMax
Mb5e plate reader was used to measure the fluorescence of coralyne with excitation and
emission wavelengths of 420 nm and 475 nm respectively for 30 min with 2 min

intervals.

2.2.4.3 Enzyme inhibition assays

To analyze the effect of the identified polyphenol inhibitors on DisA, HPLC reactions
containing 300 uM ATP and 1 uM DisA with or without 20 uM polyphenol inhibitors
were set up at 30 °C. After 30 min the reaction mixture was heated at 95 °C for 5 min
and the precipitated proteins were filtered off using a 3 K centrifugal filter (VWR
International). Components of the filtrate were then analyzed on a COSMOSIL C18-
MS-I1 Packed column (5 um) using 0.1 M TEAA in water and acetonitrile, detecting
signals at room temperature with a 260 nm UV detector.

To determine the half maximum inhibitory concentration ICso, triplicate reactions

containing ATP (at either 100 uM, 300 uM or 500 uM), 11 nM 32P-ATP and increasing
concentrations of polyphenol inhibitors were mixed in reaction buffer. The reactions
were then initiated by adding 1 uM DisA (or as indicated) at 30 °C for 1 hour. The
radioactive components were separated by spotting 0.4 uL aliquots on TLC plates
(EMD Millipore TLC Cellulose). The spots were separated using 1:1.5 (vol/vol)

saturated (NH4)2SO4and 1.5 M KH2PO4 buffer.
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The effect of polyphenol inhibitors on YybT was tested by setting up HPLC reactions
containing 50 uM c-di-AMP and 1 uM YybT with or without 20 uM polyphenol
inhibitors for 30 min at 37 °C in reaction buffer (100 mM Tris-HCI, pH 8.3, 20 mM
KCI, 0.5 mM MnClz and 1 mM DTT). The reactions were analyzed as described for

the DisA reactions.

2.2.4.4 Fluorescence spectroscopy and binding characteristics
The binding affinity studies was performed by monitoring the protein fluorescence at

340 nm. Triplicate solutions containing various concentrations of TF3 and DisA (5
uM) were incubated at room temperature in 50 mM sodium phosphate buffer pH 7.5
for 1 hour. Fluorescence spectra were recorded on a Cary Eclipse Fluorescence
Spectrophotometer (Agilent) using a 1.0 cm quartz cell. The excitation wavelength of
DisA was 290 nm and emission spectra were collected from 300 nm to 450 nm. Data

was analyzed using equations 2.2 and 2.3.
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Chapter 3: Identification and characterization of cell-permeable
c-di-AMP synthesis inhibitors

3.1 Hydroxybenzylidene-indolinones, c-di-AMP synthase inhibitors, have

antibacterial and anti-biofilm activities and also re-sensitize resistant bacteria to

methicillin and vancomycin

This section (3.1) was originally published as: Opoku-Temeng, C., Dayal, N.,
Miller, J. and Sintim, H.O. “Hydroxybenzylidene-indolinones, c-di-AMP
synthase inhibitors, have antibacterial and anti-biofilm activities and also re-
sensitize resistant bacteria to methicillin and vancomycin.” RSC Adv., 2017, 7,

8288

3.1.1 Introduction

Each year millions of people become infected with drug-resistant bacteria and a
significant number succumb to the pathogens. It has been estimated that if new
antibacterial agents or adjuvants that re-sensitize resistant bacteria to traditional
antibiotics are not developed/found, in the near future (by 2050) deaths due to
bacterial infections will surpass 10 million. In light of this gloomy forecast, several
groups have embarked on the search of essential pathways or proteins that could be
targeted to develop a new generation of antibacterial agents.? Recently, it was
revealed that cyclic dimeric adenosine 3’,5'-monophosphate (c-di-AMP), initially
discovered as a ligand bound to the DNA integrity scanning protein A (DisA) of
Thermatoga maritima,® is an important second messenger that is present in a myriad

of clinically-relevant bacteria, including Staphylococcus aureus,* Listeria
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monocytogenes,®  Streptococcus pyogenes,® Mycobacterium tuberculosis,” and
Chlamydia trachomatis® among others. The physiological roles of c-di-AMP include
peptidoglycan homeostasis,” ° cell size regulation,* fatty acid metabolism and
transport,** ijon transport,'?> biofilm formation!® and a host of other physiological

processes (Figure 3.1).

C-di-AMP is synthesized by diadenylate cyclases (DACs) from two molecules of
ATP (Figure 3.1). The DAC gene has been shown to be essential in some Gram-
positive bacteria such as L. monocytogenes, S. aureus and S. pneumoniae,> 10 14 15
and this raises the potential that new drugs against these problematic bacteria could
be found by screening for inhibitors of c-di-AMP synthesis. Of note c-di-AMP
regulates cell wall homeostasis® *° and because many antibiotics in clinical use also
target the cell wall,® it is anticipated that inhibitors of c-di-AMP could potentiate the
action of several cell wall-acting antibiotics. In a seminal study by Grindling, it was
disclosed that depletion of intracellular c-di-AMP via the over-expression of a c-di-
AMP PDE (GdpP) sensitized S. aureus to the B-lactams oxacillin and penicillin G.*
The gdpP mutant strain was observed to have increased biofilm formation relative to
the wildtype.* Recently, another important work from Peng et al. revealed that c-di-
AMP regulates biofilm formation in S. pneumoniae.’® These insights regarding the
role of c-di-AMP in biofilm formation is interesting (it is known that biofilm bacteria
are several orders of magnitude more resistant to antibiotics than planktonic bacteria)

and could lead to new treatment paradigms against Gram-positive bacteria.l’
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Figure 3.1. Schematic of c-di-AMP metabolism and the processes regulated by the
second messenger. Hydroxybenzylidene-indolinones inhibit c-di-AMP synthesis and

also possess antibacterial and anti-biofilm activities.

Motivated by the central role played by c-di-AMP in some bacteria, especially in S.
aureus, our group has been pursuing inhibitors of c-di-AMP synthesis with the hope
that some of these compounds could be developed into antibacterial agents.
Previously we revealed that bromophenol-TH,*® suramin?® and theaflavin digallate®
inhibit the prototypical c-di-AMP synthase, DisA. The first-generation c-di-AMP
synthase inhibitors are however not drug-like. For example suramin,® is polyanionic

and suffers from poor cell penetration and the theaflavins are easily metabolized in
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vivo.?!  3’-deoxyATP, a nucleotide analog was also identified as DAC inhibitor by
Miiller and others?® but this molecule also suffers from cell permeation (it is
polyanionic as well). In our continuing efforts to identify cell-permeable compounds
that also inhibit c-di-AMP synthesis, we identified a benzylidene-indolinone
derivative as a cell permeable inhibitor of c-di-AMP synthesis. This molecule and
analogs thereof demonstrate potent antibacterial properties and could synergize the

action of other antibiotics.

3.1.2 Results and Discussion

We previously used the coralyne assay?® (Figure 3.2) to identify bromophenol-TH,®
suramin®® and theaflavin digallate?° as inhibitors of c-di-AMP synthase DisA from B.
subtilis. Based on the success of the coralyne assay, we screened a 20,000-compound
library containing pharmacologically active compounds in order to identify cell

permeable inhibitors of DAC.

From the screen we identified a hydroxybenzylidene-indolinone derivative,
compound 3.1 as an inhibitor of c-di-AMP synthesis (Figure 3.2). The DAC
inhibition was confirmed using o-32P-ATP assays (Figure 3.2). Compound 3.1
(GW5074), was originally developed as a selective c-Ras inhibitor. It is non-toxic to
mammalian cells and has been used in a few mouse studies without showing any
adverse effects.?* 2 Compound 3.1 possesses neuroprotective properties and in an in
vivo model of Huntington’s disease, it was shown to protect neurons via resisting 3-
NP-induced striatal neurodegeneration.?* Compound 3.1 was also shown to suppress

sidestream smoke-induced airway hyper responsiveness in mice.2°> Based on its safety
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profile and hence high potential for clinical translation we proceeded to make a small
library of this class of molecules following the synthetic strategy shown in Figure 3.3.
A total of 15 analogs with subtle changes to the indolinone and benzylidene moieties

were easily synthesized (Figure 3.3) and screened for DAC inhibition.

A.

- comynel |
Pa—.m»pP — |

\L— (Fluorescence == 3

ATP quenched) ‘L—
c-di-AMP n
c-di-AMP/coralyne
complex
B. C.
g 1201
c
© 100 «— ATP
g "
® 80 '
o - DMSO i = DMSO
g 60- -+ 341 ii = Compound 3.1
o
g 40
o
2 201 - <+—— c-di-AMP
X 0
T T T T 1

T
0 5 10 15 20 25 30 ) B
Time (min) ! i

Figure 3.2. A. Principle of the coralyne assay detection of c-di-AMP. In the presence
of c-di-AMP, coralyne fluorescence, which is otherwise quenched by iodide ions, is
increased due to the formation of c-di-AMP/coralyne complex. B. Plot of percent
fluorescence (emission 475 nm) of coralyne against time for the screening of
compound 3.1 (20 uM) against DisA (0.5 uM). C. Radioactive TLC confirmation of

the inhibition of DisA (0.25 uM) by compound 3.1 (20 uM).
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The “hit” compound 3.1 is decorated with an iodo group at the 5-position of the
indolinone. Compounds 3.2 — 3.9 were designed to identify which substituent at the
5-postion of the indolinone core was optimal for DAC inhibition. Compound 3.2 did
not have any substitution at position 5, whereas compounds 3.3 and 3.4 contained
bromo and trifluoromethyl groups (both groups are similarly as hydrophobic as the
iodo group). Compounds 3.3, 3.4, 3.5, 3.6 and 3.7 were 5-bromo, 5-trifluoromethyl,
5-hydroxy, 5-cyano and 5-amino substitutions respectively. Compounds 3.5 — 3.9
contained the polar groups OH (3.5), CN (3.6), NH2 (3.7), CO2Me (3.8) and CO2H
(3.9). We expected the ester group to be converted into the acid moiety inside the cell,
although the ester compound (a pro-drug) could have different permeation properties
than the acid. Compound 3.14 contained an iodo moiety at the 6-position of the
indolinone and is ideal for comparing 5- vs. 6-substituions of the indolinone. To
investigate the importance of the bromo groups on the benzylidene portion of the
molecule, we synthesized compounds 3.10 — 3.12 whereby the bromo groups were
replaced with H, F and Cl. Finally, the importance of the hydroxyl group at the 4-
position of the benzylidene was investigated by making compounds 3.13 and 3.15,
which did not contain a phenol or compound 3.16, which had the OH group moved
from the 4-position to the 2-position on the benzylidene. With these compounds in
hand, we proceeded to investigate which compounds inhibited DisA, using the

coralyne assay?3.
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Figure 3.3. A. Synthetic strategy for making hydroxybenzylidene-indolinones; B.

Structures of hydroxybenzylidene-indolinones that were synthesized.

DAC activity assay, in the presence of the synthesized compounds revealed that
substitution of the indolinone moiety with hydrophilic groups (OH (3.5), CN (3.6),
NH2 (3.7), CO2Me (3.8) and CO2H (3.9)) lead to compounds that were weak DAC
inhibitors. On the contrary, substitution of indolinone moiety with iodo or CFs group
at the 5-position (compounds 3.1, 3.4 or 3.10) afforded potent inhibitors of DAC. At
20 uM, compounds 3.1 and 3.4 completely inhibited the synthesis of c-di-AMP by

DisA (0.25 uM), see Figure 3.4.
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of 3 replicates and error bars represent standard error of the mean. Plots were
generated using GraphPad Prism version 5 statistical software. B. HPLC analysis of
synthesis of c-di-AMP by DisA (0.25 uM) in the presence of selected benzylidene-

indolinones (20 uM). ATP and c-di-AMP peaks are at 9 min and 14 min respectively.

The substitution pattern of the benzylidene group was also critical for DAC
inhibition. The 4-OH group on the benzylidene group was essential as compound
3.15, which lacked OH group or compound 3.16, bearing 2-OH (but not 4-OH) did
not inhibit c-di-AMP synthesis. The nature of the halogen on the benzylidene moiety
was also critical for DAC inhibition. Substitution of positions 3 and 5 of the
benzylidene with Br or Cl afforded DAC inhibitors (compounds 3.1 and 3.10)
whereas compounds bearing H or F substituents at the 3 and 5 positions of the

benzylidene were not active (compounds 3.11 and 3.12) (Figures 3.4 and 3.5).
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Figure 3.5. HPLC analysis of benzylideneindolinones that did not inhibit DAC
activity of DisA. Compounds were tested at 20 pM in a 40 mM Tris-HCI pH 7.5, 100
mM NaCl and 10 mM MgCl: reaction buffer with 100 uM ATP and 0.25 puM DisA

for 2 h. ATP and c-di-AMP peaks are as indicated on DMSO control.
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As previously stated, a myriad of physiological processes are regulated by c-di-AMP
signaling, such as cell wall homeostasis® X° and coupled with the essentiality of DACs
of human pathogens,> 1% 1 15 we hypothesized that cell permeable inhibitors of c-di-
AMP synthesis, such as the ones identified above could also possess antibacterial
properties. We therefore decided to investigate the effects of the hydroxybenzylidene-
indolinones compounds on bacterial viability. Initially, we screened the compounds
against S. aureus (ATCC 25923) and E. coli (ATCC 25923) (as representative Gram-
positive and Gram-negative bacteria). The bacteria were cultured in the presence of
16 pg/mL of the hydroxybenzylidene-indolinones in Mueller Hinton broth (MHB) for
24 h at 37 °C with 250 rpm shaking. Post incubation, we measured the optical density
at 600 nm (ODeoo) of the cultures. For each bacterial species, an equivalent amount of
DMSO, not exceeding 0.1% was used as negative control. Compounds 3.1, 3.2, 3.3,
3.4, 3.10 and 3.14 (but not compounds 3.5 — 3.9 or 3.11 — 3.13 or 3.15 — 3.16)
significantly inhibited the growth of S. aureus. None of the compounds affected E.

coli growth (Figure 3.6).

To rule out the possibility that the lack of activity against E. coli was not due to
permeation issue, we also investigated the activity of compound 3.1 (16 pg/mL) in
the presence of ¥ the MIC value of colistin (0.03125 pg/mL). Treating E. coli with %
the MIC of colistin (a non-toxic concentration) would make the bacteria permeable to
compounds. Even in the presence of colistin, compound 3.1 did not inhibit the
growth of E. coli (Figure 3.6). This experiment suggests that the hydroxybenzylidene-
indolinones work via a Gram-positive specific mechanism. For the active compounds,

we expanded the panel of bacteria to include L. monocytogenes (ATCC 19115) and
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Pseudomonas aeruginosa (ATCC 27853) and also observed that they were active
against the Gram-positive L. monocytogenes but not against the Gram-negative P.

aeruginosa (Figure 3.6).
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Figure 3.6. Antibacterial activities of DAC inhibitors tested at 16 pg/mL in MHB. A.
Evaluation of compounds 3.1 — 3.16 against S. aureus and E. coli. B. Activity of

compound 1 against E. coli in the presence of colistin (0.03125 pg/mL). C. Selected
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active compounds against S. aureus (Sa), L. monocytogenes (Lm), E. coli (Ec) and P.
aeruginosa (Pa). Every bar is the mean of 2 replicates and error bars represent the
standard error of the mean. Plots were generated using GraphPad Prism version 5

statistical software.

Having established the susceptibility of bacteria to the compounds, we sought to
determine their minimum inhibitory concentration (MIC). For this we also included
antibiotic resistant strains MRSA ATCC 33592 and vancomycin-resistant E. faecalis

(ATCC 51575). The MIC values obtained are as shown in Table 3.1.

All compounds had good MIC values against S. aureus and MRSA, ranging from 4
pg/mL to 16 pg/mL but not against VRE faecalis. Compounds 3.4, 3.10 and 3.14
appeared to be particularly potent against L. monocytogenes, with MIC values

ranging from 2 pg/mL to 4 pg/mL (Table 3.1).

Table 3.1. MIC values of active hydroxybenzylidene-indolinones against select

bacteria
MIC (ug/mL)
Test compounds [ S.aureus | MRSA | L. monocytogenes | VRE faecalis
3.1 8 8 8 16
3.2 8 16 16 128
3.3 8 8 16 >128
3.4 8 4 2 32
3.10 8 4 2 64
3.14 4 4 >128
\Vancomycin 1 1 1 >128
Methicillin 2 >128 ND ND

ND represents Not determined
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As earlier stated, biofilm-associated infections continue to be a major public health
threat. Biofilms in general are difficult to treat, due in part to the reduced penetration
of antibiotics into the biofilm.?® Very recently Peng et al. demonstrated that the
deletion of pdeA, gene that encodes the S. pneumoniae PDE resulted in an increased
S. pneumoniae biofilm formation.® Also, Griindling and colleagues showed that in S.
aureus, deletion of GdpP (PDE) resulted in increased biofilm formation relative to
wildtype.* These observations implicated c-di-AMP signaling in regulating biofilm
formation.* ¥ A report by the United States Centers for Disease Control and
Prevention in 2013, characterized MRSA as being at the threat level of serious;
implying that these require immediate attention.?’ Staphylococcal infections are
problematic in the healthcare setting primarily as a result of biofilm formation on host
tissues, implants and medical devices.?® Others have pursued small molecules that
inhibit MRSA biofilm formation.?® % Motivated by these studies, we tested all 16
compounds for their effect on MRSA biofilm formation. The microtiter plate biofilm
formation®! was employed using compounds at concentrations ranging from 16
pg/mL to 0.03125 pg/mL. We observed that 6 compounds (3.1, 3.2, 3.3, 3.4, 3.10 and
3.14) potently inhibited biofilm formation (Figure 3.7). The ICso values for biofilm
inhibition for the compounds were 0.19 pg/mL for compound 3.1; 0.11 pg/mL for
compound 3.2; 0.81 pg/mL for compound 3.3; 0.69 pg/mL for compound 3.4; 0.70
pg/mL for compound 3.10 and 0.40 pg/mL for compound 3.14 (Figure 3.7). The
concentration of maximum biofilm inhibition, I1C1o0, (Figure 3.7) were observed to be
similar to the MIC values (Table 3.1), implying that the anti-biofilm activities were

derived from growth inhibition.
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Figure 3.7. Inhibition of MRSA ATCC 33592 biofilms. A. Representative wells of
crystal violet stained biofilms of MRSA ATCC 33592. Compounds tested are as
labelled to the left and the concentrations used are indicated on top. B. 1Cso curves
and C. table of 1Cso and I1Ci00 values of biofilm inhibition by hydroxybenzylidene-
indolinones. Every data point is the mean of 4 replicates and error bars represent the
standard error of the mean. Plots were generated using GraphPad Prism version 5

statistical software (La Jolla, CA, USA).

‘Resurrecting’ antibiotics that have been rendered ineffective due to resistance by
combining them with small molecules “adjuvants” is now being pursued as a strategy
to combat antibiotic resistance.®>3* Recently several groups have reported several

small molecules that could re-sensitize MRSA or VRE to B-lactams or vancomycin
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respectively.®>-3® Having observed that the compounds were active against MRSA and
VRE faecalis, we investigated the ability of hydroxybenzylidene-indolinones to re-
sensitize MRSA and VRE faecalis to methicillin and vancomycin respectively.
MRSA is resistant to methicillin with an MIC of greater than 128 pg/mL. In the
presence of 2 ug/mL of compound 3.1 and 3.4, an MIC of 2 pg/mL was obtained for
methicillin against MRSA,; signifying a fold change in MIC of greater than 64-fold
(Table 3.2). Compounds 3.3 and 3.10 also reduced the MIC of methicillin by greater

than 32-fold from >128 pg/mL to 4 pg/mL.

Table 3.2. Potentiation of methicillin and vancomycin by hydroxybenzylidene-

indolinones

Resistant Bacteria Ant:?t:;r?‘téci-ncgt?;?‘gund MIC (ug/mL.) Fold change

Methicillin (Meth) >128 NA

Meth + 3.12 2 >64

MRSA Meth + 3.32 4 >32

Meth + 3.42 2 >64

Meth + 3.102 4 >32

Vancomycin (Van) >128 NA

Van + 3.1° 2 >64

VRE faecalis ven+3¥ ’ ~o

Van + 3.4° 2 >64

Van + 3.10¢ 2 >64

Van + 3.14¢ 1 >128

a=2ug/mL, b =4 pg/mL and ¢ = 8 pg/mL of compound NA stands for Not

Applicable
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Similarly, the MIC of vancomycin for VRE faecalis was determined to be greater
than 128 pg/mL. When combined with compound 3.1 at 4 pg/mL (1/4 MIC) we
observed a greater than 64-fold improvement in MIC of vancomycin (Table 3.2). On
their own, compounds 3.3, 3.4, 3.10 and 3.14 have weak activity against VRE faecalis
(Table 3.1). Interestingly, at 8 pg/mL of 3.3, 3.4 and 3.10, the MIC of vancomycin
improved by greater than 64-fold. At that same concentration we observed that
compound 3.14 could reduce the MIC of vancomycin for VRE faecalis from >128
pg/mL to 1 pg/mL (Table 3.2). In both instances, we observed that compound 3.2
could not potentiate the activity of either methicillin or vancomycin. Due to the
interesting biological activities displayed by these compounds, we attempted to
generate bacteria that were resistant to these compounds in order to confirm the
mechanism of action. Unfortunately, we have been unable to generate mutants that
are resistant to these compounds, despite numerous efforts, in order to identify

mechanism of action.

3.1.3 Conclusions

In our continual efforts to identify compounds that inhibit cyclic dinucleotide
signalings” *° we uncover hydroxybenzylidene-indolinones as new inhibitors of c-di-
AMP synthesis in vitro. Interestingly these compounds could potentiate resistant
bacteria to methicillin and vancomycin. Further work in our laboratory is focused on
lead optimization to arrive at more potent analogs of the compounds reported in this

manuscript.
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3.1.4 Methods

3.1.4.1 General synthesis of hydroxybenzylidene-indolinones

GW5074 was purchased from Cayman Chemicals (Ann Arbor, MI, USA). Analogs of
GW5074 were synthesized by Dr. Neetu Dayal (postdoctoral fellow) and Jacob Miller

(undergraduate researcher).
3.1.4.2 Bacterial strains and growth conditions

Standard strains of S. aureus (ATCC 25923 and MRSA ATCC 33592), L.
monocytogenes ATCC 19115, vancomycin-resistant E. faecalis ATCC 51575, E. coli
ATCC 25922 and P. aeruginosa ATCC 27853 were routinely cultured in Mueller—

Hinton broth 37°C unless otherwise stated.
3.1.4.3 Protein expression and purification

The enzyme used in this study were expressed from E. coli BL21 (DE3) cells
harboring specific plasmids®. Briefly, protein expression was induced at ODsoo of 0.6
by the addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and the
culture temperature reduced to 16 °C. Expression was performed for 18 hours after
which cultures were centrifuged at 5000 rpm for 15 min at 4 °C. The cell pellets were
then resuspended in lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM
NaCl) and lysed by sonication. The supernatant of the lysate was collected by
centrifugation and proteins were purified by nickel affinity chromatography. Aliquots

of purified proteins were stored in 10% glycerol at — 80 °C.
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3.1.4.4 Screening

The screening was performed using the coralyne assay as previously described.®
Briefly, the compounds were stored as 10 mM DMSO stock solutions. Aliquots of the
compounds (20 uM) or DMSO were added to a reaction mixture containing 10 uM
coralyne, 300 uM ATP and 3 mM Kl in a 40 mM Tris-HCI pH 7.5, 100 mM NacCl
and 10 mM MgCl: reaction buffer. We then initiated the reactions by adding DisA at
0.5 uM and incubated at 30 °C. The change in coralyne fluorescence at 475 nm when
excited at 420 nm was monitored on a BioTek Cytation 5 Cell Imaging Multi-Mode
Reader for 30 min. Compounds that reduced the fluorescence of coralyne were
selected and further analysed by HPLC. The reaction components (as above but
without coralyne and KI1) were mixed up 30 °C. After 2 hours, the reaction was
heated at 95 °C for 5 min and the precipitated proteins were filtered off. Components
of the filtrate were then analyzed on a COSMOSIL C18-MS-II Packed column (5 pm)
using 0.1 M TEAA in water (Buffer A) and acetonitrile (Buffer B). The samples will
be eluted with 99 %—87 % Buffer A at 0 to 16 min, 87 %—10 % Buffer A at 16 to
22 min and kept at 10% Buffer A till 25 min, detecting signals at room temperature

with a 260 nm UV detector.

For radioactive TLC assay, compound 1 (20 uM) was incubated with 100 uM ATP,
11.1 nM *2P-ATP and DisA (0.25 pM) in the same reaction buffer as above for 2h.
An equal volume of DMSO was used as control. Aliquots of the reaction were spotted
on TLC plates and separated using a saturated (NH4)2SO4 and 1.5 M KH2PO4 buffer.

The spots were imaged on a Typhoon FLA 9500 scanner.
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3.1.4.5 Effect of hydroxybenzylidene-indolinones on bacterial viability

The effect on the growth of S. aureus, L. monocytogenes, P. aeruginosa and E. coli
strains was determined by assessing culture turbidity after 24 h. Briefly, overnight
cultures of the bacteria were diluted 1:10000 in MHB and cultured for 2-3 h (early
exponential) at 37 °C. Aliquots were then dispensed into sterile glass tubes containing
stock solutions of compounds in DMSO to yield a final concentration of 16 pg/mL.
For the E. coli with colistin experiment, 0.03125 pg/mL colistin was added to the
cultures before adding either compound 1 or an equal volume of DMSO. The cultures
were incubated at 37 °C for 24 h and the ODsoo of each culture was measured using a

BioTek Cytation 5 Cell Imaging Multi-Mode Reader.
3.1.4.6 Minimum inhibitory concentration and synergy assays

The MIC of active compounds were determined according to the guideline of the
Clinical and Laboratory Standards Institute (CLSI). Cation-adjusted Mueller-Hinton
broth was routinely used. Aliquots of 0.5 McFarland standardized inoculum were
dispensed into wells of 96 well plate to 5 x 10° CFU/mL with test compounds at final
concentrations from 128 pg/mL to 0.5 pg/mL. Vancomycin and methicillin were
routinely used as the antibiotic control and was tested within the same range of
concentrations. The cultures were incubated at 35 °C for 20 h after which wells were
visually inspected for turbidity. The MIC was defined as the lowest concentration of

compound or antibiotic to result in no visible growth.

For synergy assay, compounds were serially diluted along the ordinate of a 96 well
plate whilst methicillin or vancomycin was diluted along the abscissa of same

microtiter plate. MRSA and VRE were standardized by the 0.5 McFarland standard
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and aliquoted into respective wells. The plates were incubated in a static incubator at

37 °C for 18 — 20 hours before the MIC was determined.
3.1.4.7 Biofilm studies

MRSA biofilm inhibition was performed in tissue culture treated 96 well plates
(CellTreat Sci. Pdt, MA, USA). Overnight cultures of MRSA ATCC 33592 were
diluted 1:100 in fresh tryptic soy broth (TSB) supplemented with 1% glucose. The
diluted culture was inoculated into wells with compound (at 8 pg/mL to 1 pg/mL).
The plates were incubated at 37 °C for 24 h after which the medium was carefully
removed, and the unattached cells washed away. The biofilms were stained with 0.1
% crystal violet for 30 min. The crystal violet was removed, and wells washed until
no crystal violet was present in the wash. The dye was solubilized with 100% ethanol
for 1 h and the biofilm mass was quantified by measuring absorbance at 595 nm on a
BioTek Cytation 5 Cell Imaging Multi-Mode Reader. The A595 value for any
absorbance reading, A was normalized to the no compound (A1) and broth (Ao)

controls using the equation

(o]

0 i ("0
% Normalized A595 <AT ~ A,

)><100

3.1.4.8 Antibiotic- hydroxybenzylidene-indolinones combination analysis

We used the standard checkerboard assay to determine the ability of the
hydroxybenzylidene-indolinones to potentiate the activity of antibiotics (methicillin
and vancomycin)“. Briefly, the antibiotics were serially diluted along the abscissa of
a 96 well micraotiter plate to achieve a starting concentration of 128 pug/mL whilst the

hydroxybenzylidene-indolinones were diluted along the ordinate. An inoculum equal
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to a 0.5 McFarland turbidity standard was prepared for both MRSA ATCC 33592 and
VRE faecalis ATCC 51575 in sterile saline. Aliquots of the standardized inoculum
were dispensed into the microtiter plates to give 5 x 10> CFU/mL. The plates were
then incubated at 35 °C for 20h. Guided by the MIC values of the compounds and

antibiotics, we calculated the fold change for wells with no visible turbidity.
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Chapter 4: Proteomic analysis of bacterial response to a 4-
hydroxybenzylidene indolinone compound, which re-sensitizes
bacteria to traditional antibiotics

This chapter constitutes a manuscript under preparation. The initial proteomics data
acquisition was done by Dr. Uma Aryal, manager of the Proteomics Core Facility of
Bindley Bioscience Center at Purdue University. | performed all other experiments
and bioinformatics analysis of proteomics data.

4.1 Introduction

Shortly after the introduction of antibiotics into clinical use, bacteria that were
resistant to them! were identified. Antibiotic resistance is now widespread and
consequently infections caused by antibiotic-resistant bacteria and deaths related to
such infections continue to surge, particularly in healthcare settings. Currently, deaths
due to infections caused by drug-resistant bacteria claim the lives of ~700,000 people
yearly and this is estimated to reach 10 million by 2050.2 2 Clearly, there is a need for
measures to be put in place to delay if not stop the onset of the ‘post-antibiotic era’.*
The discovery of novel antibiotics has significantly decreased, probably due to the
closure of antibiotic discovery programs at major pharmaceutical companies and/or
the fact that most “low hanging” antibacterial targets have now been targeted.> © In
the absence of bacterial resistance, many traditional antibiotics are capable of clearing
infections. Therefore antibiotic adjuvants, compounds that have little to no
bactericidal or static properties themselves but enhance the activity of established
antibiotics could improve bacterial infection management.” 8 Significant efforts have
been directed towards the identification of small molecules with antibiotic adjuvant
properties.” © An example of successful application of an antibiotic adjuvant is the

combination of f-lactams with [-lactamase inhibitors, such as Augmentin
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(amoxycillin + clavulanic acid).” Drug resistance in bacteria could also be thwarted
by using antibiotic combination therapy.® * The synergistic effect obtained from
combining two or more antibiotics stems from the fact that simultaneous mutation of
two or more targets in bacteria is slower than mutation of a single target.!' The
combination of a novel antibiotic with an established drug leverages the pre-existing
pharmacological profiles of the approved antibiotic and reduces the risk of translating
two novel compounds with unknown pharmacological properties.?

We recently reported that GW5074 (compound 3.1), an inhibitor of cyclic di-
adenylate monophosphate (c-di-AMP) synthase, re-sensitized methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecalis
(VRE) to methicillin and vancomycin respectively.!® Initial attempts to generate
resistance strains to compound 3.1 failed and so we rationalized that compound 3.1
kills bacteria or synergizes with other antibiotics via the targeting of an essential
target (such as c-di-AMP synthase) or multiple pathways (it is difficult for resistant
clones to emerge if multiple essential targets are inhibited). Efforts that delineate the
mechanism(s) of compounds, which re-sensitize bacteria to traditional antibiotics,

could reveal new tactics to deal with the challenge of antibiotic resistance.

4.2 Results

4.2.1 Compound 3.1 and related analogs reduce cellular c-di-AMP levels
We previously showed that 4-hydroxybenzylidene indolinones (Figure 4.1) which
inhibited c-di-AMP synthesis in vitro and also possessed antibacterial activity against

staphylococcal strains.*® This prompted us to investigate whether the antibacterial
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activity of such compounds could be at least in part due to their effect on cellular c-
di-AMP levels. E. coli harboring a plasmid encoding the DAC from S. aureus, DacA
was has been used to evaluate the c-di-AMP synthesis activity of S. aureus DacA.
This allows to leverage the fact that E. coli does not produce c-di-AMP* and that the
compounds were not active against E. coli. Interestingly, all compounds could reduce
the cellular levels of c-di-AMP produced by SaDacA relative to the DMSO control
(Figure 4.1). Although we did not have access to purified SaDacA, this observation
points to an inhibition of the enzyme activity by the compounds. Compounds that
decrease the intracellular concentration of the similar but distinct c-di-GMP in Gram-
negative bacteria have been previously documented.® ' To the best of our
knowledge, DAC inhibitors that also reduce cellular c-di-AMP levels have not been

previously demonstrated.

A. B.

o @JQQ @4@

3.1 (GW5074)

\@CQ—OH /@CQ—OH

C-di-AMP

Test agents

Figure 4.1. Effect of 4-hydroxybenzylidene-indolinones on the intracellular
concentration of c-di-AMP. DacA protein expression was induced in exponentially
growing E. coli and the cells were treated with 16 pg/mL of test compounds for 3
hours. C-di-AMP was extracted using acetonitrile:methanol:water (2:2:1, Vv/v)
extraction solvent and quantified by LC-MS/MS. A. Structures of compounds

analyzed. B. Percent c-di-AMP extracted from E. coli harboring S. aureus DacA
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(SaDacA) plasmid in the presence of 16 pg/mL of compounds. Experiments were
performed in triplicate, and the mean + SD values are shown in each bar. *P <0.05;

**P <0.001; ***P <0.0001 relative to DMSO treatment.

4.2.2 Compound 3.1 synergizes with antibiotics of different classes

One of the interesting observations about the antibacterial activities of compound 3.1
and related compounds was that they could potentiate methicillin and vancomycin
against MRSA and VRE.®* Considering that methicillin and vancomycin are both
cell wall targeting antibiotics, we wondered whether the synergistic activity was
limited to cell wall targeting antibiotics. The checkerboard assay'’ was used to probe
interactions between compound 3.1 and 10 other antibiotics in MRSA ATCC 33592
and vancomycin-resistant E. faecalis ATCC 51575 (VRE). In both bacteria
pathogens, synergy was observed with the cell wall-targeting antibiotics ampicillin,
ceftriaxone, cloxacillin and methicillin as well as the cell membrane-targeting
antibiotic colistin (Figure 4.2). Of note, based on their fractional inhibitory
concentration indexes, the synergy with ampicillin, cloxacillin and methicillin
appeared to be better against MRSA than VRE. On the other hand, ceftriaxone and
colistin had lower FIC indexes against VRE than MRSA when combined with
compound 3.1. Vancomycin was found to synergize with compound 3.1 only in the
VRE strain (Figure 4.2). The aminoglycosides, gentamicin and kanamycin, which
inhibit protein synthesis, synergized with compound 3.1 in both MRSA and VRE

strains (Figure 4.2). The DNA synthesis inhibitor ciprofloxacin and folic acid
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synthesis inhibitor trimethoprim only synergized with compound 3.1 in the tested

MRSA strain (Figure 4.2).
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Figure 4.2. Interactions between compound 3.1 and 10 antibiotics in MRSA and
VRE. Plot of YFIC indices of various antibiotics tested in combination with
compound 3.1 against MRSA (red) and VRE (blue). The checkerboard assay was
used to determine the types of interactions existing between compound 3.1 and
antibiotics with different modes of action. From the FICI values, synergy was defined
as Y FICI: <0.5, additive was Y FICI:>0.5 and <I, indifferent was ) FICI: >1 and <2

and antagonistic was Y FICI: >2. Dotted gridline at > FICI of 0.5 depicts the cutoff for

synergy.t’

4.2.3 Compound 3.1 inhibits the biosynthesis of major macromolecules
Incorporation of radiolabeled precursors into the biosynthesis of macromolecules is

used to investigate the mechanism of action of antibacterial agents.'® Using
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radiolabeled precursors for DNA, RNA, cell wall and protein biosynthesis, we
determined that compound 3.1 inhibited the biosynthesis of these macromolecules.
At 0.5%x MIC through 2x MIC, significantly high inhibition of DNA, RNA, protein
and cell wall biosynthesis was observed (Figure 4.3). Even at a low concentration of
0.25%x MIC, the incorporation of [3H]-thymidine and [3H]-uridine precursors into

DNA and RNA respectively were still significantly inhibited (Figure 4.3).
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Figure 4.3. Effect of compound 3.1 on macromolecular biosynthesis. S. aureus was
treated with increasing concentrations of compound 3.1 and 8x MIC of established
antibiotics and assayed for incorporation of A. [3H]-thymidine for DNA synthesis, B.

[3H]-uridine for RNA synthesis, C. [3H]-L-Leucine for protein synthesis and D.
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[3H]-N-acetyl-D-glucosamine for cell wall synthesis. Data represent the mean+SD of

triplicates.

4.2.3 Effect of compound 3.1 on global proteomics in S. aureus

To identify pathways and proteins that are impacted by compound 3.1 treatment, we
embarked on a global proteomics study. Exponentially growing S. aureus cells were
exposed to compound 3.1 or DMSO (control) and the resulting proteomics changes
were profiled. From the analysis of the proteomics data, we identified a total of 1451
proteins with molecular weight ranging from 3.5 kDa to 163 kDa. Out of this number,
1233 proteins (85%) were observed to be shared by both DMSO control and
compound 3.1 whilst 96 proteins (6.6%) were unique to DMSO control and 122
proteins (8.4%) were unique to compound 3.1 (Figure 4.4). From correlation analysis
using scatter plots, we observed good correlation of the biological replicates, with r =

0.98 — 0.99 (Figure 4.4).
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Figure 4.4. Global proteomics analysis of S. aureus cells treated with compound 3.1.
S. aureus was treated in triplicates with GW5074 (compound 3.1) and the levels of
proteins assessed. A. Venn diagram for comparison of proteins identified in DMSO-
treated cells alone, compound 3.1-treated cells alone and in both treatments. B.

Representative correlation plots for the replicates of (i) DMSO and (ii) compound 3.1.

In the presence of compound 3.1, 62 proteins were observed to be downregulated (p
<0.05 and Log2FC < -2) whilst 29 proteins were upregulated (p <0.05 and Log2FC >
2) from the 1233 differentially expressed proteins (Figure 4.5). From hierarchical
clustering we observed that the control and treatment samples clustered into two
groups (Figure 4.5). The purine biosynthesis enzyme PurL was strongly
downregulated with about 9-fold reduction (p-value = 0.000186) in abundance.
Pathway analysis revealed that several other enzymes involved in the de novo purine
biosynthesis were observed to be downregulated. This included PurC, PurD, PurE and
PurH, all of which were present in the top 20 downregulated proteins (Figure 4.5 and
4.6). Additionally, PurF, PurM, PurN, PurK, PurQ and PurS were only present in the
DMSO samples implying that these were strongly downregulated in the presence of

compound 3.1 (Figure 4.5).
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Figure 4.5. Analysis of differentially expressed protein from S. aureus cells treated
with compound 3.1. A. Heatmap analysis of global proteomics data showing

differentially expressed proteins between replicates of DMSO-treated and compound
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3.1-treated (GW) S. aureus. B. Volcano plot of global proteomics data showing the
statistical p-value (y-axis) vs the relative abundance ratio, Log fold change (Logz2FC,
x-axis). Insert represents key to the differently color dots. Select proteins have been
labeled. Dotted horizontal line represents the adjusted p-value threshold of 0.05
whilst the dotted vertical lines represent the Log2FC cut-offs. Significant differential
expression was defined as either p <0.05 and Log2FC > 2 for upregulated proteins or
p <0.05 and Log2FC < -2 for downregulated proteins. C. Bar chart representation of
the top 20 proteins which were downregulated, D. Table of select proteins that were
identified to be present in DMSO-treated samples only. E. Bar chart representation of
top 20 upregulated proteins. The Log2FC values were plotted for the corresponding
proteins using OriginPro 2017 Software (OriginLab, Massachusetts, USA). Data
analysis was performed using the Perseus software.’® Volcano plot was generated

with OriginPro 2017 Software (OriginLab, Massachusetts, USA).

Aside purine biosynthesis, the downregulated proteins belonged to a range of
functional classifications (Table 4.1). The relative abundance of several components
of membrane transporters responsible for solutes (eg. OpuCC), metal ions (eg. NikA)
and peptide transport (eg. OppA, MetN, MetQ) were also downregulated (Table 4.1).
We also found that proteins involved in amino acid biosynthesis and metabolism, like
SerA, a critical enzyme in L-serine biosynthesis and DapE, an enzyme in L-lysine
biosynthesis pathway were downregulated significantly. Others included MetE and
PatA as well as the ribosomal protein S1, RpsA were observed to be significantly

downregulated. S. aureus virulence factors such as the type VII secretion protein
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EsaA (-6.4 fold), gamma-hemolysin subunits A and B, the response regulator AgrA (-
2.2 fold), and cysteine protease staphopain A (SspC) were also downregulated by
compound 3.1 treatment (Figure 4.5 and Table 4.1). Beta hemolysin (also called
sphingomyelin phosphodiesterase, hlb) was only present in the DMSO-treated sample
(Figure 4.5). The histidine kinase AgrC and the glutamyl endopeptidase SspA were
observed only in the DMSO-treated sample (Table 4.1). The ATP-dependent Clp
protease ATP-binding subunit ClpX was also downregulated (Table 4.1). The ClpX
ATPase, a chaperone protein interacts with CIpP protease to perform protein
refolding and degradation functions (Table 4.1).2% 2 One cell wall-associated protein,
a LysM domain containing protein, which is involved in cell wall degradation?® was
found to be downregulated (-4.1 fold). Others included proteins involved in
carbohydrate metabolism (AdhP, LdhD, ButA etc), transcription (CspC) and
translation (RpsA). A significant number of hypothetical/uncharacterized proteins,
making up ~27% of identified downregulated proteins were also observed (Table
4.1). The HTH-type transcriptional regulators SarR and SarV were also
downregulated (-2.4 and -2.2 fold respectively) by compound 3.1 treatment (Table
4.1).

Table 4.1. Functional classification of proteins downregulated in S. aureus after
treatment with compound 3.1

ID Protein Classification LogzFC p-value

Nucleotide metabolism

0i|685632157 PurL phosphoribosylformylglycinamidine synthase -8.94 0.000186

0i|685631236 5-nucleotidase -6.64 0.000345

0i|685632154 PurC phosphoribosylaminoimidazole-succinocarboxamide -5.93 0.000324

synthase
0i|1145680706 PurE 5-(carboxyamino)imidazole ribonucleotide mutase -5.20 0.001566
0i|685632161 PurH phosphoribosylaminoimidazolecarboxamide -4.20 0.000161
formyltransferase

0i|685632162 PurD phosphoribosylamine--glycine ligase -4.05 6.75E-05
Membrane transporters

i|685633599 NikA nickel ABC transporter substrate-binding protein -5.46 0.000533
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0i|685631614 MetQ methionine ABC transporter substrate-binding protein -4.50 0.000153
0i|685631881 | OpuCC 2 glycine/betaine ABC transporter permease -3.41 0.000203
0i|685631972 MetN methionine ABC transporter ATP-binding protein -2.93 0.000172
i|685632054 | OppA 2 peptide ABC transporter substrate-binding protein -2.89 0.003127
0i|685633640 ABC transporter permease -2.72 3.34E-06
0i|685633492 LctP L-lactate permease -2.13 0.000466
0i|685633639 EcsA lantibiotic ABC transporter ATP-binding protein -2.10 5.41E-05
Virulence
0i|685633121 Protein map -8.60 5.18E-05
0i|685631438 EsaA type VII secretion protein EsaA -6.37 5.32E-05
0i|685632243 Fib_1 fibrinogen-binding protein -6.25 0.00035
0i|685631476 Geh Glycerol ester hydrolase;Lipase (EC 3.1.1.3) -5.71 0.00144
0i|685631499 Efem/EfeO family lipoprotein -5.23 0.000103
0i|685633122 gamma-hemolysin subunit B -4.79 0.000669
0i|685631950 extracellular matrix protein-binding protein emp -3.10 0.002843
i|685631717 SdrD hydrolase -2.99 9.8E-05
0i|685633549 HigC gamma-hemolysin subunit A -2.96 0.003199
0i|685633090 SspC cysteine protease staphopain A -2.65 0.00066
Amino acid biosynthesis
0i|685632900 SerA D-3-phosphoglycerate dehydrogenase -5.95 0.001489
i|685633123 DapE succinyl-diaminopimelate desuccinylase -4.75 0.000378
0i|685632899 aminotransferase class V -3.50 0.001806
0i|685631513 MetE 5-methyltetrahydropteroyltriglutamate--homocysteine -2.89 0.001172
methyltransferase
0i|685633124 DapE succinyl-diaminopimelate desuccinylase -2.32 9.37E-07
0i|685632136 DapC N-acetyl-L,L-diaminopimelate aminotransferase -2.11 0.000769
Carbohydrate metabolism
0i|685631760 AdhP ethanol-active dehydrogenase/acetaldehyde-active -3.85 0.004803
reductase
0i|685631372 PIfB formate acetyltransferase -3.39 0.005306
0i|685633649 LdhD lactate dehydrogenase -2.28 0.000476
gi|685632476 4-oxalocrotonate tautomerase -2.05 0.000569
0i|685631284 ButA acetoin reductase -2.00 0.000548
Cell envelope
gi|685631268 peptigoglycan-binding protein LysM -4.12 6.75E-05
Folding, sorting and degradation
0i|685633675 ClpX Clp protease ClpX -2.95 8.34E-05
0i|685631411 ScdA iron-sulfur cluster repair protein ScdA -2.74 0.026313
Signal transduction
0i|1145679415 AgrA DNA-binding response regulator -2.22 0.000219
0i|685632905 HtrA serine protease -2.10 0.000654
Transcription
gi|685631953 CspC cold shock protein -2.85 0.00863
0i|685633415 SarR MarR family transcriptional regulator -2.41 2.64E-05
0i|685633386 SarV MarR family transcriptional regulator -2.20 0.000422
Translation
0i|685632586 RpsA 30S ribosomal protein S1 -2.04 3.77E-05
Hypothetical/uncharacterized proteins

0i|685633613 hypothetical protein -4.07 0.000497
0i|685632805 hypothetical protein -4.01 0.000348
gi|685633308 hypothetical protein -3.53 0.000672
0i|685631865 hypothetical protein -3.50 2.41E-05
0i|685631435 hypothetical protein -3.11 0.003302
i|685633494 hypothetical protein -2.94 0.0002

0i|685631327 SrpF alpha-helical coiled-coil protein -2.78 0.006918
gi|685633773 hypothetical protein -2.74 0.002238
0i|685631768 hypothetical protein -2.57 0.001186
0i|685632106 hypothetical protein -2.36 0.007578
0i|685633111 membrane protein -2.35 0.001568
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i|685632424 LSM domain protein -2.23 0.010939
0i|685632806 hypothetical protein -2.15 0.003249
0i|685632405 hypothetical protein -2.13 0.001454
0i|685633778 phage infection protein -2.10 0.001089
0i|1145683535 DUF2648 domain-containing protein -2.08 0.007076

The highest upregulated protein was the peptidoglycan hydrolyase, SceD which had
8-fold increase in expression (p-value = 2.29 x 10) (Figure 4.5). Three out of the 29
upregulated proteins are involved in urea degradation. Urease subunit alpha, UreC,
one of three structural urease proteins was observed to be upregulated (Figure 4.5).
The other two structural proteins, UreA and UreB were overexpressed and found only
in the compound 3.1-treated samples. Two urease accessory proteins UreE and UreG
were observed to be upregulated upon treatment with compound 3.1 (Figure 4.5).
Also, upregulated were the DNA-templated-DNA polymerase, PolX as well as the
DNA helicase, DnaB. Expression of SarX, a transcriptional regulator for the agr

locus was upregulated (Figure 4.5).

4.2.4 GW5074 affects the mRNA levels of target proteins

From the proteomics analysis, we observed the differential regulation of several
proteins following GW5074 treatment. We performed real-time RT-PCR analysis of
select targets to validate the observed differential protein levels. The mRNA levels of
purL and sceD that respectively correspond to the most downregulated protein PurL
and the most upregulated protein, SceD were analyzed. Additionally, given the effect
of GW5074 on the agr locus and virulence production, we also quantified the mRNA
levels of agrA and sarX which encode the downregulated response regulator AgrA
and the upregulated transcriptional regulator SarX respectively. In line with the

observations from the global proteomics analysis, we observed decreased purL and
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agrA mRNA levels and increased sceD and sarX mRNA levels (Figure 4.6). These
observations suggest that GW5074 regulates the target MRNA expression which leads

to differential protein abundance.
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Figure 4.6. Relative mRNA expression of select differentially regulated targets from
global proteomics analysis. The of compound 3.1 treatment on the transcription of A.
purL, B. agrA, C. sarX and D. sceD. Total RNA isolated from S. aureus treated with
either DMSO or 2 pg/mL compound 3.1 was reversed transcribed and cDNAs were
quantified by gRT-PCR using target-specific primers. The data represents the
mean+SD of triplicate experiments normalized with 16S RNA. Statistically

significant differences between DMSO-treatment and compound 3.1-treatment as
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determined by Student’s t-test analysis (unpaired, two-tailed) is represented as

*p<0.05, **p<0.01 and ***p<0.001.

4.3 Discussion

S. aureus has demonstrated the capacity to develop resistance to antibiotic therapy
and hence continues to be a major health threat in both hospital and community
settings.?> 2* We previously reported that the 4-hydroxybenzylidene indolinone,
GWS5074 (compound 3.1) and related compounds could inhibit c-di-AMP synthesis.*®
The observation that the compounds could reduce intracellular c-di-AMP levels is
exciting. In the similar but distinct c-di-GMP signaling, inhibitors of cellular c-di-
GMP synthesis have been link with modulating processes controlled by c-di-GMP
such as biofilm formation.® Like any second messenger signaling, the central role of
c-di-AMP stems from the intracellular concentration of the molecule. Compounds
that can reduce the cellular concentration, like those discussed here could have use in
study bacterial physiology with respect to c-di-AMP signaling.

With the modest antibacterial activities, the compounds were observed to synergize
with methicillin against MRSA and vancomycin against VRE.*® Combined with the
observed effect on intracellular c-di-AMP, which is essential in rich media, we
evaluated the mechanism of antibacterial action of compound 3.1 and related
compounds against S. aureus.

The scope of antibiotic interaction of compound 3.1 is not limited to methicillin and
vancomycin. We found that against MRSA, compound 3.1 could synergize with the
ampicillin, ceftriaxone and cloxacillin in addition to methicillin. -lactam antibiotics

inhibit cell wall synthesis by binding to and inhibiting the transpeptidase activity of
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penicillin-binding proteins.?® Resistance to methicillin and all B-lactam antibiotics is
conferred by the mecA gene present on the staphylococcal cassette chromosome mec
(SCCmec).® The mecA gene encodes the low affinity penicillin-binding protein,
PBP2a which has transpeptidase activity even in the presence of methicillin.

To better understand the mechanism of antibacterial action, we observed that
compound 3.1 potently inhibited DNA and RNA synthesis whilst moderately
affecting protein and cell wall synthesis from macromolecular biosynthesis assays.
Their effect on nucleotide metabolism was also confirmed in the global proteomic
analysis. Enzymes encoded by the pur-operon (purEKCSQLFMNHD) were observed
to be significantly downregulated either among the differentially expressed proteins
or were completely degraded and hence found only in the DMSO control. These
enzymes sequentially catalyze the de novo synthesis of inosine monophosphate (IMP)
from phosphoribosyl pyrophosphate (Figure 4.7). Downregulation of some of the
enzymes following treatment with antibacterial agents is often observed in S.
aureus.®?® Purine biosynthesis enzymes have been implicated in virulence,
persistence and tolerance to stresses such as antibiotics in S. aureus.?® *° For example,
purC mutants were growth-defective.®! In another study, PurL, PurN, PurM and PurE
were found to be critical for S. aureus fitness in abscess formation.®? Furthermore,
purH mutant S. aureus was found to have significantly decreased virulence and in
vivo survival compared to wildtype.®®* The global proteomics data revealed that
compound 3.1 affected all enzymes encoded by the pur-operon (PurL, PurC, PurD,
PurkE and PurH were downregulated whilst PurF, PurM, PurN, PurK, PurQ and PurS

were only present in the DMSO-treated sample). Such an extensive effect could be
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caused the compound potentially modulating the transcription of the operon. The
PurR transcriptional repressor of the pur-operon was however not significantly
affected. Therefore, it is possible that PurR is allosterically activated upon compound
3.1-treatment, given that purL mRNA expression was also decreased. Varying
effectors act on the expression and activation of purR in different bacteria. In E. coli,
hypoxanthine and guanine co-repress PurR whilst adenine activates PurR to repress
the pur-operon in B. subtilis.>* % Taken together, the purine biosynthesis pathway is
important for normal growth of S. aureus as well as effective pathogenesis. Hence a
complete shut-down of the de novo purine biosynthesis pathway, such as caused by

compound 3.1-treatment will have fitness costs.
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Figure 4.7. Purine biosynthesis pathway. The enzymes encoded by the pur-operon
sequentially catalyze the conversion of PRPP to IMP. PurQ and PurL are known to

participate in the same step, and PurS is thought to play a role in this step. The
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enzymes shown in green were differentially downregulated or were only found in

DMSO-treated samples.

From the proteomics analysis, several virulence-related proteins were downregulated
upon treatment with compound 3.1. The second highest downregulated protein, Map
(MHC class Il analog protein, Log2FC = - 8.6), is a cell surface protein that has been
shown to bind to fibrinogen, fibronectin, vitronectin and other extracellular matrix
(ECM) components of host cells.*® Although map~ mutant S. aureus was not
deficient in adhering to ECM components,®’ the mutant strains were observed to have
decreased pathogenicity as abscess formation, osteomyelitis and arthritis levels were
reduced compared to wildtype strains.® In nude mice however, no significant
difference in the virulence of S. aureus was observed between mutant and wildtype
strains, an indication that Map may function to modulate the immune system to
facilitate S. aureus survival and virulence.®

EsaA, an essential component of the ESAT-6 like Secretion system (ESS), was also
downregulated (Log2FC = - 6.4). The ESS is a Type VII secretion system that plays a
critical role in S. aureus pathogenesis.®® %0, EsaA, EssA, EssB and EssC form the
membrane components of the ESS that cooperate to transport the secreted virulence
factors EsxA, EsxC, EsxB, EsxD, and EsaD. Consequently, EsaA is proposed to
interact with the components of the ESS. Indeed, deletion of EsaA revealed its
essential role in the transport of EsxA and EsxC.*! Hence, downregulation of EsaA

will affect S. aureus virulence.
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sarR

Figure 4.8. Predicted functional protein-protein association networks for select down-
regulated proteins. Predicted association of A. AgrA, the response regulator interacts
with other components of agr system encoded by the agrBDCA operon and B. SarR
transcriptional regulator with other SarA homologs. Figures were generated by
STRING v 10.5 online database.*?

Compound 3.1 also downregulated AgrA and appeared to completely abolish
expression of the histidine kinase AgrC. Downregulation of AgrA was further
observed to be due to decreased expression of agrA mRNA. The agr and sar loci
regulate virulence in S. aureus (Figures 4.8 and 4.9).*> #4 The former is composed of
two divergent transcripts, RNAII and RNAIIlI under the control of P2 and P3
promoters respectively.*® The RNAII transcript encodes the components of the agr
operon (agrBDCA).*® The autoinducer peptide (AIP) produced from AgrD is
proteolytically processed by the membrane component, AgrB. The resulting AIP
intermediate cleaved a second time before being exported. The exact mechanism of

export is however unclear.** ¢ When a quorum is reached, AIP increases in
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concentration, binds and causes the autophosphorylation of AgrC histidine Kinase,
which in turn phosphorylates and activates AgrA response regulator. AgrA then
directs transcription from the RNAII and RNAIII transcripts. RNAIII is a major
regulator of S. aureus virulence factor production which represses cell surface
virulence factors and enhances exoproteases and toxins (Figure 4.9).4% 4 47
Downregulation of AgrA would therefore imply decreased virulence since agrA
mutation resulted in the depletion of RNAIIl mRNA.*® Consequently, beta-
hemolysin, gamma-hemolysin, lipase and fibrinogen-binding protein were observed
to be downregulated alongside AgrA.*° Efforts have been made to identify inhibitors
of the agr system as potential anti-virulence therapies. An array of molecules

including analogs of AIP and small molecules have been identified (reviewed in °°).
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Figure 4.9. The S. aureus agr system. RNAIIl modulates the expression of several
virulence factors (upregulated factors are indicated with red lines and downregulated
factors are indicated with the green lines). Regulation of agr by select SarA homologs
is depicted as well. AgrA, AgrC, SarR and SarV were downregulated whilst SarX

was upregulated in S. aureus when treated with compound 3.1.

The observation that, SarX an HTH-type transcriptional regulator was upregulated in
both proteomics and RT-PCR analyses, further validated the effect of compound 3.1
on inhibiting S. aureus agr locus. SarX is one of at least 10 homologs of SarA, a
major S. aureus virulence regulator. SarA is needed for the transcription of RNAII
and RNAIII from P2 and P3 promoters respectively. Partial characterization of some
SarA homologs including SarR, SarS, SarX, SarV, SarU, SarT, Rot and MgrA has
been done.> SarX was found to repress the agr locus (Figure 4.9).> It was
demonstrated that sarX mutant S. aureus had increased levels of hemolysins and
proteases due to enhanced activity of agr promoters.®? Since SarX represses agr,
upregulating SarX will lead to decreased levels of virulence genes, such as those that
encode hemolysins and proteases.® Additionally, the transcriptional regulators SarR
and SarV were downregulated. In late exponential and stationary phase cultures, SarR
functions as a repressor for sarA transcription.®® Analysis of a double sarA/sarR
mutant at early growth phase revealed that SarR positively regulates the expression of
genes encoded by the agr locus (Figure 4.9), implying that down-regulating SarR
would result in decreased secreted virulence factors.>* The transcriptional regulator

SarV, which was also downregulated by compound 3.1-treated regulates autolysis and
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some virulence factor production. Northern blot and transcriptional fusion assays
demonstrated that sarV mutant had decreased RNAII and RNAIII transcripts.>® The
study also revealed that the levels of scdA was lower in the sarV mutant. The scdA
gene encodes the peptidoglycan hydrolyzing protein ScdA and is implicated in
autolysis.®® Consistent with these observations, we also saw decreased abundance in
ScdA (LogzFC = -2.7).

The S. aureus ClpX chaperone forms the ClpXP protease complex by interacting with
ClpP protease to direct protein re-folding and degradation of damaged proteins.
Findings from clpX mutants in S. aureus point to a function for ClpX in cell growth
as clpX mutants have defective growth relative to wildtype.>” In a murine skin abscess
model, clpX mutants were observed to have attenuated virulence.>® Additionally, the
transcription of RNAIII, the agr effector molecule, and hence activity of AIP, were
observed to be reduced in the absence of ClpX.%® Taken together, the downregulation
of AgrA, ClpX, EsaA and other virulence-related proteins could be a major
contributing factor to observed anti-staphylococcal activity of compound 3.1.
Compound 3.1 downregulated enzymes from different amino acid biosynthesis
pathways. In the phosphorylated pathway of L-serine biosynthesis, the initial
committed and rate limiting step is catalyzed by SerA.>® The cellular pool of L-serine
is largely controlled by the SerA-mediated pathway. The biosynthesis of pathways of
purines, tryptophan, glycine, phospholipids and cysteine utilize L-serine as a
precursor.®® %1 Compound 3.1 downregulated DapC and DapE, two successive
enzymes that catalyze the second and third steps respectively in the succinylase route

of lysine biosynthesis.®? 3 DapE is involved in the meso-diaminopimelate (m-DAP),
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an essential component of peptidoglycan.®* In Helicobacter pylori, Mycobacterium
smegmatis and M. tuberculosis, dapE deletion was observed to be lethal.%>¢’
Consequently, DapE has been suggested as a potential antibiotic target given that
lysine biosynthesis pathways are not present in human cells.%

We also saw the upregulation of SceD (Log2FC = 8) which was potentially caused by
an increase in sceD mMRNA expression as seen in the RT-PCR analysis. The S. aureus
SceD is a putative lytic transglycosylases.®® Lytic transglycosylases (LTs) are
peptidoglycan hydrolases that cleave peptidoglycan to allow for biosynthesis and
recycling of peptidoglycan as well as cell division.®® The cleavage activity of LTs
also creates space for membrane components such as secretion systems.®® The LT
activity of SceD in S. aureus was demonstrated by Stapleton et al in 2007.%8 The
authors revealed that sceD mutation hindered cell separation. Expression of SceD is
positively regulated by the two-component system WalKR (also called YycFG),
sigma factor B and agr whilst SarA, LytSR and SaeRS serve as negative regulators.®®
0 However, little is known about the effects of increased LT activity. A continued
and uncontrolled LT activity is detrimental to the cell as it could result in autolysis.”*
72 Others have pursued the use of peptidoglycan hydrolases as potential antibacterial
strategy.’" " For example, the bacteriophage $MR11-derived endolysin, MV-L was
shown to completely lyse drug-resistant S. aureus strains such as MRSA and
vancomycin-resistant S. aureus.”* MV-L could synergize with vancomycin against
vancomycin-intermediate resistant S. aureus.’* The observed upregulation of SceD
following compound 3.1 treatment potentially contributes to the synergy observed

with cell wall-targeting antibiotics.
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4.4 Conclusions

In summary, we found that 4-hydroxybenzylidene indolinones reduce intracellular c-
di-AMP levels. We also found that GW5074 (compound 3.1) synergized with several
antibiotics from different classes B-lactams (ampicillin, cloxacillin and ceftriaxone),
aminoglycosides (gentamicin and kanamycin) and fluoroguinolone (ciprofloxacin).
Compound 3.1 affects levels of proteins with different functional characterizations
and pathways. It was apparent that processes such as purine biosynthesis and
virulence factor production were significantly downregulated. The decrease in
virulence factor expression levels was characterized by downregulation of the AgrC-
AgrA two-component system, transcriptional regulators SarR and SarV, and a
corresponding decrease in abundance of downstream targets, such as hemolysins,
lipases and proteases. Future studies will further explore the effect of compound 3.1
and related 4-hydroxybenzylidene indolinone compounds on S. aureus quorum
sensing. Given that compound 3.1 also reduced cellular c-di-AMP, a possible
integration of c-di-AMP signaling with quorum sensing needs to be examined.
Additionally, the synergistic effect of combining these antibiotics with compound 3.1

in animal models of infection should be investigated.

4.5 Methods

4.5.1 Chemicals and culture methods

GW5074 was purchased from Cayman chemicals (Ann Arbor, MI, USA) and a 10
mg/mL DMSO stock solution was prepared. The antibiotics were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Bacteria were routinely cultured in BD™

Tryptic Soy Broth (TSB) at 37 °C with 250 rpm shaking unless otherwise stated.

108



4.5.2 Intracellular concentration of c-di-AMP

Overnight cultures of E. coli BL21 (DE3) harboring DAC plasmids were diluted
1:1000 and cultured 1:100 in LB medium and cultured until OD600 of 0.5. The
expression of the DAC was induced by adding 1 mM IPTG. Aliquots of DMSO stock
solution of compounds at 10 mg/mL were added to the cultures to yield 16 pg/mL
final concentration in a 10 mL culture. An equivalent percentage of DMSO was used
as control. The cultures were then incubated at 37 °C with aeration for 3 hours. The
cells were harvested by centrifugation at 2,500 x g for 10 min at 4 °C and washed
twice with PBS. The pellets were resuspended in PBS and OD600 determined for
normalization. A 5 mL aliquot of the cell suspension was used to determine the total
protein concentration. Briefly, the cells were pelleted, resuspended in 500 pL of 0.1 N
NaOH and heated at 95 °C for 10 min. The lysate was centrifuged at 20,000 x g for
10 min at 4 °C and the supernatant was used to determine the protein concentration
using the BCA assay. The remaining 5 mL was used for extraction of c-di-AMP. The
cells were pelleted and resuspended in 300 pL of ice-cold extraction buffer
(acetonitrile:methanol:water, 2:2:1) containing 1 uM cXMP as internal standard. The
samples were sonicated in a sonifier waterbath at 4 °C for 6 min and left on ice for 15
min before being centrifuged at 20,000 x g for 10 min at 4 °C. The supernatant was
stored on ice and pellets resuspended in 200 pL of ice-cold extraction buffer and
extracted as described. A third extraction with 200 pL of extraction buffer was
performed and supernatants from each sample were pooled together. The extracts

were dried and resuspended in HPLC grade water and then analyzed by LC-MS/MS.
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4.5.3 LC-MS/MS quantification of c-di-AMP extracts

An Agilent 6460 triple quadrupole LC-MS/MS system coupled with HPLC outfitted
with Atlantis T3, 3um, 2.1x150mm column was used to separate the constitutes of the
extract. Mobile phases of 0.1% formic acid in water (solvent A) and 0.1% formic acid
in acetonitrile (solvent B) at a flow rate of 0.3 ml/min were used for the HPLC
separation. A linear gradient from 100% A to 20% A was applied for the first 10
minutes followed by a 1-minute linear gradient back to 100% A. The column was re-
equilibrated by isocratic flow at 100% A for an additional 4 minutes before the next
run. Using the MRM analysis in the negative mode, the following transitions of
analytes were detected by the triple quadrupole: cXMP: 345/151 and c-di-AMP:
657.1/328 (quantifier), 657.1/136 (identifier). The concentration of c-di-AMP was

estimated from a calibration curve (Appendix A).

4.5.4 Synergy checkerboard assay

The checkerboard assay was used to determine antibiotics-compounds interactions
against MRSA ATCC 33592, MRSA USA300 and VRE faecalis ATCC 51575.
Briefly, antibiotics and compounds at 10 mg/mL were prepared in appropriate
diluents. Compounds were diluted serially (1:2) along the ordinate whilst antibiotics
were similarly diluted along the abscissa of 96-well microtiter plates. Bacteria
standardized using the 0.5 McFarland standard was diluted (1:100) and added to
aliquoted into respective wells. The plates were incubated in a static incubator at 37
°C for 18 — 20 hours before the MIC was determined. The fractional inhibitory
concentration index (FIC) was calculated for each combination and the lowest FIC

index was selected.!’
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For the effect of combining GW5074 with an antibiotic, the FIC of either agent was

calculated as:

FIC _ MIC of GW5074 in combination
GW5074 — MIC of GW5074 alone

MIC of antibiotic in combination

FICantiviotic =
antibiotic MIC of antibiotic alone

The cumulative fractional inhibitory concentration index ) FICI was the calculated as:

XFIC = FICsyso74 + FICantiviotic

The calculated Y FIC indexes were interpreted as follows: synergistic (3 FIC: <0.5),

additive (3 FIC:>0.5 and <1), indifferent (3 FIC: >1 and <4), antagonistic (3_FIC: >4).

4.5.5 Macromolecular synthesis

Overnight S. aureus ATCC 25923 culture was diluted 1 in 1000 in 30 mL of TSB and
cultured till early exponential phase (ODsoo of 0.2 — 0.3). At the desired ODesoo, 1 mL
aliquots of the culture were transferred into 5 mL culture tubes and treated with
increasing concentrations of GW5074 (0.25x — 2x MIC) or 8x MIC of ciprofloxacin
(2 pg/mL, for DNA synthesis), vancomycin (8 pg/mL, for cell wall synthesis),
rifampicin (0.32 pg/mL, for RNA synthesis) and linezolid (8 pg/mL for protein
synthesis). DMSO was added to the control tubes. All tubes were incubated at 37 °C
for 10 min after which radiolabeled precursors were added to respective tubes to
determine the effect on macromolecular synthesis. DNA synthesis was measured by

adding 1 pL of [3H]-thymidine (69.7 Ci/mmol at 0.1 mCi/mL, cat. no MT-6036,
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Movarek Inc.) for 10 min whilst 1 pL of [3H]-uridine (17.0 Ci/mmol at 0.1 mCi/mL,
cat. no. MT-602, Movarek Inc.) was added to measure RNA synthesis. Cell wall
synthesis was measured by adding 1 pL of [3H]-N-acetyl-D-glucosamine (5.5
Ci/mmol at 0.1 mCi/mL, cat. no. MT-662, Movarek Inc.) for 10 min. For protein
biosynthesis inhibition, the 1:1000 overnight culture dilution was incubated till ODsoo
of 0.4 — 0.5. The culture was then centrifuged at 4,500 rpm for 5 min and the cell
pellet resuspended in a M5T medium (1X M9 salts, 5% TSB, 0.4% glucose, 2 mM
MgSOs4 and 0.1 mM CaCl2)!® with ODeoo readjusted to 0.2. At this point, 1 mL
aliquots were incubated with compound (0.25x — 8x MIC) and linezolid (16 pg/mL,
8x MIC) for 10 min. A 1 pL aliquot of [3H]-L-Leucine (60.0 Ci/mmol at 1 mCi/mL,
cat. no. M672M, Movarek Inc.) was added to each tube and incubated for an
additional 30 minutes. Following the respective labeling times, the macromolecules
were precipitated using 1 mL of ice-cold 10% TCA for 1 hour. The samples were
then filtered through a glass microfiber filter (GF/A, 25-mm; Whatman), washed with
5 mL of ice-cold 5% TCA followed by 5 mL of ice-cold distilled water. The filters
were dried and then counted in a Tri-Carb 2910 TR liquid scintillation analyzer

(Perkin Elmer, Waltham, MA).

4.5.6 Global proteomics analysis: sample preparation for LC-MS/MS

Exponentially growing S. aureus cells were treated with 2 pg/mL of GW5074 for 3
hours. The cells were pelleted by centrifugation and washed twice with PBS. The cell
pellets were homogenized in 8 M urea with Precellys® 24 Bead Mill Homogenizer
(Bertin Corp., Rockville, MD, USA) and centrifuged at 14,000 rpm for 15 min at 4

°C. Precipitation of soluble proteins was achieved by adding five equivalents (v/v) of
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pre-chilled acetone to the supernatants and incubating at -20 °C overnight. After
precipitation, the protein pellets were dissolved in 8 M urea and the Pierce™ BCA
Protein Assay Kit (ThermoFisher Scientific, Waltham, MA, USA) was used to
determine the protein concentration. Protein (50 pg) was reduced with 5 mM
dithiothreitol (DTT) at 55°C for 45 min followed by cysteine alkylation with 20 mM
iodoacetamide at room temperature for 20 min and an additional 5 mM DTT for 20
min at 37 °C. Trypsin/Lys-C Mix (Promega, Madison, WI, USA) at 1:25 (w/w)
enzyme-protein ratio was used to digest the protein at 37 °C overnight and passed
through C18 silica micro spin columns (The Nest Group Inc., Southborough, MA,
USA). The peptides were then eluted with 0.1 % formic acid (FA) in 80% acetonitrile
(ACN). The eluted peptides were vacuum dried and resuspended in 0.1% FA in 3%
ACN. Peptide concentration was determined with the BCA assay as above and

adjusted to 0.2 pg/uL.

4.5.7 LC-MS/MS data acquisition (This was done exclusively by Dr. Uma Aryal, the
Proteomics Core Facility manager at Bindley Bioscience Center in Purdue
University)

A reverse-phase HPLC-ESI-MS/MS system composed of an UltiMate™ 3000
RSLCnano system coupled to a Q-Exactive (QE) High Field (HF) Hybrid
Quadrupole-Orbitrap™ mass spectrometer (ThermoFisher Scientific, Waltham, MA)
and a Nano-spray Flex™ ion source (Thermo Fisher Scientific) was used to analyze
the samples standard data-dependent mode. A 98% purified water/2% ACN/0.01%
FA solvent system was used to wash purified peptides loaded onto a trap column (300

pum 1D x 5 mm, 5 pum 100 A PepMap C18 medium) at a 5 pL/min flowrate. After 5
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min, the trap column was switched in-line with the Acclaim™ PepMap™ RSLC C18
(75 um x 15 cm, 2 um 100 A PepMap C18 medium, Thermo Fisher Scientific)
analytical column for peptide separation. Each run constituted loading a 1 pg total
peptide onto the trap column followed by a 0.3 pL/min flowrate of 0.1% formic acid
(FA) in water (solvent A) and 0.1% FA in 80% ACN (solvent B) for 120 min for
peptide separation at 50°C. A 5-30% linear gradient of solvent B was run for 80 min,
followed by 11 min of 45 % solvent B and 2 min of 100 % solvent B with an
additional 7 min of isocratic flow. Solvent A was then applied at 95 % for 20 min for
column equilibration. A Top20 data-dependent MS/MS scan method was used to
acquire the MS data. Injection time was set to 100 ms, resolution to 120, 000 at 200
m/z, spray voltage of 2-eV and an AGC target of 1x10° for a full MS spectra scan
with a range of 400 — 1650 m/z. Precursor ions were fragmented at a normalized
collision energy of 27 eV using a high-energy C-trap dissociation. Acquisition of
MS/MS scans were done at a resolution of 15,000 at m/z 200. To avoid repeated

scanning of identical peptides, we set the dynamic exclusion at 15 s.

4.5.6 Data Analysis (MaxQuant software analysis was performed by Dr. Uma Aryal. |
performed the bioinformatics analysis of the data using Perseus software and
OriginPro 2017 software)

The MaxQuant software (v. 1.6.0.16)%3% with the Andromeda search engine was
used to analyze the LC-MS/MS data. For protein identification and relative
quantification, the spectra were searched against the S. aureus sequences on NCBI
database with a minimal length of six amino acids. A precursor mass tolerance of 10

ppm, MS/MS fragment ion tolerance of 20 ppm and enzyme specificity for trypsin
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and LysC (for up to two missed cleavages) were used to the database search. Also,
methionine oxidation (M) was set as variable modification whilst cysteine
carbamidomethylation (C) was set as a fixed modification. Peptide quantification was
performed using the ‘unique plus razor peptides’. A 1% false discovery rate (FDR)
was set for both peptides spectral match and proteins identification. The Perseus
software!® was used for bioinformatics analysis. Since each treatment was done in
triplicates, proteins identified without any LFQ intensities as well as those with just 1
LFQ intensity value were excluded from the analysis. After Logz transformation of
the intensities and filtering of the data, a two-sample Student’s T-test was used to
determine differentially abundant proteins using a 5% permutation-based FDR filter.
Scatter plots were used to determine the correlation between replicates. The Z-score
normalized data was used to perform hierarchical clustering and to generate the heat
map analysis. The Log2FC values (Student’s T-test difference between Log:
intensities of GW5074 and DMSO samples) and the -Log p-values were used to

generate volcano plot in OriginPro 2017 Software (OriginLab, Massachusetts, USA).

4.5.7 Total RNA isolation and RT-PCR
Exponentially growing S. aureus was incubated with 2 pg/mL GW5074 or DMSO for

3 hat 37 °C in triplicates. The cells were then pelleted by centrifugation at 5000 rpm
for 5 min at 4 °C and resuspended in 1 mL TRIzol (Invitrogen, Carlsbad, CA) for
total RNA isolation according to the manufacturer’s protocol. Residual genomic
DNA was then removed by treating isolated RNA with the Turbo DNA-free kit
(Ambion, Austin, TX). The isolated RNA (1 pg) was then reverse-transcribed using
the Superscript Il Reverse Transcriptase (ThermoFisher Scientific). The resulting

cDNA were analyzed and quantified using gene-specific primers (Table 4.2) and the
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QuantiTect SYBR Green PCR Kit (Qiagen, Germantown, MD) on a BioRad
CFX96™ Touch Real-Time PCR Detection System following the manufacturer’s
protocol. The data were normalized against 16S rRNA and the p-values from
student’s t-test showed *<0.05, **<0.01 and ***<0.001

Table 4.2. Sequence of primers used in RT-PCR

Primer name Sequence (5°-37) Source
PurL forward GTGAAGGTGCAGGGGTAGTC This study
PurL reverse ATGATTCCACCAACGCCTGT This study
sarX forward GGGGTGCAACATTTTGAATACTGA This study
sarX reverse TCTTTGCAATGCTTCATCGTT This study
agrA forward AACTGCACATACACGCTTACA Thaenert et al.”
agrA reverse GGCAATGAGTCTGTGAGATTT Thaenert et al.”
SceD forward | GCAGTAGGTTTAGGAATCGTAGCAGGAAAT Dubrac et al.®°
SceD reverse | CTGATTCAAAGTGATAAGTAAACCCTTCAT Dubrac et al.®®
16S forward CGGTCCAGACTCCTACGGGAGGCAGCA Thaenert et al.””
16S reverse GCGTGGACTACCAGGGTATCTAATCC Thaenert et al.”
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Chapter 5: Discovery of a bacteriostatic antibiotic with potency
against drug-resistant bacteria

5.1 N-(1,3,4-oxadiazol-2-yl)benzamide analogs, bacteriostatic agents against

methicillin- and vancomycin-resistant bacteria

This section was a collaboration with Dr. Saleem’s group at Purdue University, West
Lafayette, Indiana. It was originally published as: Opoku-Temeng, C., Mohammad,
H., Dayal, N., Naclerio, G.A., Abutaleb, N.S., Mohamed, S.N. and Sintim, H.O., “N-
(1,3,4-oxadiazol-2-yl)benzamide analogs, bacteriostatic agents against methicillin-
and vancomycin-resistant bacteria.” Eur. J. Med. Chem. 15 (155):797-805

5.1.1 Introduction

The discovery and development of antibiotics revolutionized health care in such a
way that bacterial infections, which were otherwise deadly, could be treated. 2
However, this was met with a rapid development of resistant bacterial strains that
rendered many antibiotics ineffective.> Consequently, millions of people are infected
with drug-resistant bacterial strains yearly resulting in thousands of deaths. In the US,
the Centers for Disease Control and Prevention in 2013 estimated that approximately
23,000 people died from infections caused by drug-resistant bacterial pathogens at an
annual infection rate of about 2 million. The cost to treat such recalcitrant infections
exceeds $20 billion per year.*®

It has been suggested that resistance to antibiotics has developed over the years via a
myriad of processes including the inordinate use of antibiotics and the lack of
development of new antibiotics.® The wide gap between emergence of drug-resistant
pathogens and the development of novel antibacterial therapeutics has been attributed
to the non-profitable nature of the venture (it costs several millions of dollars to

conduct clinical trials and the high probability of bacterial resistance emerging
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against a new antibiotic hinders investment in antibiotic discovery).?® Efforts
however, need to be directed towards identifying and developing novel structures as
antibacterial agents with possibly novel mechanisms of action.? It is projected that in
the absence of new antibacterial agents, annual mortality rates could exceed 10
million by the year 2050.°

As noted above, nearly 23,000 fatalities due to antibiotic-resistant infections occurs
each year in the US; surprisingly, nearly half of these deaths is linked to one bacterial
pathogen, methicillin-resistant Staphylococcus aureus (MRSA).°> Community-
acquired methicillin-resistant S. aureus (CA-MRSA) is the principal causative agent
for skin and soft tissue infections (SSTIs) in North America.” 8 Strains such as MRSA
USA300 and MRSA USA400 constitute the most isolated agents in SSTIs.%*! Others
including USA100 and USA200 have been primarily isolated from hospital-acquired
MRSA (HA-MRSA) infections.!? Diseases including sepsis, endocarditis, and
pneumonia could also result from MRSA infection.®® 4 Clinical isolates of MRSA
have been identified that are resistant to several antibiotics. Vancomycin, a
glycopeptide antibiotic remains the reference standard for the treatment of multi-
resistant MRSA infections.'® 1® However, there is an emergence of MRSA strains that
are resistant to vancomycin including various vancomycin-intermediate S. aureus
(VISA) and vancomycin-resistant S. aureus (VRSA) isolates.'® 1 When used alone,
MRSA strains easily develop resistance to rifampicin, one alternative for treating
MRSA infections. Hence rifampicin is usually administered together with a second
antibiotic like fusidic acid.!®> Many other anti-staphylococcal antibiotics including

ciprofloxacin suffer from resistance generation.’> 1" There is an obvious need for
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clinicians to be armed with new antibiotics that are less likely to fail due to resistance
generation. Consequently, several research groups including ours have programs to
understand the mechanisms of resistance and how to inhibit or reverse them.'®2
Research into the development of promising antibacterial agents with potent activity
against drug-resistant bacteria has also increased.?: 2427

We have identified novel structures (Figure 5.1) with potent antibacterial activities
against drug-resistant Gram-positive bacteria. In particular, these molecules exhibit
potent antibacterial activity against staphylococcal and enterococcal strains including
MRSA, VISA, VRSA, and vancomycin-resistant Enterococcus faecalis and E.
faecium (VRE). The most promising compound identified was further evaluated
against multiple clinical isolates of MRSA in vitro and in vivo against MRSA

USA300 in a murine wound infection model.

5.1.2 Results and Discussion

5.1.2.1 Identification of antibacterial compounds

We developed a program to identify compounds with potent activity against drug-
resistant bacterial pathogens. A library of compounds (both commercially available
and synthetic compounds synthesized in our laboratory) was initially screened, at a
concentration of 16 pg/mL, for their ability to inhibit bacterial growth. Several
compounds, which included 5.1, 5.2, 5.3, 5.4 (F6), 5.5, 5.6 and 5.7 (Figure 5.1) were
initially screened against S. aureus. Compounds 5.1, 5.2, 5.3, 5.4 and 5.6 significantly

inhibited the growth of S. aureus (Figure 5.2). Compared to the DMSO control,
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compound 5.5 was not active whilst compound 5.7 only slightly inhibited growth

(Figure 5.2).
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Figure 5.1. Structures of antibacterial compounds. Note: F6 (cis : trans = 10:1).

Compounds were obtained from Life Chemicals Inc. (Ontario, Canada).
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Figure 5.2. Inhibition of growth of S. aureus ATCC 25923 by antibacterial
compounds. S. aureus, at early exponential growth, was treated with either DMSO or

16 pg/mL of compounds and OD600 measured after 24 h. Error bars represent

standard error of the mean of duplicates.
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To further characterize the antibacterial properties of the active compounds, we
determined their minimum inhibitory concentrations (MIC) against a clinically-
relevant panel of Gram-positive bacterial species including MRSA, vancomycin-
sensitive E. faecalis, VRE and Listeria monocytogenes. Based on their activity from
the growth inhibition experiment, we determined the MIC only for compounds 5.1,
5.2, 5.3, 5.4 and 5.6. The compounds inhibited growth of all strains tested, at
concentrations ranging from 2 to 32 ug/mL (Table 5.1).

The presence of methyl substitution on the cyclohexyl moiety of compounds 5.2, 5.3
and 5.4 is the only structural difference present between the compounds. With the two
methyl substitutions, compound 5.4 was the most potent compound identified
followed by 5.3 which has one methyl substitution and then 5.2 which has an
unsubstituted cyclohexyl moiety (Figure 5.1 and Table 5.1). This implies that the
substitution on the cyclohexyl moiety may be important for antibacterial activity.

The most potent compound, 5.4, was observed to inhibit growth of S. aureus
(including MRSA), E. faecalis (including VRE), and L. monocytogenes, at
concentrations ranging from 2 to 4 pg/mL. Compound 5.4 and the antibiotic
vancomycin had similar MIC against S. aureus and MRSA (MIC =1 — 2 pg/mL).
Impressively, compound 5.4 was greater than 32 times more potent than methicillin
against MRSA. It was also observed that 5.4 was more potent than vancomycin
against a strain of E. faecalis resistant to vancomycin, with the MIC of 5.4 more than

31-fold lower than that of vancomycin.
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Table 5.1. MIC (ug/mL) of compounds screened against a panel of Gram-positive

bacterial pathogens.

Bacterial Strains

Test agents

S. MRSA E. faecalis VRE (E. L.
aureus ATCC 33592 ATCC faecalis) monocytogenes
ATCC 29212 ATCC 51575 ATCC 19115
25923
5.1 16 16 32 32 32
5.2 16 16 32 32 16
5.3 8 8 16 16 16
5.4 (F6) 2 2 4 4 4
5.6 32 32 32 32 32
Vancomycin 1 1 2 >128 1
Methicillin 2 >128 ND ND ND

ND represents not determined

5.1.2.2 Compound 5.4 is bacteriostatic against drug-resistant Gram-positive bacteria

Having observed the potent activity of 5.4 against a single isolate of MRSA and VRE,
we proceeded to confirm the compound’s potent antibacterial activity against
additional strains of MRSA, VISA, VRSA, and VRE (Table 5.2). Compound 5.4 was
found to be active against the selected panel of clinical isolates of MRSA at a
concentration of 2 pg/mL (Table 5.2). Of note, MRSA USA300 and MRSA USA400
are the main culprits isolated from MRSA skin and soft-tissue infections in North
America.l® 1 Additionally, 5.4 (MIC of 2 pg/mL) retained its potent antibacterial
activity against clinical isolates of S. aureus and E. faecium exhibiting high-level
resistance to vancomycin (MIC > 128 pug/mL), an agent of last resort for treatment of
most MRSA infections®2. Linezolid was potent against most clinical isolates of
MRSA and VRSA at <1 pg/mL (Table 5.2). However, linezolid was inactive against

MRSA NRS119, a strain isolated as linezolid-resistant; 5.4, in contrast retained its
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potent activity against this strain (MIC = 2 pg/mL). Interestingly, compound 5.4
appears to be a bacteriostatic agent as its minimum bactericidal concentration (MBC)
value exceeded >128 pg/mL. This was similar to the results obtained for linezolid, an

antibiotic known to exhibit bacteriostatic activity in vitro against MRSA 33 34

Table 5.2. The minimum inhibitory concentration (MIC, in pg/mL) and minimum

bactericidal concentration (MBC, in ug/mL) of compound 5.4 and select antibiotics.

5.4 (F6) Linezolid Vancomycin
Bacterial Strain MIC MBC MIC MBC MIC MBC
MRSA NRS119 2 >128 32 32 <1 <l
MRSA NRS123 2 >128 <l 64 <l <l
(USA400)
MRSA NRS384 2 >128 <l 64 <l <l
(USA300)
MRSA NRS385 2 >128 <I 2 <l 2
(USA500)
MRSA NRS386 2 >128 <I 128 <l <l
(USA700)
MRSA NRS387 2 >128 <I 128 2 2
(USAB800)
VISA NRS1 2 >128 <I 1 4 4
VRSA VRS12 2 >128 <1 32 >128 >128
E. faecium ATCC 2 128 <l 64 >128 >128

700221 (VRE)

As observed from Table 5.2, the MBC of compound 5.4 was generally >128 pg/mL,
several folds above the MIC, an indication that the compound was bacteriostatic. We
sought to further ascertain whether compound 5.4 was indeed bacteriostatic. From
time-kill analysis using MRSA USA300, at 6x MIC of compound 5.4 (12 pg/mL),
we observed that compound 5.4 caused a 2.01-logio reduction in MRSA USA300,
which was just slightly higher than the 1.85-logio reduction observed with linezolid

after a 24-hour incubation period. On the other hand, the bactericidal antibiotic
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vancomycin completely eradicated the MRSA USA300 inoculum within 12 hours.
These observations imply that compound 5.4, just like linezolid, exhibits in vitro

bacteriostatic effect against MRSA USA300 (Figure 5.3).

DMSO

5.4 (F6)
Linezolid
Vancomycin
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Logqo (CFU/ML)
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Figure 5.3. Time-kill analysis of compound 5.4 against MRSA USA300 using
linezolid as a control antibiotic. MRSA USA300 was incubated with compound 5.4
(12 pg/mL) or linezolid (6 pg/mL) vancomycin (6 pg/mL) or DMSO and the number
of cells estimated at the indicated time points. Experiment was performed in

triplicates.

5.1.2.3 Compound 5.4 is not active against Gram-negative bacteria

We next moved to investigate whether compound 5.4 would be effective against
Gram-negative bacterial pathogens as well. Hence, we determined the MIC of
compound 5.4 against a selected panel of clinically-relevant Gram-negative bacterial
pathogens. Compound 5.4 was not active against Acinetobacter baumannii, Klebsiella
pneumoniae, Pseudomonas aeruginosa and Escherichia coli BW25113. The lack of

activity against Gram-negative bacteria appears to be due to compound 5.4 being a
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substrate for efflux. This can be seen by the shift in the MIC observed for compound
5.4 against wild-type E. coli BW25113 (MIC > 128 pg/mL) in comparison to a
mutant strain (E. coli JW5503-1) where the AcrAB-TolC multidrug-resistant efflux
pump is knocked out (MIC for 5.4 improves to 2 pug/mL). A similar result was
observed with linezolid and erythromycin, two antibiotics known to be substrates for
the AcrAB-TolC efflux pump in Gram-negative bacteria.>® %

Table 5.3. MIC of compound 5.4 against selected Gram-negative bacterial pathogens.

Bacterial Strain Test agents
5.4 (F6) Linezolid Erythromycin  Colistin
A. baumannii ATCC 128 N.D. N.D. <1
19606
K. pneumoniae BAA- >128 N.D. N.D. <1
1706
P. aeruginosa ATCC >128 N.D. N.D. <1
15442
E. coli BW25113 >128 >128 32 N.D.
E. coli JW5503-1 2 8 <1 N.D.
(AtolC)

ND represents not determined

5.1.2.4 MRSA does not develop resistance to compound 5.4

One of the major challenges in treatment of bacterial infections is the rapid generation
of resistant pathogens. In treatment of MRSA infections, antibiotics like ciprofloxacin
fail due to resistance.'® 6 We performed the multistep resistance selection to evaluate
the ability of MRSA USA400 to develop resistance to compound 5.4 in vitro. The
MIC of compound 5.4 remained unchanged over nine passages (Figure 5.4). A one-
fold increase in the MIC of compound 5.4 was observed after the tenth passage where
after no additional increase in MIC was observed up to the 14" passage. This

indicates MRSA is unlikely to form rapid resistance to compound 5.4 in vitro, even
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after multiple passages. In contrast, the MIC of ciprofloxacin, an antibiotic that
targets DNA gyrase, increased three-fold after the eighth passage and continued to
rapidly increase thereafter. MRSA resistance to ciprofloxacin emerged after the
eleventh passage (an eight-fold increase in MIC was observed) (Figure 5.4). By the
14" passage, the MIC of ciprofloxacin increased more than 2000-fold from the
original MIC value (0.25 pg/mL). The emergence of MRSA resistance to

ciprofloxacin agrees with previously published reports. 17:2% 37
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Figure 5.4. Multi-step resistance selection of compound 5.4 (F6) and ciprofloxacin
against MRSA. MRSA USA400 was serially passaged daily over a 14-day period and
the broth microdilution assay was used to determine the minimum inhibitory
concentration of both F6 (compound 5.4) and ciprofloxacin (control antibiotic)
against MRSA after each successive passage. A four-fold shift in MIC would be

indicative of bacterial resistance forming to the test agent.
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5.1.2.5 Compound 5.4 is non-toxic against mammalian cells

As earlier stated, MRSA is responsible for SSTI.s” & Compound 5.4 demonstrated in
vitro potency against several important MRSA strains. Prior to evaluating compound
5.4 in an animal model of MRSA skin infection, we determined the toxicity profile of
compound 5.4 against mammalian cells. The compound was incubated with murine
macrophage (J774) cells and human colorectal (Caco-2) cells at concentrations
ranging from 2 pg/mL to 256 pug/mL. Compound 5.4 exhibited an excellent safety
profile against both J774 and Caco-2 cells (Figure 5.5) as the compound was found to
be non-toxic up to 128 pg/mL (63-fold higher than the MIC of compound 5.4 against

MRSA).
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Figure 5.5. Toxicity analysis of compound 5.4 (F6) against mammalian cell lines.
Percent viable mammalian cells (measured as average absorbance ratio (test agent
relative to DMSQ)) after exposure to compound F6 (tested in triplicate) at
concentrations ranging from 2 to 256 pg/mL against A. murine macrophage (J774)

cells, or B. human colorectal (Caco-2) cells using the MTS 3-(4,5-dimethylthiazol-2-
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yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. Dimethyl
sulfoxide (DMSO) was used as a negative control to determine a baseline
measurement for the cytotoxic impact of each compound. Error bars represent
standard deviation values for triplicates. A two-way ANOVA, with post hoc Sidak’s
multiple comparisons test, determined statistical difference (denoted by the asterisk)
(P < 0.05) between the values obtained for compound 5.4 and DMSO (negative

control, used as solvent for the compound).

5.1.2.6 Compound 5.4 reduces MRSA burden in mouse skin wound infection

Having determined that F6 was not toxic, an established mouse skin wound infection
model®® % was used to assess the in vivo efficacy of compound 5.4. Mice were
infected with MRSA USA300, the predominant strain responsible for S. aureus-based
SSTIs in North America. After the formation of an abscess, the wound was treated
twice daily for five days with either compound 5.4, fusidic acid, or the vehicle
(petroleum jelly) alone. It was observed that compound 5.4 (0.59-logi, 72.41%
reduction) was as effective as the control antibiotic fusidic acid (0.71-log1o, 77.91%
reduction) in reducing the burden of MRSA in the wounds of infected mice after only
five days of treatment (Figure 5.6). The data garnered from the skin infection mouse
model further confirms the potent antibacterial effect of compound 5.4 against

MRSA.
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Figure 5.6. Efficacy of compound 5.4 (F6) in an in vivo mouse skin wound infection
model. Average logio reduction in MRSA USA300 CFU/mL in wounds of mice after
five days (two doses per day) of treatment. A one-way ANOVA with post-hoc
Dunnet’s multiple comparisons found statistical significance (*, P < 0.05) between
mice treated with fusidic acid and compound 5.4, compared to mice receiving the

vehicle (petroleum jelly) alone.

5.1.2.7 Compound 5.4 analogs with potent antibacterial activity

With such impressive antibacterial properties, we wondered whether structural
analogs of compound 5.4 could have better activity. We therefore synthesized 20
compounds (Figure 5.7) by making modifications to groups on compound 5.4 and
evaluated their ability to inhibit the growth of S. aureus at 16 pg/mL (Figure 5.8). For
compounds that showed activity against S. aureus in the growth inhibition assay, we

proceeded to determine the MIC (Table 5.4). It was observed that installation of a
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morpholine (5.8) instead of a piperidine or deletion of the sulfonamide group (5.21)
abolished activity. Growth inhibition was not significantly affected upon deletion of
the dimethyl-substitutions on the piperidine (5.23). However, from their MIC values,
compound 5.22 was not as active as compound 5.4. These suggested that the 4-((3,5-
Dimethylpiperidin-1-yl)sulfonyl)benzamide was relevant for activity. Deletion of the
amide linkage between the benzene ring and the oxadiazole ring resulted in
compound 5.11, which was not active. Also, activity was lost when the —O in the
oxadiazole ring was replaced with —NH (5.13), highlighting the importance of the
oxadiazole moiety. We also investigated the importance of the thiophene ring for
antibacterial activity. Replacement of the thiophene ring with either a tetrahydrofuran
or an acid ester resulted in inactive compounds 5.9 and 5.10 respectively.
Interestingly, unlike 5.9 and 5.10, replacement of the thiophene ring with a
chlorophenyl, bromophenyl, methoxyphenyl, or fluorophenyl resulted in compounds
5.12 (F6-5), 5.14, 5.19, and 5.20 respectively, which were all found to inhibit the
growth of S. aureus. Impressively, the MIC of these compounds against the tested
bacterial pathogens ranged from 1 pg/mL to 4pg/mL (Table 5.4). Based on their MIC

values, compound 5.12 (F6-5) was the best.
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Figure 5.7. Structural analogs of compound 5.4, synthesized in our laboratory. A.

Schematic representation of the synthesis of the analogs studied. Conditions used: (i)
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MeLi, THF, —78 °C to rt, 14 h; (ii) EDC-HCI, DMAP, CH2Cl, rt, 16 h; (iii) a) T3P,
CH2Cl2, rt, 1h b) TEA, DMAP, rt, overnight; (iv) BOP reagent, DIPEA, DMF, rt, 16
h; B. Structures of analogs synthesized. Note: The starting material S-1 existed as 4 :1
cis to trans form. The product obtained as 5.9 (cis : trans = 10 :1), 5.10 (cis : trans =
4:1),5.11 (cis : trans = 20 :1), 5.12 (cis : trans = 6 :1), 5.13 (cis : trans = 13 :1), 5.14
(cis : trans = 6:1); 5.15 (cis : trans = 5 :1), 5.16 (cis : trans = 6 :1), 5.17 (cis : trans =

4:1),5.18 (cis: trans =6 :1), 5.19 (cis : trans =6 :1), 5.20 (cis : trans =4 :1)

Compared with compound 5.4, the MIC of 5.12 (Table 5.4) across the panel of
bacterial pathogens tested appeared to be slightly better (Table 5.1). For example, the
MIC of compound 5.12 against MRSA was 1 pg/mL compared to the MIC obtained
for compound 5.12 (2 pg/mL). Furthermore, compound 5.12 had an MIC of 2 pg/mL
against VRE (E. faecalis) and L. monocytogenes compared to the MIC of compound
5.12 (4 ug/mL) against these specific bacterial pathogens. Excitingly, compound 5.12
was more active against VRE (E. faecalis) than vancomycin.

Given the potency of compound 5.12, we further evaluated the importance of the
piperidine moiety maintaining the other portions of compound 5.12. Although
modifications at this position did not significantly affect growth inhibition, the MIC
values obtained were worse than compound 5.12. For example, installation of a
pyrrolidine ring yielded compound 5.23 with MIC values ranging from 8 pg/mL to 16
pg/mL. Compounds with two alkyl groups on the nitrogen of the sulfonamide like the
diethyl-substituted compound 5.26 and dimethyl-substituted compound 5.27 could

inhibit S. aureus growth. However, the diethyl-substituted compound 5.26 had better
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MIC values (16 pg/mL to 32 pg/mL) than the dimethyl-substituted compound 5.27
(32 pg/mL to 64 pug/mL). Similarly, analogs with just one alkyl group on the nitrogen
of the sulfonamide (compound 5.24 and 5.25) were less active than compound 5.12.
These observations further validate the importance of the dimethyl-substituted

piperidine moiety for antibacterial activity.

140+

S 1204
100+
80+
604
40
204
0-

% Normalized ODg

O(,ﬁ’gﬁ’%'.\g '\,'\"o\'\{/b

X O O A DO RV YA DN H o AN
o@‘b 9)‘((%' & <.;.\' (,)"\‘ \'(0\' '\'(0\' (,;1’ (,;]/ (,;)/ (,;]/ (,;)/ (,;]/ (,;)/ (,;.]/

N
o
Compounds

Figure 5.8. Antibacterial activity of analogs of compound 5.4. Compounds were
tested at 16 pg/mL for their ability to inhibit S. aureus growth. The OD600 of

compounds were normalized to that of the DMSO control.
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Table 5.4. MIC (ug/mL) of 5.12 (F6-5) and vancomycin against a panel of Gram-
positive bacterial pathogens.

Testagent  S.aureus MRSA E. faecalis VRE (E. L.
ATCC ATCC ATCC29212 faecalis) monocytogenes
25923 33592 ATCC ATCC 19115

51575

512 (F6-5) 2 4 2 2

5.14 2 4 4 4 4

5.15 32 16 64 32 32

5.16 16 8 32 16 8

5.19 4 4 4 4 4

5.20 4

5.22 32 32 16 64 32

5.23 16 8 16 16 16

5.24 64 32 64 64 64

5.25 16 16 32 16 16

5.26 16 16 32 16 16

5.27 64 32 64 64 64

Vancomycin 1 1 2 >128 1

F6- cis

Figure 5.9. Structure of compound 5.4 - cis (cis : trans = 30 :1).
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Thus far the compound 5.4 compound that was initially used for screening was
purchased from Life Chemicals Inc. (Ontario, Canada) as a predominantly cis isomer
(cis:trans = 10:1). Analogs of compound 5.4, which were synthesized in our lab were
also predominantly cis (ranging from 4:1 to 20:1 cis:trans). To exclude the possibility
that the observed antibacterial activities of the compounds were from the minor trans
isomer and not the cis form, we desired to make at least one of the active compounds
(5.4) with a higher cis/trans ratio than what we had obtained. To do this, we
synthesized an isomerically purer compound 5.4 shown in Figure 5.9, and obtained
compound 5.4-cis (cis:trans is 30:1) (see supporting information). 5.4-cis was tested
for antimicrobial activity and the MIC was similar to that of the commercially
available 5.4, which had a cis:trans ratio of 10:1 (compare Table 5.1 with Table 5.5).

Table 5.5. Activity (MIC in pg/mL) of 5.4-cis against select Gram-positive bacteria

Bacterial Strain 5.4-cis VVancomycin
S. aureus ATCC 25923 4 2

MRSA ATCC 33592 4 2

E. faecalis ATCC 29212 4 2

VRE (E. faecalis) ATCC 51575 4 >128

L. monocytogenes ATCC 19115 4 1

5.1.3 Conclusions

We have identified compound 5.4 (F6) as a potent antibacterial agent effective
against important drug-resistant Gram-positive bacterial pathogens including MRSA,
VRSA, VISA, and VRE. It was observed that compound 5.4 was not active against
important Gram-negative bacterial pathogens, presumably due to it being a substrate
for efflux. Excitingly, resistance was not observed when MRSA was treated with

compound 5.4 compared to ciprofloxacin in vitro. Compound 5.4 was also active in
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vivo in reducing the burden of MRSA in a skin wound infection model in mice. Other
compounds like 5.1, 5.2 and 5.3 were also potent. Through structural-activity
relationship (SAR) studies, the relevance of various moieties for antibacterial activity
was established. Particularly, the 4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)benzamide
and oxadiazole amine moieties were required for activity. From the SAR studies,
compound 5.12 (F6-5) emerged as a slightly more potent analog of compound 5.4

with MIC values ranging from 1 pg/mL to 4 pg/mL.

5.1.4 Materials and methods

5.1.4.1 Bacterial strains and chemical compounds

All MRSA isolates were acquired from BEI Resources. The remaining bacteria were
purchased from the American Type Culture Collection (ATCC). Compounds 5.1 (cat.
no. F0559-0091), 5.2 (cat. no. F0559-0342), 5.3 (cat. no. F0559-0343), 5.4 (also
called F6; cat. no. 0559-0346), 5.5 (cat. no. 0608-0426), 5.6 (cat. no. F1821-0760)
and 5.7 (cat. no. F1821-0778) were purchased from Life Chemicals Inc., (Ontario,

Canada).

5.1.4.2 General synthesis of compounds

Analogs of compound 5.4 (F6) were synthesized by Dr. Neetu Dayal and George A.
Naclerio, post-doctoral fellow and graduate students respectively in the Sintim
Research group.

General Considerations: unless noted otherwise, all reagents and solvents were purchased
from commercial sources and used as received. The *H and *C NMR spectra were obtained

in CDCI; or DMSO as solvent using a 500 MHz spectrometer with MesSi as an internal
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standard. Chemical shifts are reported in parts per million (5) and are calibrated using
residual undeuterated solvent as an internal reference. Data for *H NMR spectra are reported
as follows: chemical shift (5 ppm) (multiplicity, coupling constant (Hz), integration).
Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, or combinations thereof. High resolution mass spectra (HRMS) were obtained
using electron spray ionization (ESI) technique and as TOF mass analyzer. New compounds
were characterized by H NMR, *C NMR, and HRMS data. Substrate 4-((3,5-
dimethylpiperidin-1-yl)sulfonyl)benzoic acid (95% purity) S-1 was purchased from Enamine
and '"H NMR of S-I substrate shows a mixture of cis and trans form in a 4:1 ratio,
respectively. Substrate Cis 3,5-Dimethyl piperidine was purchased from J & W pharma lab.

All the other substrates were purchased from Enamine LLC (NJ, USA).

5.1.4.3 Screening of compounds for antibacterial activity against S. aureus

Library compounds and analogs of F6 (compound 5.4) were dissolved in DMSO at
10 mg/mL. S. aureus was cultured in Mueller Hinton Broth to early exponential phase
at which point culture aliquots were incubated with compounds at 16 pg/mL or
DMSO in duplicates. The culture was continued at 37 °C for 24 hours. Aliquots (100
ML) of the cultures were dispensed into clear 96 well microtiter plates and ODeoo was

recorded. Percent normalized ODeoo Was obtained by using the equation

X - X,

%Normalized ODgyy = (m

)><100

Where for a given compound, X is the ODsoo of culture with the compound, X, is that

of media only and X; is the ODeoo of the DMSO control.
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5.1.4.4 Determination of the MIC and MBC

The minimum inhibitory concentration (MIC) of compounds and control antibiotics
(methicillin, linezolid and vancomycin), tested from 128 pg/mL to 1 pg/mL, was
determined using the broth microdilution method?® against the selected bacterial
pathogens. Bacteria were cultured in cation-adjusted Mueller Hinton Broth (for
strains in Tables 1 and 4) or Brain Heart Infusion broth (for Enterococcus faecium) or
Tryptic Soy Broth (all other bacteria) in a 96-well plate at 37 °C for at least 20 hours.
The MIC was classified as the lowest concentration where no visual growth of
bacteria was observed. The minimum bactericidal concentration (MBC) was tested by
spotting 4 pL from wells with no growth onto Tryptic Soy Agar (TSA) plates. Plates

were incubated at 37 °C for at least 18 hours before recording the MBC.

5.1.4.5 Time-kill analysis

The time-kill analysis was performed as previously described.? MRSA USA300 cells
in logarithmic growth phase were diluted to 2.92 x 10 colony-forming units per mL
(CFU/mL) and exposed to concentrations equivalent to either 6 x MIC (in triplicate)
of F6 (compound 5.4), linezolid or vancomycin in Tryptic Soy Broth. Aliquots (100
pL) were collected from each treatment after 0, 2, 4, 8, 12, and 24 hours of incubation
at 37 °C and subsequently serially diluted in phosphate-buffered saline (PBS).
Bacteria were then transferred to TSA plates and incubated at 37 °C for 18-20 hours

before viable CFU/mL was determined.
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5.1.4.6 Toxicity profile, resistance selection and mouse study of 5.4

Toxicity profiling, resistance selection and murine infection experiments were
performed by Dr. Haroon Mohammad (post-doctoral fellow) and Nader S. Abutaleb
(graduate student) from Dr. Mohamed Seleem’s group, our collaborators at the
College of Veterinary Medicine, Purdue University.

Toxicity profile of 5.4 (F6): Compound 5.4 was assayed (at concentrations ranging
from 2 pg/mL to 256 pg/mL) against murine macrophage (J774) and human
colorectal (Caco-2) epithelial cell lines to determine the potential toxic effect to
mammalian cells in vitro. Caco-2 cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 20% fetal bovine serum (FBS), non-essential
amino acids (1X), and penicillin-streptomycin at 37 °C with CO2 (5%). J774 cells
were cultured in DMEM supplemented with 10% FBS. Upon reaching 85-90%
confluency, cells were transferred to all wells of a 96-well tissue-culture treated plate.
The cells were incubated in serum-free medium with the compounds (in triplicate) at
37 °C with CO2 (5%) for 24 hours. Cells exposed to equivalent concentrations of
DMSO served as the negative control. The assay reagent MTS 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) (Promega, Madison, WI, USA) was subsequently added and the plate
was incubated for four hours. Absorbance readings (at ODago) were taken using a
kinetic microplate reader (Molecular Devices, Sunnyvale, CA, USA). The quantity of
viable cells after treatment with each compound was expressed as a percentage of the
viability of DMSO-treated control cells (average of triplicate wells + standard

deviation). The toxicity data were analyzed via a two-way ANOVA, with post hoc
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Sidak’s multiple comparisons test (P < 0.05), utilizing GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA, USA).

Multistep resistance selection: To determine if MRSA would be capable of forming
resistance to compound 5.4 quickly, a multi-step resistance selection experiment was
conducted, as described previously?®. The broth microdilution assay was utilized to
determine the MIC of compound 5.4 and ciprofloxacin exposed to MRSA USA400
(NRS123) over 14 passages during a period of two weeks. Resistance was classified
as a greater than four-fold increase in the initial MIC, as reported elsewhere®.

Murine MRSA wound infection model: The murine MRSA skin infection was
conducted as described in a previous report®!, following the Purdue University
Animal Care and Use Committee (PACUC) and carried out in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. Three groups (n = 5) of eight-week old female BALB/c
mice (obtained from Envigo, Indianapolis, IN, USA) were used in this study and
received an intradermal injection (40 pL) containing 1.32 x 10° CFU/mL MRSA
USA300. After the formation of an abscess/open wound at the site of injection for
each mouse, topical treatment was initiated with each group of mice receiving the
following: fusidic acid (2%) or 5.4 (2%) twice daily for five days. One group of mice
was treated with the vehicle alone (petroleum jelly, negative control). Each group of
mice was individually housed in a ventilated cage with appropriate bedding, food, and
water. Mice were checked at least four times daily during infection and treatment to
ensure no adverse reactions were observed. Mice were humanely euthanized via CO2

asphyxiation 12 hours after the last dose was administered. The region around the
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skin wound was aseptically excised and subsequently homogenized in PBS. The
homogenized tissue was then serially diluted in PBS before plating onto mannitol salt
agar plates. The plates were incubated for at least 16 hours at 37 °C before viable
CFU were counted and MRSA reduction in the skin wound post-treatment was

determined for each group (relative to the negative control).
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Chapter 6: Conclusions and future perspectives

5.1 Conclusions and future perspectives

One of the core actions suggested by the US Centers for Disease Control and
Prevention to curb antibiotic resistance involves the development of new antibiotics
and diagnostic tools.! This comes at a time where antibiotic resistance is on a rapid
rise. Drug-resistant pathogens such as MRSA and VRE continue to pose significant
health threats in the hospitals as well as communities. The annual cost of antibiotic
resistance to the US healthcare is estimated to range from $21 billion to $34 billion.
The introduction novel antibiotic class or scaffolds needs to be at the core of the quest
for new antibiotics. New antibiotic classes could be discovered for the well-
established targets including cell wall synthesis, protein synthesis, DNA and RNA
synthesis.? Alternatively, identification of novel targets could lead to the discovery of
novel antibiotics.

Bacteria modulate a myriad of processes by employing cyclic dinucleotide signaling.®
Cyclic di-AMP has emerged as a universal signaling molecule in Gram-positive
bacteria, mycobacteria as well as some Gram-negative bacteria. Since its discovery in
2008,* c-di-AMP has been associated with various physiological processes including
biofilm formation,> ¢ peptidoglycan homeostasis, cell size regulation,® and ion
transport’” among others. The diadenylate cyclase gene encodes diadenylate cyclases
(DAC) that synthesize c-di-AMP. In human pathogens like S. aureus, L.
monocytogenes and S. pneumoniae®!? deletion of this gene has been shown to be

lethal, highlighting the essentiality of the second messenger. Increases in the cellular
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concentration of c-di-AMP, has been implicated in antibiotic resistance particularly -
lactam resistance. Consequently, c-di-AMP synthesis has been suggested as a
potential antibiotic target. Small molecule cell-permeable inhibitors of c-di-AMP
synthesis could have therapeutic implications.

The discovery of coralyne assay set the stage for the identification of the first DAC
inhibitor, bromophenol thiohydantoin.!! As expected, 3’-deoxyATP which cannot be
cyclized into c-di-AMP, was found to inhibit the activity of DisA.*? Both compounds
had significant limitation; bromophenol thiohydantoin is a poor inhibitor of DisA and
efforts to improve its potency failed whilst the nucleotide analog is not druglike.'® 4
In order to probe the molecular mechanisms behind c-di-AMP signaling, potent cell
permeable inhibitors of c-di-AMP synthesis will be required. During my PhD, |
screened large libraries of compounds to identify potent inhibitors of DAC. Greater
than 50,000 compounds were screened for in vitro inhibition of the DAC activity of
DisA. To identify new antibacterial scaffolds, I routinely screened inhibitors against
bacteria, particularly staphylococcal strains.

In chapter 2, | discussed the identification of suramin, the most potent inhibitor of
DisA thus far discovered using coralyne assay. Under the same conditions (1 puM
DisA and 300 uM ATP), suramin inhibited DisA with an IC50 of 2.3 uM compared
with the 67.2 uM observed with bromophenol thiohydantoin, approximately 30 times
better than bromophenol thiohydantoin. Suramin is a polysulfonated urea derivative.
However, compounds with sulfonic acid groups such as 8-aminonaphthalene-1,3,6-
trisulfonic acid (ANTS), Ponceau S, 8-aminopyrene-1,3,6-trisulfonic acid

(APTS) and benzothiazole-2,5-disulfonic did not inhibit DisA activity. Suramin did
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not inhibit the activity of GdpP (formerly YybT), the cognate c-di-AMP PDE in B.
subtilis.®® From fluorescence quenching experiments, suramin was observed to bind
to DisA with a K; of 5.4 uM. Although suramin potently inhibits the in vitro activity
of DisA, it is a large anion compound with limited cell permeability. Moloud Aflakis,
a graduate student in the Sintim Group recently found that suramin inhibit the
cGAMP synthesis of activity of cGAS.'® The mammalian cGAMP cyclase binds ATP
and so it is not surprising that its activity was inhibited by suramin.

In the second section of chapter 2, | identified tea polyphenols as DAC inhibitors of
DisA activity. Theaflavin gallate, theaflavin digallate and tannic acid all inhibited
DisA activity. Of the 3, tannic acid was found to be a non-specific inhibitor of DisA.
The inhibition of DisA activity by the theaflavins appeared to be dependent on the
number of gallate moieties. Theaflavin which contains no gallate was not active.
Theaflavin gallate, with one gallate moiety inhibited DisA with an 1C50 of 23.6 uM
whilst theaflavin digallate which possessed two gallates had an IC50 value of 8.5 pM.
However, gallic acid did not inhibit DisA activity. Inhibition of DisA by theaflavin
digallate did not depend on ATP concentration as similar IC50 values were obtained
with increasing ATP concentration. An apparent dissociation constant of 23 uM was
determined for the binding of theaflavin digallate to DisA.

The identification of cell permeable DAC inhibitors is pivotal to understanding the
cellular roles of c-di-AMP. | screened a library of pharmacologically active
compounds and identified GW5074, a kinase inhibitor as an inhibitor of DisA. Both
DAC enzymes and protein kinases bind ATP in their active site. It is therefore

possible for an ATP-competitive kinase inhibitor to bind into the active site of a DAC
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enzyme. GW5074 (compound 3.1), a c-Raf inhibitor!” was identified as a DisA
inhibitor using coralyne assay and the inhibition was confirmed with radioactive TLC
and HPLC assay. Analysis of the analogs of compound 3.1 revealed interesting
structure-activity relationship. We found that the OH group on the benzylidene
moiety was important for DAC inhibition as well as the halogen substitution. Also,
substitution of the indolinone moiety with hydrophilic groups afforded weak DAC
inhibitors. The hydroxybenzylidene-indolinones possessed selectively killed Gram-
positive bacteria over Gram-negative bacteria and also inhibited the formation of
MRSA biofilms. When tested alone, we observed moderate inhibition of S. aureus
(methicillin susceptible and methicillin-resistant) with MIC values ranging from 4
pMg/mL to 16 pg/mL. Generally, the compounds were not active against vancomycin-
resistant Enterococcus faecalis (VRE). Interestingly, | observed that they could
potentiate the activity of methicillin and vancomycin against MRSA and VRE.

In chapter 4, | disclose that compound 3.1 (GW5074) and other halogenated 4-
hydroxybenzylidene indolinones, decrease the intracellular concentration of c-di-
AMP synthesized by the S. aureus DacA. A graduate student in the Sintim group,
Kenneth Onyedibe is currently working on identifying more compounds that inhibit
c-di-AMP synthesis. These will also be evaluated for their ability to reduce cellular c-
di-AMP levels. Compounds with better potency than discussed here will allow for
studying the effect of reducing cellular c-di-AMP with a small molecule. 1 showed
that compound 3.1 synergizes with many traditional antibiotics. Analysis of the effect
of compound 3.1 on macromolecular biosynthesis revealed that DNA and RNA

synthesis, as well as protein and cell wall synthesis were affected.
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Global proteomics analysis revealed that compound 3.1 treatment resulted in the
downregulation of AgrC (a quorum sensing-related histidine kinase), AgrA (a
guorum sensing-related response regulator) as well as downstream targets, such as
hemolysins, lipases and proteases in S. aureus. We observed that the mRNA levels of
agrA were significantly decreased in the presence of compound 3.1, possibly
explaining the observed downregulation at the protein level. The transcription of agrA
from the agr operon is directed by AgrA. Hence, it may be speculated that compound
3.1 interacts with AgrA, although the upregulation of the agr transcriptional repressor,
SarX would also lead to low levels of agrA.

The agr system regulates quorum sensing in S. aureus. A major question is whether
c-di-AMP signaling intersects with quorum sensing in S. aureus and other bacteria. In
the similar but distinct cyclic di-GMP, quorum sensing (QS) has been linked with the
intracellular concentration of c-di-GMP in Gram-negative bacteria.*® For example, at
low cell density in Xanthomonas campestris, RpfF hydratase is bound to the histidine
kinase RpfC.!8 This represses the activity of RpfF limiting the amount of diffusible
signal factor (DSF) synthesized. Consequently, RpfC is not activated by DSF and this
prevents the phosphorylation and activation of the HD-GYP domain-containing c-di-
GMP phosphodiesterase, RpfG.* The cellular levels of c-di-GMP are thus high under
low cell density conditions. C-di-GMP then binds to and represses the transcription
factor Clp, inhibiting the transcription of various virulence genes.!® Conversely, at
high cell density, sensing of the DSF concentrations are high and sensing of DSF by
the histidine kinase RpfC, leads to the phosphorylation and activation of RpfG, the c-

di-GMP PDE.® The PDE activation leads to decreased c-di-GMP levels, releasing the
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repression of the transcriptional regulator Clp. Clp directs the transcription of various
virulence factors including exopolysaccharide (EPS) biosynthesis, extracellular
proteins.'® Similarly, the integration of c-di-AMP signaling with quorum sensing in
the regulation of various physiological processes is plausible. From our observations,
compound 3.1 reduced intracellular levels of c-di-AMP and inhibited the agr system.
It could therefore be speculated that in S. aureus, low c-di-AMP levels decrease the
transcription of the agr system with a resultant decrease in secreted virulence factors
like hemolysins, lipases and exoproteases. Conversely, high c-di-AMP levels would
be expected to increase agr expression and hence secretion of virulence factors.
These could be tested with genetic mutants of DAC and PDE that create low and high
cellular c-di-AMP levels respectively. Given that agrA mRNA levels were decreased
in the presence of compound 3.1, it would be expected that the relative expression of
the components of the agr operon would be decreased expression in AdacA (lack c-
di-AMP) or dacAczoss (low levels of c-di-AMP)! mutants compared with wildtype S.
aureus strains. Global proteomics analysis of such strains coupled with RT-PCR
analysis will reveal any potential link between c-di-AMP signaling and quorum
sensing.

Significant downregulation of enzymes involved in the purine biosynthesis was also
observed. S. aureus proteins involved in amino acid metabolism and peptide transport
as well as metal transport were observed to be downregulated. The most upregulated
protein was the peptidoglycan hydrolyase, SceD which was confirmed by RT-PCR
experiments. These findings shed insights into how 4-hydroxybenzylidene

indolinones kill bacteria and re-sensitize MRSA to other antibiotics. Future work will
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evaluate the c-di-AMP synthesis inhibition (both direct enzyme inhibition and effect
on cellular c-di-AMP level) of more analogs synthesized by Dr. Neetu Dayal, a post-
doctoral fellow in the Sintim group. The antibacterial profiles of the analogs will be
determined. Since compound 3.1 downregulated virulence related proteins, the effect
of 3.1 and future analogs on quorum sensing in S. aureus will be studied.
Additionally, antibiotic synergy in animal models will be studied collaboration with
Dr. Saleem’s group at Purdue University.

From screening a chemical library, we identified compounds with antibacterial
activity. In chapter 5, I discussed one of such efforts. The most potent compounds, F6
(5.4) and F6-5 (5.12) inhibited the growth of drug-resistant Gram-positive bacterial
pathogens at concentrations ranging from 1 pg/mL to 2 pg/mL. Both compounds had
activity against clinical isolates of MRSA, VISA, VRSA and VRE. MRSA could not
develop resistance to F6 compared with the antibiotic ciprofloxacin. We showed that
F6 could clear MRSA from wounds of infected mice at a potency similar to the
antibiotic, fusidic acid. These compounds have the potential to be translated.
However, the potency against drug-resistant bacteria must be improved. A graduate
student in the Sintim group, George A. Naclerio is making new analogs of the F6
scaffold. We have identified more potent anologs that with MIC range of 0.25 — 0.5
pg/mL. The target of these compounds will also need to be identified and hence
mechanism of action studies like macromolecular biosynthesis need to be evaluated.
Additionally, George A. Naclerio has made a biotinylated analog that could be used

in pull-down assays to identify protein(s) that the compound binds to.
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Appendices

A. Calibration curve used for quantification of c-di-AMP in cell extract by LC-
MS/MS.
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Solutions of c-di-AMP calibrators at 39.06 to 20,000 ng/mL containing 2.5 uM
cXMP internal standard were used to generate a calibration curve. The response ratios
(ratios of c-di-AMP signal to cXMP internal standard) were plotted against the c-di-

AMP concentration (ng/mL) and data fitted to a quadratic regression curve.
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