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Bacterial infections, especially the ones that are caused by multidrug-resistant

strains, are becoming increasingly difficult to treat and put enormous stress on
healthcare systems. Recently President Obama announced a new initiative to combat
the growing problem of antibiotic resistance. New types of antibiotic drugs are always
in need to catch up with the rapid speed of bacterial drug-resistance acquisition.
Bacterial second messengers, cyclic dinucleotides, play important roles in signal
transduction and therefore are currently generating great buzz in the microbiology
community because it is believed that small molecules that inhibit cyclic dinucleotide
signaling could become next-generation antibacterial agents. The first identified cyclic

dinucleotide, c-di-GMP, has now been shown to regulate a large number of processes,

such as virulence, biofilm formation, cell cycle, quorum sensing, etc. Recently,



another cyclic dinucleotide, c-di-AMP, has emerged as a regulator of key processes in
Gram-positive and mycobacteria. C-di-AMP is now known to regulate DNA damage
sensing, fatty acid synthesis, potassium ion transport, cell wall homeostasis and host
type I interferon response induction. Due to the central roles that cyclic dinucleotides
play in bacteria, we are interested in small molecules that intercept cyclic dinucleotide
signaling with the hope that these molecules would help us learn more details about
cyclic dinucleotide signaling or could be used to inhibit bacterial viability or virulence.

This dissertation documents the development of several small molecule inhibitors
of a cyclic dinucleotide synthase (DisA from B. subtilis) and phosphodiesterases
(RocR from P. aeruginosa and CdnP from M. tuberculosis). We also demonstrate that
an inhibitor of RocR PDE can inhibit bacterial swarming motility, which is a virulence

factor.
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Chapter 1 : Introduction

1.1.Introduction to cyclic dinucleotide

Humanity has always fought with pathogens and bacteria have been especially
problematic to counter. Bacterial epidemics have led to the deaths of millions of
people over the years. For example the bubonic plaque, caused by the bacterium
Yersinia pestis, killed over 50 million people in the Roman Empire. The discovery of
many antibiotics in the 50s and 60s ushered in an optimism that deaths due to
bacterial infections would be a thing of the past but many of these drugs and
derivatives thereof have succumbed to bacterial resistance, rendering them
ineffective.” Recently President Obama announced a new initiative to combat the
growing problem of antibiotic resistance. New types of antibiotics are in urgent need
to curb the threats posed by methicilin-resistance Staphylococcus aureus (MRSA) and
other infections that are continually claiming lives. The ability to sense the
surrounding environment and regulate cellular processes to adapt to environmental
changes is critical for bacterial survival. It is widely accepted that understanding the
bacterial signaling and regulation system will lead to the discovery of new druggable
targets. Cyclic dinucleotides have emerged as important second messengers and
regulate diverse processes.” The structures of four types of cyclic dinucleotides are
shown in Figure 1.1. C-di-GMP mainly regulates lifestyles of Gram-negative
bacteria.® C-di-AMP is essential for Gram-positive bacterial survival.” 3°3’-cGAMP
is found in Vibrio® and 2°3’-cGAMP, which has a non-canonical 2,5’ -phosphodiester

linkage, is produced by mammalian cells’.
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Figure 1.1. Structures of four types of cyclic dinucleotides.

1.2.C-di-GMP

Bis-(3’-5) cyclic diguanylic acid (c-di-GMP) was originally discovered by
Benziman and colleagues in the 1987 as an activator of cellulose synthase in Gram
negative bacterium Gluconoacetobacter xylinus (formerly named Acetobacter
xylinum)."° They also showed the existence of diguanylate cyclase (DGC) that
enzymatically generated the signaling molecule c-di-GMP from two molecules of
guanosine triphosphate (GTP) and phosphodiesterase (PDE) that degraded c-di-
GMP." So far, c-di-GMP has been widely identified in a wide variety of Gram-
negative, such as Pseudomonas aeruginosa, Caulobacter crescentus, Escherichia

coli, Salmonella typhimurium and Vibrio cholerae, and a few Gram-positive bacteria,



such as Bacillus subtilis and Listeria monocytogenes.” The discovery of different
types of c-di-GMP binding proteins discloses its important roles in bacterial lifestyle
(planktonic or sessile)."" When the intracellular concentration of c-di-GMP is high, it
induces extracellular polymeric substance (EPS) production and promotes biofilm
formation.'”” When c¢-di-GMP concentration is low, flagella biosynthesis is
upregulated and bacterial motility significantly increases."> C-di-GMP also represses
acute virulence gene transcription.'* In 2008, Breaker and colleagues reported that c-
di-GMP could bind to a new type of receptor, RNA riboswitches and control
expression of genes.”> A general overview of c-di-GMP metabolism and the pathways

regulated by c-di-GMP is shown in Figure 1.2.
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Figure 1.2. An overview of c-di-GMP metabolism and pathways regulated by c-di-

GMP. C-di-GMP is synthesized by DGC and degraded by PDE. C-di-GMP promotes

biofilm formation and inhibits bacterial motility and acute virulence factor production.

1.2.1. Diguanylate cyclase and phosphodiesterase

The intracellular concentration of c-di-GMP is fine-tuned by its metabolism
enzymes, diguanylate cyclase (DGC) and phosphodiesterase (PDE). DGCs cyclize 2
molecules of GTP to c-di-GMP and release 2 molecules of pyrophosphates. DGC was
first purified and tested in vitro by Benziman.'® In 1995, Newton and colleagues
characterized the gene of a DGC PleD in Caulobacter crescentus and identified a

novel GGDEF (Gly-Gly-Asp-Glu-Phe) domain at C terminal.'® PleD is a part of the



PleC-PleD two component signaling (TCS) system. Upon the phosphorylation by
histidine kinase PleC, PleD synthesizes the second messenger c-di-GMP.'” The
crystal sctructure of PleD was solved by Schirmer and colleagues in 2004 (Protein
Data Bank (PDB) entry 1W25)."® The conserved GGDEF or GGEEF (Gly-Gly-Glu-

19-21
Some

Glu-Phe) motifs were confirmed to be commonly shared by most DGCs.
well characterized examples are WspR*® from Pseudomonas aeruginosa (PDE entry
315A) and DosC?** (also known as YddV) from Escherichia coli (PDB entry 4ZVE).
Some non-canonical domains also display DGC functions, such as AGDEF domain in
Vibrio cholerae VCA0965% and SGDEF domain in Pectobacterium atrosepticum
ECA3270*. Besides the active site (A-site), some DGCs also contain an inhibitory site

(I-site). When c-di-GMP binds to the DGC I-site, which usually consists an RxxD (x

refers to any amino acid), c-di-GMP synthesis is allosterically inhibited.”

The hydrolysis of ¢-di-GMP is conducted by two types of phosphodiesterases
(PDEs), EAL (Glu-Ala-Leu) domain PDE and HD-GYP (His-Asp and Gly-Tyr-Phe)
domain PDE. The major product of EAL domain PDE is 5’-phosphoguanylyl-
guanosine (pGpG) and the step of degradation of pGpG to Guanosine monophosphate
(GMP) is slow. RocR (PDB entry 3SY8%°) from Pseudomonas aeruginosa cleaves c-
di-GMP to pGpG in the presence of Mg®" or Mn®" and it is inhibited by Ca*" and
Zn*"*" The crystal structure of YahA from Escherichia coli in complex with c-di-
GMP and Ca®" was solved by Schirmer and colleagues in 2014 (PDB entry 4LJ3).%®
Graperin and colleagues predicted the functions of HD-GYP in c-di-GMP hydrolysis
by bioinformatic studies® and the biochemical evidence for this hypothesis was
reported by Dow and colleagues®. The HD-GYP domain PDE RpfG from

5



Xanthomonas campestris pv. Campestris directly cleaves c-di-GMP to GMP.*® There
are a few crystal structures of HD-GYP PDEs. Bd1817 from Bdellovibrio
bacteriovorus (PDE entry 3TMD), which lacks the tyrosine in the GYP active site,
presents a bi-iron center.”' However, the structure of another HD-GYP protein PmGH
from Persephonella marina shows a different trinuclear iron active site (PDB entry
4ME4).? In 2015, the structure of PA4781 from Pseudomonas aeruginosa was
reported (PDB entry 4R8Z) and the bimetallic active site binds to Mn®", Ni*" and

some other transition metals with similar affinities.>

1.2.2. C-di-GMP binding proteins and riboswitches

The regulation functions of c¢-di-GMP rely on the downstream receptors,
including c-di-GMP binding proteins and riboswitches.” There are three major types
of ¢c-di-GMP binding proteins: 1) PilZ domain c-di-GMP receptor; 2) DGC I-sites and

inactive EAL and HD-GYP domains; 3) other types of c-di-GMP receptors. "'

The first type of c-di-GMP binding domain PilZ (Pfam: PF07238) was predicted
by Amikam and Gaperin by bioinformatics studies.** This hypothesis was proved by
Gomelsky and colleagues in the same year.” The purified PilZ domain protein YcgR
from Escherichia coli showed a dissociation constant (K4) of 0.84 = 0.16 uM to c-di-
GMP and the C terminus of BcesA from Gluconacetobacter xylinus also binds to c-di-
GMP with a lower affinity.” The PilZ domain is widely spread in many bacteria.
Algd4 from Pseudomonas aeruginosa’®, DgrA protein from Caulobacter
crescentus’’, PlzC and PlzD from Vibrio cholerae® are typical PilZ domain c-di-

GMP receptors. The conserved sequence RxxxR, . (D/N)x(S/A)xxG (x refers to any
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amino acid) in PilZ domain, which is responsible for c-di-GMP binding, was

disclosed by the crystal structures and biochemical experiments.'" >3

As mentioned previously, c-di-GMP binds to the I-site of DGC and allosterically
inhibits DGC activity. C-di-GMP strongly inhibits PleD from Caulobacter crescentus
with a K; of 0.5 pM.'® Protein with degenerate GGDEF or EAL domains is another
kind of c-di-GMP receptor. For example, FimX from Pseudomonas aeruginosa with
GGDEF-EAL domain does not have DGC or PDE activity (PDB entry 3HV8).” Its
EAL domain binds to c-di-GMP with 104.2 nM affinity and regulates twitching
motility.” Another example is the GGDEF domain of PopA from Caulobacter
crescentus. Instead of synthesizing c-di-GMP, its GGDEF domain binds to c-di-GMP

and mediates movement toward cell pole.*’

Some c-di-GMP receptors are transcription factors that wupregulate or
downregulate target gene transcription upon c-di-GMP binding, such as the major
flagella gene regulator in Pseudomonas aeruginosa FleQ (PDB entry 4WXM).*' C-
di-GMP binds to the Walker A motif of FleQ with stoichiometry of 2:1 and K4 of
about 4.1 uM and results in the repression of flagella biosynthesis and increase of
EPS production.*” VpsT is a transcription factor in Vibrio cholerae that regulates
biofilm formation. C-di-GMP dimer binds to VpsT and induces VpsT dimerization,

so the stoichiometry is 1:1 and the affinity was measured as 3.2 uM.*

Breakers and Collegues reported the first type of c-di-GMP binding RNA
riboswitch Vc2 in 2008."° Riboswitch is a noncoding segment of messenger RNA,

which adopts specific secondary structures. Upon binding to the small molecular



ligand c-di-GMP, RNA riboswitch secondary structure changes and regulates
transcription of downstream genes. Vc2 riboswitch binds to c-di-GMP specifically
with about 1 nM affinity." In 2010, the same group identified c-di-GMP-II
riboswitch.** C-di-GMP-II riboswitch senses c-di-GMP with < 200 pM affinity and
regulates self-splicing.** In 2012, Sintim and colleagues reported a hybrid Spinach-
Vc2 RNA aptamer, which contains a c-di-GMP binding region and a fluorescent
reporter region.” In the presence of fluorophore DFHBI, Spinach-Vc2 RNA aptamer

detects as low as 320 nM ¢-di-GMP.*®

1.2.3. Cellular processes regulated by c-di-GMP

C-di-GMP was first discovered as an allosteric activator of cellulose synthase in
Gluconoacetobacter xylinus."® Although discovered almost 30 years ago, it is only in
the last decade that the many cellular processes that are regulated by c-di-GMP have
been elucidated. The major function of c-di-GMP is the regulation of motility-to-
sessility transition.” It is also a key player in cell cycle and virulence factor

production.’

Bacteria have two common lifestyles, planktonic cells and sessile biofilm. Biofilm
is a group of microorganisms adhere to a solid surface and it is a common mode of
bacterial growth in natural enviroment.** Biofilm cells are embedded within a self-
produced matrix of extracellular polymeric substance (EPS).*® EPS matrix consists of
exoplolysacchrides, extracellular proteins, DNA and some other macromolecules.*’
EPS protects bacterial cells from harsh environment and antibiotic killing. It also
facilitates attachment and adhesion to host cells and contributes to pathogenicity.*’

Biofilm causes different kinds of health problems, such as wound infection, cystic
8



fibrosis lung infection and dental plaque.”® Biofilm colonizes implanted medical
devices, like Catheter, Mechanical heart valves and Prosthetic joints.49 Biofilms are
difficult to eradicate, leads to complications during infections and are also a threat to
food industry.”® Many outbreaks of foodborne diseases were associated with biofilm.
Interest is currently high regarding c-di-GMP signaling because it has emerged as it is
a master biofilm regulator.'” Research studies about different bacteria have shown
that inactivation of c-di-GMP synthase dramatically abolished biofilm formation,

5152 The mechanism of

rendering c-di-GMP as a new target for biofilm eradication.
how c¢-di-GMP regulates biofilm formation has been studied in details. There are
plenty of c-di-GMP receptor proteins participating in the EPS biosynthesis system. C-
di-GMP promotes biofilm formation by binding to these receptors and facilitate EPS
synthesis and transportation.”® Cellulose is a key component of EPS matrix. It
provides structural support to biofilm and promotes attachment to surfaces.”* C-di-
GMP is a cellulose biosynthesis regulator. In Gluconoacetobacter xylinus, c-di-GMP
binds to the PilZ domain of cellulose synthase subunit A (CeSA) and induces the
production of cellulose.” Alginate is an exopolysaccharide produced by
Pseudomonas aeruginosa to enhance bacterial adhesion to solid surface and host
tissues.”® C-di-GMP binds to a PilZ domain receptor protein Alg44 and promotes
alginate secretion.’® Pel polysaccharide is produced by Pseudomonas aeruginosa
during biofilm formation.”” It not only helps adhesion, but also provides resistance to
aminoglycoside antibiotics.”® Dimeric ¢-di-GMP binds to the inactive GGDEF

domain of PleD protein and stimulates Pel production.”® C-di-GMP also regulates Pel

and another Pseudomonas aeruginosa exopolysaccharide Psl via the transcription



factor F1eQ.%® FleQ represses the expression of pel and ps! genes.®” When c-di-GMP
binds to FleQ, the repression effect is relieved.

Bacterial motility is essential for the infection process, because it enables bacteria
to move toward host cells. Nurminen and colleagues showed that urinary tract
infection of Salmonella enterica serovar Typhimurium relied on its motility.®’
Guentzel and Berry reported that Vibrio cholerae infection and virulence was
associated with its motility. The mortality rate of mice infected with non-motile
Vibrio cholera was much lower than the ones infected with wild-type strains.®> Most
bacteria move via rotation of flagella, which is a long rigid structure protruded from
the cell surface. Flagellum enables bacteria to swim in the water and sometime swarm
on the semi-solid surface. Hughes and coleagues showed that urinary tract infection
caused by Proteus mirabilis was related to the flagella mediated swarming activity.
Lost of flagella abolished its ability to enter urothelial cells and the non-swarmer cells
were 25-fold less invasive into the urothelial cells than wild-type cells.® Inhibition of
bacterial motility is considered as a promising way to reduce infection. C-di-GMP
stands out because of its key role in flagella regulation in various bacteria. In
Escherichia coli and Salmonella enterica, c-di-GMP impedes flagella rotation and
swimming motility by binding to the PilZ domain protein YcgR. (Figure 1.3)64 The
rotation of flagella depends on the torque generated by the stator protein MotA and
the rotor component FliG.*® Research reported showed that c-di-GMP bound YcgR
disrupted the electrostatic interaction between MotA and FliG/M and resulted in

inefficient swimming.66
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Figure 1.3. C-di-GMP impedes motility of Escherichia coli. When c-di-GMP

concentration is low, Escherichia coli swims by rotation of flagella, which is powered
by the torque generated by MotA and FilG. When c¢-di-GMP intracellular
concentration is high, it binds to the PilZ domain protein YcgR. C-di-GMP bound
YcgR interrupts the interaction between MotA and FilG/M and slows down

swimming.

In Pseudomonas aeruginosa, c-di-GMP binds to the Walker A motif of FleQ,
which is the activator of flagella genes, and leads to the repression of flagella
synthesis. C-di-GMP mediates flagella biosynthetic gene repression via binding to a
key transcription factor F1eQ.* P. aeruginosa encodes two stator complexes, MotAB
(PA4954/4953) and MotCD (PA1460/1461).°® These stators are cytoplasmic

membrane channels that generate flagella rotation torque by proton conduction. The
11



numbers of MotAB and MotCD in a motor is dynamic. Both MotAB and MotCD
stators can provide energy for swimming motility. Disability of one stator does not
completely vanish swimming. However MotAB and MotCD have opposite functions
in swarmer cells.”” MotCD generates torque for swarming, but MotAB impedes it.
With unknown mechanism, c¢-di-GMP downregulates the proportion of MotCD in a
motor and slows down swarming.”’

Bacterial virulence factors make significant contribution to their pathogenicity.
Virulence factors enable bacteria to attach to and invade into host cells and tissues,
escape from host immune response and cause damage to host tissues. C-di-GMP is
involved in virulence factor production regulation. Tischler and Camilli found that c-
di-GMP repressed the expression of the cholera toxin produced by Vibrio cholerae.
The c-di-GMP phosphodiesterase VieA activity is essential for Vibrio cholerae
virulence. VieA mutant leads to high intracellular concentrations of ¢-di-GMP, which

1.”' Klose and

attenuated Vibrio cholerae virulence in the infant mouse mode
colleagues also showed that elevated c-di-GMP concentration in Francisella
novicida, a Gram-negative pathogen, increased biofilm formation and decreased
virulence in mice infection.”” Pseudomonas aeruginosa utilizes its type III secretion
system (T3SS) to directly inject effector proteins into host cells. ExoS and ExoU are
the two most toxic effector proteins. ExoS has both GTPase-activating protein (GAP)
activity and ADP-ribosyltransferase (ADPRT) activity and disrupts of host cell actin
skeleton.” ExoU is a phospholipase, which has acute cytotoxicity in epithelial cells

and macrophages and is involved in killing neutrophils.”* Overexpression of

Pseudomonas aeruginosa DGC WspR or PA1120 dramatically decreased the delivery

12



of T3SS needle tip structural protein PcrV, indicating that c-di-GMP represses
T3SS.” Figure 1.4 shows the regulation of virulence factors in Pseudomonas
aeruginosa regulated by c-di-GMP signaling system and quorum sensing.

ExoS, ExoT, ExoU, ExoY

Biofilm T

N

3-0x0-C12-HSL T35S
Pyoverdine <f--====TTZ> ST
LasB
LasA
Exotoxin A

<
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-
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11
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Figure 1.4. Virulence factor production in Pseudomonas aeruginosa regulated by
c-di-GMP signaling system and quorum sensing. C-di-GMP inhibits the
expression of acute virulence genes, such as T3SS, which directly delivers toxins
to host tissues. C-di-GMP promotes chronic infection, such as exopolysaccharide
production and biofilm formation. QS and c-di-GMP are linked by TpbA and
TpbB. LasR activates tpbA gene expression and TpbA inhibits TpbB, which is a

diguanylate cyclase.
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1.2.4. Inhibitors of c-di-GMP signaling

A lot of efforts have been put into the discovery of c-di-GMP signaling inhibitor.
The pioneer work was done by Benziman, who discovered c-di-GMP. Benziman
group isolated Glycosidic triterpenoid saponin (GTS) from Pisum sativum and
showed that GTS was a specific inhibitor for DGC in Gluconoacetobacter xylinus
with a K; of 5 pM.”® Papulacandin B, which is an antifungnal compound from
Papularia sphaerosperma, also inhibits DGC with less promising K; (70 pM).”’
Recently more small molecule inhibitors of DGCs have been discovered. Waters and
colleagues reported seven Vibrio cholerae DGC inhibitors that also inhibited biofilm
formation.”> They also identified four molecules that inhibited DGC activity and
biofilm formation by Pseudomonas aeruginosa and Acinetobacter baumannii.”
However, researchers only focus on DGC inhibitors because c-di-GMP increases
biofilm formation. There is a paucity of c-di-GMP PDE inhibitors. In 1990,
Benziman and colleagues synthesized a series of 13 cyclic dinucleotides or cyclic
trinucleotides. These nucleotides were subject to Gluconoacetobacter xylinus PDE-A
cleavage and they inhibited the cleavage of c-di-GMP by PDE-A." Sintim and
colleagues synthesized an analog of c-di-GMP with a bridging sulfur in the
phosphodiester linkage. This analog, named endo-S-c-di-GMP inhibits c-di-GMP
cleavage by Pseudomonas aeruginosa PDE RocR.” These PDE inhibitors are all
nucleotides that harbor negative charged phosphodiester linkage. Thus the cell
permeability of these inhibitors is low and they hardly have in vivo activities. During
my Ph.D., I was interested in the identification of cell permeable PDE inhibitors,

which can be utilized to analyze the intracellular functions of PDE. In Chapter 5, 1
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described the identification of a RocR inhibitor, which modulated the swarming

activity and virulence factor production of Pseudomonas aeruginosa.

1.3. C-di-AMP

In 2008, Hopfner discovered another cyclic dinucleotide second messenger,
Cyclic diadenosine monophosphate (c-di-AMP) in Bacillus subtilis along with its
synthase DNA integrity scanning protein (DisA).*” DisA scans DNA and searches
for DNA breaks.®' During DNA scanning by DisA, the enzyme converts ATP into c-
di-AMP. When DisA finds a DNA break, such as Holiday junction, it stays at the
damage site, c-di-AMP synthesis is halted and the enzyme recruits other enzymes to
repair DNA.* C-di-AMP serves as a signal to report the DNA breaks and causes a
delay in sporulation.*” Now c-di-AMP has emerged as a key regulator of key
processes in Gram-positive and mycobacteria, such as Staphylococcus aureus,
Streptococcus pneumonia, Streptococcus pyogenes, Listeria monocytogenes,
Mycobacterium smegmatis, Mycobacterium tuberculosis, etc.” C-di-AMP is now
known to regulate DNA damage sensing™, fatty acid synthesis®, potassium ion
transport™, cell wall homeostasis® and host type I interferon response induction®
(See Figure 1.5). Interestingly bacterial DNA and cell wall are important targets for
antibiotics that are currently used in the clinic. Therefore it is likely that inhibitors of

c-di-AMP signaling could potentiate the actions of these traditional antibiotics.
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Figure 1.5. An overview of c-di-AMP metabolism and pathways regulated by c-di-
AMP. C-di-AMP is synthesized by DAC and degraded by c-di-AMP specific PDE.
C-di-AMP regulates DNA damage sensing, cell wall homeostatic, fatty acid synthesis
and potassium ion transport. C-di-AMP is able to induce host type I interferon

response.

1.3.1 Diadenylate cyclase and phosphodiesterase

Unlike c-di-GMP, for which the metabolic and regulatory pathways have been
largely explored, c-di-AMP metabolism enzymes, receptor proteins and RNAs
remain largely uncharacterized. C-di-AMP is synthesized from two molecules of
ATP by diadenylate cyclase (DAC), which contains a DAC domain. DAC domain
proteins have been reported in Bacillus subtilis (DisA* and CdaS®"), Streptococcus
pyogenes (spyDAC)*, Streptococcus pneumoniae (DacA)*’ and Mycobacterium
tuberculosis (Rv3586)”. C-di-AMP is degraded by phosphodiesterase (PDE) to

linear 5°- phosphoadenylyl adenosine (pApA) or adenosine monophosphate (AMP).
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Most of c-di-AMP PDE contains DHH/DHHA1 domain. C-di-AMP PDEs have been
reported in Bacillus subtilis (YybT)’', Staphylococcus aureus (GdpP)”,
Streptococcus  pneumoniae (Pdel and Pde2)¥, Mycobacterium tuberculosis
(Rv2837¢)” and Borrelia burgdorferi (DhhP)**. Recently a novel HD(His-Asp)-
domain PDE from Listeria monocytogenes was reported to hydrolyze c-di-AMP by

Woodward and colleagues.”

1.3.2 C-di-AMP eftector proteins

As a second messenger, c-di-AMP binds to receptors and regulates downstream
cellular processes. The receptors of c-di-AMP include proteins or RNA riboswitches.’
The first identified c-di-AMP receptor was DarR, a TetR family transcription factor
in Mycobacterium smegmatis.*> C-di-AMP binding enhances DarR DNA binding
activity and represses the expression of target genes, including the gene encoding a
cold shock protein CspA and two genes associated with fatty acid metabolism and

% and

transportation.* C-di-AMP binding proteins KtrA in Staphylococcus aureus
CabP in Streptococcus pneumoniae® enable bacterial survival under low-potassium
conditions and elevated c-di-AMP impairs potassium uptake. For some other c-di-
AMP binding proteins in Staphylococcus aureus, histidine kinase KdpD was also
predicted to involve in potassium homeostasis and CpaA was predicted to be a
cation/proton antiporter’*. The PII-like signal transduction protein PstA”’ in
Staphylococcus aureus and DarA’® in Bacillus subtilis also showed c-di-AMP binding
affinity. RNA riboswitches also serve as c-di-AMP receptors. A common riboswitch
class ydaO was reported to bind to c-di-AMP with subnanomolar affinity” and the c-

100, 101

di-AMP bound structures showed two c-di-AMP binding pockets and

17



fluorescent riboswitch biosensors were also developed to detect c-di-AMP in live

102
cells.!?

1.3.3 Inhibitors of c-di-AMP signaling

Although c-di-GMP is an important second messenger, bacteria are usually able
to tolerate the overexpression or mutation of c-di-GMP metabolism enzymes.’
However, c-di-AMP intracellular concentration is rigidly controlled. If c-di-AMP
level is either lower or higher than an appropriate range, it impairs the growth of

Bacillus subtilis.'®

Woodward and colleagues showed that c-di-AMP is very
important for cell wall metabolism and viability of Listeria monocytogenes.*> Low
concentration of c-di-AMP caused by depletion of DAC or overexpression of PDE
led to decreased bacterial growth and bacteriolysis.* C-di-AMP is also involved in
virulence production. Mutation of dhhP gene (a c-di-AMP PDE in Borrelia
burgdorferi) significantly decreased the production of the major bacterial virulence
factor OspC.** Mycobacterium tuberculosis c-di-AMP PDE CnpB is critical for its
virulence.'™ Macrophages infected with AcnpB strain, which produces higher
concentrations of c-di-AMP, expressed more type I interferon. AcnpB strain was less
virulence in a mice infection model than the wild-type strain.'®

Since c-di-AMP concentration needs to be maintained at a certain level for
bacterial survival, its metabolism enzymes are considered as good targets for new
antibiotic development. So far only a few inhibitors of c-di-AMP metabolic enzymes
have been reported in literature. DNA integrity scanning protein A (DisA) is a

diadenylate cyclase from Bacillus subtilis.*' DNA damage sensing and c-di-AMP

synthesis are performed simultaneously. Sintim and colleagues established a high-
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throughput fluorescent assay for c-di-AMP detection named the coralyne assay.'®’
Coralyne is prepared in a buffer containing halogens (Br™ or I'), which quenches the
fluorescence of coralyne. In the presence of c-di-AMP, coralyne forms complex with
c-di-AMP and this complex protects coralyne from halogen quenching effect (see
Figure 1.6). Coralynce fluorescence is resumed and correlated to the c-di-AMP
concentration.'” During my Ph.D., I participated in the development of coralyne
assay and optimized this method for DAC inhibitor screening. In Chapter 2, I
described the identification of the first inhibitor for DisA from a 1000-compound
library.'® Hopfner and colleagues found that 3’-dATP inhibited DisA with an ICsg
of 3 uM."”" Recently, Sintim group identified another DisA inhibitor suramin, which
is an antiparasitic drug, from a screening of a library of 2000 known drugs.'® For c-
di-AMP PDE, Liang and colleagues showed that the stringent stress alarmone ppGpp
was an inhibitor for YybT in Bacillus subtilis.”" ppGpp competitively inhibited YybT
cleaving c-di-AMP with a K; of about 36 pM.”" ppGpp also inhibits GdpP in
Staphylococcus aureus with a K; of 129.7 + 42.8 uM'” and PgpH in Listeria
monocytogenes with a ICsy of 200 ~ 400 pM”. There are no literature reports for

inhibitors for c-di-AMP receptor proteins and riboswitches.
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Figure 1.6. C-di-AMP detection by the coralyne assay. Halide ions (Br™ or I') in the
solution quench coralyne fluorescence in the absence of c-di-AMP. In the presence of
c-di-AMP, it forms complexes with coralyne. C-di-AMP protects coralyne from

quenchers and c-di-AMP-coralyne complex’s fluorescence can be detected.

C-di-AMP production is critical for bacterial viability. It is expected that the
inhibitors of c-di-AMP signaling would have the potential to be developed into
potent antibacterial agents against important human pathogens. In Chapter 4, 1
described the characterization of a Mycobacterium tuberculosis c-di-AMP PDE
CdnP and showed its unexpected cleavage against host derived second messenger
2°3’-cGAMP. The cleavage activity of CdnP is critical for Mycobacterium
tuberculosis virulence. We designed and synthesized a small molecule Ap(S)A,

which inhibits CdnP activity in vitro and attenuated virulence in vivo.

1.4. 3°3°-cGAMP

In 2012, Mekalanos and colleagues explored the contribution of the Vibrio 7(th)
pandemic island-1 (VSP-1) to pathogenesis and they discovered a new type of cyclic

dinucleotide with hybrid bases, cyclic AMP-GMP (3°3’-cGAMP), in Vibrio
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cholerae.® This new bacterial second messenger is synthesized by a novel class of di-
nucleotide cyclase DncV,* which contains a conserved G[G/S]Xo.;3:DX[D/E] motif.
DncV was required for the intestinal colonization and it also repressed V. cholerae
chemotaxis. Three years later, Jiang and colleagues reported three cGAMP-specific
PDEs in Vibrio cholerae with HD-GYP domains, named V-cGAP1/2/3."'" All of V-
cGAP1/2/3 are able to degrade 3°3’-cGAMP to the linear 5’-pApG and V-cGAP1 can
cleave 5’-pApG to 5°-ApG in a second step, due to its 5’-nucleotidase activity.''® The
protein receptors for 3°3’-cGAMP are still unclear. The first 3°3’-cGAMP riboswitch
was developed based on the class I c¢-di-GMP riboswitch. In 2011, Strobel and
colleagues found that a single C92U mutation in the ligand binding pocket enables c-
di-GMP class I riboswitch to bind to 3°3’-cGAMP.'"" In 2015, Hammond showed
that Gram-negative bacterium Geobacter sulfurreducens produced 3°3’-cGAMP and
GEMM-I (Genes for the Environment, Membranes, and Motility) class riboswitch

12 At the same

was a 3’3’-cGAMP receptor that regulates electrophysiology genes.
time, Breaker and colleagues also reported 3’3’-cGAMP riboswitch in

Deltaproteobacteria that controls exoelectrogenesis.' "

1.5. 2°3°-cGAMP

In 2013, cyclic dinulcleotide second messenger in mammals was brought to light

by Ablasser, Hornung and colleagues.'"*

One of the two phosphodiester bonds has a
special linkage between 2°-OH of GMP and 5’-phosphate of AMP, which
distinguished mammalian 2°3’-cGAMP from cyclic dinucleotides in bacteria.'’® 2°3’-

cGAMP is synthesized from GTP and ATP by a cytoplasmic nucleotidyl transferase,

named cyclic GMP-AMP synthase (cGAS).'"* The 2°3’-cGAMP synthesis was
21



postulated in a two-step manner. Firstly GTP and ATP forms the linear intermediate
pppGp(2°-5°)A and in the second step, pppGp(2°-5°)A is cyclized to 2°3’-cGAMP."'
The enzymatic activity of c¢GAS is stimulated by foreign or self DNA in the
cytoplasm. When cGAS binds to cytoplasmic DNA, it synthesizes the signaling
molecule 2°3’-cGAMP and induces immune response.''” ' In 2014, Mitchison and
colleagues identified an glycoprotein on the plasma membrane and endoplasmic
reticulum ENPP1 that degrades 2°3’-cGAMP into AMP and GMP (k¢ = 12 sfl, Kn=
20 uM).'"”” ENPP1 was originally reported to be an ATP hydrolase (ke = 165 ', Kin =
46 puM). Crystal structure of ENPP1 (PDB entry 4HTW) revealed a Ca®"-binding

domain and ENPP1 is able to chelate two Zn>" ion in its active site.'>°

1.6. Cyclic dinucleotides induce Type I interferon response in a STING-dependent

manner

One of the efficient methods for the host innate immune system to detect
intracellular pathogens is to sense cytoplasmic DNA. As described previously, upon
binding to cytoplasmic double stranded DNA, cGAS synthesizes the signaling
molecule 2°3’-cGAMP."?! 2°3’-cGAMP binds to and activates STING (Stimulator of
Interferon Genes, also known as MITA, MPYS and ERIS), which is a 5
transmembrane domain protein that predominantly resides in the endoplasmic

114

reticulum. "~ Activated STING triggers the phosphorylation of transcriptional factor

IFN regulatory factor (IRF3) by the kinase TANK-Binding Kinase 1 (TBK1).'**'#
Phosphorylated IRF3 then translocates into the nucleus to induce the transcription of
type I interferon genes (See Figure 1.7). The affinity of 2°3’-cGAMP for human

STING has been shown to be very high, with a dissociation constant of 4.59 nM.'"”
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Figure 1.7. Cyclic dinucleotides induce type I interferon response. cGAS detects
cytoplasmic DNA and synthesizes 2°3’-cGAMP. 2°3’-cGAMp and c-di-AMP and c-
di-GMP from bacteria bind to STING. Activated STING mediates the
phosphorylation of IRF3 by TBK1. Phosphorylated IRF3 induces the transcription of
type I interferon genes in nucleus.

STING is able to sense cytoplasmic DNA directly'**

, as well as the bacterial
cyclic dinucleotides'*’. Vance and colleagues showed the direct binding of STING to
c-di-GMP and dissociation constant K4 of 5 uM was obtained by equilibrium
dialysis.'” C-di-AMP is capable to induce type I interferon response in a STING-

dependent manner but with a lower binding affinity.'*® Chen and colleagues measured

the binding affinity of STING to 3°3-cGAMP and synthetic analogs 3°2’-cGAMP and
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2°2’-cGAMP by ITC. K4 was measured as 1.04 uM, 1.61 uM and 287 nM. Their

binding affinities are much lower than host derived 2°3’-cGAMP.'"
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Chapter 2 : Identification of Bromophenol Thiohydantoin as an Inhibitor
of DisA and Structure-activity Relationship Studies of Bromophenol

Thiohydantoin

2.1. Identification of bromophenol thiohydantoin as an inhibitor of DisA, a c-di-

AMP synthase, from a 1000 compound library, using the coralyne assay

This section (2.1.) was originally published as: Zheng, Y.; Zhou, J.; Sayre D.;
Sintim H.O. “Identification of bromophenol thiohydantoin as an inhibitor of DisA,
a c-di-AMP synthase, from a 1000 compound library, using the coralyne assay.”
Chem. Commun., 2014, 50, 11234-11237.

2.1.1. Introduction

The ability to sense the environment and communicate with co-inhabitants of an
ecosystem 1is critical for the survival of any organism. Consequently intricate sensing
and regulatory mechanisms have evolved in organisms to regulate physiological
processes, in response to a changing environment. In 2008, Hopfner showed in a
seminal paper that DisA, a Bacillus subtilis protein that controls sporulation
checkpoint when DNA double strand break occurs, has a nucleotide-binding domain
that binds to ATP to make a novel cyclic dinucleotide, c-di-AMP.* It turned out that
the presence of c-di-AMP signaled the presence of DNA structures that would
interfere with proper chromosome segregation. Hopfner also predicted that many
bacteria harbored proteins that contained the diadenylate cyclase (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
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thereafter many reports by other laboratories confirmed that c-di-AMP is indeed

. . . . 2 99, 103, 127-
produced in other bacteria, some of which are of clinical relevance.” 8 8- %3 103

1 C-di-AMP has now been shown to control a dazzling array of processes in bacteria

85, 132

(see Figure 1.5), including cell wall formation , cell size regulation’, heat

94, 134 85,91
’ d

stress' 3, virulence , lon transport84, resistance to aci etc. Additionally, when
c-di-AMP is introduced into the cytoplasm of eukaryotic cells, for example when
intracellular pathogens secret the nucleotide or during endocytosis of bacteria, it binds
to STING to elicit type I interferon response®® *: 126 135137,

The modulation of bacterial cell wall synthesis by c-di-AMP is particularly
interesting because a high percentage of antibiotics, in clinical use, target components
of the bacterial cell wall, suggesting that small molecules that could perturb the
intracellular concentrations of c-di-AMP could synergize with antibiotics such as the

b-lactams or vancomycins to kill pathogenic bacteria.'*®

An obvious way to reduce
intracellular concentration of c-di-AMP would be to inhibit c-di-AMP synthases.

High-throughput assays that could be used to monitor the production of c-di-AMP by

DAC enzymes would facilitate the discovery of c-di-AMP signaling inhibitors.

2.1.2 Result and discussion

Recently, we described a surprisingly simple detection of c-di-AMP using

commercially available coralyne and halide quenchers.'®

In this assay, the
fluorescence of coralyne is quenched by a bromide or iodide anion but when coralyne
becomes entrapped by a supramolecular aggregate of c-di-AMP, iodide can no longer

quench the fluorescence and hence enhancement of fluorescence occurs only when c-

di-AMP is present (see Figure 2.1). In our prior disclosure, the synthesis of c-di-AMP
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by DisA was monitored as an end-point assay, that is aliquots of the enzymatic
reaction were taken at different time points and analyzed using coralyne and KI. For
high-throughput assay, this format was obviously not ideal so we wondered if we
could add the coralyne and KI to the DisA reaction and monitor the progress of c-di-
AMP formation in “real-time”. Pleasingly, the presence of coralyne or KI did not
affect the enzymatic proficiency of DisA to a great extent and so we could use the
coralyne assay to screen for the inhibition of 1000 compounds (obtained from
TimTec and Sigma, see Appendix for compounds ID). The TimTec compounds were
part of a general ATP kinase inhibitor set as we had postulated that because DisA also
binds to ATP, using a kinase library would increase our chances of getting a hit. The
Sigma compounds were randomly selected by us from the Sigma website but our

selection was biased by compounds that were drug-like or known to be kinase

inhibitors.
DAC Coralyne
ATP ——> c-di-AMP > c-di-AMP/Coralyne aggregate
S—
7 (P); (T Vi & —

N= g
fluorescence
Figure 2.1. Coralyne detection of c-di-AMP formation. DAC converts ATP to c-di-
AMP. Once c-di-AMP is formed, it can form complexes with coralyne. I' in the
solution quenches coralyne fluorescence in the absence of c-di-AMP. c-di-AMP

protects coralyne from quenchers and c-di-AMP-coralyne complex’s fluorescence can

be detected.
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The majority of the tested compounds, 99%, did not affect the synthesis of c-di-
AMP by DisA to any meaningful extent (see Appendix and Figure 2.2). However,
about 11 out of the 1000 compounds reduced the fluorescence of the coralyne assay,
implying that these compounds either inhibited the DisA enzyme or competed with
the synthesized c-di-AMP for binding to coralyne or both. Conceivably the
compounds could form a p-complex with coralyne leading to a “dark™ aggregate. This
would be especially true for compounds that contain heavy halogens, which are
known to be fluorescence quenchers'”. We therefore investigated the extent to which
the fluorescence of coralyne was reduced by the 11 apparent “hits” in the presence
and absence of c-di-AMP. We also used HPLC to monitor the synthesis of c-di-AMP

by DisA in the presence of the 11 apparent hits, see Figure 2.3.
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Figure 2.2. A) Structures of bromophenol-TH and molecules in the 1000
compound library that have similar structures. B) Realtime coralyne-based

fluorescent detection of DisA reaction.
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Figure 2.3. HPLC graphs of selected hits affecting DisA reactions. 50 uM hits from
Timtec ActiTarg-K library and 100 uM MFCDO08277040 from Sigma-Aldrich library
were mixed with 100 puM ATP and 10 uM DisA. Reactions were stopped after 30
min. Enzymes were removed by filtration. ATP and c-di-AMP were used as HPLC

standards. The compound added was indicated at the upper right corner of each graph.

Out of the 11 apparent hits, only one STO056083 (5-[(3,5-dibromo-2-
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hydroxyphenyl)methylene]-2-thioxo-1,3-diazolidin-4-one,'*  referred  to as
Bromophenol-TH in this manuscript, see Figure 2.2 for structure) could inhibit c-di-
AMP synthesis, judged by HPLC analysis (see Figure 2.3). It therefore appears that
the coralyne assay has some false positives due to the direct quenching of coralyne’s
fluorescence by some small molecules. But this problem is not unique to the coralyne
assay and in fact would exist in all turn-off assays as the potential for library
members to affect the fluorescence of an assay would always exist. An excellent
paper by Inglese has documented the problem of false positives that arise from
fluorogenic library members.'*' Nonetheless, because there are hardly any false-
negatives (that is if the fluorescence of coralyne in the presence of an inhibitor is
similar to when no small molecule was added, control, then it implies that that small
molecule is definitely not an inhibitor; 25 compounds that were negative for the
coralyne assay were retested using HPLC assay and none showed inhibition, see
Figure 2.4), the assay is still very useful because it reduced a large library size of
1000 to 11, which could then be investigated in detail using traditional low-

throughput assays, such as HPLC and radioactive labelling assays.
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Flgure 2 4. HPLC analys1s of DisA reaction in the presence of 25 randomly selected
library compounds that did not affect c-di-AMP synthesis, as judged by the coralyne
assay. This re-testing, using HPLC analysis confirms that compounds that were

judged by the coralyne assay as not inhibitors indeed do not inhibit DisA.

Bromophenol-TH contains both a halogenated phenol and thiohydantoin groups,
however it appears that the mere presence of these groups is not good enough for
DisA inhibition. For example, ST003014 and ST003440 both contain thiohydantoin
and haloarene/phenolic moiety yet they did not inhibit c-di-AMP synthesis by DisA
(see Figure 2.2). Interestingly, ST028249, which also contains bromophenolic
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fragment and a rhodanine moiety (which is similar to a thiohydantoin group), binds to
DisA more tightly than bromophenol-TH (K;*?“*"" of 11 vs 21 pM, see Figure 2.5
and Table 2.1'")'® yet it is unable to inhibit c-di-AMP synthesis. Using a->"P-ATP, we
determined that the ICsy for inhibiting 5 uM of DisA by bromophenol-TH, when 50

uM of ATP is used as substrate is 56 uM (see Figure 2.6).

1.00
0.754
o ® Bromophenol-TH (2.1)
LE'- 0.504 A ST028249 (2.10)
0.25+
0.00 T T T T J

0 10 20 30 40 50
concentration (uM)

Figure 2.5. Binding affinity test. Addition of small molecules to protein causes
reduction of protein intrinsic fluorescence. Normalized fluorescence of ST056083

(bromophenol-TH) and ST028249 binding to DisA at 340 nm.?
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Figure 2.6. DisA inhibited by bromophenol-TH. Assay was performed using o->-P-
ATP and TLC to monitor reaction progress. Reactions were stopped after 5 min and
percentage of c-di-AMP was calculated. DisA activity was normalized with respect to
the percentage of c-di-AMP formation in the absence of bromophenol-TH. ICsy was

measured as 56 uM.

To eliminate the possibility that the observed inhibition is due to non-specific
aggregation, we also investigated the inhibition of DisA by bromophenol-TH in the
presence of a surfactant, Triton X-100. Pleasingly, bromophenol-TH could still

inhibit DisA in the presence of Triton X-100 (see Figure 2.7).
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Figure 2.7. Effect of surfactant on bromophenol-TH inhibition. In the presence of
0.01% Triton X-100, 50 uM bromophenol-TH was still able to inhibit DisA. Assay

was performed using a->’P-ATP and TLC to monitor reaction progress.
Interestingly, bromophenol-TH does not bind to the same site as ATP because the

addition of up to 1 mM ATP did not abrogate the binding of bromophenol-TH to

DisA (see Figure 2.8).
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Figure 2.8. Bromophenol-TH (50 puM) when added to DisA (5 uM) caused the
reduction of the protein intrinsic fluorescence. Adding ATP (up to 1 mM) did not
restore fluorescence intensity, indicating that bromophenol-TH is an ATP-non-

competitive inhibitor.

Bromophenol-TH contains a Michael acceptor and could potentially react with
nucleophiles. To investigate if conjugate addition by nucleophiles would readily
occur, we performed incubation with 1 mM cysteine and followed the reaction
progress using UV absorbance. The UV intensity at 361 nm did not change after
cysteine addition ad remained unchanged for 1 h (see Figure 2.9), implying that
nucleophilic addition to bromophenol is not facile under the assay condition. Future
structure-activity relationship studies are planned to optimize bromophenol-TH into a

more potent inhibitor.
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Figure 2.9. Stability of bromophenol-TH in the presence of cysteine, monitored via
UV absorbance. 50 uM bromophenol-TH was incubated with 1 mM cysteine. UV
absorbance of bromophenol-TH (250nm~450nm) was monitored over time. A) UV
absorbance before incubation. B) UV absorbance after 1-hour incubation. The UV
absorbance of cysteine-bromophenol-TH mixture was constant during 1-hour

incubation period, implying that bromophenol did not react with cysteine.

To guide future SAR and optimization studies, we determined the binding
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parameters for different fragments of bromophenol-TH, 3,5-dibromosalicylic acid,
3,5-dibromosalicylaldehyde and 2-thiohydantoine (see Figure 2.10). It appears that
the bromophenol fragment is more important for binding to DisA than the
thiohydantoine moiety (compare K" of 67 uM for 3,5-dibromosalicylaldehyde

with >1 mM for 2-thiohydantoine, Table 2.1).

Table 2.1. K" of bromophenol-TH (ST056083), ST028249, 3,5-
dibromosalicylic acid, 3,5-dibromosalicylaldehyde and 2-thiohydantoinebinding to 5

puM DisA measured by protein intrinsic fluorescence change.

Compound Bromophenol-TH (2.1) ST028249 (2.10) 2-thiohydantoine (2.13)
K ppparent 21 pM 11 pM >1mM

Compound 3,5-dibromosalicylic acid (2.11) 3,5-dibromosalicylaldehyde (2.12)
Kdapparent 125 pM 67 uM
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Figure 2.10. A) Structures of 3,5-dibromosalicylic acid, 3,5-dibromosalicylaldehyde
and 2-thiohydantoine. B) Normalized fluorescence at 340 nm of 3,5-dibromosalicylic

acid, 3,5-dibromosalicylaldehyde and 2-thiohydantoine binding to DisA.

2.1.3. Conclusion

In conclusion, we have demonstrated that the coralyne assay for c-di-AMP
detection is a powerful assay to do high-throughput screening for discovering novel c-
di-AMP synthesis inhibitors. Interestingly, although we initially selected TimTec’s
kinase inhibitor library set for screening, hoping to uncover an ATP-competitive
inhibitor, the hit that we found does not compete with ATP for DisA binding.
Hopefully this proof-of-concept paper would encourage others, especially those with
access to large compound libraries, to utilize this cheap and commercially available
reagent, coralyne, to discover nucleotide signalling inhibitors. Beyond the

demonstrations that this is an enabling assay for inhibitor discovery, we also report
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the first small molecule inhibitor of c-di-AMP synthesis. The inhibition of a
diadenylate cyclase by a thiohydantoin adds to the impressive array of enzymes that
this privilege compound structure inhibits.'” Considering that c-di-AMP plays a
crucial role in bacterial lifestyle, analogs of bromophenol-TH or other scaffolds,
which could be discovered via the assay used in this paper, have great promise to be
used as stand-alone antibacterial agents or be used in tandem with traditional
antibiotics. We anticipate an explosion in c-di-AMP research and the design of small

molecules that inhibit c-di-AMP.

2.1.4. Experimental

2.1.4.1. DisA purification

BL21(DE3) cells containing DisA plasmid were grown with 50 pg/mL
Kanamycin at 37 °C and expression was induced by addition of 1 mM IPTG. After
induction at 30 °C for 6 h, cells were harvested by centrifugation at 5,000 rpm for 15
min. Cells were resuspended in lysis buffer (50 mM sodium phosphate buffer, pH 8.0,
0.3 M NaCl) and lysed by sonication. After centrifuge at 22,000 rpm for 25 min,
DisA was purified from supernatant using a GE Hitrap Nickel column and dialyzed

into lysis buffer.

2.1.4.2. Real-time detection of c-di-AMP formation by coralyne and screening of
ActiTarg-K 960 compound library and Sigma-Aldrich 40 compound library
ActiTarg-K 960 compound library compounds (Timtec) and Sigma-Aldrich 40

compound library were stored as 1 mM and 2 mM stock solutions in DMSO
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respectively. 100 uM ATP, 10 uM coralyne, 3 mM KI and 50 uM compound from
Timtec ActiTarg-K library or 100 uM compound from Sigma-Aldrich 40 compound
library or 5% DMSO were mixed in reaction buffer (40 mM Tris-HCI, pH 8.0, 100
mM NaCl and 10 mM MgCl,). Reaction was started by adding 10 uM DisA.
Fluorescence measurements were performed on a Molecular devices SpectraMax
M5e plate reader with Aex= 420 nm and Ae, = 475 nm. Reactions were monitored for

30 min (5 min interval).

2.1.4.3. Study of DisA-bromophenol-TH binding by intrinsic protein fluorescence

5 uM DisA was mixed with various concentrations of ligands and incubated at 25
°C for 1 hour. Protein intrinsic fluorescence was measured by Varian Cary Eclipse
fluorescence spectrophotometer with Aex= 290 nm and A¢m = 300~450 nm. 1Csy was
calculated using fluorescence intensity at 340 nm.

The equation is as following:

F-F
Lt:ICSO ﬁ +Pt

F-F
Fo-Fo

where F is the fluorescence intensity at 340 nm. Fy is the fluorescence intensity at 340
nm in the absence of ligand. F,, is the fluorescence when all DisA are bound. 1Csy is

the ICso of binding of ligand to DisA. P, is the total protein concentration and L is the

total ligand concentration.”

2.1.4.4. DisA inhibition by various concentrations of bromophenol-TH
50 uM ATP, 33 nM *P-ATP and various concentrations of bromophenol-TH or

10% DMSO were mixed in reaction buffer. 5 UM DisA was added to start reaction.
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Reaction was stopped at 5 min and reaction mixture was spotted on a TLC plate
(EMD Millipore TLC Cellulose). TLC running buffer was saturated (NH4),SO4 : 1.5

M KH2PO4 =1:1.5.

2.1.4.5. HPLC analysis

50 uM hints from Timtec ActiTarg-K 960 compound library and 100 uM hint
from Sigma-Aldrich 40 compound library were mixed with 10 uM DisA and 100 uM
ATP. Reactions were stopped by heating up to 95 °C for 5 min. Enzymes were
removed by 10K filter and filtrate was separated by Purospher® STAR RP-18 (5 um)
LiChroCART® 250-10 column (buffer A: 0.1 M TEAA in water; buffer B:
acetonitrile). Samples were eluted with 95%—=>80 % A at 0-16 min and 80%—=>10 % A
at 16-18.5 min and kept 10% A at 18.5-22.5 min. Signals were detected at room

temperature with a 254 nm UV detector.

2.1.4.6. DisA inhibition by 50 uM bromophenol-TH in the presence and absence of
surfactant

50 uM ATP, 33 nM **P-ATP, 5 uM DisA and 50 uM bromophenol-TH or 5%
DMSO were mixed in DisA reaction buffer. In samples with surfactant, 0.01% Triton
X-100 was added to avoid non-specific aggregation.'*” These time course

experiments were analyzed by TLC (EMD Millipore TLC Cellulose).
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2.1.4.7. Bromophenol-TH stability in the presence of cysteine
50 uM bromophenol-TH was mixed with 1 mM cysteine and UV absorbance of
bromophenol-TH at 361 nm was measured by Molecular devices SpectraMax MS5e

plate reader every 10 min for 1 hour.
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2.2. Structure-activity relationship studies of c-di-AMP synthase inhibitor,

bromophenol- thiohydantoin

This section (2.2.) was originally published as: Zheng Y.; Zhou J.; Cooper S.M.;
Opoku-Temeng C.; Moreira De Brito, A.; Sintim H.O.; “Structure—activity
relationship studies of c-di-AMP synthase inhibitor, bromophenol-thiohydantoin.”
Tetrahedron, 2015, in press.

2.2.1. Introduction

Multidrug-resistant bacteria continue to cause a threat to public health, despite
decades of antibiotics development.'*® The US CDC in a report, emphasized the
continuous need for new antibiotics to keep up with the ever evolving antibacterial
resistance.'* Efforts have been put into the discovery of new types of antibiotic
targets. Enzymes that make or degrade bacterial cyclic dinucleotide (cdn) second
messengers or proteins/RNA receptors of cdn have emerged as new antibacterial
targets, because cyclic dinucleotides regulate various cellular processes in different
bacterial species, including virulence, biofilms and cell wall synthesis.” Since its
discovery in 2008,* c-di-AMP has been found in many Gram-positive bacteria and

2 M. tuberculosis,93 L.

mycobacteria, including human pathogens S. aureus,
monocytogenes,” and other bacteria.” C-di-AMP is essential for bacterial
survival.””'® In some bacteria, c-di-AMP has been shown to regulate DNA integrity
scanning,® potassium ion transport,'' bacterial cell wall homeostasis,'” fatty acid

synthesis'® and host type I interferon response induction'®. Attempts to delete c-di-

AMP synthase, diadenylate cyclase (DAC), from the genome of important human
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pathogens such as S. aureus have been unsuccessful,” implying that inhibitors of c-

di-AMP synthase could have antibacterial properties.

Motivated by the potential utility of DAC inhibitors as important probes to study
c-di-AMP signaling in bacteria or as new generation antibiotics we embarked on the
development of a high throughput assay, using coralyne, to discover such inhibitors.'®
Using the coralyne assay, we identified the first c-di-AMP synthase inhibitor, 5-(3, 5-
dibromo-2-hydroxylbenzylidene)-2-thioxoimidazolidin-4-one  (referred to  as
bromophenol thiohydantoin or bromophenol-TH or BTH, see Figure 2.2 and 2.11 for
structure).” BTH contains a halogen (Br), phenolic and 2-thiohydantoin (or 2-
thioxoimidazolidin-4-one) moieties. To guide the development of BTH-
based/inspired DAC inhibitors, we initiated a structure—activity relationship (SAR)
study to tease out the salient features of BTH that are important for DisA inhibition.
Herein, we present the synthesis of 19 BTH analogs, and investigate the importance

of the various functionalities found on BTH for DAC inhibition.
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Figure 2.11. Structures of bromophenol-TH and analogs synthesized for this study.

Ninteen BTH analogs are grouped into four categories, according to their substitution

types.
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2.2.2. Result and discussion

BTH, is easily prepared via the condensation of 3, 5-dibromosalicylic aldehyde
and 2-thiohydantoin.'"®® Conveniently, this ease of preparation allows for facile
preparation of analogs via condensation reactions with various commercially
available halo-substituted salicylic aldehydes and hydantoins, thiohydantoins or
rhodanines. (Scheme 2.1). Electronic and steric derivations are possible by varying

the halogens present on the aromatic ring.

z Y
w{
method A: NaOAc, AcOH, reflux 0 X
0 or method B: EtOH, piperadine, 80-90 °C R |
R! Y z 1
H §\—W’ or method C: NH4OAc, toluene, 80-90 °C
+ X\)s - R3

R3 o R
R2 2
233 2.34 Bromophenol-TH

Compound 2.14 to 2.32

Scheme 2.1. Synthetic strategy for preparing BTH and analogs. Conditions for method A,
B and C are listed above the arrow. The method that gave the best yield was chosen for

each compound. Characterization of synthesized compounds see the published paper.'

Four types of BTH analogs (A, B, C, D, see Figure 2.12) were prepared. In type
A, we synthesized analogs containing mixed halogens whereas type B consisted of
only one type of halogens. In type C, we investigated the role of the phenolic group in
BTH by replacing the OH with hydrogen, amino or methoxy groups. Type D
explored how subtle changes to the heterocyclic ring of BTH would affect DisA

inhibition.>'?*
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2.2.2.1. Inhibition of DisA by BTH analogs

The coralyne assay'® (See Figure 2.12) was performed to identify the DisA
inhibition effects of BTH analogs. In the absence of c-di-AMP, iodide quenches
corlayne fluorescence. As DisA synthesizes c-di-AMP, the dinucleotide forms a
complex with coralyne and protects coralyne from quenching effects. Coralyne
fluorescence emission intensity correlates with c-di-AMP concentration. In the
presence of inhibitors, the concentration of c-di-AMP would be lower and hence the
fluorescence of coralyne would be reduced.'® The coralyne assay indicated that BTH
was the strongest inhibitor, followed by compound 2.28 in group D and compound
2.16 in group A. Other BTH analogs did not show significant inhibition of DisA. ICs
of BTH (6.7 + 0.6 x 10° M), compound 2.28 (12.4 + 1.0 x 10° M) and compound
2.16 (17.9 + 1.7 x 10 M) were obtained using radiolabeled **P-ATP (Figure 2.13).
In group A, BTH, compound 2.14, compound 2.15 and compound 2.16 have 3’-
bromo and their inhibition effects increase as 5’-halogen size increases. It appears
that the bromo substitution at the 3-position is important as deleting this substitution
(compound 2.18) resulted in loss of inhibition. Compound 2.19 or 2.20, which
replaced the dibromo with mixed halogens (Cl, F or I) were also inactive,

highlighting the need for bromo substitution.
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Figure 2.12. Graphs for the coralyne assay, showing DisA inhibition by BTH and the four
groups of BTHAs. Only three molecules, BTH, compound 2.16 in group A and

compound 2.28 in group D, showed significant inhibition.

50



120%+
g 100%4 1
S 80%1 " Bromophenol-TH (2.1)
e 60%- 4 Compound 2.28
X ’ v Compound 2.16
©  40%+
£
2 20%

0 T -

v ) v
0.0 0.5 1.0 1.5 2.0 25 3.0
logqo[inhibitor] (nM)
Figure 2.13. Enzymatic proficiency of DisA, 1 uM, (converting **P- ATP into **P-c-
di-AMP) in the presence of increasing amounts of inhibitors BTH, compound 2.28

and compound 2.16.

The diiodinated analog compound 2.24 of group B showed more inhibition than
the non-halogenated analog compound 2.21, difluorinated compound 2.22 and
dichlorinated analog compound 2.23, but it was still less active than BTH (see
Supplementary Material, Figure S1). The hydroxyl group in BTH was replaced with a
methoxy (compound 2.25), amino (compound 2.26) and hydrogen (compound 2.27)
to investigate if the phenolic moiety played a role in inhibition. In all of the three
cases, replacement of the phenolic group with the aforementioned moieties
completely diminished any inhibition effects. In group D, substitution of the nitrogen
atom for sulfur atom at 1’ position (2-thioxoimidazolidin-4-one to 2-
thioxothiazolidin-4-one, compare compound 2.28 with BTH) has minor impact on
inhibition, whereas replacement of the thiocarbonyl by carbonyl (2-

thioxoimidazolidin-4-one to imidazolidine-2,4-dione, compare compound 2.29 with
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BTH) strongly reduced the inhibition effects. Substitution of the N-3 of BTH is a

non-covalent inhibitor

2.2.2.2. BTH is a non-covalent inhibitor

BTH is reported to be a non-competitive inhibitor'’, although the binding site for
inhibitors within DisA is currently unknown. BTH contains an enone moiety and
hence could act via covalent inhibition. To ascertain if covalent inhibition was
operative, DisA was incubated with high concentration of BTH and then unbound
BTH was removed by filtration. The remaining DisA was then washed three times
with reaction buffer and then assayed for activity. The BTH-treated DisA retained
enzymatic activity (similar to DMSO-treated DisA, see Figure 2.14), revealing that

BTH is a non-covalent inhibitor.

700 7
600 -
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400

300 =0=pDMSO treated DisA

=I=BTH treated DisA
200

Fluorescence at 475 nm

100

0 u T T T T T 1
0 5 10 15 20 25 30

Time (min)

Figure 2.14. Enzymatic activities of DMSO- or BTH-treated DisA monitored by the

coralyne assay.
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2.2.2.3. BTH did not affect YybT, WspR D70E and RocR activity

We were curious to know the selectivity of BTH and analogs towards cyclic
dinucleotide metabolism enzymes. We therefore tested BTH against a few cyclic
dinucleotide-related enzymes, namely c-di-AMP PDE YybT from B. subtilis**, c-di-
GMP DGC WspR D70E” and c-di-GMP PDE RocR*® from P. aeruginosa.
Interestingly 100 uM of BTH did not affect any of these enzymes (See Figure 2.15),

implying that BTH is indeed specific for c-di-AMP synthase, DisA.
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Figure 2.15. BTH did not affect YybT, WspR D70E and RocR activity. A) YybT
cleavage. Percentages of remaining c-di-AMP after 30 min reaction were similar in

the presence or absence of BTH. B) WspR D70E reaction. Percentages of synthesized
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c-di-GMP after 2 hour reaction were similar in the presence or absence of BTH. C)
RocR cleavage. Percentages of remaining c- di-GMP after 30 min reaction were

similar in the presence or absence of BTH.

2.2.3. Conclusion

Cyclic dinucleotides have emerged as interesting second messengers in both
prokaryotes and eukaryotes and there has been an explosion of research activities to
unravel the intricacies of signaling regulated by these nucleotides. There is however a
paucity of small molecules that inhibit the metabolic enzymes of cyclic dinucleotides
and such molecules could have important roles in elucidating cdn signaling and/or
become next generation antibacterial agents. In this paper, we have demonstrated that
bromophenol TH, the first reported inhibitor of c-di-AMP synthase is sensitive to
modifications and most changes to this inhibitor abrogated inhibition. Interestingly,
seemingly minor changes (for example changing an aromatic bromo to a chloro or
iodo substituent) resulted in drastic inhibition profile, highlighting that halogen
substitution can be used to cause dramatic changes in enzyme affinity for a ligand.
Despite the presence of an enone moiety, bromophenol TH is not a covalent inhibitor
of DisA. Future work will involve the search of other heterocyclic groups, apart from
hydantoin or rhodanines, which could be appended to the bromophenol moiety with

the ultimate goal of discovering more potent inhibitors of DisA.
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2.2.4. Experimental

2.2.4.1. Synthesis of BTH analogs
Three different synthetic protocols were explored for the synthesis of the analogs
and the one that gave the best yield was chosen for making adequate amounts for

characterization and biological evaluation.

General synthesis procedure A: A mixture of compound 20, aldehyde (0.5 mmol,
1 equiv. 20), compound 21 (1.2 equiv.), and NaOAc (3 equiv.) in glacial AcOH (4
mL) was stirred at reflux (12 h) until no starting material remained, assessed by TLC
(S10,, hexane/ethyl acetate, 1:1, v/v). The reaction mixture was cooled down to room
temperature, followed by the addition of iced water. The resulting precipitate was
filtered and washed successively with water and Et;O (10 mL). The product was

subjected to column purification (hexane/ethyl acetate, 0>35%).

General synthesis procedure B: A mixture of aldehyde (0.5 mmol, 1 equiv. 20),
compound 21 (1.2 equiv.), and few drops of piperidine in EtOH (4 mL) was stirred at
80-90 °C (4-12 h) until no starting material remained, assessed by TLC (SiO,,
hexane/ethyl acetate, 1:1, v/v). The reaction mixture was cooled down to room
temperature. The resulting precipitate was filtered and washed successively with
water and Et,O (10 mL).

General synthesis procedure C: A mixture of aldehyde (0.5 mmol, 1 equiv. 20),
compound 21 (1.1 equiv.), and NH4OAc (1.5 equiv.) in toluene (4 mL) was stirred at
80-90 °C (12 h) until no starting material remained, assessed by TLC (SiO,,

hexane/ethyl acetate, 1:1, v/v). The reaction mixture was cooled down to room
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temperature. The resulting precipitate was filtered and washed successively with

water and Et,O (10 mL).

Synthesis of BTH analogs were done by me colleagues Dr. Jie Zhou and Dr.
Stefan M. Cooper. The characterization of these compounds can be found in the

published paper'.

2.2.4.2. Protein purification

BL21(DE3) cells with protein expression plasmids were cultured in LB medium
with 100 pg/mL ampicillin or 50 pg/mL kanamycin at 37 °C. Expression was induced
by addition of 1 mM IPTG. After induction at 30 °C for 6 hours (WspR D70E and
YybT) or at 16 °C overnight (DisA and RocR), cells were harvested by centrifugation
at 4,000 rpm for 15 min. Cells were resuspended in lysis buffer (10 mM Tris-HCI, pH
8.0, 100 mM NacCl for WspR D70E, RocR and YybT, and 50 mM sodium phosphate
buffer, pH 8.0, 300 mM NaCl for DisA) and lysed by sonication. Proteins were
purified by GE Hitrap Nickel columns using with the Bio-Rad NGC™

Chromatography System and dialyzed into lysis buffer.

2.2.4.3. The coralyne assay

BTH and analogs were stored as 100 mM stock solutions in DMSO. 300 uM
ATP, 10 uM coralyne, 3 mM KI, 50 uM BTH/analogs and 1 uM DisA were mixed in
reaction buffer, which contains 40 mM Tris-HCI, pH 7.5, 100 mM NacCl and 10 mM

MgCl,. Fluorescence measurements were performed on a Molecular Devices
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SpectraMax M5e microplate reader (Aex = 420 nm and Aey, = 475 nm). Reactions were

monitored for 30 min with 2 min interval.

2.2.4.4. IC50 measurements of BTH, compound 2.18 and compound 2.19

300 uM ATP, 33 nM **P-ATP and various concentrations of BTH/analogs were
mixed in reaction buffer. Reaction was initiated by addition of 1 pM DisA and
performed at 30 °C for 1 hour. Aliquots of the reaction mixtures were spotted on a
TLC plate (EMD Millipore TLC Cellulose). TLC running buffer was saturated

(NH4)2SO4 : 1.5 M KH,PO4 = 1:1.5.

2.2.4.5. Assay to determine if BTH is a covalent inhibitor

10 uM DisA was incubated with 100 uM BTH or DMSO on ice for 90 min.
BTH/DMSO was removed by filtration. DisA was washed by reaction buffer for three
times. DisA was then incubated with 300 uM ATP, 10 uM coralyne and 3 mM KI.
Reaction was monitored by fluorescence emission on a Molecular Devices
SpectraMax M5e microplate reader (Aex=420 nm and A.,=475 nm). The reaction was

monitored for 30 min with 5 min interval.

2.2.4.6. Effect of BTH on YybT, WspR D70E and RocR activity
1.5 uM YybT reacted with 50 pM c-di-AMP and 16 nM *’P-c-di-AMP in the
presence or absence of 100 uM BTH in reaction buffer (100 mM Tris-HCI, pH 8.3,

20 mM KCI, 0.5 mM MnCl, and 1 mM DTT) at 37 °C. The reaction was stopped
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after 30 min. 1 pM WspR D70E reacted with 300 pM GTP and 33 nM **P-GTP in the
presence or absence of 100 uM BTH in reaction buffer (10 mM Tris-HCI, pH 8.0,
100 mM NaCl and 5 mM MgCl,) at 37 °C. Reaction was stopped after 2 hours. 1.2
uM RocR reacted with 50 uM ¢-di-GMP and 16 nM **P-c-di-GMP in reaction buffer
(100 mM Tris-HCI, pH 8.0, 20 mM KCI and 25 mM MgCl,) at 37 °C. Reaction was

stopped after 30 min. All the reactions were monitored by TLC.
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Chapter 3 : Inhibition of Innate Immune Cytosolic Surveillance by a

Mycobacterium tuberculosis Phosphodiesterase

This chapter has been submitted for publication. It is a collaboration work with
William Bishai group in the Center for Tuberculosis Research at Johns Hopkins
University. [ performed biochemical enzymatic assays. Molecular biology,
microbiological, cell culture, and animal based experiments were performed by Dr.
Ruchi Jain Dey and Dr. Bappaditya Dey. Dr. Jie Zhou and David Sayre performed
chemical synthesis of compounds. Laurene S. Cheung contributed to mass
spectrometry experiments. Pankaj Kumar contributed to ITC experiments. Haidan
Guo contributed to mouse experiments.

3.1. Introduction

The cytosolic surveillance pathway (CSP) plays an integral role in the detection
and elimination of pathogens. Host cells utilize specialized receptor proteins and
pattern recognition receptors (PRRs) that recognize pathogen associated molecular
patterns (PAMPs) to mobilize the innate and adaptive arms of the immune system for
clearance of pathogens. Bacterial cyclic dinucleotides (CDNs) such as cyclic
diadenosine monophosphate (c-di-AMP) and cyclic diguanosine monophosphate (c-
di-GMP) which have canonical 3’-5° phosphodiester linkages are known for their

145-14
147 and as

dual roles both as second messengers regulating bacterial physiology
PAMPs' """ that activate the host CSP during infection'”. Bacterial CDNs are
known to induce Type I interferons (IFN-o/B) in a stimulator of interferon genes
(STING)-dependent manner.'” ' Recently, we reported that intoxication of

macrophages with M. tuberculosis-derived c-di-AMP triggers a Type I IFN response

via the STING-TBKI-IRF3 axis."”” STING also recognizes host-derived, non-
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canonical CDNs such as 2’3’-cyclic guanosine-adenosine monophosphate (2°3’-
¢GAMP)’ produced by cytosolic DNA sensor cGAMP synthase (cGAS) in response
to microbial or self-derived double-stranded DNA in the cytosol**'*, Diverse viral
immune evasion strategies have been identified that inhibit cytosolic nucleic acid
sensing pathways during infections; these include preventing DNA detection'®,

degradation of certain DNA sensors such as IF116'**

, clamping of sensors (e.g. IF116)
thereby preventing DNA-dependent sensor activation'®®. Recent studies have also
identified viral proteins such as HSV-1 ORF52 that bind directly to cGAS blocking
its recognition of viral DNA substrates'®® and viral oncogenes that antagonize cGAS
function'®’. However, bacterial mechanisms of immuno-evasion by targeting CDN-
based CSP activation have not been reported. In this study, we identify a multi-
functional mycobacterial PDE known as CdnP (Rv2837c), which inhibits the CSP
through degradation of both bacterial-derived canonical CDNs and host-derived non-

. 104, 1
canonical CDNg.”? 104168

3.2. Result and Discussion

3.2.1. CdnP functions as a cyclic dinucleotide phosphodiesterase in vitro and in vivo

During our studies of the M. tuberculosis c-di-AMP biosynthetic cyclase, disA
(dacA, Rv3586)'>, we identified an M. tuberculosis PDE homologue, Rv2837c,
which encodes DHH-DHHA1 domains (DHH, Asp-His-His motif containing domain;

DHHA1, DHH associated domain 1) associated with the ability to hydrolyze CDNs
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with 3’-5" phosphodiester linkages as have been reported for Streptococcus
pneumoniae (Pde2)*’, Streptococcus pyogenes and Streptococcus suis serotype 2
(GdpP)"** ') Bacillus subtilis (YybT)'"®, M. tuberculosis'™, and M. smegmatis'"".
Subsequently, we confirmed that purified, recombinant M. tuberculosis CdnP
hydrolyzes c-di-AMP efficiently and also possesses PDE activity for c-di-GMP

(Figure 3.1).
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Figure 3.1. Purification of CdnP and PDE activity assays. A) Ni-NTA affinity
purification of N-terminal, His-tagged CdnP (51 kDa). B) TLC depicting PDE
activity of CdnP for **P-c-di-AMP. C) Time kinetics of **P-c-di-AMP cleavage by
CdnP. D) and E) HPLC profiles for PDE activity of CdnP for c-di-AMP and c-di-
GMP along with related standards.
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Phosphodiesterase activity for cleavage of c-di-AMP was found to be optimal in
the presence of Mn®" and at a pH of > 8.5 with a Ky, of 1.2 + 0.1 pM and a ke, of 4.0

+0.1 min™ (see Figure 3.2).
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Figure 3.2. pH and cation activity profiles, and kinetics of c-di-AMP cleavage by
CdnP. (A) pH profile of CdnP activity. Reactions were conducted at pH 6.0 to pH 9.0
using 2 uM of purified enzyme, 24 nM **P-c-di-AMP, and 1 mM Mn*". (B) Cation
activity profiles of CdnP. Reactions were conducted at pH 9.0 in the presence of 5
mM Li", Mg”", Mn*" or Ca®". Data are mean = SD (n = 3). (C) Michaelis-Menten
kinetic analysis for c-di-AMP cleavage by CdnP. (D) Lineweaver-Burk plot for c-di-

AMP cleavage by CdnP.

To confirm the effect of CdnP on intra-bacterial CDN levels, we measured the

levels of c-di-AMP and c-di-GMP in recombinant M. tuberculosis strains grown in
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culture by an LC-MS/MS MRM method and found that intra-bacterial c-di-AMP
levels in an M. tuberculosis cdnP disrupted mutant (Mtb-cdnP::Tn, an M. tuberculosis
strain with a transposon insertion disrupting the C-terminus DHH domain of
Rv2837¢""%) were ~535-fold higher than in wild-type M. tuberculosis CDC1551 (Mtb-
WT) (see Figure 3.3A). We also observed an increase in c-di-GMP levels in the Mtb-
cdnP::Tn compared to the wild-type strain (Table 3.1). Modified expression of the
CdnP protein in these recombinant strains compared to WT was confirmed by

Western blotting (Figure 3.4).
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Figure 3.3. M. tuberculosis CdnP hydrolyzes both bacterial and host CDNs. (A)

Influence of M. tuberculosis CdnP activity on intra-bacterial levels of c-di-AMP.
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Nucleotides extracted from 4 x 10° bacilli were analyzed by LC-MS/MS MRM for
quantification of c-di-AMP. Data are means = SD of duplicate samples and a
representative of two experiments.®, p < 0.05 by Student’s t-test (two-tailed). (B)
HPLC profiles of 2°3’-cGAMP (100 uM) cleavage by CdnP and nucleotide standards.
(C) Possible cleavage products from 2°3’-cGAMP on incubation with CdnP. (D)

Time kinetics of 2°3’-cGAMP cleavage by CdnP.

Table 0.1. Influence of M. tuberculosis CdnP activity on intra-bacterial levels of c-di-
GMP. Nucleotides extracted from 4 x 10° bacilli were analyzed by LC-MS/MS MRM
for quantitation of c-di-GMP. Data are means + SD (n = 2) and are representative of

two experiments. *ND: non-detectable or under our limit of detection (2 nM).

Intra bacterial c-di-GMP levels

Mtb-WT | Mtb-cdnP::Tn (nM) | Mtb-cdnP::Tn-comp (nM) | Mtb-cdnP-OE

ND* 11.251 +2.637 6.129 £ 0.544 ND

Data are Mean =+ SD of duplicate samples and representative of two
lexperiments. *ND, Not detected

A3 "
T ; .

Mitb-WT
Mtb-cadnP::Tn
Mtb-cdnP::Tn-comp
Mtb-cdnP-OE

AWLWNh=~

Figure 3.4. Expression of CdnP protein in M. tuberculosis. Total membrane proteins

of M. tuberculosis were extracted, followed by SDS-PAGE and western blotting
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using rabbit polyclonal antibody against M. tuberculosis CdnP. No CdnP expression
was detected in Mtb-cdnP::Tn mutant while markedly greater expression was

observed in Mtb-cdnP-OE strain.

3.2.2. M. tuberculosis CdnP hydrolyzes 2°3’-cGAMP in vitro

To date, bacterial enzymes with 2°3’-cGAMP phosphodiesterase activity have not
been reported. We hypothesized that M. tuberculosis CdnP may possess hydrolytic
activity for 2°3’-cGAMP enabling the pathogen to subvert host cGAS-mediated CSP
signaling. Since 2°3’-cGAMP contains one canonical 3’-5’ phosphodiester bond, and
mycobacterial CdnP is capable of cleaving this linkage in CDNs, we reasoned that
2°3’-cGAMP was a plausible additional substrate of mycobacterial CdnP. To test this,
we investigated the cleavage of 2°3’-cGAMP by purified CdnP in vitro using HPLC
detection of the reaction products. As may be seen in Figure 3.3, on exposure to
purified CdnP, a new, shorter retention-time peak appears in addition to the 2°3’-
cGAMP peak in the chromatograms demonstrating that 2°3’-cGAMP is a substrate
for CdnP.

We next sought to identify the hydrolysis products of CdnP-mediated cleavage of
2’3’-cGAMP. Assuming cleavage might occur at any of the four phosphoester bonds
of 2°3’-cGAMP (Fig. 3.3C), HPLC analysis for the reaction products was carried out
by co-injection with chemically synthesized standards [Gp(2’-5")Ap, pGp(2’-5°)A,
ApGp(2’), pApG, 2°3’-cGAMP, GMP and AMP] as may be seen in Figure 3.3B.
From the co-injection HPLC traces, we identified the cleavage product as a linear
pGp(2°-5’)A molecule (Figure 3.3B). Kinetic analysis of 2°3’-cGAMP cleavage by

CdnP revealed a K, of 64.0 + 3.0 pM and a key of 0.045 + 0.001 min™ (Figure 3.3D).
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Further determination of binding affinity by isothermal titration calorimetry (ITC)
showed the Ky of CdnP for cGAMP to be 1.08 x 10 M (Figure 3.5A). We also
investigated if the capacity of M. tuberculosis CdnP to cleave 2°3’-cGAMP is unique,
or whether other microbial phosphodiesterases with DHH/DHHA1 or EAL domains

173
or Pseudomonas

such as Bacillus subtilis YybT'"’, Staphylococcus aureus GdpP
aeruginosa RocR™, also possess this activity (Figure 3.6). Interestingly, while the
PDE from each these other bacteria showed PDE activity towards bacterial CDNs
(Figure 3.6A, C, E), none exhibited cleavage of 2°3’-cGAMP (Figure 3.6B, D, F).
Together, these results establish that M. tuberculosis CdnP is uniquely capable of

cleaving the 3°-5° phosphodiester linkage of host-derived 2°3’-cGAMP to produce a

linear dinucleotide molecule, pGp(2’-5°)A.
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Figure 3.5. Isothermal Titration Calorimetry (ITC) profiles for binding of CdnP with
2’3’-cGAMP, c-di-AMP and pApA. (A-C) Figures depict raw thermograms and the
binding isotherms from the integrated thermogram fit using the one-site model in the

Origin software package. (A) 2°3’-cGAMP, (B) c-di-AMP and (C) pApA exhibited
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dissociation constants (Kg) of 1.08 x 10*M, 5.50 x 10° M, and 2.19 x 10™* M,
respectively. Binding of each ligand was thermodynamically driven. Additional
parameters were as follows. For 2°3’-cGAMP: N = 0.94 + 0.14 sites, K, =9.25+ 2.75
x 10° M, AH = -5795 + 1120 cal/mol, and AS = -0.953 cal/mol/deg. For c-di-AMP:
N = 1.15 + 0.04 sites, K, = 1.80 + 0.27 x 10° M'l, AH = -876.9 £ 105 cal/mol, and AS
=21.1 cal/mol/deg. For pApA: N = 1.00 £ 0.17 sites, K, = 4.56 £ 0.27 x 10° M"!, AH

=-439.8 + 122 cal/mol, and AS = 19.8 cal/mol/deg.
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Figure 3.6. Cleavage of bacterial CDNs and 2’3’-cGAMP by CDN

phosphodiesterases from different pathogenic bacteria. (A-B) HPLC profile showing
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in vitro phosphodiesterase activity of YybT (Bacillus subtilis) for (A) c-di-AMP and
(B) 2°3’-cGAMP. (C-D) HPLC profile showing in vitro phosphodiesterase activity of
GdpP (Staphylococcus aureus) for (C) c-di-AMP and (D) 2°3’-cGAMP. (E-F) HPLC
profile showing in vitro phosphodiesterase activity of RocR (Pseudomonas

aeruginosa) for (E) c-di-GMP and (F) 2°3’-cGAMP.

3.2.3. CdnP is required for M. tuberculosis virulence in the mouse model

To evaluate the role of CdnP in disease pathogenesis, we infected groups of mice
with the Mtb-cdnP::Tn mutant, the complemented mutant (M¢b-cdnP::Tn-comp), and
the Mtb-W'T strain using an aerosol infection model. Despite an in vitro growth
profile identical to Mth-WT in broth culture, we observed significant virulence
attenuation of the Mtb-cdnP::Tn strain with a median time to death (MTD) of 86.5
days compared to 33.5 and 41.5 days for Mtb-WT and Mtb-cdnP::Tn-comp,
respectively (Figure 3.7A). In addition to enhanced survival, Mtb-cdnP::Tn infected
mice exhibited an ~0.8 log;y reduction in pulmonary bacillary load and pathology at
4 weeks post-infection (Figure 3.7B, C). Thus, loss of CdnP leads to reduced
virulence and pathogenicity. This finding corresponds well with our earlier
observation that overexpression of the bacterial c-di-AMP biosynthesis gene dis4
produces a similar reduced virulence phenotype'> and with reports in several other
intracellular bacterial infections including M. tuberculosis demonstrating reduced

virulence consequent to mutation in c-di-AMP PDE activity ** 10 16% 174,
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Figure 3.7. Disruption of CdnP activity leads to virulence attenuation of M.
tuberculosis. (A) Survival of mice (n = 12) following infection with various M.
tuberculosis strains. *** p < 0.001 by Log-rank (Mantel-Cox) test. Inset graph
depicts day 1 CFU/lung. Data are means + range (n = 3). (B) Bacillary load of various
M. tuberculosis strains in mouse lungs at 4 weeks post-infection. Data are means =+
SD (n = 4). Inset graph depicts day 1 CFU/lung. Data are means + range (n = 3). **, p
< 0.01 by Student’s t-test (two-tailed). (C) Histopathological features of lungs of
representative mouse from each group and in uninfected controls. Scale bar is 200

pm.

70



3.2.4. CdnP activity reduces macrophage Type I IFN responses during infection in a

STING-IRF3-dependent manner

As both bacterial- and host-derived CDNs are known to induce Type I IFN
responses, we next assessed whether perturbation of CdnP expression in M.
tuberculosis influences induction of the Type I IFN response. We infected murine
RAW- Blue"™ ISG indicator macrophage cells (InvivoGen) with Mtb-cdpP::Tn, Mtb-
WT, Mtb-cdpP::Tn-comp, and a CdnP overexpressing strain (Mtb-cdnP-OE). While
the Mtb-cdnP-OE strain resulted in an ~3.2 fold and ~3.0 fold reduction of IRF3
activation and IFN-B secretion, respectively, compared with Mrb-WT infection, the
Mtb-cdnP::Tn strain resulted in an ~3.6 and ~2.5 fold elevation of these same two
markers of CSP activation (Figure 3.8A). These findings were also confirmed in
murine primary bone marrow derived macrophages (BMDMs) and dendritic cells
(BMDCs) (Figure 3.8B). In addition, we also observed increased production of IL-
la, TNF-a, and IL-6 in response to infection with the Mtbh-cdnP::Tn strain in both
BMDMs and BMDCs (Figure 3.8C-E). These findings indicate that during infection
loss of bacterial CdnP expression leads to increased macrophage and dendritic cell
Type I IFN responses as well as pro-inflammatory cytokine responses, while over

expression of cdnP gives the inverse phenotypes.
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Figure 3.8. CdnP activity regulates host CSP activation and Type-I IFN responses.
(A) IRF pathway activation as measured by IRF-SEAP™ QUANTI Blue™ reporter
assay and IFN-P levels at 24 h post-infection in the culture supernatants of RAW-
Blue™ ISG cells infected with different M. tuberculosis strains (MOI = 1:5). (B-E)
ELISA of (B) IFN-f, (C) IL-1a, (D) TNF-a and (E) IL-6 in culture media at 24 h
post-infection from BMDM and BMDC cells infected with various M. tuberculosis
strains at an MOI of 1:10. (F) STING-dependent induction of the Type I interferon
response. ELISA of IFN-B and ISRE-RLU (as a measure of IRF induction, RLU =

relative light units) in the 18 h post-infection (MOI = 1:5) culture supernatants of
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RAW-Lucia™ [SG cells derived from STING-ablated [STING-KO] and control
[WT] macrophage IRF reporter cells. (G) ELISA of IFN-f in the culture supernatants
of BMDCs from control [WT] and ¢cGAS ablated [cGAS-KO] mice infected with
various M. tuberculosis strains (MOI = 1:5). Data (A-G) are means + SE (n = 3) and
are representative of at least three experiments.*, p < 0.05; **, p < 0.01 and ***, p <

0.001. one-way ANOVA with Tukey’s post-test.

To determine whether the alterations in the Type I IFN response originate from
the CDN-STING-IRF3 signaling axis, we tested these same strains in murine
RAW264.7-derived STING ablated [STING-KO] IRF reporter cells (RAW-Lucia™
ISG-KO-STING Cells, InvivoGen). Infection of STING™" cells resulted in a complete
loss of Type I IFN induction in all M. tuberculosis strains irrespective of the cdnP
genotype (Figure. 3.8F), while the same assay in control [WT] IRF reporter
macrophage cells (Figure. 3.8F) gave patterns nearly identical to those seen in the
murine RAW- Blue™ ISG indicator macrophage cells (Figure. 3.8A). A similar
response pattern was observed when the strains were tested in human THP-1 STING
sufficient (WT) and knocked-down cells (STING-KD) (Figure 3.9). These results
confirm that macrophage inflammatory signaling influenced by the bacterial

phosphodiesterase CdnP is dependent on the STING-IRF3 pathway.
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Figure 3.9. Reduced IFN-B response following M. tuberculosis infection in human
THP-1 monocytes harboring a stable knock-down (KD) of STING. (A-B) ELISA of
IFN-B in culture media of (A) THP1-WT and (B) THP1-STING-KD cells (Invivogen)
at 18 h after infection with various M. tuberculosis strains at MOI of 1:10 as
measured by ELISA. Data are means £+ SE (n = 3) of at the least three experiments. *,
p <0.05, ** p <0.01 and *** p < 0.001 by one-way ANOVA with Tukey’s post-

test.

We next assessed the influence of STING mutation on the in vivo virulence of the
Mtb-CdnP mutant. Compared to wild type mice infection (Figure 3.7B), in the
absence of STING the Mth-WT and Mtb-CdnP mutant strains showed comparable
bacillary lung burdens indicating that upon loss of STING the attenuated virulence of
the Mtb-CdnP mutant is no longer detectable (Figure 3.10A). Similarly in BMDMs
from STING"" and STING™" animals, the growth rates of the M#b-WT and Mth-CdnP
mutant strains were similar (Figure 3.10B). Our finding that an intact STING protein
is required to detect a virulence difference between the Mrb-WT and Mtb-CdnP

mutant strains was further corroborated by an another experiment showing that the
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median survival times of mice lacking IFNoaf-R [IFNafp-R (-/-)] infected with Mitb-
WT and Mitb-CdnP mutant were nearly identical (Figure 3.10C). These results
indicate elevated STING-signaling leading to a more robust Type I IFN response
accounts for the virulence defect of the M¢hb-CdnP mutant and that other potential

changes in microbial physiology that stem from loss of CdnP do not compromise its

pathogenicity.
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Figure 3.10. Influence of STING and IFN-aBR mutation on in vivo virulence of Mtb-
cdnP::Tn mutant. (A) Bacillary load of various M. tuberculosis strains in lungs at 4
weeks post-infection of WT [STING (+/+)] and STING ablated [STING (-/-)] mice.
Data are means = SD (n = 4). Student’s t-test (two-tailed). (B) ex vivo bacterial

growth in BMDMs derived from WT [STING (+/+)] and STING ablated [STING (-/-
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)] mice (C) Survival of WT [IFN-ajR (+/+)] and IFN-apR ablated [IFN-aBR (-/-)]

mice (n =9) following infection with Mtb-cdnP::Tn mutant.

3.2.5. Interplay of CdnP-mediated CDN hydrolysis and cGAS-mediated cytosolic

surveillance

To determine whether the Type I IFN response differences observed with the
Mtb-cdpP::Tn strain originate from phosphodiesterase-mediated reduction of
bacterial-derived CDN levels or host-derived 2°3’-cGAMP, we infected BMDCs
derived from cGAS-KO mice with our cdnP recombinant strains. Compared with
cGAS-sufficient cells (WT), we observed a 73% drop in IFN- levels following Mtb-
WT infection in ¢cGAS-KO BMDCs (Figure 3.8G) indicating that during WT
infection cGAS plays an important role in triggering the STING-IRF3 axis.
Moreover, with the same cGAS-KO BMDCs, IFN-B secretion dropped even further
with Mtb-cdnP-OE infection rendering it undetectable. However, in stark contrast to
Mtb-WT and Mtb-cdnP-OE, infection with the M. tuberculosis strain lacking CdnP
led to high level of Type I IFN expression in cGAS-KO BMDCs. Indeed, with the
Mtb-cdpP::Tn infection the IFN- levels (134.5 pg/mL) were nearly as high in cGAS-
KO BMDCs as those observed from cGAS-sufficient control cells (140.1 pg/mL)
(Figure 3.8G). This shows that in the absence of the bacterial CdnP, the resulting
accumulation of bacterial CDNs (Figure 3.3A) may bypass the requirement for
bDNA-stimulation of cGAS and host-generated 2°3’-cGAMP for induction of Type I

IFN responses.
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3.2.6. M. tuberculosis CdnP modulates levels of host-derived 2°3’-cGAMP in

macrophages

Based on our in vitro finding that 2°3’-cGAMP is a substrate of CdnP, we next
investigated whether CdnP modulates host-derived cyclic dinucleotide levels ex vivo.
To investigate this, we measured intra-macrophage 2°3’-cGAMP levels following
infection with the M. tuberculosis CdnP recombinant strains. These studies revealed
significantly higher 2’3’-cGAMP levels following infection with Mitb-cdpP::Tn
compared with the Mtb-WT strain (Figure 3.11A). We also observed a significant
reduction in 2°3’-cGAMP levels in cells infected with Mtb-cdnP-OE strain. These
results strongly suggest that during infection M. tuberculosis CdnP accesses host-
derived 2°3°’-cGAMP and hydrolyzes it. Lysis of M. tuberculosis cells, which can
occur after phagosomal escape, releases bacterial content into the host’s cytosol.
Bacterial DNA, which is released during cell lysis, is known to activate the cytosolic
surveillance pathway (CSP). Analogously, bacterial cell lysis after phagosomal
escape would release bacterial-derived CdnP into the host’s cytosol and facilitate the
hydrolysis of 2°3’-cGAMP. Thus, bacterial CdnP is capable of manipulating the host
cytosolic surveillance system (CSP) by modulating both host 2°3’-cGAMP levels as

well as bacterial CDN levels.
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Figure 3.11. Regulation of intra-macrophage CDN homeostasis by bacterial CdnP and
host ENPPI. (A) Nucleotides extracted from infected macrophages were analyzed by
LC-MS/MS MRM for quantification of 2°3’-cGAMP. Data are means + SD (n=3)
and representative of two experiments.*, p < 0.05, ** p <0.01 and ***, p <0.001 by
Student’s t-test (two-tailed). (B) Levels of IFN-B in the culture supernatants of
BMDCs from WT [ENPP1 (+/+)] and ENPP1 ablated [ENPP1 (-/-)] mice infected

with various M. tuberculosis strains (MOI = 1:5) measured by ELISA. Data are
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means = SD (n=4).*, p < 0.05 and ***  p < 0.001. Student’s t-test (two-tailed). (C)
Comparative TLC profile of c-di-AMP cleavage by CdnP (M. tuberculosis) and
ENPPI1 (human). (D) Intracellular growth of Mth-WT and Mtb-cdnP::Tn in BMDMs
from WT [ENPPI1 (+/+)] and ENPPI1 ablated [ENPP1 (-/-)] mice at day 5 post-
infection (MOI = 1:10). Data are means = SD (n=3).*, p < 0.05 and **, p <

0.01,Student’s t-test (two-tailed).

3.2.7. Biological effects of CdnP-mediated cGAMP linearization on the Type I IFN

response

We next sought to investigate if modulation of Type I IFN levels is a direct effect
of M. tuberculosis CdnP or if host PDEs are also involved. For this we employed
cells lacking the host PDE known as ectonucleotide
pyrophosphatase/phosphodiesterase 1 (ENPP1) which is capable of hydrolyzing 2°3’-
c¢GAMP'”. We observed that in BMDCs from ENPP1 (-/-) mice Type I IFN levels
were significantly increased the response to exogenous synthetic cGAMP and c-di-
AMP stimulation compared with ENPP1 (+/+) cells (Figure 3.11B). However, on
comparing ENPP1 knockout versus ENPP1 proficient BMDCs following infection
with our M. tuberculosis CdpP recombinant strains, the differences in Type I IFN
expression levels were negligible whether the infecting strains was Mtb-WT, Mtb-
cdnP::Tn, or Mtb-cdnP-OE (Figure 3.11B). These results signify that despite the
presence of a host PDE, which is capable of modulating the CSP through CDN
hydrolysis, the bacterial enzyme CdnP plays a major role in influencing the Type I

IFN response.
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Our finding that CdnP hydrolyzes 2°3’-cGAMP into linear pGp(2’-5’)A and that
elevated CdnP expression inhibits induction of Type I IFN response suggested that
the linear byproducts have little to no activity. To test this possibility directly we
evaluated chemically synthesized linear dinucleotides pGp(2’-5’)A and pApA along
with c-di-AMP and 2’3’-cGAMP for activation of Type I interferon responses in
RAW-Blue™ ISG indicator cells (InvivoGen). While 2°3’-cGAMP and c-di-AMP
were found to be highly potent signal inducers, the linear pApA and pGpA molecules
failed to trigger Type I IFN responses, even at concentrations of 0.125 uM or higher

(Figure 3.12).
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Figure 3.12. IRF pathway activation as measured by IRF-SEAP™ QUANTI Blue™
reporter assay in the culture supernatants of RAW-BlueTM ISG cells stimulated with
c-di-AMP, linear pApA, 2’3’-cGAMP, and linear pGp(2’-5’)A following reversible
digitonin permeabilization. Data are means = SD (n = 3) and representative of two

experiments.
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3.2.8. Role of host PDEs in CDN metabolism and M. tuberculosis virulence

Considering the enhanced Type I IFN response to c-di-AMP in cells lacking host
ENPP1 (Figure 3.11B) and the ability of ENPP1 to hydrolyze the 3°-5” as well as 2’-
5’ phosphodiester bonds in 2°3’-cGAMP'” (Figure 3.13), we next investigated
whether bacterial c-di-AMP is a potential substrate of ENPP1. We found that while
ENPP1 does hydrolyze c-di-AMP to AMP, the reaction is considerably slower than
CdnP-mediated hydrolysis. At equal enzyme concentrations with c-di-AMP as the
substrate, ENPP1 achieved only ~75% cleavage after 30 min compared with CdnP

which cleaved 100% of the c-di-AMP within 5 min (Figure 3.11C).

81



800

700 -
600 { 2'3-CGAMP
+ ENPP1 ‘
500 -
2 400 1
T 400
300 ‘\
200 -

100 A H H

AL
0+
0123456 7 8 9 101112 13 14 15 16 17 18 19 20

Time (min)

L
=

2500

2000 -

_ 1500 { 2'3’-cGAMP standard

mAl

1000 1

500 ‘

0 e e e S e e e —
0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

900 1
800 - ‘

700 1 AMP standard
600 1

300 |
200 |
100 1 “

<
E 400 A

0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

700 A

600 -

s | GMP standard ‘\

400

AU

300 - H

200 - H

100 H

0 L L s S S S S A
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
Time (min)

Figure 3.13. HPLC profiles for cleavage of 2°3’-cGAMP (100 uM) by human ENPP1
(2 uM). Figure depicts products obtained following enzymatic reaction at 37°C for 2

hours.

Our finding that the host PDE, ENPPI1, is capable of degrading bacterial c-di-

AMP suggests that host cell activity levels of ENPP1 may influence M. tuberculosis
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virulence. We hypothesized that disruption of ENPP1 might enhance the
susceptibility of M. tuberculosis to CDN-mediated host immunity. To address this
question we performed a comparative analysis of intracellular growth of Mtb-WT and
Mtb-cdnP::Tn mutant in BMDMs derived from ENPP1 (-/-) and ENPP1 (+/+) wild
type mice. As may be seen, bacterial growth was significant inhibited in ENPP1 (-/-)
cells compared with ENPP1-WT cells at day 5 post-infection (Figure 3.11D).
Additionally, in the absence of both ENPP1 and CdnP, intracellular growth is even
further inhibited with an ~1 log;o CFU difference at day 5 (comparison of Mth-WT in
ENPPI1-WT cells with Mtb-cdnP::Tn in ENPP1 (-/-) cells, Figure 3.11D).

As M. tuberculosis CdnP is unable to hydrolyze the linear pGp(2’-5’)A
dinucleotide further into the mononucleotides AMP and GMP, we sought to
determine the cellular fate of the linear pGp(2°-5°)A dinucleotide. We reasoned that
linear pGp(2°-5’)A molecules would not be re-cyclized back to 2°3’-cGAMP by
cGAS or any other cyclases, since known CDN cyclases require a triphosphate at the
5’-end.'”® """ Consequently, we hypothesized that host 2°-5° phosphodiesterase
activity may be responsible for further hydrolysis of the linear dinucleotide. To
address this hypothesis, we evaluated PDE12, a human 2’-PDE enzyme reported to
degrade the 2’-5’-linked oligoadenylates (2-5As) generated by vertebrate 2’-5’
oligoadenylate synthetases upon sensing viral RNA during infection.'”® ' Following
incubation of pGp(2’-5’)A with purified PDE12 in vitro, reaction products were
analyzed by HPLC (Figure 3.14). Incubation of PDE12 with pGp(2°-5’)A resulted in
two product species corresponding to peaks of AMP and GMP, indicating that PDE12

hydrolyzes linear pGp(2’-5’)A into the corresponding mononucleotides. We
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observed that PDE12 can also cleave linear pApA into AMP (Figure 3.14A).
However, PDE12 is incapable of hydrolyzing intact 2°3’-cGAMP or c-di-AMP
(Figure 3.14B and C), a finding consistent with recent studies of human PDEs with
CDN activity' . We also tested the human enzyme oligoribonuclease REXO2 (Sfn)
which i1s an oligoribonuclease involved in mitochondrial RNA degradation and

] .
8 Our studies

homeostasis and is an orthologue of bacterial nanoRNase (Nrn)
demonstrate that REXO2 does not hydrolyze 2°3’-cGAMP (Figure 3.14B) or c-di-

AMP (Figure 3.14D and E).
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Figure 3.14. (A) HPLC profiles for cleavage of pGp(2’-5’)A and pApA by host
PDE12 and related standards. (B) HPLC profiles showing PDE activity of CdnP (M.
tuberculosis), PDE12 (human), REXO2 (human) for 2’3’-cGAMP. (C) TLC
depicting PDE activity of PDE12 for **P-c-di-AMP. (D) HPLC profiles showing PDE
activity of REXO2 (human) for c-di-AMP (E) TLC depicting PDE activity of REX0O2

(human) for **P-c-di-AMP.

3.2.9. FDA-approved PDE-inhibitors have activity against CdnP

Our findings that M. tuberculosis CdnP modulates both bacterial and host CDN
levels and that mutation of the cdnP gene leads to in vivo attenuation of M.
tuberculosis virulence suggest that small molecule inhibitors of CdnP may sensitize
bacteria to host-mediated destruction. To test this hypothesis, we assessed a number
of commercially available PDE inhibitors for their activity against M. tuberculosis

CdnP in vitro (Table 3.2). We also included four FDA-approved PDE inhibitors
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(PDE-Is) in this analysis: cilostazol (PDE3-I), cilomilast (PDE4-I), sildenafil (PDES-

I), and tadalafil (PDES-I).

Table 3.2. List of commercially available inhibitors used in the study

Inhibitor

Systematic (IUPAC) name

Target PDE/ Source

1 Calbiochem-454202.
(from Calbiochem PDE
Inhibitor Set I)

8-Methoxymethyl-3-isobutyl-1-
methylxanthine

PDE-1
(cAMP and cGMP)
(EMD Millipore)

2 Cilostazol*

6-[4-(1-cyclohexyl-1H-tetrazol-5-yl)butoxy]-
3,4-dihydro-2(1H)-quinolinone

PDE-3 (cAMP)
(Sigma)

3 Trequinsin-HCI
(from Calbiochem PDE
Inhibitor Set I. #382425)

9,10-Dimethoxy-3-methyl-2-(2,4,6-
trimethylphenyl)imino-6,7-dihydropyrimido[6,1-
alisoquinolin-4-one

PDE-3(cGMP)
(EMD Millipore)

4 Cilomilast*

4-cyano-4-(3-cyclopentyloxy-4-
methoxyphenyl)cyclohexane-1-carboxylic acid

PDE-4 (cAMP)
(Sigma)

5 Rolipram
(from Calbiochem PDE
Inhibitor Set I. #557330)

4-[3-(Cyclopentyloxy)-4-methoxyphenyl]-2-
pyrrolidinone

PDE-4 (cAMP)
(EMD Millipore)

6 Calbiochem-475250

4-{[3",4'-(Methylenedioxy)benzyllamino}-6-
methoxyquinazoline

PDE-5(cGMP)
(EMD Millipore)

7 Tadalafil*

methyl-pyrazino [1', 2":1,6] pyrido[3,4-b]indole-1,4-
dione

PDE-5(cGMP) (Sigma)

8 Sildenafil*

7-o0x0-3-propyl-1H-pyrazolo[4,3-d]pyrimidin-5-yl)

PDE-5 (cCGMP)

(Sigma)

* FDA approved PDE inhibitors.

As may be seen in Figure 3.15A the four FDA-approved PDE-inhibitors were

active against CdnP albeit at a high inhibitor concentrations (250 uM). These results

indicate that CdnP is a druggable target.

A ¥ Noinhibitor B (i)ApA (i) AD(S)A  (iii)dAp(carboxylate)A (iv) dAp(carboxylate)dA
4 Calbiochem-454202 NH NH,
© Cilostazol* 2 NH, NH,
g NN NNy
= V Trequinsin Hydrochloride ¢ N ¢ /NfN /NfN
g ¥ Cilomilast* HO. N 7 HO N N) HO. <N N/) Ho <N ‘N/)
; ; o o o o
o Rolipram
g Calbiochem-475250 OH OH H h
> Tadalafil* o NH, o NH, 0 0
£ o b g o NH o=p  NH
€ Sildenafil* O*T o </N ) o T s </N a ° T}foer; ‘yo NfN
o o ¢ o ¢
8 o N oL NS 5 <N\N,) S O<N\N,)
’ R’ ft
0 5 10 ) 15 ) 20 25 30 o o Sh o 7, pyvard
Time (min)
3.5 3.6 3.7 3.8

86



C : z(p):nhibitor D E

v Ap(S)A
g 122& + a-dAp(carboxylate)A 7
§ 80% » a-dAp(carboxylate)dA 150 0.05-
'3 70% B-dAp(carboxylate)A = 12
5 60% & PB-dAp(carboxylate)dA E o, s
® 50% s £
D 40% £ T £ N
T 30% = 5 = No inhibitor E ®  No inhibitor
8 20% , 4 50uM Ap(S)A = o0t 4 50uM AP(S)A
o 10% -
o .
Yy T T T T T T T T r T T T T T 1
0 5 10 15 20 25 30 o 1 2 3 4 5 6 7 8 9 10 3 - 1 2 3 4
) ) i /(2:011
Time (min) [c-di-AMP] ()
1[c-di-AMP] (uM”)
=001 p=.0001 o 04
Pp=.0002 0.5 0.8 o= 01
=.01
044 =2 . p=.0001 . p=.02
= p=.02 E E o7 p=.01
P c 9 5 5 T
I S © o =,
% < ] < ° < ‘I’_l
< S =]
S o Q 5 3
o3 L o Lo
x5 X5 x5
7] 7] @
o Q o
© ®© ®©
c-di-AMP + + + + - 2'3"-cGAMP  + + + + + + - - M.th + + + + + + - -
Ap(S)A 0 2 5 1020 50- 50 Ap(S)A 0 25 1020 50- 50 Ap(S)A 0 2 5 1020 50- 50

Figure 3.15. Inhibition of CdnP by PDE inhibitors and ApA analogs. (A)
Commercially available PDE inhibitors (250 uM) were tested for their ability to
inhibit CdnP activity with **P-c-di-AMP as the substrate. Reaction products were
analyzed using TLC. The figure depicts percentage **P-c-di-AMP present over time
during CdnP hydrolysis in the presence of various inhibitors. Data are means = SD (n
= 3). *, FDA approved drugs. (B) Structures of ApA analogs. (C, D) Inhibition of
CdnP activity by ApA analogs (250 uM), (C) graphical representation of percentage
32p_c-di-AMP present over time during CdnP hydrolysis in the presence of various
inhibitors. Data are means + SD (n = 3). (D) Michaelis—Menten kinetics of c-di-AMP
cleavage by CdnP with or without the inhibitor Ap(S)A. (E) Lineweaver—Burk plot
showing that Ap(S)A is a competitive inhibitor. (F - H) Biological effect of Ap(S)A

(0 — 50 uM) analog on IRF induction following stimulation with (F) c-di-AMP (8.4
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uM), (G) 2°3’-cGAMP (1.04 uM) (H) M. tuberculosis infection (MOI = 1:10) in

RAW-BlueTM ISG cells. Data are means = SD (n = 3), Student’s t-test (two-tailed).

3.2.10. Design and evaluation of CdnP inhibitors

Next we designed inhibitors to interfere specifically with the enzymatic activity of
M. tuberculosis CdnP. We designed six linear analogs of pApA, which lacked a 5°-
phosphate and some which contained modifications of the phosphodiester linkage:
ApA, Ap(S)A, a-dAp(carboxylate)A, a-dAp(carboxylate)dA, P-dAp(carboxylate)A
and B-dAp(carboxylate)dA (Figure 3.15B). We tested the six analogs for inhibition of
CdnP activity against c-di-AMP (Figure 3.15C and Figure 3.16). Among the
inhibitors tested, the sulfur analog Ap(S)A demonstrated maximal inhibitory activity
(Ki = 65 £ 23 uM) (Figure 3.15C). Kinetic analysis revealed that Ap(S)A gives
classic substrate inhibition and acts as a competitive inhibitor (Figure 3.15D and E).
In addition, all linear pApA analogs, aside from ApA, were found to be resistant to
hydrolysis by CdnP (Figure 3.17). We also conducted in vitro inhibition studies of
ENPP1 hydrolysis of 2°3’-cGAMP in the presence of Ap(S)A and found that the

inhibitor has modest activity (Figure 3.18).
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Figure 3.16. Inhibition of CdnP by PDE inhibitors and ApA analogs. Commercially
available PDE inhibitors (250 uM) were tested for their ability to inhibit CdnP
activity with **P-c-di-AMP as the substrate. Reaction products were analyzed using
TLC. The figure depicts representative TLC images showing **P-c-di-AMP present

over time during CdnP hydrolysis in the presence of various inhibitors.
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Figure 3.17. Phosphodiesterase activity of CdnP for ApA analogs

. HPLC profiles

showing PDE activity of CdnP for six different analogs: ApA, Ap(S)A, a- and B-

dAp(carboxylate)A and a- and B-dAp(carboxylate)dA. Assay conditions are as

described in the Experimental section.
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Figure 3.18. Inhibition of PDE activity of ENPP1 towards 2°3’-cGAMP by Ap(S)A
and Sildenafil. Ap(S)A and commercially available PDE inhibitor Sildenafil (100
uM) were tested for their ability to inhibit PDE activity of ENPP1 towards 2°3’-
cGAMP. Reaction products were analyzed using HPLC. (A) The figure depicts

representative chromatograms showing 2°3’-cGAMP present over time during




ENPPI1 hydrolysis in the presence of various inhibitors. (B) Table depicting

quantitative statistics of HPLC profiles.

To evaluate the activity of Ap(S)A in vivo, we tested its ability to potentiate CDN
signaling as measured with RAW-Blue™ ISG indicator cells. Exposure to the
inhibitor Ap(S)A resulted a marked enhancement in IRF induction in uninfected cells
whose CSP was triggered by addition of exogenous c-di-AMP or cGAMP (Figure
3.15F and G and Figure 3.19). The inhibitory activity of Ap(S)A was also evident in
context of M. tuberculosis cellular infection (Figure 3.15H and Figure 3.20). Using
RAW- Blue™ ISG indicator cells we observed an ~20% increase in IRF induction in
the presence of 5 mM Ap(S)A (Figure 3.15H). These observations reveal that
inhibition of M. tuberculosis CdnP is achievable and that CdnP inhibition during M.
tuberculosis results in detectable potentiation of the CSP, an event that is associated

with reduced bacterial pathogenicity.
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Figure 3.19. Influence of Ap(S)A on CDN mediated IRF induction. The figure
depicts the biological effect of Ap(S)A analog (0 - 10 uM) on IRF induction in RAW-
Blue™ ISG cells following stimulation with (A) c¢-di-AMP (0.5 uM) and (B) 2°3’-
cGAMP (0.1 uM) in the presence of transfection reagent X-tremeGENE (Roche)

following manufacturer’s recommendation.
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Figure 3.20. Influence of Ap(S)A on in vitro and ex vivo growth of M. tuberculosis.
(A) The figure depicts the effect of Ap(S)A analog (0 - 10 uM) on growth of M.
tuberculosis in TH9 broth. M. tuberculosis was cultured in the presence of Ap(S)A for

7 days in 7H9 broth and CFU was enumerated. (B) Growth of M. tuberculosis in
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RAW-Blue™ ISG cells 2 days following infection at the indicated MOIs in the

presence of Ap(S)A (0 - 10 uM).

3.3. Conclusion

As a highly successful human pathogen, M. fuberculosis has evolved extensive

181 "While some of the

mechanisms to evade the immune system at multiple levels
virulence mechanisms rely on factors released by M. tuberculosis, others depend on
host components that are either hijacked or co-opted to prevent generation of an
effective immune response. In this study we reveal a multi-level immune evasion
strategy of M. tuberculosis whereby it inhibits the host cell’s CSP by deploying the
CdnP phosphodiesterase. CdnP activity benefits microbial pathogenicity through
hydrolysis of two important categories of innate immune signaling molecules. First,
CdnP action reduces immune detection of bacterial-derived c-di-AMP and c-di-GMP-
-which are known PAMPs--by degrading them into non-immunogenic nucleotides.
And second, it also degrades host-derived 2°3’-cGAMP--a danger associated
molecular pattern (DAMP) generated on detection of bDNA--thereby muting the

cell’s ability to signal detection of foreign nucleic acid (schematic model shown in

Figure 3.21).
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Figure 3.21. A schematic model for regulation of CDN signaling and inhibition of
cGAS-mediated innate surveillance by M. tuberculosis CdnP. Cyclic-di-nucleotides
(CDNs) such as c-di-AMP, secreted by either phagosomal or cytoplasmic M.
tuberculosis are detected by host cytoplasmic receptors such as STING. Activated
STING activates kinase TBK1 leading to phosphorylation and dimerization of IRF3
which translocates into the nucleus and stimulates transcription of Type-I IFN
response genes. Access of bacterial DNA to the cytosolic compartment is sensed by

the dsDNA receptor, cGAS, which synthesizes 2°3’-cGAMP. Host-produced 2°3’-
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cGAMP binds to STING and stimulates a signaling cascade similar to that induced by
bacterial CDNs. M. tuberculosis-derived CdnP hydrolyzes both bacterial-derived c-
di-AMP and host-derived 2°3’-cGAMP during infection. CdnP hydrolysis of 2°3’-
cGAMP yields the linearized, non-immunostimulatory molecule pGp(2°-5’)A which
is further degraded into AMP and GMP by the action of the host 2°-5’ linear nuclease,
PDEI12. Alternatively, the host PDE, ENPP1, degrades host 2°3’-cGAMP into AMP
and GMP and also may act on bacterial c-di-AMP cleaving it into two AMP
molecules. Linear dinucleotide mimetics designed in this study interferes with the

CDN PDE activity of bacterial CdnP and host ENPP1.

Our observation that CdnP may work in concert with the host-derived nuclease
PDEI12 to hydrolyze 2°3’-cGAMP into non-immunogenic mononucleotides suggests
that M. tuberculosis co-opts a host enzyme to fully inhibit host 2’3’-cGAMP
signaling. Importantly, previous studies have shown up-regulation of both host
PDE12'%* and bacterial cdnP (Rv2837¢) '®* '™ in human TB granulomas suggesting
that CdnP-mediated subversion of the CSP is a biologically relevant virulence
mechanism of M. tuberculosis. Further direct evidence for the biological significance
of M. tuberculosis CdnP comes from our observation that the magnitude of the Type I
IFN response in infected cells was governed by the cdnP genotype of the infecting
strain and was independent of the presence or absence of the host PDE, ENPP1
(Figure 3.11D).

Among the various control mechanisms employed by the host to regulate the

cGAS-cGAMP-STING pathway'** '®_ direct degradation of 2°3’-cGAMP via host
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ENPP1 represents a key pathway to prevent self-damage from prolonged immune

175 We observed that host

activation in the face of infection or exposure to self-DNA
ENPP1 also has the ability to cleave bacterial CDNs in addition to its natural
substrate, 2°3’-cGAMP, and that host cells lacking ENPP1 display enhanced
clearance of M. tuberculosis. This indicates that in addition to the PDE activity of
bacterial CdnP lowering cytosolic CDN levels and leading to enhanced virulence, the
host enzyme ENPPI1 also exerts biologically relevant downregulation of CSP
activation during infection which is deleterious to host defense. Since a non-
hydrolyzable dinucleotide mimetic Ap(S)A which inhibits CdnP was capable of
potentiating the CSP response, it is possible that dual inhibition of both M.
tuberculosis CdnP and host ENPP1 action would further enhance CSP signaling to
achieve improved host anti-bacterial responses.

While our study clearly reveals CdnP-mediated hydrolysis of host-derived 2°3’-
cGAMP, how this mycobacterial enzyme gains excess to 2°3’-cGAMP and other

substrates remains uncertain. The observations that CdnP is localized in the

mycobacterial membrane'®, CDNs traverse the eukaryotic lipid bilayer without

155, 175 187

transfection and 2°3’-cGAMP can enter adjacent cells via gap junctions ',
suggest that CdnP may gain access to host cyclic dinucleotides during phases of
infection when M. tuberculosis resides either in the cytosol or a permeable
phagosomal compartment.

This mechanism of immune evasion by M. tuberculosis as elucidated in our study

shows important parallels to observations in viral infections, wherein viruses have

been shown to counteract or block innate immunity by interfering with IFN-inducible
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2’5’- oligoadenylate (2-5A) synthetases (OASs) and ribonuclease (RNase) L, which
constitute important components of the host antiviral pathway."™ '¥ Recent studies
have also demonstrated cGAS to be an important innate sensor of retroviral nucleic
acid as well, such that infection with human immunodeficiency virus (HIV), simian
immunodeficiency virus (SIV) or murine leukemia virus (MLV) activates cGAS to
produce 2°3’-cGAMP, thus stimulating the cGAMP/STING/IFN axis.'*® Recently,
while viruses have been shown to manipulate cGAS signaling at the level of
production, whether they possess mechanisms to degrade 2°3’-cGAMP is yet to be
determined.'** '*°

In summary our study provides evidence for bacterial interference and subversion
of eukaryotic CDN signaling and concomitant antimicrobial defenses. The M.
tuberculosis-derived phosphodiesterase CdnP promotes virulence via direct
degradation of intracellular c-di-AMP (a bacterial PAMP) and 2°3’-cGAMP and thus
inhibition of the STING/IRF/IFN signaling pathway. These data underscore the
important role of CDN homeostasis in governing the outcome of M. tuberculosis
infection. Moreover, the ability of small molecule CdnP inhibitors to increase
intracellular CDN levels and potentiate CSP activation suggests that inhibition of this
class of phosphodiesterases may offer an attractive pharmacologic, anti-virulence

strategy against TB and other related intracellular infections.

3.4. Experimental

3.4.1 Synthesis of **P -c-di-AMP
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32p_c-di-AMP synthesis: 333 nM **P-ATP and 5 uM DisA (Bacillus subtilis) were
mixed in reaction buffer (40 mM Tris-HCI, pH 8.0, 100 mM NaCl and 10 mM
MgCl,). After overnight incubation, reaction were stopped by heating up to 95°C for

5 min.

3.4.2. CdnP Cleavage of c-di-AMP

24 nM **P-c-di-AMP, 2 uM CdnP and various concentrations of c-di-AMP were
mixed in reaction buffer (50 mM Tris-HCI, pH 9.0 and 1mM Mn2+). At different time
points, reaction mixture was spotted on a TLC plate (EMD Millipore TLC Cellulose).
The mobile phase used for the TLC was saturated (NH4),SO4 : 1.5 M KH,PO4 =

1:1.5.

3.4.3. CdnP Cleavage of c-di-AMP at Different pHs

24 nM **P-c-di-AMP and 2 uM CdnP were used in 50 mM Tris-HCI buffers with
different pHs (pH 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0) containing 1 mM Mn*". At
different time points, reaction mixture was spotted on a TLC plate (EMD Millipore
TLC Cellulose). The mobile phase used for the TLC was saturated (NH4),SO4 : 1.5 M

KH2PO4: 1:1.5.

3.4.4. CdnP Cleavage of c-di-AMP in the presence of different cations
24 nM *P-c-di-AMP and 2 uM CdnP were used in 50 mM Tris-HCI, pH 9.0.
Different cations (Li", Mg®", Mn®" and Ca”") were added at a concentration of 5 mM

to the reaction mixture to test the effect of these cations on enzymatic activity.
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3.4.5. Cleavage of c-di-AMP with inhibitors

2P-c-di-AMP was generated from ““P-ATP by DisA. 24 nM **P-c-di-AMP, 2.5
UM c-di-AMP, 2 uM CdnP and 250 uM inhibitors were mixed and incubated at 37°C.
The reaction progress was analyzed using polyethyleneimine cellulose TLC plate
(EMD). Mobile phase used for the TLC was a mixture of 4 mL saturated (NH4)>SO4
and 6 mL 1.5 M KH,PO..

The following equations were used to calculate percent of c-di-AMP and percent
inhibition:

Lc-di-amp

Percentage of c-di-AMP= x100%
Ie-gi-ampHpapa+lamp

. Percentage of c-di-AMP,-, — Percentage of c-di-AMP,
Percentage cleaved c-di-AMP= - x100%
Percentage of c-di-AMP,—,

Percentage cleaved c-di-AMP,, innivitor — Percentage cleaved c-di-AMPynipitor
x100%

Percentage inhibition= -
8 Percentage cleaved c-di-AMP,, inhibitor

Where I = intensity of radioactive spot on the TLC plate.

3.4.6. CdnP cleavage of c-di-AMP and c-di-GMP analyzed by HPLC

2 uM CdnP and 100 pM c-di-AMP or c-di-GMP were incubated overnight in 50
mM Tris-HCL, pH 7.5 and ImM Mn*". Separation was performed on Varian ProStar
HPLC using Purospher® STAR RP-18 (5 um) LiChroCART® 250-10 column. The
mobile phases are buffer A: 0.1 M TEAA in water and buffer B: acetonitrile. Samples
were eluted with 95%—>80 % A at 0-16 min and 80%—>10 % A at 16-18.5 min and
kept 10% A at 18.5-22 min. Signals were detected at room temperature with a 254 nm

UV detector.
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3.4.7. Cleavage of 2°3’-cGAMP

10 uM CdnP or 10 uM RocR (Pseudomonas aeruginosa) or 10 uM YybT
(Bacillus subtilis) or 10 uM GdpP (Staphylococcus aureus) or 1.7 uM hPDEI12
(Origene) or 2.8 uM hREXO2 (Origene) were incubated over-night with 100 uM
2’3’-cGAMP (Invivogen) in reaction buffers. RocR reaction buffer is 10 mM Tris-
HCI, pH 8.0, 100 mM NaCl and 5 mM MgCl,. YybT buffer is 100 mM Tris-HCI, pH
8.3, 10 mM KCl and 500 uM MnCl,. GdpP buffer is 50 mM Tris-HCI pH 8.5, 10 mM
KCI and 100 uM MnCl,. hPDE12 buffer is 100 mM Tris-HCI, pH7.5 and 10 mM
MgCl,. hREXO2 buffer is 50 mM HEPES-KOH, pH 7.4, 50mM KClI, 2% glycerol,
0.01% Triton X-100 and 10 mM MnCl,. Separation was performed on Varian ProStar
HPLC using Cosmosil C18-MS-II column. The mobile phases are buffer A: 0.1 M
TEAA in water and buffer B: acetonitrile. Samples were eluted with 99%—>87 % A at
0-16 min and 87%—>10 % A at 16-25.5 min, kept 10% A at 18.5-22 min and washed
back to 1% A at 25.5-36 min. Signals were detected by a 254 nm UV detector.
3.4.8. Cleavage of pGp(2°-5°)A

1.7 uM PDEI12 was incubated overnight with 100 uM pGp(2’-5’)A in 100 mM
Tris-HCl, pH7.5 and 10 mM MgCl,. Separation was performed on Varian ProStar
HPLC using Cosmosil C18-MS-II column. The mobile phases are buffer A: 0.1 M
TEAA in water and buffer B: acetonitrile. Samples were eluted with 99%—>87 % A at
0-16 min and 87%—>10 % A at 16-25.5 min, kept 10% A at 18.5-22 min and washed
back to 1% A at 25.5-36 min. Signals were detected by a 254 nm UV detector.

3.4.9. Cleavage of c-di-AMP by ENPP1

101



24 nM **P-c-di-AMP and 2.5 uM cold c-di-AMP was cleaved by 2 uM ENPP1.
Aliquots of the reactions were taken at various time points and analyzed by TLC.
ENPP1 reaction was carried out in a buffer containing 20 mM Tris-HCI, pH 9.0, 2
mM CaCl,, 0.2 mM ZnCl, and 0.01% Triton X-100.

3.4.10. Kinetics of c-di-AMP Cleavage by CdnP with or without Inhibitor

40 nM CdnP was incubated with 24 nM >?P-c-di-AMP plus different
concentrations of cold c-di-AMP. For the inhibition studies, 50 uM Ap(S)A was
added. The reaction progress was analyzed by TLC. Initial reactions velocities were

calculated and fit with Michaelis—Menten kinetics equation.

3.4.11. Kinetics of 2°3’-cGAMP Cleavage by CdnP

10 uM CdnP was incubated with different concentrations of 2°3’-cGAMP. At
various time points, aliquots of the reactions were stopped by heating up to 95 °C for
5 min and enzymes were removed by filteration. After HPLC analysis, initial

reactions velocities were calculated and fit with Michaelis—Menten kinetics equation.

3.4.12. Other experiments

The details of plasmids, M. tuberculosis strains, cell lines and animals used in this
study is included in the laboratory notebook of Ruchi Jain Dey and Bappaditya Dey
in the Center for Tuberculosis Research at Johns Hopkins University, as well as CdnP
expression and purification, macrophage and mice infection with M. tuberculosis.
Extraction of nucleotides from M. tuberculosis and macrophage cytoplasm is

discribed in the laboratory notebook of Laurene S. Cheung in the Center for
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Tuberculosis Research at Johns Hopkins University. The details of ITC experiment is
included in the laboratory notebook of Pankaj Kumar in the Center for Tuberculosis
Research at Johns Hopkins University. Chemical synthesis of nucleotides is discribed
in the laboratory notebook of Jie Zhou and David A. Sayre in the Department of

Chemistry and Biochemistry at University of Maryland, College Park.

103



Chapter 4: Inhibition of P. aeruginosa Swarming Motility with a
Benzoisothiazolinone  Derivative, an  Inhibitor of c¢-di-GMP
Phosphodiesterase RocR

This work has been submitted for publication.

4.1. Introduction

Cyclic dinucleotides are now acknowledged as important second messengers in
bacteria.' These second messengers also elicit innate immune response in mammalian
cells.” The first cyclic dinucleotide bis-(3’-5")-cyclic dimeric GMP (c-di-GMP) was
discovered in G. xylinum by Benziman in 1987.'° At that time c-di-GMP was
recognized as a regulator of cellulose synthesis. Following Benziman’s seminal
discovery, the field of cyclic dinucleotides went into a hiatus, only to be resurrected
in the last decade, where the key roles played by c-di-GMP in signal transduction
systems have been uncovered.'"'* ' ! In the majority of bacteria studied so far, the
intracellular concentrations of c-di-GMP determine whether a bacterium chooses the
mobile planktonic or the sedentary biofilm lifestyles (Figure 1.2). At high
intracellular ~ concentrations,  c¢-di-GMP  promotes the  production of
exopolysaccharides and other adhesion factors to facilitate biofilm formation."”? On
the other hand, c-di-GMP retards the expression of flagella and impedes bacterial
swimming and swarming activities.'”> C-di-GMP also represses the expression of the
acute virulence genes."” It is emerging however that there are nuances to c-di-GMP

system in that gross intracellular concentration of the dinucleotide alone is not the
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sole determinant of a phenotype but rather the micro-concentrations of c-di-GMP and
the relative localizations of c-di-GMP regulatory enzymes or adaptor proteins and/or
binding RNAs dictate the phenotypic outcome.’” > ' The intracellular
concentration of c-di-GMP is controlled by its metabolic enzymes: diguanylate
cyclase (DGC) and phosphodiesterase (PDE). DGCs dimerize two GTP into pppGpG,
which is subsequently cyclized into c-di-GMP.'® PDEs hydrolyze c-di-GMP to ether
linear pGpG or two molecules of GMP, depending on the key residues in their active
sites.””” '® The major product of EAL domain phosphodiesterase is pGpG and these
enzymes only slowly hydrolyze pGpG to GMP.”” HD-GYP domain
phosphodiesterase hydrolyzes c¢-di-GMP directly to GMP efficiently.** Some c-di-
GMP metabolism enzymes (both DGC and PDE) also contain sensory domains that

2 201 . 202, 2 204, 2
00, 20 , light 02, 03, NQ?%4 205 etc, to modulate

sense various signals, such as oxygen
enzymatic activity. Given that c-di-GMP binds to a plethora of downstream protein
receptors™ and RNA riboswitches' and regulates important bacterial behaviours, the
roles of its metabolic enzymes are clearly worthy of attention.

Perplexingly, for most bacteria more than one c-di-GMP metabolism enzyme
(DGC and PDE) exist and it is unclear if these metabolism enzymes exist for
synergistic and/or redundancy purposes. An important study by Roémling showed
mutation of the major DGC AdrA in Salmonella dramatically reduced total c-di-GMP
concentration, but the downstream CsgD expression was not affected, because two
other DGCs STM2123 and STM3388 could keep c-di-GMP level in a localized

pool.”” The nuanced roles played by different c-di-GMP metabolism enzymes is

illustrated in P. aeruginosa, which harbors 33 GGDEF domain proteins, 21 EAL
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domain proteins and 3 HD-GYP domain proteins (see Table S1 for the roles of some
PDEs in P. aeruginosa).” This begs the question why 33 different c-di-GMP
synthases and 24 phosphodiesterases are needed for making or hydrolyzing one
metabolite.”” A seminal study by Hengge and co-workers provided some insights into
why some c-di-GMP metabolism enzymes do not change the intracellular
concentrations of c-di-GMP, yet affect bacterial phenotype (a case of global versus
localized signaling). In this study, the authors showed that in Salmonella CsgD
expression is not only regulated by total c-di-GMP concentration, but also the local
DGC-PDE interactions; EAL domain YciR could act as trigger enzyme that inhibits
csgD expression via direct contact with YdaM (a DGC) and MIrA (a transcription
factor)."”® Thus it is now clear that the cellular functions of c-di-GMP PDE are not
only achieved by decreasing global c-di-GMP concentration. The ability to
specifically inhibit each of these PDE enzymes in a specific bacteria, without
affecting others of similar function, will help identify the cellular processes that are
directly or indirectly regulated by these enzymes. Thus far, there have not been many
reports of cell permeable inhibitors of c-di-GMP PDEs and the lack of such probes
obviously impedes efforts to delineate the intricacies of c-di-GMP signalling.

In our efforts to illuminate cyclic dinucleotide signalling with chemical probes,
we have identified a P. aeruginosa RocR inhibitor and herein demonstrate that this
inhibitor of RocR can affect swarming (but not swimming). Also, we disclose an
interesting finding that the RocR inhibitor promotes the production of pyoverdine and
pyocyanin, virulence factors. Gene expression analysis by Hancock et al. revealed

that virulence factors and antibiotic resistance genes are expressed more in swarming
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cells than in swimming cells.””’ So the identification of a small molecule that can
inhibit swarming yet facilitate the production of virulence factors is intriguing. Our
data provides a cautionary tale for medicinal chemists who desire to develop anti-
virulence strategies to be aware that the inhibition of one virulence factor could
inadvertently promote the expression of other virulent factors in a manner that is

complex and not easily predicted a priori.

4.2. Result and Discussion

4.2.1. Identification of a RocR inhibitor

We utilized high throughput docking to identify potential inhibitors of cyclic
dinucleotide metabolic enzymes. Our ultimate goal was to find inhibitors against
RocR, a P. aeruginosa PDE that has been shown to be important for virulence but the
crystal structure of RocR reported to date did not have a bound ligand® so this
presented a challenge. On the other hand the crystal structure YahA (also named
PdeL), an EAL domain phosphodiesterase from E. coli,'” in complex with its
substrate, c-di-GMP, has been solved (PDB: 4LJ3)* so we decided to use this PDE
for our docking experiment. Using the structures of 250,000 commercially available
compounds, we performed the docking experiment against YahA and identified a
handful of putative PDE binders. We then tested the ligands, which were identified as
binders of PDE in silico, for inhibition of c-di-GMP cleavage by RocR**® and YahA.
Only one compound (a benzisothiazolone derivative, compound 4.1, see Figure 4.1)

could inhibit the cleavage of c-di-GMP by RocR (Figure 4.1). Paradoxically this
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compound did not inhibit the cleavage of c-di-GMP by YahA from E. coli (Figure
4.2), although YahA was the protein that was used for the docking experiment.
Nonetheless we were still excited about the ability of the “hit” compound to inhibit
RocR since P. aeruginosa is an important human pathogen, which causes respiratory
tract, urinary tract, wound and burns infections.”” P. aeruginosa also colonizes
medical devices and causes hospital-acquired infections. Cystic fibrosis (CF) patients
are especially susceptible to this opportunistic pathogen. Thus small molecules that
perturb any signaling system in P. aeruginosa could be useful for illuminating P.
aeruginosa biology and in some cases could even have therapeutic value. C-di-GMP
regulates some phenotypes of P. aeruginosa and RocR has been shown to be a major
¢-di-GMP PDE in this pathogen.””® Mutation of the rocR gene abolished the virulence

. . . . 194
of P. aeruginosa in mouse infection model."
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Figure 4.1. (A) The structure of compound 4.1. Compound 4.1 inhibits the cleavage
of *P-c-di-GMP to *P-pGpG by RocR. (B) The image of TLC plates of RocR
cleavage with or without compound 4.1. 50 uM c-di-GMP and 16 nM **P--c-di-GMP
were cleaved by 0.6 uM RocR in the presence or absence of 100 uM compound 4.1 at

37 °C for 30 min. Compound 4.1 significantly slowed down RocR cleavage.
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Figure 4.2. Compound 4.1 affects YahA and RocR cleavage analysed by HPLC. (A)
0.7 uM YahA cleaves 50 uM c-di-GMP in the absence of compound 4.1. (B) 0.7 uM
YahA cleaves 50 uM c-di-GMP with 100 uM compound 4.1. (C) 0.6 uM RocR

cleaves 50 uM c-di-GMP in the absence of compound 4.1. (D) 0.6 uM RocR cleaves
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50 uM c-di-GMP with 100 uM compound 4.1. The reactions were conducted at 37 °C

for 30 min.

To ascertain if the benzoisothiazolone core was important for the inhibition of
RocR, we synthesized two structurally similar compounds 4.2 and 4.3 (Figure 4.3)
and tested them for RocR inhibition. Compound 4.2 was not as potent as compound
4.1, whereas 4.3 was not active (see Figure 4.4), confirming the essentiality of the
benzoisothiazolone moiety for RocR inhibition. The benzoisothiazolone unit is found

. . . . 210-21
in several biologically active molecules,*'*2'®

including orally active drug leads
against metabotropic glutamate subtype 2 receptor> and phosphomannose

isomerase®®; the PDE RocR adds to the growing list of enzymes that this

pharmacophore inhibits.
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Figure 4.3. (A) The structures of compound 4.2 and 4.3. (B) Synthesis scheme of

compound 4.2 and 4.3. Details of synthesis see the laboratory notebook of Genichiro
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Tsuji in the Department of Chemistry and Biochemistry at University of Maryland,

College Park.
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Figure 4.4. Inhibition of RocR reaction by compound 4.1, 4.2 and 4.3. 50 uM c-di-
GMP and 16 nM **P-c-di-GMP were cleaved by 0.4 pM RocR in the presence or
absence of 100 uM small molecules at 37 °C for 30 min. Compared with compound
4.1, compound 4.2 has a much weaker inhibition and compound 4.3 completely lost

RocR inhibition activity.

4.2.2. Thermodynamic and kinetic parameters

We performed kinetic and thermodynamic experiments to determine binding and
inhibition parameters of compound 4.1. A Lineweaver-Burk plot of the inverse of
initial reaction speed against the inverse of c-di-GMP concentration at fixed
concentration of compound 4.1 gave an inhibition constant (K;) of 83 + 7 uM (Figure
4.5A). According to the Lineweaver—Burk plot, compound 4.1 is a non-competitive
inhibitor (Figure 4.5B). An apparent dissociation constant, K;/"*"", of 15 uM

(average from two different analytic methods, see Figure 4.6) was obtained by
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measuring the change of RocR intrinsic fluorescence in the presence of different

concentrations of compound 4.1.
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Figure 4.5. Kinetics of inhibition of RocR by compound 4.1. (A) Michaelis—Menten

kinetics. (B) Lineweaver—Burk plot showed that compound 4.1 is a non-competitive

inhibitor.
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Figure 4.6. Binding of compound 4.1 to RocR. (A) Normalized RocR intrinsic
fluorescence change with different concentrations of compound 4.1, indicating a
dissociation constant Ky of 14 + 2 pM (Equation (4.1)*. (B) Stern—Volmer plot of the
RocR intrinsic fluorescence. Kg was calculated as 16 + 2 uM using Equation (4.2)°,

see methods section.

4.2.3. Intracellular concentrations of c-di-GMP and pGpG.

The intracellular concentration of c-di-GMP depends on the cooperation of multiple
DGCs and PDEs. Mutation of some PDE genes lead to the global change of c-di-
GMP concentration, such as DipA'’ and BifA%"". (See Table 4.1). However, some
PDEs do not change the overall c-di-GMP level, yet they affect bacterial phenotype
(this phenomenon is thought to occur via micro-domain regulation). In PAOI,
mutation of PDE gene AnbdA did not change intracellular c-di-GMP levels.'”®
Interestingly, AnbdA strain abolished NO-induced biofilm dispersion compared with
WT PAO1."® Mutation of another PDE gene mucR increased c-di-GMP level in the

biofilm cells, but decreased c-di-GMP level the planktonic cells.'”® The effect of rocR

on the global c-di-GMP level is unknown. Treatment of PAO1 with compound 4.1
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did not change the intracellular concentration of c-di-GMP and pGpG (see Figure 4.7).

We proceeded to investigate if compound 4.1 could affect any PAO1 phenotype, vide

infra.

Table 4.1. Information of selected PDEs from P. aeruginosa

Name Intracellular c-di-GMP level In vitro activity Phenotype
NbdA'*® AnbdA did not alter c-di-GMP Yes Biofilm dispersal
levels but overexpression of nbdA
reduced c-di-GMP level.
MucR'® AmucR increased c-di-GMP level in Yes Biofilm dispersal
the biofilm cells, but decreased c-di-
GMP level the planktonic cells
BifA?" Abif4 increased c-di-GMP level Yes Abif4 reduced swarming motility
and increased biofilm formation
RocR?’ N/A Yes rocR mutant reduced virulence
DipA'?’ AdipA increased c-di-GMP level Yes Biofilm dispersal, AdipA4 reduced
swarming motility
PyvrR?!8:21 pvrR overexpression reduced c-di- Yes pvrR overexpression reduced biofilm
GMP level formation, pvrR mutant reduced
virulence
PA4108%*° PA4108 mutant increased c-di-GMP Yes PA4108 mutant reduced swarming
level motility and pyocyanin production
PA4781%°  PA4781 mutant increased c-di-GMP Yes PA4781 mutant reduced swarming

level

motility and increased pyoverdin
production
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Figure 4.7. PAO1 intracellular concentrations of c-di-GMP and pGpG in the presence
or absence of compound 4.1. C-di-GMP and pGpG concentration was quantified by

LC-MS/MS. The details of extraction and quantification see Methods.

4.2.4. Effects of compound 4.1 on bacterial behaviors

There are about 21 EAL domain PDE in P. aeruginosa and 3 HD-GYP domain
PDE.” Many of these PDEs remain uncharacterized. RocR (PA3947) is one of the
most well-studied and most active phosphodiesterases found in P. aeruginosa.”™
RocR is essential for P. aeruginosa acute infection; infection with rocR mutant P.

% In another catheter-associated

aeruginosa did not have fatal effects on mice.
urinary tract infection (CAUTI) model, P. aeruginosa strain that overexpressed RocR
was observed to have less CFU in the bladders and kidneys of infected mice than wild
type strain.”?' Because in P. aeruginosa c-di-GMP phosphodiesterase mutants were
viable (but avirulent) it is likely that PDE inhibitors will not be used for growth

inhibition per se but rather could be used to attenuate bacterial virulence. Indeed,

even at high concentrations (100 uM) compound 4.1 did not kill P. aeruginosa
115



(Figure 4.8).
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Figure 4.8. Viability tests of compound 4.1 on PAOI. PAO1 was treated with

different concentrations of compound 4.1. Compound 4.1 did not kill PAO1 cells.

4.2.5. Motility

The ability to move on surfaces (swarming) or in a viscous mucous (swimming) is
critical for the invasive virulence of P. aeruginosa. Bacterial motility apparatus, such
as flagella, are considered as virulence factors; in a mice burn wound model, non-
motile P. aeruginosa were able to proliferate in the burn wound but were unable to
cause bacteraemia or systemic invasion, and therefore the infection was localized to
the skin wound.”** Small molecules that inhibit bacterial motilities are of interest due
to the potential to use such molecules in reduce bacterial virulence.””**** Chan and
co-workers found that caffeine inhibited PAO1 swarming at 0.3 mg/mL, probably via
inhibition of quorum sensing.””” Fukui and co-workers showed that anteiso-C15:0,
which is a branched-chain fatty acid completely abolished PAO1 swarming at 5

ng/mL.*°
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P. aeruginosa swimming and swarming motilities are powered by a single polar
flagellum®’, although others have proposed that swarmer cells might have two
flagella.””® ** C-di-GMP mediates flagella biosynthetic gene repression via binding
to a key transcription factor, F1eQ.*” P. aeruginosa encodes two stator complexes,
MotAB (PA4954/4953) and MotCD (PA1460/1461).%® These stators are cytoplasmic
membrane channels that generate flagella rotation torque by proton conduction®. The
numbers of MotAB and MotCD in a motor is dynamic and both MotAB and MotCD
stators can provide energy for swimming motility. Disabling one stator did not
completely abolish swimming.”® However MotAB and MotCD have opposite
functions in swarmer cells.”” MotCD generates torque for swarming, but MotAB
impedes it. Via an unknown mechanism, c-di-GMP downregulates the proportion of
MotCD in a motor and slows down swarming.”® From the foregoing, an inhibitor of
PDE should inhibit swarming. At high concentration (100 uM), compound 4.1, a PDE
inhibitor, swarming was completely inhibited but global c-di-GMP was not affected;
a perplexing finding. The swarming inhibition was dose dependent (see Figure 4.9),
confirming that it is due to the direct action of compound 4.1. Interestingly compound
4.1 did not impede bacterial swimming motility (Figure 4.10), in line with our
observation that compound 4.1 did not change global c-di-GMP concentration. These
opposite observations validate earlier findings by others, who have shown that
although swimming and swarming utilize some common apparatus, there are some
differences between these two.””’ Swarming is a group behavior, whereas swimming

230

is not.”" As the population of P. aeruginosa increases, so does the concentration of

quorum sensing autoinducers, which promote the production of the surfactant
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rhamnolipid®*® to aid swarming.*® Rhamnolipid is also a potent virulence factor,
which is associated with ventilator-associated pneumonia®', resistance to
macrophage phagocytosis®>, respiratory epithelium invasion””, host cell membrane
disruption®*, etc. Therefore, we tested the rhamnolipid production of PAOI in the
presence or absence of compound 4.1 (Figure 4.11). 100 uM compound 4.1 reduced

the production of rhamnolipid, which is critical for PAO1 swarming motility.

Figure 4.9. Swarming assay. Different concentrations of compound 4.1
(concentration indicated in the graph) were added to the swarming agar. 1 ul of
PAOI1 overnight culture was inoculated in the middle of the agar surface. Pictures
were taken after 48 h incubation. The swarming mobility of PAO1 was restricted by

50 uM and 100 uM compound 4.1.
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Figure 4.10. Swimming assay. Different concentrations of compound 4.1
(concentration indicated in the graph) were added to the swimming agar. PAOI
overnight culture was inoculated into the agar by a needle. Pictures were taken after

24 h incubation. Compound 4.1 did not inhibit PAO1 swimming motility.
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Figure 4.11. Rhamnolipid production. PAO1 was cultured with or without 100 uM
compound 4.1. Rhamnolipid was extracted with diethyl ether and evaporated to
dryness. The extracted rhamnolipid was reacted with 0.19% (w/v) orcinol in 50%
(v/v) concentrated H,SO, at 80 °C for 30 min. The production of rhamnolipid was

quantified by measuring absorbance at 421 nm.

4.2.6. Quorum sensing

Several studies have documented an overlap between c-di-GMP and quorum
sensing signaling. ?** In a seminal study, Woods and Ueda revealed that the
transcription factor LasR when complexed with the quorum sensing signal, 3-oxo-
C12-HSL, facilitated the transcription of the spbA gene.”** TpbA is a phosphatase,
which dephosphorylates TpbB (a GGDEF-containing c-di-GMP synthase) to reduce

intracellular concentration of c-di-GMP. The foregoing and other studies have shown

a regulation of c-di-GMP synthesis or degradation by quorum sensing but the
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opposite regulation whereby c-di-GMP modulates quorum sensing has not been
extensively studied. We were therefore curious to know if the RocR inhibitor,
compound 4.1, could inhibit phenotypes (such as pyocyanin and pyoverdine, see

Figure 4.12) that are regulated by quorum sensing.**’

A OH B Peptide moiety
N o
i I
| R. >
CHg N OH

Figure 4.12. Structures of (A) pyocyanin and (B) pyoverdine.

Pyocyanin, a redox-active secondary metabolite, is a blue-green pigment.*® It is
produced by P. aeruginosa to kill competing bacteria cells, damage host cells and
repress host immune system.”” **® One study showed that pyocyanin could slow
down host nasal ciliary beat frequency and disrupt the epithelium.”’ Pyocyanin also
inhibits cellular respiration, cell cycle, vacuolar ATPase and retards epidermal cell
growth.”*® Pyoverdines (also named fluorescins, pseudobactins) are a group of
siderophores produced by P. aeruginosa to sequester iron.”*' Pyoverdine structures
are diverse but they all consist of a dihydroquinoline-type chromophore and a peptide.
Pyoverdines are synthesized in the cytoplasm, mature in the periplasm and then
secreted to outside environment to acquire iron.”** Iron is important for P. aeruginosa
growth and biofilm formation.””® In addition to iron sequestration, pyoverdine has

also been reported to up-regulate the production of other virulence factors, such as
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exotoxin A and endoprotease.***

Compound 4.1 was added to King agar A**, used to detect pyocyanin production,
and PAOI1 was grown on the agar. After 24 h incubation, the agar plate became bluer
(see Figure 4.13), indicative of enhanced production of pyocyanin in the presence of
compound 4.1. A liquid culture also showed enhancement of pyocyanin production
upon the addition of compound 4.1, although at higher concentration the

enhancement effect became negligible (see Figure 4.14).

/ﬂ)OuM compound 4.1%

Figure 4.13. Pyocyanin assay. 0 or 100 uM compound 4.1 was added to King agar A.
Diluted PAO1 culture was spread evenly on the agar surface. After 24 h incubation,

100 uM compound 4.1 significantly increased pyocyanin production.
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Figure 4.14. Pyocyanin test. PAO1 was treated with different concentrations of
compound 4.1. After 2 days, pyocyanin was extracted from culture supernatant by

chloroform and quantified by ODs,, and normalized to OD_ .

245 , used to detect

Similarly when P. aeruginosa was grown on King agar B
pyoverdine production, the plate became greener (see Figure 4.15), indicating that
compound 4.1 also increases pyoverdine synthesis. Here too, a liquid culture also
showed enhancement of pyoverdine production upon the addition of compound 4.1
(see Figure 4.16) Both pyocyanin and pyoverdine synthesis are regulated by quorum
sensing autoinducers (see Figure 1.4) but other studies have indicated that there might
be other non-QS modulation of these virulence factors. For example Liang and co-
workers have demonstrated that pyocyanin synthesis could be modulated by AlgR in

a non-QS mechanism.**® It turns out that AlgR also modulates c-di-GMP synthesis

and hence there is a link (albeit ill defined) between pyocyanin synthesis and c-di-
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GMP regulation. Semmelhack and co-workers also revealed that small molecule
inhibitors that attenuated pyocyanin synthesis acted via a non-QS mechanism.**’ This
work hints at the possibility of c-di-GMP directly regulating the synthesis of
pyocyanin and/or pyoverdine. Cautious must however be in order, since the link
could be an indirect one considering the plethora of processes that c-di-GMP
regulates. It is also possible that compound 4.1 acts on other receptors or processes,
other than c-di-GMP signalling to affect swarming. Whether there are additional
targets involved in the swarming regulation by compound 4.1, the discovery of an
inhibitor of RocR that affects swarming but not swimming is very interesting and
provides an interesting probe that could be used to study swarming in Pseudomonas
aeruginosa. Consistent with the lack of global modulation of ¢-di-GMP concentration
by compound 4.1, bacterial biofilm formation, a potential liability of c-di-GMP PDE
inhibitors, was not enhanced (see Figure 4.17). Future studies, beyond the scope of

this manuscript, will attempt to shed more light on this interesting finding.

'100uM compound 4.1

/
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Figure 4.15. Pyoverdine test. 0 or 100 uM compound 4.1 was added to King agar B.
Diluted PAO1 culture was spread evenly on the agar surface. After 24 h incubation,

100 uM compound 4.1 significantly increased pyoverdine production.
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Figure 4.16. Compound 4.1 reduces rhamnolipid production. PAO1 was treated with
DMSO or 100 uM compound 4.1. Extraction and quantification of rhamnolipid

followed the methods published by Blackwell.***
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Figure 4.17. Biofilm tests of compound 4.1 on PAOIl. PAOI was treated with

different concentrations of compound 4.1, but biofilm formation was not inhibited by

compound 4.1.

4.3 Conclusions

C-di-GMP has emerged as an interesting second messenger in bacteria and there
is a high interest in finding small molecules that perturb c-di-GMP signaling in
bacteria. The majority of reports on small molecule inhibitors of c-di-GMP signaling

have focused on the inhibition of ¢-di-GMP synthesis’® - #*°

, probably due to the
central role that c-di-GMP plays in most Gram-negative biofilm maturation’ and
resistance to stress.””’ However c-di-GMP and its degradation product, pGpG,
probably have complex roles in bacterial virulence factor production and it is not
clear yet whether the inhibition of c-di-GMP would have a therapeutic benefit.
Chemical probes that inhibit cyclic dinucleotide related enzymes could play crucial
roles in deciphering the complex c-di-GMP regulatory network. Compound 4.1 did

not inhibit other cyclic dinucleotide metabolic enzymes such as WspR D70E (c-di-

GMP synthase from P. aeruginosa), DisA (c-di-AMP synthase, from B. subtilis) and
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GdpP (previously named YybT, c-di-AMP phosphodiesterase from B. subtilis), data
not shown. Compound 4.1 also did not inhibit YahA (PDE from E. coli) or Snake
venom phosphodiesterase (SVPD) or other c-di-GMP PDEs from P. aeruginosa

(DipA, PvrR and PA4108) (See Figure 4.18).
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Figure 4.18. The enzymatic activities of different PDEs with or without compound
4.1 were analyzed by HPLC experiments or bis-pNPP cleavage assays. Compound
4.1 did not significantly inhibit YahA from E. coli, PA4108, PvrR or DipA from P.

aeruginosa and Snake venom phosphodiesterase (SVPD) from Crotalus atrox.

We showed that this inhibitor could inhibit P. aeruginosa rhamnolipid production
and swarming (a virulence factor for systemic invasion), but at the same time could
also increase the production of other virulence factors (such as pyocyanin and
pyoverdine) synthesis. It is known that quorum sensing regulates c-di-GMP signaling

in a variety of bacteria, including P. aeruginosa, but the opposite regulation of

127



quorum sensing by c-di-GMP has not been extensively studied. The modulation of
pyocyanin or pyoverdine or rhamnolipid (virulence factors that are mainly controlled
by quorum sensing) by a c-di-GMP PDE inhibitor hints at a possible direct
modulation of quorum sensing by c-di-GMP-related enzymes. Further work is needed
to determine if the modulation of pyoverdine and pyocyanin or rhamnolipid by a c-di-
GMP PDE inhibitor is via QS axis or via alternative pathways that also modulate
pyoverdine and pyocyanin or rhamnolipid synthesis.”*’ Recently, in a seminal
disclosure by Blackwell and co-workers, it was revealed that modulation of RhIR, a
quorum sensing receptor, with a small molecule inversely affected pyocyanin and
rhamnolipid production (another example of unexpected modulation of virulence). It
appears that a global approach needs to be taken towards developing an anti-virulence

therapy.”*

4.4. Experimental

4.4.1. Protein purification.

Snake venom phosphodiesterase (SVPD) from Crotalus atrox was purchased
from Sigma-Aldrich. RocR, WspR, DisA, YahA and YybT purification were
performed as described previously.'” DipA, PA4108 and PvrR plasmids were
transformed into BL21 (DE3) cells. When ODggo got 0.6, protein expression was
induced by 1 mM IPTG. After expression at 16 °C overnight, cells were harvested by
centrifugation (Sorvall LYNX 6000 Superspeed Centrifuge) at 5000 rpm for 30 min.

Cells were resuspended in lysis buffer and lysed by sonication. Cell lysates were
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centrifuged at 22,000 rpm for 25 min. Proteins were purified from supernatant by
Nickel column (GE Healthcare HiTrap column). Lysis buffer for DipA contains 10
mM Tris-HCI, pH 8.0, 1 mM EDTA and 0.1% Tween 20. Lysis buffer for PA4108
contains 50 mM Tris-HCI, pH 8.0 and 50 mM NaCl. Lysis buffer for PvrR contains

10 mM Tris-HCI, pH 8.0 and 100 mM NaCl.

4.4.2. Radiolabeling experiments.

32p_c-di-GMP was synthesized by incubating **P-GTP (333 nM), GTP (20 puM)
and WspR D70E (5 uM) in a buffer containing 10 mM Tris-HCI, pH 8.0, 100 mM
NaCl and 5 mM MgCl, at 37 °C overnight. For inhibition tests, c-di-GMP (50 uM)
and **P-c-di-GMP (16 nM) were cleaved by RocR or YahA in the presence or
absence of 100 uM potential inhibitors at 37 °C. The RocR reaction buffer, pH 8.0,
contained 100 mM Tris-HCL, 20 mM KCI and 25 mM MgCl,. YahA reaction buffer
pH, 9.35, contained 50 mM Tris-HCI, 5 mM MgCl, and 50 mM NaCl. At different
time points, 0.5 pL of reaction mixture was applied on a cellulose TLC plate (EMD
Millipore). The TLC plates were developed in a buffer consisting of 1:1.5 (v/v)
mixture of saturated (NH4),SO4 : 1.5 M KH,;PO4. To measure the kinetics of
inhibition, radiolabeling experiments were conducted to monitor the reaction initial
velocities with different concentrations of c-di-GMP and a fixed concentration of

RocR (600 nM). 50 uM of compound 4.1 was used to determine K.

4.4.3. Bis-pNPP cleavage assays.
0.77 uM DipA or 4.7 uM PA4108 or 5 uM PvrR or 0.001 unit/mL SVPD reacted
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with 1 mM bis-pNPP at 37 °C for 1 h in the presence or absence of 100 uM
compound 4.1. OD4;¢ was monitored by BioTek Cytation 5 Cell Imaging Multi-Mode

Reader.

4.4.4. Dissociation constant K4 measurement.

5 uM RocR and different concentrations of c-di-GMP were incubated at 4 °C for
1 h. Protein intrinsic fluorescence measurement (Excitation: 280 nm and Emission:
300 ~ 430 nm) was carried out on a Varian Cary Eclipse fluorescence
spectrophotometer.

The dissociation constant was calculated by the following equations:

(KPP + P+ L) — J(Kgpp + P, + L2 — 4P.L,

F=F, + AF
’ 2R (4.1)?

Fo-F
log (T) =logK,+n log[L]
(4.2)*?
Where F is the intrinsic fluorescence intensity at 340 nm. F is the fluorescence

intensity at 340 nm in the absence of compound 4.1. AF is the fluorescence intensity
change upon compound 4.1 binding. K, is the association constant and K dapp is the

apparent dissociation constant of binding of compound 4.1 to RocR. P, is the total

protein concentration and L is the total compound 4.1 concentration.

4.4.5. Intracellular c-di-GMP and pGpG concentration quantification.

PAOI1 overnight culture was diluted 1:100 into fresh TSB medium. 5 mL of the
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diluted PAO1 cultures with or without 100 uM compound 4.1 were shaken at 37 °C
for 24 h. Cells were harvested by centrifugation (Sorvall LYNX 6000 Superspeed
Centrifuge) at 5000 rpm for 30 min. Cells were resuspended in 10 mM Tris-HCI, pH
8.0 and 100 mM NaCl and lysed by sonication. After centrifugation at 12,000 rpm for
10 min, the supernatant was evaporated to dryness in SpeedVac. The pellets were
extracted by mixed solvent containing methanol: CH3;CN: water: 2:2:1 for 3 times.
Protein concentration was determined using the pellet fraction. Combined all the
extracted supernatants, filtered through 10K cut-off filter and evaporated to a final
volume of 50 pL. Added 100 nM cXMP into supernatant as internal standard and c-
di-GMP and pGpG concentration was quantified by Agilent 6460 Triple Quadrupole
LC-MS/MS system using a Waters Atlantis T3 Column. Buffer A contains 0.1%
formic acid in water and buffer B contains 0.1% in acetonitrile. The gradient is 0 -

16 min: 0% buffer B =2 80% buffer B.

4.4.6. Viability test

P. aeruginosa PAO1 overnight culture was diluted to an ODgyy of 0.02 in LB
medium. 200 pL of bacterial culture was added to a 96 well microplate with 0, 0.1
uM, 1 uM, 10 puM, 20 uM, 50 uM or 100 uM compound 4.1. After 24 h incubation at
37 °C, ODgop was measured by Molecular devices M5e microplate reader. Viability

tests were done in triplicates.

4.4.7. Swimming and swarming assays
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For swimming assay, 3 g agar in 800 mL deionized water was autoclaved and
then mixed with sterile 200 mL of 5xM8 medium, 25 mL of 20% casamino acids, 10
mL of 20% glucose and 1 mL of 1 M MgS04.>>* 7.5 mL of mixed swimming agars
with different concentrations of compound 4.1 were poured into 60 mm plates. The
plates were dried for 30 min. PAOI1 overnight culture was inoculated into the agar
plates via an inoculating needle. Swimming plates were incubated at 37 °C for 24 h.
For swarming assay, the components of the swarming agar were the same as
swimming agar except that 5 g agar was added.”* After drying for 30 min, 1 pL of
PAO1 overnight culture was added onto the agar surface. Swarming plates were
incubated at 37 °C for 24 h and then at room temperature for 24 h. Swimming and

swarming experiments were done in duplicates.

4.4.8. Pyocyanin and pyoverdine test on agar plate

King agar A and King agar B were used for pyocyanin and pyoverdine tests.
Different concentrations of compound 4.1 were added into agar. Overnight culture of
PAO1 was diluted to an ODggp of 0.02 and diluted culture was spread evenly onto the
plate surface. Plates were incubated at 37 °C for 24 h. Pyocyanin and pyoverdine tests

were done in duplicates.

4.4.9. Pyocyanin and pyoverdine tests in liquid culture.
Overnight culture of PAO1 was diluted 1:100 in fresh TSB medium. 5 mL of
diluted bacterial culture were mixed with different concentrations of compound 4.1.

After shaking at at 37 °C for 48 h, 1 mL of bacteria were used for ODggp
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measurement. Spin down the cells in the other 4 mL of culture and collected the
supernatant. 100 puL of supernatant was mixed with 100 mM Tris-HCI, pH 8.0 and
went for pyoverdine fluorescence measurement (Ex: 400 nm and Em: 460 nm) on
BioTek Cytation 5 Cell Imaging Multi-Mode Reader. 1 mL of supernatant was
extracted by 1 mL of chloroform. The separated chloroform layer was mixed with
300 uL 1 mM HCI. Collected the pink HCI layer and measure ODs;y on Jasco V-750
UV-Visible/NIR Spectrophotometer. Pyocyanin and pyoverdine tests were done in

triplicates.

4.4.10. Rhamnolipid test

Rhamnolipid test was conducted according to the methods published by
Blackwell in 2015.** P. aeruginosa PAOl was grown in 15 mL LB medium
overnight. Prepare 1 liter of Minimal Medium containing 49.3 mM Na,HPO,, 50 mM
KH,POy4, 4.8 mM MgSOs, 7.6 mM (NH4)2SO4, 0.6 mM CaCl,, 25 pM FeSOs, 0.162
pM (NH4)6M07024, 38 uM ZnSOy4, 14 pM MnCl,, 1.6 uM CuSOs, 0.86 pM CoCl,,
1.9 uM boric acid, 5.5 uM NiCl,, 6.72 uM EDTA, 0.6% glycerol in water. PAO1
overnight culture was diluted 1:100 into the fresh Minimal Medium. DMSO or 100
uM compound 4.1 was added to the culture. After 20 h shaking at 37 °C, cell culture
supernatant was collected by centrifugation at 5000 rpm for 20 min using Sorvall
LYNX 6000 Superspeed Centrifuge. Rhamonolipid was extracted by diethyl ether,
evaporated to dryness and redissolved in 200 pLL water. 50 uL. of rhamnolipid solution

was mixed with 450 uL of 0.19% (w/v) orcinol in 50% (v/v) concentrated H>SOy4.

After incubation at 80 °C for 30 min, the solutions were allowed to cool at RT for 15
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min and the absorbance at 421 nm was measured by Jasco V-730 UV-Visible/NIR

Spectrophotometer. Data were normalized to ODgoo of PAOT1 culture.

4.4.11. Biofilm test.

P. aeruginosa PAO1 overnight culture was diluted to an ODggp of 0.02 in 10 % TSB.
200 pL of bacterial culture was added to a MBEC plate (Innovotech) with 0, 0.1 uM,
1 uM, 10 uM, 20 uM, 50 uM or 100 uM compound 4.1. After 4 hour incubation at 37
°C, pegs were stained with 0.1% crystal violet and washed three times with distilled
water. Then air-dried pegs were dipped into ethanol until crystal violet was
completely dissolved. ODs9s was measured by Molecular devices M5e microplate

reader. Biofilms tests were repeated eight times.

134



Chapter 5 : Conclusion and Future Perspectives

5.1. Conclusion and future perspectives

It is widely accepted that c-di-GMP and c-di-AMP are dominant second
messengers in bacteria.” Their signaling networks are complicated and intricate. In
Gram-negative and a few Gem-positive bacteria, increased intracellular
concentrations of c-di-GMP lead to exopolysaccharide production and biofilm
formation, which is very difficult to eliminate.° On the other hand, decreased
concentrations of c-di-GMP promote swimming and swarming activities and trigger
acute virulence factor production."* C-di-AMP is essential for the viability and
growth of Gram-positive and mycobacterium.” It is considered as a promising drug
target because of its key roles in cell wall homeostasis and DNA damage sensing
regulations.7 But in some cases, for example, for the intracellular bacterium, the
ability of c-di-AMP to bind to STING and induce Type I interferon response is a
threat to its survival.'”® The intracellular concentrations of cyclic dinucleotides are
fine-tuned by their metabolism enzymes. Usually there are multi-types of synthases
and hydrolases existing in one bacterium and these cooperate to regulate cyclic

. . . 194
dinucleotide concentrations."

Small molecules that disrupt the function of cyclic
dinucleotide metabolism enzymes would provide an effective way to elucidate the
details of signaling transduction, could inhibit biofilm formation, control virulence

factor production and/or decrease bacterial viability. A lot of efforts have been put

into the identification of inhibitors of c-di-GMP synthase DGC.>* Only a few c-di-
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GMP analogs, containing negative charged phosphodiester bonds, have been
designed to inhibit c¢-di-GMP phosphodiesterase.® These analogs are however
unlikely to cross bacterial cell membrane.” For the newly discovered second
messenger c-di-AMP, there was no reported inhibitor for the synthases or
phosphodiesterases of this dinucleotide before my Ph.D. study. So during my Ph.D., I
focused on the identification of small molecules that intercept cyclic dinucleotide

signaling.

In Chapter 2, I reported the identification of the first small molecule inhibitor of
c-di-AMP synthase DisA from a 1000 compound library by using the coralyne assay.
I demonstrated that the coralyne assay is an easy, cheap and powerful method for
real-time c-di-AMP detection and it could be utilized for high though-put screening.
Although some false positives showed up in the screening, it successfully ruled out
99% of non-inhibitors. The DisA inhibitor bromophenol-TH contains halogenated
phenol and thiohydantoin groups. Compounds with similar structures did not have
DisA inhibition effects, indicating the specificity of bromophenol-TH inhibition.
Bromophenol-TH binds to DisA with a K4 of 21 puM and high concentrations of ATP
did not abolish bromophenol-TH binding, indicating that bromophenol-TH is a non-
competitive inhibitor. Although bromophenol-TH has a Michael acceptor, it doesn’t
react with cysteine and it is not a covalent inhibitor. The 1Csy of 56 uM (5 uM DisA
and 50 uM ATP) for bromophenol-TH is not ideal. We also worked on Structure
Activity Relationship studies to optimize the inhibition effects of this inhibitor. So we
designed and synthesized four types of BTH analogs. Type A analogs contain mixed

halogens whereas type B analogs consist of only one type of halogens. Type C analog
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has modifications on the phenolic group and type D has other kinds of heterocyclic
rings. None of the analogs have stronger inhibition effects than bromophenol-TH,
indicating that halogen substitution causes dramatic changes in enzyme affinity for a
ligand. Future work will involve the screening for new scaffolds of c-di-AMP
synthase inhibitors using the coralyne assay. A graduate student in the Sintim group,
Clement Opoku-Temeng, is currently working on the identification of more potent
DisA inhibitors. He screened a library of 2000 known drugs and successfully
identified the antiparasitic drug Suramin as a more efficient DisA inhibitor than

bromophenol-TH.

In Chapter 3, I characterized a cyclic dinucleotide phosphodiesterase CdnP from
M. tuberculosis. The DHH-DHH1 domain protein CdnP efficiently cleaves c-di-AMP
to AMP and it also cleaves c-di-GMP to GMP. The cleavage is enhanced at higher pH
and in the presence of Mn”". Ca®" slows down the cleavage process. Interesting, the
host-derived second messenger 2°3’-cGAMP is also a substrate of CdnP, but not
other cyclic dinucleotide PDE, indicating the possibility of CdnP disrupting host
signaling transduction. The cleavage product of 2’3’-cGAMP, pGp(2’-5’)A was
ascertained by HPLC co-injection with synthesized compounds. Our collaborator in
the Tuberculosis center at Johns Hopkins University demonstrated CdnP decreases
the intracellular concentration of 2°3’-cGAMP in macrophages and CdnP reduces
macrophage Type I IFN responses during infection in a STING-IRF3-dependent
manner. In a mouse infection model, the virulence of M. tuberculosis with cdnP
mutant significantly decreased. Since CdnP is important in M. tuberculosis, we
designed and synthesized some CdnP inhibitors, which has similar structure to ApA.
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Out of the four inhibitors, Ap(S)A showed the best inhibition effects (K; = 65 = 23
pM) and it is resistant to CdnP cleavage. Our collaborators evaluated the activity of
Ap(S)A in vivo and found that Ap(S)A significantly reduced CDN mediated IRF
induction. Future work will involve the screening for CdnP small molecule inhibitors
using the fluorescent probes developed by Dr. Benjamin Roembke and Dr. Jie Zhou
in Sintim group. A graduate student Clement Opoku-Temeng will conduct the

screening experiments in the screening center at Purdue University.

In Chapter 4, I reported a novel small molecule inhibitor for c-di-GMP
phosphodiesterase RocR from P. aeruginosa. Although this compound is identified as
a promising inhibitor of YahA (a c¢-di-GMP PDE in E. coli) in a computer-based
screening, it did not inhibit YahA activity. Interestingly, it inhibits RocR (Kj= 83 = 7
uM), which is responsible for the virulence of human pathogen P. aeruginosa.'”* We
showed that this RocR inhibitor could inhibit P. aeruginosa swarming motility, which
is essential for infection, by increasing the production of surfactant rhamnolipid.
However, at the same time RocR inhibitor could also increase the production of other
virulence factor synthesis, such as pyocyanin and pyoverdine, which are mainly
controlled by quorum sensing system. Two analogs of RocR inhibitor were
synthesized with minor modification on the benzoisothiazolone core, these analogs
lost most or all RocR inhibition activities. Future work involves the structure-activity
relationship study of RocR inhibitor. More generations of analogs will be synthesized
by Dr. Genichiro Tsuji. RocR activity inhibition and bacterial tests will be conducted

by a graduate student Clement Opoku-Temeng.
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Appendices

1. Compound ID of 1000 compound library for DisA inhibitor screening

Plate | Well| IDNUMBER | Plate | Well| IDNUMBER | Plate | Well| IDNUMBER | Plate | Well | IDNUMBER | Plate| Well | IDNUMBER | Plate| Well | IDNUMBER
1| A3| ST000136 2| A3| ST006415 3| A3| ST011913 4| A3| ST018800 5| A3| ST021056 6| A3| ST025589
1| B3| ST000137 2| B3| ST006418 3| B3| ST011924 4| B3| ST018811 5| B3| ST021121 6| B3| ST025590
1| C3| ST000235 2| C3| ST006422 3| C€3| sT011928 4| C3| ST018868 5| C3| ST021131 6| C3| ST025594
1| D3| S 2| D3| ST006428 3| D3| ST011981 4| D3| ST018876 5| D3| ST021145 6| D3| ST025613
1| E3| ST000412 2| E3| ST006431 3| E3| ST012001 4| E3| ST018936 5| E3| ST021200 6| E3| ST025619
1| F3| ST000460 2| F3| ST006433 3| F3| ST012157 4| F3| ST018946 5| F3| ST022328 6| F3| ST025656
1| G3| ST000472 2| G3| ST006434 3| G3| ST012202 4| G3| ST018950 5| G3| ST022370 6| G3| ST025744
1| H3| ST000480 2| H3| ST006435 3| H3| ST012256 4| H3| ST018953 5| H3| ST022488 6| H3| ST025746
1| A4| ST000481 2| A4| ST006437 3| A4| ST012278 4| A4| ST018961 5| A4| ST022491 6| A4| ST025752
1| B4| ST000482 2| B4| ST006440 3| B4| ST012279 4| B4| ST019349 5| B4| ST023274 6| B4| ST025753
1| C4| ST000485 2| Ca4| ST006442 3| C4| ST012280 4| C4| ST019590 5| C4| ST023483 6| C4| ST025757
1| D4| ST000489 2| D4| ST006448 3| D4| ST012283 4| D4| ST019599 5| D4| ST023501 6| D4| ST025995
1| E4| ST000610 2| E4| ST006451 3| E4| ST012294 4| E4| ST019647 5| E4| ST023505 6| E4| ST025996
1| F4| ST000616 2| F4| ST006452 3| F4| ST012337 4| F4| ST019706 5| F4| ST023510 6| F4| ST026264
1| G4| ST000691 2| G4| ST006455 3| G4| ST012339 4| G4| ST019707 5| G4| ST024145 6| G4| ST026286
1| H4| ST000753 2| H4| ST006456 3| H4| ST012343 4| H4| ST019720 5| H4| ST024156 6| H4| ST026289
1| A5| ST 2| A5| ST006458 3| AS5| ST012365 4| AS5| ST019727 5| AS5| ST024175 6| AS5| ST026291
1| B5| ST000900 2| B5| ST006459 3| B5| ST012372 4| B5| ST019728 5| B5| ST024204 6| B5| ST026292
1| C5| ST001021 2| C5| ST006460 3| C5| ST012376 4| C5| ST019729 5| C5| ST024205 6| C5| ST026293
1| D5| ST001025 2| D5| ST006468 3| D5| ST012435 4| D5| ST019736 5| D5| ST024226 6| D5| ST026296
1| E5| ST001109 2| E5| ST006472 3| E5| ST012443 4| E5| ST019739 5| E5| ST024228 6| E5| ST026300
1| F5| ST001112 2| F5| ST006482 3| F5| ST012465 4| F5| ST019747 5| F5| ST024231 6| F5| ST026442
1| G5| ST001113 2| G5| ST006486 3| G5| ST012482 4| G5| ST019756 5| G5| ST024293 6| G5| ST026451
1| HS5| ST001153 2| HS5| ST006494 3| H5| ST012499 4| H5| ST019797 5| H5| ST024297 6| H5| ST026460
1| A6| ST001191 2| A6| ST006503 3| A6| ST012544 4| A6| ST019829 5| A6| ST024298 6| A6| ST026461
1| B6| ST001615 2| B6| ST006512 3| B6| ST012574 4| B6| ST019830 5| B6| ST024299 6] B6| ST026557
1| C6| ST001670 2| C6| ST006518 3| C6| ST012641 4| C6| ST019848 5| C6[ ST024300 6| C6[ ST026564
1| D6| ST001766 2| D6| ST006520 3| D6| ST012802 4| D6| ST019878 5| D6| ST024303 6| D6| ST026577
1| E6| ST002482 2| E6| ST006540 3| E6| ST012807 4| E6| ST019884 5| E6| ST024311 6| E6| ST026599
1| F6| ST002485 2| F6| ST006545 3| F6| ST012814 4| F6| ST019919 5| F6| ST024313 6| F6| ST026666
1| G6| ST002605 2| G6| ST006590 3| G6| ST012816 4| G6| ST019920 5| G6| ST024314 6| G6| ST026784
1| H6| ST002824 2| H6| ST006635 3| H6| ST012820 4| H6| ST019923 5| H6| ST024318 6| H6| ST026818
1| A7| ST003014 2| A7| ST006780 3| A7| ST012825 4| A7| ST019924 5| A7| ST024323 6| A7| ST026959
1| B7| ST003110 2| B7| ST006805 3| B7| ST013077 4| B7| ST019940 5| B7| ST024333 6| B7| ST026975
1| C7| ST003148 2| C7| ST006923 3| C7| sST013227 4| C7| ST019945 5| C7| ST024334 6| C7| ST027014
1| D7| ST003203 2| D7| ST007036 3| D7| ST013366 4| D7| ST019964 5| D7| ST024335 6| D7| ST027104
1| E7| ST003207 2| E7| ST007130 3| E7| ST013369 4| E7| ST019965 5| E7| ST024337 6| E7| ST027105
1| F7| ST003391 2| F7| ST007228 3| F7| ST013389 4| F7| ST019976 5| F7| ST024339 6| F7| ST027110
1| G7| ST003425 2| G7| ST007374 3| G7| ST013432 4| G7| ST020004 5| G7| ST024341 6| G7| ST027123
1| H7| ST003440 2| H7| ST007375 3| H7| ST013554 4| H7| ST020006 5| H7| ST024342 6| H7| ST027174
1| A8| ST003442 2| A8| ST007517 3| A8| ST013652 4| A8| ST020016 5| A8| ST024343 6| A8| ST027181
1| B8| ST003469 2| B8| ST007520 3| B8| ST013779 4| B8| ST020019 5| B8| ST024345 6| B8| ST027184
1| C8| ST003473 2| C8| ST007521 3| C8| ST013849 4| C8| ST020042 5| C8| ST024371 6| C8| ST027202
1| D8| ST003475 2| D8| ST007525 3| D8| ST013855 4| D8| ST020043 5| D8| ST024372 6| D8| ST027205
1| E8| ST003489 2| E8| ST007535 3| E8| ST013880 4| E8| ST020048 5| E8| ST024373 6| E8| ST027277
1| F8| ST003517 2| F8| ST007546 3| F8| ST013881 4| F8| ST020055 5| F8| ST024374 6| F8| ST027411
1| G8| ST003540 2| G8| ST008121 3| G8| ST014006 4| G8| ST020504 5| G8| ST024376 6| G8| ST027416
1| H8| ST003595 2| H8| ST008330 3| H8| ST014014 4| H8| ST020598 5| H8| ST024386 6| H8| ST027425
1| A9| ST003651 2| A9| ST008331 3| A9| ST014296 4| A9| ST020608 5| A9| ST024387 6| A9| ST027427
1| B9| ST003720 2| B9| ST008384 3| B9| ST014620 4| B9| ST020612 5| B9| ST024435 6| B9| ST027452
1| C9| ST004068 2| C9| ST008445 3| C9| ST014640 4| C9| ST020618 5| C9| ST024450 6| C9| ST027455
1| D9| ST004080 2| D9| ST009099 3| D9| ST014683 4| D9| ST020635 5| D9| ST024471 6| D9| ST027464
1| E9| ST004089 2| E9| ST009153 3| E9| ST014858 4| E9| ST020639 5| E9| ST024494 6| E9| ST027472
1| F9| ST004304 2| F9| ST009299 3| F9| ST014902 4| F9| ST020711 5| F9| ST024504 6| F9| ST027492
1| G9| ST004439 2| G9| ST009305 3| G9| ST014979 4| G9| ST020725 5| G9| ST024511 6| G9| ST027506
1| H9| ST004727 2| H9| ST009309 3| H9| ST014992 4| H9| ST020770 5| H9| ST024524 6] H9| ST027512
1| A10| ST004883 2| A10| ST009310 3| A10| ST015439 4| A10| ST020771 5| A10| ST024560 6| A10| ST027516
1| B10| ST004916 2| B10| ST009315 3| B10| ST016438 4| B10| ST020777 5| B10| ST024562 6| B10| ST027552
1| C10( ST005123 2| C10| ST009320 3| C10| ST016477 4| C10| ST020788 5| C10( ST024740 6| C10| ST027573
1| D10| ST005226 2| D10| ST009322 3| D10| ST016560 4| D10| ST020792 5| D10| ST024806 6| D10 ST027574
1| E10{ ST005387 2| E10| ST009479 3| E10| ST016562 4| E10| ST020798 5| E10{ ST024819 6| E10| ST027625
1| F10| ST005392 2| F10| ST009498 3| F10| ST016603 4| F10| ST020805 5| F10| ST024909 6| F10| ST027677
1| G10| ST005395 2| G10| ST009499 3| G10| ST016608 4| G10| ST020806 5| G10| ST024910 6| G10| ST027720
1| H10f S 2| H10( STOO! 3| H10| ST016610 4| H10| ST020807 5| H10| ST024912 6| H10| ST027724
1| A11| ST005523 2| A11| ST009511 3| A11| ST018293 4| All| STO2 5| A11| ST024965 6| A1l ST027829
1| B11| ST005543 2| B11| ST009787 3| B11| ST018295 4| B11| ST020809 5| B11| ST025224 6| B11| ST027857
1| C11| ST005570 2| C11| ST010080 3| C11| ST018296 4| C11| ST020810 5| C11| ST025226 6| Cl1| ST027858
1| D11| ST005585 2| D11| ST010082 3| D11| sST018314 4| D11| ST020829 5| D11| ST025248 6| D11| ST027868
1| E11| ST005621 2| E11| ST010095 3| E11| ST018481 4| E11| ST020831 5| E11| ST025272 6| E11| ST027874
1| F11| ST005646 2| F11| ST010119 3| F11| ST018532 4| F11| ST020925 5| F11| ST025419 6| F11| ST027881
1| G11| ST006213 2| G11| ST010137 3| G11| ST018549 4| G11| ST020926 5| G11| ST025457 6| G11| ST027883
1| H11| ST006269 2| H11| ST010152 3| H11| ST018559 4| H11| ST020927 5| H11| ST025489 6| H11| ST027923
1| A12| ST006361 2| A12| ST010156 3| A12| ST018584 4| A12| ST020929 5| A12| ST025507 6| A12| ST028181
1| B12| ST006394 2| B12| ST010160 3| B12| ST018596 4| B12| ST020930 5| B12| ST025524 6| B12| ST028198
1| C12| ST006400 2| C12| ST010215 3| C12| ST018601 4| C12| ST020932 5| C12| ST025547 6| C12| ST028199
1| D12| ST006401 2| D12| ST010300 3| D12| ST018704 4| D12| ST020937 5| D12| ST025548 6| D12| ST028202
1| E12| ST006402 2| E12| ST010460 3| E12| ST018720 4| E12| ST020941 5| E12| ST025556 6| E12| ST028219
1| F12| ST006404 2| F12| ST010467 3| F12| ST018722 4| F12| ST020946 5| F12| ST025577 6| F12| ST028220
1| G12| ST006406 2| G12| ST011904 3| G12| ST018724 4| G12| ST020948 5| G12| ST025584 6| G12| ST028230
1| H12| ST006413 2| H12| ST011910 3| H12| ST018786 4| H12| ST020981 5| H12| ST025585 6| H12| ST028231
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Plate | Well| IDNUMBER | Plate | Well| IDNUMBER | Plate | Well| IDNUMBER | Plate | Well | IDNUMBER | Plate| Well| IDNUMBER | Plate| Well | IDNUMBER
7| A3| ST028232 8| A3| ST033372 9| A3| ST035796| 10 A3| ST041259 11| A3| ST050109 12| A3| ST055362
7| B3| ST028233 8| B3| ST033378 9| B3| ST035937| 10| B3| ST041264| 11| B3| ST050125 12| B3| ST055369
7| C3| ST028246 8| C3| ST033380 9| C3| ST036220 10 C3| ST041573 11| C3| ST050126 12| C3| ST055374
7| D3| ST028249 8| D3| ST033384 9| D3| ST036268| 10/ D3| ST041608| 11| D3| ST050174| 12| D3| ST055375
7| E3| ST028254 8| E3| ST033385 9| E3| ST036284| 10| E3| ST041618| 11| E3| ST050184| 12| E3| ST055384
7| F3| ST028255 8| F3| ST033386 9| F3| ST036285 10| F3| ST041720| 11| F3| ST050193 12| F3| ST055403
7| G3| ST028264 8| G3| ST033390 9| G3| ST036283| 10| G3| ST041808| 11| G3| ST 12| G3| ST055412
7| H3| ST028280 8| H3| ST033419 9| H3| ST036315 10| H3| ST041838| 11| H3| ST050241 12| H3| ST055636
7| A4| ST028313 8| A4| ST033465 9| A4| ST036363 10| A4| ST041861 11| A4| ST050256 12| A4| ST055797
7| B4| ST028314 8| B4| ST033526 9| B4| ST036422| 10| B4| ST041904| 11| B4| ST050260| 12| B4| ST
7| C4| ST028317 8| C4| ST033560 9| C4| ST036427| 10| C4| ST041906| 11| C4| ST050261 12| C4| ST055965
7| D4| ST028320 8| D4| ST033562 9| D4| ST036451 10| D4| ST041925 11| D4| ST050276 12| D4| ST055982
7| E4| ST028334 8| E4| ST033578 9| E4| ST036457| 10 E4| ST041949 11| E4| ST050285 12| E4| ST055983
7| F4| ST028379 8| F4| ST033626 9| F4| ST036476/ 10| F4| ST041951 11| F4| ST 12| F4| ST055987
7| G4| ST028452 8| G4| ST033645 9| G4| ST036478| 10| G4| ST041954| 11| G4| ST051981 12| G4| ST055997
7| H4| ST028454 8| H4| ST033647 9| H4| ST036501 10| H4| ST041960| 11| H4| ST051982 12| H4| ST055998
7| AS5| ST028457 8| A5| ST033680 9| A5| ST036521 10| A5| ST042048| 11| AS5| ST052055 12| A5| ST056004
7| B5| ST028652 8| BS5| ST034265 9| BS5| ST036523 10| B5| ST042049 11| B5| ST052591 12| B5| ST056010
7| C5| ST028653 8| C5| ST034608 9| C5| ST036528| 10| C5| ST042100| 11| C5| ST052617 12| C5| ST056083
7| D5| ST028687 8| D5| ST034820 9| D5| ST036532| 10/ D5| ST042539 11| D5| ST052625 12| D5| ST056106
7| E5| ST028697 8| E5| ST034834 9| E5| ST036533 10| E5| ST043505 11| E5| ST052829 12| E5| ST056229
7| F5| ST028710 8| F5| ST034848 9| F5| ST036555 10| F5| ST043619 11| F5| ST053033 12| F5| ST056246
7| G5| ST028951 8| G5| ST034858 9| G5| ST036572| 10 G5| ST043621 11| G5| ST053109 12| G5| ST056247
7| HS5| ST028954 8| H5| ST034864 9| H5| ST036632| 10 H5| ST044001 11| H5| ST053113 12| H5| ST056249
7| A6| ST028966 8| A6| ST034871 9| A6| ST036637| 10/ A6| ST044185 11| A6| ST053114| 12| A6| ST056250
7| B6| ST028967 8| B6| ST034883 9| B6| ST036643 10| B6| ST044277 11| B6| ST053115 12| B6| ST056251
7| C6| ST028968 8| C6| ST034885 9| C6| ST036649| 10/ C6| ST044315 11| C6| ST053116 12| C6| ST056252
7| D6| ST028969 8| D6| ST034889 9| D6| ST036826| 10/ D6| ST044457 11| D6| ST053132 12| D6| ST056258
7| E6| ST028975 8| E6| ST034895 9| E6| ST037188| 10 E6| ST044513 11| E6| ST053133 12| E6| ST056314
7| F6| ST028978 8| F6| ST034902 9| F6| ST037535 10| F6| ST044541 11| F6| ST053231 12| F6| ST056322
7| G6| ST029024 8| G6| ST034922 9| G6| ST037673 10| G6| ST044625 11| G6| ST053241 12| G6| ST056520
7| H6| ST029026 8| H6| ST034931 9| H6| ST037712| 10| H6| ST044744| 11| H6| ST053256 12| H6| ST056653
7| A7| ST029099 8| A7| ST034941 9| A7| ST037833 10| A7| ST044758| 11| A7| ST053293 12| A7| ST056706
7| B7| ST029220 8| B7| ST034951 9| B7| ST037989| 10 B7| ST044912 11| B7| ST053294| 12| B7| ST056760
7| C7| ST029244 8| C7| ST034952 9| C7| ST038015 10| C7| ST045230| 11| C7| ST053298 12| C7| ST056761
7| D7| ST029246 8| D7| ST034958 9| D7| ST038161 10| D7| ST045510/ 11| D7| ST 12| D7| ST056763
7| E7| ST029251 8| E7| ST034960 9| E7| ST038232| 10| E7| ST045589 11| E7| ST 12| E7| ST056765
7| F7| ST029253 8| F7| ST034961 9| F7| ST039178| 10| F7| ST045665 11| F7| ST 12| F7| ST056767
7| G7| ST029255 8| G7| ST034962 9| G7| ST039320| 10| G7| ST045666| 11| G7| ST053334| 12| G7| ST056770
7| H7| ST029257 8| H7| ST034963 9| H7| ST039538| 10 H7| ST045882 11| H7| ST 12| H7| ST056777
7| A8| ST029259 8| A8| ST034968 9| A8| ST039546| 10| A8| ST045966| 11| A8| ST053367 12| A8| ST056806
7| B8| ST029264 8| B8| ST034978 9| B8| ST039551 10| B8| ST047310| 11| B8| ST053373 12| B8| ST056969
7| C8| ST029265 8| C8| ST034992 9| C8| ST039565 10| C8| ST047697 11| C8| ST053374| 12| C8| ST057069
7| D8| ST029270 8| D8| ST034996 9| D8| ST039668| 10| D8| ST047995 11| D8| ST053378 12| D8| ST057110
7| E8| ST029276 8| E8| ST035014 9| E8| ST040000( 10 E8| ST048007 11| E8| ST 12| E8| ST057209
7| F8| ST029277 8| F8| ST035018 9| F8| ST040111 10| F8| ST048136| 11| F8| ST053406 12| F8| ST057268
7| G8| ST029288 8| G8| ST035029 9| G8| ST040314| 10/ G8| ST048909 11| G8| ST 12| G8| ST057269
7| H8| ST029303 8| H8| ST035037 9| H8| ST040325 10| H8| ST048953 11| H8| ST053412 12| H8| ST057372
7| A9| ST029309 8| A9| ST035039 9| A9| ST040329| 10 A9| ST048963 11| A9| ST053413 12| A9| ST057425
7| B9| ST029392 8| B9| ST035041 9| B9| ST040345 10| B9| ST048964| 11| B9| ST053417 12| B9| ST057449
7| C9| ST029393 8| C9| ST035045 9| C9| ST040383 10| C9| ST048965 11| C9| ST053418 12| C9| ST057477
7| D9| ST029538 8| D9| ST035046 9| D9| ST040389| 10/ D9| ST048966| 11| D9| ST053419 12| D9| ST057626
7| E9| ST029543 8| [E9| ST035054 9| [E9| ST040392| 10|/ E9| ST048968| 11| E9| ST053432 12| E9| ST057635
7| F9| ST029570 8| F9| ST035057 9| F9| ST040393 10| F9| ST048978| 11| F9| ST053436 12| F9| ST057636
7| G9| ST029587 8| G9| ST035060 9| G9| ST040400 10f G9| ST049052 11| G9| ST053441 12| G9| ST057637
7| H9| ST029626 8| H9| ST035072 9| H9| ST040406| 10 H9| ST049053 11| H9| ST053455 12| H9| ST057638
7| A10| ST029668 8| A10| S 9| A10| ST040410 10( A10| ST049062 11| A10| ST 12| A10| ST057683
7| B10| ST029803 8| B10| ST035094 9| B10| ST040412| 10| B10| ST049067 11| B10| ST 12| B10| ST057709
7| C10| ST029981 8| C10| ST035129 9| C10| ST040414| 10| C10| ST049070| 11| C10( ST053694| 12| C10| ST057710
7| D10| ST030428 8| D10| ST035130 9| D10| ST040419| 10| D10| ST049071 11| D10| ST054069 12| D10| ST057711
7| E10{ ST030562 8| E10| ST035131 9| E10| ST040425 10| E10| ST049073 11| E10| ST054354| 12| E10| ST058249
7| F10|{ ST030733 8| F10| ST035169 9| F10| ST040426| 10| F10| ST049074| 11| F10| ST054407 12| F10| ST058274
7| G10| ST031049 8| G10| ST035173 9| G10| ST040427| 10| G10| ST049079 11| G10| ST054625 12| G10| ST058282
7| H10| ST031162 8| H10| ST035174 9| H10| ST040429| 10| H10| ST049143 11| H10| ST054687 12| H10| ST058283
7| A11| ST031166 8| All| ST035177 9| A11| ST040432| 10| A1l| ST049356| 11| All| ST054708 12| A1l| ST058284
7| B11| ST031272 8| B11| ST035186 9| B11| ST040445 10| B11| ST049416| 11| B11| ST054780| 12| B11| ST058285
7| C11| ST031415 8| C11| ST035224 9| C11| ST040459| 10| C1l| ST049455 11| C11| ST054939 12| C11| ST058293
7| D11| ST031702 8| D11| ST035648 9| D11| ST040466| 10| D11| ST049477 11| D11| ST054947 12| D11| ST058459
7| E11| ST031721 8| E11| ST035656 9| E11| ST040468| 10| E11| ST049494| 11| E11| ST055031 12| E11| ST058522
7| F11| ST031725 8| F11| ST035670 9| F11| ST040516| 10| F11| ST049754| 11| F11| ST055044| 12| F11| ST058739
7| G11| ST031791 8| Gi1| § 9| G11| ST040549| 10| G11| ST049803 11| G11| ST055060| 12| G11| ST058927
7| H11| ST031947 8| H11| ST035692 9| H11| ST040554| 10( H11| ST049855 11| H11| ST055062 12| H11| ST058928
7| A12| ST032360 8| A12| ST035719 9| A12| ST040555 10| A12| ST049871 11| A12| ST055063 12| A12| ST058933
7| B12| ST032369 8| B12| ST035745 9| B12| ST040634| 10| B12| ST049900| 11| B12| ST055076 12| B12| ST058938
7| C12| ST032605 8| C12| ST035746 9| C12| ST040665 10| C12| ST049949 11| C12| ST055077 12| C12| ST059001
7| D12| ST032974 8| D12| ST035759 9| D12| ST040666| 10| D12| ST049974| 11| D12| ST055086 12| D12| ST059053
7| E12| ST033197 8| E12| ST035784 9| E12| ST040691 10| E12| ST049975 11| E12| ST055132 12| E12| ST059207
7| F12| ST033361 8| F12| ST035787 9| F12| ST040872| 10| F12| ST049988| 11| F12| ST055144| 12| F12| ST059224
7| G12| ST033370 8| G12| ST035789 9| G12| ST040908| 10| G12| ST049995 11| G12| ST055176 12| G12| ST059348
7| H12| ST033371 8| H12| ST035794 9| H12| ST041026| 10| H12| ST 11| H12| ST055328 12| H12| ST059407
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Plate |Well |MDL number Plate |Well|MDL number Plate |Well |MDL number Plate Well MDL number
Sigma [A1 |MFCD00133539 [Sigma |[B1 |MFCD04974495 [Sigma [C1 | MFCD00157720 [Sigma D1 MFCD00005607
Sigma |[A2__|MFCD08705319 [Sigma |[B2 |MFCD00055790 [Sigma [C2 | MFCD00136466 |Sigma D2 MFCD00002497
Sigma [A3 | MFCD00079619 [Sigma |[B3 |MFCD00187724 [Sigma |[C3 | MFCD00093078 [Sigma D3 MFCD00005183
Sigma |[A4 | MFCD11045307 [Sigma |[B4 |MFCD00085853 [Sigma [C4 | MFCD00032240 [Sigma D4 MFCD00012780
Sigma |[A5 |MFCD08276917 [Sigma |B5 |MFCD00020684 [Sigma [C5 | MFCD09865273 [Sigma D5 MFCD00002339
Sigma |[A6 | MFCD00010555 [Sigma |[B6 |MFCD00017824 [Sigma |C6 | MFCD08272809 [Sigma D6 MFCD00019481
Sigma |[A7 |MFCD08277040 [Sigma |B7 |MFCD00088782 [Sigma [C7 |MFCD06411391 [Sigma D7 MFCD00151027
Sigma |[A8 | MFCD16875436 |Sigma |B8 |MFCD00030041 |Sigma |C8 |MFCD21608518
Sigma [A9 | MFCD00864692 [Sigma [B9 |MFCD00030033 [Sigma [C9 | MFCD12828770
Sigma |[A10 |MFCD00083192 [Sigma |B10 [MFCD00028696 |Sigma |C10 |MFCD00099612
Sigma |[A11 |MFCD01657514 [Sigma |[B11 [MFCD00030043 [Sigma |C11 |MFCD01076570
2. Coralyne assay screening result
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Plate 3
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Plate 5
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