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ABSTRACT

Podoll, Jessica Danielle (Ph.D., Biochemistry)

Discovery and Biochemical Evaluation of Chemical Probes for the Study of Jumonji-C
Domain Containing Histone Demethylases and Antibiotic Resistance Machinery in
MRSA

Thesis directed by Assistant Professor Xiang Wang

Part I:
Histone demethylases (HDMs) are vital epigenetic regulators that have been

implicated in multiple disease states including cancers. Demethylation catalyzed by
jumonji-C domain-containing HDMs (JHDMs) is coupled to decarboxylation of a-
ketoglutarate (a-KG). Based on this mechanism, we developed a bivalent inhibitor by
linking together mimics of the primary substrate (methyllysine) and the cofactor (a-KG)
called methylstat. Methylstat is a pan-JHDM inhibitor that is also active in cells.

Using methylstat as a starting point, a fluorescent analog, methylstat™®, w

as
developed and used as a tracer in fluorescence polarization (FP) - based binding and
competition assays to determine quantitatively the binding affinities of JHDM inhibitors

and native substrates. The FP assay was miniaturized and adapted for high-throughput

screening in order to facilitate future discovery of class-specific JHDM inhibitors.

Part II:
Antibiotic resistance is an urgent global health concern. In the United States

alone, antibiotic resistant bacteria caused over 2,000,000 illnesses and 23,000 deaths
last year. Resistance-modifying agents (RMAS) offer an approach to address antibiotic
resistance. These restore antibiotic sensitivity by targeting resistance conferring genes.
Recently, we have used a natural-product-like library of indole alkaloids to discover

novel RMAs for a variety of antibiotics.



One compound in particular, known as Ofl, showed a dramatic potentiating
effect in combination with B-lactam antibiotics in Methicillin-resistant Staphylococcus
aureus (MRSA). Ofl is capable of re-sensitizing multiple MRSA strains to a variety of 3-
lactam antibiotics, but possesses no antibiotic activity on its own and has no super-

sensitizing effect in non-resistant strains of S. aureus.

Investigations of the mode of action of Ofl revealed that it exerts its effects
independently of B-lactamase inhibition. We further discovered that Ofl is capable of
reducing transcription of the inducible B-lactam resistance determinants, p-lactamase
and PBP2a. Finally, we found that Of1 stabilizes the binding interaction between the -
lactamase repressor protein, Blal, and the B-lactamase DNA promoter region. We
hypothesize that through this stabilizing action, Ofl reduces transcription of the active
resistance determinants, B-lactamase and PBP2a. This discovery would represent an

entirely novel mechanism and drug target for combating B-lactam resistance.
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Chapter 1 : Efforts to develop jumonji C domain-containing histone demethylase

inhibitors and associated biophysical assays

1.1 Introduction and Background

1.1.1 Histone Demethylases are Epigenetic Regulators.

In eukaryotic cells, DNA organization takes the form of chromatin. Chromatin is a
nucleoprotein complex made up of a condensed DNA structure involving 146 DNA base
pairs wound around a core of proteins known as the nucleosome (Figure 1.1)."? The
nucleosome is made up of an octamer of proteins, known as histones. Within the
octamer ensemble, there are pairs of four histone proteins: H2A, H2B, H3, and H4.
Although the core of these proteins is highly structured, their N-terminus is comprised of
an unstructured tail, which is flexible and subject to a differential chromatin state, where
covalent posttranslational modifications occur to specific amino acids (Figure 1.1).°
Although the pattern of histone modifications can be heritable, the modifications
themselves are dynamic in nature and can be altered to affect changes in gene
expression in response to external stimuli; termed “epigenetics”.* Thusly, it was
hypothesized that these histone proteins served another function over and above their

role in organizing and scaffolding the DNA: and with this observation, a hypothesis

known as the “Histone Code” was born.®



The Histone Code is comprised of patterns of histone modifications in a region of
DNA, and the manner in which they interact with their environment. These provide a
language that is decoded by the cellular machinery to reveal patterns of gene

expression that are cell-type specific or a response to some extracellular stimulus. In

' lysine/arginine methylation i :

i lysine/arginine acetylation

ﬁ- serine phosphorylation

Figure 1.1: Model of the nucleosome with representative N-terminal histone
modifications.

DNA is wound around the octamer of histones forming the individual unit of
chromatin: the nucleosome. Post-translational modifications (e.g. methylation,
acetylation, phosphorylation, etc.) of H2a, H2b, H3, and H4 N-terminal tails comprise
the ‘Histone Code’ which serves to direct gene expression by effects of DNA packing
and recruitment of effector proteins known as epigenetics.



particular, the modifications of histone H3 tails via methylation is governed by a suite of
proteins called histone methyltransferases (HMTs, writers) and histone demethylases
(HDMs, erasers).® These elements of regulatory control play a vital role in
transcriptional activation or repression of many genes essential for development and
differentiation; dis-regulation of histone modifications due to over activation or silencing
of HMTs and HDMs can lead to many severe disease states. "*° For example, histone
methyl writers and erasers can contribute to regulatory feedback loops that either
silence transcription via di- and tri-methylation of Lysine 27 in histone H3
(H3K27me2/me3) or activate transcription by concurrently demethylating H3K27 and
trimethylating Lys4 in histone H3 (H3K4me3).!* Additionally, specific histone-modifying
events are entirely dependent on orthogonal chemical modifications occurring first (e.qg.
acetylation, phosphorylation, etc.). For example, in order for H3K4 methylation to take
place, H2B mono-ubiqutination must first be present.’” This and other examples
demonstrate the finely tuned, complex and dynamic nature of the Histone Code, as well
as the degree of crosstalk therein.®*'* However, the intricate molecular mechanisms
that comprise this network and enable the specificity of this epigenetic regulation

remain largely unknown.

Although the dynamic nature of many histone modifications has been widely
accepted, enzymatic removal of histone lysine methylation was only verified fairly
recently. It was hypothesized that histone lysine methylation was removed by either
complete turnover of the protein following cell division, or by proteolysis of the histone
tail containing the modification.*>® This hypothesis was largely due to the known

chemical stability of lysine methylation. In 2004, the first HDM was discovered, known



as LSD1, a discovery that changed the known landscape of epigenetics.!’” Following
the initial discovery of an HDM, the field opened up to investigate the many nuances of
histone methylation dynamics and its downstream effects. Soon thereafter, another,
mechanistically distinct, family of HDMs was discovered: Jumonji C (JmjC) domain-

containing HDMs (JHDMs)*®. These two HDM families are currently the only enzyme

Table 1.1: Representative histone demethylases organized by mechanism
class and substrate specificity®

HDM Name Mechanism Class  Histone Substrate(s)
. H3K4me(1/2),
FAD dependent H3K9me(1/2)
LSD2 H3K9me(1/2)
JMJID1(A, B, C) H3K9me(1/2)
JMJD2(A, B, C) H3K9me(2/3),
H3K36me(2/3)
JMJD2D H3K9me3
JMJID3 H3K27me(2/3)
UTXx a-KG dependent H3K27me(2/3)
IMJID5 (mjC domain) H3K36me2
JHDM1A H3K36me(1/2)
JHDM1B H3K36me(1/2),
H3K4me3
JHDM1D H3K9me(1/2),
H3K27me(1/2)

®This table is not a comprehensive list of HDMs, but an illustration of the
difference in number of enzymes within each class and their substrate
specificities



classes known to demethylate histone proteins. LSD1 is a flavin adenine dinucleotide
(FAD)-dependent HDM, while JHDMs require a-ketoglutarate (a-KG) coordinated in the
enzyme active site for catalysis. There are far more known JHDMs than FAD-
dependent HDMs (of which there are only two known). Furthermore, JHDM substrate
specificity includes lysines at all methylation states, whereas FAD-dependent HDMs

only act on mono-and di-methylated lysine substrates (Table 1.1).}"1%2!

Selective JHDM activity has been observed as an important contributor in
essential cellular activities including cellular differentiation (including myogenesis and
spermatogenesis), and aberrant activity of JHDMs is a hallmark of multiple cancers as
well as X-linked mental retardation.®*** Investigations of JHDMs will thus give crucial
insight into their roles in developmental and disease biology. Furthermore, the
demonstrated role of JHDMs in disease states illustrates these epigenetic regulators as
potential drug targets. The development of chemical probes with which to study these

HDMs represents an invaluable contribution to the epigenetic community.

1.1.2 Determination of the JHDM active site structure vyielded valuable
mechanistic insight.

The first JHDM (JHDM1A) was discovered based on the observation that the
FAD-dependent LSD1 mechanism of demethylation is incapable of demethylating tri-
methylated lysine substrates since the mechanism proceeds via the oxidation of a basic

amine species to form an imine intermediate (Figure 1.2a).

Since tri-methyllysine modifications are a known element of the histone code, it
became clear that another mechanism must be at play in order for tri-methyllysine

demethylation to occur'® Since the mechanism of demethylation proceeds via

5



hydroxylation of the methyl-group, it became clear that an enzyme capable of direct
hydroxylation would be required to demethylate a tri-methyl substrate. JHDMs were
identified as the HDM, since the JmjC domain is capable of directly hydroxylating a
methyl-group by coupling the hydroxylation to decarboxylation of a-KG. Shortly after
the discovery of JHDMs, the first crystal structure of a JHDM active site, that of
JMJID2A, was solved in 2007 giving valuable insight into its catalytic mechanism and the
orientation of its substrate and cofactors in its catalytic core.” The conserved catalytic
JmjC domain has structural features characteristic of a-KG/Fe(ll) dependent
dioxygenases (Figure 1.3, PDB ID: 2Q8E). 9?22 The mechanism of JHDM driven
demethylation involves direct hydroxylation of the methylated lysine. The methylated
lysine substrate forms into a transitional hydroxy-methylated lysine, which subsequently
collapses into formaldehyde and the final demethylated lysine product (Figure 1.2b).
15.18-20.29.30 The discovery of the JHDMs provided the missing puzzle piece required for a
complete understanding of the mechanisms by which histone lysine residues are
demethylated, a vastly important element of the histone code. Furthermore, the study of
JHDMs became a field of its own. Although JHDMs are prevalent and vital epigenetic
regulators, they remain difficult to study in a biochemical and cellular context. The
dearth of tools with which to study JHDMs inspired efforts to develop chemical probes

capable of delivering vital information about the downstream effects of JHDMs.

1.1.3 Methylstat: a bivalent, small-molecule inhibitor of JHDMs.?

® The initial biochemical and cellular evaluation of methylstat was carried out by Dr. Xuelai Luo, synthesis of
methylstat was carried out by Dr. Yongxiang Liu



Following the initial discovery of HDMs, an effort ensued to characterize classes and
types of HDMs, as well as their roles in cellular processes and disease.® In response to
these efforts, small molecule probes inhibiting the activity of HDMs became an

increasingly interesting area of study. Small molecule probes offer many distinct

advantages for studying gene function over classical genetic approaches.®**® In

addition to the relative ease of a chemical approach over a genetic one, chemical

@ v o
\ CH, I j I 4
NL PN “H

N
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Figure 1.2: Mechanisms of histone lysine demethylation by FAD-dependent
HDMs and JHDMs.

(a) The FAD-dependent mechanism of the amine oxidase proceeds via an imine
intermediate formation, which is coupled to the reduction of FAD to FADH-. The
imine carbon is then hydroxylated by addition of water, which subsequently
decomposes to formaldehyde and the demethylated product. The formation of the
imine intermediate makes demethylation of tri-methylated substrates by this
mechanism impossible. (b) For demethylation of methylated lysines on histones
by JHDMs, hydroxylation of the methyl group is coupled to decarboxylation of a-
KG to succinate and proceeds via the action of the highly reactive Fe*" in the
active site. Since this mechanism involves direct hydroxylation of the methyl
group, JHDMs are capable of demethylating mono, di, and tri-methyl lysine
substrates.



probes may also be functionalized with linkers for target identification studies, offering a

convenient forward chemical genetic approach, and may be further developed into

21,34

therapeutics for targets with known disease involvement.

Figure 1.3: The orientation of the JHDM active site.

The metal ion (orange) is coordinated by two histidine and a glutamate within the
JHDM active site (not shown). The a-KG co-factor (here represented by the
inhibitor NOG) coordinates to the metal ion in the active site (red and grey stick
structure below orange metal ion). The tri-methylated lysine substrate projects
into the active site in proximity to the metal ion and the a-KG cofactor (blue and
grey stick structure above orange metal ion).



Although a number of small-molecule inhibitors of HDMs have been created,
none included elements capable of imparting specificity to the JHDMs. Most of these
inhibitors were designed as either methyl-lysine mimics or a-ketoglutarate mimics.
Although these are effective inhibitors in vitro due to high affinity binding with JHDMs,
they have low specificity, reducing their utility as chemical probes for studies of the
cellular functions of JHDMs.**® This insight contributed to the process of designing,
synthesizing, and validating methylstat as a cell active and selective inhibitor of JHDMs
(Figure 1.4).>" As opposed to previous inhibitors mimicking one of the two JHDM
substrates (methyl-lysine and a-KG), methylstat was designed as a bivalent inhibitor. In
the case of methylstat, a methyl-lysine mimic was designed based on a well-known
HDAc inhibitor and covalently bound to an a-KG mimic with a four-carbon linker

separating the two molecules.®® The 4 carbon linker provides a similar distance and

wav
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Figure 1.4: Design of Methylstat, a small-molecule probe selective for JHDMs.

The structure of methylstat was designed as a bivalent inhibitor by covalently linking
a methyllysine mimic (blue) to an a-KG mimic (red) with a 4 carbon linker (black) in
an orientation like that of the native substrates in the active site. The active form of
methylstat (1) is generated by cleaving the ester from the a-KG mimic, whereas the
prodrug form (2) is capable of crossing the cell membrane.



geometry to the observed native substrate and co-factor situated in the JHDM active
site. The methyl-lysine mimic was designed to impart specificity, distinguishing JHDMs
from other Fe?* and a-KG dioxygenases, while the a-KG mimic inhibits Fe?" activation
and catalysis, yet stabilizes binding.?’Biochemical evaluation of the acid form of
methylstat showed that it inhibits multiple JHDMs including JMJD2A, JMJD2C (which
demethylate H3K9me3 and H3K36me3), JMJD2E (which acts solely on H3K9me3),
JMJID3 (an H3K27me3 demethylase), and PHF8 (an H3K9me2 demethlase).
Methylstat inhibited each of these enzymes with ICso values in the low micro molar
range. Supporting specificity for JHDMs, methylstat did not show activity against the

FAD-dependent HDM family (LSD1) or class | or Il HDAcs.

Cellular evaluation of methylstat was carried out by assessing its ability to
penetrate cells and inhibit a variety of JHDMs therein. Although the acid form of
methylstat had proved effective in biochemical evaluations, this form was too polar to
penetrate the cell. A methyl-ester pro-drug was thus designed to improve the cellular
uptake. Once the methyl-ester is taken up by cells, it is cleaved to its active form by
non-specific esterases. The methylstat pro-drug was evaluated for its ability to inhibit
growth of the KYSE-150 cell line, an esophageal carcinoma cell line that has become
dependent on JMJD2C for proliferation .***° Methylstat effectively inhibited growth of
the cell line, suggesting that methylstat inhibits IMJD2C in cells (Figure 1.5a). This was
confirmed by expressing GFP-tagged JMJD2C in HelLa cells and performing a
guantitative immunostain for its substrate (H3K9me3). Cells expressing the GFP-
JMJID2C showed decreased methylation of the H3K9me3.®” Addition of methylstat

reversed this effect, exhibiting an increase in H3K9me3 methylation. This observation
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confirmed that methylstat inhibited JMJD2C in cells (Figure 1.5b). Also, methylstat
showed the ability to inhibit a variety of cellular demethylases, some of which are known
JHDMSs, and others that are yet to be a known demethylase (data not shown). This not
only confirms the cellular activity of methylstat as a pan-JHDM inhibitor, it also reveals
that a number of JHDMs that exist in cells have not yet been linked to their substrates.
Taken together, these data prove that methylstat is a selective, bivalent, pan-JHDM

inhibitor capable of inhibiting JHDMs in cells.

80 4+

DMSO

(a) (b)  papi H3K9me3
60 +

100 + o
..

Figure 1.5: Methylstat inhibits the oncogenic JHDM, JMJD2C.

(a) Growth inhibition of KYSE150 cells in the presence of methylstat. KYSE150 cells
depend on the activity of JMJD2C for survival. Cell viability was normalized to cells
grown in the absence of methylstat (DMSO). (b) HeLa cells expressing GFP-labeled
JMJD2C and immunostain for H3K9me3. DNA is stained with DAPI, GFP-JMJD2c is
green and H3K9me3 is labeled with AlexaFluor 594. Treatment with methylstat causes
hypermethylation of the H3K9me3 mark compared to DMSO control. This figure was
adapted from Luo et al. (2011).*"
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1.2 Methylstat is a useful cellular tool for investigating phenotypic processes

involving JHDMs.

1.2.1 Methylstat inhibits myogenesis via inactivation of the JHDM, UTX.

In order to prove that methylstat is a cellular probe that may be used for
phenotypic investigations, we assayed its effects on myotube-differentiation of C2C12
mouse myocites. A necessary role of a JHDM, UTX, was established for myogenesis
previously.*s UTX was shown to demethylate the repressive H3K27me3 mark at
muscle-specific genes including myog and ckm, thereby allowing expression of
Myogenin and Creatine kinase, respectively, and differentiation to myotubes from
C2C12 myocites. ShRNA knockdown of UTX blocked expression of muscle specific

genes and inhibited formation of myosin heavy chain (MHC)-positive myotubes entirely.

We sought to recapitulate the effects of shRNA knock down of UTX using
methylstat in order to inhibit the enzyme. We found that as little as 2 uM methylstat was
sufficient to block myotube formation, and phenocopy the effects of UTX knockdown
(Figure 1.6). Cells treated with methylstat over the course of their normal differentiation
period showed a reduction in MHC-positive myotubes at 1 uM and no myotube
formation at 2 uM or higher. The reduction of myog and ckm expression was also
confirmed by reverse transcription PCR (RT-PCR). Although the 2 uM methylstat
treatment was sufficient to produce an altered phenotype, global hypermethylation of

the H3K27me3 mark was not obvious until higher concentrations (4 uM) were used.
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Figure 1.6: Methylstat prevents myogenesis through inhibition of the

H3K27me3-demethylase UTX.

(a) Methylstat prevented C2C12 myotube formation in a concentration-dependent
manner. Assayed by immunostaining myotube specific myosin heavy chain (MHC,
red). Cell nuclei are stained with DAPI (blue). (b) Methylstat inhibits the expression
of UTX-targeted genes, Myog and Ckm, during myogenesis. Assayed by RT-PCR.
The housekeeper gene DDX5 is shown as a control. (c) Western blot showing that
methylstat induces hypermethylation of H3K27me3 in C2C12 cells.



1.2.2 Methylstat causes G1 cell cycle arrest in acute myeloid leukemia cell lines

presumably by blocking the activity of JHDM1B.

The cancer phenotype is characterized by uncontrolled cell proliferation.
Recently, the cancer stem cell hypothesis has shed some light on the role of self-

42744 gpecifically, it has been shown that

renewal machinery in carcinogenesis.
epigenetic machinery, known to play roles in embryonic stem cell (ESc) self-renewal,
can play a notable role in cancer cell transformation.*® This led to the discovery of
epigenetic mechanisms that play a role in the leukemic transformation of acute myeloid
leukemia (AML).**** Notably, these investigations revealed the role of a JHDM,

5Ink4b

JHDM1B, in silencing the tumor suppressor pl , thereby promoting cellular

proliferation. Interestingly, shRNA knockdown of JHDM1B in AML cell lines restored

5Ink4b

expression and activity of pl causing G1 cell cycle arrest in JHDM1B knockdown

cells, and reducing AML cell line proliferation.

We followed up on this investigation by assessing the ability of methylstat to
recapitulate the effects of JHDM1B knock down. First, the effect of methylstat on the
G1/S phase transition was assessed. The AML cell line, U937, was selected for this
investigation.*> Cells were treated with DMSO, or 1 or 2 uM methylstat. Cells were
treated for 24 hours, and cell cycle analysis was performed by staining the total DNA
with propidium iodide (PI), and DNA content was measured by flow cytometry. The
effect of methylstat on cell viability was assayed by incubating U937 cells with various
concentrations of methylstat for a 48-hour period and then calculating cell viability using

the CellTiterGlo assay from promega. The data was normalized to the untreated control

14



and used to calculate the Glsp, the concentration at which 50% of cell growth is
inhibited.

We found treatment with 2 uM methylstat was sufficient to cause a significant
increase in the percentage of G1 phase cells as compared to the DMSO control,
consistently with the demonstrated effect of ShRNA JHDM1B knock down (Figure 1.7).
Furthermore, we found that low concentrations of methylstat are sufficient to disrupt cell
proliferation in the AML cell line, U937 (Glso = 0.8 uM). Although G1 cell cycle arrest
was not apparent at the lower concentration tested (1 pM), this concentration was
sufficient to inhibit cell proliferation significantly. Follow up experiments will include
assessing the effect of methylstat on p15™ expression by RT-PCR, and by Western
blotting. We are intrigued by this data since it establishes that JHDMs may represent an
attractive drug target for cancer therapeutics, and also that an analog of methylstat with
increased JHDM isoform specificity could be a potential lead compound for such

therapeutics.*
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Figure 1.7: Methylstat causes G1 cell cycle arrest in U937 cells

overexpressing JHDM1B.

Total cellular DNA was stained with propidium iodide (Pl) and fluorescence
activated cell scanning (FACS) was performed. The fraction of cells in the G1, S and
G2/M phases of the cell cycle were determined (left upper panels); and the
representative cell cycle analysis (FACS) data for each treatment are shown (left
bottom panels). This data illustrates that a low dose of methylstat is sufficient to
cause significant G1 cell-cycle arrest in U937 acute myeloid leukemia cells.
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1.2.3 Cell-based screening of methylstat analogs: the search for a substrate class
specific probe.”

An exciting opportunity exists for developing class-specific JHDM probes.
Although methylstat is an excellent probe for identifying the global cellular activity of
JHDMs over all, a probe with class or isoform specificity could be used to investigate
specific cellular processes or could prove to be a useful lead compound for drug
discovery. We began our efforts to identify class-specific probes by creating a library of
methylstat analogs. The analogs were constructed by modifying each portion of the
methylstat molecule. Two versions of the analog library were synthesized, one in which
the a-KG mimic included an ester modification, and one in which the a-KG mimic
terminates in the carboxylic acid. This was to allow whole-cell screening of the library,
as well as in vitro validation of compounds causing hypermethylation of select histone
marks. The library was screened in a whole-cell immunostaining assay using the
esophageal carcinoma cell line KYSE-150, chosen due to the cell line’s over expression
of IMID2C.*® The assay was carried out by treating attached KYSE-150 cells in optical
96-well plates with 10 uM concentrations of each compound. Cells were then incubated
for 48 hours and subject to immunostaining of various histone marks to assess
hypermethylation. Four screens were carried out using antibiodies specific for
H3K9me3, H3K27me3, H3K4me3, and H3K36me2 methyl marks, respectively. Wells in
which significant hypermethylation of a histone mark was observed (relative to the

DMSO control) were considered ‘hits’.

b Methylstat analogs were synthesized by Dr. Wengqing Xu
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Although some compounds produced a notable change in methylation levels of
the histone marks selected, there was not a definitive way to compare the screening
results in order to determine the specificity of various inhibitors. Furthermore, it is
difficult to compare the levels of histone methylation observed just using an antibody as

a reporter when four different antibodies were required.

We realized at this point that whole cell screening would not be sufficient to
identify potent and selective JHDM isoform inhibitors, and determined that a more
guantitative assay would be necessary. We thus set out to design and implement a
guantitative JHDM binding assay that could be used to screen for isoform-specific

JHDM active-site binders.

1.3 Quantitative analysis of histone demethylase probes using fluorescence

polarization®

1.3.1 The need for a quantitative JHDM active site binding assay.

Historically, the major roadblock for discovery of class-specific JHDM inhibitors
has been the lack of a uniform biochemical assay with which binding affinities of
putative inhibitors can be quantified. Most established JHDM biochemical assays are
enzyme inhibition assays.***® Because of the self-destructive nature of JHDMs under
biochemical reaction conditions, these assays typically require optimization for different
JHDM isoforms.*” In addition, they do not allow for accurate measurement of the
dissociation constants of the JHDM probes. Thus, the ICso values derived from these

assays cannot be compared directly.

© Synthesis of methylstatﬂ“mwas carried out by Dr. Wenqing Xu. Biochemical evaluation and assay development

and optimization were carried out by Jessica Podoll and Dr. Xuan Dong, jointly.
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In order to address this issue and facilitate discovery of novel and specific JHDM

fluor

probes, a fluorescent analog of methylstat (methylstat™) was designed and

fluor

synthesized. Methylstat™ is comprised of the a-KG mimicking group of methylstat and
its linker region conjugated to a fluorescein via a thiourea linkage to the secondary
amine of the methylstat side chain (Figure 1.8). Methylstat™® showed similar
fluorescent properties to fluorescein making its detection widely applicable to standard

plate readers.

Once synthesized, methylstat™®

was subsequently used to develop a
fluorescence polarization (FP)-based binding assay.”® This assay has allowed
guantification of the binding affinities of multiple JHDM active site binders, has allowed
binding affinities of native JHDM substrates to be quantified, and has enabled validation

of the inhibitory mechanism of methylstat. Furthermore, this assay has been
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Figure 1.8: Structures of methylstat, methylstat acid, and methylstat

Methylstat™° was constructed by attaching fluorescein isothiocyanate (FITC) to a
free amine of methylstat.
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miniaturized and adapted for high-throughput screening of JHDM active-site binders.

1.3.2 Evaluation of methylstat""*" binding to three different classes of JHDMs.

Three JHDMs (JHDM1A, JMJD2A, and JMJD3) from three different classes were
selected to assess the binding of methylstat™®. These three JHDMs were selected to
represent a broad range of substrate specificity. JHDM1A, the first jmjC domain-
containing protein to be identified as an HDM, is an H3K36me2 demethylase. JMJD2A
selectively demethylates H3K9me2/3 and H3K36me2/3. Finally, JMJD3 is a
H3K27me2/3 demethylase.’®?34° All three JHDMs were evaluated in a saturation
binding experiment with methylstat™° by adapting a previously reported protocol.*® FP
signals were recorded using the Envision Multilabel plate reader (Perkin-Elmer), and
expressed as the change in millipolarization AmP, where AmP is the mP of the

JHDM/methylstat™® mixture after subtracting the mP of methylstat™

alone in assay
buffer.
To determine the dissociation constants (Kq) of methylstat™® and the JHDMs,

JHDM concentrations were plotted against AmP and the data were fitted in

KaleidaGraph (v4.1.1, Synergy Software) using equation 1:

Where, Pnax and Pmin are the maximum and minimum observed AmP values,

respectively, x is the JHDM concentration, and n is the Hill coefficient of the binding
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curve. Preliminary tests indicated that methylstat™® bound JHDM1A with the highest
affinity among these three JHDMs; therefore, JHDM1A was used for assay optimization

(Figure 1.9).

1.3.3 Optimization of the divalent metal cation for JHDM binding assays.

The initial assay buffer composition was adapted from previous reports on JHDM
enzyme activity assays. These generally contain an Fe?" salt and a reducing agent,
sodium ascorbate, as Fe*, but not Fe®, is a cofactor for JHDM catalysis.***" Our initial
results showed that, although methylstat™°" binds to JHDM1A with much higher affinity
(Kg: 8.6 £ 1.1 nM) compared with IMID2A and JMJD3, for which saturated binding was
not obtained, the Pmax Was relatively low (<50 mP, Figure 1.10). In the absence of any

additional metal ions, the Pnax increased significantly (ca. 120 mP); however, the Kq of

- |MID2A
2504 -+ IMID3

0.0001 0.001 0.01 01 1 10
[JHDM] pm

Figure 1.9: Binding of methylstatfluor to JHDM1A, IMJD2A, and JMJD3.

Only the binding of JHDM1A and methylstat™® reaches saturation at the highest
concentrations tested.
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JHDM1A for methylstat™®" also increased significantly (19 + 1.4 nM). Taken together,
these results suggested the loss of the Fe®" during protein purification and protein
degradation in the presence of Fe?*, a common problem for all Fe?*- and a-KG-
dependent hydroxylases.®® To minimize the effects of Fe*" oxidation, the binding assay
was evaluated in the presence of Fe?" under anaerobic conditions; the results were
similar to those observed under ambient conditions in the presence of ascorbate.
Because JHDM substrate binding necessitates the addition of a divalent metal cation,
we next examined the binding in the presence of Ni** or Co®". Ni** and Co®" were
chosen because they exhibit increased stability under ambient conditions as compared

2* Ni?* and Co?" have been shown to interact with native substrates as well as

to Fe
inhibitors in the JHDM active site in crystallographic studies; furthermore, these
transition metals are capable of inhibiting enzyme activation without altering substrate or
cofactor binding in the JHDM active site.?®?*°1>* Replacement of Fe?* with Ni** or Co**
in the assay buffer afforded highly stable binding between methylstat™° and JHDM1A,
with a much larger dynamic range (ca. 300 mP). The K4 of JHDM1A for methylstatﬂuor
calculated in the presence of Ni** (9.3 + 0.5 nM) is more similar to that of the native

condition than the Ky calculated in the presence of Co?* (22 + 1.4 nM). Hence, we chose

to further optimize the FP assay in the presence of Ni*.

1.3.4 Stability of JHDM binding to methylstat™°",

We found the binding of JHDM1A and methylstat™ reached equilibrium after 4 h
of incubation at room temperature, and the signals are stable over at least 24 h (Figure
1.11). The stabilizing effect of the Ni?** buffer on JHDM1A was also observed by SDS-

PAGE analysis (Figure 1.12). JHDM1A in assay buffer containing Fe®* or no additional
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metal showed significant decomposition after as little as 2 h, whereas JHDM1A in buffer
containing Ni** showed no observable decomposition over the course of 24 h. In
addition to the divalent metal ion, we have also optimized the buffer and fluorophore
concentration. TRIS buffer provided more consistent results than other buffers such as

MOPS and HEPES; a stable and reliable FP signal was achieved using 1 nM

fluor

methylstat™ .
300 - metal | Ks (nM])
250 - —=Ni"" | 9.3:0.5
—Co | 22:1.4
200 =
o -a-none| 19:14
E 150 —o-Fe' | 8.2:18

100 -

ED.

n-
0.0001 0.001 0.01 0.1 1
[JHDM1A ] pm

Figure 1.10: Metal ion optimization for FP binding.

Binding of methylstat™® to JHDM1A was measured with the addition of Fe?, no
additional metal, or Ni** in assay buffer. Optimal binding between JHDM1A and
methylstatf"" was achieved by addition of Ni** to the assay buffer.
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Figure 1.11: Binding of methylstatfluor to JHDM1A in the presence of Ni** is
highly stable over time.

FP signals were measured at various time points over 24 hours. Once binding
reached equilibrium (approximately 4 hours), signals stayed stable over the course
of at least 20 hours.
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1.3.5 JHDM FP-competition assays allow quantification of native substrate and
inhibitor binding to the JHDM active site.

Since a protein-tracer pair with high binding affinity is required for appropriate
resolution of non-fluorescent inhibitors in an FP competition assay, further development
of the FP competition assay was performed using only JHDM1A.>®> Next, the ability of

fluor

methylstat™ " to serve as a tracer for FP competitive binding experiments was assessed
and the appropriate concentration of JHDM1A for FP competition assays optimized.
Typically, a protein concentration at which 50 to 80% of the fluorescent tracer is initially
bound is used for FP competition assays but must be optimized to achieve a desirable
dynamic range.’®*>®’ The competition assay was validated and optimized using

pyridine 2,4-dicarboxylic acid (PDCA), a well-known a-KG mimic, as the competitive

ligand.”® The competition assay set up was similar to that of the binding assay except

Condition 50 M Ni2* nometal 50 uM Fe?*
Time(hours)0 24 815 024 815 024 815

JHDM1A —>»

—>

Figure 1.12: Addition of Ni?* ion but not Fe** stabilizes JHDM1A.

JHDM1A was incubated in assay buffer in the presence or absence of metal ion
(Ni** or Fe?*) at room temperature over the indicated time. Samples were subjected
to SDS-PAGE analysis followed by Coomassie staining. The bottom two arrows
indicate the decomposed JHDM1A.
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that a constant concentration of protein was used in each condition and the non-
fluorescent inhibitor was titrated into the system (5 nM-2 mM). DMSO (1 pL, 1%) was
added to each assay well as a vehicle for the inhibitor. Of the three JHDMI1A
concentrations tested, 60 nM JHDM1A afforded a large dynamic range appropriate for
competition assays (Figure 1.13); therefore, 60 nM JHDM1A was selected as the
protein concentration for the following FP competition studies. A series of JHDM probes
was evaluated in the optimized FP competition assay. Probes evaluated in the assay
included methylstat acid, the JHDM cofactor, a-KG, N-oxalylglycine (NOG, an a-KG
mimic), and the substrate of JHDM1A, an H3K36me2 peptide (Figure 1.14). The results
showed that all of the above molecules can displace methylstat™® from JHDM1A.
Additionally, the ICsp values stabilized after approximately 4 h and remained stable for
up to 24 h. These results not only suggest that methylstat™® binds both the substrate
and a-KG cofactor-binding sites of JHDM1A but also confirms that methylstat acid is a
competitive JHDM inhibitor. This competition assay also afforded the half inhibitory
concentrations (ICsp) of these JHDM-binding molecules. The ICso values were then
used to calculate their dissociation constants (Ki) with JHDM1A using equation 2 and

the online Ki calculator: °’

_ 1

Kg Kgq
where, [l]so and [L]so are free inhibitor concentration and free ligand concentration at
50% inhibition, [P]o is free protein concentration at 0% inhibition, and Ky is the

dissociation constant between protein JHDM1A and methylstat™".
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The ability to quantify binding of competitive inhibitors in the JHDM active site is
an unprecedented development. Only the binding affinities of some JHDMs for histone
peptides have been quantified by surface plasmon resonance. However, the binding
affinity of a-KG for various JHDMs has never been reported.?*>! Competitive binding
assays designed for screening inhibitors have shown relative binding affinities, but
report 1Cso values of competitive inhibitors as opposed to K; values. Although ICs
values are useful for assessing the relative effectiveness of inhibitors for a single

enzyme, they are not directly comparable between enzymes or between different

0001 0.01 0.1 1 10 100 1000
[PDCA] 1M

Figure 1.13: FP competition assay optimization.
15, 30, and 60 nM of JHDM1A were tested in the FP competition assay with PDCA.
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assays and always depend on the individual assay conditions.®® Further expansion of
our FP binding assay to other JHDM isoforms may be extremely useful for assessing

the specificities as well as the inhibitory mechanism of various JHDM probes.

1.3.6 The FP-competition assay was miniaturized and optimized for high-

throughput screening.

The FP competition assay was further miniaturized to the 384-well plate format.
The total volume for each assay was reduced to 20 yL, while the concentrations of
JHDM1A (60 nM), methylstat™® (1 nM), and DMSO (1%) remained the same. For high-
throughput screening purposes, we also evaluated the influence of detergent, Tween
20, on our FP assay. We found that addition of 0.1% Tween 20 to the assay buffer

completely abolishes the binding, and 0.001% of Tween 20 is well tolerated. To

300 4 compound | 1€ (UM} K, (uM)
250 —» methylstat |0.135:0.002 | 0.0113:0.00¢
= GG 1.40<0.07 0.185 +0.001
n_m:" * PDCA 14.5:0.7 1.98+0.01
Em = NOG 112:3 15.4:0.4
100 - —+— H3K36me2 109:8 15.0:1.1
50
04 oy
0001 001 01 1 10 100 1000 10000

[inhibitar] uM

Figure 1.14: FP competition assay for known inhibitors and native
substrates.

The FP competition assay was used to determine ICso and K; values for known
JHDM probes.
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calculate the Z' factor, the statistical effect size of an HTS assay, we used methylstat
(100 uM in DMSO) and DMSO only as positive and negative controls, respectively.
Although the dynamic range of this assay decreased slightly (Figure 1.15), a high Z’
factor value (0.78) was calculated,® which further demonstrates the robustness of this

assay and its suitability for high-throughput screening.

1.4 Conclusions and future directions

The field of epigenetics is ever-growing and changing. As the epigenetic
landscape has taken shape and the histone code revealed itself, there has been an
established and growing need for tools with which to study the processes involved in

epigenetic regulation of gene expression. Although it has been well established for

+ DMSO
e methylstat
250 18 L0 b
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+
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Figure 1.15: Z’ determination to assess our FP competition assay as a HTS
technique.

Methylstat™® can be used for high-throughput screening of JHDM inhibitors. DMSO
and methylstat were used to represent 0% and 100% inhibition, respectively.
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decades that that the histone code is written and erased enzymatically, it was only
within the last decade that the dynamic nature of histone methylation, particularly the
phenomenon of demethylation, discovered. Although two distinct mechanisms of
histone methylation have been discovered, involving hydroxylation coupled to either an
FAD or an a-KG cofactor, many of these enzymes targeting specific sites that are
known to be dynamically regulated remain elusive. Furthermore, although
demethylation activity has been hypothesized in the cascade of events underlying many
processes of development and disease, many cases still exist in which the enzyme
responsible has not yet been identified. In addition, the dysregulation of HDMs and
JHDMs in multiple disease states has been identified, but there are no approved
treatments targeting these enzymes as of yet.?> The development of JHDM inhibitors,
and isoform/substrate-specific JHDM inhibitors will fill many of the gaps in epigenetic
research at both the basic science level, as well as the clinical level. The Wang lab
developed methylstat in 2011; already, this cell active JHDM probe has been used to
investigate the role of JHDMs in disease processes including angiogenesis.®* However,
the major limitation of methylstat is that it is a pan-JHDM probe, that is, it does not
distinguish among various JHDM isoforms with differing substrate specificity.
Potentially, a library of probes with specific and established targets within the JHDMs
could serve to validate specific hypotheses without genetic intervention, and could
potentially translate to use in the clinic. The Wang lab has thus sought to bring this
aspiration to light by developing a highly quantitative binding assay that can be used to
calculate the binding affinities of ligands to the JHDM active site. In doing so, we were

able to calculate the binding affinities of known JHDM inhibitors as well as native
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substrates including the a-KG cofactor, a feat which has never before been
accomplished.

The Wang lab has further expanded the field of JHDM probe discovery by
establishing an HTS technique based on the FP-competition assay. This screening
technique was highly repeatable and robust. Although the work described here only
produced a set of FP assays suitable for JHDM1A, other members of the Wang lab
have been working to develop FP tracers for a variety of JHDMs. A tracer for IMJD2A
has already been developed and used in a high-throughput screen. Already, the FP-
HTS assay has been used to identify novel scaffolds capable of binding the active site
of JHDMla. Several of these have already been validated as cell-active JHDM
inhibitors. Additionally, FP-binding and competition assays have been developed for the
ten-eleven translocation (TET) proteins, which are 5-methylcytosine hydroxylases.
Going forward, the Wang lab intends to continue to discover and validate substrate-
class-specific JHDM probes and other techniques with which to study these essential

epigenetic regulators.

1.5 Materials and methods

1.5.1 Cell culture

The human esophageal squamous cell carcinoma cell line, KYSE-150, was
obtained from the German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany. KYSE-150 cells were maintained in 49% RPMI 1640, 49%
Ham's F12 supplemented 2% fetal calf serum (FCS), 1% penicillin/streptomycin,

5%C02.%> U937 cells were maintained in RPMI-1640 supplemented with 10% FCS, 1%
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penicillin/streptomycin, 5% CO2 at 37 °C. All other cells were acquired from the
American Type Culture Collection (ATCC) and were maintained at 37 °C in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 1%
penicillin/streptomycin, 5% CO2.The differentiation of C2C12 was induced by incubating
cells in DMEM with 2% horse serum for approximately 6 days. Media and compounds
for this experiment were refreshed every other day. The compounds were added as
previously described.®” 0.1% DMSO was added as the control. Western blotting was

performed following standard protocols.

1.5.2 Immunostaining

Cells were seeded in in 96-well optical bottom plates at a density of 5000-10000.
Cells were allowed to attach for 24 hours before treatment with compound. For whole
cell screens, cells were treated for 48 hours before media was removed and the cells
washed in D-PBS. Cells were fixed for 20 minutes in 4% para-formaldehyde in D-PBS.
Cells were washed three times (10 minutes per wash) in cold D-PBS. Cells were
permeabilized and blocked simultaneously in 0.5% Triton-X-100 1% BSA for 30
minutes. Next, cells were incubated with the appropriate primary antibody diluted
1:1000 in D-PBS overnight. The next day, cells were washed three timed in D-PBS and
incubated with fluorescent antibodies as appropriate (either Alexafluor 488 goat anti-
mouse, or Alexafluor 694 goat anti-rabbit from Invitrogen). Cells were washed three
times in D-PBS, their nuclei stained with Hoechst 3342 and read using the Cellomics
array-scan HCS plate reader. Mean average fluorescence intensity for each well was
calculated relative to the cell count of that well and used as a measure of

hypermethylation.
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1.5.3 FACS cell cycle analysis.

U937 cells were grown in suspension under standard conditions or in the
presence of methylstat. Cell density was determined by hemocytometer assisted
counting. Cells were harvested by centrifuging for 2 minutes at 1000 rpm. Cells were
fixed in ice cold 70% ethanol by adding the solution drop-wise to the cell pellet and
vortexing. Cells were incubated for 30 minutes at 4°C. Cells were washed in D-PBS.
200 pl of a 50 pg/ml stock was added to the cell pellet to stain DNA. Total DNA content
was obtained and analyzed using a Becton Dickenson FACScan flow cytometer and the

FACScan software.

1.5.4 Purification of JHDMs.

Recombinant JHDM1A (1-517) and JMJD3 (1018-1590) were expressed as
6XHis fusion proteins using the pNIC28 and the pNH-TrxT expression vectors,
respectively. The coding regions were verified by sequencing and the plasmids were
transfected into BL21 Escherichia coli. Following expression, JHDM1A was purified
using Ni SepharoseTM 6 Fast Flow beads (GE) by gravity chromatography according to
the manufacturer’s instructions. JMJD3 was purified using cobalt (high density) agarose
beads (Gold Biotechnology) according to the manufacturer's protocol. JMJD2A was
expressed and purified as described previously.®” The purified proteins were exchanged

into assay buffer, flash frozen in liquid nitrogen, and stored at —80 °C.

1.5.5 FP-binding assay conditions.

FP binding experiments were performed in black, low-binding, half area 96-well

plates (Corning 3993). Then 80 L of JHDM1A (2.44 nM to 2.50 uM in 2-fold dilution) in
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assay buffer (50 yM NiCl,, 25 mM TRIS, 100 mM NaCl, pH 7.5) were added to
experimental wells. After 10 min, 20 pL of methylstat™® (5 nM in assay buffer) was then
added to each well. Wells containing protein only were subtracted from assay wells as
background. Plates were incubated at room temperature and read five times at each
time point (1, 2, 4, 6, 8, 10, and 24 h), and the average values at each time point were
used for the calculation of the polarization values. Binding curves were fit using

KaleidaGraph (v4.1.1, Synergy Software).

1.5.6 FP competition assay.

Known JHDM active site binders (methylstat, a-KG, PDCA, NOG, or peptide
H3K36me2) were tested for their ability to compete the binding of methylstatf"" to
JHDM1A. Then 2-fold serial dilutions of compounds were prepared as 100x solutions in
DMSO. Then 80 pL of JHDM1A (75 nM in assay buffer) were added to each well, to
which 1 yL of the above compound solutions were added. The mixtures were incubated
at room temperature for 30 min prior to addition of 20 pL of methylstatf*" (5 nM in assay
buffer). Controls containing 3 and JHDM1A or JHDM1A and the competing compound
were included for background subtraction. Each experiment was performed in duplicate.
The assay plates were incubated at room temperature for 4 h before signals were
recorded by the Envision Multilabel plate reader. The calculated data was fitted using

KaleidaGraph (v4.1.1, Synergy Software).

1.5.7 Z’ factor determination.

The FP competition assay was miniaturized to 20 pL in the 384well plate format.

15 uL of JHDM1A (80 nM in assay buffer: 50 uM NiCl,, 100 mM NaCl, 0.001% Tween
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20, 25 mM TRIS, pH 7.5) were added to each experimental well of a black 384well plate
(Corning: 3677) using MicroFlo dispenser (Biotek). 200 nL of DMSO or 2 (10 mM in
DMSO) was transferred to each experimental well using a CyBi-Well 96-channel
simultaneous pipettor (Cybio). The assay plate was incubated at room temperature with
rocking for 30 minutes prior to the addition of 5 yL of 3 (4 nM in assay buffer) to each
well using MicroFlo dispenser. The signals were recorded after incubation for 4 hours at
room temperature, and a Z'-factor of 0.78 was calculated based on the following
equation:

3 X (Gmax + O-min)

Hmax — Hmin

Z=1-

Omax and oOnmin are the standard deviations of the maximum and minimum observed
signals, respectively, and Pmax and pmin are means of the maximum and minimum

observed signal, respectively.®
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Chapter 2 : Development and initial screening efforts of a natural-product-like
library of indole alkaloids

2.1 Introduction

2.1.1 Bioactive plant natural products and indole alkaloids

Plant secondary metabolites represent a highly diverse wealth of chemical structures.
Although these were formerly thought to be waste products of higher metabolism, they
are now recognized as bioactive compounds that take part in plant defense systems as
well as communication and sensory activities." The plant alkaloids represent a highly
bioactive array of plant secondary metabolites which have been used throughout history
in herbal medicine.?* One chemical moiety represented in an array of plant alkaloids is
the indole, and alkaloids that contain this moiety are known as the indole alkaloids.
Indole alkaloids are relatively common in modern medicine and have been used to treat
cancers (vinblastine) and hypertension (reserpine and ajmaline).* The indole moiety is
also common in psychoactive compounds such as serotonin and its analogs, and indole

amine hallucinogens including psilocybin, and LSD (Figure 2.1).°

2.1.2 Natural products are not well suited for technology driven drug discovery.

Although medicinal plants and natural products have historically been the mainstay of
drug discovery, when high-throughput technologies came into the limelight, natural-
product-based drug discovery largely fell by the wayside. This is largely because plant

secondary metabolites are not user-friendly from a screening perspective.®
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Figure 2.1: The indole moiety is present in molecules with diverse bioactivities.

The indole moiety (red) is present in an array of bioactive compounds, examples of
which are illustrated here. These include, but are not limited to, antihypertensives
(reserpine and ajmaline), chemotherapeutics (vinblastine), and a variety of
psychoactive compounds including serotonin, psilocybin and lysergic acid
diethylamide (LSD, which is semi-synthetic).

42



Firstly, isolation of active components from natural materials remains a challenge. This
is because plant secondary metabolites represent such a small fraction of the overall
mass of their plant of origin. To complicate matters further, the secondary metabolites
are present as a complex mixture, making separation of a single active component
difficult, to say the least.” Although synthetic efforts toward total synthesis of bioactive
alkaloids exist, there has not been a systematic approach identified that could
potentially afford a screening library of natural products with relative ease.®® These
issues have directed drug discovery away from natural products in favor of large,

synthetic screening libraries.*®**

2.1.3 High-throughput screening of large, synthetic libraries has had limited

success for challenging targets and identifying antibiotics.

Large libraries for high-throughput screening (HTS) are designed to be ‘drug-
like’ based on existing pharmaceuticals and a set of chemical properties known as
‘Lipinski’s rule of five’.** Although such compound libraries are expansive, and known to
produce leads for targets considered ‘druggable’ in the human genome, they are
unsuitable as drug candidates for more challenging targets (such as protein-protein
interactions) and have not had any success as antimicrobials.**'* A notable example of
the shortcomings of synthetic-compound library HTS was observed in the late 1990s
during a screening effort carried out by GlaxoSmithKline (GSK). This process involved
screening up to 500,000 compounds in over 70 different biochemical screens in an
effort to identify novel antibiotics.'* These screens vyielded just five possible lead
compounds, none of which was suitable for clinical use. With numerous technologies

designed to identify target proteins, and efficient synthesis strategies, natural products
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or derivatives of natural products still represent a far larger portion of known

pharmaceuticals than compounds identified from randomly synthesized libraries.*

The root of this issue comes down to chemical diversity. While drug-like libraries
are easily synthesized and follow a set of rules that should contribute to their success
as pharmaceuticals, their chemical diversity is minimal. Chemical space has been

estimated to comprise up to 10°®

compounds; the largest of screening campaigns will
include 10° structures.'® Even if each structure were entirely unique chemically, this
would still represent only a tiny fraction of the possible chemical diversity. It has thus
been estimated that only 10% of the proteins encoded in the human genome are
druggable by what are considered ‘drug-like’ molecules. Furthermore, the vast majority
of known antibiotics show chemical properties that diverge from typical drug-like
molecules.**'” Based on these observations, it is clear that an alternate approach to

compound library design is necessary to identify drug candidates for novel targets and

antibiotics, specifically.

2.2 Development of a natural-product-like library to bridge the gap between

natural product and HTS drug discovery.?

The Wang lab sought to address the gap in screening library quality by
developing a bio-inspired natural-product-like library of indole alkaloids. Although the
library is purely synthetic in origin, it occupies a chemical space more similar to that of
natural product drugs while maintaining a modular and systematic synthetic route.

Furthermore, because of the relative ease of synthesis, analogs of hit compounds are

d Synthesis of the indole alkaloid pilot library was carried out by Dr. Yongxiang Liu
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easily attainable, creating a situation in which functional probes and analogs of hits are
readily available for studies involving immobilizing the compound, fluorescence labeling,

or structure-activity relationship (SAR) investigations.

Synthesis of the library was broken into three components: assembly of building
blocks (to form a functionalized indole), cyclization of the functionalized indoles to fused

or spiro-tetracyclic indolines, and various modifications of indoline skeletons. These
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Figure 2.2: Synthetic strategy for polycyclic indole alkaloids in nature, and for
the Wang lab’s synthetic indole alkaloid library.

(a) Biosynthesis proceeds via assembly of building blocks including tryptamine is the
indole source. Later steps which include cyclization and functionalization are
accomplished enzymatically. (b) For the Wang lab’s synthetic library, assembly of the
indole is accomplished by Fischer indole synthesis followed by gold-catalyzed
cyclization and finally modification of the cyclized products.
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three steps were designed to mimic the complex enzymatic pathways that afford these
structures in nature (Figure 2.2). Assembly of the building blocks, accomplished in
nature via synthesis of the indole-containing precursor, tryptamine, is performed in the
Wang group via Fischer indole synthesis in a one-pot, three-component reaction,
generating a series of indoles with sufficient side chain diversity that allows cyclizations
to multiple unique skeletons in later steps (Figure 2.2).**%° These are cyclized using
gold catalysis, which results in fused or spiro-tetracyclic indoline formation from the
indoles.”* The final step is ring-opening, and reduction or alkylation of indoline
skeletons. When indole alkaloids are synthesized in their natural environment, there is
no purification of the ‘final’ structure from the intermediates and byproducts of
synthesis.”? The result is a complex mixture of secondary metabolites in which an
intermediate of another bioactive compound is also bioactive. Likewise, the indole
alkaloid library created in the Wang lab includes all intermediates of each matured
indoline compound as a screening compound. Although the library is still expanding, the
pilot library used in initial screening efforts totaled 120 indolines containing 26 distinct

skeletons (Figure 2.3).
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Figure 2.3: Skeletal diversity of the indole alkaloid library.
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2.3 Initial screening efforts.

Based on the vast array of bioactivities represented by natural indole alkaloids,
we sought to screen the synthetic indole alkaloid library in an array of bioassays. The
goal of this investigation was to assess the breadth of bioactivities possessed by the
synthetic indole library and how closely the diversity of bioactivities mimics those of
natural indole alkaloids. We first chose to screen our library for its ability to inhibit
cancer cell and bacterial growth based on the use of indole alkaloids such as the vinca
indoles (such as vinblastine, vindoline and vincristine) in cancer therapy as well as the

antibacterial activity of indole alkaloids isolated from natural product extracts.?®

Notable hits resulting from these screening efforts were investigated further. The
initial investigations are discussed here and some are ongoing. The goal of these initial
screens was to get an idea of the potential impact of this library and its potential

bioactivities.

Indoles Tricyclic Indolines Tetracyclic Indolines

S.aureus ."f' i|
E.coli [F
wcr7 B

HCT116 [EHIE

Figure 2.4: Initial screening heat map.

The 120-compound pilot library was screened for their ability to inhibit growth of two
cancer cell lines (MCF-7 and HCT116), Gram-positive bacteria (Staphylococcus
aureus, ATCC 25923), and Gram-negative bacteria (Escherichia coli, ATCC 25922).
Growth in the presence of compound was normalized to the growth in the presence
of vehicle only (DMSO). The red brightness indicates the extent to which growth was
inhibited by a compound. Black indicates no inhibition at all and very bright red
indicates nearly complete inhibition of growth.
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2.3.1 Cancer cell line screening.

The pilot library was first screened for growth inhibition of a colorectal carcinoma
cell line (HCT116) and a breast adenocarcinoma cell line (MCF7). Compounds were
screened at a concentration of 20 uM over a period of 48 hours. Cell growth was
normalized to a DMSO control and the known microtubule polymerization inhibitor,
vinblastine, was added as a positive control. Cell viability was assessed using the
CellTiter-Glo™ cell viability kit from Promega, which measures ATP as a proxy of active

cell metabolism to distinguish living from dead cells. Our initial screen using the pilot

DMSO 16 nM vinblastine 20 pM 0Os15
128 |

G2/IM

G2/IM

Events

G2M

Intensity

Figure 2.5: Treatment of HCT116 cells with Os15 results in G2/M cell cycle
arrest.

Cells were treated with vehicle (DMSO), vinblastine (16 nM), or Os15 (20 pM).
Treatment concentrations of vinblastine and Os15 were the concentrations at which
100% growth inhibition was observed. Osl15 caused G2/M cell cycle arrest as
compared to the untreated control and treatment with vinblastine.
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library of 120 compounds identified a number of compounds that inhibited more than
80% of cell growth for both cancer cell lines tested. Some of these specifically inhibited
growth of HCT116 cells (Figure 2.4). Several of the most potent growth inhibitors were

further profiled for their effect on the cell cycle.

2.3.2 One alkaloid identified from screening causes G2/M phase arrest.

Several indole alkaloids that showed significant growth inhibition of both HCT116
cells and MCF7 cells were examined for their effects on the cell cycle using
fluorescence-activated cell sorting (FACS). Cells were passaged into 6-well plates and
allowed to attach overnight. Attached cells were then treated with the concentration of
indole alkaloid at which no observable growth was seen (the Glgp). Cells were incubated
with compound for 24 hours followed by DNA staining with propidium iodide (PI) and
FACS cell cycle analysis. Vinblastine was included as a positive control. Intriguingly,
cells treated with compound Os15 showed a cellular DNA content profile indicating that
the compound causes G2/M phase cell cycle arrest similarly to vinblastine (Figure
2.5).%* These results indicate that the activity of Os15 causes G2/M phase arrest in
rapidly dividing cells. This type of growth inhibition is very useful in the treatment of
many cancers and is the mechanism of action of the vinca alkaloids (including
vinblastine and vincristine) as well as Taxol.?** Future follow-up on these results could
include analysis of the effect of compound Os15 on tubulin polymerization and somatic

cell toxicity tests.
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2.3.3 Bacterial growth inhibition screen.

In order to assess the range of activity of our library against bacterial growth and
proliferation, an initial viability screen was performed. We selected a representative
Gram-positive species (S. aureus) and a Gram-negative species (E. coli) for our initial
screen to assess general growth inhibition by Gram class. The strains Staphylococcus
aureus ATCC 25923 and Escherichia coli ATCC 25922 were selected since they are
commonly used antibiotic susceptibility reference strains.?® The effect of alkaloids on
cell viability was assessed by diluting an overnight bacterial culture 200,000-fold into
plates containing a screening concentration of each alkaloid (20 uM). Viability was
assessed after 5 hours of growth using the BacTiter-Glo™ Microbial Cell Viability Assay

according to the manufacturer’s instructions (www.promega.com).

2.3.4 One indoline identified from the bacterial growth inhibition screen proved
interesting as an antibiotic lead compound.®

Although there were not many compounds with desirable growth inhibitory effects
against our Gram-negative model (E. coli ATCC 25922), we were encouraged by two
compounds that showed reasonable antibacterial activity against our Gram-positive
model, S. aureus 25923. The compound showing the greatest and most specific growth
inhibition of S. aureus in the initial screen and little inhibitory activity against mammalian
cells, known as Of4 (Figure 2.6), was further evaluated for its minimum inhibitory
concentrations (MICs) against MSSA 25923 and MRSA BAA-44.%"? The MIC value for
both MSSA and MRSA was 32 pg/ml. Notably, the MRSA strain, BAA-44, is a multi-drug

resistant strain and is resistant to a wide variety of antibiotics. The observation that the

€ Synthesis and SAR investigations of Of4 were carried out by Patrick Barbour.
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MIC of Of4 in both MSSA 25923 (a strain with no notable resistance phenotypes) and
MRSA BAA-44 indicates that it exerts its antimicrobial effect via a mechanism that is

distinct from any of the antibiotics to which BAA-44 harbors resistance.

An initial structure-activity relationship (SAR) study of Of4 was undertaken by
synthesizing a number of analogs in which the halogen on the aromatic indoline ring,
the modification on the indoline nitrogen, as well as the side chain were modified.
Through this SAR strategy, a more active analog of Of4 was identified, known as 4k
(Figure 2.6). 4k differs from Of4 by replacement of tri-fluoro acetic acid (TFA) on the
sidechain with benzyloxycarbonyl, and a reduction of the sidechain length by one
carbon. This analog afforded an 8-fold increase in antibiotic activity against MSSA. The
MIC of 4k was also determined for three other MRSA strains with unique resistance
profiles. The MIC in each of these strains was consistent at 4 pg/ml. These results
indicate that Of4 and 4k are exerting their antibiotic effects via a general mechanism
that is present in a variety of S. aureus stains. Further profiling of 4k against other
bacterial species will indicate whether it acts via a mechanism that is conserved
amongst all or most bacteria. Furthermore, profiling of 4k against members of the
antibiotic resistant ESKAPE (Enterococci, Staphylococcus, Klebsiella, Acinetobacter,
Pseudomonas, and Escherichia) pathogens will be very informative as to whether or not

Of4/4k exert their effects via an entirely unique mechanism.
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Figure 2.6: Structures of Of4 and 4k.

Of4 was identified by growth inhibition screening of the indole alkaloid library against
S. aureus (ATCC25923). The MIC of Of4 in MSSA and a multidrug-resistant MRSA
strain (ATCC BAA-44) is 32 pg/ml. The slight modification of Of4 to 4k (replacement
of TFA with a benzyloxycarbonyl group) affords an 8-fold improvement in the MIC
against both strains (4 pg/ml).

2.4 Summary of results and conclusion.

Initial screens involving the natural-product-like library of indole alkaloids have
revealed that the library is highly bioactive and that the 26 unique skeletons as well as
side chain and ring-opening, reduction or alkylation modifications provide sufficient
diversity to afford a wide range of biological activities. As illustrated by the heat map of
our initial biological screening results, there are a number of compounds that have cell-
line or species specificity. Already, this investigation has afforded at least one
compound capable of causing G2/M-phase cell cycle arrest, a well-known mechanism
of currently used cancer therapeutics. Further insight into this compound’s mechanism

of action could potentially reveal its utility as an alternative cancer therapeutic or back
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up for vinca alkaloid-resistant cancers. Os15 could also give insight into a novel
mechanism by which to achieve G2/M-phase arrest in rapidly dividing cells.
Furthermore, these initial screening efforts have already afforded a potentially novel
antibiotic that is capable of exerting its effects in both multi-drug resistant MRSA as well
as MSSA. SAR investigations of this compound afforded an analog with 8-fold improved
antibacterial activity in multiple strains of MRSA with different antibiotic resistance
profiles. Going forward, we will continue to screen our natural-product-like library of
indoline compounds in a variety of cell-based and biochemical screens. In addition,
further expansion of the library using similar synthetic strategies will result in a highly
diverse, and efficiently synthesized library of compounds that is well suited for biological

screening efforts.

2.6 Materials and methods

2.6.1 Mammalian cell culture

All cells were acquired from the American Type Culture Collection (ATCC) and
were maintained at 37 °C in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum (FCS), 1% penicillin/streptomycin, and

maintained at 37°C and 5% CO..

2.6.2 Cell viability screens

White, flat-bottom, 384-well plates (Corning 3570) were used for all screens. For
mammalian cell screening, cells were prepared from a preparative cell culture by trypsin

separation of cells from the flask followed by concentration by centrifugation and cell
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count determination (using a hemocytometer). Cells were plated into the 384-well plates
at a density of 5000 cells per well in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum (FCS), 1% penicillin/streptomycin. Cells were
allowed to attach overnight. Compounds were added to the plates using the CyBio
pintool from a 4 mM 96-well source plate to a final concentration of 20 uM. Cells were
incubated for 48 hours and viability assessed using the CellTiter-Glo™ Mammalian

Cell Viability Assay (Promega).

For bacterial growth inhibition screens, plates were prepared by the addition of 35 pl of
MHB using a BioTek MicroFlo select reagent dispenser. Compounds, from a 4 mM 96-well
source plate, were then pinned into each well of the 384-well plate using the CiBy pin-tool from
CyBio. Next, an overnight culture of MSSA ATCC 25923 was diluted 25,000-fold and 5 pl of this
dilution was added to each well of the 384-well plate. The final concentration of alkaloids used in
the screen was 20 uM, and the final dilution of bacteria inoculated was 1:100,000. Compounds
were screened in quadruplicate. Plates were incubated at 37°C with shaking for 5 hours and the
BacTiter-Glo™ Microbial Cell Viability Assay was performed according to the manufacturer’s

instructions.

2.6.3 Glsg and Glgg determination.

Cell viability assays were carried out using CellTiter-Glo luminescent cell viability
assay kit (Promega). Cells were seeded (20,000 cells/well) on white, cell-culture treated
96-well plates (Corning: 3917) with Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum (FCS), 1% penicillin/streptomycin. The final
volume of media in each well was 100 pL. Cells were incubated at 37 °C in 5%

CO,/95% air for 16 hours. The medium was removed from each well and replaced with
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99 pL of warmed fresh medium. To each well 1 uL of compound in DMSO was added to
achieve final concentrations of 0.5-32 pg/mL. Each dose was performed in triplicate.
After incubation at 37 °C for another 24 hours, the plates were equilibrated to room
temperature for 30 minutes. Next, 100 uL of CellTiter-Glo reagent (Promega) was
added to each well and mixed for 2 minutes on an orbital shaker. The plate was
incubated at room temperature for another 10 minutes to stabilize the luminescence
signal. The luminescence of each sample was recorded in an Envision Multilabel Plate
Reader (Perkin Elmer), and normalized to positive and negative controls (ellipticine and
DMSO, respectively). The data were fit using KaleidaGraph software and the Gls, and
Glgo values were determined as the concentrations at which 50 and 90% of growth was

inhibited.

2.6.4 Propidium iodide staining and FACS cell cycle analysis.

HCT116 cells were grown under standard conditions and supplemented with
vehicle (1% DMSO), vinblastine (16 nM) or compound Os15 (20 uM) for 24 hours. Cell
density was determined by hemocytometer-assisted counting. Cells were harvested by
centrifuging for 2 minutes at 1000 rpm. Cells were fixed in ice-cold 70% ethanol by
adding the solution drop-wise to the cell pellet and vortexing. Cells were then incubated
for 30 minutes at 4°C. Cells were washed in PBS and 200 pl of a 50 pg/ml propidium
iodide stock was added to the cell pellet to stain DNA. Total DNA content was obtained
and analyzed using a Becton Dickenson FACScan flow cytometer and the FACScan

software.
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2.6.5 Broth microdilution minimum inhibitory concentration (MIC) testing.

Alkaloids were prepared in 96-well microplates (USA Scientific CytoOne 96-well
TC plate, cat: CC7682-7596) at twice the intended final concentration and two-fold
serial dilutions were performed down the columns of the plate to afford a suitable
concentration range. The inoculum was prepared by diluting a bacterial day culture
(ODgoo 0.150-0.4) to ODgoo 0.002. This dilution was further diluted two-fold when added
to 96 well microplates for a final inoculum concentration of ODggo 0.001. All plates were
incubated at 37°C with shaking for overnight (18 hours) and results were interpreted.
The MIC was defined as the lowest concentration at which no observable growth was

present.
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Chapter 3: Discovery and profiling of resistance-modifying agents (RMAS)

identified from the indole alkaloid screening library

3.1 Introduction

3.1.1 Antibiotic discovery: a historical perspective

The vast majority of antibiotic classes were discovered during the “golden era” of
antibiotic discovery spanning the 1940s through the 1960s.? Although one of the
foremost antibiotics, penicillin, was discovered serendipitously, there are notable
examples of highly systematic screening approaches that were introduced to further
antibiotic discovery. These were developed by Paul Ehrlich and Selman Waksman and

adopted widely in the pharmaceutical industry to unearth the vast majority of antibiotics
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Figure 3.1: Timeline of antibiotic deployment and observed resistance.

The approximate date of deployment is on the top of the timeline, and the date of
observed resistance on the bottom. Clearly, antibiotic resistance has been observed for
all antibiotics in use. In addition, our ability to develop novel antibiotics has slowed.
Adapted from Clatworthy et al.(2007).°

60



known today.*>* The “Waksman platform” involved taking advantage of natural biological
warfare: Streptomyces isolated from soil samples were screened for their antimicrobial
activity by assessing zones of inhibition on agar plates. The active compounds were
then identified and isolated. The isolated, purified active components are used clinically
today as antibiotics.

After twenty years of success, however, the Waksman platform stopped
producing novel hits, forcing the pharmaceutical industry to begin investigating new
approaches including HTS of compounds against whole cells, as well as genetically
identified essential proteins.* Despite these efforts, only two novel antibiotic classes
have seen clinical use, oxazolidinones and lipopeptides (Figure 3.1).> Paradoxically, the
increase in screening and assay technology has not been accompanied by an increase
in antibiotic discovery.®” Although this is concerning from a general drug-discovery
perspective, the issue requires immediate attention due to the rapid development of

antibiotic resistance among pathogenic microorganisms.

3.1.2 Antibiotic resistance: an ongoing worldwide health concern

Antibiotics generally function by targeting essential cellular processes, and either
induce cell death (bactericidal), or arrest growth (bacteriostatic). The major processes
targeted by antibiotics include DNA replication, transcription of DNA to RNA, translation
of RNA to protein, cell wall synthesis, or other metabolic processes (Figure 3.2a).
Antibiotic resistance is largely driven by targeting these essential processes, which
supplies the selective pressure necessary for antibiotic resistance development either
through gene mutation or via acquisition of extracellular DNA expressing resistance

determinants (Figure 3.2b).®
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Figure 3.2: Common antibiotic targets and mechanisms of resistance.

(a) Although there are over 200 known essential bacterial genes, the vast majority of
successful antibiotics only target a few essential pathways. (b) The rise of antibiotic
resistance driven by a few general mechanisms, some of which require acquisition of
resistance genes from external sources. The mechanisms of resistance include
modification of the antibiotic target or complete bypass of the pathway targeted by the
antibiotic, enzymatic inactivation of the antibiotic, efflux of the antibiotic, or
modification of the cell to exclude entry of the antibiotic. This figure was adapted from

Lewis (2013).
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Antibiotic resistance is an urgent world health concern that is aggravated by a
lack of novel antibiotic discovery.” Although development of antibiotic analogs had
previously kept resistant pathogens at bay, the rapid onset of antibiotic resistance has
now created a situation where there are not enough analogs in the antibiotic pipeline to
combat imminent resistance emergence.® Methicillin-resistant Staphylococcus aureus
(MRSA) is particularly concerning in this regard. Prior to the introduction of penicillin in
the 1940s, the mortality of patients who developed invasive Staphylococcus infections
was nearly 80%, but this statistic was drastically reduced by the introduction of penicillin
in the clinic.? In just a few years, however, resistance to penicillin mediated by B-
lactamase emerged, which led to the introduction of B-lactam antibiotics such as
methicillin, which are resistant to degradation by B-lactamase. It was not long, however,
before Staphylococcus aureus developed methicillin resistance in the form of an
alternative penicillin binding protein (PBP), PBP2a, which binds poorly to B-lactams and
can therefore catalyze peptidoglycan crosslinking in their presence.’® In addition to
methicillin resistance, a number of MRSA strains have developed resistant phenotypes
against multiple drugs used in the clinic, thus limiting treatment options for bacterial
infections and threatening the onset of a post-antibiotic era.’* Of the estimated
2,000,000 illnesses and 23,000 deaths in 2013 that are directly associated with
antibiotic resistant bacteria in the United States, MRSA was directly responsible for
80,000 ilinesses and 11,000 deaths.*? Although vancomycin as well as some antibiotic
analogs are still effective for the treatment of MRSA, strains that are resistant to these

last-line-of-defense treatments have already become a problem.*®
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Along with novel cures to many formerly fatal diseases, the antibiotic era also
allowed for the overuse and misuse of antibiotics in agriculture as well as clinical
settings, according to the CDC.* Compounding the issue further, in conjunction with the
emergence of an array of antibiotics, pathogenic microorganisms began responding to
the added selective pressure by evolving or acquiring modes of resistance. Although in
many instances, modification or functionalization of antibiotic cores afforded antibiotic
analogs capable of circumventing the resistance mechanisms, microbes continue to
acquire and evolve mechanisms that are rendering them resistant to more and more

antibiotics in clinical use.

3.1.3 Resistance-modifying agents offer an alternative approach to conventional
antibiotics.

Resistance-modifying agents (RMAs) offer a promising solution to the global
antibiotic resistance crisis.!* These target non-essential resistance-conferring genes
and gene products to restore antibiotic sensitivity. A notable advantage of RMAs is that
they are capable of extending the usable lifespan of known antibiotics that have already
been optimized for large-scale production and that have well-studied toxicity profiles.
For example, clavulanic acid is a serine p-lactamase inhibitor that is commonly used in
combination with amoxicillin under the brand name Augmentin, among others, to treat
infections resulting from B-lactamase-producing bacteria.’® Clavulanic acid deactivates
B-lactamase by irreversibly acylating the catalytic serine residue in the active site of the
B-lactamase enzyme that would otherwise function to breakdown the [-lactam
antibiotic. Although the clavulanic acid/B-lactam combination is effective for serine B-

lactamases, it is ineffective against metallo-p-lactamases and does nothing to combat [3-
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lactam resistance mediated by the alternative penicillin-binding-protein, PBP2a,
encoded in MRSA.™ Although efforts have been underway to discover more novel
RMAs, thus far, only those that are B-lactamase inhibitors have been successfully
brought to market. B-lactam antibiotics are one of the most widely used antibiotics and
have inspired numerous research efforts to overcome bacterial resistance. In addition to
B-lactamase inhibitors, other classes of compounds have been reported to potentiate
the activity of B-lactam antibiotics, such as compounds interfering bacterial cell wall

synthesis and compounds affecting resistance-sensing pathways.*%°

Given the need for novel approaches to antibiotic discovery, we undertook an
effort to seek out compounds with the capacity to potentiate a variety of antibiotics. RMA
screens for three antibiotics (methicillin, tetracycline, and vancomycin) were carried out
using our indole alkaloid library. As the library expands, we intend to expand this

screening to include more antibiotic classes and a variety of microbial species.

3.2 RMA screening efforts.

Screening for RMAs was performed using a modified broth microdilution assay, and our
previously synthesized library of natural-product-like indole alkaloids.?*?* First, minimum
inhibitory concentrations were established for each antibiotic in a resistant species.
Most commonly, the multi-drug resistant MRSA strain ATCC BAA-44 was used, as it
possesses resistance to a variety of commonly used antibiotic classes. Vancomycin
RMA screens were carried out using a vancomycin-resistant S. aureus strain (VRSA)

NR-46421 (a.k.a., VRS11a, BEI Resources).
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3.2.1 Screening for compounds capable of modulating methicillin, tetracycline,

and vancomycin resistance in S. aureus.

The indole alkaloid library was screened for the ability to potentiate the activity of
methicillin and tetracycline in MRSA ATCC BAA-44, and vancomycin in vancomycin-
resistant S. aureus (VRSA) NR-46421 (a.k.a., VRS11la, BEI Resources), since BAA-44
does not possess the vancomycin resistance phenotype. First, the minimum inhibitory
concentration (MIC) of each antibiotic in the corresponding S. aureus strain was
assessed and determined to be 128 pg/mL (methicillin, BAA-44), 64 pg/mL (tetracycline,
BAA-44), and 512 pg/mL (vancomycin, NR 46421). This was determined using the
standard Clinical Laboratory Standards Institute (CLSI) broth microdilution method.%®
For each screen, Mueller Hinton Broth (MHB) was supplemented with methicillin at % of
its MIC value (i.e., 32 ug/mL), or vancomycin or tetracycline at 1/8 of its MIC value (i.e.
64 and 16 pug/mL, respectively). To each well, 20 uM of each individual indoline alkaloid

was added and the plates were incubated at 37 °C for 18 hours.

66



Nine indoline alkaloids were identified that reduced the MIC of methicillin in BAA-
44 to 32 pg/mL or lower, representing an 8% hit rate for this screen. Furthermore, one
compound was identified that was capable of reducing the MIC of tetracycline in BAA-
44 and two compounds were identified that were capable of potentiating vancomycin in
VRSA (NR-46421). One compound (Kf18) was a hit compound in the methicillin screen
as well as the vancomycin screen. Further evaluation of Kfl8 showed that it had no
antiproliferative effect on its own (MIC > 128 pg/mL). Furthermore, in addition to its
potentiating effect in MRSA and VRSA, Kfl8 also potentiates vancomycin in

vancomycin-resistant E. faecium (VRE) HM-968 (a.k.a., ERV102, BEI Resources). VRE

Cl

Oef

I

&b 4D, e

F

Of1 Kf18 Os16
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Figure 3.3: Hit compounds from RMA screening efforts.

Of1 was identified from a screen for compounds capable of potentiating methicillin in
MRSA ATCC BAA-44 and Os16 was identified from a screen for compounds capable
of potentiating tetracycline in the same strain. Kfl8 was identified from an initial
screen for compounds capable of potentiating vancomycin in a VRSA strain (NR-
46421), and a counter-screen in VRE (HM-968).
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HM-968 is highly resistant to vancomycin, with an MIC of 512 ug/mL, and it is known to
express the vanA gene, the most prevalent determinant that allows the bacteria to
construct alternative cell wall lacking the D-Ala-D-Ala moiety targeted by vancomycin.?®

The most potent lead resulting from each screen is illustrated in figure 3.3.

Although the remainder of this report deals solely with evaluation of hits
generated from the methicillin RMA screen, follow up on the scope of activity of Kf18 as

well as SAR are ongoing in the Wang lab.

3.3 Evaluation of hits generated from the B-lactam RMA screen

3.3.1 Identification of the most potent lead compound.

We further evaluated the ability of these nine compounds to potentiate methicillin
by assessing the MIC of methicillin in MRSA using the standard microdilution method in
medium supplemented with 20 uM of each alkaloid. Ofl1 (Figure 3.3) was found to be
the most active compound, capable of reducing the MIC of methicillin from 128 to 8
pg/mL. Hence, Ofl re-sensitizes this multi-drug resistant MRSA strain to methicillin,

since S. aureus with an MIC <8 pg/mL is defined as methicillin-sensitive.
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3.4 Characterization of Of1 as a B-lactam selective RMA and toxicity evaluation.

3.4.1 Evaluation of the RMA scope of Of1.f

We evaluated the ability of OF11 to potentiate other antibiotics in MRSA by
determining their MIC values in the presence and absence of 20 uM Of1. In addition to
methicillin, we tested other B-lactam antibiotics, such as oxacillin (i.e., the replacement
of methicillin, a narrow spectrum antibiotic), amoxicillin/clavulanic acid (amox/clav, an
extended spectrum antibiotic), cephalexin and cefazolin (first-generation
cephalosporins), and meropenem and imipenem (carbapenems). Antibiotics from other
structural classes tested include streptomycin (aminoglycoside), rifampicin (ansamycin),
tetracycline (tetracycline), ciprofloxacin (quinolone), erythromycin and azithromycin
(macrolides), clindamycin (lincosamide), vancomycin (glycopeptide), and linezolid

(oxazolidinone).

The results showed that Of1 potentiates all B-lactam antibiotics with variable fold
of potentiation (Table 3.1). Although this MRSA strain is not resistant to carbapenems
such as imipenem and meropenem, Ofl still showed 8- and 16-fold potentiation of
these, respectively. In addition, Of1 showed weak potentiation of rifampicin (2-fold), but
did not potentiate any other classes of antibiotics, such as ciprofloxacin, tetracycline,
vancomycin and linezolid. It should be noted that MRSA ATCC BAA-44 is highly
resistant to azithromycin, erythromycin, streptomycin, and clindamycin; 20 uM of Ofl

was unable to lower their MICs to 256 pug/mL, the highest concentration tested.

"The investigation of the scope of Of1 was carried out with assistance from Shane Walls
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Table 3.1: Ofl selectively potentiates B-lactam antibiotics in multi-drug
resistant MRSA.

a sensitive
Compound (uglllr;:L) Ml(ig(;rn? Ij)l) opot;?}lt?ation range”
(Hg/mL)

Of1 >128 - - -
methicillin 128 8 16 <8
oxacillin 64 0.5 128 <2
amox/clav 32/16 4/2 8 <4/2
meropenem 4 0.25 16 <4
imipenem 8 1 8 <4
cephalexin 256 16 16 <8
cefazolin 128 4 32 <8
rifampicin 2 1 2 <1
tetracycline 64 64 1 <4
ciprofloxacin 8 8 1 <1
azithromycin >256 >256 - <2
erythromycin >256 >256 - <0.5
clindamycin >256 >256 - <0.5
streptomycin >256 >256 - -
vancomycin 1 1 1 <2
linezolid 2 2 1 <4

aMIC value in the presence of 20 puM Ofl; Pvalues obtained from Clinical
Laboratory Standards Institute (CLSI) Performance Standards for Antimicrobial
Testing; 17" informational supplement.
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Furthermore, we evaluated Of1’s potentiation effect for B-lactam antibiotics in a
methicillin-sensitive S. aureus (MSSA) strain (ATCC: 25923). Surprisingly, we found Of1
does not potentiate any B-lactams tested, such as methicillin, amox/clav, and cefazolin
(Table 3.2). In addition the ability of Ofl to potentiate B-lactams in a resistant
Enterococcus faecium strain (HM-968, BEI resources) was tested. We found that Ofl

did indeed potentiate amoxicillin at least 4-fold.

3.4.2 Evaluation of the anti-proliferative activity of Ofl in MRSA and MSSA.

To evaluate the anti-proliferative activity of Ofl alone, we performed the standard
microdilution assay for Ofl using both MRSA (ATCC: BAA-44) and MSSA (ATCC:
25923) strains. The MICs of Ofl against both strains were found to be higher than 128
png/mL, the highest concentration tested. Considering the effective concentration (20 uM
or approximately 10 pg/mL) required to re-sensitize MRSA to methicillin, this result
suggests that Of1 has a synergistic effect with methicillin, but does not itself target any

essential genes or gene products.

Table 3.2: MIC values of Of1 or B-lactam antibiotics in the presence or
absence of Ofl in MSSA ATCC 25923.

B-lactams | MIC (ug/ml) MIC + 20 uM Of1 (ug/ml)
Of1 >128 -
methicillin 4 4
oxacillin 0.5 0.5
amox/clav | 0.125/ 0.0625 0.125/ 0.0625
cephalexin 4 4
cefazolin 0.5 0.5
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3.4.3 Determination of Of1’s minimum re-sensitizing concentrations (MRCs) for
MRSA.

Next we determined Oft’'s MRC for MRSA with three common p-lactam
antibiotics: oxacillin, amox/clavulanic acid and cefazolin. A modified broth microdilution
assay was used. This involves incubating MRSA with Of1 in 2-fold series dilution in the
presence of each individual antibiotic at its highest sensitive concentration (i.e., 2, 4/2,
and 8 pg/mL, respectively) as determined by the clinical and laboratory standards
institute (CLSI).”> As shown in table 3.3, Ofl re-sensitizes BAA-44 to all three
antibiotics, and the MRC of Ofl is dependent on the antibiotic used. We have also
determined the MRC values for another three MRSA strains. Strain 33592 (ATCC)
behaves similarly to BAA-44, and the MRC for all three antibiotics are 4 pg/mL. BAA-
1683 is not resistant to cefazolin, but is resistant to both oxacillin and amox/clav. The

MRC for oxacillin is found to be >32 pg/mL (the highest concentration tested), and the

Table 3.3: Of1’s minimum re-sensitizing concentrations (MRCs) for MRSA
strains.?

B-Lactams BAA-44 33592 700789 BAA-1683

oxacillin 2 4 >32 >32
amox/clav 4 4 4 4
cefazolin 4 4 b b

aAll MIC values are in pg/mL; all MRSA strain names are ATCC numbers; this
strain is not resistant to the antibiotic indicated.
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MRC for amox/clav is 4 pg/mL, similar to the other two strains. Strain 700789 (ATCC) is
particularly interesting, because it is known to possess intermediate resistance to
vancomycin, and is therefore a vancomycin-intermediate-resistant S. aureus (VISA).

Our results showed that Ofl is able to re-sensitize this VISA strain to amox/clav at 4

pg/mL.
3.4.4 Mammalian cytotoxicity of Of1.°

To evaluate the cytotoxicity of Of1 in mammalian cells, we treated human liver
hepatocellular carcinoma HepG2 cells with Ofl at various concentrations for 24 hours.
The remaining viable cells were determined using the CellTiter-Glo™ mammalian

viability assay (Promega). Ofl showed weak inhibition (ca. 10%) of the growth of

100-
80-
)
= 60
0
©
S
o 401
20-
L)
0-
0.1 1 10 100
Concentration (1g/mL)

Figure 3.4: Growth inhibition of HepG2 cells by Of1.

Of1 showed weak growth inhibition at its minimum re-sensitizing concentration for
MRSA.

€ Toxicity of Of1 in mammalian cells was evaluated by Dr. Wei Wang
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HepG2 cells at 4 pg/mL, its MRCs for all MRSA strains to amox/clav or cefazolin. The
half growth inhibitory concentration (Glsg) of Ofl in HepG2 cells is determined as 8.2

pg/mL by fitting the data using KaleidaGraph (v4.1.1, Synergy Software, Figure 3.4).

3.5 Structure-activity relationship studies of Of1."

3.5.1 Rationale for the structure-activity-relationship (SAR) study of Of1.

Intrigued by the unique activity of Of1, we sought to conduct a structure-activity
relationship (SAR) study in order to identify regions of the Ofl structure that may be
modified to improve its activity and toxicity profile. Of1 has been identified as an RMA
for B-lactam antibiotics in MRSA. However, it did show some toxicity against mammalian
cells. Furthermore, although our initial evaluations of Ofl have clearly demonstrated its
activity, these did not indicate which regions of the molecule are necessary to maintain
its activity in cells. The knowledge gleaned from an SAR study would reveal regions of
Of1 that are functionally significant and would furthermore reveal regions that may be
modified to afford functional probes such as a fluorescent analog for localization
investigations as well as a biotin-conjugated probe that could potentially be immobilized

and used in pull-down experiments.

3.5.2 Functional assays to assess the activities and cytotoxicity of Ofl analogs.'

In order to conduct an SAR investigation of Ofl, several series of Ofl analogs
were synthesized. These were then evaluated for their ability to re-sensitize MRSA to a

collection of B-lactam antibiotics including amoxicillin in combination with clavulanic acid

h Analogs of Of1 were synthesized by Dr. Le Chang
' Cytotoxicity evaluation was carried out by Dr. Wei Wang

74



(a.k.a., Augmentin, one of the top three most prescribed antibiotics), cefazolin (a first-
generation cephalosporin), and meropenem (an ultra-broad-spectrum carbapenem).
Amoxicillin/clavulanic acid and cefazolin re-sensitizing experiments were performed
using MRSA ATCC BAA-44 in which the MICs of these two antibiotics were found to be
32/16 pg/mL and 128 pg/mL, respectively. Experiments using meropenem were
performed using MRSA ATCC 33592, since this strain has demonstrated greater level of
resistance to meropenem, with an MIC of 16 pg/mL. To assess activity of each analog
as RMA, a modified broth microdilution assay was employed as described previously.*
Briefly, this involves incubating MRSA with Ofl or each of its analogs in 2-fold serial
dilution in the presence of each individual antibiotic at its Clinical Laboratory Standards
Institutes (CLSI)-defined sensitive concentrations. For amoxicillin/clavulanic acid, the
sensitive concentration is 4/2 pg/mL (8-fold potentiation), for cefazolin 8 pg/mL (16-fold
potentiation) and for meropenem, 4 ug/mL (4-fold potentiation).?* Following overnight
incubation, plates were examined for bacterial growth, or lack thereof. Ofl analogs were
tested at concentrations ranging from 0.50-32 pg/mL. The minimum re-sensitizing
concentration (MRC) was defined as the concentration of Ofl analog at which no
overnight growth was observed in the presence of a sensitive concentration of antibiotic.
Compounds that displayed similar or improved RMA activity relative to Of1 were further
tested for their toxicity against the growth of human cervical adenocarcinoma Hela cells
by incubating a range of concentrations of each compound with cells for 24 hours and
assessing viability at each concentration using the CellTiter-Glo™ mammalian viability
assay (Promega). The half growth inhibitory concentration (Glso) of each analog was

determined by fitting the data using KaleidaGraph (v4.1.1, Synergy Software).
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3.5.3 Of1 modification scheme

Our initial SAR investigation of Of1 was carried out by modification of the indoline
and sulfonamide nitrogens, addition and/or substitution of groups around the aromatic
indoline ring, and modifications of the Of1 side chain.?®> MRC data for each analog are
shown in tables 3.4-3.6, which are organized by the location on the molecule at which

the modification was made.

3.5.4 Notable patterns in the activity of the first series of Of1 analogs.

We first assessed the MRC activity of analogs that contained modifications to the
indole nitrogen, the sulfonamide nitrogen, or both. We found that modification at either
or both sites abolished RMA activity altogether and thus concluded that these nitrogens

must remain un-modified (Table 3.4).

Analogs involving modifications on the aromatic indoline ring were tested next
(Table 3.5). In order to test the necessity of the bromine (R;) at the 5-position of the
indoline, analogs were synthesized in which the bromine was replaced with various
functional groups (6b, 6¢c and 6e). In case each case, RMA activity was abolished or
greatly diminished. Moving the bromine to other positions on the indoline (e.g., 6i, 6h,
and 69) also significantly reduced RMA activity. We thus concluded that the presence of

a halogen at the R, position is necessary for RMA activity.

J Synthesis of Of1 analogs was performed by Dr. Le Chang
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We further evaluated the effect of switching the halogen at the R, position. We
found that RMA activity is optimal with bromine at R,. However, replacing the R;
bromine with chlorine (6a) significantly reduced mammalian toxicity (Table 3.5). Several
analogs in which an additional halogen was added at the 7-position of indoline were
synthesized. We found that when the R; halogen is chlorine, fluorine at R4 significantly
reduces RMA activity (6j); however, when both R, and R4 are chlorine (6k), the RMA
activity remains similar to that of Of1. Maintaining bromine at the R, position and adding
fluorine at R4 (6l), however, yields slightly improved RMA activity and reduced

mammalian toxicity with respect to Of1.

Table 3.4: MRC values for indoline and sulfonamide nitrogen modifications.

0
OQ/’S’/O/CI
Rp—N
Br. ? E
NH
Ry
la-f
Compound R: R, amox/clav*® cefazolin®® meropenem?*©
1a Me - >32 >32 >32
1b SO,PhPCI - >32 >32 >32
1c COPHKPCI - >32 >32 >32
1d - Me >32 >32 >32
1e - SO,PhPCI >32 >32 >32
1f - COPhKPCI >32 >32 >32

2 All MRC values are in pg/mL; ®: MRSA ATCC BAA-44; ¢ MRSA ATCC 33592.
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Table 3.5:
ring.

MRC and Glsg values for the substitutions of indoline aromatic

Cl
(ON S
S
HN ©
R,
Ry
R, N H
6a-l
Compound | Ry R, R; R, amox/cla®® cefazolin®® meropenem®¢  Gls,®
Of1. H Br H H 4 4 4 17.1
6a H Cl H H 8 4 8 35
6b H Me H H 16 16 32 -
6C H MeO H H >32 >32 >32 -
6d H F H H 16 16 16 -
6e H H H H 16 16 16 -
6f H H phenylene >32 >32 >32 -
69 H H H Br >32 32 8 -
6h H H Br H 16 16 16 -
6i Br H H H 32 16 16 -
6j H Cl H F 16 16 32 -
6k H Cl H Cl 4 4 4 13.6
6l H Br H F 2 4 4 18.1

2 MRC values are in pg/mL; ®: MRSA ATCC BAA-44; © MRSA ATCC 33592; %
HelLa cells, Glso values are in pg/mL.
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Based on this series of modifications on the aromatic indoline ring, we concluded
that in order to maintain RMA activity, the identity of the R, position must be a halogen
(bromine or chorine) and that the R, position may be functionalized with a second

halogen to improve or maintain activity.

Next, SAR investigations of the Ofl side chain were performed. For this portion
of our SAR investigation, we maintained the bromine group at the 5-position of the
indoline moiety. We included several analogs in this portion of our study with fluorine at
the 7-position of indoline, since 6l showed similar activity but lower mammalian
cytotoxicity with respect to Ofl (Table 3.6). We first discovered that removing the side
chain (Ry) entirely resulted in severely reduced activity in the presence or absence of
the R; fluorine (11a, 11b). Likewise, replacing the sulfonamide with an amide (e.g., 12a,
12b, and 12c) resulted in abolished RMA activity. We discovered the necessity of the
phenyl ring by replacing it with a pyridine ring (12m) which resulted in a loss of RMA
activity. Next the side chain phenyl ring was modified. When the chlorine at the para
position relative to the sulfonamide was removed from Ofl, the RMA activity is reduced
at least two fold (12d). We thus attempted to modify the phenyl ring on the side chain
with a series of functional groups. For these experiments, we synthesized analogs in
which the chlorine was maintained and an additional chlorine was added to the meta or
ortho position, respectively (12i, 12j). These di-substituted products did not result in
improved RMA activity; however, in the presence of the fluorine at the 7-position of

indoline (Ry), reduced toxicity was observed for the di-substituted analogue 13f.
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Table 3.6: MRC and Glsp values for Ofl analogues with modifications on the

side chain.
Ra
HN
Br.
R, ” H
12a-n, 13a-m
Compound R; R, amox/clav*® cefazolin®® meropenem®®  Gls"
Ofl H SO,Ph°Cl 4 4 4 17.1
11a H H 32 32 32 -
11b F H >32 32 16 16.2
12a H TFA >32 >32 32 -
12b H COBu >32 >32 32 -
12¢ H COPKPCI >32 >32 >32 -
12d H SO,Ph 8 8 16 -
12e H  SO,Ph’Me >32 >32 >32 -
12f H SO,PhF >32 >32 >32 -
129 H  SO,Ph"Br 8 40
12h H SO,Ph°I 32 33
12i H  SO,Ph**Cl 2 4 12.8
12j H  SO,Ph**Cl 8 >32 4 -
12k H  SO,Ph°CN 16 8 16 -
12 H SO,Ph°NHAc >32 >32 32 -
12m H SO,°Py 32 32 32 -
12n H  SO,Ph°NO, >32 >32 >32 -
120 H  SO,Ph°NH, 16 16 16 -
13a F  SO,Ph°OMe 8 4 8 49
13b F  SO,Ph’Me 4 4 4 22
13c F SO,PhPF 4 4 4 18.3
6l F SO,PhPCI 2 4 4 18.1
13d F  SO,Ph°Br 1 1 1 22
13e F SO,PhPI 4 2 4 19.6
13f F  SO,Ph*'Cl 4 4 4 31
13g F SO,Ph°’NHACc 32 32 16 32
13h F  SO,Ph°CN 8 4 4 17.0
13i F  SO,PhPCF; 4 4 4 8.7

3 MRC values are in pug/mL; °: MRSA ATCC BAA-44; ©: MRSA ATCC 33592; %: Hela

cells, Glsp values are in pg/mL.
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The remainder of our modifications focused on the para position of the phenyl
ring. Replacing the chlorine with a fluorine (i.e., 12f) abolished RMA activity entirely;
however, this same modification in combination with the R; as a fluorine (i.e., 13c)
resulted in similar RMA activity relative to Of1. A similar trend was also observed when
the chlorine was replaced with an iodine in the absence (12h) or presence (13e) of the
R; fluorine. Interestingly, when the chlorine is replaced with a methyl group (12e), RMA
activity is lost; however, it is regained when fluorine is added at the R, position (13b), in
addition, the mammalian toxicity of this analogue is reduced in this case. This trend was
also observed when the chlorine was replaced with a cyanide (12k, 13h). Although
substituting a methoxy group for the chlorine in the presence of the R; fluorine (13a)

results in slightly reduced activity, the mammalian toxicity is significantly reduced.

Br

Figure 3.5: Compound 13d.

This analog of Of1 shows reduced toxicity against mammalian cells relative to Of1 and
increased potency as an RMA.
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Likewise, replacing the chlorine with a bromine (12g) resulted in slightly reduced RMA
activity, this analog demonstrated a significant decrease in mammalian toxicity (Table
3.6). Intriguingly, when we added the R; fluorine (13d) to this molecule, we observed a
significant (at least four fold) increase in RMA activity as well as decreased toxicity

relative to Of1 (Figure 3.5).

3.5.5 Synergistic activity and hemolytic activity of the more potent Ofl analog,
13d.X

In order to assess the synergy of 13d in combination with B-lactam antibiotics, we
first investigated the antibacterial activity of 13d against both MRSA and methicillin-
sensitive S. aureus (MSSA) strains. For this experiment, we employed a standard
microdilution assay using MRSA ATCC BAA-44, MRSA ATCC 33592 and MSSA ATCC
25923. The assay was performed by following the procedure outlined by CLSI.?*> The
minimum inhibitory concentrations (MICs) of 13d against all strains was higher than 64
png/mL, the highest concentration tested. Since 13d exhibited no anti-proliferative effect
on its own, we decided to confirm its synergistic activity with the three antibiotics tested
in this report by performing the checkerboard (CB) test for synergy and calculating the
fractional inhibitory concentration index (FICI) for each antibiotic tested in combination
with 13d. CB assays and FICIs were set up and calculated as described previously.?®
Briefly, 13d was diluted across 96-well microplates in MHB (8-0.016 pg/mL), and to
each plate, either amoxicillin/clavulanic acid (128-1 pug/mL), cefazolin (128-1 ug/mL), or
meropenem (16-0.125 pg/mL) was diluted down the plate. Thusly, each well of the 96-

well plate contained a unique concentration combination of 13d and antibiotic. FICI was

K Hemolytic activity assays were performed by Shane Walls

82



calculated by the following formula: FICI = FICA + FICB, where FICA is the MIC of drug
A in combination with B divided by the MIC of drug A on its own, and FICB is the MIC of
drug B in combination divided by the MIC of drug B on its own. A FICI that is less than
0.5 indicates a synergistic drug interaction, a FICI in a range of 0.5-1 denotes an
additive drug interaction, and an FICI greater than 1 indicates an antagonistic
interaction. The FICI of 13d for amoxicillin/clavulanic acid, cefazolin, and meropenem
were 0.0315, 0.0156, and 0.0315, respectively. This result confirms the synergistic

action of 13d in combination with all antibiotics tested in this study.

We further evaluated toxicity of 13d by conducting a standard hemolytic assay as
previously described.?”?® This assay measures the amount of hemoglobin leakage in
compound-treated human red blood cells (hnRBCs) and is used to measure the amount
of membrane damage induced by drug treatment. The hemolytic activity assay was
conducted for multiple concentrations of 13d. It caused less than 2% hemolysis of red
blood cells at 64 ug/mL (64-fold above its MRC), the highest concentration tested. We
thus concluded that compound 13d shows an insignificant level of toxicity against

hRBCs.

Collectively, these results indicate that 13d is a more potent analog of Of1, with
increased RMA activity, decreased toxicity, and potent synergy with multiple classes of
B-lactam antibiotics. Furthermore, 13d shows no antiproliferative effect against MRSA or

MSSA on its own.
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3.6 Conclusions and future directions.

Through specialized low-throughput screening of a tricyclic indoline library, we
were able to identify a number of compounds with significant potentiating activity for
methicillin in MRSA. Additional screening efforts have identified unique indolines from
the same library with the ability to potentiate vancomycin in both MRSA and VRE, as

well as others capable of potentiating tetracycline.

Follow-up on one of the methicillin potentiating compounds, Of1, revealed that it
is a highly specific RMA for a wide variety of B-lactam antibiotics in multiple MRSA
strains, with no growth-attenuating effect on its own and no super-sensitizing effect in
non-resistant organisms. The highly tuned specificity of Of1 for B-lactam antibiotics in -
lactam-resistant bacteria largely rules out the general potentiation mechanisms, such as
efflux pump inhibition and enhancement of membrane permeability.** Instead, Of1 may
selectively a target a B-lactam-specific resistance mechanism, such as B-lactam-
induced expression of mecA and/or blaZ, which encode PBP2a and B-lactamase,

respectively.33’

Because Ofl can potentiate the combination of amoxicillin and B-
lactamase inhibitor clavulanic acid, and Of1 does not have the reactive B-lactam
functional group, it is highly likely that Of1 modifies the resistance of MRSA via an
unknown mechanism. Although Ofl showed potentiating effects in both MRSA and
VRE, we did not observe an effect in B-lactam resistant Gram-negative organisms
including Klebsiella pneumoniae, or Enterobacter fecalis. We hypothesize that this may
be due to the physiochemical properties of Of1 being unfavorable for penetration into
the Gram-negative cell.®®**° We are currently investigating approaches to make Ofl

more favorable for uptake into both Gram-positive and Gram-negative cells. However,
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investigation of the molecular target of Of1l will shed some light on whether or not a

conserved target for the drug exists in Gram-negative bacteria.

Following the initial evaluation of Ofl, we set out to identify elements of its
structure that contribute to its RMA activity and potentially make a more potent analog
with reduced toxicity in mammalian cells. A number of structural analogs were
synthesized by Wang group chemists and were evaluated for their ability to potentiate
three representative [-lactam antibiotics (amoxicillin/clavulanic acid, cefazolin, and
meropenem) in MRSA. The toxicity of active analogs was evaluated in mammalian cells.
We found that neither the aniline nor the sulfonamide nitrogen can tolerate further
modification. While the sulfonamide group on the side chain is crucial for the RMA
activity, modifications of both aromatic systems can further fine-tune the RMA activity
and the mammalian toxicity. Notably, we discovered that adding fluorine to the 7-
position of the indoline increases RMA activity of the compound in multiple instances,
including those in which another modification has reduced or eliminated RMA activity.
Furthermore, we discovered that a number of substitutions may be added to the phenyl
ring on the side chain, which will allow the development of additional Of1 analogues for
the discovery of its cellular target, a stepping stone to understanding the B-lactam
resistome.”® In addition, we have discovered a more potent analogue of Of1, compound
13d, with reduced mammalian toxicity and low hemolytic activity. We were able to
confirm the synergistic activity of 13d by calculating its FICI and showed that it is highly

synergistic in combination with all antibiotics tested.
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3.7 Materials and methods

3.7.1 Bacterial strains and reagents.

Strains ATCC BAA-44 (MRSA) and ATCC 25923 (MSSA) were gifts from Daniel
Feldheim and Charles McHenry’s laboratories, respectively. VRE HM-968 and VRSA
NR-46421 were obtained from BEI resources. Strain ATCC 33592 700789, BAA-1683,
and HepG2 (ATCC HB-8065) cells were purchased from the ATCC. All antimicrobial
compounds were purchased from Sigma-Aldrich. The growth media used for all MIC
experiments was Mueller Hinton Broth (MHB) purchased from HIMEDIA through VWR
(cat: 95039-356). Freshly drawn human blood for the hemolytic assay was gingerly
harvested from Mr. Shane Walls, who literally put his blood, sweat and tears into this

investigation.

3.7.2 Broth Microdilution antibiotic susceptibility tests.

The minimal inhibitory concentrations (MICs) of active 1 analogs were
determined by the broth microdilution method detailed in the Clinical and Laboratory
Standards Institute handbook.?? The inoculum was prepared by diluting a bacterial day
culture (ODggp 0.15010.4) to ODgpo 0.002. This dilution was further diluted two fold when
added to 96 well microplates (USA Scientific CytoOne 96-well TC plate, cat: CC7682-
7596) for a final inoculum concentration of ODgyo 0.001. All plates were incubated at

37°C with shaking for 18 hours before results were interpreted.
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3.7.3 Resistance-modifying agent (RMA) screens.

The RMA screens were conducted by first preparing 96-well plates containing 50
pl per well 64 pg/ml methicillin in Mueller Hinton Broth. Next, 500 nL of each indoline (4
mM in DMSO) was pinned to the assay plate using the CyBi-Well 96-channel
simultaneous pipettor (Cybio). These plates were inoculated with 50 uL bacteria diluted
to ODgoo 0.002. The final concentration of methicillin for the screen was 32 pg/mL (%4 of
the methicillin MIC), the final concentration of each alkaloid was 20 uM, and the final
inoculum concentration was OD600 0.001. All plates were incubated at 37°C with

shaking for 18 hours before results were interpreted.

3.7.4 Determination of MIC in the presence of Ofl.

The MRSA strain ATCC BAA-44 and the methicillin-sensitive S. aureus (MSSA)
strain ATCC 25923 were used to determine the MIC values of various antimicrobial
compounds in the presence of 20 uM Of1. The experiment was conducted similarly to
the CLSI MIC determination described previously; however, MHB was supplemented
with 40 uM Of1 prior to set up and inoculation. The final concentration of Ofl after

inoculation with BAA-44 was 20 yM.

3.7.5 MRC testing.

MRC screens were performed as described previously.?* Briefly, antibiotic MIC
values where S. aureus is considered susceptible were determined from the CLSI
handbook supplement.?* The RMA was diluted to 5 mg/mL in DMSO. Antibiotic was
prepared at twice the intended final concentration in Mueller Hinton Broth (MHB). For
amoxicillin/clavulanic acid, the initial concentration was 8/4 ug/mL, for meropenem 8
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png/mL and for cefazolin 16 pg/mL. 50 pL of the antibiotic containing media was added
to each well of 96 well plates and 100 pL was added to the top row. 1.28 pL of 5 mg/mL
alkaloid solution was added to the top row of each plate to afford a concentration of 64
pg/mL in the top row of each plate and two fold serial dilutions were performed down the
columns. Once the plates were prepared, a day culture of MRSA was diluted to ODggo
0.002 and 50 pL were added to each well. The final concentration of MRSA added was
ODggp 0.001, the final concentration of amoxicillin/clavulanic acid was 4/2 pg/mL, the
final concentration of meropenem was 4 pg/mL the final concentration of cefazolin was
8 pg/mL, and the highest concentration of 1 analog tested was 32 pg/mL. Plates were
incubated overnight at 37°C with shaking. The MRC value was determined as the
concentration of 1 analog in the presence of antibiotic at which there was no observable

overnight growth.

3.7.6 FICI checkerboard test

Checkerboard assays were performed as described previously.?® Antibiotics were
diluted down the columns of a 96-well microplate, while 13d was diluted across the
rows. Plates were prepared containing concentrations of antibiotics and 13d two-fold
higher than the intended final concentrations and were prepared in duplicate. All
antimicrobial compounds were purchased from Sigma-Aldrich. The growth media was
Mueller Hinton Broth (MHB) purchased from HIMEDIA through VWR (cat: 95039-356).
The inoculum was prepared by diluting a bacterial day culture (ODggo 0.15-0.4) to ODggo
0.002. This dilution was further diluted two fold when added to 96 well microplates for a
final inoculum concentration of ODgyo 0.001. All plates were incubated at 37°C with
shaking for 18 hours before results were interpreted.
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Chapter 4 : Investigations of the molecular mechanism of synergy between Ofl

and B-lactam antibiotics

4.1 Introduction

4.1.1 B-lactams: the first wonder drug.

Before the twentieth century, bacterial infections were handled very differently
than they are today. Prior to the discovery of antibiotics, treatment for skin and wound
infections included amputation or removal of the infected tissue, or maggot therapy to
remove necrotic tissue.'? In the early 1900s, however, Paul Ehrlich developed a
profound hypothesis: that organic compounds could be used to cure a disease with no
ill-effects to the host.® Ehrlich’s ‘magic bullet hypothesis marked the beginning of the

modern ‘antibiotic era’.
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Figure 4.1: Representative classes of B-lactam antibiotics.

The class of B-lactam depends on the identity of the five or six membered ring fused
to the four-membered lactam ring. Modification of the R-groups can confer favorable
physiochemical properties as well as resistance to B-lactamases by steric
interference.
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Years after Ehrlich’s initial contribution to the antibiotic field, Alexander Fleming
made a serendipitous discovery. Fleming had been studying properties of staphylococci
when fungal contamination on one of his plates resulted in death of the colonies in
proximity to the mold on the plate.** Intrigued by the potential antibacterial activity of the
mold, Fleming pursued purification and identification of the active component. In 1940,
this goal was realized through the efforts of Howard Florey and Ernest Chain, who were
able to purify the active component: penicillin.® Further testing of penicillin revealed that
it is an effective antibiotic against both Gram-positive and Gram-negative bacteria,
providing treatment for diseases such as scarlet fever, staphylococci infections and
syphilis. Penicillin also had the added advantage that it caused no ill-effects to the host,
a true ‘magic bullet’. The class of antibiotics to which penicillin belongs, the B-lactams,
has rightfully gained the reputation of being some of the safest and most effective

antibiotics in history.’

4.1.2 Structure and function of B-lactams.

The B-lactam class of antibiotics is characterized by its four-membered B-lactam
ring which, with the exception of monobactams, is fused to a five- or six-membered ring
(Figure 4.1).2 The B-lactams are categorized by their structural features as penams
(such as penicillin, ampicillin and methicillin), cephalosporins (such as cefazolin and
cefepime), penems (including faropenem) and carbapenams (exemplified by imipenem
and meropenem). The defining characteristic of these subcategories is the character of
the ring fused to the B-lactam ring (Figure 4.1). Although the structure of the B-lactam
core contributes to its stability and therefore its reactivity and effectiveness as an

antibiotic, another important feature of B-lactams is the character of sidechains
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extending from the 6-amino group of penicillin (Figure 4.2).° These properties vary to
some degree among naturally occurring B-lactams. However, the discovery of a means
to create semi-synthetic B-lactams via 6-aminopenicillanic acid (6-APA) enabled
manipulation of the drugs to allow more favorable physiochemical properties,

bioavailability profiles, and a means to thwart some antibiotic resistance mechanisms.*°

In bacteria, B-lactam antibiotics target the penicillin-binding-proteins (PBPS),
which are key enzymes of cell wall synthesis.’* The bacterial cell wall includes a rigid
layer of peptidoglycan, a polymer of sugars and amino acids, which imparts rigidity and
shape to the cell (Figure 4.3).*% The peptidoglycan chain is composed of alternating
units of the sugars N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). Nam
and NAG are linked together via a B-1,4 glycosidic bond. A short polypeptide branches
from C-3 of NAM. The polypeptide chains protruding from NAM are cross-linked in a
transpeptidation reaction catalyzed by PBPs that enables formation of the mesh-like
peptidoglycan of the bacterial cell wall. The crosslinking step of peptidoglycan synthesis
is crucial to maintain cell wall strength in bacteria. Without it, the cells would succumb to
osmotic lysis from the pressure of its contents.™® By inhibiting PBPs, B-lactam
antibiotics cause bacterial cell death. One of the most important features of PBPs as an
antibiotic target is that they are unique to bacteria, making B-lactam antibiotics one of

the safest and most effective medicines known.
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Figure 4.2: Structures of penicillin, 6-aminopenicillanic acid (6-APA) and
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Figure 4.3: Structure of cell wall peptidoglycan.

The bacterial cell wall is largely composed of a mesh-like polymer known as
peptidoglycan. (a) The backbone of peptidoglycan is made up of repeating units of a
disaccharide composed of N-acetylglucosamine (NAG) and N-acetylmuramic acid
which is functionalized with a short polypeptide. (b) The overall structure of
peptidoglycan is realized through crosslinking the NAM peptides to form a sturdy
mesh-like structure. (c) Penicillin binding proteins (PBPs) catalyze the crosslinking
reaction of peptidoglycan synthesis. In Gram-positive bacteria, this is accomplished
with the pentaglycine interbridge linking D-Ala to L-Lys.
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4.1.3 B-lactam resistance is driven by B-lactamase and PBP2a.

The discovery and use of B-lactams in the clinic was closely followed by
discovery of B-lactam resistance mechanisms in clinically significant pathogens.** This

14-1% |n most cases, B-

initial resistance phenotype came in the form of B-lactamase.
lactamase is acquired and maintained on a resistance plasmid in S. aureus carrying this
and other resistance genes.'’ B-Lactamase is expressed from a functioning unit of DNA
known as the bla operon. In addition to B-lactamase, the bla operon includes two
regulatory elements: a repressor (Blal) and a sensor (BlaR1).*® All three elements are
expressed under the control of a single promoter (Figure 4.4). B-lactamase disables
penicillin and other susceptible B-lactam antibiotics by enzymatically cleaving the [3-
lactam ring, the functional inhibitor (Figure 4.5). This action renders the antibiotic
completely ineffective. In order to preserve B-lactam antibiotics, a semi-synthetic analog

of penicillin, known as methicillin, was synthesized by the addition of di-methoxy

benzoic acid and introduced in 1961 (Figure 4.2).° The methicillin sidechain afforded

blal blaR1 blaZ

E<FT>

promoter

Figure 4.4: Organization of the bla operon.

The genes encoding B-lactamase (blaz, blue) as well as its regulatory machinery,
(blaR1 and blal, green and red, respectively) are clustered together and expressed
divergently from a single promoter.
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effective resistance to (B-lactamase due to the analog’s poor affinity for the enzyme
active site. Analogs of methicillin allowed further improvement of the drug, affording the
similarly designed B-lactams oxacillin, cloxacillin and naficillin, which are more active in
vitro than methicillin and have improved bioavailability profiles. Although these B-
lactamase-resistant structural analogs seemed to provide a much-needed solution to 3-
lactam resistance in S. aureus, it was not long before methicillin-resistant S. aureus
(MRSA) began to appear, first in the hospital setting. Currently, in addition to hospital-
acquired MRSA isolates (HA-MRSA), community-acquired MRSA (CA-MRSA) is on the
rise.’® MRSA in all of its forms has become a world-wide health concern. In the United
States alone, 80,000 cases of invasive MRSA infections were recorded in 2013, 11,000

of which resulted in death.?°

The first instance of MRSA was reported in 1961, only two years after the
introduction of methicillin in the clinic.”® MRSA arises due to the chromosomal
acquisition of a Staphylococcal cassette chromosome (SCC) containing the mecA gene
(SCCmec), which expresses an alternative PBP, PBP2a. PBP2a binds poorly to -
lactam antibiotics. The antibiotics therefore have little effect on its activity.??* Although
transpeptidation of peptidoglycan by PBP2a is less efficient than when catalyzed by
other PBPs, expression of PBP2a while under antibiotic pressure allows cells to

catalyze the crosslinking in the presence of nearly all B-lactam antibiotics.??

Like the bla operon expressing B-lactamase and its regulatory elements,
SCCmec contains the mecA gene (expressing PBP2a), as well as genes expressing a
repressor (Mecl) and a sensor (MecR1), and two recombinases that allow insertion of

SCCmec into the chromosome.?®
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Figure 4.5: Enzymatic mechanism of serine B-lactamase.

A water molecule in the active site is activated by Gluigs. This, in turn, activates the
hydroxyl group of Serzo which performs nucleophilic attack on the carbonyl of the [3-
lactam ring, and forms a covalent enzyme-substrate intermediate. Re-formation of
the carbonyl is accompanied by protonation of the p-lactam nitrogen and cleavage of

the C-N bond. The covalent intermediate

is broken-down via a second water

activation event by Gluigs, and subsequent nucleophilic attack on the carbonyl by the
resulting hydroxide ion. This final step regenerates the enzyme for continued

hydrolysis of B-lactam antibiotic molecules.
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There are eight known variants of SCCmec.*”?* These are based on differences
in the mec operon and the presence of other resistance determinants within the
cassette (Figure 4.6). Although all variants encode the resistance determinant, PBP2a,
some are missing or have insertions in the mecR1 and mecl genes rendering them
nonoperational. In these cases, expression of PBP2a is under control of the regulatory

machinery contained in the bla operon.??°

4.1.4 Expression of B-lactam resistance determinants is inducible in the presence
of antibiotics through the activity of a two-component regulatory system.

Induction of Staphylococcus aureus B-lactam resistance machinery proceeds via
a two-component signal transduction pathway in the presence of  [(-lactam
antibiotics.?’° The pathways responsible for induction of B-lactamase and PBP2a are
remarkably similar and the induction and resistance machinery are located on genetic
elements known as the bla operon and the mec operon region of SCCmec, illustrated in
figures 4.4 and 4.6, respectively.®3*%3! Induction of gene expression from the bla
operator proceeds under the control of the BlaR1 (the sensor) and the Blal (gene
repressor) proteins via a three-step, two-component process (Figure 4.7). First, the
presence of B-lactam in the growth milieu is detected by the BlaR1 sensor domain
located on the extracellular portion of the plasma membrane. Next, acylation of the
sensor domain by the B-lactam results in an auto-proteolytic event between amino acids
R293 and R294 of BlaR1, which allows the protease domain to act on Blal. Finally,
cleavage of Blal between Asnl0l1l and Phel02, and thus its removal from the DNA,
promotes expression of B-lactamase (from the blaZz gene) as well as increased

expression of the regulatory machinery. 28323
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Figure 4.6: Comparison of SCCMec types in MRSA.

SCCMec subtypes are classified based on their size and whether or not their
regulatory genes are intact. There are eight (I-VII) SCCMec subtypes. Genes
encoding mecA (blue), mecl (red) and mecR1 (green) are shown along with
disrupting insertional sequences (IS, pink). All contain the full mecA gene which
expresses PBP2a, but only types Il and VIII have the fully functional regulatory
machinery. In some cases, the mecR1 gene (green) which encodes the sensor is
truncated with no other insertions (SCCMeclll). More commonly, the genes
encoding mecR1 and mecl are disrupted by 1S-1272 or 1S-431.1"%
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Figure 4.7: Schematic of the events involved in B-lactam induced transcription
of B-lactamase and its regulatory machinery.

Recognition of B-lactam antibiotic at the cell surface by the BlaR1 sensor domain
(purple) leads to activation of the cytoplasmic zinc protease (blue and gray). The
protease cleaves the Blal (pink) dimer from the promoter region of DNA allowing
active transcription of B-lactamase from the blaZ gene as well as blal and blaR1.
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The structures of Blal in its free and DNA-bound form (as a dimer) were solved in
2005 (Figure 4.8).*® The 14.1 KD protein is 126 amino acids in length and contains an
N-terminal winged helix-turn-helix DNA binding domain and a C-terminal dimerization
domain. These structural features as well as the DNA binding interface are well
conserved between Blal and Mecl.®” Considerable conformational change has been
observed between the free and DNA-bound forms of Blal. Blal exists in a ‘closed’
conformation when free in solution, and in an ‘open’ conformation when bound to DNA.
This conformational change is hypothesized to maximize the Blal-DNA interface to allow
for stable binding. Additionally, the conformational change observed when Blal is bound
to DNA reveals a number of previously hidden ‘cavities’. These are hypothesized to
reveal the cleavage sites for BlaR1 mediated proteolysis. This scenario would thus

ensure that Blal is preferentially cleaved in its DNA-bound form.

Two elements of the Blal DNA interaction still remained a mystery even after the
initial structural investigation. The first was what initiates DNA binding and dimerization
in the first place, and the second is whether Blal forms the dimer sequentially upon DNA
binding, or in solution, allowing the preformed dimer to bind DNA. A subsequent
investigation revealed that Blal is capable of binding the DNA as a monomer or as a
dimer, and that both species are present unbound to DNA.*® However, it is unfavorable
for the dimer to form sequentially on the DNA (as one monomer binding at a time). So, it
is more likely that Blal binds the promoter as the monomer or as the dimer, but not as

two monomers.
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Figure 4.8: The structure of Blal bound to the bla operator

(a) The structure of Blal bound to DNA as a dimer. The winged helix-turn-helix DNA
binding domains are coloured green and gold (left monomer) and blue and purple
(right monomer), while the dimerization domains are yellow and cyan, respectively.
(b) Superposition of the unbound Blal and DNA-bound Blal dimers. The unbound Blal
monomers are coloured cyan and blue, and the DNA-bound Blal monomers are
orange and magenta. This superposition shows that significant conformational
change of Blal takes place upon the dimer binding DNA. This image was adapted
from Safo et al. (2005).°
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Although the machinery that allows induction of PBP2a from the mecA gene is
molecularly distinct, the high degree of homology between the regulatory proteins of the
mec operon and those of the bla operon allow the bla regulatory machinery to control
expression of PBP2a.?®* That is, activation of the BlaR1/Blal signaling will induce
expression of both B-lactamase and PBP2a especially in instances where the regulatory
elements of the mec operon are non-functional. Although these induction pathways
have been well studied, they have not yet been exploited as druggable targets for

treatment of MRSA.

4.1.5 Attempts to develop resistance-modifying agents (RMAs) targeting B-lactam

resistance determinants are ongoing.

Clavulanic acid, a potent serine -lactamase inhibitor, was isolated from Streptomyces
clavulingerus and characterized in 1977 (Figure 4.9).“° Notably, clavulanic acid was
reported to have very weak antibacterial activity on its own, but potentiated p-lactam
antibiotics against a range of B-lactamase-producing bacteria. Clavulanic acid acts as a
suicide inhibitor. It possesses a chemical core similar to that of B-lactams but does not
dissociate from the B-lactamase active cite following hydrolysis, thereby inactivating the
enzyme.** Although some analogs of clavulanic acid have been developed, these
represent the only resistance-modifying agents (RMAs) for B-lactam antibiotics in
clinical use today.** Although this class of B-lactamase inhibitor is effective against a
variety of serine B-lactamases, there still exists a need for unique B-lactam RMAs, and

those capable of potentiating B-lactams against strains producing PBP2a.

There have been numerous attempts to identify small molecule potentiators of

antibiotics against multi-drug resistant (MDR) MRSA. Notable examples involve
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identification of active components in natural product extracts (notably green tea

extract) and combinatorial genetic and small molecule screening efforts.

The observation that green tea extracts seem to mitigate methicillin resistance in
MRSA drove an effort to identify the active component and the mechanism whereby it
exerted its effects.*® Epicatechin gallate (ECG) was identified as the active agent, which
was shown to exert its effects independently of B-lactamase inhibition or modulation of

PBP2a expression.***> ECG was eventually shown to alter cell wall morphology by
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Figure 4.9: Mechanism of action of the B-lactamase inhibitor, clavulanic acid.

Following acylation of the active Ser; in the B-lactamase active site, a transient
imine intermediate is formed. This subsequently rearranges to form a stable
enamine intermediate. This enamine can persist, or the enamine bond can undergo
a crosslinking reaction with another nucleophile within the enzyme active site
(commonly Seri30), resulting in the permanently deactivated enzyme. Drawn based
on Drawz and Bonomo (2010).°
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inserting into the plasma membrane of S. aureus and delocalizing the peptidoglycan
synthesis machinery*®*’. Although this mechanism results in B-lactam potentiation, it is
non-specific and also leads to cell death on its own in both resistant and non-resistant

S. aureus.”®

Another effort to develop B-lactam potentiating agents involved systematic
identification of non-essential components involved in cell wall synthesis. This effort
largely revolved around the wall teichoic acid (WTA) synthesis pathway.**° WTA is a
Gram-positive-specific cell wall polymer found in similar amounts to peptidoglycan.
However, unlike peptidoglycan, the absence of WTA alone does not cause cell death in
vitro, but does cause changes in cell morphology, growth rates, and proper orientation
of cell wall proteins.®* Through genetic screening and small molecule library screening
approaches, several small molecule inhibitors of early and late stage WTA synthesis
have been identified that act synergistically with B-lactam antibiotics.>* Notably a TarO
inhibitor (targocil, early stage synthesis factor) and a TarG inhibitor (tunamycin, late
stage synthesis factor) have been reported. Although both of these show synergy
against MRSA in combination with B-lactam antibiotics, late stage inhibition of WTA
synthesis is bactericidal on its own, and so comes with a high probability of resistance
development.>® Additionally, although TarO inhibition is not lethal to cells on its own,

targocil also targets essential eukaryotic machinery.

Although both these compounds (targocil and tunamycin) represent strides in the
direction of developing viable RMAs against MRSA, there is still a need for more finely
tuned small molecule potentiators of B-lactams, as well as those that are effective in

Gram-negative as well as Gram-positive bacteria. To this end, we undertook detailed
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mechanistic investigation of our previously identified B-lactam RMA (Ofl). Our goals
were to identify the mechanism of action (MOA) in order to assess whether or not its
target may exist in Gram-negative cells, as well as to identify whether Ofl targets a

formerly un-drugged pathway in MRSA.

4.1.6 The highly tuned specificity of Of1 prompted investigation of its mechanism
of action.

We previously discovered a tricyclic indoline, Of1, that is capable of modulating
the resistance of MRSA and E. faecium to B-lactam antibiotics.®® We were highly
intrigued by the specificity of Of1 for B-lactam antibiotics, a property indicating that its
mechanism of action (MOA) involves a specific interaction with the B-lactam resistance
machinery. During our structure-activity-relationship (SAR) studies of Ofl, we
discovered that its most active analog is highly synergistic with amoxicillin/clavulanic
acid (FICI = 0.0315), with cefazolin (FICI=0.0156) and with meropenem (FICI =
0.0315).” This result indicates that Of1 targets an element of the resistance machinery
that in some way influences and amplifies the MOA of 3-lactam antibiotics. Intrigued by
this development, we set forth to identify the pathway and molecular target of Of1. The
studies described herein effectively narrowed the target pathway of Ofl, and
established that Ofl targets some aspect of the regulatory pathway responsible for
inducible B-lactam resistance. Our most recent data indicates that Ofl acts by
stabilizing the binding of Blal to the promoter region of the bla operon, and likely the
mec operon as well, thereby reducing expression of resistance determinants in MRSA.
Going forward, we will validate this observation by undertaking detailed investigations of

the binding mode of Of1.
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4.2 Of1 acts synergistically with a known B-lactamase inhibitor, clavulanic acid.

In order to investigate the MOA of Ofl, we first examined its synergistic activity
with the known B-lactamase inhibitor, clavulanic acid. Clavulanic acid specifically inhibits
B-lactamases that rely on an active serine residue to hydrolyze the B-lactam ring. These
are the most common type of B-lactamase found in Gram-positive bacteria (Figure
4.9).”° Clavulanic acid is a suicide inhibitor: that is, it acts by irreversibly acylating the
active serine residue, thereby rendering the enzyme inactive. By assessing the degree
to which Ofl has synergistic action with clavulanic acid, we could potentially gain
information about its interaction with the B-lactam resistance machinery. An additive
interaction between the two RMAs would indicate that Ofl either acts on the same
target and at the same site as clavulanic acid (i.e. the B-lactamase catalytic site), or that
it acts on a completely unrelated cellular process that also affects the [-lactam
resistance phenotype. On the other hand, a synergistic interaction between the two is
indicative of complementary activities upon a single pathway, or possibly action of Ofl
at an allosteric site on the B-lactamase enzyme that amplifies the effects of clavulanic
acid *°, or could potentially indicate that Of1 acts upstream of B-lactamase to amplify the

effect of clavulanic acid.

In order to assess the synergistic action of Ofl in combination with clavulanic
acid, a modified checkerboard fractional inhibitory concentration index (FICI) evaluation
was performed.>”*® Briefly, medium was supplemented with a low concentration of
amoxicillin (4 pg/ml). Ofl was diluted in two-fold series down the plate, and clavulanic
acid was diluted in two-fold series across the plate so that each well contained a

different concentration combination of the two RMAs in combination with amoxicillin.
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The FICI was calculated as previously described with the exception that only the
concentration ratios of the two RMAs were taken into account since the concentration of
antibiotic remained constant throughout the assay plate. > The result of this experiment
showed that Ofl displayed synergy with clavulanic acid in two MRSA strains, ATCC
BAA-44 and ATCC 33592, with FICI values of 0.25 and 0.06, respectively. Furthermore,
we observed that the potentiation of clavulanic acid by Ofl was greater than the

inverse.

Based on these data, we hypothesized that Ofl could exert its activity either by
acting upstream of the -lactamase enzyme, reducing its presence in the cell possibly
by blocking its expression, or that Of1 could be a potential allosteric inhibitor of [3-
lactamase, which, when used in combination with clavulanic acid potentiates the active
site inhibitor’s effects, but still has B-lactamase inhibitory effect on its own. Although
historically B-lactamase has not been known to have allosteric sites with effects on
enzyme activity, such sites were recently identified by computational modeling.*® In
order to differentiate these hypotheses, we decided to conduct a set of B-lactamase

enzyme activity assays to assess the effect of Of1 on B-lactamase activity and

induction.

4.3 Of1 reduces B-lactamase activity in induced S. aureus cultures independently

of B-lactamase inhibition.

Of1 was next assayed for its ability to inhibit the activity of naturally produced [3-
lactamase from MRSA and B-lactamase-producing methicillin-sensitive Staphylococcus

aureus (MSSA) isolates. Three sequenced, representative strains were used for this
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study based on their use previously in a similar investigation.®® These were MRSA252,
NRS123 (a.k.a, MW2), and NRS128 (a.k.a., NCTC8325). MRSA252 and NRS123 are
both MRSA strains expressing both B-lactamase and PBP2a. Each of the two MRSA
strains is known to have a fully intact and inducible bla operon.t®> NRS128 is a B-
lactamase-producing MSSA strain, it has a fully intact bla operon, but does not produce
PBP2a.%® Of1 is capable of potentiating B-lactam antibiotics in all three strains (data not

shown).

Activity of extracellular B-lactamase in the media of cultures induced with
ampicillin to produce B-lactamase via the bla operon was monitored using the

chromogenic reagent nitrocefin as described previously.®® Nitrocefin is a cephalosporin
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Figure 4.10: Structures of the intact and hydrolyzed colorigenic reagent,
nitrocefin.

Upon hydrolysis by B-lactamase, the absorbance peak of nitrocefin shifts from ~480
nm (yellow) to ~500 nm (red). Absorbance at 500 nm can be used to track the activity
of B-lactamase in real time in a saturating nitrocefin solution.
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that is sensitive to all classes of B-lactamase.®*®® The absorbance peak of intact
nitrocefin is ~380 nm. However, when nitrocefin is hydrolyzed by B-lactamase, its
absorbance peak shifts to ~500 nm (Figure 4.10). Real-time monitoring of absorbance
as [B-lactamase hydrolyzes a nitrocefin solution is thus a quantitative method to assess

enzyme activity.

In order to assay the level of B-lactamase induction after B-lactam treatment,
cultures were first grown to log phase and were subsequently induced to produce [3-
lactamase by adding ¥ MIC concentrations of ampicillin to the growth medium. Cultures
were subsequently grown for one additional hour before the medium was separated
from cells for B-lactamase activity analysis. The level of B-lactamase induction was
estimated based on the initial rate of nitrocefin hydrolysis in media separated from
induced cells as compared to un-induced cultures (baseline). ODgoo Values were
assessed before cells were centrifuged. All cultures exhibited similar growth following [3-
lactam treatment. The level of B-lactamase induction differed between strains, but

significant and consistent induction was observed for all strains tested (Figure 4.11).
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Figure 4.11: B-lactamase induction level of various S. aureus strains as
measured by nitrocefin hydrolysis.

Individual S. aureus strains were induced to produce B-lactamase by treatment with
Y2 MIC ampicillin for one hour. The rate of nitrocefin hydrolysis in induced strains was
normalized to the baseline rate of hydrolysis to estimate the amount of B-lactamase
induction. B-lactamase expression was inducible in all strains, but different levels of
induction were observed.

Following B-lactamase induction and media collection, the effect of Ofl on
induced B-lactamase activity was assayed. Media from induced cells was treated with
various concentrations of Ofl or clavulanic acid. Predictably, clavulanic acid treatment
reduced B-lactamase activity in a dose-dependent manner; however, treatment with Ofl
had no effect on B-lactamase activity (Figure 4.12). Although this result does not give a
definitive direction as to the target or target pathway of Of1, it serves to confirm that Of1

does not inhibit the catalytic site of B-lactamase, which is in agreement with the FICI
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result. The lack of B-lactamase inhibition by Of1 also rules out the possibility that Of1 is

acting at an allosteric site to inhibit the enzyme.

Although Of1 is not acting as an allosteric inhibitor, the FICI indicates that Ofl1
may be exerting its effect on a pathway involving B-lactamase. We thusly set forth to
assess the effect of Of1 on B-lactam dependent B-lactamase induction in S. aureus.

This investigation was performed by inducing B-lactamase production in cells while
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Figure 4.12: Treatment of B-lactamase preparations with Of1 does not result in
reduced B-lactamase activity.

MRSA strains were treated with %2 MIC ampicillin to induce B-lactamase production.
After one hour, medium containing B-lactamase was separated and left untreated or
was treated with various concentrations of Of1 or clavulanic acid. Although clavulanic
acid treatment resulted in a dose-dependent reduction in B-lactamase activity,
treatment with Ofl had no effect on [-lactamase activity (P=0.91). These
representative data are from MRSA ATCC 33592. The experiment was performed in
duplicate. ANOVA analysis of the variance of induced samples, compared with
induced and treated samples was performed using Microsoft Excel. Error bars
indicate standard deviation.
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simultaneously treating cells with various concentrations of Of1 for one hour. Media was
then separated from cells and B-lactamase activity was dose-dependent assayed in
each condition using nitrocefin. Remarkably, treatment with Of1 afforded a reduction in
B-lactamase activity in all MRSA strains tested (Figure 4.13). These results together
indicate that while Of1 has no effect on the catalytic activity of the B-lactamase enzyme,

it does exert an effect on the process leading to its production or activation in cells.

Although the end result of Of1 treatment seems to be blockage of 3-lactam dependent
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Figure 4.13: Treatment of S. aureus cells with Of1 blocks B-lactam dependent
B-lactamase induction.

S. aureus strains were treated with vehicle, ¥4 MIC ampicillin, or ampicillin and
various concentrations of Ofl. After one hour, medium containing B-lactamase was
separated and assayed by monitoring nitrocefin hydrolysis. Treatment with Of1 in this
way reduced B-lactamase activity in a dose-dependent manner, thus leading to the
conclusion that Of1 blocks induction of B-lactamase. These representative data are
from MRSA NRS 123. The experiment was performed in duplicate. ANOVA analysis
of the variance of induced samples verses samples induced and treated with Ofl
usina Microsoft Excel. Error bars indicate standard deviation.
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production of B-lactamase, the point of the induction pathway at which Ofl exerts its
effects is still unclear. Additionally, although these results indicate a dose-dependent
effect on [B-lactamase production, the effect of Ofl on PBP2a, which is largely
responsible for the resistance phenotype exhibited by MRSA, is as of yet unclear. In
order to further our understanding of the MOA of Of1, we conducted an RT-qgPCR gene
expression analysis of the resistance determinants to assess the consequences of Ofl

on the inducible expression of B-lactamase and PBP2a.

4.4 Ofl reduces transcription of the mecA and blaZ genes in B-lactam induced
MRSA cells.

Based on the dose-dependent reduction in B-lactamase activity observed upon
simultaneous treatment with Of1 under [-lactamase-inducing conditions, we
hypothesized that Ofl is blocking the B-lactam-dependent induction of B-lactamase
under control of the bla operon. Furthermore, although our B-lactamase activity assay
results indicate that Of1 reduces 3-lactamase activity in treated cells independently of 3-
lactamase inhibition, we were intrigued to assess the effect of Of1 on PBP2a induction.
The possibility of Of1 targeting B-lactam-dependent induction of B-lactamase opened
the possibility that it might also inhibit B-lactam-mediated induction of PBP2a as well.
This hypothesis is driven by multiple lines of evidence that show cross-talk between the
mec and bla induction machinery.>**°®*® Through various investigations, it has been
established that the bla induction machinery is capable of also regulating expression of
PBP2a from the mecA gene. This development is crucial for regulation of PBP2a in
situations where its regulatory elements (MecR1 and Mecl) are mutated or deleted, but

has also been shown to occur in cases where an intact mec operon exists. We thus
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performed our gene expression studies using primers for B-lactamase (blaZz) and

PBP2a (mecA).

Two representative strains were used for the RT-qPCR gene expression assay,
NRS128 (which does not express PBP2a) and NRS123 (which expresses both PBP2a
and [-lactamase). Cells were grown to log phase and treated with Y2 MIC
concentrations of ampicillin, ampicillin and various doses of Ofl, or vehicle (baseline).
After treatment, cells were allowed to grow for one hour before cells were collected,
lysed and their total RNA isolated. RT-gPCR was performed using previously reported
primers for blaZ and mecA, and the transcript levels of these genes were normalized to

16s rRNA levels (Primers used are listed in Table 4.2, materials and methods) ®°.

In agreement with our B-lactamase activity assay result, treatment of both S.
aureus strains with Ofl in conjunction with ampicillin blocks transcription of the blaZ
gene, consequently producing the enzymatic phenotype observed previously.
Furthermore, the reduction of blaZ transcription was dose-dependent, in accordance
with our hypothesis of Ofl action, and was observed in both strains tested (Figure 4.14).
Extraordinarily, treatment with Ofl in this manner also produced a dose-dependent
reduction in mecA transcription in NRS123, indicating that Of1 not only exerts its effect
on B-lactamase induction and expression, but that it also reduces PBP2a expression in

the same manner.

Our RT-gPCR result indicates that Ofl targets some aspect of the bla/mec
induction pathway and accordingly reduces transcription of the resistance determinants.
There is a high degree of homology between the two induction pathways and the

mechanisms of induction are nearly identical.
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Figure 4.14: Treatment of S. aureus cells with Of1 blocks B-lactam dependent
B-lactamase and PBP2a transcription.

S. aureus strains were treated with vehicle, ¥ MIC ampicillin, or ampicillin and
various concentrations of Ofl. After one hour, cells were lysed and total RNA was
isolated and used for RT-qPCR. Transcript levels of blaZz and mecA were normalized
to 16s rRNA. Ofl was capable of reducing blaZz and mecA transcription in cells
induced with ampicillin. Error bars indicate standard error. Experiments were
performed in triplicate, and all statistical analysis was performed using Bio-Rad CFX
Manager software.
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The prospect that Ofl targets both pathways simultaneously is possible.
However, it is far more likely that Of1 primarily targets the bla induction machinery,
since B-lactamase induction is not strongly controlled by the mec operon, while PBP2a
induction is reported, in many cases, to be under control of the bla operon, which
contributes to mec regulation even in instances where a fully intact mec operon is

present.

Regardless of its molecular target, these results, together with Ofl’s specificity,
indicate that its target resides within the mec/bla induction pathways. This development
is highly noteworthy as these pathways have never been druggable specifically, not for
lack of trying.**"* We have thus potentially discovered a new way to drug a formerly
undruggable induction pathway. Our excitement over this discovery notwithstanding, the
molecular target of Ofl still remains a mystery. The remainder of this investigation
involved biochemical investigation of candidate targets for their response to Of1 in vitro,

thereby defining the target of Of1, or ruling out potential mechanisms of action.

4.5 Of1 enhances the binding of the Blal dimer to the bla operon.

Based on our observation that Ofl modulates expression of the MRSA
resistance determinants (blaZz and mecA), we hypothesized that Ofl is somehow
interrupting the two-component expression system for one or both of these genes>*®"2,
We thus decided to assess the effect of Ofl on candidate portions of the regulatory
system, starting with the effect of Of1 on DNA binding by the repressor protein Blal. The

promoter region of the bla operator consists of two palindromic sequences, both of

which are bound by Blal, known as the ‘Z-dyad’ and the ‘R1-dyad’, located upstream of
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blal blaR1 blaZ

R1 dyad Z dyad
TATAATAAACTATTGACACCGTATTACAATTGTAATATTATTGATTTATAAAAATTACAACTGTAATATCGGAGGGT

Figure 4.15: Blal binding sequences within the bla promoter.

The promoter region of the bla operon contains two sequences where Blal binds,
upstream of the blaZ gene and the divergently transcribed blaR1 and blal genes,
respectively.

the genes encoding B-lactamase and BlaR1/Blal, respectively (Figure 4.15).?°> Cleavage
of Blal bound to the DNA by the activated BlaR1 allows expression of the resistant
determinant, p-lactamase, as well as the regulatory machinery. Although expression of
these is necessarily greater upon activation in the presence of B-lactam, there is a low
level of basal expression from the operator, allowing for basal expression of the
repressor (Blal), the sensor/activator (BlaR1), as well as B-lactamase in the absence of
B-lactam induction of the system.” Since expression from the bla operon is initiated by
removal of Blal from the DNA (either by proteolysis or by dissociation), stabilizing the
interaction between the DNA and Blal should result in reduced expression from the
operon and thus reduced expression of B-lactamase. Furthermore, since Blal is known
to cross-regulate the expression of PBP2a from mecA (located on the mec operon),
stabilization of Blal bound to DNA should also result in reduced expression of PBP2a.%®
We therefore tested the ability of Ofl to stabilize binding between Blal and the bla

operator DNA using fluorescence polarization (FP).
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The blal gene was amplified by PCR from pl258 isolated from S. aureus NRS128
(Table 4.2). The PCR fragment was cloned into plasmid pET-28c(+) so that the protein
expressed with a 6xHis tag for ease of purification. Blal was expressed in E. coli BL-21
and purified using immobilized metal ion affinity chromatography (IMAC). This
purification achieved approximately 70% purity of Blal, which is sufficient for FP (Figure
4.16). We initially investigated the effect of Of1 on Blal binding to the Z-dyad of the bla
operator. For this investigation, a 30 bp oligonucleotide including the 18 bp palindromic
sequence of the Z-dyad was obtained, as well as its reverse complement (Life
Technologies, Table 4.2). One strand was 5’ labeled with Alexafluor-488 to facilitate

binding analysis by fluorescence polarization (FP). Oligonucleotides were annealed

Figure 4.16: Enrichment of Blal for FP binding experiments.

Stages of purification are illustrated by SDS-PAGE. 6x His-tagged Blal (arrow) was
purified using a Ni(Il)-NTA column followed by dialysis to remove imidazole. Lane 1:
marker, lane 2: cell lysate, lane 3: cleared lysate, lane 4: Ni(ll) column flowthrough,
lane 5: 50 mM imidazole wash, lane 6: 100 mM imidazole elution (E1), lane 7: 500
mM imidazole elution (E2), lane 8: residual Blal on beads, lane 9: dialyzed E1, lane
10: dialyzed E2. Blal concentration was quantified using a NanoDrop 2000, and
purity determined using ImageJ.
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using standard protocols.

In order to investigate the effect of Ofl on Blal binding to dsDNA, we first
assessed the binding of Blal to the Z-dyad in the absence of Of1 using a similar method
to previous reports.*® The data do not fit to a model representing a 1:1 binding mode, or
a model in which only a pre-formed dimer binds the DNA. Equation 1 was thus derived

based on previous FP analyses, and well known mathematical models for binding: "*"

AP = P+ (P — P % () & Pranen — P+ (—— M) (5q. 1y
P e T R A MT) TP T Ky + = MD)

where

_ Koy +VKGH + 85Ky *x

[M] L

Equation 1 takes into account the Blal monomer binding DNA (K;,) as well as the Blal
dimer bound to DNA (K,;5). Using this binding model, we were also able to verify the
dissociation constant for Blal dimer formation (K;;) which was consistent with previous
reports.® The apparent Kq for the formation of the DNA-dimer complex via sequential

binding of two monomers (Kq4) was calculated based on the following relationship:

Kasz X Kgq
dz

The effect of Of1l on Blal DNA binding was assessed by conducting two
simultaneous FP binding assays in the presence of a single concentration of Ofl (20
pg/ml) or vehicle (1% DMSO). We found that the presence of Ofl in the binding assay

changes the mode of binding significantly (Figure 4.17).
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—&— DMSO

—— 20 pg/ml Of1
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[Blal] uM

Figure 4.17: Binding of Blal to the Z-dyad of the bla operator sequence in the

absence and presence of Of1.

FP binding assays were conducted using labeled dsDNA corresponding to the Z-
dyad sequence. Two binding assays were conducted simultaneously: Blal binding in
the presence of vehicle only (DMSO) and in the presence of 20 pg/ml Ofl in DMSO.
Addition of Of1 to the system enhanced Blal binding to the Z-dyad sequence.
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Table 4.1: Binding affinities of Blal calculated in the presence and absence

of Ofl.
Parameter® Vehicle® 20 pg/ml Of1#
Ka1 1.9+£0.035 1.8 £0.064
Ka2 0.60 £0.35 0.52+£0.35
Kas 9.3+£2.8 0.11£0.17
Kga 29.5+16.7 0.38 £0.36

8All Kq values are the apparent values for the condition. PAIl Kyq values are
expressed in uM. Kqy; corresponds to Blal dimerization, Ky,  corresponds to the Blal
monomer binding to DNA, and Kgz corresponds to the dimer-DNA binding
interaction.

Intriguingly, although the addition of Of1 does not alter the apparent affinity of the
monomer-DNA interaction, it does seem to significantly reduce the apparent Kg3 and Ky4
values, which both correspond to stabilization of the Blal dimer bound to DNA (Table
4.1). In addition, Kg1, corresponding to the dissociation constant for the free dimer, was
not significantly changed. This observation indicates that Ofl1 specifically interacts with
the Blal dimer bound to DNA, and stabilizes this interaction. This is very intriguing,
considering that structural investigations of Blal in its DNA-bound and free forms
indicate that significant conformational changes occur upon dimer binding to DNA,
which seem to result in the formation of a number of ‘cavities’.*® The authors
hypothesized that these structural shifts allow access to the BlaR1 cleavage site on
Blal, allowing proteolysis and transcription from the bla operon. The conformational
changes seen in the dimeric form of Blal bound to DNA would thus make this form of
the protein more prone to proteolytic attack by the BlaR1 protease. It therefore stands to
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reason that stabilization of the Blal dimer bound to DNA would effectively reduce
expression from the bla operon. In addition, it is possible that Ofl could bind this

complex in such a way that could potentially block proteolysis by the BlaR1 protease.

Although these data indicate a potential mechanism of action of Of1, they are still
preliminary in nature. More follow-up is needed to determine the exact mode of binding
of Of1, its preferred binding partner, as well as the effect of Of1 interacting with the Blal-
DNA complex on Blal proteolysis. However, these results are extremely promising and

indicate that we have identified a potential target and mechanism for Of1.

4.6 Conclusions and future directions

Based on our initial discovery of a compound, Ofl, capable of re-sensitizing
MRSA to B-lactam antibiotics, we decided to investigate its mechanism of action. Based
on the ability of Ofl to potentiate the amoxicillin/clavulanic acid combination
(Augmentin), we first assessed the degree of synergy of the Ofl/clavulanic acid
combination using a modified checkerboard assay and calculating the FICI. We found
that Of1l displays significant synergy with clavulanic acid, indicating that the mode of
action (MOA) of Ofl is related to that of clavulanic acid, but they do not share a target
(i.e. B-lactamase). With this result in hand, we sought to confirm that Of1 does not
inhibit B-lactamase. Based on the checkerboard assay result, we thought it unlikely that
Of1 would be targeting the active site of B-lactamase, but this result does not rule out
the possibility that Of1 targets an allosteric site on the B-lactamase enzyme. We
investigated this possibility and found that Of1 has no inhibitory activity against (-

lactamase. However, Of1 does inhibit production of B-lactamase in cells that have been
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induced to produce the enzyme by addition of (B-lactam to their growth medium. We
discovered that this effect shows dose-dependence on Of1. To follow-up on this result,
we assessed the ability of Of1 to block transcription of B-lactamase and PBP2a in [3-
lactam-induced cells. We found that Of1 is capable of reducing transcription of, not one,
but both of these B-lactam resistance determinants. These data together indicated to us
that Of1 may block some element of the two-component induction pathway responsible
for inducible expression of B-lactamase and PBP2a. We hypothesized that Ofl1 exerted
its effect on the B-lactamase induction pathway rather than targeting both pathways
independently, since the bla regulatory machinery is known to interact with the mec

operon, but the inverse is uncommon.?®"

We conducted a preliminary investigation of the effect of Of1 on Blal promoter
binding using an FP binding assay in the presence or absence of a constant
concentration of Ofl. To our delight, we observed that Ofl enhances the binding
interaction between the DNA and the dimeric form of Blal. We hypothesize that
stabilizing this interaction increases the amount of bla operon DNA bound to Blal and
therefore reduces transcription from the bla operon. It is likely, but remains to be tested,
that a similar outcome will be observed for the mec operator promoter region. Reduction
in transcription from these sites would thus result in reduced expression of the MRSA
resistance determinants and the observed re-sensitized phenotypes. Our working
hypothesis is that Of1 binds the DNA-dimer complex and prevents dissociation of Blal,
thereby reducing transcription from the bla operon (Figure 4.18). Although this result is
preliminary, we believe that this is a large step toward identifying the exact molecular

target of Of1.
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Figure 4.18: A model for the observed effects of Of1.

Models for Blal-DNA binding equilibria are shown in the absence (a) and
presence (b) of Ofl. Based on the data we have established this working
model for the mechanism of action of Ofl. Four binding equilibria are
represented. Formation of the free Blal dimer (Kq41), the Blal monomer binding
to DNA (Kg2), formation of the DNA-Blal-dimer complex (Kg3), and formation of
the DNA/dimer complex as a result of two monomers binding the DNA (Kga).
Addition of Ofl visibly enhanced binding of Blal to DNA, but when the data
were fit, only Ky3 showed significant reduction. We thus propose that Of1 exerts
its effect by binding to and stabilizing the DNA-dimer complex.
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Going forward, we will perform a series of experiments to confirm our initial
observation. We have not yet tested the ability of Ofl to inhibit proteolysis of Blal by
BlaR1. Although we had intended to perform this assay in parallel with the FP binding
assay, difficulties cloning BlaR1 did not allow for sufficient time to conduct the
experiment. The plasmid containing inducible BlaR1 was, however, successfully
constructed and we will be able to use it in experiments shortly. We will assess the
ability of Of1 to inhibit BlaR1 dependent proteolysis of Blal using a previously described
method.”” We will also assess the effect of Ofl on Blal and Mecl binding to the mec
operator promoter region. This will give valuable insight as to the specificity of Of1.
Although our working hypothesis is that Of1 preferentially targets Blal bound to DNA as
a dimer, because of the high degree of homology between Mecl and Blal, it is possible

that Of1 interacts with both.

In addition to the investigations identified already, we will also use a fluorescent
analog of Of1 (Of1™°"), to confirm our hypothesized MOA, and establish the form of Blal

17U a5 a tracer.

to which Of1 binds. FP binding experiments will be conducted using Of
This will allow differentiation of Of1 binding to Blal (as a dimer) alone, the DNA alone, or

the Blal DNA complex.

If Ofl is indeed exerting its effect by targeting the Blal-DNA complex and
stabilizing the interaction, this would represent a novel mechanism of small molecule
inhibition. Although targeting two-component induction systems has recently been a
sought after target, so far, only one other instance of a small molecule targeting a two-
component regulatory system for resistance modulation has been reported.”®® Such a

mechanism would not only represent the first of its kind for modulation of B-lactam
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resistance, but also provides a resistance-modifying strategy against both (B-lactamase

and PBP2a, a feat which has not yet been realized.

Due to the stark lack of novel antibiotics on the market, there has been an
increased interest in alternative antimicrobial approaches.®#? In addition to the obvious
advantage RMAs provide by extending the usable life of known antibiotics, there has
also been evidence that resistance evolution to RMA/antibiotic combinations is far less
likely than resistance evolution to antibiotics targeting essential pathways. Here we
have reported a mechanistic investigation of a B-lactam RMA and propose that it acts by
stabilizing the Blal repressor-DNA interaction, thereby reducing expression of resistance
determinants. This represents an entirely novel mechanism for combating B-lactam

resistance.

4.7 Materials and methods

4.7.1 Bacterial strains and reagents.

Strains ATCC BAA-44 (MRSA) and ATCC 25923 (MSSA) were gifts from Daniel
Feldheim and Charles McHenry’s laboratories, respectively. Strain ATCC 33592, and
MRSA 252 were purchased from the ATCC. S. aureus NRS123 and NRS128 were
obtained from BEI resources. All antimicrobial compounds were purchased from Sigma-
Aldrich. The growth media used for all MIC experiments was Mueller Hinton Broth

(MHB) purchased from HIMEDIA through VWR (cat: 95039-356).
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Table 4.2: Oligonucleotides used in this study.

Primer name Application Sequence
RT-g_blaz_FWD blaZ . RT-gPCR 5’-acttcaacacctgctgctttc-3’
(forward primer)
RT-g_blaz REV blaZ , RT-GPCR 5’-tgaccacttttatcagcaacc-3’
(reverse primer)
mecA RT-gPCR , '
RT-q_mecA_FWD (forward primer) 5'-ctcaggtactgctatccacc-3
mecA RT-gPCR [, L
RT-gq_mecA_REV (reverse primer) 5'-ggaacttgttgagcagagg-3
16s RT-gPCR _, ,
RT-q_16s FWD (forward primer) 5'-ccagcagccgcggtaat-3
RT-q_16s REV 16s RT-GPCR 5'-cgcgctttacgcccaata-3'

His/T7_Blal_FW_Bam
HI

His/T7_Blal_RV_Hindlll

FP-label Z-dyad

Z-dyad
complement

reverse

(reverse primer)
Cloning blal into pET-

28c(+),
forward primer,
contains BamHiI

restriction site

Cloning blal into pET-
28c(+), reverse
primer, contains
HindlIl restriction site

Labeled oligo for Blal

FP binding
experiment
unlabeled oligo
(complement) for Blal
FP binding
experiment

5'-
cgcggatcctcatggccaataagcaa
gttgaa-3’

5'-
atgcaagcttactttttactaatatcattta
aaatg-3’

5’-AlexaFluor488-
atttataaaaattacaactgtaatatcgg
a-3’

5-
tccgatattacagttgtaatttttataaat-
3’
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4.7.2 Checkerboard FICI determination.

Checkerboard assays were performed as described previously with the notable
difference that media was supplemented with amoxicillin at a constant concentration (4 pg/mL).
%558 Of1 diluted down the columns of a 96-well microplate, while clavulanic acid was diluted
across the rows. Plates were prepared in duplicate. The inoculum was prepared by diluting a
bacterial day culture (ODgyo 0.15-0.4) to ODgge 0.002. This dilution was further diluted two fold
when added to the prepared 96-well microplates for a final inoculum concentration of ODgg
0.001. All plates were incubated at 37°C with shaking for 18 hours before results were

interpreted. The FICI was calculated as described previously using the parameters calculated in

the presence of amoxicillin.>>>®

4.7.3 B-lactamase activity assays.

An overnight culture of MRSA was grown in MHB and sub-cultured 1:100. Cells
were grown to ODggo of ~0.5 prior to treatment. Cells were divided into 5-6 10 mL
fractions in MHB and treated with vehicle (DMSO), ampicillin at ¥ of the MIC value, or
ampicillin and various concentrations of Ofl (2-16 pug/mL). Samples were incubated
with shaking at 37 °C for 1 hour. Cell growth was consistent regardless of treatment.
Cells were placed on ice and media was separated from cells by centrifugation (3200xg,
4°C, 30 min). Detection of 3 B-lactamase activity in media from cultured cells was
performed as described previously.®® Media was equilibrated to room temperature prior
to addition of the colorigenic agent, nitrocefin. 99 pL of media from each treatment was
added to a UV-optical bottom 96-well plate. To each well, 1 uL of a 10 mM nitrocefin
stock (in DMSO) was added (to afford a final, saturating, concentration of 100 uM).

Nitrocefin hydrolysis was immediately monitored by tracking absorbance at 492 nm in
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real time using the Perkin Elmer EnVision plate reader. The initial rate of hydrolysis was
obtained from the slope of the time course which was linear in the first several minutes
of monitoring. This initial rate was used as a proxy for the relative concentration of 3-
lactamase in the media. The initial rate for each treatment condition was normalized to

the baseline rate of hydrolysis to establish the ‘fold’ of 3-lactamase induction.

4.7.4 RT-gPCR gene expression analysis.

An overnight culture of MRSA was grown in MHB and sub-cultured 1:100. Cells
were grown to ODggo of ~0.5 prior to treatment. Cells were divided into 5-6 10 mL
fractions in MHB and treated with vehicle (DMSO), ampicillin at ¥ of the MIC value, or
ampicillin and various concentrations of Ofl (2-16 ug/mL). Samples were incubated
with shaking at 37 °C for 1 hour. 5 mL RNALOCK Reagent (Omega Biotech) was added
to each sample cells were collected by centrifugation (4000 rpm, 4°C, 20 min). Cells
were resuspended in a 1:1 Trizol (Life technologies)/BRK-lysis buffer (Omega Biotech)
solution (1 mL total). Cells were lysed by sonication using a micro-tip (output 35, 6 x 30s
pulses). Total RNA was isolated using the EZNA Bacterial RNA kit according to the
manufacturer’s instructions (Omega Biotech). RNA concentration determined using a
NanoDrop 2000 spectrophotometer (Thermo Fisher). RT-gPCR performed using
gScript™ One-Step SYBR Green gRT-PCR master mix according to the manufacturer’s
instructions (Quanta Biosciences) and primers detecting blaz and mecA mMRNA
transcripts. Transcript levels of blaZ and mecA were normalized to S. aureus 16s rRNA,
which was detected in the same manner. RT-gPCR was performed using the CFX384

detection system from BioRad with accompanying software.
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4.7.5 Cloning of blal and blaR1.

Cloning of the blal and blaR1 genes was performed similarly to previous
reports.®*%%’" The plasmid pl258 was extracted from NRS128 and used as the source
of the blal and blaR1 genes.®®* The presence of pl258 was confirmed by restriction
digest with EcoRI.*® Primers were designed using the full length sequences of blal and
blaR1 and were designed for insertion into the pET-28c(+) vector (Novagen). Primers
are listed in table 4.1. The blal insert was designed to contain N-terminal T7 and 6xHis
tags, and the blaR1 insert was designed to include an N-terminal 6xHis tag. Primers
used to amplify blal contained recognition sites for BamHI and Hindlll restriction
endonucleases and those used amplify blaRIl contained restriction sequences for
recognition by Ndel and Xhol. SyFi high-fidelity DNA polymerase (Empirical bioscience)
was used to amplify both genes. PCR products were cleaned up using Cycle-Pure PCR
cleanup kit (Omega) and were subsequently digested with the appropriate restriction
enzymes. Each digested fragment was run on a 1% agarose gel along with digested
pET-28c(+) and purified from the gel using QIAquick Gel Extraction Kit (QAIGEN). The
fragments were subsequently ligated into pET-28c(+) using T4 DNA ligase following the
manufacturer’s instructions (New England Biolabs). A portion of the ligation mixture was
used to transform competent DH5a cells using a common heat shock protocol.
Transformed cells were transferred to LB and grown for one hour at 37°C with shaking.
Following the outgrowth period, cells were plated onto LB agar containing 50 pg/ml
kanamycin and allowed to incubate overnight at 37°C. Following overnight incubation,
Plasmid DNA from multiple transformants was isolated using the QAlprep Spin Miniprep

Kit (QAIGEN), and a portion of the colony was subject to colony PCR for the insert.
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Isolated plasmids were digested with the appropriate restriction endonucleases to
confirm the presence of the insert. Plasmids that showed the appropriate sized insert
following restriction digest were sent out for sequencing (Quintara Biosciences). The

plasmids were designated pET_T7.HisBlal and pET_HisBlaR1, respectively.

4.7.6 Expression and purification of Blal.

Competent E. coli BI-21 cells were transformed with pET_T7.HisBlal using a
standard heat shock protocol. Transformed cells were grown on LB agar containing 50
png/mL kanamycin. Plates were sealed with parafilm and stored at 4°C. A single colony
of transformed BI-21 was isolated and grown overnight in LB supplemented with 50
png/mL kanamycin. The next day, the overnight culture was subcultured 1:100 in LB with
50 pg/mL kanamycin and grown at 37°C to ODgy ~0.8. Cultures were then cold-
shocked in an ice water bath for 30 minutes. 0.5 mM IPTG was then added and cultures
were incubated at 18°C overnight to allow induction of Blal. After induction, cells were
collected by centrifugation (4000xg, 4°C, 30 min). The cell pellets were flash frozen in

liquid nitrogen and stored at -80°C.

For purification, cell pellets were thawed in lysis buffer (50 mM HEPES, pH 7.6,
0.2 M NacCl, 5% glycerol, 2.5 ug/ml DNAsel, 20 mM imidazole) and lysed by sonication
(output 80, 7 x 15s pulses). Lysed cells were centrifuged to separate the lysate from the
insoluble fraction at 10000 rpm for 45 minutes at 4°C. The cleared lysate was passed
through a column containing high density nickel-NTA beads (Gold Biotechnology) by
gravity flow. The column was washed with 10 column volumes of wash buffer (50 mM

HEPES, pH 7.6, 0.2 M NaCl, 5% glycerol, 100 mM imidazole) and Blal was eluted with
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a high imidazole elution buffer (50 mM HEPES, pH 7.6, 0.2 M NaCl, 5% glycerol, 500
mM imidazole). The elution was dialyzed using a Slide-A-Lyzer™ 3.5K MWCO Dialysis
Cassette in 300x volume assay buffer (50 mM HEPES, pH 7.6, 0.2 M NaCl, 5%
glycerol) with two three hour buffer changes and one 16 hour change. Protein
concentration was determined using NanoDrop 2000 spectrophotometer, and purity

determined using a coomassie stained SDS-PAGE gel.

4.7.7 Fluorescence polarization binding experiments.

Fluorescence polarization binding assays were performed similarly to previous
reports.®® The DNA sequences used in this study correspond to the Z-dyad of the bla
operator. These were 5'Aalexa Fluor 488-atttataaaaattacaactgtaatatcgga-3’ and its
reverse complement, 5’-tccgatattacagttgtaatttttataaat-3’. These were annealed at a 1:1
molar ratio to afford the dsDNA FP tracer. Dilutions of Blal (up to 35 uM) were prepared
in black, low-binding, half area 96-well plates (Corning 3993). To each concentration of
Blal, labeled dsDNA was added to a final concentration of 1 nM. The reaction was
incubated in the dark and FP was read using the Perkin Elmer EnVision microplate
reader. Time points were taken at 10, 30, and 90 minutes. The assay was performed in
triplicate in the presence of 20 pg/mL Of1 or vehicle. The final concentration of DMSO in
all conditions was 1%. The data was plotted as a function of Blal concentration and fit to

equation 1 using KaleidaGraph (v4.1.1, Synergy Software).
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4.7.8 Derivation of equations 1 and 2.

Derivation of equation 1 was accomplished by taking into account the two modes
of Blal binding to DNA as well as the dimerization of Blal in solution. Overall, there were

four binding interactions to consider:

The monomer/dimer equilibrium (Kq1): 2M - D; K4, =

The monomer/DNA binding equilibrium (Kg2): M + DNA - DNA-M; K45 = %
. C e ) . [D]+[DNA]
The dimer/DNA binding equilibrium (Kg3): D + DNA - DNA - D; K43 = ONAD]

The formation of the dimer/DNA complex via sequential binding of two monomers (Kqa):

M +DNA-M — DNA-D: Ky, = %

The data was plotted and fit as a function of total Blal (x). Since [Blal]>>DNA in
this system, [Blal]ital = [Blal]iee = x, and since Blal exists in solution as both a monomer
and a dimerx = M + D,. Solving for D gives: D = x — M. Solving for [M] in terms of Ky,

and x gives:

_ —Kay + VK + 85Ky *x

[M] L

Solving for the monomer DNA interaction in terms of fractional occupancy gives:

[DNA-M] _ [M]
[DNA]total B Kdz + [M]

Solving for the dimer DNA interaction in terms of fractional occupancy gives:

[DNA - D] x — [M]

[DNA]total h Kd3 + (x - [M])
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We considered the total polarization output to be the sum of the contributing

factors: the free DNA (Pf), the DNA bound to the monomer(P,), and the DNA bound to
the dimer (Pp):
mP = Py + Py + Pp.

The contributions from DNA-M and DNA-D were multiplied by the dynamic

ranges of their binding interactions, (Ppax-m — Pr) and  (Ppaxp — P), respectively. The

data were thus fit to the following equation (1):

x — [M]
Kaz + (x = [M])

M
AmP = Pr + (Pmax-m — Pr) * <ﬁ) + (Pmax-p — Pr) * ( ) (Eq.-1)

where

—K4q i\/K51+8*Kd1*x
4

[M] =

Kqs is calculated by rearranging its expression in terms of Kg1, Kq2, and Kgs to afford:

Kaz X Kgq
dz
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