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CHAPTER 1

INTRODUCTION

Parts of this chapter are reprinted with permission fr@utter, B. F., Mike, L. A., Reid, P. R,
Chong, K. M., Ramétunter, S. J., Skaar, E. P., and Sulikowski, G. A. (2016) Decoupling
Activation of Heme Biosynthesis froAnaerobic Toxicity in a Molecule ActiveSitaphylococcus

aureus ACS Chem. Bidll, 1354;1361.Copyright 2016 American Chemical Society.

1.1 Background

Metals play a crucial role in virtually all biological systems. Owing to their unique
reactivity due to the accessibility of -drbitals, metals are critical components of enzyme
catalysis, energy transfer pathways, and of various structural nidtifhe ability obacteria to
acquire and manage nutrient metals in the niche they inhabit is of utmost importance to
survival and bacteria have evolved systems to accomplish these tasks tailored to the

environments they inhabit.

1.2 Metal acquisition

Iron

The main obstde to iron acquisition in the majority of systems is the low solubility of
Fe(I1)** Ferric iron predominates under aerobic conditions and its low solubility means it exists
in generally inaccessible forms. For example, in neutral or alkaline soils, iron exists primarily as

polymeric iron oxides. In the human host, Fe is predominately bound to heme in



hemoproteins, but is also found in Fe storage proteins such as transferrin and lactoferrin

(extracellular) and ferritin (intracellulafy’

Siderophores

One of the primary methods of iron acquisition by bacteria is the production of
siderophores.Siderophores are low molecular weight molecules that tightly bind ferric iron.
Bacteria typically secrete siderophores into their environment, whether inside a host or in soil,
where the molecule will bind/solubilize ferric iron and be reabsorbed by thgamism to
provide it with nutrient iron*>*

Siderophores are generally produced by nonribosomal peptide synthesis, which will be
discussed in further detail in Chapter Zertain functional groups with high affinity for (H&
LINSR2YAYFGS Ay aAARSNRLIK2NBE® ¢ KSndlroxgcdrookydzgRS OI i
acids, and hydroxyphenyl oxazolines or thiazolines (Figuré-1Sijlerophores typically contain
three of these functional groups, in various combinations, to result in a very strexaglntate
complex with Fe(lll). Despite this, many siderophores exist with fewer metal binding groups
resulting in tetra and bidentate complexes. These are thought to solubilize Fe(lll) in the

environment for transfer to stronger chelatots.

OH o Ox©H O
X I R |
. .OH ™
/7 oH A RJR ~ >R
R R HO xj
catechol hydroxamic acid alpha-hydroxy thiazoline X=S$
carboxylic acid oxazoline X=0

Figure 1.1Common irorchelating motifs found in siderophores.



In Gram negative bacteria, siderophores are transported into the cell in several stages.
First, receptors on the outer membrane recognize and bind the sideropRe(ll) complex and
use the energy of the ToABxbBExbD system to transport the molecule across the outer
membrane and into the periplasm. AB@nsporters in the cell membrane then recognize the
siderophoreFe(lll) complex and transport it into the cytoplasf. The siderophord=e(lll)
uptake process in Gram positive bacteria generally involves recognition of the molecule by
lipoproteins receptors in the cell wall and transfer to AtB&hsporters which pump the
moleculeinto the cytoplasnt-

Once internalized, the fwerium must liberate Fe from the siderophore complex. This is
primarily accomplished by reduction of Fe(lll) to Fe(ll). Hexadentate siderophores have a much
lower affinity for Fe(ll) than Fe(lll) permitting the Fe to be released and utilized for cellular

processes. This also allows recycling of the siderophbte.
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Siderophores are produced by bacteria in numerous niches. The best studied are
siderophores of pathogens and in general, production of siderophores by pathogenic bacteria is
associated with increased virulenteEnterobactin {.1) is a triscatecholate siderophore
produced by several Gram negative enteric pathogens inclugsuterichia colind Salmonella
enterica subsp. Typhinurium. Enterobactin was one of the first pathogenic siderophores
identified >* Yersiniabactin1(.2) is produced by species incladiYersinia pestisthe causative
agent of the bubonic plague. Loss of genes encoding yersiniabactin is associated with decreased
virulence in mouse infection modeisicenitoferrin (.3) is an amphiphilic siderphore produced
by Acenibbacter haemolyticus Studies have suggested that its ability to pass through
membranes allows the bacterium to steal iron from host ferritin during infection.
Mycobacteria, including the pathogenidMycobacerium tuberculosis, express several
siderophores with various roles. Exochelink.4 are secreted into the extracellular
environment to scavenge for iroff. In contrast, lipophilic mycobactinl{) is membrane
associated and typically not secreted though evidence suggests a role in iron acquisition
through vesicle secretioh.

Soil bacteria also rely on siderophores to solubilize iron as well as sequester it from
competing organisms. The m@phyte Streptomyces coelicol@roduces several siderophores
including desferrioxamines B and E and coelichelin, which will be the subject of Ch&p®r 2.
coelicolorand many other soil bacteria encode multiple siderophore uptake systems, several of
which can recognize and transport siderophores produced by other organisms in a process

commonly reérred to as siderophore piracy.



Non-siderophore mediated iron acquisition
Many pathogens are able to acquire iron in the form of heme from host hemoproteins.

This will be discussed below in the sectionSiaphylococcus aurebeme acquisition.

Divalent metal aquisition

While much is known about bacterial iron acquisition, the specific psssesivolved in
Zn(Il) and Mn(lIl) acquisition have not been as extensively studied and are focused mostly on
pathogens. In the host environment, extracellular Zn(ll) is mostly bound to albumin leaving very
little in solution. During infections, immune celsecrete proteins of the S100 class, such as
calprotectin, which bind and sequester Zn(ll) and other divalent metals. Despite this, many
pathogens are able to scavenge sufficient quantities of Zn(ll) to promote infection. The ZnuD
protein of many Gram negive pathogens is an outer membrane protein that scavenges Zn(ll)
and passes it to the periplasm via a TonB dependent mechdflism.

There also exist many porins in the outeembrane of Gram negative pathogens that
allow metals such as Mn(ll) to passively diffuse into the periplasm where they are recognized by
substrate binding proteins (SBPs) and transported across the cell membrane via ABC
transporters*!

Some evidence exists for the production of zinc chelators by bacteria.rficyar, S.
coelicoloris hypothesized to produce coelibactin, a compound believed to be involved in zinc
uptake given that its expression is under the control of the zinc uptake regulator (Zur).
Coelibactin has never been isolated in culture and the egaacture is not known given the

uncertainty surrounding its release from its NRPS.



1.3 Metal homeostasis

Bacterial metal homeossis is generally controlled by protein metal sensors which bind
specific metals at given concentrations and induce some effect at the gene level in redponse.
Some sensors induce relatively small changes specific to that metal while others induce global
changes in gene expression including genes tangentiallyciassd with metal acquisition. The
best example of this is the ferric uptake regulator (Fur) protein. Fur binds Fe(ll) in iron replete
conditions. This complex binds to control regions, called Fur boxes, of genes under its control
which suppresses their pression. Examples include genes for siderophore biosynthesis, but
also extend into other areas such as cell metabolism and virulence factor expréshider Fe
deplete conditions, Fur will dissociate from the Fur boxes inducing expression of the genes of

this regulon.

1.4 Iron acquisition and homestasis inStaphylococcus aureus

Staphylococcus aureissa Gram positive pathogen of humans primarily causing skin and
soft tissue infections, but can also be responsible for more severe diseases including toxic shock
syndrome and necrotizing pneumoni&sS. aureugequires iron for normal cellular function
and evasion of the immune system during infection. In addition, the availabilitproitontrols
the expression of numerous virulence factofsWhile S. aureuss capable of acquiring iron by
secretion of siderophores, heme is its preferred iron source during infettion.
Heme acquisition through the Isd system

During an infection, heme is made available to the bacterium by secretion of hemolysins

which lyse red blood cells gsing a release of hemoglobin. Once hemoglobin is liberefed,



aureus utilizes the the Isd (iron surface determinant) system to scavange heme from
hemoglobin and pass it through the cell wall and membrane and into the cytoplasm where it
can be degraded teelease free iron or stored associated with the membrane for incorporation
into hemoproteins'® This system consists of several proteins each occupying a step along the

path from extracellular hemoglobin to release of intracellular ifdn.

z 3 mmm) Free Iron

Figurel.3. Schematic of Isd system shuttling heme into the bacterial cytoplasm.

Heme toxicity ancheme sensing

Despite the value of heme as a nutrient iron source, heme is toxic to the bacterium in
high concentrationg® In order to overcome heme toxicit§. aureugmploys a two component
system called the heme sensor system (HssRS) to sense heme and activate a response to

alleviate heme toxicity. HssS is ansamembrane histidine kinase that senses toxic levels of

8



heme through an undetermined mechanism. Upon activation, HssS autophosphorylates and
transfers the phosphate to an aspartate residue of its cognate response regulator, HssR. HssR is
a cytoplasmic pragin which, upon phosphorylation by HssS, binds the direct repeat of the
promoter for the heme regulated transportehitAB), a gene encoding an efflux pump that
alleviates heme toxicity”**!° The mechanism by which HrtAB alleviates heme toxicity is not

well understood.
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Figure 1.4 Activation of HsSRS by hemidssS is a transmembrane histidine kinase (A) which in
the presence of toxic concentrations of heme autophosphorylates (B). HssS can then
phosphorylate its cognate response regulator HssR and when phosphorylated, HssR can bind
the promoter of hrt (C) Inducing expression of HrtAB, an efflux pump which alleviates heme



High throughput screen for activators of HssRSSinaureus

Since heme toxicity i. aureuss not well understood, the Skaar lab conducted a high
throughput screen for activators of the heme stress response to identify potentially useful
chemical probes to study this system. To accomplish this, a strah afireusharboring a
plasmid with thehrt promoter fused to a luciferase reporter was constructed. Htiain was
used to screen the Vanderbilt Small Molecule Library. Molecules that produced a luminescent
response were run through a secondary screen using a catechol oxidase reporter and a tertiary
screen for the ability of the molecule to preadapt aures to toxic concentrations of heme.
The top two hits which will be the subject of several chapters of this dissertation are shown in

Figure 1.5.

'8882 '3981
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1.5 Statement of Dissertation

The work presented herein involves the apption of chemical synthesis to study two
distinct questions in the realm of bacterial metal acquisition and homeostasis. The first aims at
developing a concise total synthesis of t&#reptomyces coelicolgproduced siderophore
coelichelin. While this plecule can be obtained from culture, a synthetic route would enable
more flexibility in using it as a chemical probe. The second project focuses on studying the
activities of the two molecules identified in the screen for HsSRS activators. In both cases,
libraries around these scaffolds were prepared and screened for activity to establish structure
activity relationships. These data were utilized in later work to develop chemical probes for
target identification to help elucidate their mechanism of actiand better define heme

toxicity inS. aureus
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CHAPTER 2

PROGRESS TOWARD THE TOTAL SSNFHE3ELICHELIN

2.1 Introduction

Coelichelin is a nonribosomal peptide produced by the bacteriBtreptomyces
coelicolor* The goal of this work is to develop a laboratory synthesis of the molecule for
confirmation of the proposed structure and to establish a convenient and flexible route to
provide significant quantities of the material and derivatives for biological studies. Coelichelin
could potentially be a useful chemical tool to study metal acquisition pathways and bacterial
responses to iron depletion. For these kinds of experimerisysi KSGA O OKSYAOI f &
bipyridine, are often used as iron chelators to sequester iron in growth nfédidlatural
product siderophores may be superior to synthetic chelators in such experiments as they are
likely more selective for ferric iron. However, the use of many natural product siderophores is
limited by their availability since most are only accessible by isolation from the producing
organism. A convenient synthetic route to a natural product siderophore would provide ample
material to conduct these experiments as well as study the basic biology ofidbeghore
itself. Coelichelin is an attractive target because it is structurally interesting but accessible using

chemistry developed for the synthesis of similar siderophores. In addition, no chemical

synthesis of coelichelin has been reported to date.
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2.2 Background

Traditionally, discovery of bioactive natural products involves screening of biological
extracts for activity against systems of interest, fractionation of active extracts using
chromatographic methods to identify active components, andicttire determination> Many
medically and industrially important compounds have been identified throingise methods
including antibiotics, antifungals, antineoplastics, cardiovascular drugs, and pain mediéations.
While this process has been fruitful, it can be tedious and-lseifing depending on the
conditions of isolation and stability of theatural products being isolatetiThe inception of the
genomic age has introduced the possibility ofegbicting natural products from genomic
information’ allowing these limitations to be circumvented.

Many antimicrobial drugs are either derived from or are themselves metabolites of
microorganisms, and of these natural product based drugs, approximately half come from
actinomycete€ Considerable work to characterize the numerous biosynthetic pathways in
actinomycees as well as homologous pathways in other organisms, has provided invaluable
information that can be applied to search for sequence similarities in whole genomes to

identify gene clusters encoding biosynthetic pathways.

Nonribosomal peptide synthesis

Nonribosomal peptides (NRPs) congit a rich class of bacterial (and fungal)
metabolites, many of which are used clinically including bacitracin, cyclosporine, and
daptomycin. They are synthesized by modular mulitenzyme complexes called nonribosomal

peptide synthetases (NRPSs) which fuoresimilarly to polyketide and fatty acid synthetaSes.
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Each module is minimally composed of an adenylation domaido(®ain) and a
thiolation domain (¥domain, also referred to as a peptidyl carrier protein or PCP). Fhe A
domain activates the amino acid to be added to tewing peptide by reaction with ATP to
transfer AMP to the amino acid and release pyrophosphate. Fterndain recognizes a specific
amino acid to be activated for each module and this can be discerned from the amino acid
sequence of the domain and thusreglicted from genomic dat®'! Since the NRP is
synthesized from module to naule, the sequence of -Aomains determines the primary
sequence of the NRP.

The TR2 Y Ay 02 VAR AALIK 2138 VPR tofa&of Botind tb th@protein
through a conserved serine residue. After amino acid activation by tlenfain, the thiol of
i K SPPmre@ctsvith the activated carboxylate forming a thioester linkage and displacing AMP.
The amino acid is now bound to the module and can be acted upon by modifying domains such
as epimerases ani-methyltransferases. The chain is elongated by condensation donf@ins
domians) which catalyze the attack of the amino group of a module on the thioester carbonyl of
the substrate of the previous module bound to theddmain. Many NRPSs have a terminal
thioesterase domain which will hydrolyze the completed peptide from BRPS though some
lack this function and rely instead on nonenzymatic reactions to achieve hydrolysis of the
thioester?

Identification of coelichelin from genome mining

Utilizing genome sequences from an ordered cosmid library féorooelicoldf, Challis

and coworkers identified a region on cosmid $8Fwith sequence homology to NRPSs. This

region codes for a 3643 amino acid protein with a predicted molecular weight of 390 kDa. The
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gene was determined to be part of a large gene cluster consistinrgg0 genes spanning ~29

kbp. The functions of these genes were hypothesized based on sequence homology and the
cluster determined to provide the components and biosynthetic machinery for siderophore
synthesis as well as proteins involved in sideroptemeretion and reuptake (Figure 2.1A).

A.

cchO cchM cchk cchi cchG cchE ¢chC  cchA
cchN  cchL cch) cchH cchF  cchD  cchB

Module 1 Module 2 Module 3

Figure 2.1.Coelichelin gene cluster and NRRSOrganization of coelichelin gene clusteue
= NRPX:¢hH, light green = ornithinéN-oxidase ¢chB, dark green =N-hydroxyL-ornithine
formyl transferasedchA, orange = genes involved in siderophore secretion and reuptake, red =
RNA helicase, purple = chitinase, grey = unknown fundBo@rganization of coelichelin NRPS
A = adenlation domain, T = thiolation domain, E = epimerase, C = condensation domain.

The functions of each module were determined based on conserved sequence similarity
to known NRPS modules and the order is depicted in Figure 2.1.B. A notable feature of this
NRPS is the lack of a terminal thioesterase domain responsible for releasing the final product
from the synthetase. Taking this into account, analysis of the module sequercahtied to
the two hypothesized structure.1 and 2.2 (Figure 2.2). Challisnd coworkers favored®.2
arguing that a thioesterase domain would be required 2ot while 2.2 could be released by

I GG O1 -aiffo group Bn the thiosester in a favoreeeBortrig closure
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Figure 2.2 Proposed structures of coelichelin based on genomic information.

Isolation of coelichelin from culture

Challis and coworkers next attempted to isolate coelichelin from culture utilizing
methods for the isolation andstructure determination of similar siderophoré$. They
compared HPLC traces of growth media of wild tgpeoelicoloand acchHknockout grown in
iron deplete conditions and identified a fraction present in the growth media of wild type, but
not the knockout. A strong absorbamat 435 nm in this fraction suggested a trishydroxamate
bound to iron. This peak was isolated and subjected to various analyses to identify the structure
including mass spectrometry, hydrolysis to the constituent amino acids followed by
derivatization andchiral gas chromatography, and removal of iron by a competing siderophore
to isolate apecoelichelin followed by formation of the &abound species for NMR analysis.
These studies led to the revised struct@® shown unbound an@.4 bound to F&" (Figue 2.3

A and B).
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Figure 2.3A. Revised structure of coelicheli@.8). B. Coelichelin depicted bound to ferric iron
(2.9).
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A. Module 1 Module 2 Module 3 B. Module 1 Module 2 Module 3
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Figure 2.4Proposed biosynthesis of coelichelin.

This etrapeptide is hypothesized to be biosynthesized as depicted in Figure 2.4. In this
model, the first Adomain recognizes and activatéd-formyl- N-hydroxyL-ornithine, the
second, L-threonine, and the third," N-hydroxyL-ornithine, to provide 2.5, 2.6, ard 2.7

respectively, which are then loaded on to their respectivdomains (Figure 2.4.A). The first

YR &4SO2yR SLIAYSNI A4S Y2RdzZ Sa -dapadsSantl thein kn€ & G SN
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condensation domains catalyze the formation of the elaborated trijgbg2.11 (Figure 2.4.B). A
second ' N-formyl-' N-hydroxyL-ornithine is then loaded on to the first module where it is
epimerized and condensed with11to give tetrapeptide2.12 bound to the Fdomain of the
third modules (Figure 2.4.C). Finally, this islrblysed nonenzymatically to giv&3 (Figure

2.4.D).

2.3 Previous synthetic studies towards siderophores

Syntheses ofN-acyF N-hydroyornithine and derivatives

Interest in the synthesis ofN-hydroyornithineand acylated derivativebegan in the
1960s with identification of these as components of siderophores and microbial natural
products’® Nielands reported the first synthesis 6N-hydroxyornithine. Starting fronDL-
glutamic acid, the amino acid moiety was protected as the hydantoin and the terminal
carboxylic acid was converted tbomide 2.13in 3 steps. Fron2.13, * N-hydroxyDl-ornithine
(2.14) was obtained by conversion to the nitro compound, seeduction with zinc dust, and
subsequent acid hydrolysis of the hydantoin to provilé4in 17 % yield. The authors noted
that signficant quantities of optically active.14could be obtained from natural sourcés.

Isowa reported the first synthesis of optically activ®14 and ‘N-acetyk N-
hydroxyornithine 2.18). This procedure bem with monoalkyation of 1;8ibromopropane
with N-tosyFO-benzylhydroxylamine to provid2.15. The resulting bromide was alkylated with
the sodium salt of diethyl acetamidomalonate followed by decarboxylation to praitieéas a
racemate. The enantiomersere resolved enzymatically by reaction with aniline using papain,

providing thelL-isomer as the anilide. Both enantiomers were converted to the amino acid by
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heating with concentrated HCI in AcOH. The tosyl group was removed by reaction with HBr in
AcOHfor 50 h to provide2.17 (or its enantiomer).’ 2.18 was obtained by acetylation of the
hydrobromide salt with acetic anhydride followed by catalytic hydrogenolysis to rerttw/e
benzyl ethers? Fujii expanded on this method by reacting the intermediater8mopropy!
diethylacetamidomalonate wittO-benzylhydroxylamine under basic conditionsitstall the
‘N-hydroxylamine group, though poeN-alkyation was problematit Emery reported an
Fylf232dza | Lipib@ctedohydmgSanBopéntanoic acid was converted to the
bromide and this intermediate reacted witiN-acetylO-benzylhydroxylamine under basic
conditions®

Maehr and coworkers reported a route tB.14 utilizing N-alkylation of methyl 2
acetamide5-iodovalerate with the thallium(l) salt afans-benzaldoxime in DMF to provide the
nitrone which was then hydrolyzed under acidic conditions to provide the hydroxylamine with
subsequent ester and acetangichydrolysis to provid®.142* A similar route utilizing nitrone
hydrolysis was employed by Kel8chierlein 8  NIi A y Protdctd®-¥rnithine 2.21>  (G-KS 4
nitrogen was reacted witlp-methoxybenzaldehyde to form the imine followed by oxidation to
provide oxaziridine.22 which was hydrolyzed t8.29.*° Using a directN-oxidation approach,
Chimiak reg NIi SR ( KS 2 E yRIIINRAyrdtecdfi-oriitBine iwith benzoyl

peroxide followed by sampot acetylation®?
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Neilands, 1963
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Isowa, 1972
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s ©
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Miller, 1984

O
H O
COOH NOBn
1. (CH,0),, pTsOH 4. NH,0Bn
2.50Cl, - 5. NaCNBHj, Ac,0
gk 3. Li(O-tBu);AIH CbzN o) 6.NaOH, MeOH
z COOH 3 7. HBr. ACOH HoN™ “COOH
2.26 2.27 2.28

Figure 2.5Methods for synthesizingN-acy+ N-hydroyornithines.

Miller and coworkers have devised several methodologies to synthéslzeyt N-
hydroxyornithine precursors for siderophore syntheses. Their first route talty active' N-
hydroxyornithine started from carboxybenzyl protectedlutamic acid Z.24) with the amino
converted to the acid chloride with thionyl chloridellowed by reduction to aldehyd&.25
with lithium tri-t-butoxyaluminum hydride. The aldehyde was converted to a mixture of oximes
by reacting withO-benzylhydroxylamine followed by reduction with sodium cyanoborohydride
and acetylation in the same poth& amino acid was deprotected to provide26 with the

hydroxamic acid protected as the benzyl eth2r26 could be used in siderophore synthesis

with late stage hydrogenolysis to remove the benzyl etffer.f G SNy I 1 Sf & 5- (G KS&@

protected 5hydroxy2-aminopentanoic acid withN-Cbz or N¢troc-O-benzylhydroxylamine

;

dzy RSNJ aAGaz2y206dz O2y RAUA 2 Y &-niffogen topodBIR dedvatiesR S LINE

of 2.14%
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Syntheses ofN-acy} N-hydroxyornithine containing siderophores

By modern standards, the synthesis of peptide derived siderophores is not overly
complex. Tk primary concerns when synthesizing hydroxamate containing siderophores in the
laboratory are minimizing racemization during peptide coupling and strategic and orthogonal
deprotection of functional groups. To a lesser extent, minimizing metal contammaifo
glassware in the final steps of the synthesis is important to obtain pure, unbound samples of
the final product for characterization.

Much of the work towards efficient syntheses dfi-acyt N-hydroxyornithine was a
component of larger syntheses of siderophores containing these functionalities. Several
examples of siderophore syntheses will be presented to highlight the synthetic challenges and
methods used to overcome them, as wedlthe guiding principles for our synthetic approach to
coelichelin.

Ferrichrome is a cyclic hexapeptide consisting of three contiguous glycines followed by
three contiguous' N-acetyt N-hydroxyL-ornithines. The first synthesis of ferrichrome was
accompliked by KelleiSchierlein utilizing the nitro reduction chemistry pioneered by Neilands.

They assembled a hexapeptid2.30) containing the requisite three glycines and threé-
nitro-2-aminopentanoic acids2(29), cyclized, and then reduced the nitro gtald G 2 EINB OA R €
hydroxylamines. This molecule was acetylated to give ferrichra@l)(™>* L &2 6| Qa 3INER d
used a similar approach but employed thihtosylO-benzylhydroxylamia compound2.32in

the coupling process. Cyclization283followed by global removal of tosyl groups with HBr in

AcOH, acetylation, and global hydrogenolysis of benzyl ethersjaué®
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Keller-Schierlein, 1969

ol
o %
_OH 0
N L on

HO-
O,N 1. Cyclize ;
+ Peptide 2.Zn
Couplin 3. Acetylate
OyN & HoN i /gr:|H\)OL PN I NH HN«§:
” H COOH

(e}
3 o:@
H,N NH HN O
2.30 (@] N‘<
COOH )/ /
(e} HO

2.29 2.31
Isowa, 1972
O — f—
HZN&OH an 1. Cyclize
TsN 2. HBr/AcOH
+ Peptide 3. Ac,0,
Ts Couplng 0 L o RN
BnON H.N N 2.31
N A~ coon
H H
(0]
— -3
HoN
COOH 2.33
2.32

Figure 2.6 Syntheses of ferrichrome.

Another early target of siderophore syrgbis was rhodotrulic acid2@40. This
compound is a diketopiperazine formed from the condensation of twéacetyl N-
hydroxyornithines. Isowa and coworkers first synthesiz2dlO using their N-tosytO-
benzylhydroxylamine alkylation chemistry. KelRmherlein adapted their nitro reduction
chemistry to this molecule as well with a late stage global reduction followed by acetylation to
give the natural product® Miller and coworkers used a contrasting route by installing @e
benzyl protected hydroxamic acid into their monomer before@aong. Starting from protected

A

glutamic acid2.34& (GKSe& 02y d8mlyS® intai k& anhydride with ethyl
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chloroformate and reduced to the alcohol with sodium borohydride to @85, This was then

reacted with N-troc-O-benzylhydroxylamine under Mitsonobu conditions, the troc group was
selectivd @ NBY2@JSR dzy RSNJ NEB R dnirdgenzabetyl@x@dyfoRpfouide 36/ &4 = | y |
After several protecting group manipulations, they arrived at intermedid2e&/ and 2.38

which were coupled with EEDQ to gi2e39. The Boc group and methyl ester weemoved

leading to cyclization and the benzyl ethers were removed by hydrogenolysis tB.40/&

1. DEAD, Ph,P,
TrocNHOBnN
% 1. £t0,CCl 2.Zn, AcOH Q
LBUOOCMOH 2. NaBH, t-BuOOC\/\/\OH 3. Ac,0 t-BuOOC\_/\/\Nk
- B z —_— > z
z =z = OBn
NHBoc NHBoc NHBoc
2.34 2.35 2.36
% o)
——  HOOC._~_~ )K +  MeOOC._~_~ )k EEDQ
an - N
NHBoc NH, OBn
2.37 2.38
MeOOC 0 1.TFA
e O
ogn BocHN v NJ\ 2. Na,COy
AN OBn 3. Hy, PA/C i f
/\/Nj‘/
(@) 0]
2.39 2.40

Scheme2.la A f f SNNa aeétiica@B A d 2F NK2R?2

Foroxymithine2.48& A a &0 NHzOGdzNI £ f& aAYAELFIN G2 NK2R;
this using a convergent approach applying their Mitsonobu chemistry. They preparediiono

troc protected diketopiperazin@.43and coupled this wit the succinimide ester of dipeptide
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2.45. Tetrapeptide2.46 was then subjected to sequential removal of protecting groups l&nd
formylation. The Cbz group was removed by HBr in acetic acid and the free amine was
acetylated by acetic anhydride and triethyhine which also consequent@racylated serine to
provide 2.47. Treatment of this tetrapeptide with zinc dust and acetic formic anhydride in THF
removed the Troc groups with subsequeNtformylation. TheO-acetyl was removed under
mildly basic conditiongind the final product was provided by hydrogenolysis of the benzyl

ethers?’
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A more modern synthesis (2013) of ‘&-formyl- N-hydroxyornithine containing
siderophore was reported by Meijler with their synthesis of pyoverdin2[3g, a complex
molecule secreted byseudomonas aerugisa It consists of a partially cyclic octapeptide
where the macrolide portion includes a lysine side chain at thHerMinus cyclized through
F2dzNJ 01 0102y S | YA yarboxyl@a. Rie méclidél iK®nnéciditiirgtigh the
f & & xayhiBo groupto a linear tripeptide bound at its #&rminus to a dihydroxyquinolone
derived chromophore. Pyoverdin D contains tws-formyl-' N-hydroxyL-ornithine residues,
one in the macrolide and one in the linear side cHain.

Meijler utilized solid phase peptide synthesis (SPPS) to construcictapeptide. They
synthesized the N-formyl- N-hydroxyL-ornithine component for SPPS by direct oxidation of
i K Snitragen of protected ornithine2.496 A G K 06 Sy 1 2 & f -nitdYyePwasitRef @ ¢ K S
formylated by treatment with formic acid and EDC, the bamte ester removed under basic
conditions with added benzyl bromide to reprotect the hydroxamate oxygen as the benzyl
ether. Protecting group manipulations provided the Fmoc protected compdubdfor SPPS.

The octapeptide.56was synthesized as depictén Scheme 2.3

The chromophorecomponent2.55 was prepared separately frord.53 and 2.54. The
carboxylic acid of the chromophore was coupled to the resin bound octapeptisié with
PyBOP and released from the resin with concomitant trityl and Mmt deprotection by treatment
with acid. Tie macrolide was formed by coupling theiCS NJY A y dza -nifrdgénfof lysikeS
by treatment with HATU and\,N-diisopropylethylamine to provide2.57. The remaining
protecting groups were removed by hydrogenolysis and the succinimide hydrolyzed with base

to afford2.58
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2.1 M NaOH, H,0

H HH = H H
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N
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HONTH o)
o)
2.59

Scheme 2.3Meijler synthesis of pyoverdin D.

2.4 Studies towards the synthesis of coelichelin

Coelichelin retrosynthetic analysis

Using a similar approach as the ypieusly described syntheses, we envisioned
assembling coelichelin through peptide couplings of suitably protected amino acid precursors
and globally deprotecting the assembled polypeptide to provide the natural product. The
molecule can be disconnected thugh the peptide bonds to three precursor amino acids; the
Boc and acetonide protecteprallo-threonine 2.59, protected' N-hydroxyL-ornithine 2.60, and
protected ' N-formyl-  N-hydroxyD-ornithine 2.61 (Scheme 2.4)2.59 can be prepared fronp-
allo-threonine by a reported routé® D-allo-threonine is prohibitively expensive but can be
prepared from D-threonine in several steps and acceptable yi€l®.60 and 2.61 can be
LINBLI NBR o0& | &AYAfLFN NRdziS RATFTT SitBoy and 2y f &
formylation of theD-isomer. Protected $ydroxy2-aminopentanoicacid 2.62 is an excellent

substrate for synthesis &.60and?2.61since a variety of the previously described chemistry to
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install the N-hydroxy functionality can be utilized including the oxidation/reductive amination
and conversion to a leaving groupsgglacement strategies. This material can be prepared from
commercially availabl®- and L-pyroglutamic acids. Starting with this material allows simple
incorporation of the correct stereochemistry and additionally allows easy modification of

protecting graups should the need arise.

OH HOOC

A M jﬁr iﬁwwiH
U U U

(0]
ST R ST
Boc COOH OBn NHBoc OBn NHBoc
2.59 2.6 2.61

J s 7

H,N H
2 coo NHBoc

D-threonine 2.62 D- and L-pyroglutamic acid

Scheme 2.4Retrosynthetic analysis of coelichelin.

Synthesis of protected threonine 2.59
Using a literature proceduf® p-allo-threonine was prepared by convertimgthreonine
to methyl ester2.63 by treatment with thionyl bloride in methanol.2.63 was then treated

with benzoyl chloride and triethylamine in methanol to provide benzano@4 This was
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reacted with thionyl chloride for 5 days at 0 °C leading to formation of oxazalé® and
inversion of the stereocenter at K Sarbon. The oxazoline and methyl este2dd5were then
hydrolyzed in 6 N HCI to provideallo-threonine as the hydrochloride salt. The nitrogen was
Boc protected by treatment with dert-butyl-dicarbonate in methanehqueous sodium
bicarbonate. Wder these conditions, methyl ester formation occurred to some extent. To
resolve this, the crude product after work up was dissolved in THF and treated with 1 M LiOH to
saponify the ester and provid2.66 in 80 % yield. The Boc protect@dallo-threonine was
converted to the acetonide by treating with 2dimethoxypropane and catalytic TsSOH in DCM

to give2.59in 83 % yield?

\OH SOCl,, MeOH, OH BzCl, Et,N, 0 “\.OH
80°C,1h \L MeOH, 0°C, 2h L
Ph™ TN
H

HoN™ SCOOH 93 % HN" ScooMe 64% COOMe
D-threonine 2.63 2.64
H Boc,0, NaHCOg,
o 6 N HCl, HO_ o H,0/MeOH
SOCl,,0°C,5d -
2 . . Ph——<\ f reflux rt, 14 h .
84 % N"Lcoome HN"""cOOH 80 %
2.65 D-allo- threonine
HO ‘\\\\ (MEO)ZC(CH3)2, O \\\\\
TSOH, DCM >< j
BocHN™ “cOOH 83 % Eoc "COOH
2.66 2.59

Scheme 2.5Synthesis of threonine precursars9.
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Synthesis of intermediate 2.60 and 2.61

We began investigating a route .61 reasoning that the same chemistry could be
applied to arrive at2.60 but starting from the opposite enantiomer. Intermediaf62 was
prepared from commercially available-pyroglutamic acid ethyl ester in two steps. The
nitrogen was Boc protected torovide2.67which was then treated with sodium borohydride in
5:1 THF/water to provid®.68in 42- 68 % yield over two steps.The sodium borohydride
reduction did not give consistent yields and efforts to optimize were unsuccessful. While an
alternate strategy to go from2.67 to 2.68 by lactam hydrolysis with base followed by
conversion tothe anhydride and subsequent reduction has been repottethe added steps
and possibilityof ester saponification rendered this route undesirable and we deemed potential

material losses at this step to be acceptable.

0) Boc,0, DMAP, (o) NaBH,,
NH O°C-rt,15h NBoc rt,2h HO -
> 68 % (2 steps) ~">">NHBoc
COOEt COOEt
2.67 2.68

Scheme 2.6Preparation of intermediat.68.

We initially explored a route t@.60/'2.61 via conversion of the alcohol ¢1.68to a
leaving group and direct displacement &benzylhydroxylamine similar to the previously
described method of Fuji2.68was easily converted to tosylat269 by treatment with tosyl
chloride in pyridine at 0 °C exnight.2.69was reacted withO-benzylhydroxylamine and a base
under various conditions, but generally, only starting material was recovered. A small amount
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of product was obtained when the reaction was carried out in DMF at 150 °C under microwave
irradiation. In an attempt to see if an alternate leaving group would provide higher yields, we
attempted to convert2.68to the bromide with triphenylphosphine and carbon tetrabromide
but observed a complex mixture of products. Given the lack of success wathrathie, we

decided topursue an alternate strategy.

C:DOOEt TsCI; Pyridine QOOEt NH,0Bn-HCl, H (:JOOEt
MO NHBoe —— ;81/2 b T A NHBos T B0 B0
2.68 ’ 2.69 2.70
Base Solvent Temperature Result
DIEA MeOH rt No reaction
DIEA DMF rt No reaction
DIEA(TBAI
added) DMF rt No reaction
KCQ DMF rt No reaction
K:CQ DMF 150 °C (my 10 % yield

Figure 2.7Investigation of & approach t®2.60/2.61

The next method we attempted to employ was an oxidation/reductive amination
approach. Initial efforts to oxidiz&2.68 to the aldehyde were problematic. Pyridinium
chlorochromate (PC®as initially used as a similar reaction was previously reported by Miller.
However, the aldehyde was not isolated in good yield and purification was not productive as it
appeared the aldehyde was not entirely stable and thus could not be stored. Attampasm
the oxime from the crude product of PCC oxidation were also not productive. In addition to

PCC, oxidations with IBX and Db&xtin periodinane were also attempted with little success.
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Ultimately, the ParikiDoering oxidation was successful at gucing the aldehyde in sufficient
guantities to move forward. Oxidation under these conditions and subsequent oxime formation
with O-benzylhydroxylamine hydrochloride and sodium acetate in ethanol provided oximes
2.72as a mixture of geometric isomers.

Reluction of oximes2.72 was rendered needlessly time consuming by the insistence
that sodium cyanoborohydride, the reagent of choice for this transformation, not be used.
Instead, many alternate reagents and conditions including sodium triacetoxyborohydride
tetramethylammonium triacetyoxyborohydride, sodium borohydride, and triethylsilane were
explored. While there was literature precedence for oxime reduction by all of these reagents,
none reproducibly resulted in formation &.73 After much wasted timetreatment of 2.72
with sodium cyanoborohydride and 0.1 M HCI in ethanol resulted in formatio8.43 in
excellent yield, naturally.

Formylation of2.73was accomplished by treatment with formic acetic anhydffde
provide2.74. Saponification of the estdo provide advanced intermediat2 61 was attempted
with 1 M LiOH in THF. Unfortunately, in addition to saponification this also resulted in loss of
the formyl group. This result suggested that treatment of this compound and any advanced
material with famyl groups would be problematic. Since compon@n0 also contains an
ethyl ester, a late stage saponification in the presence of two formyl amides would be
necessary. Given these limitations, we decided to change the type of ester to make

deprotection nore compatible with other functional groups in the molecule.
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1. S05-Pyr, DMSO 2. NH,0Bn-HCl

COOEt DIPEA, DCM, COOEt NaOAc, EtOH COOEt
- _ ° < N -
HOV\/\NHBOC 15°C,1.5h OWNHBOC M» BnO® "> "“NHBoc
74 % (2 steps
2.68 2.71 6 (2 steps) 2.72
NaCNBH; o
0.1 M Hcl Ac,0, HCOOH
COOEt 2%
EtOH H H DCM, rt HJ\N NHBoc
_ N>~ _
BnO NHB )
85 % n ¢ 81% OBn COOEt
2.73 2.74

Scheme 2.7Preliminary route to 2.61.

To synthesize.61, the ethyl ester was swapped for an allyl ester since this could be
removed by treatment with cata@ G A O t R-allyl catidn Bdaveriger which should not
affect any other functional groups. The allyl estr75 was formed by treatment of
commercially available-pyroglutamic acid with allyl alcohol and TsOH in toluehé5was Boc
protected and caied through the route previously described for the ethyl ester. While this
route was mostly compatible with the allyl ester, the yields for the reductive ring opening were
lower using this substrate. The sequential Paifildering oxidatioroxime formation was also
problematic generally providing the oxim@s78in yields ~40 % over the two steps. This low
yield was likely the result of the instability of the aldehyde. To overcome this, gaine
oxidation-oxime formation was employed which significantlycrieased the yields of the
sequence reliably to 8§ 90 %. The oxime2.78were reduced with sodium cyanoborohydride

and the allyl ester removed with catalytic Pd(B)and morpholine in THF to provide61
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HO o Boc,0, DMAP, NaBH,,

pTSOH, PhMe, 0 Et;N, DCM O THF/H,0 (5:1) COOAIVI
NH reflux, 3 h NH 0°C-rt,15h NBoc 0°C-rt,2h Ho = y
—_— _— —_— -
71% 99 % 2% """ NHBoc
COOH COOAIlyl COOAIlyl
2.75 2.76 2.77
i. SO5-Pyr, DMSO NaCNBH,
DIPEA, DCM, H o 0.1 M Hcl o
-15°C-rt,1.5h BnO. /)\/\/U\ M
= - N o B N o N
ii. NH,0Bn-HCI IilHB 84 % | Z
NaOAc, EtOH oc OBn NHBoc
reflux, 4 h 2.78 2.79
85 %
Pd(PPhs),
Ac,0, HCOOH o) o) morpholine j\ 9
DCM, rt /\/\)J\
_oamr M~ gns TR N " “oH
o | = % N
68 % OBn NHBoGc 94 % OBn NHBoc
2.80 2.61

Scheme 2.8Revised route t@.61

Replacing the ethyl ester &.60 with a benzyl ester seemed prudent given that this
could be removed under the same conditions as the benzyl ethers in the anticipated final global
deprotection step. This component was preparedikanty to 2.78 Starting from.-pyroglutamic
acid, benzyl ester formation by treatment with benzyl alcohol and thionyl chloride followed by
Boc protection provide2.81 This is reduced to alcoh@l83 and the oximes prepared in the

one pot reaction previosly described. Reduction with sodium cyanoborohydride provid@s
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socl, Boc,0, DMAP, NaBH,,

BnOH, o EtzN, DCM 0o THF/H,0 (5:1) COOBnNn
rt,15h 0°C-rt,15h rt,2h
NH d NH ———— NBoc ——————— HO
Cpo 0 G 8 o 22 o S0
/ g5 % / 91 % / 55 %
COOH COOBn COOBn
2.81 2.82 2.83
i. SO5-Pyr, DMSO NaCNBH;
DIPEA, DCM, H 0 0.1 M HCl Q
-15°C-rt,1.5h »
“5 C-rt, 1.5 . BnO,,N/ OBn EtOH HN OBn
ii. NH,0Bn-HCI 72 % (IJB NHB
NaOAc, EtOH NHBoc ’ " >
reflux, 4 h 2.84 2.85

82%

Scheme 2.9Synthesis of advanced intermedié2e35.

Coupling strategy

With the three advanced coupling compone2$9, 2.85(in place 02.60), ard 2.61in
hand, we envisioned a coupling strategy whe&&9 and 2.85 would be coupled and the
resulting dipeptide Bodeprotected to provide dipeptid2.86. This could be treated with 2 eq
of 2.61to acylate both primary amines @&.86 simultaneously to iye protected tetrapeptide

2.87.
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O + HN COOEt Couple o NrBoe
AR SR - N\/\/\COOEt
Boc “COOH OBn NHBoc 0
2.59 2.60 2.88
Coupling Conditions Result
EDC, HOBt, DCM HOBLt ester formation/No coupling
EDC, HOBt, DMAP, DCM HOBt ester formatioriNo coupling
PyBOP, DIEA, DCM HOBLt ester formation/No coupling
PyCIU, Et3N, THF No coupling
HATU, DIEA, DMF HOAt ester formation/No coupling

(0] 1. Couple

0" 2. TFA
P4 j\ *  HN OR  ~-ttoe- -
N

|
COOH OBn NHBoc

2.59 2.60/2.85

o) OR OBn NHBoc
2.86 2eq2.61
RO
A JS’\ﬂ
BocHN {
2.87

Scheme 2.10Coupling strategy.

»LNBOC OBn

Figure 2.8 Attempted synthesis 02.88
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We initially explored the first coupling witb.60 which had been pneared through the
established route. Attempts to coupl@.59 with 2.60 were wholly unsuccessful. Several
coupling reagents were investigated for this transformation including EDC (with HOBt as an
additive), PyBOP, HATU, and PyCIU. In the first three gasesupling reaction occurred but
2.59was converted to its respective activated ester. We hypothesized that the five membered
acetonide was locked in a very rigid conformation and attack of a nucleophile on the carbonyl
would be sterically hindered becsae of interactions with the bulkitbutyl carbamate and cis
methyl. Since HOBt and HOAt are relatively small and flat, attack on the carbonyl is possible and
thus, the activated esters can be formed. In contr@sg0is a rather bulky nucleophile and the
O-benzyl and aliphatic side chains would certainly clash with the substituents of the ring during
any attack on the carbonyl.

The primary motivation for acetonide protection of the threonine component was to
prevent O-acylation during this and the subsegpt coupling reaction. We hypothesized that
foregoing the acetonide protection of threonine and instead using Boc protectatlo-
threonine @.66) would allow for a conformation where attack on the carbonyl 285 was
possible. We further hypothesizetidt O-acylation would not be a significant concern since
acyl migration to the adjacent nitrogen was favored. ReactioR.®6 and 2.85with HATU and
DIEA in DMF led to formation of dipepti@e89in 56 % vyield after purification. Removal of the
Boc groupsf 2.89was accomplished by treatment with 20 % TFA in DCM. This reaction is not
entirely clean and produc2.90 (as the trifluoroacetate salt) was purified by HPLC leading to a

lower yield for this transformation.
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HO— "
+  HN COOBN  HATU, DIEA, BocHN H OQBn NHBoc

Ho XN :
. | DMF, rt,2 h ~ N
BocHN™"cooH OBn NHBoc ~ —— " o COOBn
56 % 0
2.66 2.85 2.89
OBn NH
TFA, DCM ’ OHZN H X - 2
R —
~"">Cco0Bn
50 %
0
2.90

Schene 2.11.Synthesis of dipeptid2.90.

2.5 Conclusion

With dipeptide2.90in hand, we can now investigate the double acylation reaction to
the fully protected tetrapeptide. Once assembled, the Boc groups will be removed by treatment
with acid and the beng ethers and ester removed by treatment with hydrogen gas and
palladium on carbon to provide the final product.

We will characterize the final product as the unbound and*®aund compounds by
NMR and mass spectrometry and compare to the originally medospectra. Assuming the
spectra match, we will move the material on to biological testing. If the spectra do not match,
we will evaluate where the discrepancies may be and rework the synthesis to address this.

Once synthetic coelichelin is available, wal test its activity againsStaphylococcus
aureus First we will generate a dose response curve to determine an IC50 value for coelichelin.
We anticipate this will be similar to other iron chelators. We will also supplement growth media
with iron to see if this reverses any growth inhibition by coelichelin. Finally, we will treat a

strain ofS. aureudearing a Fur reporter construct for activity.
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Expermental section

Note: The following experimental procedures were jointly written by Hunter Imlaynae.

General ProcedureAll noraqueous reactions were performed in flardeed flasks under an
atmosphere of argon. Stainless steel syringes were used to transfemaimoisturesensitive
liquids. Reaction temperatures were controlled using a thezouple thermometer and analog
hotplate stirrer. Reactions were conducted at room temperature (rt, approximately 23 °C)
unless otherwise noted. Flash column chromatography was conducted using silica g€0230
mesh. Analytical thibayer chromatography (1) was performed on E. Merck silica gel 60 F254

plates and visualized using UV and iodine stain.

Materials. All solvents and chemicals were purchased from Sigtdach except b
pyroglutamic acid and -®enzylhydroxylamine hydrochloride (ConBlocks) anddi-tert-
butyldicarbonate, = sodium  borohydride, = sodium triacetoxyborohydride,  sodium
cyanoborohydride, and HATU (Oakwood Chemicals). Dry dichloromethane was collected from
an MBraun MBSPS solvent system. Triethylamine, MiMethylformamide (DMF) and
dimethyl sulfoxide were used as received in a bottle with a Sure/Seal.- N,N
diisopropylethylamine was distilled from calcium hydride and stored over KOH. Deuterated

solvents were purchased from Cambridge Isotope Laboratories.

Instrumentation: 'H NMR spectra wererecorded on Bruker 400, 500, or 600 MHz
spectrometers and are reported relative to deuterated solvent signals. Dat&féiVIR spectra

INBE NBLR2NISR a F2fft26ayY OKSYAOIf aKAFTG o4 LI
= quartet, p = petet, m = multiplet, br = broad, app = apparent), coupling constants (Hz), and
integration.**C NMR spectra were recorded on Bruker 100, 125, or 150 MHz spectrometers and
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are reported relative to deuterated solvent signals. Low resolution mass spectroifi&ifS)

was conducted and recorded on Agilent Technologies 6130 Quadrupole instrument.

Compound data:

0 Allyl (R-5-oxopyrrolidine-2-carboxylate (2.75: To a stirred susupension of
NH pyroglutamic acid6.00 g, 46.5 mmol) in toluene (185 mL) was added altohol
COOAllyl

(12.6 mL, 185 mmol) anp-toluenesulfonic acid hydrate (441 mg, 2.31 mmol).
The reaction was refluxed 3 h at which point the reaction was judged complete by TLC. The
reaction was allowed to cool to room temperature and aqueous sodium bicarbovedeadded
to quench the acid. The reaction was concentrated/acug extracted dichloromethane (3x),
washed with brine (2x), dried (Mg@Qfiltered, and concentratetb yield 5.56 g (71 %) @75
as a white solid. Compound characterization data wasistent with previous report3®
0 2-allyl 1-(tert-butyl) (R-5-oxopyrrolidine-1,2-dicarboxylate (2.76): To a stirred
NBoc  gplution 0f2.75(5.56 g, 32.9 mmol) in dichloromethane4lmL) was added-4
COOAll dimethylaminopyridine (401 mg, 3.29 mmol), and triethylamine (5.05 mL, 36.2
mmol). The solution was cooled to 0 °C andH-liityl dicarbonate (7.83 g, 36.2 mmol) at 0 °C
was added. The reaction was allowed to warm to room temperature stirred overnight at
which point the reaction was judged complete by TLC. The reaction was washed with saturated
agueous ammonium chloride and brine, dried (Mg@nd concentratedn vacuoto afford
8.83 (99 %) oR.761 & | & St 2% 85.2% IR f(nka B55Q8 B981.0, 1790.1, 1751.9,
1458.8, 1367.7, 1313.1, 1158.7, 1028.7, 985.2, 844.2, 779.3, 600.0, 42%.3HtNMR (400
al 10 45.8Ip(, i), 5.38.12 (m, 2H), 4.68.56 (m, 3H), 2.68.53 (m, 1H), 2.52.41 (m,

1H), 2.382.23 (m, 1H), 2.02.96 (m, 1H), 1.45 (s, 9Hy baw émnn al 1l 0 1

a7
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159.1, 130.9, 119.5, 83.7, 78.2, 78.0, 77.8, 66.0, 59.2, 30.7, 28.5, 21.1; HRVISHHE&$)
calculated for @Hi;gNG; (M+Na) m/z: 292.1155, measured 292.11.7

COOAIlyl Allyl  (R-2-((tert-butoxycarbonyl)amino)s-hydroxypentanoate (2.77):
HONNHBOC To a stirred solution 0£.76 (8.06 g, 29.9 mmol) in THF (39 mL) and
water (7.7 mL) at 0 °C was added sodium borohydride (1.59 mg, 41.9 mmol). The reaction was
stirred for 1 h at 0 °@nd then allowed to warm to room temperature and stirred for 45 min, at
which point the reaction was judged complete by TLC. The reaction was diluted with diethyl
ether (20 mL) and washed with water. The aqueous layer was extracted with diethyl ether (2),
and the organic layers were combined and washed with water (1x) and brine (2x), dried
(MgSQ), and concentrated. The resulting residue was purified by flash chromatography with a
40 ¢ 60 % ethyl acetate in hexanes gradient to afford 2.60 g (32 @)7@fas a colorless oil:
o *38-3.59; IR (neat) 3370.00, 2969.5, 2358.0, 1706.2, 1519.0, 1451.8, 1369.4, 1252.7, 1168.9,
1054.2, 932.8, 863.4, 781.0 ¢nfH NMR (400 MHz, CRE! ¢ -5@81Bdnp 1H), 5.35.18 (m,
3H), 4.664.55 (m, 2H), 4.38.25 (br, 1H), B37 (tr, J = 6.142 Hz, 2H), 2.18 (s, 1H),-1.88 (m,
1H), 1.7931.667 (m, 1H), 1.66.54 (m, 2H), 1.41 (s, 94} baw omnn all 0 4 MTH
131.71, 118.91, 77.48, 77.16, 76.84, 65.96, 62.06, 53.32, 29.52, 28.40; HRNISHBE3$%)

calculated forG aH,sNG; (M+H)Y m/z: 274.1649, measured 274.1666.

H o Allyl (R-5-((benzyloxy)iminoj2-((tert-

BnO. 4L\V/A\v/ﬂ\
N

~>0"™ butoxycarbonyl)amino)pentanoate (2.78: To a stirred
NHBoc
solution 0f2.77 (500 mg, 1.82 mmol) in dichloromethane (8.0 mL) under an Ar atmosphere was
added diisopropyl#nylamine (958 pL, 5.46 mmol) and dimethylsulfoxide (4.0 mL), and the

resulting solution was cooled td5 °C using a dry ice and acetone bath. Sulfur triegideline
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complex (871 mg, 5.46 mmol) was dissolved in dimethylsulfoxide (4.0 mL) and thengesulti
solution was added dropwise to the solution 2f77. The reaction was stirred in the acetone
bath until the temperature rose te5 °C at which point the cooling bath was removed and the
reaction allowed to warm to room temperature (20 min). TLC inditatemplete consumption
of starting materials. To the reaction was added ethanol (4.0 mL) and the reaction was stirred
for 5 min followed by addition of diisopropylethylamine (476 pL, 2.73 mmol) @nd
benzylhydroxylamine hydrochloride (4&&g, 2.73 mmol). fle reaction was stirred for room
temperature for 1.5 h at which point it was judged complete by TLC. The reaction was diluted
with diethyl ether and water, washed with 1 N HCI, saturated NaH&€), and brine, dried
(MgSQ), filtered, and concentrateth vacuoto afford 584 mg (85 %) &.78as a colorless oil.
'HNMR shows a mixture of geometric isomers. The mixture was not separated and carried
through to the next step without further characterization.

o Allyl (R-5-((benzyloxy)aminoY-((tert-

HN/\/\)J\O/\/

B butoxycarbayl)amino)pentanoate(2.79): To a stirred solution of
OBn NHBoc

oximes2.78 (1.28 mg, 3.40 mmol) in methanol (128 mL) and concentrated hydrochloric acid
(2.10 mL) at room temperature was added sodium cyanoborohydride (321 mg, 5.10 mmol). The
reaction was maintainedat room temperature for 1.5 h when the reaction was judged
complete by TLGCSolvent was concentrateid vacuoto half volume and diluted with EtOAc (50

mL) and KO (40 mL). The organic layer was washed with brine (2 x 400 mL), dried,jMg&O
concentraed in vacuoto afford 1.08 g (84%, crude) @791 & | O2f 2VHBA 2Af Y
(neat) 3355.9, 2932.9, 1713.0, 1508.5, 1452.8, 1366.5, 1250.4, 1167.4, 993.17, 863.0, 744.1,

698.3cn;Y1 baw 6nnn -727 (mPSH)Y 5.98.88a(m, 1H), 5.38.09 (m, 3H), 4.72
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4.58 (m, 4H), 4.3@.27 (br, 1H), 2.93 (t, J = 6.76, 2H), 11970 (br, 1H), 1.78.64 (m, 1H), 1.63
1.52 (m, 2H),1.44 (s,94 baw é6mnn aliov 4 MTH®PonE mMppPomMZ
127.77, 118.68, 79.75, 77.28, 76.96, 4.66.21, 65.74, 53.27, 51.36, 30.29, 28.25, 23.20;
HRMS (ESIOF MS) calculated fopdBoN20s (M+H) m/z: 379.2227, measured 379.2228.

0 0 Allyl (R)-5-(N-(benzyloxy)formamido)2-((tert-

H)LN/\/\)J\O/\/

San NHBoc butoxycarbonyl)amino)pentanoatg2.80): To a stirred solution

of 2.79(285 mg, 0.75 mmol) in dichloromethane (4 mL) was added formic acetic anhydride (0.5
mL) previously prepared by heating acetic anhydride (0.8 mL) and formic acid (0.4 mL) at 65 °C
for 45 min under Ar atmosphere. The reaction was stirred for 1 h until judgetplete by TLC.
The reaction was diluted with DCM and washed with saturated NgHKi&() and then brine,
dried (MgSQ), filtered, and concentratedin vacuo The residue was purified by flash
chromatography (2:1 hexane:ethyl acetate) to provide 208 mg (68f%80as a colorless oil:
o #38-8.13; IR (neat) 3341.7, 2972.1, 1683.0, 1513.8, 1452.6, 1364.5, 1251.4, 1167.5, 1055.4,
987.9, 749.5,700.1chmYl baw opnn al l 0 -A33 [ nddM)6.94 B AHMIOD £ T DI
5.84 (m, 1H), 5.35.16 (m, 2H)4.91 (s, 2H), 4.68.51 (m, 2H), 4.02 (s, 1H), 3.52 (d, J = 5.75,
2H), 3.05 (s, 1H), 2.50 (s, 1H), 11885 (m, 4H), 1.39 (s, 9HYY baw o6mup allo
135.39, 132.69 129.44, 128.78, 128.59, 117.86, 78.60, 76.65, 64.90, 53.81, 40.69, 40.52, 40.35,
40.19, 40.02, 39.85, 39.69, 28.43, 28.39, 23.70.

¢} o) (R-5-(N-(benzyloxy)formamido)2-((tert-

HJ\NMOH

Oan fHBoc butoxycarbonyl)amino)pentanoic aci¢R.61): To a stirred solution

of 2.80(110 mg, 0.271 mmol) in tetrahydrofuran (1 mL) was added morpholine (234 pL, 2.71

mmol) ard palladium tetrakistriphenylphosphine (31 mg, 0.0271 mmol) under an Ar
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atmosphere. The reaction was stirred overnight at which point it was judged complete by TLC.
The reaction was diluted with ethyl acetate (5 mL) and washed was 1 N hydrochloric add (1
mL). The acid layer was extracted with ethyl acetate (2 x 2 mL), and the organic layers were
combined, washed with brine (1 x 5 mL), dried (MgS&nd concentratedh vacuacto afford 93
mg (94 %) oR61> | & | LIS &Stf2¢ 232098 RR (ne@K29MI0,00 S NA
2357.4, 1705.0, 1512.6, 1365.5, 1166.3, 751.6%cHRMS (ESIOF MS) calculated for
CigHoeN20s (M+H) m/z: 367.1864, measured 367.1854.
o Benzyl §-5-oxopyrrolidine-2-carboxylate (2.81) To a stirred solution of 2.00 g
E/fNH (15.5mmol, 1.0 eq) of-pyroglutamic acid dissolved in 15.0 mL (136 mmol, 8.8 eq)
LCOOBH benzyl alcohol cooled in an ice bath was added 2.25 mL (31.0 mmol, 2.0 eq) of
thionyl chloride dropwise.The mixture was allowed to warm to room temperature and stirred
overnight The reaction was quenched by addition of saturated NaH&¢q) and extracted 3x
with EtOAc, washed with brine, dried (Mg¥CGnd concentrated. The residual benzyl alcohol
was removed by distillation under reduced pressure to give 2.90 g (85 %) @bdnpound
characterization data was consistent with previous repdtts
0 2-benzyl X(tert-butyl) (9-5-oxopyrrolidine-1,2-dicarboxylate (2.82) To a stirred
'NBOC solution of dichloromethane (180 mL) a@dB1(7.41 g, 33.80 mmol) was added 4
cooBn dimethylaminopyridine (413 m¢.38 mmol), triethylamine (4.71 mL, 33.80 mmol),
and dit-butyl dicarbonate (8.85 g40.56 mmol) at O °C under inert atmosphere. The reaction
was warmed to room temperature after 1 h and stirred overnight, at which point the reaction

was judged completdoy TLC. The reaction was diluted with DCM (100 mL), washed with

saturated ammonium chloride solution (2 x 70 mL) and brine (1 x 70 mL), dried {y1g8®
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concentratedin vacuoto afford 9.84 g (91%, crude) @82 as a yellow solid. Compound
characterizaibn data was consistent with previous repofts.

COOBn Benzyl §-2-((tert-butoxycarbonyl)aminojs-hydroxypentanoate(2.83)

HO
NFBOC 16 a stirred solution 02.82 (4.4 g, 13.20 mmol) in tetrahydrofuran (53

mL), and water (10.5 mL) was added sodium borohydride (1.05 g, 27.72 mmol) at 0 °C. The
reaction was stirred for 1 h then warmed to room temperature and stirred for 45 miwhath

point the reaction was judged complete by TLC. The reaction was diluted with diethyl ether (50
mL) and washed with water (1 x 60 mL). The aqueous layer was extracted with diethyl ether (2 x
25 mL), and the organic layers were combined and washedwathr (1 x 25 mL) and brine (2

x 20 mL), dried (MgS}) and concentrated in vacuo. The resulting residue was purified by flash
chromatography (60/40, 50/50, 40/60 hexane/EtOAc) to afford 2.35 g (55%) 83 as a
colorless oil. Compound characterizatioata was consistent with previous reporfs

H o Benzyl 8-5-((benzyloxy)imino)2-((tert-

BnO,
RN OBn

NHBoc butoxycarbonyl)amino)pentanoate(2.84) To a stirred solution of

2.83 (1.05 ¢,3.25 mmol) in dichloromethane (10 mL) was addédl-diisopropylethylamine
(2.29 mL, 7.39 mmol) and dimethylsulfoxide (5.0 mL) and the resulting solution was coeled to
15 °C using a dry ice/acetone bath. Sulfur trioxpgeidine complex (1.18 g, 7.39 mmalas
dissolved in dimethylsulfoxide (5.0 mL), and the resulting solution was added dropwise to the
solution 0f2.83 The reaction was stirred in the cooling bath until the temperature ros® ttC
at which point the cooling bath was removed and the réactallowed to warm to room
temperature (~30 min). TLC indicated complete consumption of starting materials. To the

reaction was added ethanol (4.0 mL) and the reaction was stirred for 5 min followed by addition
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of N,N-diisopropylethylamine (642 uL, 3.68mmol) and O-benzylhydroxylamine hydrochloride
(588mg, 3.68 mmol). The reaction was stirred at room temperature for 1.5 h at which point it
was judged complete by TLC. The reaction was diluted with diethyl ether and water, washed
with 1 N HCI, saturated N&®@ (aq), and brine, dried (MgS) filtered, and concentratedh
vacuoto afford 1.14 g (82 %) &.78as a colorless oitH-NMR shows a mixture of geometric

isomers. The mixture was not separated and carried through to the next step without further

characterization.
o (S)benzyl 5((benzyloxy)aminoR-((tert-
HN oBn butoxycarbonyl)amino)pentanoate (2.85: To a stirred solution of
OBn NHBoc

oximes2.846 m®mn 3II HPcT YY2f0 Ay SiUKFy2f 6up Y[ O
at room temperature was added sodiunganoborohydride (336 mg, 5.34 mmol). The reaction
was maintained at room temperature for 1.5 h when the reaction was judged complete by TLC.
The reaction was diluted with EtOAc (90 mL) an® K60 mL). The organic layer was washed
with brine (2 x 30 mL),rebd (MgS@), and concentratedn vacuo The residue was purified by

flash chromatography to afford 819 mg (72 %Rd@5as a colorless oith 7$-12.32; IR (neat)
3354.80, 3030.86, 2968.28, 1713.64, 1507.03, 1454.15, 1364.20, 1250.85, 1168.09, 1009.56,
915.19, 863.23, 744.08, 699.25, 605.26"ciiH NMR (400 MHz, CREI 1 -727(m;110H),

5.28 (s, 2H), 5.28.10 (app q, 3H), 4.67 (s, 2M4)39-4.31 (br, 1H), 2.90 (t, J = 6.82 Hz, 2H),-1.92
1.79 (m, 1H), 1.74.63 (m, 1H), 1.61.49 (m, 2H), 1.44 (s, 9HJC NMR (150 MHz, CRCI
172.6, 155.4, 137.9, 135.4, 128.6, 128.4, 128.4, 128.2, 127.8, 79.8, 77.3, 77.1, 76.9, 76.2, 66.9,
53.4, 51.4,30.2, 28.3, 23.2; HRMS (H®IF MS) calculated for,48:N,Os (M+H) m/z:

429.2384, measured 429.2360.
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BocHN H OBn NHBoc Benzyl 8-5-((2R 3R)-N-(benzyloxy}2-((tert-
> |

MO N cooen
o)
butoxycarbonyl)amino)pentanoatg2.89 To a stirred dation of 2.85 (123 mg, 0.287 mmol)

butoxycarbonyl)amino)3-hydroxybutanamido}2-((tert-

and 2.66 (60 mg, 0.274 mmol) in dimethylformamide (1 mL) was added diisopropylethylamine
é6ny >[2 noduTtn YY2f0 FYyR ! ¢! O6dmpc YII nodnwmwm
reaction was maintained at 30 °C for 1.7hen TLC indicated the reaction was complete. The
reaction was diluted with EtOAc (5 mL) washed with 1 N HCI (1 x 5 mL) and brine (1 x 5 mL),
dried (MgS@), and concentratedh vacuo The residue was purified using flash chromatography
with a hexane/ethylacetate solvent gradient (70/30, 60/40, 50/50) to afford 96 mg (56%) of
2891 & | 6 KA (S -9.232IR (n&ay 3348128, 2974.05, 1707.87, 1648.93, 1505.79,
1452.80, 1368.42, 1248.35, 1166.99, 1015.70, 741.54, 698.87'"tm baw onnn -al 1 0
7.17 (m, 10H), 5.53 (d, J = 6.04 Hz, 1H)-5.0Z (m, 3H), 4.97 (d, J = 9.66 Hz, 1H),-4.99 (m,
2H), 4.434.30 (br, 1H), 4.03.88 (br, 2H), 3.43.28 (br, 1H), 3.02.94 (br, 1H), 1.88.77 (br,
1H), 1.751.58 (m, 4H), 1.43 (d, J = 19.80 Hz, 18H) (d, J = 5.76 Hz, 3HJC NMR (150 MHz)
1 MTH®PCZ MTMPYZ mMppdPcZ MopPpZ MONnd®MZI MHPDPYy Z
77.3,77.2,77.1,69.5,67.4,55.0, 53.2, 44.8, 30.1, 28.6, 28.5, 22.9, 19.6.

HoN H OBn NH, Benzyl B§-2-amino-5-((2R,3R)-2-amino-N-(benzyloxy)3-
hydroxybutanamido)pentanoate(2.90): To a stirred solution
of 2.89 (25 mg, 0.0397 mmol) in dichloromethane (2 mL) at room temperature was added
trifluoroacetic acid (100 pL). The reaction was stirred for 2 h at which point it was judged
complete by TLC. The reaction was concentratestacuoand purified by reverse phase HPLC

to provide2.90as the TFAsafttb aw o6 cnn  al 1 =-7.41h,5H), 738 7131(m;T
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5H), 5.26 (d, J=12.06 Hz, 1H), 5.22 (d, J=12.00 Hz, 1H), 5.02 (d, J=10.26 Hz, 1H), 4.91 (d, J=10.26
Hz, 1H), 4.3& 4.33 (m, 2H), 4.12 (t, J=6.21 Hz, 1H), £.@700 (m, 1H), 3.5 3.52 (m, 1H)

2.00¢ 1.79 (m, 3H), 1.03 (d, J=7.32 Hz, 3(0p aw ompn alil = aShs50 + wmT~h
135.2, 130.7, 130.5, 130.0, 129.9, 129.8, 77.89, 69.2, 64.7, 58.2, 53.6, 45.4, 28.8, 23.4, 17.6;

HRMS (ESIOF MS) calculated fop:8::N:0s (M+Na) m/z: 452.21%, measured 452.2187.
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CHAPTER 3

STRUCTURETIVITY RELATIONSHIP STUDVEY ©OF H

Reprinted with permission fronbutter, B. F., Mike, L. A., Reid, P. R., Chong, K. M., Ramos
Hunter, S. J., Skaar, E. P., and Sulikowski, G. A. (2016) Decoupling Activation of Heme
Biosynthesis from Anaerobic Toxicity in a Molecule Activ&taphybcoccus aureusACS Chem.

Biol.11, 1354;1361.Copyright 2016 American Chemical Society.

3.1 Introduction

LYAGAFE &dAGdzRASE 2F WyyyH RSOGSNXYAYSR GKI
heme biosynthesis leading to intracellular accumulation of hennfficeent to activate HsSRS
but not affect overall growth. LY | RRAGA2Yy S 6KAtS &aiddzRéAy3a GKS
we observed thatit was toxic toS. areus growing anaerobically, potentially through the
inhibition of a process essential during fermentati@ .aureuss a facultative anaerobe capable
of generating energy through respiration or fermentation depending on the availability of
terminal electon acceptors. Fermentative growth 8f aureus & aAAYAFAOlI yiGt & Ayl

compared to an untreated control @. aureusi NB | (i S R uadenn&ébic gopditions.
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Activators of heme biosynthesis are potentially useful chemical tools to study the
regulation of heme biosynthesis in bacteria as little is known regarding the regulation of heme
import and biosythesis. Small molecules toxic to fermenting bacteria may serve as the basis
for a new class of therapeutics. During certain types of infecti®asggureuselies heavily on
fermentation to generate energyn addition, phenotypic variants &. aureuknown as small
colony variants (SCVs) are often obligate fermenters and are generally more resistant to current
antimicrobial therapie$>*

While we initially concluded these two activities were linked through a single target,
given the promiscuous nature of molecules identified through high throughput screens, it is
possible that these phenotypes are the result of interactions of the same mlel&dth distinct
targets in the bacterium.

28 aeyiKSaAl SR I fAONINEB 2F O2YLR2dzyRa I NRo
HssRS activation and anaerobic toxicity to determine how chemical modifications affect the two
activities. Using this approachSv Kl @S STFSOGA @St e RSO2dmdf SR (K
established that it likelyhas two or more targets. Furthermore, we have identified the
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that maintain each activity while introducing higher specificity.

3.2 Library synthesis

A.
= Alternate substituents * N-alkyls = (hetero)aryls
® Phenol equivalents \|/ = alkyls
~Nu 1 v

{J

®* Remove ring —>
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Our initial efforts towards varying the structug ¥  WgcysgdHon four regions of the
molecule (Figure 2.2A); removal of the B ring of the naphthol moiety; modification of the
phenol by walking to them- and p-positions (with B ring removed)O-methylation, and
replacement with phenol equivalents (atieis and sulfonamide-methylation of the pyrazole;
and replacement of the furan with aromatic, heteroaromatic, and alkyl groups.

Many routes to 3,5substituted pyrazoles have been report2tlVe utilized two routes,

1) cyclocondensation of hydrazine with an alkynone and 2) cyclocondensation of hydrazine with
a 1,3diketone (Figure 2.2B)The alkynone can be installed by palladiomdiated coupling

with the acid chloride containing the correspondingpdsition substituent. This route requires
methyl ether protection of the phenol. As such, synthesis of free phenol containing compounds
involves subsequent deprotection with boron tribromide. For this reason, this sequence was
primarily utilized to synthesize the amide, sulfonamide, adnethylated derivatives ofl
(Figure 33.4, 3.5,3.9¢ 3.13, 3.29, and 3.30 The amide derivatives were itgl labile in the
presence of acid, particularly when substituted with small R groups (Me), and underwent
further dehydration to generate 2;5ubstituted pyrazolo[1,£]quinazolines. These compounds

will not be discussed due to their divergence from thdimmization plan.

Using route 2, the B2 aAGA2Y &1 & RA OGS NE-pHedolSAR thee | O&
corresponding acetophenone to generate the ester substrate for an intramolecular Claisen
condensation to provide the 1;8iketone. Compound8.14¢ 3.17, 3.1%3.22, and 3.24; 3.28
were afforded by cyclocondensation with hydrazir@l7 ¢ & LINBLI NBR -06& | O
hydroxyacetophone with tnethoxybenzoyl chloride, carrying the ester through this reaction

sequence, and subsequently removing the methyl group ubioigpn tribromide. 3.23 was
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synthesized by reacting hydrazine with the corresponding chromone under the same conditions

Fa GKS OeolOf202yRSyaliaAzyo !'aAy3a |y -FyWR-f g282dza
hydroxyacetophenone allowed synthesis 86 and 3.7. Compound3.8 was prepared by
intermolecular Claisen condensation of the lithium enolate of acetophenone, prepared by
reaction with LHMDS in toluene, with furoyl chloride to provide thedik&tone. Methylation

of the pyrazole nitrogen was achieved lveaction of the intermediate 1;8iketone with
methylhydrazine followed by HPLC separation of the resulting isomeric pyr&z8leand 3.32

3.3 Activity

HssRS activation
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Figure 3.4HssRS activityat3, NBf I 6 A PdS (2 WyyyHo

The library was screenddr activation of the heme stress response as an indicator for

activation of heme biosynthesis 8. aureus We began by screening at the single point
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O2yOSY(iNI GAZ2Y 2F pn >a dzaAy3d | LNBohsagsyfe RS:
Newman harboring a plasmid with thet promoter fused toxylE,a gene encoding a catechol
oxidase, is treated with ecopound for six hours, the bacteria lysed, and the oxidation of
catechol by XylE quantified by spectrophotometry. An increase in absorbance due to the
oxidation of catechol indicates elevated levels of xylE transcription and hrt promoter activity.
Results ee expressed as the fraction of activation of HssRS by the compound compared to
Wy yyH® |y -off §D.06ivaslcheden tOdefine active vs. inactive compounds.

Replacement of the naphthol substituent with phen8l3) or 4methoxyphenol 8.3)
resul SR Ay | Y2RS&aG f2aa 2F I OGAGAGE O2YLI NBR |
activate HssR®- andN-Y S i K& f | A @.¢, 3.21&nd 3139) yegulted in complete loss of
activity. These data suggest that disruption of the hydrogen bérli LINR LISNI A S&a 2 F
significant effect on its ability to activate heme biosynthesis. To test this further, several
modifications to the phenol 08.2 were made.O-methylation @.5), movement tom- or p-
positions 8.6 and 3.7), removal 8.8), and replacement with a methyl sulfonamide.0) or
various aryl or heteroaryl amide8.00¢ 3.14) resulted in a loss of HssRS activation compared
02 Wy By Thislsygests that trertho-OH is required for activity.

To explore modification at the-position, we chose the-hydroxyphenyl substituent at
the 3-position instead of theo-hydroxynaphthyl of the parent molecule for convenience.
Replacement of the furan with hydrogeB.23), alkyl 8.24 ¢ 3.28) or pyridyl 8.20 ¢ 3.22
substituents eliminates ast@A 1 & O2 Y LJlaNiBR The Furandgay lyerreplaced with
several aromatic or heteroaromatic groups and retain considerable activity. In particular,

replacement of the furan with an unsubstituted phenyl gro@al6, seems to restore activity
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comparaf S (2 Wyyywn 6AGK2dzi ( krihg. HiMBvar Stiddratio2 &F G K S
3.16decreases activity thougB.18and3.19are comparable t@.2in activity. Substitution with
hydroxyl at theortho position of the phenyl ring 08.16to provide 3.17 renders the molecule
toxic under the single point assay conditions and is therefore not included in Figure 4. However,
3.17activates HsSRS at lower concentrations and its activity was explored further.

Concentration response curves for the top six activatbom the single point screen
(3.2, 3.3 3.14, 3.16, 3.18 and3.19 and3.17 were generated to determine E&Lvalues as a
measure of compound potency. (Table 3.1). Compound efficacy is presented as percent
FOGAGIGAZY Oaydshlayds R Fille si¥ég mosticompounds reach thejpat
2N 6St26 pn >ad SHOWICHTDE Aoy @achiaZplatéaki hefow iks Naubility
f AYA( @&Bwhich ptatedus around 100 pM, ardd17 which is toxic in the XylE assay at
50 uM. For the most part, compound potency does not signffidat &€ RSGALF S FTNRY
In addition,3.18and3.19Y | Ay Ay O2YLI Nrof S LRGSyoOe (2 Wyy:
in efficacy indicating potency and efficacy do not correlate well. These data suggest that

efficacy is a more important quantiti&e descriptor of compound activity.
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EC50 Efficacy

Cmpd Structure 0>auy pEC50 (%)
oH N-NH o
T /*I‘Ix.zéf__("\\;___ll}

8882 “q,f-Lf] 11.6 4.90 + 0.37 100

OH N-NH

)'_.' p—
N e
- W

3.2 | 304 4.49+0.083 28.2+5.4
OH N-NH
A /_i;‘/'-«g:_;,
3.3 e 50.2 @ 4.30+0.20 26.2+6.7
OH N-NH
ANAZ=))
3.14 E.\.,: o ND ND 17.0+2.9
OH h{--Nb —
A AT . A
316 | [ ~ 14.6  4.66+0.016 87.8 + 23.7
~NH
T~
. ®
3.17 (J W 581 |524+0.076 ND
oH N-NH |
J M )~
no W
318 | [J 10.7  4.97+0.033 35.7 + 101
OH N-NH lL
/k\ /'L__/ {\\ ';\
3.19 [ X 13.6 490+1.1 30.1+8.0

Table 3.1 Compound potency data.

Finally, the top activators were assayed for their ability to preadapureuso heme as
an indication that they can activate HssRS outside the context of a reporter assagatnetnt
of cultures with a compound that induces HrtAB expression througfivation of HssRS at
subtoxic concentrations allows the bacteria to survive and grow when subcultured into a toxic
O2yOSYuUNI GA2Y 2F KSYSd 2SS O2YLI NBR LINBGNBIFGYS
gAGK nn >a 2F SI OK 27T 3ilKdecausedidtoxiciy)i Alld@erivafivid o6 S E
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were able to preadapS. aureusi 2 I G2EA O O2yOSYy iGN} GAZ2Yy 2F KSYS
FYR nn >a WyyyH O6CATIdZINE odpud ¢KS RAAONBLI y(
activity is likely due to the legth of treatment with compound (6 h vs. 15 h). Pretreatment with

3.17 at the nontoxic concentration of 20 uM also induced excellent preadaptation to heme
toxicity.. Four inactive derivatives from the single point scré&eh(, 3.22 3.28 and3.29, were

ald2 laaléeSR F2NJ LINBFRILIGEFGAZ2Y G2 KSYS G2EAOAL
KSYS I FGSNJ LINBOUONBFGYSYG 6AGK nn >a O02YLRdzyR 6

that these compounds do not activate HsSRS.
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The results of the HsSRS activation screen suggest that any disruption to the hydrogen

bonding ability of the molecule eliminates this activity. While this may be important for binding

to a protein target, it may also interfere withe potential for the molecule to bind to metals of

biological significance. The hydrogen bond deaoceptor orientation is potentially capable of
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binding iron! Since its primary activity is associated with heime metabolism, the ability of
WyyyHn G2 O0AYR ANRY 6+ a RS{CAassdpdhén carpared®d (i KS
(KS 1y26y ANBY OK Sdotsi@ StiongBhing iah BiguidB.& Therefgrg, it

is unlikely that iron chelation is involved in the activity of these molecules.
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Anaerobic toxicity

Next, the compound library was screened for anaerobic toxicity by generating
concentration response curves for 9 h of growth and determiningJé@ues (Table 3.2). Wild
type S. aureusstrain Newman was grown in an anaerobic chamber in appropriate media to
ensure exclusion of terminal electron acceptors sufficient to force the bacteria to ferment. In
addition, an isogenienenB mutant was used as a positive control as this strain lacks the
electron carrier menaquinone, rendering the bacterium incapable of generating energy through

respiration in the presence of any terminal electron acceptbr.parallel, the 1§ values were
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determined in S. aureusgrown aerobically to identify derivatives that exhibit toxicity
AYRSLISYRSYG 2F NBALANIGAZ2Y D ¢KS | NDAGNI NB Odz

of the compounds were not entirely soluble above this concentration.
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Newman Newman
Cmpd aerobic anaerobic nmenB
1.66 (0.491
8882 >60 13.5(8.4221.7) 5.63)
3.2 >60 >60 35.6 (31.841.5)
3.3 >60 >60 >60
3.4 >60 >60 >60
35 >60 >60 >60
3.31 >60 26.5(21.932.1) | 15.7 (11.521.5)
3.32 >60 4.27 (3.394.65) | 3.3 (1.288.55)
3.6 >60 >60 >60
3.7 >60 >60 >60
3.8 >60 >60 >60
3.9 >60 >60 >60
3.10 >60 19.6 (16.922.8) | 8.69 (7.659.88)
3.11 >60 11.6 (10.213.0) | 6.63 (5.028.76)
3.12 >60* 28.8 (22.037.7) | 21.4 (13.932.8)
3.13 >60 13.4 (12.314.7) 5.89
3.14 >60 >60 >60
3.15 >60 >60 >60
3.16 >60 24.0 (20.6028.7) | 25.2 (7.8481.2)
3.17 | 42.5(40.244.9) | 15.8 (15.316.4) | 9.33 (4.8920.1)
3.18 >60 >60 >60
3.19 >60 >60 >60
3.20 >60 >60 >60
3.21 >60 >60 >60
3.22 >60 >60 >60
3.23 >60 >60 >60
3.24 >60 >60 >60
3.25 >60 >60 >60
3.26 >60 >60 >60
3.27 >60 25.3 (23.427.2) | 29.7 (24.635.9)
3.28 | 48.6 (37.962.3) | 11.6(10.313.1) | 13.2 (10.416.6)
3.29 >60 20.8 (17.924.2) | 24.9 (10.260.4)
3.30 >60 >60 >60

Table3.2¢ 2 EAOA G &

RIGI

Values avieyGay 1 >R D NN @ INd xpDiBea @ T I NI

indicated conditions.

83



The majority of compounds were essentially nontoxic to aerobically growing Newman
with the exceptions oB.17and3.24with IGQQ&a 2F nH®H | YR ny dc >ax NF
indicate that the majority of derivatives do nekhibit general toxicity.

Compounds3.2 and 3.3 were relatively nontoxic to fermentin§. aureusuggesting that
the BNAY 3 2F WyyyH A& Omethigahdh I8y lalsoFeinhidates aokiditd A G & P
However, pyrazol&-methylation does not decreadsie toxicity of the molecules. In addition,
the regiochemistry ofN-methylation appears to exert a significant effect on toxicBy31 is
approximately five times less toxic to fermenting wildtypeaureu$ y RnerBthan 3.32while
i KS (2 EA GslinfeBmediate betivesn yhe two.

Substitution of theo-hydroxyl of3.2 with aromatic amides3.10¢ 3.14) seems to impart
toxicity to fermentingS. aureusomparable to¥y y y H @ | 2 6 SGSNE a dzo & G A 4 dzi A
renders the compound nontoxic underrfeentative conditions. This may be a consequence of
the differing properties of amides and sulfonamides jpydrogen bonding, etc) or may be
related to the added aromatic bulk of the amides while the methyl grouB.®fs innocuous.
We were unable to tst this due to the propensity of amides with smallergiRups to
dehydrate to pyrazolo[1&]quinazolines.

Replacement of the furan with most aromatic or heteroaromatic groups resulted in
nontoxic molecules under most conditions, the notable exceptionad®@il6 and 3.17, with
the furan replaced by phenyl and-hydroxyphenyl, respectively. These compounds exhibit
FyFrSNROAO G2EAOAGE AAYALIN (2 WyyymB®3{190adAid

eliminates this toxicity. Replacement of ther&n with large (>4C) alkyl groups also produced
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molecules with anaerobic toxicit®.27and3.286 SNB O2 Y LI Nl of & @EAO (2
3.24, 3.25, and3.26, with hydrogen or smaller alkyl groups were nontoxic under all conditions.

While Omethylation 2 F Wy yyH St A Omgthylat®@ of & BBEHA29A (1 & =
maintains toxicity comparable to the parent molecule. This suggestsQtakylation is not a
major contributor to the toxic character of these molecules.

Compound3.18was previously reportedat exhibit anaerobic toxicity and efficacy in a
mouse model ofS. aureusnfection! The difference in these toxicity results is likely due to the
method of IG, determination. The previous method relied on a significant kadittion of
overnight cultures prior to compound addition to account for the time needed for the
apparatus to become anaerobic. Bacteria grown at this low cell density could experience
greate toxicity from the compound than the higher cell density used in this work. Although,
3.18is not bacteriostatic under the conditions tested here, the ability of the compound to
activate HssRS was corroborated (Figure 4). This suggests that derivasivesthbr activate
HssRS or inhibit growth under anaerobiosis may both be valid antibacterial approaches. This is
supported by previous studies that have reported that HssRS activation affects virulence during

infection®

Relationship between HssRS activati and anaerobic toxicity

Any disruption to the hydrogen bond donating ability of the molecule throGglbr N-
methylation or replacement with alternate hydrogen bond donor groups removes its ability to
activate heme biosynthesis and is absolutely requiieadhis activity. In contrast, the hydrogen
bonding character seems to be less important for toxicity as sev@ralnd N-methylated

~ A

SNA Gl GAGBS& YILAYOGlIAYy G2EAOAGE fS@Sta O2YLI NI O
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2F W8.Y, 8.30,and 3.32, O-methylation eliminates toxicity while the regiochemistry f
methylation has a significant impact on the magnitude of toxicity.
Modification at the 5position significantly affects which activity is favored. Aromatic or

heteroaromatic groups are tpiired to activate heme biosynthesis while large alkyl groups

favor toxicity. Despite this, some overlap between HssSRS activation and toxicity is evident.

Replacement of the furan with a phenyl rirgjZt0 3.160 NX a G 2NB&a G2EAOAG @
and maintains HssRS activit®-methylation of this derivative3.29) removes HsSRS activity as
expected while maintaining toxicity. Fluorination ®fLl6 to 3.18 maintains HsSSRS activity, but
removes toxicity. In addition, fluorination 829to 3.30eliminates toxicity. Interestingly2.17

which is highly symmgc, exhibits both activities.

OH N-NH

CO 2~
4 \

Heme biosynthesis Anaerobic Toxicity

activators

Figure 3.7Summary of SAR results.
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Relationship between XylE activity and HemY activity

PfGAYFGOStEes GKS GFNBSG 2F WyyyHnH HNBwmd2yanro
determined to be HemY, an enzyme in the late stages of heme biosynthesis (unpublished data).
WyyyH KIFIA 0SSy SadlofAakKSR a |y |OGAGEG2N 2
possible to screen the molecules prepared for this work imachemical assay to determine
GKSAN) FoAfAdGe G2 FOGAGIGS 1 SY, iMuoXylEa@dsy. (G2 W
Several of the molecules appearing in this chapter (though not all due to lack of material) were
tested in the HemY assay by Matth&urdel and Audra Fullen (Skaar lab) and their activity was
NBLINEASYGSR Fa GKS LISNOSyid FOGAGEGAR2Y 2F 1 SY,
Figure 3.8 in decending order of HemY activity and is side by side with data from the XylE assay.
It is dear from these data thain vivoactivity andin vitro activity do not correlate well3.5was
GKS Y2aid FOGA@GS O2YLRdzyR Ay GKS 1SY, |aaleg ¢
However, this compound is-@ethylated which was established to elimteaHssRS activitiy
vivo. This signifies that much of the requirements for activity as determined fronvodata is

likely not related to binding to HemY, but possibly some other component of in vivo activity

such as ability to access the target.
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Figure 3.8Activity of each compound in the XylE assay compared to the HemY assay.
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Experimental Section

XylE assayPreviously reported strains were us&dCultures grown overnight in 5 ml TSB with

M > Schlofdmphenicol for 188 h were subcutNE R mMmYmnn Ayd2 ndp Y[ ¢
chloramphenicol containing compound and incubated at 37 °C, 180 rpm for 6 h. Cells were

g AaKSR IyR f@8aSR Fa LINBGA2dzate RSAONAOGSRD® Hny
potassium phosphate (pH 8.0)was adde 12 Hn >[ 2F fealradS FyR GKS
followed by monitoring absorbance at 375 nm for 10 min. Samples were normalized to protein
concentration as determined by BCA assay (Pierce).

HssRS activation dose response curves angh B€ermination. The above XylE procedure was

followed using different concentrations of compound. The data were then entered into
Graphpad Prism 6 and fit to a curve to determingo&@lues.

|Gso determination. Cultures of wild typeS. aureusi (i NI A Y b S menB werelgndvid inp

aeration tubes aerobically at 37 °C with shaking forcl38 h. Anaerobic cultures were

prepared by growing bacteria at 37 °C without shakingriraaaerobic chamber for 18.8 h.

Bacteria from each condition were subcultured 1:100 into TSB containing various
O2yOSYUuNrGA2ya 2F O02YLRdzyR Ay | memRplatesSafet LI | i
incubated aerobically at 37 °C with shaking while anbierplates were grown in an anaerobic

chamber (Coy) at 37 °C without shaking. The absorbance at 600 ngs)(@Bs determined

after 9 h of growth and the fraction of growth at each compound concentration is determined

by dividing the OB by the vehicle entrol (DMSO) value. 46 were calculated using Graphpad

Prism 6 and errors are reported as 95 % confidence intervals.
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Heme adaptation assaygOvernight cultures oS. aureuss SNB & dzo Odzf § dZNBR Ay (i
containing compound in 1.5 mL tubes and incubated at 37 °C with shaking for 15 h. Bacteria
FNRY (GKS O2YLRdzyR GNBIFGSR Odzf §dzNBEa gSNBE GKSy
heme and incubated at 37 °C with shaking8 h. Growth was monitored by reading the &

on a Biotek microplate reader at the defined time intervals.

Iron chelation assaylron chelation byl was characterized using the CAS assay. Solutions were
prepared as describetiThe clinical iron chelator deferasirox (AK Scientific) was used as a
control. Samples were incubated in 1 mL cuvettes at room temperature for 30 min after
addition of compound. The maximum concentration ofmpound used was 30 uM which is a

4:1 stoichiometry ofl to Chromeazuraf. Absorbance at 630 nm was measured on a Varian
UV/Vis spectrophotometer.

Chemical Synthesis

General ProcedureAll norraqueous reactions were performed in flardeied flasks undean
atmosphere of argon. Stainless steel syringes were used to transfemaimoisturesensitive
liquids. Reaction temperatures were controlled using a thermocouple thermometer and analog
hotplate stirrer. Reactions were conducted at room temperature @pproximately 23 °C)
unless otherwise noted. Flash column chromatography was conducted using silica g€(230
mesh. Analytical thitayer chromatography (TLC) was performed on E. Merck silica gel 60 F254
plates and visualized using UV and iodine stain.

Materials. All solvents and chemicals were purchased from Sigldach unless otherwise
noted. Dry dichloromethane was collected from an MBraun-8#5 solvent system. N,N

dimethylformamide (DMF), tetrahydrofuran (THF), and acetonitrile (MeCN) were used a
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received in a bottle with a Sure/Seal. Triethylamine was distilled from calcium hydride and
stored over KOH. Deuterated solvents were purchased from Cambridge Isotope Laboratories.
Instrumentation: 'H NMR spectra were recorded on Bruker 400, 500, or 6@Biz
spectrometers and are reported relative to deuterated solvent signals. Dat&féiVIR spectra

I NE NBLR2NISR a F2fft2gaY OKSYAOIt &KAFO o+ LIJ
= quartet, p = pentet, m = multiplet, br = broad, ap@pparent), coupling constants (Hz), and
integration.’*C NMR spectra were recorded on Bruker 100, 125, or 150 MHz spectrometers and

are reported relative to deuterated solvent signals. Low resolution mass spectrometry (LRMS)

was conducted and recordedh@nAgilent Technologies 6130 Quadrupole instrument.

Synthetic procedures and compound characterization data:

4 RC(O)Cl or RSO,CI, =
EtsN, DCM, rt, 12 h
X
NH N

z H
X =8S0,Me, or C(O)R

2-ethynyl-N-acylbenzamides To a stirred solution of -2thynylaniline (1.0 eq) dissolved in
dichloromethane (B M) at room temperature was added acyl or sulfonyl chloride (1.0 eq).
Tiriethylamine was slowly added to the reaction and once addition was complete, the reaction
was stirred at room temperature overnight. Solvents were remoweglacuoand the residue

was partitioned between ethyl acetate and saturated NaH4&®), the organic layer dried
(MgSQ), and concentratedh vacuo The crude product was purified by flash chromatography.

N-(2-ethynylphenyl)methanesulfonamide (S1)Light brown solid*H-NMR (400

P

o
o ~ ~
”—g\/ MHz,CD@ + TdcwmM ORI WIydun 11X mMIO TdPpn 6

Ne)
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J=7.90 Hz, 1H), 7.13 (t, J=7.67 Hz, 1H), 7.02 (br, 1H), 3.49 (s, 1H), 3.02X{6NBHR, (100
MHz, CD@b 1 MO (pPcZ MooDdPNnZEZ MoONDPT I MHN Pygulatedfarcpdc =
GHoNOS(M+H) m/z: 196.0, measured 196.1.
@(//O N-(2-ethynylphenyl}4-methoxybenzamide (S2)0ff-white solid;*H-NMR (400

HJ\Q/G MHz, CD@ + ydcn OO0NE MIOX ydpm ORI WIydtr

¢ 7.57 (t, J=1.86 Hz, 1H), 7.44 (t, J=7.95 HY, 112 (td, J=7.57 Hz, 1.05 Hz, 1H),

3.64 (s, 1H**GNMR (100 MHz, CRGl ¢+ MCH®PTEZ MO(PPHI MOT PyX Moc d
124.3, 119.6, 111.5, 85.3, 79.4; LRMS calculated #pCbNO(M+H)Y m/z: 290.0, measured
290.0.

40 3,5-dichloro-N-(2-ethynylphenyl)benzamide (S3)Vhite solid;*"H-NMR (400
ng\@ MHz, CD@ {+ y®TH O66NE MIUOUZ yodpd O6RZT WIyd

OMe

7.50 (dd, J=7.68 Hz, 1.48 Hz, 1H), 7.42 (t, J=7.95 Hz, 1H), 7.06 (td, J=7.54 Hz, 1.08 Hz, 1H), 7.00
(d, J=8.84 Hz, 2H), 3.88 3H), 3.59 (s, 1HFGNMR (100 MHz, CRGl + Mcn ®pSE Mc H Dy
132.3, 130.5, 129.1, 127.2, 123.3, 119.3, 114.3, 110.9, 84.7, 79.7, 55.6; LRMS calculated for
CigH1aNOG (M+H) m/z: 252.1, measured 252.1.
©\///O ‘ N-(2-ethynylphenyl}1-naphthamide (S4).White solid; *H-NMR (400 MHz,

N CDGh + y®dTmM ORZT WFyodoun 113 MIOS ydpt 00
J=8.00 Hz, 1H), 7.92 (d, J=7.64 Hz, 1H), 7.83 (d, J=7.04 Hz, ¥H}5/(68 5H), 7.12 (t, J=7.52
Hz, 1H), 3.42 (s, 1H'CNMR (100 MHz, C¢ + wMcT ®p3S MnnanPdPmMI mon do X
130.5, 130.3, 128.6, 127.6, 126.8, 125.6, 125.5, 124.9, 123.8, 119.7, 111.3, 84.9, 79.3 ; LRMS

calculated for @H;sNO(M+H)Y m/z: 272.1, measured 272.1.
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©\///o N-(2-ethynylphenyl)furan2-carboxamide (S5)Brown sdid; *H-NMR (400 MHz,

“k@? CDG 1+ yodhd 66NE MIOE ydpp ORE WFydun I
1.48 Hz, 1H), 7.40 (t, J=7.94 Hz, 1H), 7.25 (d, J=3.54 Hz, 1H), 7.06 (t, J=7.71 Hz, 1H), 6.56 (dd,
J=3.50 Hz, 1.72 Hz, 1H), 3.60 (s, H§NMR (100MHz, CDGb ! Mpc®dPmMZ mMnydnz |
132.3, 130.4, 123.6, 119.4, 115.6, 112.7, 111.1, 84.8, 79.1 ; LRMS calculategH§NIOC

(M+H) m/z: 212.1, measured 212.1.

Mel, NaH, DMF, OMe O
0°C-60°C,3h

OH ©
H —— % H
80 %

1-methoxy-2-naphthaldehyde (S6).To astirred soluton of 193 mg (1.12 mmol, 1.0 eq) 1
hydroxy2-naphthaldehyde (TCI America) dissolved in 5 ml-diyithylformamide at 0 °C was

added 49.0 mg (1.23 mmol, 1.2 eq) sodium hydride. The mixture was stirred at 0 °C for 5 min

and 140 pL (2.24 mmol, 2.0 eq) metiodide was added. The reaction was heated to 60 °C and

stirred for 3 h. The reaction was partitioned between ethyl acetate and water, the organic layer
washed with water (1x), brine (2x), and dried (MgS®@he organic layer was concentrated and

the residwe purified by flash chromatography with 820 % ethyl acetate in hexane gradient to

provide 165 mg (80 %) of product as a light brown soleNMR (400 MHz, CRGl + mMndpd 0
J=0.76 Hz, 1H), 8.23 (d, J=8.16 Hz, 1H)c7788 (m, 2H), 7.647.54 (m,3H), 4.12 (s, 3HF’C

baw é6mann allo + MydpdcE McHPCEI MOoydDMI MHPDPOD I |

65.7; LRMS calculated for,8:00, (M+H) m/z: 187.1, measured 187.1.

O O

1]
)S(F{\OMe
OMe O N, OMe OMe
2 &
O " e T
B —
rt, 24 h, 69 %
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2-ethynyl-1-methoxynaphthalene (S7).To a stirred solution of 106 mg (0.570 mmol, 1.0 eq) 1
methoxy-2-naphthaldehyde in 5 mL methanol was added 158 mg (1.14 mmol, 2.0 eq)
potassium carbonate followed by 131 mg (0.682 mmol, 1.2 eq) dimethyiagb2-
oxopropyl)phosphonate. The suspensionswstirred for 24 h. The reaction was partitioned
between ethyl acetate and water, the aqueous layer extracted with ethyl acetate (2x), the
organics combined and washed with brine (1x), dried (M@S(d flash filtered through silica
with 5:1 hexane/ethylacetate to provide 72 mg (69 %)efhynytl-methoxynaphthaldehyde.
'HNMR (400 MHz, CRGl { ¢y.@vq(m, 1H), 7.62 7.58 (m, 1H), 7.3§ 7.27 (m, 4H), 3.97

(s, 3H), 3.22 (s, IHJCGNMR (100 MHz,CRGl ¢+ mMp pPo X MNNn PHE MaF PP
123.5, 122.5, 110.3, 82.5, 80.8, 61.9; LRMS calculated #65,G(M+H) m/z: 183.1, measured
183.1.

The alkyne precursor foB.29 and 3.30 was prepared fromo-anisaldehyde as previously

described’

OH O  RC(O)CI, DMAP, R)J\o o
//f\@)\ Et;N, DCM, rt .
H -Acyloxyacetophenone synthesis¢ 2 | & i A NNB Rhydiogyacdiphiefoyie ir?2 F

dichloromethare (0.2 M) was added triethylamine (1.1 eq) andishethylaminopyridine (0.05

eq). The solution was cooled to 0 °C in an ice bath and acid chloride (1.1 eq) was added. The

reaction was allowed to warm to room temperature and monitored by TLC and LCMS. When
starting material was completely consumed and product observed HY$Che reaction was
partitioned between dichloromethane and saturated NaHQ®@q). The organic layer was

washed with brine and dried (Mg@Qfiltered, and concentrated. The products geally did
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not require further purification but may be crystallized from hexane/ethyl acetate or purified by

flash chromatography as needed. Products were generally carried on uncharacterized.

(0]
)J\ O tBuOK, DMF, OH O O

R” SO
Sy - Soy -

1,3-diketone synthesis A supension of potassiurtert-butoxide (2.0 eq) in dimethylformamide

6ndu av ¢l a 0O022f SR (2 -asyloxyacetayeRoSeNI.Q ely)in DMF wiag t dzii A
added dropwise to theaBuOK suspension and stirred at 0 °C until consumption of starting
materialwas observed by TLC (~1 h). The reaction was quenched with 1 N HCI and the resulting
suspension extracted with diethyl ether (3x), washed witfOHbrine, dried (MgS{) and

solvents removedh vacuo Products were carried on crude and uncharacterized.

W\8% and3.18were previously reported.

Pyrazolesynthesis.ROUTE 1: To a stirred solution of terminal alkyne (1 eq) in THF (0.2 M) was
added triethylamine (3 €y bistriphenylphosphine palladium dichloride (0.05 eq), copper(l)

iodide (0.1 eq), and acid chloride (1.5 eq) at room temperature. The reaction was stirred until
conversion of starting material was observed by TLC. The reaction was diluted 1:1 with
acetoritrile followed by addition of hydrazine hydrate (4 eq). The reaction was stirred until
complete as determined by TLC. The reaction was filtered through celite, concentrated, and
purified by preparative scale reverse phase HPLC.

ROUTE 2: To a solution atide diketone in ethanol (0.25 M) in a microwave vial was added

hydrazine hydrate (2 eq). The vial was sealed and heated to 150 °C in a microwave reactor for 5
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min. The reaction was concentrated and the product was purified by preparative scale reverse
phase HPLC.

General procedure for demethylation of aryl ethersTo a solution of reactant in
dichloromethane (0.20 M) was added 6.0 eq 88t0 M in dichloromethane) in a microwave
vial. The vial was sealed and maintained at 90 °C under microwave irrad@atidd min. The
reaction was quenched with saturated NaHCihd extracted with dichloromethane. The
organic layer was washed with brine, dried (Mgs@nd concentrated. Products were purified

by flash chromatography or HPLC.

2-(5-(furan-2-yl)-1H-pyrazd-3-yl)phenol (3.2)'H-NMR (400 MHz, acetor@ ¢ 0 1

~NH
OH N o

Ly
. 7.76 (d, J=7.78 Hz, 1H), 7.72 (s, 1H), 7.22 (t, J=7.73 Hz, 1H), 7.12 (s, 1H), 6.96

6.90 (m, 3H), 6.63 (dd, J=3.39 Hz, 1.86 Hz,"{BINMR (150 MHz, acetolec 0 { mMpy Po I W
144.1, 130.0, 127.6, 120.1, 117.6, 117.5, 11208.5, 99.2; LRMS calculated fasHz;N,O»
(M+H) m/z: 227.1, measure, 227.1.

W 2-(5-(furan-2-yl)-1H-pyrazok3-yl)-5-methoxyphenol (3.3}H-NMR (400 MHz,
e acetoneRc 0 4 MH®DPTP OONE MI O mMAdpp 606 NI A
1H), 7.00 (s, 1H), 6195, 1H), 6.62 (br, 1H), 6:648 (m, 2H), 3.80 (s, 3HJCNMR (100 MHz,
acetoneRc 0 ¢ MCMPPZ MpydPnZ mMnndPnZ MHYPpI MMHDC Z
calculated for @HioN,Os (M+H) m/z: 257.1, measured 257.1.

onte h},ﬁH o 5-(furan-2-yl)-3-(1-methoxynaphthalen2-yl)-1Hpyrazole  (3.4) 'H-NMR

OO (400 MHz, CDgl + B8y dmMy ORI WIyodun 1T mIOZ
J=8.60 Hz, 1H), 7.70 (d, J=8.64 Hz, 1H),c77680 (m, 2H), 6.99 (s, 1H), 6.81 (d, J=3.28 Hz, 1H),

6.52 (dd, J=3.28 Hz, J=1.86]), 3.92 (s, 3H}’GNMR (100 MHz, CRGl ¢+ MpH Py ImMny ®y .
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134.9, 128.3, 128.2, 127.0, 126.9, 125.3, 122.4, 117.7, 111.5, 106.0, 101.1, 62.0; LRMS
calculated for @Hi1aN,O, (M+H) m/z: 291.1, measured 291.1.
OMe “;’ﬁ” \o/ 5-(furan-2-yl)-3-(2-methoxyphenyl}1Hpyrazole (3.5) 'HNMR (400 MHz,
Ch50 + T®dT0 ORI WItTdun 1T MIOE TodpT
J=8.4 Hz, 1H), 7.06 (t, J=7.60 Hz, 1H), 6.94 (s, 1H), 6.76 (d, J=3.20 Hz, 1H), 6.54 (m, 1H), 3.99 (s,
3H);®CNMR (100 MHz, acetode c 0 4, 150;8,7142.7, 142.5, 130.2, 128.7, 121.8, 119.3,
112.6, 112.1, 105.9, 101.5, 56.0; LRMS calculated.fbk 8,0, (M+H) m/z: 241.1, measured

241.1.

o N,’ﬂ” o 3-(5-(furan-2-yl)}-1H-pyrazot3-yl)phenol (3.6)'HNMR (400 MHz, acetone
w

Rc0O { T ®dc H-78KmM, 2H),I7RE (t, =] Hz, 1H), 6.89 (s, 1H),

6.83 (d, J=8.18 Hz, 1H), 6.77 (d, J=3.19 Hz, 1H), 6.56 (dd, J=3.35 Hz, 1.41%8NNIR)(100

MHz, acetoneRc 0 ¢ Mpy®dPTZ2Z MnodPnz MoONPT>Z MMTPCZ MMPp
calculated for @HigN,O, (M+H) m/z: 227.1, measured 227.2.

3-(5-(furan-2-yl)-1H-pyrazot3-yl)phenol (3.7)'H-NMR (400 MHz, acetore

N-NH
Ly
“J ' Reo 1+ TtoTrn OR: W'yodpt 11T X HIOZ Tdcm 6

HO
6.81 (s, 1H), 6.75 (d, J=3.24 Hz, 1H), 6.54 (dd, J=3.24 A7 .2H)*CNMR (150 MHz,
acetoneRc 0 ! Mpy ®d®nZ MpTPoZ MNnPPMZI MnydPnzZ mMNOHODYZ
calculated for @HigN,O, (M+H) m/z: 227.1, measured 227.1.

N-NH - 5-(furan-2-yl)-3-pheny+1H-pyrazole (3.8)H-NMR (400 MHz, acetords) !

| 4
\
7.77 (d, J=7.57 Hz, 2H), 7.57 (s, 1H), 7.44 (t, J=7.32 Hz, 2H), 7.35 (t, J=7.28
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Hz, 1H), 6.87 (s, 1H), 8.77 (d, J=3.28 Hz, 1H), 6.54 (dd, J=3.28 Hz, 1.48 fCNWR);(150
MHz, acetonecRc 0 + MN o PMI MHPPT S MHY Oy Satedifer GHgNFO MM H P o
(M+H) m/z: 211.1, measured 211.1.

N-(2-(5-(furan-2-yl)-1Hpyrazok3-yl)phenyl)methanesulfonamide (3.9)H

N-NH o

g/ \ | NMR (400 MHz, acetoFiec 0 1 T ddpm ORI WI T dpn | 1T I
87

N o J=7.72 Hz, 1H), 7.22 (t, J=7.60 Hz, 1H), 7.16 (s6.98)(d, J=3.40 Hz, 1H),

6.64 (dd, J=3.40 Hz, 1.80 Hz, 1H), 295 (m, 3H)’*GNMR (100 MHz, acetol@c 0 1 MpH ®cC
145.4, 144.2, 137.0, 136.5, 129.6, 129.1, 124.5, 121.5, 120.3, 112.7, 108.5, 100.7, 39.6; LRMS
calculated for ©@Hi3Ns0sS (M+H)m/z: 304.1, measured 304.0.
NN o 3,5dichloro-N-(2-(5-(furan-2-yl)-1H-pyrazok3-yl)phenyl)benzamide (3.10)*H
OJ\K;/C' NMR (400 MHz, acetodlRc 0 + y dyH ORI WIyodun |13 wml
o 7.93(dd, J=7.82 Hz, 1.46 Hz, 1H), 7.72 (br s, 2H), 7.39 (br t, J=7.84 A231H),

(br t, J=7.58 Hz, 1H), 7.19 (s, 1H), 6.94 (d, J=3.28 Hz, 1H), 6.63 (dd, J=3.40 Hz, 1.84Hz, 1H);
NMR (125 MHz, acetordt) 163.2, 145.4, 144.2, 140.0, 137.4, 136.2, 132.0, 129.4, 128.9,
127.0, 124.7, 121.4, 121.3. 112.7, 108.7, 101.2; LRMSataltdibr GoH;sCbNsO, (M+H) m/z:
398.1, measured 398.0.
N-(2-(5-(furan-2-yl)-1H-pyrazo}3-yl)phenyl}4-methoxybenzamide (3.11)'H
" NMR (400 MHz, acetoiRc 0 {1 y dchp ORZT WrtTodyn |13 wml

OA@LOW 7.90 (d, J=7.84 Hz, 1H), 7.71 (s, 1H), %,3B:-7.89 Hz, 1H), 7.19.14 (m, 2H),
7.05 (d, J=8.89 Hz, 2H), 6.94 (d, J=3.36 Hz, 1H), 6.62 (dd, J=3.38 Hz, 1.82 Hz, 1H), 3.88 (s, 3H);

¥GNMR (100 MHz, acetoA@c 0 1 McpPpZ mMcodnI mMAnndmMI Moy do 3
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114.7, 112.7, 108.5,01L.0, 55.9; LRMS calculated forlG;N;O; (M+H) m/z: 360.1, measured

360.1.

N-(2-(5-(furan-2-yl)-1Hpyrazok3-yl)phenyl)}1-naphthamide (3.12) *H-NMR

. (600 MHz, acetonr®Rc 0 + dnn ORI -8B gmpiHy, 8.10(dEX ™M1 0 :
o O J=8.24 Hz, 1H), 8.02.99 (m, 1H), 7.97 (d, J=7.97 Hz, 1H), 7.92 (dd, J=7.84 Hz,

1.48 Hz, 1H), 7.68 (d, J=1.44 Hz, 1H), 77686 (m, 2H), 7.44 (td, J=7.88 Hz, 1.48 Hz, 1H), 7.24

(td, J=7.63 Hz, 0.96 Hz, 1H), 7.14 (s, 1H), 6.90 (d, J=3.36 Hz, 1H), 6.60 (dd, J=3.40 Hz, 1.80 Hz,

1H); *GNMR (150 MHz, acetoAiRc 0 & Mcy ®MI Mpod®ns mMnpPpI wmnnd

131.3, 131.4, 129.3, 129.2, 128.8, 127.7, 127.3, 126.6, 126.4, 126.0, 124.3, 121.3, 112.6, 108.3,

101.1; LRMS calculated fog8;7NsO, (M+H) m/z: 380.1, measure 380.1.

N-(2-(5-(furan-2-yl)-1H-pyrazok3-yl)phenyl)furan2-carboxamide (3.13) 'H-

Ly . . -
\ NMR (400 MHz, acetoiec 0 + y dyo ORI Wrndom |13 wmlI

oﬁiﬁ’/) Hz, 1H), 7.73 (ddd, J=4.60 Hz, 1.70 Hz, 0.78 Hz, 2H), 7.36 (app t, 1H), 7.26 (dd,
J=3.48 HA).76 Hz, 1H), 7.19 (app t, 1H), 7.15 (s, 1H), 6.95 (dd, J=3.40 Hz, 0.50 Hz, 1H), 6.65 (dd,
J=3.48 Hz, 1.76 Hz, 1H), 6.63 (dd, J=3.42 Hz, 1.82 HECIMYIR (100 MHz, acetoi@c 0 1
157.1, 149.8, 145.9, 145.6, 144.0, 137.4, 136.5, 129.2, 128.8, 124.3, 121.1, 115.0, 113.0,

112.7, 108.4, 100.9; LRMS calculated f@HGN:Os (M+H) m/z: 320.1, measured 320.1.

2-(5-(thiophen-2-yl)-1Hpyrazot3-yl)phenol (3.14) *HNMR (400 MHz,

oH N-NH
W
acetoneRc 0 4+ T®TT ORRX WIrtdrn | 1-Z15®pn | T3

2H), 7.11 (s, 1H), 6.93 (app q, 2MHNMR (150 MHz, acetodlRc 0 + MpT P03 mMpo ®p =
128.9, 127.4, 127.0, 119.3, 117.5, 116.8, 99.5; LRMS calculatedsfasNgOS (M+H) m/z:

243.1, measured 243.1.
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2-(5-(furan-3-yl)-1H-pyrazot3-yl)phenol (3.15)*H-NMR (400 MHz, acetone
—/ RcU0 1 'y ®dmoc76%(D, 2] 721 (app tb,11H8), 7.07 (s, 1H), §.96
6.87 (M, 3H)CGNMR (100 MHz, acetol@c 0 + MpT ®MZ MNP PHE MOMDPAZ N\
117.5, 109.4, 100.0; LRMS calculated faHGN,O, (M+H)Y m/z: 227.1, measured 227.1.

on N-NH 2-(5-phenyF1H-pyrazok3-yl)phenol (3.16)'H-NMR (400 MHz, acetords)

l
O 1 T 748% ¢, 2H), 7.78 (dd, J=7.74 Hz, 1.62 Hz, 1H), 7.52 (t, J=7.54 Hz,

2H), 7.43 (t, J=7.38 Hz, 1H), 7.27 (s, 1H), 7.21 (app t6.5H), 6.90 (m, 2H)*GNMR (150
MHz, acetoneRc 0 + MpPTPHI MpoPdPYyI MNNPTI MONPAI MHDPPE
100.1; LRMS calculated fofs8:2N,0O (M+Hj m/z: 237.1, measured 237.1.

oH N-NH 2,2-(1H-pyrazole3,5-diyl)diphenol (3.17)'HNMR (40 MHz, CBh 50 ¢

[y
O . 7.71 (d, J=7.52 Hz, 2H), 7.19 (t, J=7.58 Hz, 2H), 7.14 (s, LH)6RITm,

4H); BGNMR (100 MHz, GB5 0 ! Mpc®dPnZ MONPHZ MHY POZ MHAND
calculated for GHioN,O, (M+H) m/z: 253.1, measured 253.2.
2-(5-(2,5-difluorophenyl)}-1Hpyrazot3-yl)phenol  (3.19) 'H-NMR (600

l MHz,acetonvac() I pPMH OO0ONJ &X MI O ydCcH OfI

1.88 Hz, 1H), 7.79 (dd, J=7.74 Hz, 1.56 Hz, 1H), 7.51 (dd, J=7.59 Hz, 4.83

Hz, 1H), 7.38 (s, 1H), 7.23 (app t, 1H), 6.97=R110 Hz, 1H), 6.94 (t, J=7.30 Hz, HGNMR

(150 MHz, aceton®k c 0 1 MpcCc PhZ MpNn®pZ MONTPYyZ MOODPPI M
118.5, 117.6,117.5, 100.8; LRMS calculated f@rheN,O (M+H) m/z: 273.1, measured

273.1.

oH N-NH 2-(5-(pyridin-2-yl)-1H-pyrazok3-yl)phenol  (3.20) HNMR (400 MHz,

) h
L/ acetoneRc o ¢ Manddpo O6O6NJ 44X wmI O ydcc ORZ
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(dd, J=7.72 Hz, 1.56 Hz, 1H), 7.47 (s, 1H), 7.39 (app t, 1H), 7.22 (app t, 1445, B0AM, 2H);
BGNMR (150 MHz, acetor#6)t Mpn®psE Moy PHE MHPDPDPE MHT Op =
117.6,100.8; LRMS calculated f@shg:NsO (M+H) m/z: 238.1, measured 238.1.

OH ,\;—sH \\> 2-(5-(pyridin-3-yl)-1H-pyrazot3-yl)phenol  (3.21) 'H-NMR (400 MHz,

acetoneRc 0 4 GOPMH 043X MItLWI7.96 8L HR26IH M), a3 ™

7.80 (dd, J=7.76 Hz, 1.60 Hz, 1H), 7.51 (br, 1H), 7.38 (br s, 1H),772P5m, 1H), 7.0& 6.91
(m, 2H)*GNMR (150 MHz, DMSRc 0 + Mny ®oX MAnc®nX MOHPHI MHD
LRMS calculated for&E1NzO (M4H)" m/z: 238.1, measured 238.1.

o o 2-(5-(pyridin-4-yl)-1H-pyrazo}3-yl)phenol (3.22)'H-NMR (600 MHz, DMSO
@WN Rc0O 4 ydcH ORI WIndyn |11 HIOVI Tdym 0O
1H), 7.20 (app t, 1H), 6.99 (d, J=7.80 Hz, 1H), 6.92 (app *GNMR (150 MHz, DMSRc 0 4
154.5, 150.2, 129.3,127.3, 119.5, 119.4, 116.4, 102.2; LRMS calculatedHaN{D (M+H]
m/z: 238.1, measured 238.1.

OH l\”ﬁH 2-(1Hpyrazok3-yl)phenol (3.23)'H-NMR (400 MHz, acetodlRc U + wmMmMdaAM 06 &

7.90 (d, J=2.36 Hz, 1H), 7.T2 §=7.64 Hz, 1H), 7.19 (t, J=7.64 Hz, 1H),q569%b

(m, 3H);"*GNMR (100 MHz, acetoA@c U 1 MPT®PNZ MONPTI MHPPTZ M
117.5, 102.3; LR7MS calculated feHgBLO (M+H) m/z: 161.1, measured 161.2.

OH N/—NH 2-(5-methyl-1Hpyrazot3-yl)phenol (3.24) 'H-NMR (600 MHz, acetorec 0 !

Y
11.07 (s, 1H), 7.63 (dd, J=7.74 Hz, J=1.50 Hz, 1H), 7.16 (t, J=7.50 Hz, 1H), 6.89 (d,

J=8.16 Hz, 1H), 6.86 (t, J=7.50 Hz, 1H), 6.58 (s, 1H), 2.39 XGBIMR (150 MHz, acetords)

I MPT®HI MH (®B.0, 11M.4, 10606,510.60 MRS gakulated feheN.O (M+H)

m/z: 175.1, measured 175.2.
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OH r\sz 2-(5-ethyl-1H-pyrazot3-yl)phenol (3.25)'H-NMR (600 MHz, acetoAec 0 1
W 12.13 (br s, 1H), 11.09 (br s, 1H), 7.56 (J=7.70 Hz, 1.58 Hz, 1H), 7.16 (app tr,
1H), 6.87(app q, 1H), 6.62 (s, 1H), 2.79 (g, J=7.60 Hz, 2H), 1.32 (t, J=7.60 H& MR (150
MHz, acetoneRc 0 1 MPTPHZ MPHBPYZ MNTPOPNZEZ MHGPPPpZI MHT P
13.7; LRMS calculated for:8::N,O (M+H) m/z: 189.1, measured 189.2.
on N-NH 2-(5-(tert-butyl)-1H-pyrazol3-yl)phenol (3.26)'H-NMR (600 MHz, acetords)
W 1 Tdcy ORRI WItotwu |13 wm6e8dm,1IH),&656) 0 T
1H), 1.42 (s, 9H}?GNMR (150 MHz, acetol@c 0 { MpPT PHI Mpp PN MpH DN
118.1, 117.4, 117.3, 98. 6, 31.7, 30.4; LRMS calculated 1§60 (M+H) m/z: 217.1,
measured 217.1.

OH ,\;,NH 2-(5-cyclopentyt1H-pyrazol3-yl)phenol  (3.27) 'HNMR (400 MHz,
’ acetoneRc 0 ¢ MH®PMO OONE MIUVUZ MmMOandgp 6azx
1H), 7.16(app t, 1H), 6.9% 6.83 (m, 1H), 6.64 (s, 1H), 3.22 (p, J=7.98 Hz, 1H)¢ 219D (m,
2H), 1.85¢ 1.66 (m, 6H):*GNMR (150 MHz, acetodec 0 1 MPT®P®NZ MPHDPTZ Mp
119.6, 118.2, 117.8, 99.5, 33.8, 26.3, 25.7; LRMS calculatedsfsNe0O (M+H) m/z: 229.1,

measured 229.2.

OH N-NH 2-(5-pentyl-1H-pyrazot3-yl)phenol (3.28)'H-NMR (400 MHz, acetone
[/

~

Rco + Tdcp O6RRZT Wrtotn |1 x68mc |12
1H), 6.62 (m, 1H), 2.76 (t, J=7.66 Hz, 2H), 1.74 (br p, 2HX 1.8 (m,4H), 0.90 (t, J=7.06 Hz,
3H)®*GNMR (150 MHz, acetodlRc 0 + MpPTDPHI MPHPPE mMnc dPAZ MH dd
100.6, 41.4, 32.1, 25.9, 23.0, 14.2; LRMS calculated fdg,0 (M+H) m/z: 231.2, measured

231.2.
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3-(2-methoxyphenyl}5-pheny1Hpyrazole (3.29) HNMR (400 MHz,

OMeI\;’NH
Y,
O acetoneRc 0 + TO®PH OF LI RZT HI VI TodyT Ol LI

¢ 7.27 (m, 2H), 7.2Q 7.15 (m, 2H), 7.06 (app t, 1H), 4.04 (s, 3EQNMR (150 MHz, acetone
RcoO 1 MPT®PMZ MondmMZI MB,¢(EM6,21016H59.@ LRMS aaicylated Bor M H C ¢
CieH1aN>O (M+H)Ym/z: 251.1, measured 251.2.

N R 5-(2-fluorophenyl)-3-(2-methoxyphenyl}1H-pyrazole (3.30)'H-NMR (400
O / O MHz, acetoncRc 0 + ydnd S60NE MI 0Zc73®yp ORI

2H), 7.28¢ 7.17 (m, B), 7.16 (d, J=3.60 Hz, 1H), 7.07 (t, J=7.47 Hz, 1H),

4.04 (s, 3H)'*GNMR (150 MHz, acetod@c 0T 4 MpPT OMZE MONDPHE MondAZ
125.2, 121.9, 116.9, 112.6, 104.7, 56.0; LRMS calculated,ddzNO (M+H) m/z: 269.1,

measured 269.1.

ot NN 2-(3-(furan-2-yl)-1-methyl-1H-pyrazol5-yl)naphthalen1-ol (3.31) H
N O
J

7.90 (m, 1H), 7.62 7.52 (m, 4H), 7.34 (d, J=8.44 Hz, 1H), 6.70 (d, J=3.80 Hz, 1H), 6.58 (s, 1H),

NMR (400 MHz, acetoARc 0 {+ y dcc ¢cHB WD IHY V.96 vy dn n

6.54 (dd, J=32Hz, 1.80 Hz, 1H), 3.77 (s, 3HBENMR (150 MHz, acetodlRc U + Mp M PCc T W
143.7, 142.5,141.4, 136.1, 128.8, 128.6, 127.9, 126.5, 126.2, 123.4, 120.6, 112.1, 111.9, 105.6,
104.9, 37.5; LRMS calculated fagHEsN,O, (M+H) m/z: 291.1, measured 291.2.

/ 2-(5-(furan-2-yl)-1-methyl-1H-pyrazol3-yl)naphthalen1-ol (3.32) H-
OH N-N

O .
OO L/() NMR (600 MHz, acetoA@ ¢ 0 1 8.$3dra, dH), 7.84 7.80 (m, 2H),
7.50 (dt, J=9.72 Hz, 3.36 Hz, 2H), 7.45 (d, J=8.52 Hz, 1H), 7.17 (s, 1H),
6.98 (d, J=3.78 Hz, 1H), 6.69 (dd, J=3i221.80 Hz, 1H), 4.21 (s, 3HENMR (150 MHz,

acetoneRc 0 &+ MpPH®PCI MpMdPnI mMnpdnI mMnndcI MoC DPHI |
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119.7, 112.7, 110.7, 110.4, 102.1, 39.2; LRMS calculated;dei=s\GO, (M+H) m/z: 291.1,

measured 291.2.
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CHAPTER 4

STRUCTURE/ ¢ L +L ¢ wO[ ! e¢Lhb{I Lt {¢

5 |

4.1 Introduction

l'y203KSNJ Y2t SOdzZ S ARSYGAFASR Ay (GKS aONBSya
tKS OKSYAOIFf &aGNHzOGdzZNE 2F Wodym RAFFSNE aAIya

YSOKFyAaY 2F | Ol A @dondiced/by Raithew Suidel {(Skamdab)¥ o gy m

¢tKSaS &ddddzRASAa NBGSIfSR GKIGX dzytA1lS WyyyHuzZ
biosynthesis to activate HssRS. It also does not induce an increase in intracellular heme
I OO0dzYdzf F GA2y @ Ly | iReRih dnkeRofically growfSy aureutba Wy by m | O a
exhibited considerable toxicity under both aerobic and anaerobic conditions. These results
AYRAOFGS I OSNE RAFTFSNBYyG YSOKIyAaY 2F 1 aaw({
useful probe to studyhe mechanism(s) of heme toxicity B. aureusd ! f AONI NE 27
derivatives was prepared to determine structuaetivity relationships and identify compounds

with better activity and toxicity profiles.

Iu/v R ‘HssR 'p HssR
em
. T —

Figure4.1l @ L2 1 KSaAra 2F WBSHym | OGAQGFGAZ2Y +
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42{ eyuKSaAra 2F WYWodpym RSNAOI GADSa

¢KS 1 aaw{ FOGAGIGAY3T aYlftf Y2089dze$-4¥YyRy b C
biaryl ether groups flanking the central thiocarbonyl. Thioureas are readily synthesized by
preparing the isothiocyanate of one amei and reacting that with the second amihé library
2F Wodpym RSNAGFIABPSaE o6l a LINBLINBR Ay GKAA Y
thiophosgene in biphasic saturated sodium bicarboAateM togenerate the isothiocyanate.
The isocyanate in the reaction mixture was divided several times and the corresponding
component was added to each subaction to generate several derivatives. The products were
purified by either preparative scale HPLC orystallization from either hexanes/ethyl acetate
or isopropanol. Using this method, 18 derivatives with modifications to the benzylamine
component (Figure 4.2) and eight derivatives with modifications to the biaryl ether component

(Figure 4.3) were prepate
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Figure 435 SNRA @I G A @S A
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431 aaw{ I Ol Adérivalives 2 T Wo (py ™
Singlepoint data

¢tKS loAfAGE 2F (GKS Wodhpym RSNARAGFGAGSaE (2 |
assay. Compounds were screened at the single point concentration of 10 uM due to the toxicity

2F Wopymd ¢KS | aalencébper3f2ft 2SR a RSAONAOSR
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Compound

Figure 4.4 Activation of HsSsSRS By2¢ 4.19at 10pa NBf I G A S (12 Wo dym

Removal of the benzyl carbon to provide2 resulted in significant loss of activity
indicating the benzyl carbon is necessary for activity. Introducing an unsubdtbenzyl group
(4.3) into the molecule also results in loss of activity indicating that substitution by certain
groups is necessary for activity. Movement of the fluorine into th@oS8ition @.5) is

deleterious to activity while movement into the-fgbsition @.4) increases activity twiold
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O2YLI NBR (2 Ybotpyluerineh syiidtkutidn lsAfafded. The series offldioro
substituted compounds4(6 ¢ 4.11) indicates that Fluorine substitution is deleterious to
activity regardless of the pa®n of the other fluorine. In addition, the dirtho fluorine
substituted compoundt.9 exhibited approximately the same level of activity4ad indicating
this substitution pattern is not additive or synergistic.

Introduction of methyl or methyl ether rgups into the benzyl ring gave different
results. Ingeneral,-A dzo A G A G dzi A2y NBadz 6SR Ay aA3ayAFAOl yi
The most active of thesd,160 6 KA OK gAt f KSNBI FGSNI 0S NBETFTSNNEBF
activity 2¢6E (G KI (i HHzoWadidbyiMzt ARy Ff &2 NB&adzZ 6SR Ay 02
while 4substitution did not promote activity. In addition,-i8do @.18) substitution also

resulted in a significant increase in activity.

2.5

]
1

=
i
1

Fraction '3981 Activity
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et
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ol o ol
[ SR S R S R N
w B o~

Compound

Figure 4.5Activation of HssRIS/4.20¢ 4.27at 10ya NBf F G A @S (2 Wo dy m
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Modification of the biaryl ether component was in general less well tolerated.

Replacement with smaller aryl groups including phedy2@, 4methylphenyl 4.21), and 4

methoxyphenyl 4.22) resulted in signiant loss of activity. Movement of the-phenoxy

moiety to the 2position @.25 also resulted in loss of activity. Movement to thep@sition

(4.26) resulted in significant toxicity and as a result, the HssRS activity could not be determined

in this screa. The only modification that was tolerated was replacement of the 4

phenoxyphenyl group with -Biphenyl. This result suggested that activity is dependent on a

large biaryl system in this component of the molecule. Despite this, biaryl sulfon@n@8evas

not active. Finally, replacement of the biaryl ether system with an adamantlyl grkbRp) (vas

also deleterious to activity.

l y2GKSN) Y2RATFAOLIGAZ2Y SELX 2NBR

6 a8 02y @SNIA

with oxygen. This was accomplished by re@egtphenoxyaniline with carbonyldiimidazole and

reacting the resulting isocyanate with-fliorobenzylamine with carbonyldiimidazoteThe

resultinguread.28RSY2y 4G N} G SR | LIWNREAYI 68t @M GKS &l YS

AT

1

Relative
HssRS
X Cmpd| Activity
S Yo h 1
O 4.28 0.97

Figure 4.6.Comparison of ured.28F QG A @A G &
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Concentration response curves

/| 2y OSYiUNI GAZ2Y NBaLRyaS Odz2NBSa ¢SNB ISYSNI i

derivatives includingt.9, 4.12, 4.13 4.1% 7504, 4.18 and 4.28 EGes were deternmed for
each of these compounds as a measure of potency. For the most part, these modifications do
not significantly affect potency. The only molecule with significantly increased potency. #&s

with iodine in the 3position of the benzyl component.

EGo
Cmd 0>a| PpEGy(M)
Wo dy| 3.26 | 549+ 0.0351

4.9 1.13 5.95
4.12 3.56 5.45 +0.196
4.13 6.31 5.20+0.121

4.15 291 | 5.54+0.0911

W71 pdile| 4.44 5.35 + 0.156
4.18 0.78 6.11 +0.112
4.28 3.04 5.52

Table 4.1EGo@ | f dzSa F2NJ Wocpym YR RSNRAGI (A
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4.4 Conclusions

¢tKS NBadzZ §a 2F GKS {!'w addzReé 2F WYodhpym AYR
molecule are important for activity. Substituents on the benzyl ringifsogmtly affect activity.
Activity is significantly ablated when fluorine is moved to thpa3ition. In contrast, moving
fluorinetothe 2LI2 AAGA2Y AYONBI aSa FOGAGAGeE (g2F2fR 02
compounds further indicates that flume in the 3position is detrimental to activity.
Substitution with methyl or methyl ethers in the @nd 3 positions increases activity compared
02 Wohpym @gKAT S -gositoradediedsizmiakt®ity (ME)yor didels ot aiter activity
(OMe). Thes resilts indicate that inductive effects in the benzyl ring are important for activity.
¢tKAa O2dz R 06S AYLERNIIYd FT2N LINROSaa&don aaz20
interactions.

Modification of the 4biaryl ether was generally not well toleratedll Aodification with
the exception of substitution with-6 A LIKSy &f NBadz 6§SR Ay f2aa 27
Most modifications were truncation of the biaryl ether, although movement of the phenoxy
ether to the 2 and 3 positions also negatively &ffted activity. These results may suggest that

this region of the molecule binds to a hydrophobic pocket of a potential target protein. Altering

the 4-biary ether may destabilize this binding leading to a loss of activity.
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Experimental Section

General gnthesis of thioureas To a stirred solution of amine A (1.0 eq) in dichloromethane
(0.25 M) was added an equal volume of saturated sodium bicarbonate. The resulting biphasic
mixture was cooled to 0 °C and stirred vigorously. Thiophosgene (1.0 eq) dissob/eninimal
amount of dichloromethane was added dropwise to the mixture. Once addition was complete,
the mixture was stirred vigorously for 30 min at 0 °C. Amine B (1.0 eq) was added to the
reaction neat and the reaction was allowed to warm to room temgture. When the reaction

was judged complete (TLC or LCMS), it was diluted with dichloromethane, the aqueous layer
removed, the organic layer washed with 1 N HCI, brine, and dried (MgBae reaction was
concentrated and the residue purified either pyeparative scale HPLC or recrystallization from
hexanes/ethyl acetate or isopropanol. Yields were generally not determined.

Synthesis of urea 4.28To a stirred solution of 50.0 mg (0.270 mmol, 1.0 eq) of 4
phenoxyaniline in 1 ml dichloromethane at 0 °@swadded 52.5 mg (0.324 mmol, 1.2 eq) of
carbonyldiimidazole. The mixture was stirred for 1 h and 35.0 mg (0.270 mmol, 1.0 eq) of 4
fluorobenzylamine was added neat. The reaction was allowed to warm to room temperature
and was judged complete by TLC. Vitdatwere removedn vacuoand the residue purified by

preparative scale reverse phase HPLC to pro4id8 A yield was not recorded.
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CHAPTER 5

CHEMICAL METHODS OF TARGET IDENTIFICATION

5.1 Background

Modern discovery of bioactive small molecules centers on high throughput screening.
The nature of each screen greatly depends on the biokgystem under study, but in general
falls into one of two categories: phenotypic (or cell based forward genetic) screens and
biochemical (or reverse genetic) screénBiochemical screens involve scnéeg molecules
against one protein or a system of proteins outside their native environment. Theaeadf
such a screen is often an assay for enzyme activity or receptor respdimse type of screen is
useful for identifying molecules that modify the activity of a given protein. However, since the
a2aiGSYAO 2dzi02YS 2F Y2RAFAOFOGAZ2Yy 2F | LINRGSA
screens are primagil useful for identifying small molecules whose targets are already well
validated in a disease model or whatever biological context is under study. In contrast,
phenotypic screens are run with whole cells or organisms and the response of the system is
monitored through a reporter that induces a measurable response such as luminescence or
fluorescence. This type of screen is advantageous because molecules that induce a specific
response can be identified and used as tools to study whole pathiays.

Despite the potential for phenotypic screens as rich sources of tool compounds and
leads for therapeutic development, one major drawback is that the targets of thel sma
molecules, and thus the underlying mechanism of their activity, are frequently unknown. As

such, one of the great challenges in chemical biology is to discover the targets of small
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molecules identified in phenotypic screens. There are two divergent cgghies to small
molecule target identification: genetic and chemical. Chemical methods will be discussed in this

chapter.

5.2 Chemial methods of targetdentification

Chemical methods for the identification of targets of bioactive small molecules tlypical
involve the development of a molecule (or set of molecules) called the probe(s). Probes are
based on the structure of the original molecule but incorporate additional functional groups
that enable target identification. In general, there are two methdiast fall under the realm of
chemical methods of target identification: affinity purification, which generally relies on
noncovalent interaction between the probe and target to purify the target from a complex
mixture of proteins; and ligand directed pmt labeling, which involves the covalent
modification of the target by the probe followed by isolatibriThese methods and the

chemistry frequently utilized to carry them out will be discussed below.
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Figure 5.1Scheme representing theffinity purification processA. General structure of an
affinity purification probe. The process begins with a complex mixture of proteins (B), usually a
lysate. The lysate is incubated with the probe and the target proteins (orange) bind (C) while
non-target proteins do not and are washed away (D). Finally the target proteins are eluted from

probe (E).
Affinity Purification
The general method of affinity purification is depicted in Figure 5.1. The underlying
principle of this method is a molecule whildve a higher affinity for its target than other non
target proteins. A typical affinity purification experiment involves immobilization of an active
molecule on a solid support, passage of a complex mixture of proteins of biological interest

over the prde matrix, washing the matrix to remove nonspecifically bound {faoget)

proteins, and elution of specifically bound (target) proteins from the solid matrix followed by
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visualization and identificatioft® In practice, the affinity pulldown expienent is much more
nuanced and several factors must be optimized.

Given a bioactive small molecule with an unknown target, the first step in any affinity
pulldown experiment is determining structuactivity relationships (SAR) to identify positions
in the molecule that can be modified while maintaining activity. This will help determine where
a linker for immobilization can be placéd?lacement of this linker is important and can
significantly affect the results. Heck and coworkers conedicffinity pulldown experiments
with two probes of cGMP, each with different points of linker attachment. While their results
overlapped to some degree, there were differences in the proteins each probe pulleddown.

The type of linker used is also an important consideration. The purpose of a linker is to
extend the mmobilized small molecule far enough from the solid support so as to not hinder
binding of proteins. A variety of linkers have been prepared and utilized for affinity purification
experiments. The simplest linker is a long alkyl chain.d¥ew the hydrophobic nature of alkyl
chains is thought to promote nonspecific binding of proteins in a lysate. Therefore, more
hydrophllic linkers such as polyethylene glycols are frequently used. In addition, more
structurally complex linkers such as ymiolines, which form a rod shaped structure, have been
used to prevent nonspecific bindifg.’

Many solid supports are available for conducting affinity purification experiments.
Several activated resins are commercially available that can be reacted with a probe to form a
covalent linkage. For example, NHS ester activated resins can be reactecholétulelinker
conjugates with terminal amines to covalently link the probe via amide bond formation. A very

popular solid support for affinity purification is streptavidin proteins immobilized to a bead. The
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small molecule is immobilized through a linkagith biotin. The biotirstreptavidin dissociation
constant is very small and represents one of the strongest noncovalent interactions in fiature.
Many probes are constructed with the active compound at one end of the linker and a biotin
moiety at the other end for immobilization on streptavidin beads.

A typical affinity purification experiment (Figure 5.1) consists of a binding step, where
the protein mixture of interest (usually a lysate) is incubated with the immobilized probe. The
solid suppat is then subjected to several washes to remove nonspecifically bound proteins.
Because the binding between probe and target is not covalent, these washes are typically not
harsh. After sufficient washing, the bound proteins are eluted from the solid auphis
frequently involves heating in a detergent such as SDS. While this method is effective, it will
also elute nonspecifically bound proteins that were not removed in the washing step. An
alternative elution strategy is to use the active compounélfts=or example, the beads can be
incubated with free compound which will compete with the probe for binding to the target and
effectively remove the protein from the solid suppgmobe complex:®

Another strategy for reducing the number of ngregifically bound proteins during an
elution step is the use of selectively cleavable linkers. This method utilizes a functional group
usually placed somewhere on the linker between the probe and solid support. The linker can
undergo a reaction that wilhiduce cleavage thus separating the probe and any bound proteins
from the solid support. The cleavage conditions are generally quite mild and do not interfere
with protein-protein interactions. Functional groups that have been used include; disulfide
bondswhich can be cleaved by reduction or thiol exchange, critimbenzyl esters which can

be cleaved by irradiation with 365 nm light, and siloxy ethers which can be cleaved under mildly
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acidic conditions. The extent to which cleavable linkers decreasartt@int of nonspecifically
bound proteins in the elution step varies depending on the cleavable functionality. For
example, disulfide cleavable linkers can undergo thiol exchange with cysteine residues in
proteins during the binding step leading to poor mmment of target proteins and high
background®®

A critical compnent of affinity purification experiments are the use of proper controls.

A good control will help distinguish specific interaction with the probe from nonspecific
interactions. Some controls simply involve capping the linker with a small functional guahp

as an acetyl group. More elaborate controls commonly consist of attaching molecules deemed
inactive by SAR or in the case of chiral molecules, the enantiomer (which is frequently not
active)*?

While many successful target identificationsvleabeen conducted using the affinity
purification strategy, this method does have its limitations. Even with proper solid support and
linker choice, a high affinity probe, and excellent controls, nonspecific protein binding is
common. In particular, higlabundance proteins are difficult to completely remove in a
pulldown experiment. This can convolute the target identification process, and is especially

problematic when the target is a protein of low abundarice.
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Figure 5.2General overview fdiganddirected target identification(A) General structure of a
probe for this experiment. (B) A sample, either in vivo or in a lysate, is treated with the probe
which associates with target proteins. (C) The reactive group covalently modifies teedary
(D) the tagged fractions are isolated from the rest of the sample by use of a reporter group.

Ligand directed target identification

Like affinity purification, probes used for ligaddected target identification are based
on the structure of themolecule of interest, but instead of a site for immobilization, they
contain a functional group that is capable of covalently linking to a protein of interest. The
underlying theory of this method is that the probe will have a higher affinity for, and wil
covalently label, a larger population of target proteins over nontarget proteins (Figuré A.2).
critical component of such a probe is a reporter that will allow downstream identification of

125



labeled proteins. Probes of this sort frequntontain biotin handles or a fluorophore that can

be identified by streptavidin binding or-mel fluorescence, respectively. These handles can be
quite large and may affect the activity of the molecule if incorporated into the probe. To
overcome this, maller reporter groups can be utilized. Radiolabels suchHa¥C and*?® have
proven to be excellent reporters as they can be incorporated into the molecule without
significantly modifying the structure. Another common method is incorporation of hanidie

click chemistry, primarily azides or alkynes, into the molecule. These are relatively small
functional groups that are compatible with most biological systems and allow downstream
incorporation of larger reporter group$.Click chemistry andts use in target identification
experiments will be discussed further in section 5.4.

Many methods of residue selective chemical modification of proféifmve been
developed and can be used for target identification (Figure 5.3). For example, vinyl sulfones can
be incorporated into molecules for adduction to cysteine residues. Their reactivity can also be
modulated by varying substituents on the alkelfeDespite high selectivity, use of these
functional groups in target identification may be undesirable since generally very little is known
about the binding site and the residue required for adduction may not be present in the binding
site or may be in an undesirable orientation to react with grebe.

An alternate strategy is to incorporate a normally unreactive functional group that can
be activated under specific conditions to generate a reactive intermediate. This is most
commonly accomplished by use of a photoaffinity label (PAL). A PAlnistianal group that is

normally inert toward the biological system, but upon activation by an appropriate wavelength
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of light, generates a very reactive intermediate that can covalently modify a prot&iRALs
will be discussed further in section 5.3.

Ligand directed target identification offers several advantages over affinity purification.
Because th probe does not need to be immobilized, the labeling step can be conductedo
which may provide a more biologically relevant result than experiments in a lysate. Functional
groups used for labeling and downstream fraction identification are genenaligh smaller
than the linkers needed for immobilization and may prevent significant loss of activity when

incorporated into a probé.
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Miscellaneous methods

In addition to the methods described above, several other chemical methods of target
identification have been proposed. Emili and coworkers described a method they call target
identification by chromatographic coeloti (TICC). The premise of this method is that when a
protein is bound to a compound, it will have a different HPLC retention time. By comparing an
untreated to compound treated lysate, fractions whose retention times differed may be targets
of the moleculeand later identified using proteomics. The primary advantage of this method is
the target can be identified without the need to develop probés.

Another method called drug affinity responsive target stability (DARTS) is based on the
idea that when a compound binds to a protein, the protein may be more stable towards
processes such as proteolysis or chemical denaturation. In this experiment, a lysate can be
treated with a bioactive compound, exposed to proteolytic or denaturing conditiand, the

ratio of surviving proteins compared to an untreated control determined to identify targets.

5.3 Photoaffinity probes

The concept of labeling biomolecules by generation of reactive intermediates from
photoreactive functional grops was first introduced in the 1968%Since then, photoaffinity
labeling has been extensively used in chemical biology for target identificatiensttidy of
protein-protein interactions, and compound binding studies. The three most commonly used
functional groups for PAL experiments are aryl azides, the benzophenones, and diazirines.

While they differ in several key properties which will be discddselow, they are all stable in
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most biological systems (particularly when light is excluded) and they each generate reactive

intermediates when exposed to the appropriate wavelength of Ifght.

Aryl azides

Aryl azides are convenient photoaffinity reagents due to the ease with which they can
be incorpoated into molecules. The azide moiety is relatively small and thus generally does not
significantly alter the activity of a molecule. When exposed to-280 nm light, aryl azides are
excited to a singlet state. This can either expel nitrogen and generateglet nitrene or
undergo intersystem crossing (ISC) to a triplet state which can eliminate nitrogen generating a
triplet nitrene. While in theory, the singlet nitrene can undergo insertion reactions; its fate
depends on the other substituents of theyaring. When hydrogens arertho to the singlet
nitrene, insertion reactions are typically not observed. Instead, the molecule either rapidly
undergoes a rearrangement to the didehydroazepine or converts to the triplet nitrene through
ISC. The didehydroagine generated is potentially of use in photoaffinity labeling and can react
with sufficiently nucleophilic amino acids such as cysteine and histidine. However, oxygen
nucleophiles and protonated lysine typically do not react. Kohn and coworkers developed
probes for target identification of the angpileptic drug lacosamide. One probe contained an
arylazide photoaffinity label and the other used an isothiocyanate in the same position as the
azide on the aryl ring. Despite the azide probe being significantore active, the
isothiocyanate probe allowed successful target identification. This result underscores the
potential complications posed by the ring expanstérivhen both ortho substituents are
fluorine, the rearrangement is suppressed and the singlet nitrene can undergo insertion

reactions. Triplet nitrene can reawatith molecules through hydrogen abstraction and resulting
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radical chemistry (Scheme 5.1) Aside from the potential inability of nonfluorine substituted aryl
azides to undergo insertion reactions, another major drawback of their use is the short

wavelengthseeded to excite them have the potential to damage biomacromolectifés?
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Scheme 5.1Photoaffinity labeling by aryl azidgX =N,S; Y=C,N, ®, S
Benzophenones

Benzophenones can be excited to ketyl radicals wittbO~8m light. The excited

intermediate can adduct proteins through hydrogen abstraction and resulting radical chemistry
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(Scheme 5.2). While they are relatively large, they can be easily incorporated into certain
bioactive molecules. One major disadvantagdoenzophenones as photoaffinity labels is they
require relatively long irradiation times. While 350 nm light typically does not damage

biomacromolecules, the long irradiation times tend to lead to nonspecific labeling of prdteins.
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Scheme 5.2Photoaffinity labeling by benzophenes.(X = C, N, O, S)

\

Diazirines

Diazirines are three membered heterocycles composed of one carbon atom bonded to
two nitrogen atoms that are double bonded to each other. Upon irradiation with ~365 nm light,
they either eject nitrogen to generate a react carbene or isomerize to the diazo compound
(Scheme 5.3). Which pathway predominates and the nature of the carbene generated depends
greatly on the substitution of the diazirine carbon. Aryl trifluoromethyl diazirines tend to
suppress isomerization pattay and promote carbene formation. For this reason, they are
predominantly used in photoaffinity labeling experiments, though aliphatic diazirines have also

been successfully useéd*®
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5.4 Click Chemistry and Bioorthogonal Reactions

The concept of click chemistry was introduced by Sharpless as a set of reactions with
certain properties suctas high yielding, modular, wide in scope, and easy to cornduite
reaction most synonymous with click chemistry is the copper(l) catalyzed Huisgen 1,3
dipolarcycloaddition between an azide and an alkyne. Due to the stability of alkynes and azides
in biological systems and the ability to conduct this reaction in aqueous solutions, this reaction
has been described as bioorthogonal and has been extensively utilized and expanded on to
study biology. In particular, azides and alkynes (and other clickablgps) have been utilized
as handles for affinity purification and ligand directed target identification experinfénts.
Copper catalyzed azide alkyne cycloaddition (CUAAC)

The canonical click reaction, while capable of occurring thermally, occurs best under
Cu(l) catalysis. Cu(l) is not particularly stable in aqueous solutions and direct use of its salts
without stabilizing ligands is generally not practiced. Instead, Cu(l$) @@ used with a co

reductant. Sodium ascorbate is predominantly used for this purpose though other reducing
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agents including TCEP and hydrazine have been employed. Despite the useeddatants,

Cu(l) produces reactive oxygen species in aqueousigotutThis presents certain challenges
for bioconjugation reactions because of the potential for damage to biomacromolecules.
Several ligands have been developed that stabilize the Cu(l) oxidation state and are essential in
biological click reactions. Arfeer complicating factor for click reactions using sodium ascorbate
as coereductant in biological systems is the dehydroascorbate produced from sodium ascorbate
reduction of Cu(ll) can adduct certain protein residues such as lysine and afjiRine. and
coworkers have extensively studied the click reaction for bioconjugations and have determined
generally optimal conditions to suppress the negative aspects of CUAAC includingehof
tris-triazole Cu(l) ligands and aminoguanidine as a dehydroascorbate scafenger.

Strain promoted azide alkyneycloaddition (SPAAC)

Since the majority of issues with CUAAC bioconjugation arise from the presence of Cu(l),
researchers have devised methods for médtak click reactions. The best developed of these is
the strain promoted azide alkyne cycloaddition AB) developed by Bertozzi andworkers.

This method makes use of the reactive nature of alkynes incorporated in eight membered rings.
These molecules are highly strained and cycloadditons with dipoles is favored since this will
alleviate strain. Severatyclooctyne click reagents have been developed with varying
substituents to improve the reactivitiy in the click reaction. Despite not needing metal catalysis,
these reactions are 1Q 100 times slower than the Cu(l) catalyzed counterpart. In addition,
certain biological nucleophiles such as thiols and sulfenic acids have been reported to react

with cyclooctyneg?
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Alternate click reactions

Several methods mirroring the seleaivand bioorthogonal nature of the canonical
azidealkyne click have been developed with other functional groups. One such method utilizes
Pdmediated cross couplings for bioconjugations. Several Pd cross coupling reactions have been
utilized to this end, ricluding the Heck, Suzuki, and Sonogashira coupifigs. These
reactions have enabled the use of aryl iodides, terminal alkenes, and boronic acids to be used
as click handles. In addition, to Pd crassipling chemistry, cross metathesis has also been

used for bioconjugatioR’
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In addition to these metatatalyzed reactions, metditee click reactions (aside from
cyclooctyne reactions) havalso been developed with different functional groups as click
handles. One class of these reactions utilizes tetrazines which react with a variety of strained
alkenes and alkynes in reversiectron demaneDielsAlder reactions followed by retrDiels
Alder to eliminate nitrogen. These reactions occur with considerably high rate constants. In
addition to undergoing [4+2] reactions, tetrazines also undergo [4+1] cycloadditons with

isonitriles again followed by reteBielsAlder reaction to release nitrogef.

5.5 Quantitative proteomic methods for target identification experiments

A crucial component of target identification by chemical methods is proteomic
identification and quatification of probe and control samples. This is such an important
component of chemical methods of target identification that the process is often referred to as
chemical proteomics. Proteins are typically identified by shotgun proteomics and many
methods for sample preparation, high resolution tandem mass spectrum acquisition, and data
analysis have been developét.

A more challenging aspect is the quantification of proteins obtained in target
identification experiments. Accurately discerning enrichment iprabe treated sample vs.
control is of paramount importance in target identification. One of the major sources of error in
the quantification of proteins in target identification experiments is in the post ligand directed
or affinity purification sample halling. Since the samples must be kept separate, any
manipulation introduces error and may skew the results and provide misleading data. Several

methods have been developed to overcome this by combining the probe and control sample
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into one so they are hatled together, but introducing conditions that allow the ratios of
proteins from each condition to be discerned. Stable isotope labeling by amino acids in cell
culture (SILAC) involves incorporation of heavy amino acids into a protein sample by
supplementng the media cells are grown in with stable isotdpbeled amino acids. This
requires the organism be auxotrophic for the heavy labeled amino acids and require several
rounds of cell division to fully incorporate the heavy amino acids into the proteontargét
identification experiment can then be conducted with the heavy proteome used for one
O2yRAGAZ2Y YR Iy dzytl 6StftSR atft A3Kidié LINRBGS2YS
then be combined, processed, subjected to shotgun proteomics, and deahby observing

the ratio of heavy to light peptides. While SILAC is a very powerful tool in quantitative
proteomics, heavy amino acids can be quite expensive and the process is not applicable to all
biological systems. Methods to exogenously label proteamples after target identification
experiments have been developed. Isotopically coded affinity tags (ICAT) consist of a biotin
moiety, a light or heavy labeled linker, and a thiol reactive group. Samples are treated with
either the light or heavy labded ICAT reagents which covalently link to proteins through
cysteine residues, the samples processed, and protein ratios determined by observing the ratio
of heavy to light tags. In a similar approach, isobaric tags for relative and absolute quantitation
(ITRAQ) reagents consist of a reporter group (an isotopically labeled piperazine), a balance
group (isotopically labeled carbonyl), and an Nes&r. Proteins or peptides are treated with

the ITRAQ reagent and labeled at thdexminus by amide bond formain through the NHS
ester. Quantification is possible using collision induced dissociation (CID) where the reporter tag

will fly off. Up to four samples can be analyzed at once using ITRAQ reagents. In addition to
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these labeling approaches, laHete technques such as spectral counting are frequently used

to quantify proteins in target identification experimer{t®

5.6 Examples of target identification experiments in bacteria

The following are examples of chemical probes used for the target identification of small
molecules activeni bacteria. Several of the procedures for affinity pulldowns, photoaffinity
labeling, and click chemistry have been applied to my work on target identification that will be

described in chapters six and seven.

Identification of the binding site of oxazolitione antibiotics

Oxazolidinones are a class of synthetic antibiotics represented by linebal)dahnd
eperozilid §.2) that inhibit bacterial growth by interfering with ribosomal protein synthesis.
While the ribosome was well established as the targedxazolidinones, the binding site within
the ribosome was not. The ribosome is a large multicomponent complex composed of proteins
and nucleic acids that work together to translate mRNA into proteins through several stages.
Many early studies of the mechesm of action of oxazolidinone antibiotics relied on eitler
vivogenetic studies or biochemical studies of reconstituted components of the ribosome. These
studies gave conflicting results. Colca and coworkers devised an oxazolidinone photoaffinity
probe containing an aryl azide as the photoreactive group and a radiolabel as the reporter to
identify which component of the ribosome this class of antibiotics binds to. Using SAR data,
they designed photoaffinity prob8.4 with an **1 radiolabel. This probeaintained an MIC <

10 uM againstS. aureus’
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Figure 5.50xazolidiones and derived photoaffinity probeRadiolabels in blue.

The authors incubate®. aureusn exponential phase with @M of 5.4 for 30 minutes

either alone, with 4QuM 5.2 as a competitor, or 4QM of the enantiomer 056.2 (which is not

active againss. aureups The crosslinking was accomplished by irradiation with 254 nm light for

2.1 minutes in a Stratalinker device. The cells were lysed and the RNA and protein fractions

were isolated, run on gels, and visualized by autoradiography to identify dfiteosslinking.

They observed crosslinking to the 23S rRNA subunit, a tRNA, and two proteins, L27 and LepA.
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Labeling of all of these by the probe was competed off by cotreatment Withbut not
competed when its enantiomer was present. They concludeamfrthese results that
oxazolidinones act on the peptidyl transferase complex (PTC) of the ribd€ome.

In a follow up study, the authors introduced probBs and 5.6 with the azides and
radiolabels placed in different parts of the molecule to better study the binding site of
oxazoldinones in the PTC. Using the same crosslinking conditions as previousbedettey
used the three probes to map the binding site. From this information, they created a model
whereby oxazolidinones occupy thesAe of the PTC which effectively blocks the binding of
aminoacyltRNAs leading to inhibition of protein synthe$is.

Affinity purification to identify the target of salicylidene acylhydrazides

Salicylidene acylhydrazides such5ag and 5.8 were identified as inhibitors of Gram
negative lacterial type 3 secretion systems (T3SS) and exhihiitro and in vivoreduction of
bacterial virulence. Despite activity related to T3SS inhibition, the mechanism of action of
salicylidene acylhydrazide was not known. Elofson, Roe, and coworkergdutdifinity

purification probe5.9to identify proteins that bind salicylidene acylhydrazid@s.
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Figure 5.6 Salicylidene acylhydrazide inhibitors of bacterial T3SS and affinity purification
probes.

Affinity probe5.9 was basedn the structure of5.8 with the nitro group replaced by a
linker. The solid support used was an NHS ester activated agarose bedg@elAind linked to
the probe through amide bond formation with the terminal amine of the probe linker. Whole
cell lysaes ofE. coliwere prepared and incubated with.9 overnight at 4 °C. The beads were
washed 10 times with PBS. The elution step was performed by incubation wiftM28.7
followed by another elution with 20QuM 5.7, and finally the beads were treated with1%
acetic acid to strip them of proteins. They performed $I2A&E on each fraction and identified
16 bands enriched in the compound elution lanes, but less prominent in the acetic acid elution.
Of the 16 candidate proteins, the authors were able to esgrseven and determined their

ability to bind salicylidene acylhydrazides using biotinylated proteihO for far western
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experiments. Three proteins showed affinity f6r10 in the far western experiments and
homologs in several other Gram negative specilso showed affinity fd&.102°

Work to validate these targets included creation of point mutants and knockout strains
of several of the targets identified in the pulldown. The authors observed an increase in T3SS
activity in several of the mutants as well a&fold changes in transcription of several other
genes related to virulence. Treatment of the mutants witil and 5.8 decreased T3SS activity
suggesting they had multiple targets. They conclude that the salicylidene acylhydrazides likely
affect T3SS byferaction with several targets resulting in global downregulation of viruléfce.
A clickable photoaffinity probe used to identify the targets of a compound with anti
tuberculosis activity

Jacobs, Schultz, and coworkers identified benzothiggdlgin a high thoughput screen
for compounds capable of disruptinyl. tuberculosisbiofilms. Further testing of5.11
demonstratedin vivo activity againstM. tuberculosisin dormancy models. To establish a
mechanism of action, they initially pursued a genetic approachatget identification by
analyzing transcriptome changes induced by compound treatment, screening bf. a
smegmatiscosmid library for mutants insensitive .11, and generation of spontaneously
resistant mutants followed by genome sequencing to idengignes that were mutated. This
approach led to the hypothesis thatl1targets DprE1, a protein involved in cell wall arabinan

synthesis?
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Figure 5.7Benzothioazole active against dormawit tuberculosisand probes based onsit
structure.

However, several follow up experiments indicated the probability of secondary targets.
In order to identify these targets, they prepared affinity probe2 and photoaffinity probe
5.13 containing an alkyl diazirine as the photoreactive grand alkyne click handle. M.
tuberculosislysate was treated witls.12 and 5.12 with 50 uM of 5.11 as a competitor. The
beads were washed with loading buffer and eluted by boiling in Laemmli sample buffer. After
the elution samples were run on SIPBGEand visualized by silver staining, the authors note a
band that appears in th&.12 only lane, but absent in th&.12 plus competitor lane. They
excised this band and identified the protein as MoeW, a protein involved in molybdenum

cofactor biosynthesi&’
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