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Bacterial infections which were once easily managed with antibiotics are now reemerging
as a serious threat to human health. The difficulty in managing infectious diseases is
arising out of bacterial resistance to front line antibiotics. A new paradigm for fighting
bacterial infection via the inhibition of quorum sensing has emerged. Quorum sensing is
the process by which small diffusible molecules (autoinducers) are used to sense
population density and upregulate genes. Notably, genes for virulence production and
biofilm formation have been found to be controlled by this process. Thus, quorum
sensing, offers an alternative target for the treatment of bacterial infections. One
autoinducer which has been identified across many bacterial species is Al-2. The goals of
this thesis were to make more hydrolytically stable analogs of Al-2 as potent inhibitors of
quorum sensing, as well as, exploring the effects of Al-2 analogs on QS in P. aeruginosa.
In this study, the processing of bis ester protected Al-2 analogs was examined. Also, two
long chain Al-2 analogs were synthesized and tested for their ability to inhibit QS in
P.aeruginosa. It was found that bis protected analogs are processed different across
bacterial species. Also, long chain Al-2 analogs were found to be inhibitors of QS in P.
aeruginosa, specifically, by inhibiting a LasR receptor which typically responds to a

different class of autoinducer.



STRUCTURAL VARIANTS OF Al-2 TO PROBE BACTERIAL QUORUM SENSING
IN DIVERSE BACTERIA

by

Sonja Gamby

Thesis submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Master of Science
2011

Advisory Committee:
Assistant Professor Herman O. Sintim, Chair
Professor Jeff Davis
Professor Philip DeShong
Professor Steven Rokita



Dedication

This thesis is dedicated to my parents, Eugene and Josephine Mallory,
my children Trenton and Shiloh,
and my husband Tyrone.



Acknowledgements

I would like to thank my advisor Dr. Herman Sintim for his patience and guidance in my
professional development. I would also like to thank all of my friends and family for their
continued support and encouragement. | would like to acknowledge my collaborators Dr.
Varnika Roy, and Dr. William Bentley and the Bentley lab. | would like to acknowledge
the Maryland Pathogen Research Institute for financial support. I would also like to
acknowledge my thesis committee members Dr. Jeff Davis, Dr. Philip DeShong, Dr.
Steve Rokita. | would like to thank the entire staff of the University of Maryland
Department of Chemistry and Biochemistry for their support. Finally, I would like to
thank God for all things and acknowledge that it is by His grace that all things are

possible.



Table of Contents

9 1= [ o= o 1 i
ACKNOWIEAGEMENLES. ... et e e e e e e e e
LI 1] L0 1 O] 1 =] 1 iv
LISt OF TaDIES. . e e e e e \Y;
IS 00 T 1= vi

LISt OF SCNBMIES . .. ettt e e e e e e e e e e e e e e eV
List Of ADDIeViations. .. ....oovi i e e e X

Chapter One:

LT 11T o] o PP 1
1.1 The shift from bactericidal and bacteriostatic agents.............cooiiiiiiiiiiiineennn. 1
1.2 Behaviors modulated By QS.......ciriii s 2
1.3 Targeting Al-1/AIL-2 SIgNaliNg... ...uinit e e e e e 4
1.4 Chemical synthesis of Al-1 and Al-2 analogs..........cooovviiiiiiiiiiiic e e, 15
1.5 Previous work and SpecifiCc @aimsS.........cooiiiiiiiiiiiiiiiiece e e a2 19
Chapter Two: Results and DiSCUSSION... ... ...ie i ieerieee et aie e ete e e eeieeaeaaas 23
2.1 Biological activity of Al-2 analogs as ester protected compounds......................23
2.2 Long chain analogs can modulate QS in P. @eruginosa..........c.coevvevevvenienennnnn, 30
2.3 Preliminary results and future direCtionS............oiiiie i e 35
Chapter Three: Conclusions and Future WOrK...........c.coooiiiiiiieie e ee e e 41
K T8 A o Tod 1115 o o 1R 41

Chapter Four: Materials and Methods, Supplemental Figures, Reference...............44
4.1 General MEethods. .......oovi i e WA
4.2 NMR CharaCterizations. .. ... ..vcuueeie vt e e e e ne e neee e ean 2 40
4.3 Methods of Biological Evaluations................coooiiiiiiii e e, 49
4.4 Computational analysis of LasR binding...............cc.oooii i 2052
4.5 Supplementary FIQUIES. ......oe et e e e et et re e e ee e e aeienaen 22 D2
N (=3 =T 1= 0 65



List of Tables

Table 1.1: Bacterial Phenotypes under QS control..........ccooeiiiiiiiiiiiiiici e e 3
Table 2.2: Computed Binding affinities between LasR and the various forms of DPD and

L 100 3PP



Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:
Figure 1.5:
Figure 1.6:

Figure 1.7:

List of Figures

Simplified one component AHL CirCUit..........coveiiiiieiie e 5
Biosynthetic route t0 Al-2.......ccviiiriii i i e ee a2l B
Oxidative Pentose Phosphate Pathway..............cccooivii i 8
Biosynthesis of AHLS........ccoooi i eeeeen 20210
Representative examples of AHLS..........ccooviiiii i, 12
Single and multi-component QS CirCUItS.........oovveeve i, 13

P.aeruginosa QS CIrCUIt.........cooviiiiiie i e e e e 1

Figure 1.8: Representative structures of Al-1 antagonists...........ccevveiveiieiieininnnnns 15
Figure 1.9: First generation acyl Al-2 analogs.......cc.vvviveiieniiiiiiee e e 20
Figure 1.10: Second generation acyl Al-2 analogs............coovi i e e, 21
Figure 2.1: Compounds evaluated as bis ester protected Al-2 analogs..................... 24
Figure 2.2: Response of enteric bacteria to bis ester protected Al-2 analogs............... 27
Figure 2.3: QS antagonism in E.coli LsrB transport mutant..............cccceeevviiennennne. 28
Figure 2.4: Biofilm formation in P.aeruginosa with ester protected Al-2 analogs........ 29
Figure 2.5: Structures of nonyl and dodecyl DPD............cccooveiiiiiiiii e, 31
Figure 2.6: QS response in P.aeruginosa in response to C9/C12 Al-2 analogs............ 31
Figure 2.7: Hydrogen bond interactions in the LasR active site................cccovvieennes 34
Figure 2.8: Analysis of binding mode of linear Al-2 analogs..............ccooviiiniin. 35
Figure 2.9: Structural relationship between phosphorylated DPD and phospho-

0T 100 o P 36
Figure 2.10: B-galactosidase activity in response to a molecular probe..................... 40

vi



Figure 3.1Structural changes to C9/C12 analogs

vii



List of Schemes

Scheme 1.1: First reported synthesis of DPD and analogs................coceeeveivenn..l 16
Scheme 1.2: Semmelhack’s synthesis of DPD............ccoviiiiiiiiiiiiiii el 17
Scheme 1.3: Doutheau’s synthesis Of DPD............ccovviiiiiiiiiiici el 17

Scheme 1.4: Vanderleyen’s synthesis Of DPD...........ccooviviiiiii i 18

Scheme 1.5: Synthesis of DPD and analogs developed in Sintim’s laboratory............. 19
Scheme 2.1: Route to bis acetate ester DPD analogs..........occiirineinene e e e, 25
Scheme 2.2: Synthesis Of CA-DPD ..o e e 37

Scheme 2.3: Synthesis Of MS-DPD.........cooiii it e 222 38

Scheme 2.4: Synthesis of a reactive Al-2 probe to detect QS receptors..................... 39

viii



List of Abbreviations

AHL — Acyl Homoserine Lactone

Al — Autoinducer

Al-2 — Autoinducer 2

CF — Cystic Fibrosis

DABCO - 1,4-diazabicyclo[2.2.2]octane

DBU - 1,8-diazabicyclo[5.4.0]undec-7-ene

DCM - Dichloromethane

DMDO - Dimethyldioxirane

DPD - 4,5-dihydroxy-2,3-pentadione

HSL — Homoserine lactone

Mtases — Methyl transferases

PBS - Phosphate Buffered Saline

RLU — Relative light units

R-THMF - (2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran
S-THMF - (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran
OPNG - o-phenyl nitro pyranoside galactosidase

UPEC - Uropathogenic Escherichia Coli



Chapter One

Introduction

1.1 The shift from bactericidal and bacteriostatic agents

The discovery of penicillin and other antibiotics gave relief to millions of people from
deadly bacterial infections. Now, a half a century later we are on the verge of returning to
the pre-penicillin era, as people are continuously dying from common bacterial infections
as a result of the emergence of antibiotic resistance in several clinically relevant
bacteria.® Bacteria, and in general most cells that divide quickly (such as cancer cells)
have the ability to quickly evolve to relieve environmental stress.” It is therefore not
uncommon for bacteria to develop resistance within several years of being exposed to
most antibiotics. Typically, the ability of bacteria to develop resistance lies in mutations.
For example, a modification of only a single amino acid in the antibiotic target site can
decrease the efficacy of the antibiotic (i.e. by lowering the binding affinity). Also,
mutations in other enzymes can increase the degradative activity toward the antibiotic.?
With the realization that bacteriostatic or bactericidal drugs are ultimately going to be
rendered ineffective by pathogens, a new paradigm regarding the treatment of bacterial
infections, which does not involve the killing of bacteria, is now emerging.* In the last
decade, there has been a breakthrough in our understanding of the molecular details of

toxin (or virulence factor) production as well as biofilm formation in bacteria.



It has now been demonstrated in a variety of bacterial species that small molecules that
are used by bacteria to communicate with each other play critical roles in the expression
of various virulence factors or biofilm-related genes.® This phenomenon, known as
qguorum sensing (QS) describes the population density sensing mechanism used by
bacteria. Due to its pivotal role in pathogenesis (virulence expression) and resistance
(biofilm formation), quorum sensing has emerged as a valuable target for anti-infective

therapy.

1.2 Behaviors modulated by QS

Virulence, or toxin production, is a key determinant in pathogenic bacteria. Many
virulence factors have been shown to be under QS control.® For example, pyocyanin, a
virulence factor produced in P. aeruginosa, which inhibits cilia action and inhibits
lymphocyte proliferation, is regulated by QS as well as many other virulence factors and
toxins (see Table 1.1). Perhaps more importantly, biofilm production has been
consistently shown to be under QS control.” The ability of bacteria, both in pure and
mixed cultures, to produce and thrive in biofilms likely explains why we are currently
unable to permanently treat many bacterial infections. Microorganisms are able to
colonize surfaces and grow as communities, known as biofilms, in which they are
commonly embedded in a polysaccharide matrix.® In this matrix they are more resistant

to antibiotics and host defenses.



Table 1.1. Some virulence determinants regulated by QS.

Organism Phenotype Reference
9

P. aeruginosa Elastase production

Pyocyanin production 10

E. Coli Motility 1
Biofilm formation 12
T3SS s
S. typhimurium | InvF 14
S. aureus Biofilm formation 1

16

A. tumafaciens Gall formation

Biofilms have also been proposed to be associated with a range of infections including
those of the gastrointestinal tract, urogenital tract, airway and lung tissue, urinary tract
prostheses, catheters and other medical implants.” For example, uropathogenic
Escherichia coli (UPEC) invades bladder epithelial cells and forms biofilm
communities.’®  This behavior contributes to the difficulty in treating, and reoccurrence
of urinary tract infections. The biofilm matrix offers a protective environment for bacteria
to thrive and overcome host defenses. Biofilm-associated microorganisms are typically
more resistant to antimicrobial agents, and, immune clearance and multiple factors
contribute to the persistence of biofilms®. This persistence can not be overstated for
those relying on medical implants or cystic fibrosis (CF) patients. P. aeruginosa is the
leading cause for mortality in persons with CF; chronic infection and inflammation are
associated with biofilm formation, a progressive decline in lung function and premature

death.?



This development of biofilm in P. aeruginosa has been demonstrated to be dependent
upon QS.?! Also, in enteric bacteria such as E. coli, the Isr operon has been shown to
regulate biofilm formation.? Li et al. identified over a hundred genes induced by LsrR (a
transcriptional regulator) and over twenty genes repressed by LsrR.% Two of the genes
identified, flu and csgE , help mediate biofilm development (via control of cell-cell
adhesion, and host-cell adhesion, respectively). Thus, QS is an attractive target for
attenuating biofilm development and promoting clearance. There is a scarcity of non-
toxic biofilm-clearing small molecules and the development of such anti-biofilm drugs

would surely ease human losses and economic burdens.

1.3 Targeting Al-1/Al-2 signaling

Bacteria regulate their phenotypes via small diffusible signals called autoinducers (AlSs).
There are three main classes of autoinducers: autoinducing peptides (AlIPs, employed by
gram-positive bacteria), acyl homoserine lactones (AHLs, employed by gram-negative
bacteria), and Al-2 (a signal employed by both gram-negative and gram-positive
bacteria). QS circuits vary in their complexity and specific signaling molecules (Als)
utilized by bacteria. Generally, Als are synthesized by the corresponding synthase,

exported out of the cell, and detected by receptor proteins (Figure 1.1).
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Figure 1.1. Simplified one component AHL circuit. Luxl synthesizes the cognate
autoinducer while LuxR senses the AHL when the concentration reaches a threshold

concentration in the cytoplasm. (Figure modified from Chem. Soc. Rev., 2008, 37, 1432)

Biosynthesis of Al-1/Al-2

The primary biosynthetic route to Al-2 in bacteria has been established as the LuxS
catalyzed production of 4,5-Dihydroxy-2,3-pentanedione (DPD) from S-ribosyl-L-
homocysteine (Figure 1.2a). DPD exists as a mixture of hydration products as well as a
borate complex. Al-2 is the collective term for this interconverting equilibrium mixture

of compounds derived from DPD (Figure 1.2 b).
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Figure 1.2 (A.) Biosynthetic route to DPD (B.) Equilibrium mixture that comprises Al-2.



Conserved luxS homologues exist in half of all sequenced gram negative and gram
positive bacteria.?* Al-2 is a dense, sugar-like metabolite, and, attention has been given
to alternate biosynthetic pathways to Al-2.

It has been shown that in the presence of acid, both DPD and 4-hydroxy-5-methyl-
3(2H)-furanone (HMF) spontaneously form from D-ribulose-5-phosphate (Ru5P) (Figure
1.3b).” HMF has been shown to have moderate effects on QS in V. harveyi. RuSP is
formed during the catabolism of glucose via the oxidative pentose phosphate (OPP)

pathway (Figure 1.3a).
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Figure 1.3 (a) Generation of D-ribulose-5-phosohate in the OPP pathway (b) Degradation
pathway of Ru5P to form 4,5-dihydroxy-2,3-dipentadione and HMF.

Using an E. coli mutant, which degrades glucose exclusively through the OPP pathway,
Tavender and coworkers showed that culture supernatants had modest activity in a Vibrio
harveyi bioassay.?® This confirmed that DPD had been generated via an alternative, non-
enzymatic, pathway. While the OPP pathway in E. coli is neither effective nor necessary,

it has been proposed as the pathway of choice in some species. Phytophtora and Pythium

are Oomycetes lacking LuxS homology in their genome.



On the other hand, pentose phosphates are common metabolic products, and, all of the
four published genomes for the Phytophthora species contain conserved sequences for
ribose-5-phosphate (Ru5P). Kong and coworkers have shown that supernatants from
these bacteria lacking luxS could stimulate an Al-2 mediated response (bioluminescence)
in V. harveyi.”” Nichols and coworkers have also demonstrated Ru5P as a LuxS
independent source of DPD in the thermal-resistant bacteria Thermotoga maritime. 2
While T. maritima produced Al-2 it did not respond to that which was exogenously
supplied. While it is clear that there are alternate biosynthetic routes to Al-2, it is also
clear that there is a definite framework for the production, detection and processing of
Al-2 in the canonical QS circuit. While Al-2 may serve as metabolic byproduct in some
species there is much evidence supporting its role in the repression and activation of a
wide range of genes.?

Although it has been shown that not all bacterial species that produce Al-2 utilize Al-2 in
QS, the function of AHLSs is attributed solely to QS. AHLs are synthesized via members
of the Luxl family which use the appropriately charged acyl-acyl carrier protein (acyl-
ACP) and S-adenosylmethionine as the sources of the acyl side chain and the homoserine
lactone (HSL) ring, respectively (Figure 1.4).%

Bacterial genome databases now contain more than 100 different Luxl homologues,
though few show high protein sequence homologies.®* While this is in direct contrast to
LuxS, this observation is not surprising, as the products of Luxl are highly variable.
Interestingly, the biosynthesis of AHLs is not exclusively dependent on Luxl

homologues.



The LuxM family of AHL synthases, has been identified in Vibrio harveyi** and other
Vibrio species.®® Also, a third potential AHL synthase (HdtS) which does not belong to

either the LuxI or LuxM families has been identified.*
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Figure 1.4. Biosynthesis of AHLSs.

QS Circuits in gram-negative bacteria

Gram-negative QS bacteria typically utilize AHLs as Als, with bacterial species detecting
the accumulation of one or more AHL molecules. These AHL signaling molecules vary
between species as a function of their oxidation state as well as their acyl chain length

(Figure 1.5).
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As previously discussed, the secretion of AHLS is governed by the synthase LuxI and the
detection of AHLs occurs via diffusion across the cell membrane and detection by LuxR
type proteins. In the absence of AHLs LuxR is an insoluble protein which rapidly
degrades.®® The presence of AHLs promotes the folding and subsequent dimerization of
LuxR. This LuxR:AHL complex then goes on to bind to DNA where it regulates the
expression of many genes.® The LuxI/R system described above refers to a cytoplasmic
receptor protein, LuxR. Gram-negative bacteria can also utilize membrane-bound
receptors, designated as LuxN type.*’ In these systems, the synthase, LuxM is responsible
for the production of its cognate signaling molecule.*” This signal reaches a threshold
concentration in the periplasm where it is detected by a LuxN-type two component
histidine kinase.® The binding of AHL to LuxN initiates the reversal of a phosphorelay,
thereby de-repressing the transcriptional regulator, LuxR (Figure 1.6a).®® Another Al

used by both gram-negative and gram-positive bacteria alike is Al-2.%

11
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Figure 1.5. Some representative examples of AHLSs used by various species.

Mechanisms for the internalization of Al-2 vary between species. Al-2 is produced by a
conserved synthase LuxS, however, receptors for the various forms of Al-2 differs
between species. For example, Vibrio harveyi recognizes S-THMF via a LuxPQ
histidine-kinase®, while Salmonella typhimurium utilizes an ABC type transporter which
recognizes R-THMF and imports it into the cytoplasm.”® Once in the cystoplasm, the
linear form of Al-2 (DPD) is phosphorylated by LsrK®?, the product, Phospho-Al-2, then
binds to the transcriptional regulator LsrR (Figure 1.6b).>> Multiple QS circuits don’t
always act synergistically as in V. harveyi. Pseudomonas aeruginosa utilizes three
distinct signals and four receptors which either activate or antagonize each other (Figure

1.7).%
12



Knowledge of the various circuits is crucial to intercepting QS; molecular probes can
potentially identify key receptors, elucidate their roles in signaling relays, and, aid in the

design of potent antagonists.

Figure 1.6. Single and multi-component QS circuits (a) QS circuit of V. harveyi. The
three Als initiate phosphorelays that feed into the same phosphorylated] cascade and
activate the transcriptional regulator. (b) QS circuit of S. typhimurium. A cyclic form (R-
THMF) of Al-2 is transported across the cellular membrane, enters the cytoplasm and
becomes phosphorylated by LsrK. This Phospho-Al-2 complex binds to and activates the
transcriptional regulator.

13



Qsc Regulon

\ \/Q H .
/ <
D O
X jJ\ NXO)
NH
(@)
/ BHL
Virulence \
Virulence
¢ > PgsR
|
PQS

Figure 1.7. P. aeruginosa QS circuit. Flattened arrows indicate negative regulation while
pointed arrows indicate upregulation of the corresponding gene(s).

A popular approach to attenuating QS has been through the inhibition of receptor
proteins.*> Toward this end, there have been many Al analogs reported for their efficacy

in the inhibition of QS (Figure 1.8).%

14
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Figure 1.8. Representative structures of Al-1 analogs with QS inhibitory activity**

Over two decades ago, Eberhard and coworkers reported AHL analogs possessing potent
QS inhibition activities.* Since then, many other groups have developed analogs and
novel synthetic methods for arriving at vast libraries of potential antagonists.* Despite
these massive efforts by several groups, there are still no anti-virulence or anti-biofilm
drugs in clinical use as of today. One autoinducer that shows great promise is the so-
called ‘universal’ autoinducer Al-2, as the various forms of Al-2 are recognized by over
seventy species of bacteria.*” A few groups have synthesized analogs of Al-2 which have
been shown to interfere with quorum sensing in enteric bacteria.”® Additionally, Al-2
analogs have been shown to inhibit virulence factor production as well as biofilm

formation.*

1.4 Chemical Synthesis of Al-2 and Al-2 Analogs

While several groups have reported various Al-1 analogs that are effective QS inhibitors,

the development of Al-2 analogs lags behind.

15



Over the last decade there have been numerous reported syntheses of Al-2 and Al-2
analogs. Notably, the first synthesis of Al-2 was accomplished by Janda’s group in 2004
(Scheme 1.1).*° This synthesis was based upon an acetal protected alkyne, 2. Oxidation
of 2 and subsequent deprotection yielded Al-2 and alkyl analogs in moderate yields.
Here, functionalization was achieved during the Corey-Fuchs homologation via the
selection of various alkenyllithium alkyldonors, thus, the access to C1l analogs was
limited. Variations of Janda’s synthesis were later published with the difference being

either (1) selection of protection groups™ or (2) route to the diketone moiety.*>>2

Scheme 1.1. First reported synthesis of DPD and analogs. Reagents and conditions: a.

Oxayl chloride, dimethyl sulfoxide, dichloromethane; triethyl amine; b. CBr,, triphenyl
phosphine, dichloromethane; c. t-butyl lithium, methyliodide, tetrahydrofuran; d. 60%
acetic acid; e. CH(OMe)s (neat), H,SO, (cat); f. KMnQy,, acetone buffer (aq); g. H.O, pH

6.5 (K,HPO4/KH,PO, (0.1M), NaCl (0.15M)), 24 H.
Shortly after Janda’s synthesis, Semmelhack published a similar synthesis involving a
cyclohexylidene protecting group for the diol, and a lactone precursor to the requisite

aldehyde for the Corey-Fuschs reaction (Scheme 1.2).%
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Scheme 1.2. Semmelhack’s synthesis of DPD. Reagents and conditions: (a) KlO,,
K2C03, HzO/CHzClz (b) Phgp, CBr4 (C) 1. n-BuLi, 2H20 (d) 1.n-BuLi 2CH3| (e) RUC|2
(cat.), NalO4 (f) pH 1.5.

Doutheau published a short, three step synthesis of Al-2 based on the Baylis-Hilman
reaction (Scheme 1.3).® Yet, the enone required to add to the aldehyde is not

commercial, so this methodology en route to Al-2 analogs is limited and would require

additional steps.

OH O (0]
oH © OH
@) O b c
H{*%L - —
OH
‘ OTBS OH

OTBS

Scheme 1.3. Doutheau’s synthesis of DPD. Regents and conditions: (a) THF, DABCO,
0°C (b) TBAF/THF, RT (c) 1. O3, MeOH, -78°C 2. DMS, -78°C to RT.

17



Lastly, Vanderleyen utilized the familiar acetal group to obtain the diol functionality and
the coupling of a Grignard and an amine to access the a,f-unsaturated carbonyl which is

subsequently oxidized (Scheme 1.4).%°

Scheme 1.4. Vanderleyen’s synthesis of DPD. Reagents and conditions: (a) NH(CHs),,

EtOH (b) CH,=CCH3MgBr, Et,O/THF (c) DOWEX resin, MeOH (d) Os, MeOH, DMS

While syntheses of Al-2 continue to be published, the underlying problem with most is
that most reported syntheses are not facile enough to readily generate diverse Al-2
analogs from commercial starting materials. In 2009, the Sintim group developed a facile,
two-flask synthesis that is amenable to the generation of a variety of C1 Al-2 analogs

(Scheme 1.5).>*

18



The key step in Sintim’s synthesis is the carbonyl condensation between various
diazocarbonyls and a commercially available 2-(t-butyldimethylsiloxy) acetaldehyde.
Both alkyl and cyclic diazocarbonyls could be obtained from the requisite acid chloride
and acydiazomethane.

The diazo diol intermediates were obtained through deprotection with tetra-butyl
ammonium fluoride. Column chromatography purification of the diazo diol followed by
oxidation with dimethyl dioxirane resulted in pure DPD in moderate to high yields. To
date this synthesis has produced 22 Al-2 analogs with linear, branched, cyclic, and,

aromatic C1 groups.

1.DBU(0.16 eq.)

o o
. | MeCN, rt, 4-6 hr o OH DMDO o OH
R - oH Acetone )‘\”/k/OH
R > R
’ s 2.TBAF (1 eq)
2

THF, rt 1 hr ©

Scheme 1.5. Synthesis of DPD and analogs developed in Sintim’s laboratory. DBU = 1,8-
diazabicycloundec-7-ene, TBAF= tert-butyl ammonium fluoride, THF = tetrahydrofuran,
DMDO = dimethyldioxirane.

1.5 Previous work and Specific Aims

A previous student in the Sintim group, Jacqueline Smith, investigated whether Al-2
analogs with the acyl chain modified could be used to antagonize Al-2 signaling in a

variety of bacteria (Figure 1.9).
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Figure 1.9. First generation of C1 Al-2 analogs.
The conclusion of these studies was that the nature of the C1 alkyl group affected which
bacteria could be targeted. For example, butyl-DPD inhibited Al-2 signaling in E.coli

but not S.typhimurium, whereas isobutyl-DPD inhibited both species.

In collaboration with Drs. Jacqueline Smith and Varnika Roy, | synthesized an expanded
set of Al-2 analogs (Figure 1.10). The aim for the synthesis of these second generation
analogs was to identify new specific inhibitors for other bacterial species and also to
investigate if these analogs could be used to specifically inhibit bacteria in an ecosystem.
One of the species targeted during the study was Pseudomonas areugionsa; this organism
is extremely devastating to immuno-compromised individuals. Though typically known
for its Lasl/LasR QS circuit (responsive to Al-1 type autoinducers), it has been shown
that virulence production in P.aerugionosa is enhanced by Al-2 derivatives.>® We found
that phenyl-DPD could inhibit the virulence factor (pyocyanin) production in P.

aeruginosa while QS in E.coli and S. typhimurium was unaffected.
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Also, when isobutyl-DPD and phenyl-DPD were used as a cocktail in a synthetic
ecosystem (comprising E. coli, S. typhimurium, and P. aeruginosa), the specific
antagonistic activity was retained. This recent observation that in mixed cultures,
organisms can be selectively targeted is very powerful. It is conceivable, for example,
that P. aeruginosa could degrade isobutyl DPD though it is not antagonized by the
compound. For example, S. typhimurium possesses the degradation proteins LsrF and
LsrG which accelerate processing of DPD; these enzymes have not been identified in
E.coli (though the QS circuits are highly homologous).”® The identification of these
specific QS inhibitors is exciting; however, one unanswered question is whether these
DPD analogs are acting via the Al-1 pathway or through an unknown pathway. Also,
DPD and analogs are generally unstable therefore, new ways to make stable Al-2 analogs

are needed.
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o OH (0] OH OH
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O OH

(@) OH 0 OH /@)HH\/OH
WOH OH R o)
\ (6] (0] O
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F(Fluorophenyl-DPD);

NO2 (Nitrophenyl-DPD)

Figure 1.10. Second generation Al-2 analogs.
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The specific aims of this thesis are (i) the synthesis of pro-Al-2 analogs that are
stable and can be unmasked in bacterial cells (ii) to synthesize DPD analogs that
are ‘Al-1 like’ (i.e. having long, linear hydrophobic acyl chains) and investigate if

these analogs are capable of acting on the Al-1 pathway in P. aeruginosa.
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Chapter Two
Results and Discussion

2.1 Biological Activity of Al-2 Analogs as Ester Protected Compounds

While Al-2 analogs can inhibit QS circuits, Al-2 analogs are not themselves viable drug
candidates. The instability of these analogs would likely contribute to their premature
degradation in the human body. From a practical standpoint, Al-2 analogs are not easily
purified, thus, any large scale production of these analogs mandates that modifications be
made. In 2007, Doutheau reported that DPD bis acetate esters were stable precursors of
DPD.*" It is presumed that esterases inside bacterial cells can cleave the ester moiety to
yield biologically active DPD. The activity of these ester protected DPD compounds was
determined by the ability of the compounds to induce B-galactosidase production in
E.coli and S. typhimurium as described below. Briefly, the Lsr (Lux S Regulated) operon
is appended with a gene encoding B-galactosidase. When the Lsr operon is expressed (via
Al-2 induced derepression of LsrR), the B-galactosidase enzyme is expressed as well.
When the chromogenic substrate, O-PNG, is added to cultures with varying levels of
enzyme, the cleavage product can be observed at 420 nM and used as a measure of
activity. While Doutheau’s study confirmed the use of bis-methyl ester protected DPD as
an agonist, it did not discuss the antagonistic profile of Al-2 analogs nor examine the use

of various ester protecting groups.
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One of the aims was to make various ester-protected DPD analogs and determine which
ester protection was optimal for the induction of the QS response. Secondly, we aimed to
determine if ester protected DPD antagonists such as isobutyl-DPD and hexyl-DPD,

could be protected as esters and retain their inhibitory activity.

Synthesis of various bis ester protected DPD analogs

A series consisting of methyl, propyl, butyl, and pentyl bis ester DPD analogs was
desired in order to compare the effects of ester chain length on permeability. Presumably,
ester analogs of Al-2 chains would be more stable towards retro-Aldol degradation and
hence would be easier to purify on silica gel. Methyl-DPD, hexyl-DPD and isobutyl-DPD
were chosen as analogs to convert into their ester forms (Figure 2.1). All compounds
were synthesized following protocol developed in the Sintim lab (Jacqueline A.l. Smith,
PhD dissertation, University of Maryland, 2011)*® (Scheme 2.1). With these analogs in
hand, we proceeded to test their activity in E.coli and S.typhimurium using the [-

galactosidase assay previously described.

(1) DPD bis methyl ester : R' = CH3 (5) Isobut : D —
: o yl DPD bis methyl ester : R'= CH3 ; CR'=
 Drp b pro e U CaFe () sohu DPD s oy eser R = ot (30} PEOS RIS 2 S
4) DPD bis pentyl ester: R = Coth,  ()/S0DULYI DPD bis butyl ester: R =CaHl1o (17) Hexyl DPD bis butyi ester: R' = C,H
@ IS pentyl ester k' =512 (g) Isobutyl DPD bis pentyl ester: R' = CgHy, (12) Hexyl DPD bis pentyl ester: R' = ésl}ﬁz

Figure 2.1. Compounds evaluated as bis ester protected Al-2 analogs.
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Scheme 2.1. Reagents and conditions: (a) diazomethane, 0°C, (b) t-butyl-
dimethylsiloxyacetaldehyde, 1,8 diazabicycloundec-7-ene, CH3CN, RT (c) TBAF/THF.
DCM= dichloromethane; DMDO= dimethyldioxirane.

Ester Protected DPD analogs are processed differently in E.coli and S. typhimurium

In E. coli DPD, bis-methyl, propyl, butyl and pentyl esters are able to induce the
expression of the Isr operon. In contrast, S. typhimurium is unable to process bis esters as
efficiently, displaying only moderate levels of Isr expression (Figure 2.2a). In E. coli, the
methyl and propy! bis-ester derivatives of isobutyl-DPD are effective, while the bis esters
are generally unable to inhibit QS in S. typhimurium (Figure 2.2b). Possible reasons for
the divergent activity are (1) membrane permeability varies between the two species, or,
(2) the selectivity of esterases varies between the species. Membrane permeability assays

of the ester protected analogs could shed light on these observations.

Both E. coli and S. typhimurium contain the LsrACDBF(G)E operon (with E. coli lacking

the IsrG gene). The LsrACBD components comprise an ABC transporter protein.
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LsrB has homology to periplasmic ribose proteins and it is proposed that the role of LsrB
is to bring Al-2 into contact with the channel and ATP components of the Lsr transporter
(predicted to lie in the inner membrane).™

Also, while LsrACBD is critical for Al-2 uptake in Salmonella, it is not necessary in E.
coli. Interestingly, when isobutyl-DPD bis esters were evaluated in LsrB mutants, the
observed antagonism exceeded both that of E. coli and Salmonella (Figure 2.3).

In E. coli, the fact that all methyl DPD bis-esters (8a-d) are capable of agonism and only
isobutyl DPD esters up to propyl (9a-c) can antagonize indicates that the C1 side chain
also plays a role in the ability of analogs to either cross the cellular membrane or be

unmasked by esterases. Further experiments are needed to resolve this issue.
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Figure 2.2(a).Response of enteric bacteria to bis-ester protected Al-2 analogs (Top)
Agonism in S. typhiumurium (MET715, LuxS-) and E. coli (LW?7, LuxS-) in response to
20 UM bis-ester Al-2. (b)(Bottom) Antagonism in LuxS- S. typhiumrium and E.coli
supplemented with exogenous Al-2 (20 uM) and 20uM bis-ester DPD analogs.
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Figure 2.3. Antagonism in LsrB- E. coli exceeds that of the strain with an intact
transporter.

Ester protected DPD analogs as QS inhibitors in P.aeruginosa

Acetate protected Al-2 analogs contain the long acyl-chain moiety present in AHLSs.
Thus, we wondered if acetate protected analogs could interfere with QS in P. aeruginosa.
To probe the effect of acetate protected Al-2 on P.aeruginosa, the effect on biofilm
formation was measured. P. aeruginosa (PAO1)was grown both in isolation, and in the
presence of Al-2 analogs.

After 24 hours, biofilm was measured via crystal violet staining and quantified as the

absorbance at 550 nm (Figure 2.4).%
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Figure 2.4. Effects of ester protected Al-2 compounds on the ability of P.aerugionsa to
form biofilm.

While static biofilm measurements are highly variable, we were encouraged that Al-2
analogs could not only modulate QS in E. coli and S. typhimurium, but in P. aeruginosa

as well.
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2.2 Long chain Al-2 analogs can modulate QS in P.aeruginosa

P. aerugionsa produces virulence factors in response to Al-2 though it itself does not
harbor the requisite synthase to make Al-2.® We and others®® have observed moderate
inhibition of QS in P. aeruginosa in response to Al-2 analogs. Ganin et al. have shown
that both Pently and Hexyl DPD inhibit the lasR:Lasl QS circuit. As LasR type proteins
recognize their respective signaling molecules as a function of chain length, we wondered
if longer chain Al-2 analogs would be more potent antagonists. The native AHL of P.
aeruginosa, 3-oxo-dodecanoyl-HSL, contains an acyl chain 12 carbons long. We
reasoned that as the C1 chain length increased to that of the native ligand, affinity to
LasR would also increase. Towards this end, nonyl and dodecyl DPD were synthesized
according to our previously published method (Figure 2.5). These long chain Al-2
analogs were tested with a bioluminescent LasR:LuxCDABE reporter strain (PAO1
PSB1075)%. This strain is deficient in the requisite AHL synthase (Lasl) and displays
luminescence in response to LasR activation. P. aeruginosa was cultured with 20 uM 3-
oxo-dodecanoyl HSL and 40 uM nonyl or dodecyl DPD and bioluminescence was
observed every hour for eight hours. The maximal response was observed after 5 hours.
Approximately 50% inhibition of bioluminescence was observed in both long chain
analogs; interestingly, there is an increase in the efficacy of the analogs with an increase
in the chain length of C1 (Figure 2.6). As Al-2 exists as an equilibrium mixture of
products, we wondered if one intermediate was more effective than the rest. The receptor

protein LasR has been co-crystallized with its cognate HSL.*
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To both confirm our observations and identify the most effective form(s) of Al-2 analogs,

we performed a computational analysis of LasR-Al-2 binding.

O OH

B P,

o]

O OH

\/\/\/\/\/\)KH/QOH

o

Figure 2.5. Structures of nonyl (a) and dodecyl (b) DPD.
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Figure 2.6. QS response in P. aeruginosa in response to long chain Al-2 analogs (RLU =
relative light units).
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Computational Analysis of LasR Binding with Al-2 Analog

AutoDock Vina® was used to model protein-ligand interactions and rank their binding
affinities. LasR complexed with its native ligand, 3-oxo-C12-HSL (PDB ID = 31X3) was
used as the receptor protein. Autodock Vina is a widely used docking software which
scores protein-ligand interactions on the basis of the free energy differences between the
bound and unbound state. Solvent effects are neglected. All calculations were done with
an exhaustiveness of 64.

Consistent with biological observations, the binding affinities increased as a function of
chain length (Table 2.1). Among the cyclic forms, there does not appear to be much
preference for hydrated over the cyclic ketone form. In general, cyclic forms confer
slightly higher binding affinities. There is a -3.2 kcal/mol increase from DPD to dodecyl
DPD which points to the importance of acyl tail length in HSL specificity. Three residues
Asp73, Serl29, and, Trp 60 (Figure 2.7) seem to control alignment in the polar head

cavity, while the hydrophobic tail sits in a very ordered hydrophobic pocket (Figure 2.8).
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Table 2.1.Calculated Binding affinities using AutoDock Vina between LasR and the
various forms of DPD, Pentyl- DPD and Dodecyl- DPD. (a. It has been noted that the
difference between calculated binding energy and experimental value is + 2.8kcal/mol.)

AHL or analog Binding Energy?
3-oxo-dodecanoyl-HSL -8.5 kcal/mol
Dodecyl DPD

Dodecyl DPD - Cyclic -7.8 Kcal/mol
Dodecyl DPD -Cyclic, hydrated -7.8 Kcal/mol
Dodecyl DPD - Linear -7.3 Kcal/mol
DPD

DPD - Linear -5.3 Kcal/mol
DPD - Cyclic -5.6 Kcal/mol
DPD - Cyclic, hydrated -5.3 Kcal/mol
Pentyl DPD

Pentyl DPD - Linear -6.4 Kcal/mol
Pentyl DPD - Cyclic -6.8 Kcal/mol
Pentyl DPD - Cyclic, hydrated -6.4 Kcal/mol

The alignment of DPD, pentyl DPD, and dodecyl DPD at the polar head (Figure 2.7) is
vastly different. Even in the case of dodecyl DPD, where both computational analysis and
biological assays confirm binding, there is rotation within the binding pocket. These

results suggest a rather loose active site requirement in the polar head cavity.
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ck on the first atom,..

Figure 2.7 Hydrogen bond interactions involving 3-oxo-dodecanoyl in the LasR active
site. The three catalystic residues are: Asp73, Ser129, Trp, 60.
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Figure 2.8. Superimposition of Al-2/analogs in the active site of LasR. Green- Native
ligand, 3-oxo-decanoyl-HSL ; Pink — Dodecyl- DPD; Dark pink — DPD; Purple — Pentyl-
DPD. All tabulated values correspond to an equivalent binding mode.

2.3 Preliminary results and future directions

As discussed previously, processing in enteric bacteria is dependent upon
phosphorylation by LsrK. Likewise, all DPD analogs which can inhibit QS in E.coli and
S. typhimurium are phosphorylated by LsrK. Antibiotics that depend on activation by
bacterial enzymes can be rendered less effective by mutations. Thus, it was desirable to
construct phosphorylated Al-2 analogs to eliminate the need for activation by the kinase,
LsrK. However, the charged phosphate group generally imparts poor cellular

permeability characteristics.
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In addition, phosphate groups are rapidly cleaved by endogenous phosphatases, resulting
in a significant and often total loss of activity. Broadly, there have been three types of
phosphate isosteres that have been employed: (1) phosphorus based (2) carboxylate based
(3) miscellaneous, non-phosphate based.®® Thus, we envisioned synthesizing mimics of

our phosphorylate compounds (Figure 2.9).

0] OH
o /P
P\
/ O
o) -O
o OH O  OH
M\/\(O /O
//S\
0] OH 0]
CA -DPD MS - DPD

Figure 2.9. Structural relationship between phosphorylated DPD and phospho — mimcs.

The first mimic we endeavored to make was a carboxylate derivative (Scheme 2.2). The
synthesis utilized the familiar carbonyl condensation with the t-butylsiloxy acetaldehyde
being replaced by methyl-4-oxobutanoate. NMR, IR, and MS confirmed that instead of
the diazo carboxylate intermediate there was loss of methoxide consistent with the
generation of the cyclic product. With this cyclic derivative in hand, it is expected that a
basic workup (25% NH,OH/H,0) should yield the desired carboxylic acid DPD (CA-

DPD).
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Scheme 2.2 Synthesis of CA-DPD.

Next, we turned our attention to the synthesis of the sulfone mimic. The synthesis was
identical to our general synthesis of Al-2 analogs, beginning with the addition of methyl
diazocarbonyl to 3-(methylthio)-propenal (Scheme 2.3). Methyl sulfone DPD (MS DPD)
was confirmed with *H NMR' 3C NMR, and ESI-MS ( of the quinoxaline derivative, see

supporting information).
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Scheme 2.3. Synthesis of MS — DPD

Future studies involving these phosphate mimics will focus on ascertaining the biological
activity of these compounds. As these compounds are mimics of the native DPD

molecule, they could activate QS in E.coli and S.typhimurium.

Alkyl-Azide DPD as a Chemical Probe

Quorum sensing is a rapidly evolving field, and, while there is a wealth of information
including crystal structures and genomic analyses pertaining to AHL QS systems, Al-2
QS circuits are much more elusive. While we capitalize on the better known systems of
E. coli, S. typhimurium, P. aeruginosa, and, V. harveyi, a chemical probe to identify
putative Al-2 receptors in other bacteria would be invaluable to the field. Ideally, the
probe would be a QS active molecule capable of forming a covalent linkage to Al-2
binding recptors in vivo. Azides are reactive molecules that are easily incorporated into
molecules via the nucleophilic displacement of an alkyl halide. So, as our prototype of a
molecular probe, we designed a C, azido DPD (C4A-DPD) (Scheme 2.4a).While the
OTBS protected C4Br diazo intermediate was confirmed with *H NMR, *C NMR, MS

and, IR, the displacement reaction failed to proceed.
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The product could not be confirmed with NMR but, MS revealed a [M-28] ion consistent
with the loss of N,.This was puzzling as the reaction with the primary halide was

expected to be facile.

1.DBU(0.16 eq.)
MeCN,rt, 46 hr Q  OH o oH

" _ e ores NaNs OTBS
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o
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//\\//K\v/ﬂ\ — N3 OTBS 3
N3 OH | Ny
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O OH
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Scheme 2.4. Synthesis of a reactive probe to detect QS receptors.

However, after multiple attempts, we abandoned our first approach towards azide DPD.
Ultimately, the probe was constructed from the 5-azido pentanoic acid (Scheme 2.4b),

once the acyl chloride was generated, the reaction proceeded according to our established

synthesis.
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Biological Evaluation of C4-N3 DPD in E. coli and S. typhimurium

B-Galactosidase activity (Figure 2.9) in the presence of 20 uM Al-2 and 40 uM C4A-
DPD was measured. The inhibition observed confirmed that this azido Al-2 analog is
capable of antagonizing QS networks. Consequently, this enzyme must bind to LsrK and
be phosphorylated. Based on previous studies, it appears that C4A-DPD has an activity
profile similar to that of pentyl DPD in E. coli and S. typhimurium. What is intriguing is

the possibility of using C4A-DPD to discover new QS regulatory proteins.
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Figure 2.10. B-Galactosidase activity in response to the C, molecular probe (40 uM).
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Chapter Three
Discussion and Future Work

This work expands the utility of C1 alkyl Al-2 analogs. In addition to serving as
molecular probes in enteric bacteria such as E.coli and S. typhimurium, Al-2 analogs have
been shown to be capable of attenuating QS in P. aeruginosa. Also, the effect of long
chain Al-2 analogs on QS was found to be derived from a specific interception of the
LasR receptor. Future work will be directed at the synthesis of more potent long chain C;
Al-2 analogs. The design of these analogs will be governed by the results of
computational studies with potential candidates. The main structural requirements of Al-
1 analogs governed by the LasR active site are a polar head group combined with a
hydrophobic region (Figure 3.1 A). Some logical alterations that could be made are
increasing the number of polar groups and adding additional branching of the acyl tail
(Figure 3.1 B). Additionally, the potency of Al-1 analogs is not only a function of their
binding affinity to LasR but also their ability to permeate through cellular membranes. A
long acyl tail, while important to LasR binding, would undoubtedly have problems
crossing the lipophilic cell membrane. Future syntheses will involve the generation of

structural mimics with more hydrophilic nature (Figure 3.1C).
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Figure 3.1. (a) Native AHL of P. aerugioinosa (b) Structural changes in both the polar
head region as well as the acyl tail for Nonyl- DPD (c) Introduction of more hydrophilic
groups to enhance permeability.

The LasR receptor is typically responsive to Al-1 and analogs and this interaction
between LasR and Al-2 analogs only underscores the utility of molecular probes. The
first generation C4A-DPD described here will allow for the identification of novel Al-2
receptors across diverse bacterial species. This work also describes two novel C4 and C5
Al-2 analogs that will potentially allow for the development of more potent antagonists
of Al-2. Eliminating the need for LsrK mediated phosphorylation of Al-2 analogs serves

two purposes (1) more rapid delivery of antagonists to their cognate receptors and (2)

avoids the possibility of analogs being rendered inactive by potential mutations in LsrK.
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Future work with phospho-mimics will involve coupling the carboxylic acid or sulfone
moiety to potent inhibitors such as isobutyl DPD, as we would expect additional
enhancements in potency.

Lastly, work with bis-ester protected Al-2 analogs highlights the importance of using
probes to understand QS processing. From these studies it is clear that different
protection strategies may be necessary for specific bacteria. For example, E.coli is

generally responsive to bis protected esters while S. typhimurium is not.
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Chapter Four
Materials and Methods, Supplemental Figures, References

4.1 General Methods

Moisture sensitive reactions were carried out using oven dried glassware sealed with
rubber septa under argon. Dry MeCN was distilled over CaH, immediately prior to use.
Dry THF was purchased from Sigma Aldrich and used without further distillation. All
organic solutions were concentrated using a Buchi rotary evaporator with an aspirator
pump. Thin-layer chromatography was conducted with Merck Kieselgel 60 F254 plates.
TLC plates were visualized with UV light and p-anisaldehyde stain. Crude reaction

mixtures were purified by flash chromatography using 230-400 mesh silica gel.

'H NMR and *C NMR were measured with Bruker AV-400 at 400 MHz and 100 MHz
respectively. Data for 'H NMR were reported according to standard convention as
follows: chemical shift (ppm; s = singlet, d = doublet; t = triplet; q = quartet, dd = doublet
of doublet; td = triple of doublets; m = multiplet), coupling constant (Hz), and
integration. Data for 3C NMR are reported in terms of chemical shift (ppm) relative to
solvent peak. Mass spectra and high resolution mass spectra were recorded by JEOL
AccuTOF-CS (ESI positive/ ESI negative (as indicated), needle voltage 1800-2400 eV).

IR spectra were measured with a ThermoNicolet (IR200) spectrophotometer.
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Generation of Acyldiazomethane and Diazocarbonyls: Acyldiazomethane was generated
from the base, NaOH (8g, 0.35 mol) catalyzed hydrolysis of Diazald (10g, 24.6 mmol)
(SigmaAldrich) in ethanol and water (1:1, 20 mL) at 75 °C. Acyldiazomethane was
removed under vacuum as an acetone solution at -70 °C. The diazocarbonyls were
synthesized from the addition of the requisite acyl chlorides (1 equiv.) and

acyldiazomethane (3 equiv.) at 0 °C for 2 hr.

Synthesis of Diazodiols: 2-(t-butyldimethylsiloxy) acetaldehyde (1.1 equiv.) was added
to a solution of diazocarbonyl (0.2M) and DBU (0.16 equiv.) in anhydrous acetonitrile at
RT. The reaction was performed under argon and monitored by TLC. The reaction was
quenched after 8 h with satd. NaHCOs3, extracted with dichloromethane (3 x 15 mL), and
dried over sodium sulfate. The solvent was evaporated and the crude residue was
redissolved in anhydrous THF (0.2M). To this solution was added TBAF (lequiv.). The
solution was allowed to warm to room temperature for 1 h. The solvent was removed
under reduced pressure and the crude product was purified by column chromatography.
The product eluted as a bright yellow oil with 1:3 to 3:2 ethyl acetate: hexane (45 — 60%

yield).

Synthesis of DPDs: To a solution of diazodiol (5 mg) in acetone (1mL) was added
dimethyldioxirane (1mL). The reaction was stirred at room temperature until the
disappearance of starting material as monitored by IR (loss of sharp stretch at 2080 cm™).
Solvent and excess dioxirane was removed under reduced pressure; NMR was taken

without further purification.
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Synthesis of Quinoxaline Derivatives: To a solution of DPD was added 1,2-
phenyldiamine (2 equiv.) , the reaction mixture was stirred for 24 hrs, after which, the
reaction was quenched with 1 M HCI. The quinoxaline was extracted with chloroform,

the solvent removed under pressure, and the crude product purified on silica.

4.2 Spectroscopic Characterizations
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3-Diazo-1,2-dihydroxy-tridecan-4-one:

'H NMR (400 MHz, CDCls) & 4.78 (t, J = 4.6 Hz, 1H), 3.89 (dd, J = 11.5, 4.3 Hz, 1H),
3.79 (dd, J = 11.5, 4.9 Hz, 1H), 2.58 — 2.45 (m, 2H), 1.66 (m, 2H), 1.43 — 1.21 (m, 14H),
0.91 (t, J = 6.7 Hz, 3H).*C NMR (100 MHz, CDCls, §): 14.5, 15.7, 23.1, 29.5, 29.6,
29.7, 29.7, 32.3, 38.7, 66.3, 67.2. IR (cm™, CHCIls): 3421.2, 2926.4, 2854.3 , 2087.1 ,
1621.7.

O OH

S A Ao

N2

3-Diazo-1,2-dihydroxy-hexadecan-4-one:

'H NMR (400 MHz, CDCls) 84.78 (t, J = 4.6 Hz, 1H), 3.88 (dd, J = 11.9, 3.9 Hz, 1H),
3.82 — 3.73 (m, 1H), 3.55 — 3.46 (m, 1H), 2.74 (s, 1H), 2.57 — 2.44 (m, 2H), 1.75 - 1.61
(m, 4H), 1.41 - 1.26 (m, 16H), 0.96 — 0.84 (m, 3H) **C NMR (100 MHz, CDCls, §): 14.5,
23.1, 25.0, 29.6, 29.7, 29.8, 29.9, 30.0, 30.0, 30.1, 32.3, 38.7, 64.7, 67.1, 195.6. IR (cm™,
CHCls): 3362.9, 2920.9, 2851.9, 2083.6, 1612.7.
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O OH

N3

N»

8-Azido-3-diazo-1,2-dihydroxy-octan-4-one:

'H NMR (400 MHz, CDCls) & 4.18 — 4.05 (m, 1H), 3.83 (dt, J = 9.9, 4.7 Hz, 1H), 3.73
(d, J=9.9 Hz, 1H), 3.32 (t, J = 6.5 Hz, 2H), 2.33 (t, J = 7.2 Hz, 2H), 1.80 — 1.59 (m, 4H)
3¢ NMR (100 MHz, CDCls) & 22.6, 28.7, 37.8, 51.5, 64.8, 66.5, 96.3, 198.5. IR (cm™,
CHCIs): 3374.8, 2922.3, 2359.1, 2083.3, 1608.01.

|
N2
5-(1-Diazo-2-oxo-propyl)-dihydro-furan-2-one:
'H NMR (400 MHz, CDCls, 8): & 5.59 — 5.50 (m, 1H), 2.80 — 2.54 (m, 2H), 2.31 (s, 3H),
2.25 — 2.06 (m, 2H)."*C NMR (100 MHz, CDCl3) & 26.3, 26.7, 29.3, 74.1, 177.0. IR (cm’
! CHCI5): 3000-2900, 2090.7, 1771.8, 1642.7.

3-Diazo-4-hydroxy-6-methanesulfanyl-hexan-2-one:

'H NMR (400 MHz, CDCls) § 4.95-4.92(m,1H), 2.68-2.66 (m, 2H), 2.28 (s, 2H), 2.14 (s,
1H), 1.99-1.86(m, 2H). *C NMR (100 MHz, CDCls) & 15.9, 26.2, 30.6, 33.5, 65.4,
191.9. IR (cm™, CHCI5): 3387.9, 2918.3, 2084.5, 1715, 1614.50.
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DPD derivatives:

As discussed previously. DPD derivatives are a mixture of interconverting structures and
are ultimately confirmed via their quinoxaline derivatives. See supplementary figures
below.

(@]
WMH\/OH

(0]

1,2-Dihydroxy-tridecane-3,4-dione

'H NMR (400 MHz, MeOD) § 4.11-4.05(m), 3.90-3.83(m), 3.78-3.71(m), 2.83-2.63(m),
1.60-1.35(m), 0.89 (s). *C NMR (100 MHz, MeOD) & 32.1, 29.7, 28.9, 22.7, 13.3. IR
(cm™, MeOD): 3421.2, 2926.4, 2854.3, 1621.7

O OH

S A A O

(0]

1,2-Dihydroxy-hexadecane-3,4-dione

'H NMR (400 MHz, MeOD) § 4.28-4.12(m), 4.01-3.87(m), 3.71-3.58(m), 3.47-3.36(m),
2.50-2.37(m), 2.27-2.09(m), 1.99-1.92(m), 1.35-1.16(m), 1.00-0.80(m), 0.53-0.42(m). *C
NMR (100 MHz, MeOD) & 32.3, 30.1, 29.8, 23.1, 14.6. IR (cm™, CHCl3): 3362.9,
2920.9, 2851.9, 1612.7.

@] OH

M)Y\/OH
N3

(0]

8-Azido-1,2-dihydroxy-octane-3,4-dione

'H NMR (400 MHz, MeOD) § 4.05, 3.29, 2.73, 2.23, 1.60, 1.27, 0.82.*C NMR (100
MHz, MeOD) & 74.3, 62.4, 51.5, 36.5, 33.3,29.3, 28.4,22.2, 20.4, 20.1. IR (cm™,
MeOD): 3374.8, 2922.3, 2359.1, 1608.01.
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4-Hydroxy-6-methanesulfonyl-hexane-2,3-dione
'H NMR (400 MHz, MeOD) § 3.22, 2.56, 2.07, 1.95, 1.50.*C NMR (100 MHz, MeOD)
6207.9,72.1,51.4,50.2,39.9,23.9..IR (Cm'l, MeOD): 3387.9, 2918.3, 1715, 1614.50

w

o

1-(5-Oxo-tetrahydro-furan-2-yl)-propane-1,2-dione

'H NMR (400 MHz, MeOD) § 2.76, 2.51-2.49(m), 2.25-2.09(m), 1.65-1.47(m). **C NMR
(100 MHz, MeOD) § 206.1, 178.7, 99.7, 81.9, 80.8, 27.5, 26.2, 23.7,21.9, 21.1. . IR (cm’
! CHClI;): 3000-2900, 1771.8, 1642.7.

4.3 Methods of Biological Evaluation

Bacterial Strains and Growth Conditions: P. aeruginosa biolumiscent reporter
(LasR:Lasl:LuxCDABE) strains®® were cultured in Luria Bertani medium (LB,
SigmaAldrich) at 37 ° C with 200 pg/mL ampicilin. S. typhimurium and E. coli p-
galactosidase expressing reporter strains (Lsr:LacZ) were cultured in LB media at and 37
°C with the appropriate antibiotics (100 ugmL™ kanamycin, and 50 ugmL ampicilin,

respectively).

49



Measurement of the QS Response in P. aerugionosa: Compounds were measured for
their ability to induce (QS agonists) or inhibit (QS antagonists) bioluminescence in
PSB1075. P. aeruginosa was grown for 18 hrs. at 37°C in LB media and diluted 1:100
into fresh LB media.

P. aeruginosa was grown for an additional 3-4 hours (OD = 0.4) and diluted once again
(1: 50 into fresh LB media), and grown for an additional 30 minutes. 1 mL of this culture
was diluted into 9 mL fresh LB and, this resultant mixture was inoculum

Agonistic Assays:

200 pL of inoculum was added to 96 well plates and aliquots of the native HSL or
analogs (40 uM) were added directly. The plate was covered and allowed to incubate at
37 °C for 8 hours. ODgg (as a measure of growth) was measured in a side by side
experiment with 500uL of inoculum. Bioluminescence was recorded every hour.
Induction of luminescence indicated the ability of HSL or analog to activate QS. All
experiments were done in triplicate and repeated at least twice. Error bars represent the
standard deviation.

Antagonistic Assays:

Before antagonistic assays were performed, 1Csp experiments were carried out to
determine concentrations of HSL needed to induce significant bioluminescence in
PSB1075.

200 pL of inoculum was added to 96 well plates, followed by the addition of 20 uM
HSL, and, the subsequent addition of 40 uM analog. Bioluminescence was recorded

every hour. Reduction of luminescence indicated the ability of HSL or analog to inhibit

QS.
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Negative Control: Constitutive Reporter

P. aerugionsa MET2442 was cultured in the same manner as PSB1075. Experiments
with this strain were similar to those of the agonistic assay. MET2442 was constructed
with a mini-transposon (LuxCDABE) and thus was expected to exhibit the same level of

bioluminescence regardless of the compounds it was cultured with.

Measurement of the QS Response in S. typhimurium and E. coli: Compounds were
measured for their ability to induce (QS agonists) or inhibit (QS antagonists) B-
galactosidase expression. -galactosidase expression was determined by incubation with
the substrate O-nitrophenyl-p-D-galactoside and release of O-nitrophenyl (420 nM)
indicated the activity of pB-galactosidase . S. typhimurium (MET715) and E. coli (LW?7)
were grown for 18 hrs in LB media.

Cultures were diluted (1:50 in fresh LB with appropriate antibiotics) and scaled up for an
additional 4 hours (OD = 0.5-1.0). Cells were harvested by centrifugation at 14K rpm for
10 minutes and resuspended in an equal volume of PBS buffer.

Suspensions of either S. typhimurium or E. coli were cultured with 40 uM analog
(agonistic response) or both analog and 20 uM Al-2 (antagonistic response) for 2hrs. Al-

2 dependent B-galactosidase production was quantified by the Miller assay.®’
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4.4 Computational Analysis of LasR Binding Pocket

AutoDock Vina® was used to model binding interactions between LasR and its native
HSL as well as Al-2 analogs in their various forms. 3-oxo-decanoyl-HSL was used as a
control to ensure that analogous binding modes were being compared. Once, the native
ligand was successfully docked in the binding pocket with a high affinity, binding

affinities (kcal mol™) for the various Al-2 analogs were computed.

4.5 Supplementary Figures

Hexyl Series
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propyl
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butyl
Hexyl DPD b
pentyl

S1. QS response in S.typhimurium in response to bis ester protected hexyl analogs (20
puM) and Al-2 (20 uM).
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PSB1075
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S2. (Top) Induction of QS in P.aeruginosa in response to the native HSL. (Bottom) Al-2

analogs do not induce a QS response in P.aerugionsa.
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Growth in P. aeruginosa after 6 h Incubation
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S3. Growth determinations in response to varying concentrations of methyl, nonyl, and

dodecyl DPD.
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Spectral Characterizations:
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C12 DPD (Top) = Quinoxaline derivatization with phenylenediamine (Bottom)
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C9 Diazo Diol (*H NMR, *C NMR)
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C9 DPD (Top) = Quinoxaline derivatization with phenylenediamine (Bottom)
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CA Diazo Diol (*H NMR, *C NMR)
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CA DPD (Top) - Quinoxaline derivatization with phenylenediamine (Bottom)
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C4 Azide Diazo Diol (*H NMR, *C NMR)
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C4 Azide DPD (Top) -> Quinoxaline derivatization with phenylenediamine
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MS Diazo Diol (*H NMR, *C NMR)
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MS DPD (Top) = Quinoxaline derivatization with phenylenediamine (Bottom)
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