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Abstract

Demarcating the boundary between bacterial cells and the external environment,
the membrane provides a selective barrier for the flux of chemical entities into- and
out of- the cells. As such, membrane properties have significant implications in a
number of technologies. In whole-cell biocatalysis and bioenergy production, for
example, the barrier imposed by the membrane limits efficient flow of substrates,
products, and electrical current. This barrier is also partly responsible for the
difficulties in treating certain infections by preventing antibiotics from reaching their
targets within cells. Additionally, the membrane functions to guide the physical
interactions of cells with other biotic and abiotic components of their environment.
Thus, the selective modulation of membrane properties represents a powerful tool
that can benefit numerous microbe-based technologies.

Conjugated oligoelectrolytes (COEs) are a class of compounds defined by a -
delocalized backbone consisting of a discrete number of repeat units and pendant
ionic functionalities. Specific subsets of COEs possess the proper distribution of
charge and hydrophobic/hydrophilic balance to permit spontaneous intercalation into
model- and natural- membranes. The consequences of COE intercalation into
membranes are variable and highly dependent on molecular structure. In this work,
we will probe the structure-activity relationships that govern COE effects on
membranes. Additionally, the strategic design and synthesis of COEs to achieve
specific effects on membranes will be described.

In one study, a homologous series of COEs will be employed to elucidate how

structural elements direct antimicrobial and membrane-permeabilizing properties.
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Through careful examination of independent structural components, an improved
understanding of COE structure-property relationships will be developed and applied
in subsequent studies. In a separate effort, the design of a COE photo-actuator for
on-demand membrane permeabilization will be described and its activity will be
demonstrated in model-membrane vesicles as well as living cells. A novel class of
asymmetric COEs bearing functional handles will be discussed with an emphasis on
design and synthesis. The use of one such compound as an interlayer for improved
biotic-abiotic interfaces in bioelectronic applications will be described in detail.
Additional representative compounds of this class will be investigated as
“‘membrane-anchors” for the localization of small molecules and proteins to the
surface of cells as well as a means to direct cell-surface and cell-cell interactions.
Finally, preliminary studies into the potential for COEs to represent a new class of
antibiotics will be presented with a focus on structural optimization for improved

selectivity toward bacterial cells.

Xiv



Contents

. Introduction XXii

I.1.  Lipid membranes, their function in cells, and the challenges and opportunities they

0] (== o | NS XXii
I.2.  Conjugated Oligoelectrolytes as modulators of membrane properties ...........cccccoo.. XXV
.3, Overview and ODJECHVES ... e XXVii

Chapter 1: Self-Assembled Monolayers of COEs for Improved Biotic-Abiotic
Interfaces 1

1.1 INEOAUCHION ... 1
1.2  Design and synthesis of a gold-binding COE ...................oc 3
1.3 Intercalation of COE-SH into Microbial Membranes and the effect on Bacterial
(€101 1 o SR UPP PSPPI 6
1.4  Formation and characterization of COE-SH Monolayers............cccccvveeeiiiiiiiiiineeeeees 7
1.5 Application of COE-SH Functionalized Anodes in Microbial Fuel Cells......................... 9
1.6  Additional Experiments and CalCUlations .............oocouiiiiiiiieeiiiiiieee e 10
1.6.1  Surface coverage calculated from XPS SPECIrUM .........cooviiuviiiiiiieeiriiiiiiieieeeeeens 10
1.6.2 Calculation of first-atomic-layer contribution to Au 4f XPS signal.......................... 11
1.6.3  Surface coverage calculated by reductive desorption ...........ccccceeeeriiiiiiiieeeeeennnns 13
1.6.4  Cell density on electrodes assessed by SEM.......cccccoovveviiiiiiiiiiiee e 14
1.6.5  Control MFCs with thermally-deactivated Cells............cccoooiiiiiiiiiiiiiiiiiiiiieee e 14
1.6.6  2-step SAM formation via click chemistry...................cccc 15
1.7 CONCIUSIONS ... 19
1.8  Experimental methods..........ccoi i 20
1.9  Synthetic methods for the preparation of COE-SH...........cccooiiiiiiiiiiiiiiiiiieeeeeeeee 24
Chapter 2: Structure-Property Relationships Pertaining to COE Antimicrobial and
Membrane-Permeabilizing Effects 40
P22 A [ o1 o o [V o o [PPSR TOPPPPRRRR 40
2.2  Design and Synthesis of a Series of COEs for Probing Structure-Property
REIATIONSNIPS ... ————- 43
2.3  Effect of COE Structure on the Ability to Associate with E. coli cells.............ccccceeeen. 46
2.4 Quantification of COE Effects on Lipid Ordering by Electron Paramagnetic
RESONANCE SPECITOSCOPY ... s 47
2.5  Effect of COE Structure on Antimicrobial Properties .............uuvvveevvvevverveeereeeeieereeeeeennne. 50
2.6  Effect of COE Structure on Microbial Membrane Permeability .............ccccociiiiiiiiinnnns 52

XV



2.6.1 ONPG Assay as a Measure of COE-mediated OM Permeability ........................
2.6.2 Nile Red as a Probe for COE-Mediated Membrane Permeability of

HydrophobiC COMPOUNGS .........uueiiiiiiiii e sanssnnssnnnnnnnsnnes
2.7 CONCIUSIONS ...ttt e et e e e e e e e et e e e e e e e e e aee s
2.8  Experimental MethOUS ........coovviiiiiiiiiiie ettt
2.9 SYNthetic METNOUS .......ooiiiiiiiii e

Chapter 3: Light-Actuated Membrane Permeabilization by a COE Photoswitch
I 0 A [ o1 (o To (U4 1o o [P P TP EETT PP
3.2  Design and synthesis of a photo-isomerizable COE .......cc.cccccccvvvviieviiiiiiiiiieiiieeieeeee,
3.3 Photophysical Properties 0f DSAZB ..........coiiiiiiiiiii it
3.4 DSAzB-Mediated Photo-Triggered Calcein Release from Liposomes ..........cccc........
3.5 Effect of DSAzB Isomerization on Lipid Ordering ...........ccvvvvvvieiiieiiiiiiiiiiieiiieeieeeeeeeee,
3.6  Photo-triggered Permeabilization of Live Bacterial Cells by DSAZB ..........ccccccvveee..e..

3.6.1 Propidium iodide influx a metric for DSAzB-induced permeability.......................

3.6.2 Bacterial growth inhibition and bactericidal activity of DSAzB..........ccccccceeeenenen.
T A @0 o 11 ] o o - PP
3.8  Experimental MethodS ........coouiiiiii i

Chapter 4. COEs as membrane anchors for bioconjugation
R 1 11 oo [F o1 1] o IR PRETPP PP
4.2  Copper-Catalyzed Azide-Alkyne Cycloaddition in Membrane Engineering................

4.2.1 Design and Synthesis of Alkyne- and Azide-bearing COEs for CuUAAC-based

MEMDBIane ENQINEEIING. .....cciiiiiiiiiiiiiiee ettt e e e e e e e e e e e e e s st aeeeeeeeeaaaes

4.2.2 COE-AIkyne as a Membrane Anchor for the CUAAC-Promoted Attachment of

Azide-ContaiNiNg MOIECUIES ........uuuuiiiiiiiiiiiii e aar e aaaaaasaanenanaanneannsennes

4.2.3 COE-Alkyne as a Membrane Anchor for Attaching Cells to Azide-

FUNCHIONAlIZEA SUIMACES........oiiiiiiiiii e

4.2.4  COE-mediated cell-cell INtEractions ..............eeviieiiiiiiiiiiiiiec e
4.3  Introduction to the NINTA/HIS-tag SYSIEM .......uuviiiiiiiiiiiiie e

4.3.1 Design and Synthesis of a NINTA-Bearing COE for the Localization of His-

Tagged Peptides or Proteins to Membrane Surfaces........cccccvvvvevvvvveeeiieiviievieeiieeeieeeeeeeee,

4.3.2  Analysis of COE-NTA mediated YPet binding by flow cytometry ............ccc.........

4.3.3 COE-NTA mediated membrane localization of a peptide bearing a His-Tag and

A FlUOTESCENT PrODE ... e e e e e e e e e eaane
4.4 CONCIUSIONS ...ttt e et e e et e e e e e e



45  Experimental MEthOAS ..........uuuuiiiiiiiiiiiiiiiiiiii e asaranssaneennennnes

I V] 11 1= o 1Y =1 o o R
4.6.1 COE-azide and COE-alKYNE........couviiiiiiiiiiiieiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeess
G O © | N I PSSR

Chapter 5: Antibiotics

LS00 R 011 o o 11 ox 1 o o
5.1.1  Antimicrobial Resistance and the Threat it poses to Humanity .................cccuue....
5.1.2  The Membrane as a Target for AntibiotiCs ...,

5.2  Design of a COE antibiotic — our initial “hit” compound ..............ccccoiiiiiiiiiiiiiiiieeee,

5.3  The effect of pendant and terminal alkyl chain lengths on antimicrobial and

(03 (o (e (ol o] (o] o 1=T 4 1= J PP PP PP P PPPPPPPR

5.4  Multi-functional end groups and their effect on COE antimicrobial activity.................

L T ©o ] o 11 5] o o PP

5.6 Synthetic MethOdS .........oooiiiiiiiiiie e

Chapter 6: Additional Experiments and Supporting Information
6.1 Interactions of COEs with Lipopolysaccharide ........cccccccevveeiiiiiiiiiiiiiiiiiiieiiieieeeeieeeee,

6.2  Effect of COEs on lipid phase transitions and lipid segregation as measured by
differential SCANNING CAIOTIMETIY ......o.iiiiiiiiii e

6.3 EPR order parameter and correlation time calculations .............ccccvvviiiiiine e,
Summary and outlook
Bibliography
NMR Spectra
(O T T o] =1 i PP
(O4 0 F= T ] (= S PP PP PPP PP
(O T o] =1 g PP
(O4 0 7= 0] (= g PP PP PPP PP

XVii

171
179
183
186
204
204



List of Figures

Figure 1-1 Depiction of a surface-binding COE ............ovviiiiiiiiiiiiiiiieeeeeeveeeeee e 2
Figure 1-2 Derivatization of COE2-4C to design a gold-binding analogue, COE-SH ............. 3
Figure 1-3 Synthetic preparation of COE-SH............ciiiiiiii e 4
Figure 1-4 Confocal fluorescence micrographs of E. coli stained with COE-SH..................... 6
Figure 1-5 XPS spectra confirming the formation of COE-SH SAMS.........cccccviveeeiiiiiiiiieeeen. 8

Figure 1-6 COE-SH anode functionalization impacts on voltage, power density, and time to
reach peak power iN U-tUDE MIFCS. .........uuuiiiuiiiiiiiiiiiiiiiriieineneeeeeeeaaeeaer e nnrannaannrennnennes 10

Figure 1-7 Probability of photoelectron escape from bulk gold based on depth below the
10 [ 1= (o] TURPPPRRR 12

Figure 1-8 Reductive desorption cyclic voltammogram and quantification of COE-SH SAM
SUIMACE COVEIAQE. .. ..., 13

Figure 1-9 SEM micrographs of COE-SH treated and control gold anodes from MFCs....... 14

Figure 1-10 MFC performance using COE-SH functionalized anodes with live or thermally-
(o oT Tt Y7o I = oo | PP PR PPOPPPPRPRR 15

Figure 1-11 Synthesis of alkyne-containing COE-CH for use in copper-catalyzed azide-
21| QY g (oI 03 Y ed (o = Vo o 1o o I 16

Figure 1-12 2-step formation of COE SAMs on gold via copper-catalyzed azide-alkyne
cycloaddition “CliCk” reaction. ..o, 17

Figure 1-13 Method to functionalize silica particles with COE-CH via copper-catalyzed azide-
alkyne cycloaddition “CliCK” re@CHiON ...........oouuiiiiiieie e 18

Figure 2-1 The influence of COE molecular structure on inactivation or substrate-dependent
permeabilization Of DACIEIIA. .........uuiiiiiiiii e 41

Figure 2-2 Homologous series of COEs designed and synthesized for the purpose of
elucidating structure-property relationships related to permeability and antimicrobial activity

.............................................................................................................................................. 43
Figure 2-3 Synthetic route used to access COEs with variable core and alkyl chain lengths
.............................................................................................................................................. 45
Figure 2-4 Impact of COE structure on membrane affinity............cccccoviiiiiiii i 46
Figure 2-5 Changes in lipid order parameter as a function of COE structure ....................... 49
Figure 2-6 Minimum inhibitory concentration of a series of COEs against E. coli as a function
(o (o = 111 o T | 1 o 50
Figure 2-7 Graphical depiction of the ONPG assay used to assess COE permeabilization of
TNE OV 52
Figure 2-8 Relative ONPG turnover after treatment with various COES...............cccevvvvvnnnnnn. 53

XVviil



Figure 2-9 Comparison of permeabilizing abilities of COE2-2C-C10 and Triton X-100........ 55

Figure 2-10 Graphical depiction of the Nile Red uptake assay used to assess COE
permeabilization 0f the OM ... e e 56

Figure 2-11 Nile Red emission from E. coli membranes as a function of COE structure......57

Figure 3-1 Depiction of light-activated membrane permeabilization mediated by the

photoisomerization of the novel conjugated oligoelectrolyte, DSAZB. ..........ccccccvvvviivininnnnnn. 92
Figure 3-2 Rational design of a COE photoswitch based on our well-studied COE2-4C

FrAMEBWOIK. .. 93
Figure 3-3 Synthetic preparation of the photoisomerizable COE, “DSAzB."...........cccc........ 94

Figure 3-4 Kinetic absorption spectra of DSAzB and its neutral analogue during E-to-Z
photoisomerization in Various SOIVENLS. ..........uuuiiiiiiiiiiiiiiiiiii . 95

Figure 3-5 Kinetic absorption measurements of DSAzB during E-to-Z photoisomerization, Z-
to-E thermal isomerization, Z-to-E photoisomerization, and thermodynamic equilibrium. ....96

Figure 3-6 Comparison of DSAzB and COE2-4C response to irradiation at 405 nm............ 97

Figure 3-7 Temperature-dependence of DSAzB photo-actuation of liposome
permeabilization as measured by calcein release. .........ccvvviiiiii e 98

Figure 3-8 Effect of light dose on DSAzB photo-actuated liposome permeabilization........ 100
Figure 3-9 DSAzB photo-actuated liposome permeabilization — effect of DSAzB

concentration and comparison to the non-isomerizing analogue, COE2-4C. ...........cc........ 101
Figure 3-10 Effect of DSAzB isomerization on correlation time T,g for 16-SASL in 20:80

(DAY | C 1Y/ | = O 1T o =] =R 103
Figure 3-11 DSAzB photo-actuation of S. epidermidis membrane permeability as measured
o)V o T 1 LU PP PO PP PPPPPPPPPON 106
Figure 3-12 Bactericidal activity of 405 nm irradiation, DSAzB, and a combination of both
AQAINSE S. EPIAEIMIAIS. ...eeiiiiie ettt e e e e e e s r e e e e e e s e bbb e e e eeeeeeans 107
Figure 3-13 A potential mechanism for DSAzB-mediated photo-actuation of membrane
PEIMEADIITY ... ettt e e e e s e e e e e e e e e e e e 110
Figure 4-1 COE-mediated membrane engineering via CUAAC reactions. .............cccoeeuueeee. 118
Figure 4-2 Synthetic route used to access COE-azide and COE-alkyne..........ccccccvvvvvneeeee. 120
Figure 4-3 Synthetic route used to access the CUAAC ligand BTTPS.........cccccccieeinnninee. 121

Figure 4-4 Experimental procedure used to investigate the ability of COE-alkyne to act as
membrane-anchor for subsequent CUAAC-mediated functionalization. ...............ccccceeennnn. 123

Figure 4-5 Absorption spectra of supernatants demonstrating the removal of FITC-azide
from solution through CUAAC with membrane-intercalated COE-alkyne............cccccooooc.... 124

XiX



Figure 4-6 Calculated and measured amounts of FITC-azide that were attached to E. coli
cells via CUAAC with membrane intercalated COE-alkyne..........ccoooooeieiiiiiiieiieceeeeeeeeees 125

Figure 4-7 Absorption and fluorescence spectra of COE-alkyne and FITC-azide with or
without copper demonstrating an undesirable interaction between the two compounds that
results in suppression Of fIUOIESCENCE. .........ouiiiii i 126

Figure 4-8 Fluorescence confocal micrographs demonstrating the ability of COE-alkyne to
“click” E. coli cells to an azide-functionalized surface ...........ccooooveevieeiiieiceccccccceccceee e 128

Figure 4-9 Fluorescence micrograph of optimized conditions for COE-alkyne-mediated

bacteria-surface conjugation Via CUAAC .........uuii s 129
Figure 4-10 Fluorescence micrographs of cell-cell interactions mediated by COE-alkyne and
(1@ ] = 4o [T PPPTP PRSP 130
Figure 4-11 Synthetic pathway used to access COE-NTA ........ccooviiiiiiiiiiiiiieeee e 133

Figure 4-12 Labelling bacterial membranes with YPet by surface display through peptide-
protein interactions and with the novel COE-NTA system through Ni-NTA/His-tag
IMEEIACTIONS. ... ettt e 135

Figure 4-13 Flow cytometry measurements of Ypet-labelled cells through induction of the
eCPX scaffold or introduction of Ni-NTA moieties by staining with COE-NTA................... 136

Figure 4-14 Fluorescence confocal micrographs demonstrating COE-NTA-mediated surface
decoration of E. coli cells with a dye-labelled, His-tagged peptide ..........cccoceiiiiiiiiiiiiiieenn. 138

Figure 5-1 Derivatization of COE2-2C to produce a COE with improve antimicrobial activity
through increased affinity for bacteria — COE2-2heXyl.......cccooviiiiiiiiiiiiiiiiie e 168

Figure 5-2 Generic structure of COEs used for preliminary antimicrobial/cytotoxicity SAR
5] (1[0 [T 172

Figure 5-3 Four COEs designed to test the effects of multiple short terminal chains relative
to a single long terminal chain.............ccoo oo, 175

Figure 5-4 Correlation of MIC values for COEs against various gram-negative strains...... 178

Figure 5-5 Comparison of MIC values against A. baumannii vs. E. cloacae, P. aeruginosa,

= 0 o0 N 179
Figure 5-6 Synthetic routes used to access COEs with complex end groups..................... 180
Figure 5-7 Association of “COE2-3C-C3propy-*“ family of COEs with E. coli K12............... 182

Figure 6-1 Structures of three COEs used to investigate the effects of COE-intercalation on
the release of LPS from E. COli CEIIS ......ouuiiiiiiiiiiiiiiee e 205

Figure 6-2 SDS-PAGE gels for quantification of LPS in E. coli K12 supernatants following
treatment With COES OF EDTA ... ettt 206

Figure 6-3 Absorbance and emission spectra of DSSN as a function of LPS concentration



Figure 6-4 DSC traces of the gel-to-liquid transition in DMPC liposomes stained with
different concentrations of DSBN and DSSN ........ccooiiiiiiiiiii e 212

Figure 6-5 Values extracted from EPR spectra to calculate order parameter and effective
(ofo (=1 =1 o A IR (10 0= TR 218

Figure 6-6 Example spectra from time-course EPR measurements with correctly identified
MAXIMA AN MMM ... eeeeiite et e e e e e st e e e aab e e e e e s aine e e e e asbeeeeeas 218

Figure 6-7 Example output of order parameter and correlation time from a time-course EPR
2o L= 1 01= 1 | OO 218

List of Tables

Table 1-1 Calculation of COE-SH surface coverage by XPS.........oiiiiiiiiiiiiiiiieeereeeees 11
Table 2-1 Correlation (R) and significance (p) values between COE structural parameters

and observed effects on microbes or model membranes ..............ccoo . 58
Table 5-1 Comparison of antimicrobial activity of COE2-2hexyl and azithromycin............. 169
Table 5-2 I1Csp values for COE2-2hexyl against various cell lines...........ccccccooeeeee. 170

Table 5-3 Antimicrobial activity, cytotoxicity, and selectivity of thirteen COEs containing
variable StrUCtUral PAramMETEIS. ......coiiiuiiiiiiii e e e 172

Table 5-4 MIC values for ten COEs against ESKAPE pathogens tested at Emery Pharma as
WEIl @S tWO E. COli SLFAINS. ...uviiiiiiieiiiiiiiieiie e e e e e e e e e e e e eee s 174

Table 5-5 Antimicrobial activity and cytotoxicity of COEs as a function of pendant chain
SETUCTUIE. <.ttt e oottt et e oo e et ettt et bb oo e e e e e et eebbb e e e e e e e eeeebbbnn e e eeeeeeas 176

Table 5-6 Antimicrobial susceptibility tests of COEs containing complex terminal chains..181

Table 5-7 Comparison of antimicrobial activity and cytotoxicity/hemolysis of COE2-3C-
C3butyl and COE2-3C-C3propyl-NH2. ... 183

Table 6-1 Quantitative comparison of the effects of three COEs and EDTA on the release of
LPS from E. coli cells. Relative optical density of LPS bands in SDS-PAGE gels.............. 207

XXi



|. Introduction

I.1. Lipid membranes, their function in cells, and the
challenges and opportunities they present

Lipid membranes demarcate the interface between living cells and their
immediate external environment. Although their presence was first hypothesized in
the 17" century,® it was not until 1972 that the modern fluid mosaic model of their
structure was proposed by Singer and Nicolson.? Our understanding of biological
membranes and the myriad of functions they serve continues to expand. Beyond
providing a selective permeability barrier, the lipids, proteins, and other components
of the membrane have roles in signaling, adhesion,® responding to- and evading
environmental stresses, energy generation in the form of ATP synthesis, and
potentially even the origins of Life itself.> Modulation of membrane properties thus
provides a powerful tool for investigating and harnessing numerous cellular
processes.

Contained within membranes of unicellular organisms is all the biological
machinery necessary to sustain life, with each cell functioning as an independent,
microscopic “factory”. Microbes, particularly fungi, have been used by humans for
thousands of years to preserve food through fermentation.® * While fermentation
typically relies on the innate abilities of microbes, “engineered” cells are used today
to perform a variety of functions from pharmaceutical manufacturing® to

environmental remediation.® ° In addition to now-routine genetic engineering
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techniques, materials approaches can be used to enhance desirable functions of
microbes or impart additional functions de novo. Such chemical modifications of
microbes often rely on modulation of membrane properties or the introduction of
specific functionalities to the membrane surface. In many applications, such as

whole-cell biocatalysis, " 2

the membrane actually presents a barrier that must be
overcome in order for the technology to be successful.

Bioelectronics, broadly defined as the interconversion of electrical and
biochemical signals,*® is one such field where the inherent properties of the natural
microbial membrane limit practical utility.** **> In certain bacteria, evolution has
provided the means to transport electrons through the membrane, either via a direct

16, 17

route utilizing proteins or appendages that act as electrical conduits or by the

release of soluble redox-active molecules that can function as electron shuttles.*® 1°

Harnessing this ability with systems such as seafloor microbial fuel cells (MFCs)?® %
has been investigated as a possible energy source for low power devices like
remote sensors.”® > However, the electrical and ionic conduction barrier imposed by
the membrane presents a major obstacle for the broader realization of microbe-
powered devices.

Bacterial membranes, although a barrier to traditional antibiotics, ?* %

are
themselves a proven target for antimicrobial agents.?® %’ Antimicrobial peptides
(AMPs), which act through membrane interactions, are present in all living organism
and have likely been part of the innate immune response since the first cellular
forms of life.?® 2 AMP activity is selective for bacteria,*® or even particular species of

31, 32

bacteria, over mammalian cells based on differences in membrane composition.
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Significant efforts to use AMPs, both natural and synthetic, as therapeutic agents
have yielded mixed results.*** Lessons learned from these successes and failures
have been applied to membrane-active small molecule antibiotics.®® With the

impending antimicrobial-resistance (AMR) crisis,®’

antibiotics which act through
interactions with microbial membranes are likely to represent a key component of

our therapeutic arsenal.

[.2. Conjugated Oligoelectrolytes as modulators of
membrane properties

Conjugated oligoelectrolytes (COEs) are a class of compounds defined by a -
delocalized backbone adorned with ionic pendant functionalities. In contrast to
conjugated polyelectrolytes (CPEs), COEs have monodisperse molecular weight
and generally contain only a limited number of repeat units (~ 5 at most). A subset of
these compounds, sometimes referred to as membrane-intercalating COEs
(“MICOES”), possess the appropriate distribution of hydrophobic and hydrophilic
domains to permit the association within lipid bilayers. For the remainder of this
dissertation, the term “COE” will be used to mean those structures which possess
this membrane-intercalating ability. An idealized representation of such a structure

embedded within a membrane is depicted in Figure I-1.
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Figure I-1 Depiction of a membrane-intercalating COE embedded within alipid bilayer.

Although not originally intended as membrane-active compounds,® our group

now has a successful history designing and applying COEs as modulators of
membrane properties. In 2010, the pioneers of this work within our group
demonstrated that DSSN+, which has since become our most well-studied COE,
was able to intercalate into model lipid membranes as well as live yeast cells.*
Furthermore, it was shown that intercalation of DSSN+ could facilitate
transmembrane electron transport across supported bilayer membranes and greatly
improve yeast MFC voltage production. DSSN+, as well as subsequent derivatives
have now been applied to various bioelectronic and bioelectrochemical systems
utilizing a variety of bacteria and fungi.**®> The initial hypothesis that these COEs
could act as “molecular wires” for transmembrane electron transport was eventually
replaced by the idea that intercalation caused increased membrane permeability.*?
This conclusion represented a point of divergence for the program, from which two
separate directions were pursued — the design and synthesis of true “molecular wire”

COEs and utilization of COE-induced membrane permeability for other applications.
XXV



By including a redox-active ferrocene moiety within the core, Dr. Zach Rengert
synthesized a COE which could directly transport electrons through the membrane
of S. oneidensis.*® DSFO, as it was named, was even able to act a “prosthetic” for S.
oneidensis knockouts that lacked their native machinery for exoelectrogenesis
(constituents of the Mtr pathway). Zach’s subsequent structural derivatives, DVFBO
and F4-DVFBO, were also proven to act as molecular wires. Samantha McCuskey
demonstrated that the ability to increase current extraction from S. oneidensis by
these compounds was dependent on the poised potential within the system — the
increase was only observed above the specific redox potential for each of the two
compounds.*’

On a separate front, Dr. Chelsea Catania began to investigate the potential utility
of COEs as general membrane permeabilizing agents with potential applications in
whole-cell biocatalysis.”® She found that COE intercalation into E. coli membranes
permitted the diffusion of a small molecule (ONPG) across the outer membrane.
Additionally, she found that the periplasmic protein alkaline phosphatase (ALP) was
released to the extracellular media following treatment with COEs. Furthermore, the
magnitude of the permeabilizing effect was found to be dependent on molecular
structure. Subsequently, Dr. Stephanie Fronk and coworkers demonstrated that
COEs could sufficiently permeabilize yeast without toxic effects to accelerate the
intracellular biotransformation of fumaric acid to L-malic acid.*® Through modification
of the structural topology, Jakkarin Limwongyut was able to create a COE with

reduced microbial toxicity that retained membrane permeabilizing effects.>
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Through the course of designing new COEs for bioelectronics and biosynthesis
applications, a number of structures were found to be toxic to microbes. Dr. Hengjing
Yan screened a variety of these COEs, along with non-toxic analogues, in order to
begin to understand structure-property relationships that govern antimicrobial
properties.®® She found that shorter compounds were generally more damaging to
bacteria — a result which was also predicted by a molecular dynamics model that
suggested a membrane “pinching” mechanism was responsible for cell damage and
increased permeability.>® To produce antimicrobial action by an “active” mechanism,
Dr. Bing Wang synthesized PTTP, a COE with a modified core to promote highly-
efficient singlet oxygen generation.®® Following intercalation into microbial
membranes, PTTP did not inactivate bacteria until it was irradiated with low light
doses at 540 nm. Bing also synthesized two COEs with near infrared absorption that
were shown to kill bacteria via photothermal conversion.>* In both systems it can be
assumed that the photo-activated antimicrobial effects of the COEs are magnified by

the fact that they are localized to the bacterial membranes.

1.3. Overview and Objectives

As the barrier between cells and the environment, membranes provide an ideal
target for materials-based approaches to utilize or combat bacteria. To this point, our
group has demonstrated the utility of COE-mediated membrane tuning for
applications in bioelectronics, biocatalysis, and antimicrobials. The intent of the

research described in this dissertation is to use rational synthetic design to probe
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structure-property relationships of COE-membrane interactions and explore
additional functions of COEs as membrane modifiers. With the exception of Chapter
5, the applications discussed for COEs are merely examples and are not meant to
constrain potential utility. Modulation of membrane properties, or the imparting of
new functions altogether, shall take precedent over specific applications. Moreover,
the creative rational design and synthesis of tailor-made COEs will be the common
motif connecting each of the chapters.

Figure [-2 depicts the diverse functions of COEs designed by our group. This
dissertation will cover all of these systems except photothermal/phodynamic

53, 54

antimicrobial COEs which was work by Dr. Bing Wang and redox-active COEs

for transmembrane electron transport*® 4’

which was work by Dr. Zach Rengert, Dr.
Nate Kirchhofer, and Samantha McCuskey (and Luana Llanes is continuing this

effort).

Figure I-2 Graphical illustration of various COE-mediated processes studied by our group. The
upper hemisphere indicates the “size-dependent” effects of COEs on microbes. The lower-left
guadrant highlights light-induced effects of COEs. The lower-right quadrant depicts COEs
with particular structural units that provide specific functionality.
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Figure 1-3 depicts one of our well-studied molecules, COE2-4C, as a composition

of various “blocks”, each of which is meant to represent a particular structural

component. The red and blue blocks represent the interior and exterior portions of

the conjugated backbone, respectively. The green blocks represent the pendant

alkyl chains that connect the conjugated core to the ionic functionalities. The ionic

functionalities, as well as any additional functionalities that exist beyond the charged

groups, are represented by the yellow blocks. The chapters of this dissertation are

depicted by the particular block changes that will be described therein.

CHAPTERS 1 AND 4
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Figure I-3 The structural “building blocks” of COEs. Chapters of this dissertation will focus
on tailoring the composition of these blocks in a specific manner in order to achieve the

desired function.

In Chapters 1 and 4, the design and synthesis of a new structural class of

COEs will be described. Unlike previous COEs synthesized by our group, this new
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class possesses an asymmetric framework and reactive functionalities. Using
COE2-4C as a parent structure, asymmetry was introduced by changing one of the
exterior phenyl rings (blue block) from a 3,5-dialkoxy to a 4-alkoxy substitution
pattern. The modified synthetic route additionally allowed for the inclusion of different
linker (green) and terminal functionalities (yellow) on either side of the molecule. In
this manner, a single occurrence of a reactive functional group was installed on the
4-alkoxy substituted side of the COE. In Chapter 1, the key structure includes a thiol
which facilitates self-assembled monolayer formation on gold electrodes. The
benefits of localizing the COE to the biotic-abiotic interface in bioelectronic devices
will be discussed in relation to previous work within the group utilizing COEs to
enhance electron transport in these devices. In Chapter 4, COEs will be used to
introduce specific reactive functionalities to the surface of microbial membranes.
Specifically, COEs bearing alkyne or azide groups will present those functionalities
on the periphery of bacterial cells for use in subsequent “click” reactions.
Additionally, a COE containing a nitrilotriacetic acid moiety will be used to localize
peptides and proteins to the surface of bacterial cells. The potential utility of these
functions will be described within the context of membrane bioconjugation.

In Chapter 2, a homologous series of twelve COEs will be used to determine
structure-activity relationships pertaining to the antimicrobial and membrane-
permeabilizing actions of COEs. Again, using COE2-4C as a parent structure, this
new series of COEs maintains the same exterior phenyl rings (blue) and terminal
groups (yellow) while modulating the lengths of the interior core (red) and linker

(green). The role of different blocks on the COE-induced effects on bacteria will be
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described in detail. The results of this analysis show that the ability of COEs to
permeabilize membranes is not intrinsically correlated to antimicrobial activity. Unlike
surfactants, COEs are thus able to significantly increase permeability well below
bactericidal concentrations, suggesting that COEs may represent superior
membrane permeabilizing agents. Additionally, the fact that the antimicrobial action
of COEs is not dependent on non-specific surfactant-like membrane
permeabilization provides optimism that COEs could be developed as a novel class
of antibiotics.

In Chapter 3, the stilbene interior core (red) of COE2-4C will be substituted for an
azobenzene moiety. This minor structural modification — switching the two central
carbons for nitrogens — yields a photo-isomerizable COE. It will be demonstrated
that, unlike the parent structure, this new COE is able to produce on-demand photo-
actuated membrane permeabilization. Similar to the findings in Chapter 2, it will be
shown that increased membrane permeability as a result of COE photo-
isomerization is not correlated to antimicrobial action. Thus, a case will be made that
this new structure can function as a benign membrane-permeabilizing agent which
has the potential for spatial and temporal control.

In Chapter 5, the conclusions of Chapter 2 will be utilized in the design of COEs
will enhanced antimicrobial activity. Modification of the terminal groups (yellow) will
be investigated as a means to control selectivity for bacteria over mammal cells.
The potential for our COEs to represent a novel antibiotic platform will be explored.

Chapter 6 includes additional information in support of the preceding chapters as

well as further studies into COE-membrane and COE-microbe interactions. A
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summary of the dissertation will be provided, followed by a list of references and

NMR spectra of pertinent intermediates and final products.
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Chapter 1. Self-Assembled Monolayers of COEs
for Improved Biotic-Abiotic Interfaces

1.1 Introduction

The field of bioelectronics can roughly be defined as the conversion of electrical
signals to biochemical signals or vice versa.’®* Advances in specific bioelectronic

technologies have the potential to radically change energy production,®

57, 58 59, 60

biosynthesis,*® sensing, medicine, agriculture,®* and many other high-impact
fields. As the cornerstone of bioelectronics research, producing a seamless
mechanical and electronic interface between abiotic and biotic components
represents a persistent challenge.™ % ® |n the case of living systems, including
those that are microbe-based, this interface has the additional requirement that it not
damage the function of cells or tissues. Advances in these interfaces come from

both biological®* ®° and materials** ®°

perspectives.

Exoelectrogenic bacteria, or those with the innate ability to respire on solid-state
conductors, are particularly well-suited for bioelectronic applications. Evolution has
resulted in only a few strongly-exoelectrogenic species — a fact which limits the
scope of their utility.® Rather than try to force these bacteria to perform under

unfavorable conditions, enhancing the abilities of weakly-electrogenic bacteria

(which include many model organisms such as E. coli) may prove more fruitful.

67, 68 69, 70 i

Addition of redox mediators, either to the media or to the electrode, s a

well-document and successful method for pushing the limits of these bacteria,

particularly in the case of microbial fuel cells. This enhancement can also be
1



achieved through biological approaches, such as the expression of recombinant
proteins that act as both physical tethers and electrical conduits between bacterial
membranes and electrode surfaces.”

Our group has demonstrated that COEs present an alternative method for
improving the exoelectrogenic behavior of bacteria. Depending on chemical

6. 47 or through non-redox

structure, COEs either act as direct redox mediators
mechanisms.*® ** ** In the case of the COEs which cannot act as redox mediators,
the enhanced electronic communication at the biotic-abiotic interface is likely due to
favorable changes in membrane properties such as increased permeability.** 4
The work described in this chapter is an effort to address some of the practical
concerns with using COEs as soluble additives in bioelectronic by instead tethering
the COE directly to the electrode surface. Figure 1-1 shows an idealized case of a

surface-bound COE intercalated into a membrane without taking into consideration

the possible effects of membrane proteins or the LPS layer.

electrode

Figure 1-1 Cartoon representation of a surface-binding COE (blue) as a structural analogue of
a previously-described COE (red).



1.2 Design and synthesis of a gold-binding COE

COE2-4C

COE-SH

Figure 1-2 Derivatization of COE2-4C to design a gold-binding analogue, COE-SH.

In designing a new COE with the ability to form SAMs on gold surfaces, we used
the previously-described COE2-4C as a parent structure (Figure 1-2) due to its ideal
combination of low antimicrobial activity’> and significant improvement in
bioelectronic devices.” The new structure, COE-SH, was designed to contain a
single thiol functionality so that each molecule would be tethered to a gold surface
by one gold-sulfur bond. This was expected to simplify characterization of the
resulting SAMs and reduce the likelihood of any residual free thiols in the system. To
maintain a similar distribution of charges, COE-SH was designed to contain a
guaternary amine at an intermediate position along the tether containing the thiol
group. It was believed that directly replacing the ammonium groups on one side of
the molecule for a single thiol would affect the new COE’s ability to intercalate into
membranes (or result in undesirable interactions with microbes such as higher
antimicrobial activity). It is also likely that without this third ammonium group, the

COE would have had minimal aqueous solubility.
3
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Figure 1-3 Synthetic preparation of COE-SH.

The synthetic route for preparing COE-SH, shown in Figure 1-3, begins in a
similar manner as the routes of our previously-described COEs. The key alteration in

4



the route occurs at the first Horner-Wadsworth-Emmons (HWE) reaction which
yields intermediate 1-4. In the case of symmetrical 4-ring COEs, the Horner-
Wadsworth-Emmons (HWE) reaction would have required two equivalents of 1-2 for
one equivalent of P2. In the case of the present route, only 0.85 equivalents of 1-2
were used in the preparation of 1-4 (note: a similar intermediate was described for

). Another critical

the preparation of COEs containing five aromatic rings
component of the asymmetry was the use of alkyl chlorides in 1-2 rather than
bromides or iodides as used in our previous COEs. The importance of this will
become apparent in the following paragraph.

The second HWE reaction, between 1-3 and 1-4, resulted in the key asymmetric
intermediate 1-5. This intermediate will be described again for its use in preparation
of other COEs in Section 1.6 and Chapter 4. The utility of this compound lies in the
differential reactivities of the alkyl chlorides and alkyl iodide. Due to the significantly-
higher reactivity of the iodide, quaternization with a tertiary amine can be achieved
selectively, allowing for the chlorides to eventually be substituted for different
ammonium groups (by way of first converting to iodides). The reaction yielding 1-7
illustrates how this process was used to introduce a thiol functionality (protected as
the thioacetate) to only the desired position. By replacing 1-6 with a different amine,
a single occurrence of a desired functional group can be introduced into the COE
structure.

Conversion of the alkyl chlorides of 1-7 to iodides using sodium iodide

(Finkelstein reaction) and subsequent treatment with trimethylamine was expected

to afford 1-9. However, *H NMR spectroscopy confirmed the additional presence of



1-10, formed during the quaternization reaction through deprotection of the
thioacetate and oxidation of the resulting thiol to disulfide. The mixture of 1-9 and 1-
10 was converted exclusively to the desired product 1-11 in a two-step process, first
deprotecting the thioacetate with HClI and then reducing the disulfide with
dithioerythritol. Detailed synthetic methods for the preparation of COE-SH can be

found in Section 1.9.

1.3 Intercalation of COE-SH into Microbial Membranes and the
effect on Bacterial Growth

The ability of COE-SH to intercalate into microbial membranes was assessed by
confocal microscopy. The observation of fluorescence localized to the periphery of
the cells is routinely used in our group to confirm COE interactions with membranes.
As shown in Figure 1-4, COE-SH appears to exclusively interact with the membrane
of E. coli. While this experiment does not guarantee that COE-SH can intercalate
into membranes following attachment to a surface, it does demonstrate that the

structural modifications do not prevent it from interacting with membranes.

Figure 1-4 Confocal fluorescence micrographs of E. coli stained with COE-SH - bright field
(left), fluorescence (right), and overlay (center). Localization of fluorescence to the periphery
of cells indicates that COE-SH is intercalated in the membranes.

6



The antimicrobial activity of COE-SH was tested by standard broth microdilution
with E. coli K12. Partial inhibition of growth was observed beginning at 64 uM but
90% inhibition was not observed even at the highest test concentration (1024 puM).
While COE-SH does seem to inhibit bacterial growth to a greater extent than the
related COE2-4C," the concentration required for significant inhibition is higher than

what is likely to be applied in MFC devices.

1.4 Formation and characterization of COE-SH Monolayers

The defining structural feature of COE-SH is the gold-binding thiol functionality.
Before testing whether COE-SH was able to act as an effective interlayer at the
biotic-abiotic interface, it was necessary to determine appropriate conditions for SAM
formation. Planar gold films on silicon substrates were submerged in degassed 1
mM aqueous solutions of COE-SH for 24 hours. X-ray photoelectron spectroscopy
(XPS) was used to confirm and quantify the resulting SAMs. Figure 1-5 shows a full
spectrum and high resolution scan centered on the sulfur S 2p region. The single
spin-orbit coupled doublet at 161.9 eV is characteristic of a thiolate-gold bond.” It is
important to note that no free thiol (~160 eV) or higher oxidation state sulfur species
(162-164 eV) are observed. Insufficient rinsing or use of ethanol instead of water
during SAM-formation resulted in significant amounts of free thiol, indicating the
presence of physically adsorbed COE-SH. Additionally, minimal thiolate-gold bond

formation was observed when using ethanol.
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Figure 1-5 XPS spectra confirming the formation of COE-SH SAMs. The binding energy of the
S 2p peak is characteristic of a thiolate-gold bond.

Surface coverage on the planar gold films was estimated to be 26% using the
XPS survey spectrum (calculation described in Sections 1.6.1 and 1.6.2). To confirm
this result, coverage was also calculated reductive desorption.”® " A detailed
description of this experiment can be found in Section 1.6.3 but an overview will be
provided here. Cyclic voltammetry was used to calculate the number of electrons
required to reduce the SAM and the number of available gold atoms was estimated
from the surface area of the electrode. By dividing the number of injected electrons
by the number of gold atoms, it was determined that 35% of the gold surface was
functionalized with COE-SH. This is in good agreement with the XPS calculation,
with both methods suggesting the functionalization of approximately 1/3 of the
surface gold atoms. Based on the large size and significant charge of COE-SH, this
result seems reasonable as an upper limit of surface coverage. A method for
increased COE SAM surface coverage (with a modified COE structure) is described

in Section 1.6.6.



1.5 Application of COE-SH Functionalized Anodes in Microbial
Fuel Cells

To assess the ability of COE-SH SAMs to facilitate more intimate electronic coupling
between microbes and electrodes, we applied the well-established U-tube MFC
system. E. coli K12 was used as a model weakly-electrogenic organism due to its
ease-of-use and the significant body of work our group has conducted using it in the
past. In this study we used carbon felt air-cathodes and gold wire anodes, either
bare or functionalized with COE-SH. Figure 1-6a shows the potential output through
time for the control and functionalized-anode devices. For the first hour of operation,
there is little difference between the two systems. Over the next hour, the output of
the devices containing COE-SH SAMs increases to a maximum of 50 mV, twice that
of the control. Following this rapid increase, the output of the COE-SH devices
begins to decline until it returns to a similar level as the control devices (around 5
hours of operation). Although we did not determine the cause of this decline in
output, it is feasible that the gold-sulfur bond was not stable under the conditions in
the reactor.

Power density curves were measured to further investigate the effects of COE-
SH SAMs on the electrical connection between cells and electrode. Figure 1-6b
shows the power density curves for control and COE-SH devices after approximately
two hours of operation. Functionalized anodes provided twice the peak power as
controls. As both sets of devices had approximately the same internal resistance (~7
MQ), this difference was most likely due to a reduced activation barrier in the case of

the functionalized anodes. In addition to achieving twice the peak potential and
9



power, COE-SH functionalization of anodes resulted in a ~50 % reduction in time to
reach peak potential relative to controls (Figure 1-6¢). While “turn-on” time is not a
typical figure of merit for MFCs, it is an important metric in other microbe-based

bioelectronic technologies such as sensing applications.
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Figure 1-6 COE-SH anode functionalization impacts on voltage, power density, and time to
reach peak power in U-tube MFCs — potential output through time (a), power density curve
after 2 hours of operation (b), and time to reach peak power (c).

1.6 Additional Experiments and Calculations

1.6.1 Surface coverage calculated from XPS spectrum
The calculation of surface coverage from the XPS spectrum is summarized in Table
1-1. Peak areas (Au 4f and S 2p) were measured directly from the spectrum (using
CASA-XPS) and were divided by empirically-derived relative sensitivity factors. The

resulting “corrected area” was used to determine the relative atomic ratio. Since
10



much of the Au 4f signal comes from gold atoms in the bulk film, the gold atomic
ratio was further corrected by calculating the contribution from the first atomic layer
(Section 1.6.2). The results indicate that there is 1 sulfur atom per every 3.89 gold

atoms on the surface (i.e. 25.7% of surface gold atoms are bound to a sulfur).

Table 1-1 Calculation of COE-SH surface coverage by XPS.

Au4df S2p
Peak Area 374083 1486
Relative Sensitivity Factor 174 1.68
Corrected Area 21499 885
Relative Atomic Ratio 2431 1.00
Surface Contribution 0.16 1

Corrected Relative Atomic 3.89 1.00
Ratio

Calculated % Coverage - 257

1.6.2 Calculation of first-atomic-layer contribution to Au 4f XPS signal
As the Au 4f signal includes contributions from the bulk gold, it was critical to first
calculate the amount of signal which originated from only the first atomic layer. This
was done by using Equation 1
P(d) = exp(T%/;) Equation 1-1
where P(d) is the probability of a photoelectron escaping from depth d and A is the

mean free path (MFP) of an electron through a specific material.”® For an Au 4f
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electron through bulk gold, the MFP is ~1.6 nm.”® Assuming a lattice parameter of
~0.4 nm for face-center cubic Au,®° one atomic layer represents 0.25 MFP (0.4/1.6).
The following calculation, also shown in Figure 1-7, results in an estimated 16% of
the total Au 4f signal originating from the first atomic layer of gold (plotting and
integration using Wolfram Mathematica 10.4). The area under the curve fromd = 0
tod = 0.25 MFP is 0.23 (“first” in the calculation below) and the area under the curve
from d = 0 to d = 3.5 MFP (truncated) is 1.42 (“total” in the calculation below).
Dividing the first area by the total area yields the fraction of total Au 4f signal that
originates from atoms in the first atomic layer (i.e the first 0.4 nm or the first 0.25

MFP).

Plot[Exp[-x/1.6], {x, 0, 4}]

N

Surface contribution

Truncated at 3.5 MFP

\\\_\_1_‘_\5_\_\_ |\
| y

first = Integrate[Exp[-x/1.6], {x, 0, 0.25}]
0.231447

total = Integrate[Exp[-x/1.6], {x, 0, 3.5}]

1.42048

first/ total

0.162936

Figure 1-7 Probability of photoelectron escape from bulk gold based on depth below the
surface (mean free path).
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1.6.3 Surface coverage calculated by reductive desorption
SAMs were formed by immersing coiled gold wires (1 cm? surface are) in 1 mM
aqueous solutions of COE-SH. Gold-sulfur bonds were reduced using cyclic
voltammetry by sweeping the voltage between 0 and -1.4 V at 100 mV/s and
measuring current. The area under the curve (peak centered at ~-1 V) was
measured, converted to Coulombs, and multiplied by the inverse of the elementary
charge to determine the number of electrons used in the process. The number of
gold atoms in the first atomic layer was estimated based on 1 cm? total surface area
and a lattice parameter of 0.4 nm.?° As reduction of gold-sulfur bonds is a one-
electron process, the number of electrons injected was directly divided by the
number of surface gold atoms to yield an approximate surface coverage of 35%. The
voltammogram and calculation (Wolfram Mathematica 10.4) are shown in Figure 1-

8.

2= intl = Integrate[linedata(x], {x, -0.9, -1.1}]:

int5 = Integrate[linedata5(x], {(x, -0.9, -1.1}]:

area = 10 (intl - int5)

surfaceCoverage = 100xelectrons/ (6.25+x10714)

5= 34.8255

Figure 1-8 Reductive desorption cyclic voltammogram and quantification of COE-SH SAM
surface coverage.
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1.6.4 Cell density on electrodes assessed by SEM
To assess whether COE-SH SAMs allowed for increased electrode colonization,
anodes were removed from MFCs post-run, sputtered with gold, and imaged using
scanning electron microscopy. As shown in Figure 1-9, no discernable difference in
cell densities is observed between control (B) and COE-SH treated anodes (A).
While the cell densities seem to be similar at the end of the experiment, we did not
rule out the possibility that COE-SH SAMs increase the rate of colonization. It is
conceivable that such an effect could be responsible for the shortened time to reach

peak power observed in the COE-SH SAM devices.

Figure 1-9 SEM micrographs of COE-SH treated (A) and control (B) gold anodes from MFCs
(post-run).

1.6.5 Control MFCs with thermally-deactivated cells

To ensure that the rapid increase in potential of COE-SH SAM devices was directly
related to microbial metabolism, we added thermally-deactivated E. coli to reactors
with functionalized anodes. No significant output was recorded from these MFCs,
suggesting that the measured potential was in fact related to microbial metabolism
and not some spurious effect such as capacitive discharge. This thermally-
deactivated cell control (green) is shown along with the functionalized anode device
data (blue) using live cells in Figure 1-10.
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Figure 1-10 MFC performance using COE-SH functionalized anodes with live (blue) or
thermally-deactivated (green) E. coli.

1.6.6 2-step SAM formation via click chemistry
During the course of optimizing SAM-formation conditions, it became apparent that
high surface coverage with COE-SH would be challenging. In fact, early attempts to
form monolayers from solutions in ethanol yielded little more than physically
adsorbed COE-SH on the gold surface. In the event that we would be unable to find
appropriate conditions using COE-SH, a second method for making COE SAMs was
devised. Instead of forming the monolayer by directly functionalizing a gold surface
with a COE, we hypothesized that utilizing “click” chemistry could allow for better
SAM formation. As such, we designed and synthesized the alkyne-containing COE-

CH as shown in Figure 1-11.
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Figure 1-11 Synthesis of alkyne-containing COE-CH for use in copper-catalyzed azide-alkyne
cycloaddition.

As outlined below in Figure 1-12, gold surfaces were first functionalized with 6-
azidohexane-1-thiol to introduce azide functionalities to the surface. SAM formation
with this compound was facile and efficient, as evident by the ~80% coverage
calculated by XPS. Reaction of the surface-tethered azide groups with the alkyne on
the COE was achieved under standard copper-catalyzed cycloaddition conditions
(sodium ascorbate, copper sulfate). XPS of the resulting monolayers indicated that
the conversion of azides to triazoles was highly efficient. Under these conditions it
was possible to achieve significantly higher surface coverages (~80 %) than even

the eventual optimal conditions for COE-SH.
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Figure 1-12 2-step formation of COE SAMs on gold via copper-catalyzed azide-alkyne
cycloaddition “click” reaction. (a) gold substrate initially functionalized with 6-azido-1-
hexanethiol. (b) subsequent cycloaddition reaction with COE-CH using sodium ascorbate and
copper sulfate. XPS spectra following step “a” indicating the presence of thiolate-gold (c) and
azide (d). (e) XPS N 1s spectrum indicative of triazole following “click” reaction in step “b”.

L
396

While this two-step method to monolayer formation was not used in subsequent

MFC tests, it did provide a generalized method for extending COE surface

functionalization to materials other than gold (without having to synthesize a new

COE for each new material). As an example, silica gel was functionalized by the

same general protocol (Figure 1-13).
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Figure 1-13 Method to functionalize silica particles with COE-CH via copper-catalyzed azide-
alkyne cycloaddition “click” reaction (top). Laser scanning confocal micrographs of COE-
functionalized silica particles and E. coli K12 cells (epifluorescence, bottom left; bright field,
bottom right). (Scale: 60x60 pM).

An attempt was made to use functionalized silica particles to demonstrate that
surface-bound COEs were still able to intercalate into microbial membranes. While
this experiment was not able to confirm intercalation of the COE into the bacterial
membranes, it did suggest that COE-functionalized silica provides a surface which is
amenable to attachment by microbes (a number of cells can be observed on the
silica particles in the bright field image). This method for functionalizing surfaces with
COEs could prove useful in future studies such as the application of COEs to solid-
supports for whole-cell flow biocatalysis. Related COE systems will be discussed in

Chapter 4 as “anchors” for membrane bioconjugation.
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1.7 Conclusions

In conclusion, a COE was designed with the specific intent of investigating how COE
SAMs influence the biotic-abiotic interface in bioelectronic systems. This novel
structure was roughly based on previous compounds synthesized by our group with
the addition of a thiol moiety at one end to allow for SAM formation on gold surfaces.
Favorable interactions with microbes (membrane intercalation, low antimicrobial
activity) were confirmed, COE monolayers on gold were characterized by XPS and
CV (reductive desorption), and effects on the biotic-abiotic interface were
investigated. While not meant to be the exclusive target application of this
technology, MFCs were used to demonstrate that COE SAMs provide an improved
interface for bioelectronic devices. The improvements in device performance are in
line with previous experiments in our group using solutions of COEs to stain cells in
suspension. The approach described here has the benefit of localizing the COE to
the electrode surface, resulting in lower material consumption (by nearly 3 orders of
magnitude) and the possibility of re-use. Stability of this particular system may be
insufficient for “recycling” anodes but this does not represent an insurmountable
challenge for future efforts.

In addition to the specific goals set forth at the outset of this study, a significant
synthetic hurdle was addressed in the process. For the first time, our group designed
and synthesized an asymmetric COE structure with a reactive chemical moiety for a
specific application. Utilizing the synthetic methods derived for COE-SH, an

analogous structuring bearing an alkyne in the place of the thiol was synthesized
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(COE-CH). This structure was shown to be amenable to copper-catalyzed azide-
alkyne cycloaddition (“click”) and was utilized in the formation of SAMs on azide-
functionalized gold and silica. The synthetic route for the preparation of these two
COEs produced a key intermediate for subsequent asymmetric COEs with specific

functionalities that will be described in Chapter 4.

1.8 Experimental methods

Materials and Instrumentation

Solvents and reagents for synthetic preparations were purchased from Fisher
Scientific, Alfa Aesar, Acros, Sigma Aldrich, and Tokyo Chemical Industry.
Escherichia coli ATCC 10798 was purchased from American Type Culture Collection
(Manassas, VA). Inhibitor-free anhydrous solvents were prepared using packed
alumina columns under argon in a solvent purification system. EMD Millipore
Analytical Chromatography aluminum-backed plates (Silica gel 60 F254) were used
for thin layer chromatography and separation was visualized with UV light (254/366
nm). Silicycle SiliaFlash P60 silica gel was used for flash chromatography under
positive air pressure. Optical density measurements for MIC studies were conducted
on a Tecan M220 Infinite Pro. 'H NMR (400 MHz, 500 MHz) and **C NMR (101 MHz
and 126 MHz) were measured on actively-shielded Agilent Technologies 400-MR
DDR2 400 MHz or Varian Unity Inova 500 MHz spectrometers. Multiplicity of signals
was described by s (singlet), d (doublet), t (triplet), and m (multiplet). Chemical shifts

(5 in ppm) were referenced to residual solvent peaks of Chloroform-d (*H NMR & =
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7.26 and *C NMR & = 77.0) or DMSO-d6 (*H NMR & = 2.50 and *C-NMR & =
39.52). HRMS (m/z) measurements were performed on a Waters GCT Premier time-
of-flight mass spectrometer. Spectral confocal microscopy was conducted on an
Olympus Fluoview 1000. XPS spectra were collected on a Kratos Axis Ultra with a

monochromated Al source.

Strain and Culture Conditions

Escherichia coli K12 (ATCC #10798, ATCC, VA) was grown under aerobic
conditions in Luria-Bertani (LB) broth (10 g/L bactotryptone, 5 g/L yeast extract, 10
g/L NaCl) overnight at 37 °C with orbital shaking (250 rpm). Cells were collected by
centrifugation and resuspended in fresh Luria-Bertani broth (for MIC and MFC
experiments) or washed 2x with 150 mM phosphate-buffered saline (PBS) before

resuspending in PBS (confocal microscopy experiments).

Minimum Inhibitory Concentration

Following overnight growth, collection, and resuspension in fresh LB, cells were
diluted to 1 ODggo. Stock bacteria solutions were prepared by further 1:1000 dilution
in LB. COE-SH stock solution was prepared in LB media at a concentration of 2.048
mM. Bacteria stock solution was added to a serial dilution of COE-SH stock on a 96-
well plate to achieve final concentrations from 2- to 1024 yM. Plates were incubated
overnight at 37 °C with orbital shaking (250 rpm) and optical density was recoreded

at 600 nm.
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Spectral Confocal Microscopy

E. coli cells (1 O.D.) were treated with COE-SH (10 puM) for an hour and diluted to
0.1 O.D. Samples were prepared by depositing 4 pL of the cell solution on a pre-
cleaned microscope slide and gently placing a cover slip on top. To prevent drying,
nail polish was used to seal the edge of the cover slip to the slide. Concurrent bright
field and epifluorescence (excitation: 405nm, detection: 415-425nm) images were

collected. Images were processed using Fiji.

X-Ray Photoelectron Spectroscopy (XPS)

Survey scans were collected with pass energy of 40 kV, step size of 0.5 keV, and
dwell time of 250 ms. High resolution scans were collected with pass energy of 20
kV, steps size of 0.05 keV, and dwell time of 1200 ms. Spectra were processed

using CASA-XPS.

SAM Preparation
Self-assembled monolayers were formed by submerging gold films or gold wires in
degassed COE-SH solutions in MiliQ water for 24 hours. Substrates were washed
with copious amounts of MiliQ water and sonicated in MiliQ water. Three rounds of
rinsing and sonicating was sufficient to remove adsorbed COE-SH as evident by
XPS data. Following the final MiliQ wash, substrates were rinsed with isopropyl
alcohol and blown dry with a stream of argon.

For preparation of COE SAMs on gold films via “click” chemistry, azide groups

were introduced by immersing films overnight in degassed ethanol solutions
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containing 1 mM 6-azidohexane-1-thiol. Substrates were rinsed thoroughly with
ethanol and isopropyl alcohol before drying under a stream of argon. The “click”
reaction was performed by immersing the azide-functionalized gold films in
degassed aqueous solutions containing 0.5 mM COE-CH, 0.02 mM copper (Il)
sulfate, and 1 mM sodium ascorbate for 24 hours. Substrates were subjected to
three rounds of rinising and sonicating in MiliQ water, rinsed once with isopropyl
alcohol, and blown dry with a stream of argon before collecting XPS spectra.

For preparation of COE SAMs on silica gel particles via “click” chemistry, the
silica gel was first treated with Piranha (3:1 concentrated sulfuric acid and 30%
hydrogen peroxide) for 15 minutes. Azide groups were introduced by stirring the
silica particles with (3-azidopropyl)triethoxysilane in toluene at 110°C overnight. The
silica particles were collected by centrifugation and were washed with toluene and
diethyl ether before drying under vacuum. The “click” reaction was performed by
stirring the azide-functionalized silica particles in water with 0.5 mM COE-CH, 0.02
mM copper (Il) sulfate, and 1 mM sodium ascorbate for 24 hours. The particles
were again collected by centrifugation and washed multiple times with water until it
was evident that all the COE-CH had been removed (i.e. the rinse water was no

longer fluorescent).
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1.9 Synthetic methods for the preparation of COE-SH

(E)-tetraethyl ((ethene-1,2-diylbis(4,1-phenylene))bis(methylene))bis(phosphonate)

(P2)

? 4 Intermediate P2 was synthesized in two steps according to
No NS O~ _ 5
_PR literature procedures.

methyl 3,5-bis((6-chlorohexyl)oxy)benzoate (1-1)
¢ To a 100 mL round bottom flask were added 4 g (23.8 mmol) 3,5-

o;_d dihydroxy methylbenzoate and 6.74 g (28.8 mmol) potassium

O\—\_x carbonate. Acetone (50 mL) followed by 10 g (50 mmol) 1-bromo-
6-ch|orohexan2 were added to the reaction vessel. A reflux condenser was installed
and the mixture was stirred for 24 hours at reflux. After cooling, the contents were
partitioned between ethyl acetate and water. The aqueous phase was separated and
washed twice with ethyl acetate. The combined organic phase was washed twice
with water, dried over MgSO,4, and concentrated by rotary evaporation. Column
chromatography (1:10 ethyl acetate:hexanes, rf = 0.25) afforded the product as a
clear oil (8.2 g, 85%)
'H NMR (400 MHz, CDCls): 8 7.15 (s, 2H), 6.62 (s, 1H), 3.97 (t, J = 6.4 Hz, 4H), 3.89
(s, 3H), 3.55 (t, J = 6.7 Hz, 4H), 1.80 (m, 8H), 1.50 (m, 8H).
13C NMR (126 MHz, CDCl;): & 166.88, 160.04, 131.87, 107.64, 106.56, 68.03,
52.17,44.94, 32.49, 29.00, 26.60, 25.37, 25.25.

ESI/TOF-MS: 427.1 [M+Na]+
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(3,5-bis((6-chlorohexyl)oxy)phenyl)methanol (1-1b)
o To adry 50 mL round bottom flask was added 5.3 g (13.07 mmol)

HO\_C§O 1-1. After three cycles of evacuation and argon backfilling, dry

O\X THF was cannulated into the reaction vessel under an argon
atmosphere. Tﬁe reaction vessel was cooled to -78 °C and 4.65 g (32.68 mmol)
diisobutylaluminum hydride was added slowly via syringe. The mixture was stirred
and allowed to warm to room temperature. After 8 hours, the mixture was cooled to
0 °C and quenched by the sequential, slow addition of 5 mL Et,O, 0.25 mL H,0, 0.5
mL 2 M NaOH, and 2.5 mL H,O. The mixture was again allowed to warm to room
temperature and MgSO, was slowly added. Stirring was continued for 15 minutes
before solids were removed over a pad of celite. Concentration of the filtrate
afforded the product as a clear oil which was used without further purification (4.6 g,
93%).
'H NMR (500 MHz, CDCls): 8 6.49 (s, 2H), 6.36 (s, 1H), 4.60 (s, 2H), 3.94 (t, J = 6.4
Hz, 4H), 3.54 (t, J = 6.7 Hz, 4H), 1.74-1.84 (m, 8H), 1.45-1.54 (m, 8H).
13C NMR (126 MHz, CDCls): d 160.41, 143.26, 105.07, 100.55, 67.78, 65.35, 44.98,

32.50, 29.08, 26.61, 25.40, 25.39.

3,5-bis((6-chlorohexyl)oxy)benzaldehyde (1-2)
o To a solution of intermediate 1-1b (4.2 g, 11.14 mmol) in DCM (50
OLd mL) was added 14.5 g MnO, (167 mmol). The heterogeneous
OKL\ mixture was stirred at 40 °C for 14 hours. After cooling to room

temperature, the mixture was filtered through a pad of celite and concentrated. The
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product was obtained as a clear oil and was used without further purification (4.1 g,
98%).

'H NMR (400 MHz, CDCl5):  9.89 (s, 1H), 6.98 (s, 2H), 6.69 (s, 1H), 3.99 (t, J = 6.7
Hz, 4H), 3.55 (t, J = 6.7 Hz, 4H), 1.81 (m, 8H), 1.51 (m, 8H)

13C NMR (126 MHz, CDCl3): & 191.96, 160.66, 138.33, 107.99, 107.60, 68.15,
44.93, 32.47, 28.95, 26.58, 25.36.

ESI/TOF-MS: 397.1 [M+Na]+

4-((6-iodohexyl)oxy)benzaldehyde (1-3)
. 3-hydroxybenzaldehyde (800 mg, 6.55 mmol), 1,6-diiodohexane
(8.9 g, 26.2 mmol), potassium carbonate (1.08 g, 7.86 mmol),
and acetone (50 mL) were added to a 100 mL round bottom flask. A reflux
condenser was installed and the mixture was refluxed under inert atmosphere for 18
hours. After cooling to room temperature, the mixture was portioned between ethyl
acetate and brine. The aqueous phase was subsequently washed two additional
times with ethyl acetate. The combined organic phase was washed two times with
brine, dried over Na,SO,, filtered through celite, and concentrated to give a yellowish
oil. Column chromatography (1:10 ethyl acetate: hexanes, rf = 0.25) afforded the
pure product as a white solid (1.65 g, 76%).
'H NMR (600 MHz, CDCls): 8 9.88 (s, 1H), 7.83 (d, J = 8.8 Hz, 2H), 6.99 (d, J = 8.6
Hz, 2H), 4.04 (t, J = 6.4 Hz, 2H), 3.21 (t, J = 6.9 Hz, 2H), 1.80-1.89 (m, 4H), 1.46-

1.53 (m, 4H).
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13C NMR (126 MHz, CDCl3): & 190.74, 164.11, 131.96, 129.83, 114.72, 77.19,
76.98, 76.77, 68.11, 33.28, 30.15, 28.85, 24.97, 6.78.

ESI/TOF-MS: 355.0 [M+Na]+

Diethyl 4-((E)-4-((E)-3,5-bis((6-chlorohexyl)oxy)styryl)styryl)benzylphosphonate (1-4)

Of/_f to a dry 250 mL round bottom flask which was
/
%’O\P\X subsequently evacuated and backfilled with

_/

Compound P2 (5.41 g, 11.267 mmol) was added

Ci

argon. Dry THF (75 mL) was added and the
vessel was cooled to 0 °C. In a separate dry vessel, sodium tert-butoxide (920 mg,
9.58 mmol) was dissolved in dry THF (20 mL). The solution of sodium tert-butoxide
was slowly added to P2 via syringe. Intermediate 1-2 (3.52 g, 9.39 mmol) was added
to a third dry vessel, dissolved with 25 mL dry THF, and added to the reaction vessel
slowly via syringe. The reaction was allowed to proceed under inert atmosphere for
16 hours at room temperature. Upon completion of the reaction, the contents were
partitioned between ethyl acetate and brine. The aqueous layer was washed with
three portion of ethyl acetate. The organic layers were combined, washed with two
portions of water, dried over MgSO, and concentrated by rotary evaporation. The
product was purified by column chromatography (1:6 ethyl acetate: hexanes, rf = 0
and 1:1:1 ethyl acetate: dichloromethane: hexanes, rf = 0.25) to afford a green
semisolid (3.0 g, 45%).
'H NMR (400 MHz, CD,Cl,): & 7.46-7.51 (m, 6H), 7.30 (dd, J = 8.3, 2.5 Hz, 2H), 7.09

(s, 2H), 7.05 (d, J = 4.7 Hz, 2H), 6.66 (d, J = 2.2 Hz, 2H), 6.38 (m, 1H), 3.97-4.07 (m,
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8H), 3.56 (t, J = 6.7 Hz, 4H), 3.19 (s, 1H), 3.14 (s, 1H), 1.82 (m, 8H), 1.52 (m, 8H),
1.26 (t, J = 7.1 Hz, 6H)

13C NMR (126 MHz, CDCls): & 160.40, 139.24, 136.72, 136.53, 135.97, 130.08,
128.63, 128.13, 126.86, 126.79, 126.63, 105.14, 100.97, 67.81, 62.19, 44.99, 32.51,

29.13, 26.64, 25.44, 16.35

1,3-bis((6-chlorohexyl)oxy)-5-((E)-4-((E)-4-((E)-4-((6-
iodohexyl)oxy)styryl)styryl)styryl)benzene (1-5)
o Intermediate 1-4 (2.75 g, 3.73 mmol)
° was added to a dry 100 mL round
O _
o NS O °\_\_¥ bottom flask which was subsequently
) evacuated and backfilled with argon.
Dry THF (30 mL) was added and the vessel was cooled to 0 °C. In a separate dry
vessel, sodium tert-butoxide (366 mg, 3.81 mmol) was dissolved in dry THF (10 mL).
The solution of sodium tert-butoxide was slowly added to 1-4 via syringe.
Intermediate 1-3 (1.2 g, 9.39 mmol) was added to a third dry vessel, dissolved with
10 mL dry THF, and added to the reaction vessel slowly via syringe. The reaction
was allowed to proceed under inert atmosphere for 6 hours at room temperature.
Upon completion of the reaction, the contents were partitioned between ethyl
acetate and brine. The aqueous layer was washed with three portion of ethyl

acetate. The organic layers were combined, washed with two portions of water, dried

over MgSO, and concentrated by rotary evaporation. The product was purified by
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column chromatography (dichloromethane, rf = 0.4) to afford a green solid (2.9 g,
88%).

'H NMR (400 MHz, CD,Cl,): & 7.55 — 7.43 (m, 10H), 7.14 — 6.86 (m, 8H), 6.66 (d, J
= 2.2 Hz, 2H), 6.38 (m, 1H), 3.99 (m, 6H), 3.56 (t, J = 6.7 Hz, 4H), 3.21 (t, J = 7.0
Hz, 2H), 1.77-1.90 (m, 12H), 1.48-1.57 (m, 12H)

13C NMR (126 MHz, CDCls): 5 160.43, 158.84, 139.27, 137.10, 136.85, 136.46,
136.19, 129.98, 128.66, 128.59, 128.29, 128.21, 127.82, 127.75, 126.92, 126.86,
126.84, 126.59, 126.04, 114.72, 105.16, 101.00, 67.83, 67.79, 45.03, 33.41, 32.55,

30.28, 29.17, 29.09, 26.68, 25.47, 25.08, 6.99.

S-(6-(dimethylamino)hexyl) ethanethioate (1-6)

To a dry 250 mL round bottom flask under inert atmosphere was
PN NN

added 6-(dimethylamino)hexane-1-ol (2.64 g, 18.2 mmol) and 100
mL of dry THF. After cooling this reaction vessel to -78 °C, n-butyl lithium (17.34
mmol) was added dropwise via syringe as a 1.6 M solution in hexane. The reaction
was allowed to proceed for five minutes and then the vessel was warmed to O °C. In
a separate flask, p-toluenesulfonyl chloride (3.37 g, 17.69 mmol) was dissolved in 20
mL of dry THF under inert atmosphere. This solution was cooled to 0 °C and
transferred to the reaction vessel via cannula. The reaction was allowed to proceed
for one hour at room temperature. Upon completion, the reaction was mixture was
concentrated under reduced pressure by rotary evaporation. To this mixture was

added potassium thioacetate (2.08 g, 17.69 mmol) and DMF (50 mL). The resulting

solution was transferred to a 100 mL round bottom flask equipped with a reflux
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condenser and was refluxed under inert atmosphere for two days. After cooling to
room temperature, the contents of the reaction were partitioned between ethyl
acetate and 2 M lithium chloride solution. The aqueous layer was separated and
washed with another portion of ethyl acetate. The organic layers were combined and
subsequently washed five times with 2 M lithium chloride solution followed by once
with water. The organic layer was dried over MgSO, and concentrated by rotary
evaporation to yield a mixture of reddish liquid and solid. Two portions of 10 mL
hexanes were added to this mixture, decanted, and concentrated to afford the
product as a pale reddish oil.

'H NMR (400 MHz, CD,Cl,): & 2.84 (t, J = 7.3 Hz, 2H), 2.29 (s, 3H), 2.21 (t, J = 7.3
Hz, 2H), 2.16 (s, 6H), 1.25-1.59 (m, 8H)

13C NMR (126 MHz, CDCls): & 195.85, 59.53, 45.21, 30.57, 29.40, 29.00, 28.67,
27.30, 26.90

ESI/TOF-MS: 204.1 [M+H]+

6-(acetylthio)-N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-chlorohexyl)oxy)styryl)styryl)styryl)
phenoxy)hexyl)-N,N-dimethylhexan-1-aminium iodide (1-7)

A 25 mL round bottom flask

Of/_f was flame dried and cooled

7
Vo A= .
0 | = under inert atmosphere.

)LS/\/\/\/T_\L\/\/\O O 7 Q C"\_\_x
° Intermediates 1-5 (700 mg,
0.796 mmol) and 1-6 (350 mg, 1.72 mmol) were added to the reaction vessel and

dissolved in 12 mL dry THF. The reaction was heated 55 °C and allowed to proceed
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for two days under inert atmosphere. Following completion of the reaction, the
volatiles were removed under reduced pressure by rotary evaporation. The resulting
green solid was washed a number of times with hexane to afford the pure product
(810 mg, 0.748 mmol, 94%)

'H NMR (400 MHz, CD,Cl,): & 7.55 — 7.40 (m, 10H), 7.13 — 6.86 (m, 8H), 6.66 (d, J
= 2.2 Hz, 2H), 6.38 (m, 1H), 3.99 (m, 6H), 3.49-3.60 (m, 8H), 3.31-3.37 (m, 6H), 2.84
(t, J = 7.3 Hz, 2H), 2.32 (s, 3H), 1.42-1.89 (m, 32H)

13C NMR (126 MHz, CDCls): 5 198.41, 160.41, 139.26, 136.48, 130.08, 128.64,
128.58, 128.25, 128.07, 127.76, 127.71, 126.89, 126.84, 126.81, 126.79, 126.57,
126.16, 114.76, 114.72, 109.99, 105.14, 67.82, 67.53, 64.28, 51.36, 45.00, 32.51,
30.68, 29.18, 29.13, 28.93, 28.63, 28.59, 27.97, 26.64, 25.89, 25.70, 25.47, 25.43,
2541, 22.76, 22.52.

ESI/TOF-MS: 954.5 [M]+

6-(acetylthio)-N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-iodohexyl)oxy)styryl)styryl)styryl)
phenoxy)hexyl)-N,N-dimethylhexan-1-aminium iodide (1-8)
A 25 mL two-neck flask was

. J_/_F fitted with a reflux condenser

@ \

2
L adad o and flame-dried under inert
)Ls/\/\/\/"“\/\/\/\o O 4 O ‘\_\_¥
' atmosphere. Intermediate 1-7
(400 mg, 0.369 mol), sodium iodide (1.73 g, 11.5 mmol), and 12.5 mL of acetone
were added to the reaction vessel. The mixture was refluxed under inert atmosphere

for three days. After cooling to room temperature, the contents of the reaction were
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partitioned between dichloromethane and brine. The aqueous phase was removed
and the organic phase was washed with two more portions of brine followed by one
of water. The organic phase was dried over MgSO,4 and concentrated under reduced
pressure by rotary evaporation. The resulting green solid was dissolved in minimal
dichloromethane and precipitated into diethyl ether. The solids were collected by
centrifugation and the supernatant was decanted. Residual volatiles were removed
under reduced pressure and the desired product was afforded as a green solid (455
mg, 0.359 mmol, 97%).

'H NMR (400 MHz, CD,Cl,): & 7.55 — 7.40 (m, 10H), 7.13 — 6.86 (m, 8H), 6.66 (d, J
= 2.2 Hz, 2H), 6.38 (m, 1H), 3.99 (m, 6H), 3.46-3.60 (m, 4H), 3.31-3.37 (m, 6H),
3.22 (t, J = 6.9 Hz, 4H), 2.84 (t, J = 7.3 Hz, 2H), 2.32 (s, 3H), 1.41-1.93 (m, 32H)

13C NMR (126 MHz, CDCl3) & 196.71, 160.30, 158.72, 158.59, 139.20, 136.94,
136.74, 136.39, 136.18, 136.13, 130.03, 128.57, 128.48, 128.15, 127.99, 127.78,
127.70, 127.66, 126.84, 126.78, 126.75, 126.51, 126.06, 114.67, 105.12, 103.73,
100.96, 67.82, 67.55, 64.35, 64.30, 51.19, 49.40, 49.23, 49.05, 48.88, 48.71, 33.31,
30.53, 30.15, 29.58, 29.08, 28.98, 28.86, 28.57, 27.90, 25.84, 25.58, 25.43, 24.99,
22.60, 22.39, 6.97.

ESI/TOF-MS: 1138.4 [M-I]+
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Inseparable mixture of

6,6'-((5-((E)-4-((E)-4-((E)-4-((6-((6-(acetylthio)hexyl)dimethylammonio)hexyl)oxy)

styryl)styryl)styryl)-1,3-phenylene)bis(oxy))bis(N,N,N-trimethylhexan-1-aminium)

iodide (1-9)

and

6,6',6",6"-(((1E,1'E)-(((LE,1'E)-(((1E,1'E)-(((((disulfanediylbis(hexane-6,1-diyl))

bis(dimethylammonionediyl))bis(hexane-6,1-diyl))bis(oxy))bis(4,1-phenylene))

bis(ethene-2,1-diyl))bis(4,1-phenylene))bis(ethene-2,1-diyl))bis(4,1-phenylene))

bis(ethene-2,1-diyl))bis(benzene-5,3,1-triyl))tetrakis(oxy))

tetrakis(N,N,N-trimethylhexan-1-aminium) iodide (1-10)

| _

SN
;NJ’\/\/\/O/

e ,
ovw*k
/\/\/\/ B

o

O

%
0NN

N
OMT\

N
L
0 NN

\s,
o/\/\/\/N<

O\/\/\/"r?:i

A 10 mL gas-tight reaction
tube was flame dried and

cooled under  argon

atmosphere. Intermediate

1-8 (350 mg, 0.276

mmol), dry

tetrahydrofuran (3 mL), and methanol (0.5 mL) were added to this vessel and stirred

under argon until 10a was completely dissolved. Trimethylamine was added via

syringe as a 3.2 M solution in methanol (0.43 mL, 1.38 mmol). The screw-cap was

fitted and the mixture heated to 40 °C overnight at which point a yellow precipitate

was observed. Additional methanol was added (~1mL) until the solid was completely

dissolved. The mixture was allowed to stir for an additional 12 hours at 40 °C.

Tetrahydrofuran, methanol, and trimethylamine were removed under reduced
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pressure. The resulting green semisolid was dissolved in a minimal amount of
methanol and precipitated into diethyl ether to afford a yellow solid. *H NMR analysis

revealed a ~1:1 mixture of compounds 1-9 and 1-10.

6,6™-((5-((E)-4-((E)-4-((E)-4-((6-((6-
mercaptohexyl)dimethylammonio)hexyl)oxy)styryl)styryl)
styryl)-1,3-phenylene)bis(oxy))bis(N,N,N-trimethylhexan-1-aminium) iodide (1-11,
“COE-SH”)

- Intermediates 1-9 and 1-10
ofrf \ were both converted to the final
&

o]
\_\_@/
W
\

I, I ///

HS/\/\/\/T\/\/\/\O Q

product through two steps to
remove the acetate protecting
group and reduce the disulfide bonds.

Step 1: 104 mg of the 1-9/1-10 mixture was added to a 50 mL round bottom flask. 15
mL of methanol and 5 mL of dichloromethane were added and the mixture was
stirred until all solids were dissolved. 2 mL of concentrated hydrochloric acid was
slowly added to the reaction vessel. The mixture was heated to 35 °C overnight.
After cooling to room temperature, the mixture was slowly added to 30 mL diethyl
ether in a 50 mL centrifuge tube. The yellow precipitate was centrifuged and the
supernatant decanted. The solid was dissolved in methanol and precipitated in
diethyl ether two additional times (99 mg recovered).

Step 2: 56 mg of the yellow solid from Step 1 and dithioerythritol (14mg, 0.09 mmol)

were added to a 5 mL round bottom which was subsequently evacuated and
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backfilled with argon five times. To this flask was added 2.5 mL of a 16:1 mixture of
methanol and triethylamine via syringe. The flask was fitted with a reflux condenser
and the mixture was refluxed for 18 hours. After cooling to room temperature, the
mixture was added to 20 mL of diethyl ether. The yellow precipitate was collected
by centrifuging and decanting. The solid was dissolved in methanol and precipitated
in diethyl ether three additional times.

'H NMR (500 MHz, Methanol-d,) & 7.58 — 7.46 (m, 10H), 7.21 — 6.99 (m, 6H), 6.91
(d, J = 8.2 Hz, 2H), 6.73 (d, J = 2.4 Hz, 2H), 6.39 (s, 1H), 4.08 — 4.00 (m, 6H), 3.44 —
3.32 (m, 8H), 3.14 (d, J = 3.3 Hz, 18H), 3.07 (s, 6H), 2.52 (t, J = 7.0 Hz, 2H), 1.90 —
1.23 (m, 58H).

13C NMR (126 MHz, DMSO-ds) 5 160.48, 158.85, 139.56, 137.25, 137.03, 136.70,
136.41, 130.48, 130.07, 128.97, 128.81, 128.51, 128.29, 128.12, 127.38, 127.31,
127.00, 126.13, 115.14, 105.41, 101.18, 67.83, 67.80, 65.70, 63.35, 52.65, 52.62,
50.41, 37.99, 28.92, 28.72, 27.67, 25.94, 25.83, 25.55, 25.52, 22.49, 22.46, 22.12.

ESI/TOF-MS: 543.8 [M-21]2+, 320.2 [M-31]3+

N,N-dimethyl-8-(trimethylsilyl)oct-7-yn-1-amine (1-12)

. s To a flame-dried 25 mL round bottom flask (A) equipped with a stir
bar was added 6-(dimethylamino)hexane-1-ol (440 mg, 3.03 mmol)

and anhydrous THF (8 mL) under inert atmosphere. The vessel was cooled to -78

°C and n-butyl lithium (1.6 M in hexane, 1.9 mL, 3.03 mmol) was added slowly. The

reaction was maintained at -78 °C for 15 minutes, at which point p-toluenesulfonyl

chloride (590 mg, 3.1 mmol) was added as a solution in THF (5 mL). The vessel was
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allowed to warm room temperature slowly over 1 hour. Concurrently, a separate
flame-dried 50 mL round bottom flask (B) equipped with a stir bar was charged with
trimethylsilylacetylene (313 mg, 3.19 mmol) and anhydrous THF (8 mL) under inert
atmosphere. This vessel was cooled to -78 °C and n-butyl lithium (1.6 M in hexane,
1.9 mL, 3.03 mmol) was added slowly. After 5 minutes, vessel B was also allowed to
warm to room temperature slowly. After 1 hour, both vessels were cooled to 0 °C
and the contents of vessel A were slowly transferred via cannula to vessel B. Vessel
B was then moved to an oil bath and heated to 45 °C for 16 hours under inert
atmosphere. After cooling to room temperature, the contents of the reaction were
partitioned between water and diethyl ether. The organic layer was collected and the
aqueous layer was extracted with five additional portions of diethyl ether. The
organic layers were combined, dried over MgSOQ,, filtered, and concentrated under
reduced pressure to afford a light amber oil (300 mg, 44%). The product was used

without further purification.

N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-
chlorohexyl)oxy)styryl)styryl)styryl)phenoxy)hexyl)-N,N-dimethyl-8-(trimethylsilyl)oct-
7-yn-1-aminium iodide (1-13)
To a 5 mL round bottom
0NN

_ aY flask equipped with a stir bar
TMS\/\/\/\I‘LVI\\M/O\/\/\/\C, quipp

' was added 1-5 (130 mg,
0.148), 1-12 (53 mg, 0.235 mmol), and anhydrous THF (2.5 mL). The reaction

vessel was sealed and heated to 55 °C for 3 days. After cooling to room
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temperature, volatiles were removed under reduced pressure. The green semi-solid
residue was dissolved in DCM with a small amount of methanol and precipitated into
diethyl ether in a centrifuge tube. The contents were centrifuged and the supernatant
discarded. The resulting green solid was washed multiple times with diethyl ether to
afford the pure product (155 mg, 95 %).

'H NMR (400 MHz, Chloroform-d) & 7.53 — 7.42 (m, 10H), 7.10 — 6.86 (m, 8H), 6.64
(d, J = 2.2 Hz, 2H), 6.37 (t, J = 2.2 Hz, 1H), 3.97 (t, J = 6.3 Hz, 6H), 3.55 (t, J = 6.7
Hz, 6H), 3.49 — 3.43 (m, 4H), 3.37 — 3.26 (m, 6H), 2.22 (t, J = 6.3 Hz, 2H), 1.76-1.68

(m, 16H), 1.65 —1.43 (m, 16H) 0.13 — 0.09 (m, 9H).

N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-
chlorohexyl)oxy)styryl)styryl)styryl)phenoxy)hexyl)-N,N-dimethyloct-7-yn-1-aminium
iodide (1-14)
o TOoa@asmL round bottom flask

Q‘\M/\,Lv'v\/\,o‘/\/\/\cg equipped with a stir bar and

| reflux condenser was added 1-
13 (80 mg, 0.072 mmol), potassium carbonate (3 mg, 0.0217 mmol), and methanol
(2.5 mL). The mixture was heated to reflux for 16 hours. After cooling to room
temperature, volatiles were removed under reduced pressure. The residue was
dissolved in DCM and subsequently extracted with water 3 times. The organic layer
was dried over MgSOQy, filtered, and partially concentrated (to ~5 mL) under reduced
pressure. The solution was added to a 20 mL of diethyl ether in a centrifuge tube.

The solids were recovered by centrifugation and the supernatant discarded. The
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greenish solid was washed multiple times with diethyl ether to afford the pure
product (70 mg, 94%).

'H NMR (500 MHz, Methanol-d,) 3 7.60 — 7.48 (m, 10H), 7.20 — 6.90 (m, 8H), 6.73
(d, J = 2.1 Hz, 2H), 6.39 (t, J = 1.9 Hz, 1H), 4.04 (t, J = 6.2 Hz, 6H), 3.55 — 3.34 (m,
14H), 3.10 — 3.08 (m, 1H), 2.52 (t, J = 7.0 Hz, 2H), 1.81-1.68 (m, 16H), 1.66 — 1.58

(m, 8H), 1.53 — 1.46 (m, 8H).

N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-iodohexyl)oxy)styryl)styryl)styryl)phenoxy)hexyl)-
N,N-dimethyloct-7-yn-1-aminium iodide (1-15)

- O”\/\/\/' To a 10 mL round bottom flask
\\\,v\/\$+,\/\/\/o\/\/\/\' equipped with a stir bar and
fitted with a reflux condenser was added 1-14 (30 mg, 0.029 mmol), sodium iodide
(109 mg, 0.726 mmol), and acetone (6 mL). The mixture was heated to reflux under
inert atmosphere for 3 days. After cooling to room temperature, the contents were
portioned between DCM and water. The organic layer was collected, extracted two
additional times with water, dried over MgSQ,, filtered, and concentrated under
reduced pressure. The resulting greenish solid (35 mg, 99%) was used without
further purification.

'H NMR (500 MHz, Methanol-d,) 8 7.61 — 7.48 (m, 10H), 7.21 — 6.91 (m, 8H), 6.73
(d, J = 2.1 Hz, 2H), 6.39 (t, J = 1.9 Hz, 1H), 4.02 (t, J = 6.2 Hz, 6H), 3.49 — 3.34 (m,
10H), 3.21 (t, J = 6.9 Hz, 4H), 3.10 — 3.08 (m, 1H), 2.52 (t, J = 7.0 Hz, 2H), 1.79-1.69

(m, 16H), 1.66 —1.41 (m, 16H).
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6,6"-((5-((E)-4-((E)-4-((E)-4-((6-(dimethyl(oct-7-yn-1-
yl)Jammonio)hexyl)oxy)styryl)styryl)styryl)-1,3-phenylene)bis(oxy))bis(N,N,N-
trimethylhexan-1-aminium) iodide (1-16, “COE-CH”)

To a 5 mL round bottom
o/\/\/\,Nt

ay flask equipped with a stir bar
i Q / O O~ ~~NL T
Q\\/\/\/\,!f/‘\/\/‘\/o O / "~
|

was added 1-15 (35 mg,
0.029 mmol), trimethylamine (3.2 M in methanol, 0.05 mL, 0.16 mmol), anhydrous
THF (2.5 mL) and a small amount of chloroform (~0.5 mL). The vessel was sealed
and stirred at room temperature overnight. A small amount of methanol was added
(~ 1 mL) to dissolve the precipitates that had formed and the mixture was stirred for
an additional 1 day at room temperature. The solution was diluted with a sufficient
amount of methanol to dissolve the precipitates. The solution was then added to 20
mL of diethyl ether in a centrifuge tube. Precipitates were centrifuged and the
supernatant was discarded. The product was obtained as a greenish solid (37 mg,
96%) following multiple washes with diethyl ether.
1H NMR (500 MHz, DMSO-d6) 8 7.71 — 7.40 (m, 10H), 7.40 — 7.03 (m, 6H), 6.93 (d,
J = 8.3 Hz, 2H), 6.82 — 6.73 (m, 2H), 6.44 — 6.34 (m, 1H), 4.03 — 3.95 (m, 6H), 3.37
—3.24 (m, 8H), 3.12 — 3.04 (m, 18H), 3.01 (s, 6H), 2.76 (t, J = 2.7 Hz, 1H), 2.15 (td,
J=6.9, 2.6 Hz, 2H), 1.77 — 1.30 (m, 32H).
13C NMR (126 MHz, DMSO-d6) 5 160.49, 158.86, 137.28, 136.43, 130.10, 128.84,
128.83, 128.53, 128.31, 128.14, 127.39, 127.32, 127.01, 126.15, 115.16, 105.43,
101.12, 84.90, 71.77, 67.82, 65.66, 63.37, 52.60, 50.40, 45.88, 32.47, 28.92, 28.12,

28.07, 26.51, 25.95, 25.71, 25.56, 25.31, 22.50, 22.14, 18.04.
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Chapter 2. Structure-Property Relationships
Pertaining to COE Antimicrobial and
Membrane-Permeabilizing Effects

2.1 Introduction

The asymmetric outer membrane (OM) of gram-negative bacteria presents a
formidable barrier to diffusion of polar and nonpolar molecules alike.
Lipopolysaccharide (LPS), which generally accounts for ~75% of the outer leaflet in
the OM,®" 8 is particularly well suited for preventing hydrophobic compounds from
entering the cell.?®  Compounds that are able to transverse the LPS must then
pass through the hydrophobic bilayer domain of the OM in order to reach the
periplasmic space. This exceptional barrier, which allows gram-negative bacteria to
withstand harsh environmental conditions, has important ramifications in topics

11, 12

including whole-cell biocatalysis, genetic engineering,®® bioenergy production,®

87 and antibiotic resistance.?* %

Amphiphilic compounds are routinely used to increase the permeability of various
molecules across the gram-negative OM. %% % Mismatches in spontaneous
curvature, with surfactants possessing positive curvature and membrane lipids

possessing slightly-negative curvature,®°

can result in disruption, poration, or
micellation of membranes.®* ° While some level of these effects can be tolerated by
a cell, sufficient perturbation eventually results in cell death or lysis. The cell-

destroying and cell-permeabilizing effects of surfactants are thus based on the same

underlying mechanism of membrane disruption, albeit to differing degrees. This has
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obvious consequences in situations where it is desirable to permeabilize the OM

without killing the cells, such as the reuse of whole-cell biocatalysts.** *°

Periplasm Lipid Acyl Chains  Lipopolysaccharides Extracellular Environment

(Hydrophobic Barrier) (Hydrophilic Barrier)

.,W Substrate for Biccatalysis
(R VLV - __/ Small polar Compound
C=====" - ON,"I‘t
PP

"\ 9 -

iy e
37:'“-‘}"“’ L = “Total Length" I =Sy T
- = Nonpolar Compound
."VVV\/ - = - Limited Passive Diffusion
@~ NN/ —— Rapid Passive Diffusion

€ =bacteria
mm = COE

Inactivated Permeabilized
short L any L
any m and n small m for polar substrates

large n for nonpolar substrates

For28mnm=L£46mm,0=m<=3, and2=n=5.

Figure 2-1 The influence of COE molecular structure on inactivation or substrate-dependent
permeabilization of bacteria. Parameters L, m, and n determine the nature of COE-induced
effects within the constraints set by the series of compounds used in this study.

Membrane-intercalating COEs, although also amphiphilic, may have effects on
membranes that differ from those of surfactants due to their differential distribution of
polar and nonpolar domains. These COEs generally possess little-to-no intrinsic
curvature and span the entire membrane rather than interdigitating into a single
leaflet. Our group has demonstrated that the addition of COEs to bacteria can

increase membrane permeability at concentrations well below what is required to
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inhibit growth.*® Furthermore, we have shown that certain COEs are able to increase
the stability of microbial membranes during bio-butanol production.®® The
observation that the modulation of membrane permeability/stability may be
functionally different from antimicrobial action presents the possibility for tuning
membrane properties without reducing the viability of cells. Previous COEs
developed in our group tend to show correlation between increasing permeability
and inhibiting bacterial growth,” although the relationship is not expected to be
causative. The focus of this chapter will be the design, synthesis, and application of
a homologous series of COEs with the intent to decouple antimicrobial and
permeabilizing effects. Furthermore, the structural components of COEs that govern
these different effects will be elucidated (Figure 2-1). Specifically, the effects of
parameters m and n (within the bounds set by the compounds selected for this
study) will be shown to dictate permeability for substrates of different polarities.
Parameter L will be shown to be inversely correlated to the antimicrobial activity but
a lower limit of L will be described (this limit will be overcome by other structural

modifications in Chapter 5).

42



2.2 Design and Synthesis of a Series of COEs for Probing
Structure-Property Relationships
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Figure 2-2 Homologous series of COEs designed and synthesized for the purpose of
elucidating structure-property relationships related to permeability and antimicrobial activity.
Structures are grouped in rows (green) according to number of aromatic rings and along the
bottom-left to top-right diagonal (blue) according to number of carbons in the pendant chains
(blue). Structures in the same column have similar length (as measured by the distance
between ammonium groups on opposite ends of the molecule).

Prior to this work, phenylenevinylene-based COEs developed by our group
contained between two and five aromatic rings with two pendant chains of six
carbons each on either side (connected via 4-amino- or 3,5-dialkoxy- linkages to the
core). The general synthetic route for the compounds described in this chapter is
derived from previously-reported methods by our group.® %% #* Figure 2-2 includes
four of these previously-described structures across the “C-6” diagonal. The other
eight COEs in Figure 2-2 are structural analogues that were synthesized specifically

to determine how changes in the number of core repeat units, pendant chain
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lengths, and overall length of the compound affect interactions with membranes.
COEs are grouped in rows based on number of aromatic rings and columns based
on similar total length. Compounds with the same pendant chain length fall along the
same diagonal from bottom-left to top-right. Naming convention for these structures
is as follows: “COEZ2” is a reference to a prior convention within our group where this
class of COEs contains 3,5-dialkoxy linkages between the core and pendant chains;
“#C” has been used in our group to represent the core of the compound where #
indicates the number of aromatic rings; “C#” describes the pendant chains where #
represents the number of carbons in each of the equivalent four pendants. For
example, COE2-3C-C8 contains 3,5-dialkoxy linkages between a core of three rings
and pendants of eight carbons.

A general overview of the synthetic route to all twelve COEs used in this study is
depicted below in Figure 2-3. Note that the letters “a”, “b”, “c”, and “d” in the names
of intermediates correspond to values of n equal to 2, 3, 4, and 5 respectively. The
first step in the synthesis of each structure was the reaction of 3,5-
dihydroxybenzaldehyde with a dibromoalkane of the desired linker length (four, six,
eight, or ten carbons). In the case of the COEs with two rings in the core, the
resulting benzaldehyde derivatives 2-1 were converted to the styryl derivatives 2-3
via the Wittig Reaction and subsequently coupled via metathesis using Grubbs
Catalyst 2" Generation (2-4). The bromides of 2-4 were converted to iodides (2-5)
with sodium iodide in refluxing acetone. In the case of COEs with greater than 2
rings in the core, the benzaldehyde derivatives 2-1 were converted from bromides to

the analogous iodides 2-2. For three-ring and four-ring compounds, intermediates 2-
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2 (2 equivalents) were reacted with phosphonates P1 or P2 respectively via the
Horner-Wadsworth-Emmons (HWE) reaction. In the case of COEs with five rings in
the core, one equivalent of the benzaldehyde 2-2 was reacted with phosphonate P1,
yielding intermediates 2-8 which were subsequently subjected to another HWE to
afford intermediate 2-9. Intermediates 2-5, 2-6, 2-7, and 2-9 were reacted with

trimethylamine to afford the final products. Detailed synthetic methods are presented

in Section 2.9.
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Figure 2-3 Synthetic route used to access COEs with variable core and alkyl chain lengths.
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2.3 Effect of COE Structure on the Ability to Associate with E.
coli cells

In order to assess the effects of COEs on bacterial cells, it was first necessary to
determine the extent to which chemical structure affects the ability of COEs to
interact with microbial membranes. Previous investigations in our group have
demonstrated that shorter COEs, such as COE2-2C-C6, have a significantly-
reduced propensity to intercalate into membranes when compared to longer COEs.”
For the purpose of this study, solutions of all twelve COEs were made in 50 mM
PBS buffer (10-120 uM COE). COE solutions were mixed 1:1 v/v with E. coli K12
suspensions in 50 mM PBS such that the final bacteria concentration was 1 ODggo.
These solutions were centrifuged and the supernatant removed to a 96-well plate.
Residual COE in the supernatant was determined by absorbance at the appropriate
wavelength for the particular compound. The amount of COE associated with

bacteria was calculated as the initial (“staining”) amount minus the residual amount.
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Figure 2-4 Impact of COE structure on membrane affinity. (a) Percent of the added 10 yM COE
that becomes associated with bacteria as a function of COE length — of particular note is the
difference between the two shortest COEs and the other ten. (b) Percent of the added 60 pM
COE that becomes associated as a function of aromatic and aliphatic content. (c)
Concentration of COE associated vs. COE added for three COEs of similar total length —the
dashed line represents “100 associated.”
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Figure 2-4a illustrates the marked affect that COE total length has on the ability of
the COEs to intercalate (10uM COE, 1 ODgoo E. coli K12). The two shortest COEs,
COE2-2C-C6 and COE2-3C-C4 largely remain in solution (~30% associated), while
all other COEs associate with cells to a high degree (80-100% associated). This

2 If the concentration of COE is

result is in agreement with previous findings.
increased to 60 uM per 1 ODgqo Of cells, a secondary trend is observed (Figure 2-4b
and Figure 2-4c) — COEs with fewer rings in the core or longer pendant alkyl chains
have a higher affinity for cells than those with more rings and shorter pendants.
While beyond the scope of this investigation, there is evidence that this trend may be
due to aggregation of the COEs with extended conjugated cores.”’ It is conceivable
that an increased propensity to aggregate reduces the driving force to intercalate,
assuming that COE aggregates are unable to interact with membranes. It is worth
noting that this trend is only apparent at relatively high COE concentrations, below

which it appears that the association of all the COEs (excluding COE2-2C-C6 and

COE2-3C-C4) approaches 100%.

2.4 Quantification of COE Effects on Lipid Ordering by Electron
Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is routinely used to measure
the intermolecular ordering of lipids and proteins in cell membranes or model bilayer
systems.”®*% |n much the same way that nuclear magnetic resonance (NMR)
spectroscopy probes the effects of an applied field on nuclear spins, EPR can be

used to understand the nature and local environment of paramagnetic species
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through their response to an applied field.*®* The unpaired electron of nitroxide
radicals, such as TEMPO, were some of the earliest paramagnetic species used as
EPR probes in biological systems and are still commonly used today.'®® % A
particularly useful feature of the nitroxide radical is the coupling between the
unpaired electron and the spin-active nitrogen nucleus. This results in the splitting of
the signal into three lines, the anisotropy of which can be used to determine
preferential orientation or rotational motion of the radical.*®*

In this study, we used EPR to investigate the effects that COEs have on the
physical properties of model membranes — specifically, the ordering of lipids as
measured by the rotational freedom of a spin probe within the membrane. Large
unilamellar vesicles of E. coli total lipid extract and 1 mole % of the radical probe 16-
DOXYL-stearic acid (16-SASL) were formed by extrusion'® and subsequently
stained with each of the twelve COEs. EPR spectra were used to calculate order
parameter (S) and correlation times according to published methods (see section 6.3
for full details).’*®*'° Figure 2-5 shows the relative COE-induced effects on lipid
ordering, from which the conclusion can be made that “short” COEs decrease lipid
order (negative change in S) while “long” COEs increase it (positive change in S).
This trend is observed for COEs with different core lengths (Figure 2-5a) and for
COEs with different alkyl chain lengths (Figure 2-5b). In fact, the only structural

parameter that correlates with the changes in lipid order is the total length of the

COE (see Table 2-1 in Section 2.7).
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Figure 2-5 Changes in order parameter as a function of COE structure. (a) Three COEs
containing different core lengths but the same alkyl chain length. (b) Four COEs with 3-ring
cores but alkyl chains of increasing length.

The dependence of S on COE total length is in good agreement with the
computational model previously used to describe COE interactions with
membranes.* Specifically, the “membrane pinching” effect of short COEs that was
observed in silico is supported by the reduction in S determined by EPR. It bears
noting that a similar trend has been observed for polar carotenoids of different
lengths — induced negative strain led to reduced order, while induced positive strain
increased order.''° Surfactants, on the other hand, generally reduce lipid order when
they are added in sufficient concentration to increase membrane permeability.***
While the extent of surfactant-mediated disordering does not seem to correlate with
biocidal activity, it has been hypothesized that significant increases in lipid order is at
least part of the mechanism of action of antimicrobial peptides (AMPs).**?*!* Based

on the relationship between COE length and lipid ordering, it appears that COEs

behave more like polar carotenoids than either surfactants or AMPs.
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2.5 Effect of COE Structure on Antimicrobial Properties

The structure-dependent antimicrobial properties of the twelve COEs were
determined by serial broth microdilution. The minimum inhibitory concentration (MIC)
is defined as the lowest concentration of compound that is required to inhibit
overnight growth of liquid culture bacteria by 90%. In the case of the present study,
E. coli K12 was used as the model organism. Due to the solubility constraints of the
largest COEs, all compounds were tested in a range from 512 uyM to 1 pM (log-2
dilution). The results are shown in Figure 2-6, with the COEs ordered by total length

along the x-axis.
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Figure 2-6 Minimum inhibitory concentration of a series of COEs against E. coli as a function
of total length.

Previous studies of COEs with C-6 pendant chains by our group had found that
shorter COEs tended to produce lower MICs.”® For example, COE2-3C-C6 was

shown to possess greater antimicrobial properties than COE2-4C-C6. Additionally,
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this trend was only broken by the shortest compound in the C-6 pendant family,
COE2-2C-C6. It was suggested that the higher-than-expected MIC for COE2-2C-C6
could be explained by its limited propensity to associate with bacteria cells. As
described above in Section 2.3.1, the limited cell association of COE2-2C-C6 was
confirmed and it was found that the slightly-longer COE2-3C-C4 shared this
property. Both of these COEs were also found to have relatively high MICs,
confirming that limited association is a likely explanation for the deviation from the
length-MIC relationship.

Of the remaining 10 COEs (all of which associate with cells to a high degree), the
longest five must be excluded from further analysis as their MIC values
approach/exceed their limits of solubility. Within the remaining set of five COEs
(bound by the box in Figure 2-6), an obvious dependence on length is observed. As
previous studies in the group had only considered COEs with C-6 pendant chains, it
was impossible to determine whether the core length or total length was the defining
feature. It was hypothesized, however, that COEs of shorter total length would
induce more severe membrane “pinching” and that this effect was responsible for
the antimicrobial properties. The results presented here support this hypothesis by
demonstrating that MIC correlates strongly with total length but not pendant length or
core length (see Table 2-1 in Section 2.7 for summary of correlation R and

significance p-values).

51



2.6 Effect of COE Structure on Microbial Membrane
Permeability

2.6.1 ONPG Assay as a Measure of COE-mediated OM Permeability
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Figure 2-7 Graphical depiction of the ONPG assay used to assess COE permeabilization of the
OM. Colorless ONPG traverses the OM (rate-limiting step), is transported through the IM by
lactose permease, and is cleaved by B-galactosidase into B-D-galactose and ONP. OM
permeability is determined by measuring the production of ONP (absorption at 420 nm).

Effects on OM permeability are routinely investigated using the well-established
ONPG Assay.®” ™ This colorimetric assay relies on the enzymatic cleavage of
colorless ortho-nitrophenyl-B-D-galactopyranoside (ONPG) into galactose and ortho-
nitrophenol (ONP, Amax, absorpiion = 420 nm) by cytosolic B-galactosidase, a constituent
of the lac operon. Lactose permease within the inner membrane allows for transport
of ONPG from the periplasm to the cytoplasm. Permeation through the OM is the
rate-limiting step and thus the rate of ONP production is directly related to OM

permeability. This process is depicted in Figure 2-7 for reference.
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Previous studies within our group had led to the hypothesis that COE total length,
in addition to determining antimicrobial properties, determines the extent of
membrane permeabilization.®> "® As only C-6 pendant structures were considered,
no assumptions were made about the role of core or pendant lengths independently.
To probe the relationship between COE structural elements and their ability to
permeabilize the OM, the ten longest COEs (i.e. those with high affinity for microbes)
were tested in the ONPG assay. The results of this experiment, plotted as the ONPG

turnover rate of COE-treated E. coli relative to an untreated control, are presented in

Figure 2-8.
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Figure 2-8 Relative ONPG turnover after treatment with 10 pM/ODgo9 COE (grouped by core
length).

Unlike the dependence of MIC on COE total length described in Section 2.5, the
results of the ONPG assay suggest that membrane permeability does not correlate
to this structural feature. Instead, the only structural parameter with significant effect
on ONPG turnover rate was found to be the core length, with shorter cores resulting

in more significant permeabilization. To highlight this trend, the relative ONPG
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turnover rates in Figure 2-8 were grouped according to core length. In general, 5-
ring COEs increased turnover by ~25%, 4-ring COEs increased turnover by ~100%,
3-ring COEs increased turnover by ~125%, and 2-ring COEs increased turnover by
~300%.

The decoupling of antimicrobial and membrane permeabilizing effects is
exemplified by the example of COE2-2C-C10. While this compound shows the
greatest increase in ONPG turnover, it has limited antimicrobial properties (MIC =
256 uM). COE2-2C-C8 has a similar effect on permeability but a significantly lower
MIC (4 uM). COE2-3C-C6 has less impact on permeability yet is more harmful to
bacteria (MIC = 16 uM). With the ideal combination of limited antimicrobial properties
and significant membrane permeabilizing ability, COE2-2C-C10 was chosen for a
direct comparison against the standard permeabilizing surfactant, Triton X-100.1618
ONPG turnover following the addition of different concentrations of both agents is
shown in Figure 2-9. Consistent with literature,™” Triton X-100 was found to have a
maximal effect at 0.2% v/v, above which it is likely that cell damage begins to limit
the enzymatic process. While Triton X-100 was able to increase turnover by a factor
of two, COE2-2C-C10 (40 uM/ODeno) increased turnover to a rate of 11-times that of
control. It is worth noting that this massive increase in turnover rate is achieved at a

concentration well below the MIC (256 pM).
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Figure 2-9 Comparison of permeabilizing abilities of COE2-2C-C10 and Triton X-100.

2.6.2 Nile Red as a Probe for COE-Mediated Membrane Permeability of
Hydrophobic Compounds

As discussed in Section 2.1, the OM provides orthogonal barriers to permeation of
both polar and nonpolar compounds. In Section 2.6.1, the structure-property
relationship pertaining to ability of COEs to increase the permeation of a polar
molecule (ONPG) was explored. In this section, the membrane association of a
hydrophobic dye, Nile Red (NR), will be used to determine if permeation of nonpolar
molecules is governed by the same structural parameters. N-phenylnaphthylamine
(NPN) is traditionally used in this assay™'* **° but spectral overlap with certain COEs
precluded its usage in this study. NR, similar to NPN and other solvatochromic dyes,
experiences a blue-shift in photoluminescence (PL) and an increase in fluorescence
quantum yield upon intercalating into hydrophobic lipid bilayers.*** These changes in

spectral properties are shown in Figure 2-10.
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Figure 2-10 Graphical depiction of the Nile Red uptake assay used to assess COE
permeabilization of the OM.

In the present study, NR was allowed to intercalate into the membranes of COE-
treated E. coli cells for 75 minutes. Figure 2-11 shows the PL intensity (630 nm) of
NR from E. coli cells stained with each of the ten COEs with high affinity for bacteria.
Relative to the untreated control, all COE-treated samples show increased PL from
NR. Surprisingly, the data indicate that the ability of NR to intercalate is not dictated
by the core length (as was observed for ONPG) but rather the length of the pendant
chain. For example, all three COEs with C-6 pendants seem to increase NR PL to
the same degree (~2x relative to control). Within each core-length subfamily of
COEs, PL increases concomitantly with pendant length. This unexpected result
suggests that COE-mediated permeation through the hydrophilic and hydrophobic
barriers of the OM are dependent on separate COE structural components. While
COE2-2C-C10 was found to be the ideal structure for OM permeabilization toward
polar compounds, the NR assay suggests that COE2-3C-C10 may be superior for
nonpolar compounds (slightly higher NR PL intensity and >2x higher MIC). In a

situation where permeation of both hydrophilic and hydrophobic molecules is
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desired, COE2-2C-C10 possess the best composition of structural features (long
total length for low antimicrobial action, short core for increased permeability of polar
compounds, and long pendant chains for increased permeability of nonpolar

compounds).
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Figure 2-11 Nile Red emission (630 nm) from E. coli membranes as a function of COE
structure.

2.7 Conclusions

In summary, we designed, synthesized, and tested a homologous series of COEs
with the intent of determining structure-function relationships pertaining to
antimicrobial action and membrane permeabilization. The correlation R and
significance p-value for each pairwise comparison of structure and function is
summarized in Table 2-1. In addition to gaining insight into which components of the

COE structure dictate effects on bacteria cells, we identified a privileged structure
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with  high membrane association, low antimicrobial activity, and excellent

permeabilizing action.

Table 2-1 Correlation (R) and significance (p) values between COE structural parameters and
observed effects on microbes or model membranes

Length (L) Core (m) Pendant (n) Ratio (m/n)
Association R -0.255 -0.805 0.773 -0.833
p 0.4765 0.0049 0.0088 0.0028
MIC R 0.916 0.292 0.152 0.076
p 0.0287 0.6334 0.8067 0.9035
ONPG turnover R -0.503 -0.909 0.546 -0.749
p 0.1146 0.0001 0.0821 0.0080
Nile Red uptake R 0.468 -0.246 0.832 -0.571
p 0.1248 0.4412 0.0008 0.0524
Order Parameter S R 0.589 0.336 0.250 0.165
p 0.0439 0.2850 0.4326 0.6065
Correlation time 12b R 0.603 0.289 0.327 -0.071
p 0.0381 0.3622 0.2988 0.8264
Correlation time 12¢ R 0.721 0.387 0.341 -0.070
p 0.0081 0.2138 0.2786 0.9827

While the primary goal of this work was to decouple antimicrobial and
permeabilizing properties of COEs, further insights into the various effects of COEs
were uncovered. For example, EPR demonstrated that COEs with longer total length
significantly increase lipid order. This result provides an explanation for the
observation that long COEs can increase the robustness of microbial membranes

|-96

against the disrupting effects of n-butanol.”™ With regard to the supposition that

membrane “pinching” is directly related to antimicrobial properties of COEs, the
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strong correlation between MIC and total length seems to lend credence to our
original hypothesis. The fact that MIC is only correlated to total length may allow for
rational design of COEs with enhanced antimicrobial activity (further discussion in
Chapter 5). Similarly, better permeabilizing agents can be developed based on
singular correlation with either core or pendant length depending on the nature of the
intended substrate.

One final consideration is the mechanism of antimicrobial and permeabilizing
effects of COEs. Unlike traditional surfactants, permeabilizing effects of COEs do not
appear to be related to decreased lipid order. Unlike AMPs, increased lipid order
does not appear to be part of the antimicrobial mechanism of action of COEs — in
fact, COEs which increase order to the greatest extent are the least toxic to cells and
can even increase membrane robustness. Based on similarities in chemical topology
(size, charge distribution, etc.) between COEs and polar carotenoids, it is not
surprising that similar effects on lipid order are observed in the two classes of
molecules. While this study indicates that COEs do not permeabilize in the same
fashion as surfactants or kill bacteria in the same fashion as AMPs, further structure-
property studies are required in order to truly elucidate the mechanisms of action of

COEs.
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2.8 Experimental Methods

Materials and Instrumentation

Solvents and reagents for the preparation of the COEs were purchased from Fisher
Scientific, Alfa Aesar, Acros, Sigma Aldrich, and Tokyo Chemical Industry. E. coli
total lipid extract was purchased from Avanti Polar Lipids. 2-nitrophenyl B-d-
galactopyranoside (ONPG) and the radical probe 16-DOXYL-stearic acid (16-SASL)
were purchased from Sigma-Aldrich. Escherichia coli ATCC 10798 was purchased
from American Type Culture Collection (Manassas, VA). Inhibitor-free anhydrous
solvents were prepared using packed alumina columns under argon in a solvent
purification system. EMD Millipore Analytical Chromatography aluminum-backed
plates (Silica gel 60 F254) were used for thin layer chromatography and separation
was visualized with UV light (254/366 nm). Silicycle SiliaFlash P60 silica gel was
used for flash chromatography. Measurements for MIC, ONPG, NR and association
studies were conducted on a Tecan M220 Infinite Pro. Continuous wave X-Band
EPR spectra were collected on a Bruker EMXplus Spectrometer. *H NMR (400 MHz,
500 MHz, 600 MHz) and *C NMR (101 MHz and 126 MHz) were measured on an
Agilent Technologies 400-MR DDR2 400 MHz, a Varian Unity Inova 500 MHz, or a
Varian VNMRS 600 MHz spectrometer. Multiplicity of signals was described by s
(singlet), d (doublet), t (triplet), and m (multiplet). Chemical shifts (& in ppm) were
referenced to residual solvent peaks of Chloroform-d (*H NMR & = 7.26 and *C

NMR & = 77.0) or DMSO-d6 (*H NMR & = 2.50 and *C-NMR & = 39.52). HRMS
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(m/z) measurements were performed on a Waters GCT Premier time-of-flight mass

spectrometer.

Strain and Culture Conditions

Escherichia coli K12 (ATCC #10798, ATCC, VA) was grown under aerobic
conditions in Luria-Bertani (LB) broth (10 g/L bactotryptone, 5 g/L yeast extract, 10
g/L NaCl) overnight at 37 °C with orbital shaking (250 rpm). Cell cultures for ONPG
turnover were supplemented with 2 g/L for the induction of lacZ. Cells were collected
by centrifugation and either resuspended in fresh Luria-Bertani broth (for MIC) or
washed 2x with M9 minimal media (6.8 g/L Na,HPO,, 3 g/L KH,PO4, 1 g/L NH,4CI,

0.5 g/L NaCl) before resuspending in M9.

Minimum Inhibitory Concentration

Following overnight growth, collection, and resuspension in fresh LB, cells were
diluted to 1 ODggo. Stock bacteria solutions were prepared by further 1:1000 dilution
in LB. For COEs with sufficient solubility, stock solutions of 5.12 mM were prepared
in 150 mM PBS before further diluting in LB to a final concentration of 1.024 mM. For
COEs with lower solubility (both 5-ring compounds, and all with C8 or C10 chains),
stock solutions were prepared directly in LB at 1.024 mM. 100 pL of 1.024 mM stock
COE solutions were transferred to the first column of 96-well plates (in triplicate),
and serially diluted across the next nine columns in LB (50 pL each well,
concentrations from 2 uM to 1024 pM). The 11" column received 50 pL of LB, and

the 12™ column 100 pL of LB (LB sterility control). 50 pL of the bacteria stock was
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added to columns 1 through 11 to give final COE concentrations from 1 pM to 512
MM. Plates were incubated overnight at 37 °C with orbital shaking (250 rpm). Optical
density at 600 nm was measured on a Tecan plate reader. MIC was determined as

the lowest concentration to give OD < 0.1 ODconirol-

COE Association with Bacteria

Following overnight growth, collection, washing and resuspension in M9, cells were
diluted to 2 ODggo. COE stock solutions of 120, 100, 80, 60, 40, and 20 uM were
made in M9. 100 pL of stock cell solution was mixed with 100 pL of stock COE
solution in microfuge tubes (triplicate) to give final concentrations of 1 ODggo cells
and 60, 50, 40, 30, 20, or 10 uM COE. After 30 minute incubation at room
temperature, all samples were centrifuged and 100 pL of supernatants removed to a
96-well plate. COE in the supernatant was quantified by optical absorption (310 nm
for 2-ring compounds, 365 nm for 3-ring compounds, 385 nm for 4-ring compounds,
and 400 nm for 5-ring compounds) on a Tecan plate reader. Calibration curves were
made using COE solutions in M9 from 5 uM to 60 pM. Cell-associated COE was
calculated by subtracting the supernatant concentration from the original

concentration in the cell/COE mixture.

ONPG Assay
Overnight liquid cultures of E. coli (ATTC #10798, ATCC, VA) in Luria Bertani broth
were supplemented with 2% lactose for the induction of lacZ. Cells were washed 2

times with M9 (6.8 g/L Na;HPO,, 3 g/L KH,PO,, 1 g/L NH4CI, 0.5 g/L NaCl) and left
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at room temperature for 1 hour before staining with COEs (10 pM/ODsggp) for 1 hour.
Excess COE was removed by washing cells once with M9 before resuspending to
0.6 ODggo. Stained and control samples (100 uL) were transferred to a 96-well plate
in triplicate. Absorption measurements at 420 nm were commenced immediately
following the addition of 3.9 mM ONPG (50 pL) to each well. Turnover rate was

measured as the slope of the line during the linear regime.

Nile Red Association

Overnight liquid cultures of E. coli were washed three times with PBS before staining
with COEs (10 pM/ODsggo) for 1 hour. Cells were washed one time with PBS and
resuspended to 0.25 ODggo. 300 pL aliquots of cell suspensions were mixed with 3
pL of NR stock solution (50 uM in 25% ethanol:water). After incubating at 30°C for

75 minutes, NR fluorescence was recorded (excitation: 525 nm, emission: 630 nm).

EPR Experiments

Stock solutions of 10 mg/mL E. coli total lipid extract and 0.05 mg/mL 16-DOXYL-
stearic acid were prepared in chloroform. 1 mL aliquots of this stock were
concentrated in 2 Dr. vials under reduced pressure by rotary evaporation. Large
unilamellar vesicles were formed by extrusion (10 mg/mL lipids in 50 mM PBS).1%
These vesicles were then diluted to ~2 mM and mixed 1:1 v/v with 20 uM COE
solutions in 50 mM PBS. Following incubation at room temperature for 1 hour, ~5 pL

samples were transferred to quartz capillaries. Continuous wave X-band EPR

spectra were collected used to calculate order parameter (S) and correlation times
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according to published methods.'®*! See section 6.6 for sample spectra and a

complete description of the calculations.

Correlation and Significance

Correlation (R) and significance (p) values were calculated in MATLAB 2016b by
using the corrcoef function in the form of [R,P] = corrcoef(matrix) where “matrix” was
derived from a table of structural parameters and experimental data. The first
column was the length as measured between the two furthest ammonium nitrogens.
The second and third columns were the number of rings (2-5) and number of
carbons on a single alkyl chain (4-10), respectively. The fourth column was the
aromatic:aliphatic ratio, calculated as the number of total carbons in the aromatic
core divided by the total aliphatic carbons in all four pendant chains. For association,
the percent associated when stained with 60 pM/ODgyp was used to calculate
correlation with the structural parameters (COE2-2C-C6 and COE2-3C-C4 were
excluded as described in Section 2.3). For MIC, the MIC value was used (again,
COE2-2C-C6 and COEZ2-3C-C4 were excluded). For ONPG, the relative turnover
rate (as shown in Figure 2-8) was used. For Nile Red association, the emission
value was used (arbitrary units, as shown in Figure 2-11). For order parameter and
correlation times, values calculated from EPR spectra (see Chapter 6.3 for details
about these calculations) were used. The MATLAB function returns two matrices,
the first for R and the second for p. Target values for each output occur at the
position with column # = column # of dependent variable in matrix and row # =

column # of each structural parameter in matrix.
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2.9 Synthetic Methods

The synthesis of COE2-2C-C6, COE2-3C-C6, COE2-4C-C6, and COE2-5C-C6 have
been described in literature.** ”® Note that these structures were previously referred
to as COE2-2C, COE2-3C, COE2-4C, and COE2-5C.

Phosphonates P1 and P2 made according to literature®

tetraethyl (1,4-phenylenebis(methylene))bis(phosphonate) (P1)

o I

i

\O/\
\/OO:EK_(i >—‘
Jo

(E)-tetraethyl ((ethene-1,2-diylbis(4,1-phenylene))bis(methylene))bis(phosphonate)

(P2)
o [
- SN
\,(;D:IPI O 4
S8

General Procedure for alkylations of 3,5-dihydroxybenzaldehyde:
3,5-dihydroxybenzaldehyde, the appropriate dibromoalkane (10 eq), and potassium
carbonate (2.5 eq) were refluxed in acetone for two days. Following aqueous

workup, products were purified by flash chromatography.

3,5-bis((4-bromobutyl)oxy)benzaldehyde (2-1a)

3,5-dihydroxybenzaldehyde (800 mg, 1 eq), 1,4-dibromobutane (12.5
O/\/\/Elr

\ g, 10 eq), potassium carbonate (2 g, 2.5 eq), and acetone (40 mL)

e}
RN

were added to a 100 mL flame-dried two-next flask equipped with a
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stir bar and fitted with a reflux condenser. The mixture was refluxed for two days
under inert atmosphere. After cooling to room temperature, the mixture was
portioned between ethyl acetate and brine. The aqueous layer was removed and
extracted three addition times with ethyl acetate. The combined organic layers were
dried with MgSO,, filtered and concentrated under reduced pressure to leave a
slightly yellow oil (note: most of the excess 1,4-dibromobutane was removed during
concentration). The pure product was obtained as a white solid (1.3 g, 56%)
following flash chromatography (2 CV hexanes followed by 1:5 ethyl acetate/
hexanes).

'H NMR (600 MHz, Chloroform-d) & 9.89 (s, 1H), 6.99 (d, J = 2.3 Hz, 2H), 6.69 —
6.67 (m, 1H), 4.03 (t, J = 6.1 Hz, 4H), 3.49 (t, J = 6.6 Hz, 4H), 2.10 — 2.04 (m, 4H),
1.99 — 1.93 (m, 4H).

13C NMR (151 MHz, Chloroform-d) & 191.81, 160.48, 138.39, 107.96, 107.68, 67.30,
33.21, 29.36, 27.74.

HRMS (ESI-TOF): 462.9893 [M+Na+CH30OH]+

3,5-bis((8-bromooctyl)oxy)benzaldehyde (2-1c)
3,5-dihydroxybenzaldehyde (800 mg, 1 eq), 1,8-dibromooctane

O/W\/\/Br

@ (15.8 g, 10 eq), potassium carbonate (2 g, 2.5 eq), and
O g, .

acetone (40 mL) were added to a 100 mL flame-dried two-next

flask equipped with a stir bar and fitted with a reflux condenser. The mixture was

refluxed for two days under inert atmosphere. After cooling to room temperature, the

mixture was portioned between ethyl acetate and brine. The aqueous layer was
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removed and extracted three addition times with ethyl acetate. The combined
organic layers were dried with MgSOQO., filtered and concentrated under reduced
pressure to leave a clear oil. The pure product was obtained as a white solid (2 g,
67%) following flash chromatography (3 CV hexanes, 1 CV 1:20 ethyl acetate/
hexanes, 1.9 ethyl acetate/ hexanes).

'H NMR (500 MHz, Chloroform-d) & 9.89 (s, 1H), 6.98 (d, J = 2.3 Hz, 2H), 6.69 (t, J
= 2.3 Hz, 1H), 3.99 (t, J = 6.5 Hz, 4H), 3.41 (t, J = 6.8 Hz, 4H), 3.38 (d, J = 6.6 Hz,
4H), 1.93 — 1.83 (m, 4H), 1.84 — 1.74 (m, 4H), 1.52 — 1.40 (m, 8H), 1.43 — 1.29 (m,
8H).

13C NMR (500 MHz, Chloroform-d) & 192.02, 160.71, 138.31, 108.01, 107.58, 68.33,
33.91, 32.74, 29.11, 29.05, 28.64, 28.05, 25.88.

HRMS (ESI-TOF): 543.0891 [M+Na]+

3,5-bis((10-bromodecyl)oxy)benzaldehyde (2-1d)
] 3,5-dihydroxybenzaldehyde (800 mg, 1 eq), 1,10-
OLdWW dibromodecane (17.4 g, 10 eq), potassium carbonate (2 g,
R 2.5 eq), and acetone (40 mL) were added to a 100 mL flame-
dried two-next flask equipped with a stir bar and fitted with a reflux condenser. The
mixture was refluxed for two days under inert atmosphere. After cooling to room
temperature, the mixture was portioned between ethyl acetate and brine. The
agueous layer was removed and extracted three addition times with ethyl acetate.

The combined organic layers were dried with MgSO., filtered and concentrated

under reduced pressure to leave a clear, viscous oil. Excess 1,10-dibromodecane
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was removed by vacuum distillation. The pure product was obtained as a white solid
(2.2 g, 66%) following flash chromatography (1.5 CV hexanes, 1:25 ethyl acetate/
hexanes).

'H NMR (500 MHz, Chloroform-d) & 9.89 (s, 1H), 6.98 (d, J = 2.3 Hz, 2H), 6.69 (t, J
= 2.3 Hz, 1H), 3.99 (t, J = 6.5 Hz, 4H), 3.41 (t, J = 6.9 Hz, 4H), 1.90 — 1.74 (m, 8H),
1.50 — 1.29 (m, 24H).

13C NMR (126 MHz, Chloroform-d) & 192.22, 160.89, 138.45, 108.17, 107.73, 77.16,

68.55, 34.17, 32.96, 29.56, 29.49, 29.42, 29.26, 28.88, 28.30, 26.12.

General Procedure for Wittig Reaction:

Benzaldehyde derivatives 2-1¢c and 2-1d were converted to the analogous styrene
derivatives 2-3c and 2-3d with the Wittig reagent methyl triphenylphosphonium
bromide (1.1 eq) in the presence of potassium carbonate (1.1 eq). Reactions were
refluxed in anhydrous THF overnight. Following aqueous workup, products were

purified by flash chromatography.

1,3-bis((8-bromooctyl)oxy)-5-vinylbenzene (2-3c)
2-1c (300 mg, 1.0 eq), methyl triphenylphosphonium bromide

O/\/\/\/\/Br

@ (227 mg, 1.1 eq), and potassium carbonate (88 mg, 1.1 eq)
P e were added to a flame dried 15 mL round bottom flask equipped
with a stir bar and reflux condenser. 7 mL of anhydrous THF was added via cannula.

The reaction mixture was heated to reflux overnight under inert atmosphere. After

cooling to room temperature, the reaction mixture was diluted with 25 mL of
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dichloromethane and transferred to a separatory funnel. The organic layer was
extracted three times with brine, dried over Na,SO4, and concentrated via rotary
evaporation. The product was isolated as a white solid (220 mg, 73%) following flash
chromatography (1:15 ethyl acetate/hexane).

'H NMR (400 MHz, Chloroform-d) & 6.61 (dd, J = 17.5, 10.8 Hz, 1H), 6.53 (d, J = 2.3
Hz, 2H), 6.35 (t, J = 2.3 Hz, 1H), 5.69 (d, J = 17.5 Hz, 1H), 5.21 (d, J = 10.8 Hz, 1H),
3.92 (t, J = 6.5 Hz, 4H), 3.39 (t, J = 6.8 Hz, 4H), 1.84 (p, J = 6.9 Hz, 4H), 1.75 (p, J =
6.7 Hz, 4H), 1.50 — 1.37 (m, 16H).

13C NMR (126 MHz, Chloroform-d) & 160.35, 139.47, 136.92, 114.11, 104.83,
100.96, 67.93, 33.97, 32.77, 29.21, 29.16, 28.68, 28.08, 25.95.

HRMS (ESI-TOF): 519.1297 [M+H]+

1,3-bis((10-bromodecyl)oxy)-5-vinylbenzene (2-3d)
2-1d (140 mg, 1.0 eq), methyl triphenylphosphonium bromide
\ Sttt (96 mg, 1.1 eq), and potassium carbonate (37 mg, 1.1 eq)
S e were added to a flame dried 10 mL round bottom flask
equipped with a stir bar and reflux condenser. 5 mL of anhydrous THF was added
via cannula. The reaction mixture was heated to reflux overnight under inert
atmosphere. After cooling to room temperature, the reaction mixture was diluted with
25 mL of dichloromethane and transferred to a separatory funnel. The organic layer
was extracted three times with brine, dried over Na,SO,4, and concentrated via rotary

evaporation. The product was isolated as a white solid (99 mg, 71%) following flash

chromatography (1:15 ethyl acetate/hexane).
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'H NMR (500 MHz, Chloroform-d) & 6.63 (dd, J = 17.5, 10.8 Hz, 1H), 6.55 (d, J = 2.2
Hz, 2H), 6.38 (t, J = 2.2 Hz, 1H), 5.72 (dd, J = 17.5, 0.9 Hz, 1H), 5.23 (dd, J = 10.8,
0.8 Hz, 1H), 3.95 (t, J = 6.5 Hz, 4H), 3.41 (t, J = 6.9 Hz, 4H), 1.86 (p, J = 7.1 Hz,
4H), 1.77 (p, J = 7.1 Hz, 4H), 1.50 — 1.27 (m, 24H).

3C NMR (126 MHz, Chloroform-d) & 160.37, 139.44, 136.94, 114.08, 104.81,
100.97, 67.99, 34.02, 32.81, 29.42, 29.34, 29.30, 29.25, 28.73, 28.15, 26.02.

HRMS (ESI-TOF): 575.1878 [M+H]+

General Procedure for Metathesis Reactions:

Styrene derivatives 2-3c and 2-3d were converted to the analogous stilbene
derivatives using Grubbs 2" Generation (0.01 eq). Reactions were heated to 50°C
in dry DCM under inert atmosphere for 16 hours. Products were purified by flash

chromatography.
(E)-1,2-bis(3,5-bis((8-bromooctyl)oxy)phenyl)ethene (2-4c)

under inert atmosphere. 1 mL of dry DCM was added to the catalyst and the solution

and septum. Grubbs Catalyst 2" Generation (2

JI/_f 2-3c (125 mg, 1.0 eq) was added to a flame
dried microwave tube equipped with a stir bar
X\KL mg, 0.01 eq) was transferred to a small vial

was transferred via syringe to the reaction vessel. The reaction mixture was heated
to 50°C under inert atmosphere for 16 hours with most of the microwave tube above

the oil to prevent the reaction from drying out. After cooling to room temperature the
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reaction mixture was directly purified by flash chromatography (5:7
chloroform/hexane) to afford the product as a white solid (101 mg, 83%)).

'H NMR (500 MHz, Chloroform-d) 5 6.99 (s, 2H), 6.64 (d, J = 2.2 Hz, 4H), 6.39 (t, J
= 2.2 Hz, 2H), 3.98 (t, J = 6.5 Hz, 8H), 3.42 (t, J = 6.8 Hz, 8H), 1.87 (p, J = 7.3 Hz,
8H), 1.79 (p, J = 6.6 Hz, 8H), 1.57 — 1.31 (m, 32H).

13C NMR (126 MHz, Chloroform-d) & 160.44, 139.08, 129.11, 105.14, 103.73,

100.97, 67.98, 33.97, 32.78, 29.23, 29.16, 28.68, 28.09, 25.97.

(E)-1,2-bis(3,5-bis((10-bromodecyl)oxy)phenyl)ethene (2-4d)
Br\—\_\_\x 2-3d (85 mg, 1.0 eq) was added to a flame

dried microwave tube equipped with a stir

Br
o] OJ_/_/_/_f
bar and septum. Grubbs Catalyst 2"
i X\K\_& Generation (1.3 mg, 0.01 eq) was
i transferred to a small vial under inert
atmosphere. 1 mL of dry DCM was added to the catalyst and the solution was
transferred via syringe to the reaction vessel. The reaction mixture was heated to
50°C under inert atmosphere for 16 hours with most of the microwave tube above
the oil to prevent the reaction from drying out. After cooling to room temperature the

reaction mixture was directly purified by flash chromatography (5:7

chloroform/hexane) to afford the product as a white solid (60 mg, 73%).
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'H NMR (500 MHz, Chloroform-d) & 6.98 (s, 2H), 6.64 (d, J = 2.1 Hz, 4H), 6.39 (t, J
= 2.2 Hz, 2H), 3.97 (t, J = 6.5 Hz, 8H), 3.41 (t, J = 6.9 Hz, 8H), 1.86 (p, J = 7.1 Hz,
8H), 1.79 (p, J = 7.6 Hz, 8H), 1.51 — 1.28 (m, 48H).

13C NMR (126 MHz, Chloroform-d) & 160.45, 139.07, 129.10, 105.12, 100.96, 68.03,

34.03, 32.82, 29.43, 29.35, 29.32, 29.28, 28.74, 28.15, 26.04.
Procedures for Horner-Wadsworth-Emmons Reactions for 5-ring Compounds:

(E)-diethyl 4-(3,5-bis(4-iodomobutoxy)styryl)benzylphosphonate (2-8a)
2-2a (300 mg, 1.1 eq) and anhydrous THF (4 mL) were
Ao

O / Q ° added to a flame-dried 10 mL round bottom flask. P1 (216
‘JJO mg, 1.05 eq) and anhydrous THF (4 mL) were added under
inert atmosphere to a flame-dried 25 mL round bottom flask equipped with a stir bar.
The solution was cooled to 0°C and sodium tert-butoxide (52.2 mg, 1 eq) was added
as a solution in anhydrous THF (5 mL). After 15 minutes, the solution of 2-2a was
added in a single portion via syringe under inert atmosphere. The reaction was
maintained at 0°C for 1 hour. The contents were portioned between water and DCM.
The organic layer was removed and the aqueous layer was extracted with DCM an
additional 3 times. The organic layers were combined, dried over Na,SOy, filtered,
and concentrated under reduced pressure. The pure product (150 mg, 38%) was
obtained as a yellowish oil following flash chromatography (9:1 DCM/ethyl acetate).
IH NMR (400 MHz, Chloroform-d) 6 7.44 (d, J = 7.9 Hz, 2H), 7.29 (dd, J = 8.2, 2.5

Hz, 2H), 7.10 — 6.94 (m, 2H), 6.64 (d, J = 2.2 Hz, 2H), 6.35 (t, J = 2.2 Hz, 1H), 4.10 -
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3.96 (m, 8H), 3.27 (t, J = 6.8 Hz, 4H), 3.16 (d, J = 21.8 Hz, 2H), 2.09 — 1.98 (m, 4H),
1.96 — 1.86 (m, 4H), 1.25 (t, J = 7.0 Hz, 6H).

3C NMR (126 MHz, Chloroform-d) & 160.23, 139.34, 135.80, 135.77, 131.20,
131.12, 130.14, 130.09, 128.81, 128.79, 128.48, 128.46, 126.73, 126.71, 105.20,

100.90, 66.73, 62.21, 62.16, 30.18, 30.14, 16.43, 16.38, 6.42.

1,4-bis((E)-4-((E)-3,5-bis(4-iodobutoxy)styryl)styryl)benzene (2-9a)
2-8a (43  mg, 22 eq)

vl

terephthalaldehyde (3.6 mg, 1 eq),

ORI and anhydrous THF (3 mL) were

added to a flame-dried 10 mL round
bottom flask equipped with a stir bar. The solution was cooled to 0°C under inert
atmosphere. Sodium tert-butoxide (5.4 mg, 2.1 eq) was added as a solution in
anhydrous THF (2 mL) via syringe slowly over 5 minutes. The reaction was
maintained at 0°C for 1 hour and then partitioned between DCM and water. The
organic layer was removed and the aqueous layer was extracted with DCM an
additional 3 times. The organic layers were combined, dried over Na,SOy, filtered,
and concentrated under reduced pressure. The pure product (20 mg, 58%) was
obtained as a bright yellow solid following flash chromatography (2:1 DCM/hexanes).
'H NMR (400 MHz, Chloroform-d) & 7.57 — 7.47 (m, 12H), 7.20 — 6.96 (m, 8H), 6.66
(d, J = 2.2 Hz, 4H), 6.37 (t, J = 2.2 Hz, 2H), 4.02 (t, J = 6.0 Hz, 8H), 3.28 (t, J = 6.8

Hz, 8H), 2.14 — 1.99 (m, 8H), 1.98 — 1.87 (m, 8H).
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13C NMR (126 MHz, Chloroform-d) & 160.26, 139.39, 136.86, 136.74, 136.51,
128.83, 128.49, 128.25, 128.16, 126.95, 126.90, 126.88, 105.23, 100.95, 66.75,

30.19, 30.15, 6.41.

General Procedure for Halogen Exchange (Finkelstein reaction):

All final products were prepared directly from alkyl iodide intermediates via
guaternization with trimethylamine but the conversion from alkyl bromide to iodide
occurred at different stages depending on the particular COE. In all cases, alkyl
bromides were converted to analogous iodides via refluxing for ~2 days in acetone in
the presence of sodium iodide. Some compounds were directly used following

aqueous workup while others were purified as described below.

3,5-bis((4-iodobutyl)oxy)benzaldehyde (2-2a)

2-1la (678 mg, 1 eq), sodium iodide (7.22 g, 25 eq), and acetone (15
°ﬂ mL) were combined in a 25 mL round bottom flask equipped with a

stir bar and fitted with a reflux condenser. The mixture was refluxed
for 2 days under inert atmosphere. After cooling, the mixture was portioned between
ethyl acetate and brine. The aqueous layer was discarded and the organic layer was
extracted 2 additional times with brine, once with saturated sodium thiosulfate, and
once with water. The organic layer was dried over Na,SO, filtered, and
concentrated via rotary evaporation. No further purification was necessary. (810 mg,

97%)

74



'H NMR (500 MHz, DMSO-ds) & 9.90 (s, 1H), 7.05 (d, J = 2.3 Hz, 2H), 6.82 (t, J =
2.3 Hz, 2H), 4.06 (t, J = 6.3 Hz, 5H), 3.35 (t, J = 6.9 Hz, 5H), 1.93 (p, J = 6.9 Hz,
6H), 1.80 (p, J = 6.4 Hz, 6H).

13C NMR (151 MHz, Chloroform-d) & 191.82, 160.47, 138.37, 107.96, 107.68, 67.09,

30.06, 29.98, 6.11.

3,5-bis((10-iododecyl)oxy)benzaldehyde (2-2c)
. o~ 2-1¢ (650 mg, 1 eq), sodium iodide (4.7 g, 25 eq), and
ﬂwt acetone (15 mL) were combined in a 25 mL round bottom
flask equipped with a stir bar and fitted with a reflux condenser. The mixture was
refluxed for 2 days under inert atmosphere. After cooling, the mixture was portioned
between ethyl acetate and brine. The aqueous layer was discarded and the organic
layer was extracted 2 additional times with brine, once with saturated sodium
thiosulfate, and three times with water. The organic layer was dried over Na;SOy,
fillered, and concentrated via rotary evaporation. No further purification was
necessary. (718 mg, 95%)
'H NMR (500 MHz, Chloroform-d) & 9.89 (s, 1H), 6.98 (d, J = 2.3 Hz, 2H), 6.69 (t, J
= 2.3 Hz, 1H), 3.98 (t, J = 6.5 Hz, 4H), 3.19 (t, J = 7.0 Hz, 4H), 1.90 — 1.72 (m, 8H),
1.49 — 1.20 (m, 24H).
13C NMR (151 MHz, Chloroform-d) 5 191.82, 160.48, 138.38, 107.95, 107.68, 67.30,

33.21, 30.45, 29.36, 29.25, 29.09, 28.48, 27.74, 25.95, 7.26.
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(E)-1,2-bis(3,5-bis((8-iodooctyl)oxy)phenyl)ethene (2-5c¢)

L
s

2-4c (47 mg, 1 eq), sodium iodide (105 mg, 15
Jfﬁ ), and acetone (1mL) were added to a
M microwave tube equipped with a stir bar. The
HK vessel was placed in a 70°C oil bath such that
headspace within the vessel remained above the oil level. The reaction was allowed
to proceed for 2 days under inert atmosphere. After cooling to room temperature, the
mixture was diluted in 10 mL of dichloromethane. The mixture was extracted once
with saturated sodium thiosulfate and five times with water. The organic layer was
then dried over Na,SO,, filtered, and concentrated via rotary evaporation. No further
purification was necessary. (50 mg, 89%)
'H NMR (500 MHz, Chloroform-d) & 6.99 (s, 2H), 6.64 (d, J = 2.2 Hz, 4H), 6.39 (t, J
= 2.2 Hz, 2H), 3.98 (t, J = 6.5 Hz, 8H), 3.20 (t, J = 7.0 Hz, 8H), 1.91 — 1.75 (m, 16H),
1.54 — 1.31 (m, 32H).
13C NMR (151 MHz, Chloroform-d) & 160.46, 139.07, 129.10, 105.12, 100.97, 68.02,

33.50, 30.48, 29.43, 29.27, 28.45, 25.99, 7.26.

(E)-1,2-bis(3,5-bis((10-iododecyl)oxy)phenyl)ethene (2-5d)
2-4d (40 mg, 1 eq), sodium iodide (54 mg, 10
R&& fﬁﬁ/f eq), and acetone (1mL) were added to a
microwave tube equipped with a stir bar. The
J_/_/—/_F \_\_L&L vessel was placed in a 70°C oil bath such

that only the part containing the reaction
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mixture was submerged. The reaction was allowed to proceed for 2 days under inert
atmosphere. After cooling to room temperature, the mixture was diluted in 10 mL of
dichloromethane. The mixture was extracted once with saturated sodium thiosulfate
and five times with water. The organic layer was then dried over Na,SOy, filtered,
and concentrated via rotary evaporation. The resulting orange solid was passed
through a silica plug with 1:8 ethyl acetate/hexane to afford the product as a white
solid (42 mg, 90%).

'H NMR (600 MHz, Chloroform-d) & 7.00 (s, 2H), 6.66 (d, J = 2.2 Hz, 4H), 6.40 (t, J
= 2.3 Hz, 2H), 3.99 (t, J = 6.5 Hz, 8H), 3.21 (t, J = 7.0 Hz, 8H), 1.88 — 1.77 (m, 16H),
1.53 — 1.45 (m, 8H), 1.44 — 1.34 (m, 40H).

13C NMR (151 MHz, Chloroform-d) & 160.47, 139.08, 129.11, 105.14, 100.98, 68.04,

33.54, 30.48, 29.44, 29.33, 29.31, 29.28, 28.51, 26.04, 7.29.

1,4-bis((E)-3,5-bis((8-iodooctyl)oxy)styryl)benzene (2-6¢)
i 2-6¢Br (not shown in Figure 2-3, see
j_\_\_\ Jfrr below) (400 mg, 1 eq), sodium iodide (1.35
g, 25 eq), and acetone (5 mL) were
J_/_/_fo XLLM combined in a 10 mL round bottom flask
|

reflux condenser. The mixture was refluxed for 2 days under inert atmosphere. After

equipped with a stir bar and fitted with a

cooling to room temperature, the mixture was partitioned between dichloromethane
and saturated sodium thiosulfate. The organic layer was discarded and the organic

layer was extracted with water three times. The organic layer was then dried over
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Na,SO., filtered, and concentrated via rotary evaporation. The resulting pinkish solid
was passed through a silica plug with 1:8 ethyl acetate/hexane to afford the product
as a white solid (420 mg, 90%).

'H NMR (600 MHz, Chloroform-d) & 7.49 (s, 4H), 7.10 — 7.01 (m, 4H), 6.66 (d, J =
2.1 Hz, 4H), 6.39 (t, J = 2.2 Hz, 2H), 3.98 (t, J = 6.5 Hz, 8H), 3.20 (t, J = 7.0 Hz, 8H),
1.88 — 1.74 (m, 16H), 1.52 — 1.32 (m, 32H).

13C NMR (151 MHz, Chloroform-d) & 160.60, 139.33, 136.76, 128.86, 128.71,

127.01, 105.27, 101.14, 68.14, 33.65, 30.56, 29.39, 29.30, 28.61, 26.13, 7.38.

(E)-1,2-bis(4-((E)-3,5-bis((8-iodooctyl)oxy)styryl)phenyl)ethene (2-7¢)

' 2-7cBr (not shown in Figure 2-3,
see below) (220 mg, 1 eq), sodium
iodide (680 mg, 25 eq), and

 acetone (5 mL) were combined in a

10 mL round bottom flask equipped
with a stir bar and fitted with a reflux condenser. The mixture was refluxed for 2 days
under inert atmosphere. After cooling to room temperature, the mixture was
partitioned between dichloromethane and saturated sodium thiosulfate. The organic
layer was discarded and the organic layer was extracted an additional time with
saturated sodium thiosulfate and with water three times. The organic layer was then
dried over Na,SO,, filtered, and concentrated via rotary evaporation. No further
purification was necessary to obtain the pure product as a white solid (420 mg,

90%).
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'H NMR (600 MHz, Chloroform-d) & 7.50 (d, J = 2.2 Hz, 8H), 7.12 (s, 2H), 7.11 —
7.01 (m, 4H), 6.66 (d, J = 2.0 Hz, 4H), 6.41 — 6.37 (m, 2H), 3.98 (t, J = 6.5 Hz, 8H),
3.20 (t, J = 6.9 Hz, 8H), 1.82 (dq, J = 25.4, 7.2 Hz, 16H), 1.51 — 1.32 (m, 32H).

13C NMR (126 MHz, Chloroform-d) & 160.46, 139.20, 136.73, 136.58, 128.70,
128.57, 128.15, 126.91, 126.86, 105.12, 100.99, 68.00, 33.53, 30.46, 29.28, 29.20,

28.50, 26.01, 7.34.

General Procedure for Horner-Wadsworth-Emmons Reactions for 3-ring and 4-

ring Compounds:

1,4-bis((E)-3,5-bis(4-iodobutoxy)styryl)benzene (2-6a)
 2-2a (200 mg, 1 eq) and anhydrous THF (1 mL)
Ho ) were added to a flame-dried 2 Dr vial under inert

S ATA

o lLI atmosphere. P1 (79 mg, 0.525 eq) and anhydrous
THF (2 mL) were added to a flame-dried 10 mL
round bottom flask equipped with a stir bar under inert atmosphere. This mixture
was cooled to 0°C before adding sodium tert-butoxide (38 mg, 1 eq) as a solution in
anhydrous THF (2 mL). The temperature was maintained at 0°C for 15 minutes, at
which point the solution of 2-2a was added slowly via syringe. After an additional 2
hours at 0°C, the mixture was portioned between dichloromethane and water. The

organic layer was collected and the aqueous layer was extracted with an additional

portion of dichloromethane. The combined organic layers were dried over Na;SOa,
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filtered, and concentrated via rotary evaporation. The pure product was obtained as
a white solid (148 mg, 69%) by flash chromatography (2:5 DCM/hexanes).

'H NMR (500 MHz, Chloroform-d) & 7.54 — 7.45 (m, 4H), 7.11 — 6.98 (m, 4H), 6.66
(d, J = 2.2 Hz, 4H), 6.37 (t, J = 2.2 Hz, 2H), 4.02 (t, J = 6.1 Hz, 8H), 3.28 (t, J = 6.9
Hz, 9H), 2.10 — 2.01 (m, 8H), 1.95 — 1.87 (m, 9H).

13C NMR (126 MHz, cdcls) & 160.25, 139.36, 136.61, 128.79, 128.56, 126.93,

105.24, 100.96, 66.75, 30.19, 30.15, 6.44.

1,4-bis((E)-3,5-bis((8-bromooctyl)oxy)styryl)benzene (2-6¢Br)
s 2-1c (500 mg, 2 eq) and P1 (191 mg,
Br\_\_\_\ oJ_/_/_f 1.05 eq) were added to a flame-dried 10
mL round bottom flask equipped with a
Iﬁﬁfo \KLBF stir bar. Anhydrous THF (2 mL) was
B

atmosphere. The mixture was cooled to 0°C. In a separate flame-dried flask, a

added via syringe under inert

solution of sodium tert-butoxide (97 mg, 2.1 eq) was prepared in anhydrous THF (3
mL). The entirety of the sodium tert-butoxide solution was added to the reaction flask
via syringe slowly. The mixture was left in the ice bath and allowed to warm to room
temperature overnight. The contents were partitioned between dichloromethane and
water. The organic layer was separated and the aqueous layer was extracted with
three additional portions of dichloromethane. The organic layers were combined,

back-extracted with an additional portion of water, dried over Na,SO,, filtered, and
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concentrated via rotary evaporation. The pure product was obtained as a white solid
(415 mg, 78%) following flash chromatography (1:8 ethyl acetate/hexanes).

'H NMR (600 MHz, Chloroform-d) & 7.49 (s, 4H), 7.10 — 7.00 (m, 4H), 6.66 (d, J =
1.9 Hz, 4H), 6.39 (t, J = 2.2 Hz, 2H), 3.98 (t, J = 6.5 Hz, 8H), 3.42 (t, J = 6.8 Hz, 8H),
1.87 (p, J = 7.0 Hz, 8H), 1.79 (d, J = 6.9 Hz, 8H), 1.52 — 1.33 (m, 32H).

13C NMR (151 MHz, Chloroform-d) & 160.46, 139.19, 136.62, 128.71, 128.55,

126.87, 105.12, 100.99, 67.99, 33.98, 32.80, 29.26, 29.19, 28.70, 28.11, 25.99.

1,4-bis((E)-3,5-bis((10-iododecyl)oxy)styryl)benzene (2-6d)
2-2d (200 mg, 1 eq) and anhydrous

THF (1 mL) were added to a flame-

| J—/_/_/f
\_\_\1 )
o oY &) dried 2 Dr vial under inert atmosphere.
o]

s \jx& P1 (52 mg, 0.525 eq) and anhydrous
lJJIFF " THF (2 mL) were added to a flame-
dried 10 mL round bottom flask equipped with a stir bar under inert atmosphere. This
mixture was cooled to 0°C before adding sodium tert-butoxide (31 mg, 1.05 eq) as a
solution in anhydrous THF (2 mL). The temperature was maintained at 0°C for 15
minutes, at which point the solution of 2-2d was added slowly via syringe. After an
additional 2 hours at 0°C, the mixture was portioned between dichloromethane and
water. The organic layer was collected and the aqueous layer was extracted with an
additional portion of dichloromethane. The combined organic layers were dried over

Na SOy, filtered, and concentrated via rotary evaporation. The pure product was
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obtained as a white solid (154 mg, 74%) by flash chromatography (1:9 ethyl
acetate/hexanes).

'H NMR (600 MHz, Chloroform-d) & 7.48 (s, 4H), 7.08 — 7.02 (m, 4H), 6.66 (s, 4H),
6.39 (s, 2H), 3.98 (t, J = 6.5 Hz, 8H), 3.19 (t, J = 7.0 Hz, 8H), 1.86 — 1.75 (m, 16H),
1.50 — 1.25 (m, 48H).

13C NMR (151 MHz, Chloroform-d) & 160.48, 139.17, 136.62, 128.73, 128.54,
126.85, 105.11, 101.00, 68.05, 33.54, 30.47, 29.43, 29.32, 29.30, 29.27, 28.50,

26.03, 7.26.

(E)-1,2-bis(4-((E)-3,5-bis(4-iodobutoxy)styryl)phenyl)ethene (2-7a)

2-2a (100 mg, 1 eq) and anhydrous THF (1

and anhydrous THF (2 mL) were added to a
flame-dried 10 mL round bottom flask equipped with a stir bar under inert
atmosphere. This mixture was cooled to 0°C before adding sodium tert-butoxide (24
mg, 1 eq) as a solution in anhydrous THF (2 mL). The temperature was maintained
at 0°C for 15 minutes, at which point the solution of 2-2a was added slowly via
syringe. After an additional 4 hours at 0°C, the mixture was portioned between
dichloromethane and water. The organic layer was collected and the aqueous layer
was extracted with an additional portion of dichloromethane. The combined organic

layers were dried over Na,SO,, filtered, and concentrated via rotary evaporation.
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The pure product was obtained as a bright yellow solid (95 mg, 66%) by flash
chromatography (1 CV hexanes, 1:8 ethyl acetate/hexanes).

'H NMR (600 MHz, Chloroform-d) & 7.53 — 7.48 (m, 8H), 7.13 (s, 2H), 7.11 — 7.01
(m, 4H), 6.66 (s, 4H), 6.37 (s, 2H), 4.02 (t, J = 6.1 Hz, 4H), 3.28 (t, J = 6.9 Hz, 4H),
2.10 — 1.99 (m, 4H), 1.95 — 1.89 (m, 4H).

13C NMR (151 MHz, Chloroform-d) & 160.24, 141.61, 136.82, 136.52, 128.81,

128.49, 128.21, 126.92, 126.86, 105.24, 101.86, 66.74, 30.18, 30.13, 6.35.

(E)-1,2-bis(4-((E)-3,5-bis((8-bromooctyl)oxy)styryl)phenyl)ethene (2-7cBr)

2-1c (500 mg, 2 eq) and P2 (252
mg, 1.05 eq) were added to a
flame-dried 10 mL round bottom

flask equipped with a stir bar.

Anhydrous THF (2 mL) was
added via syringe under inert atmosphere. The mixture was cooled to 0°C. In a
separate flame-dried flask, a solution of sodium tert-butoxide (97 mg, 2.1 eq) was
prepared in anhydrous THF (3 mL). The entirety of the sodium tert-butoxide solution
was added to the reaction flask via syringe slowly. The mixture was left in the ice
bath and allowed to warm to room temperature overnight. The contents were
partitioned between dichloromethane and water. The organic layer was separated
and the aqueous layer was extracted with three additional portions of
dichloromethane. The organic layers were combined, back-extracted with an

additional portion of water, dried over Na,SQO,, filtered, and concentrated via rotary
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evaporation. The pure product was obtained as a white solid (419 mg, 72%)
following flash chromatography (2 CV 1:10 ethyl acetate/hexanes, 1:5:5 ethyl
acetate/hexanes/DCM).

'H NMR (600 MHz, Chloroform-d) & 7.50 (s, 8H), 7.15 — 6.99 (m, 6H), 6.67 (d, J =
2.2 Hz, 4H), 6.40 (t, J = 2.2 Hz, 2H), 3.98 (t, J = 6.5 Hz, 8H), 3.42 (t, J = 6.8 Hz, 8H),
1.87 (p, J = 6.9 Hz, 8H), 1.80 (p, J = 6.6 Hz, 8H), 1.53 — 1.34 (m, 32H).

13C NMR (151 MHz, Chloroform-d) & 160.48, 139.21, 136.74, 136.58, 128.70,
128.56, 128.14, 126.92, 126.88, 105.14, 101.01, 68.00, 34.04, 32.83, 29.31, 29.24,

28.74, 28.15, 26.03.

General Procedure for Quaternization Reactions:

Final target compounds were prepared by quaternization of alkyl iodide
intermediates with trimethylamine. In all cases, intermediates were dissolved in
anhydrous tetrahydrofuran and trimethylamine (20 eq) was added as a 3.2 M
solution in methanol. All reactions were allowed to run for 2 days at room
temperature under inert atmosphere in sealed 1 Dr vials. During the course of the
reaction, methanol was added whenever insoluble material was observed (dropwise
until solids dissolved). Following the reaction, mixtures were transferred to 50 mL
centrifuge tubes and 10-20 mL of diethyl ether was added to precipitate the final
target compounds. Suspensions were centrifuge and the supernatant decanted. The
solids were dissolved in methanol and again precipitated with diethyl ether,
centrifuged, and decanted. The centrifuge tubes were placed within glass containers

and left under vacuum overnight. Solids were then dissolved in water, filtered
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through 0.45 puM PTFE syringe filters, and lyophilized to provide the final products as
fluffy solids (white or bright yellow depending on the conjugated core length). All

reactions were quantitative.

(E)-8,8',8",8"-((ethene-1,2-diylbis(benzene-5,3,1-triyl))tetrakis(oxy))tetrakis(N,N,N-

trimethyloctan-1-aminium) iodide (COE2-2C-C8)

\_\—\_¥ fﬁﬁf From 2-5¢

J_rﬁf HR - 14 NMR (500 MHz, DMSO-de) & 7.16 (s, 2H),

6.73 (d, J = 2.2 Hz, 4H), 6.37 (t, J = 2.3 Hz,
2H), 3.96 (t, J = 6.4 Hz, 8H), 3.26 (ddd, J = 10.7, 6.2, 2.3 Hz, 8H), 3.03 (s, 36H),
1.75 — 1.62 (m, 16H), 1.45 — 1.24 (m, 32H).
13C NMR (126 MHz, DMSO-d6) & 160.48, 139.38, 129.31, 105.39, 101.15, 67.94,
65.75, 52.61, 29.20, 29.06, 28.95, 26.20, 25.94, 22.49.

HRMS (ESI-TOF): 589.3229 [M-2[]2+
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(E)-10,10,10",10"-((ethene-1,2-diylbis(benzene-5,3,1-

triyl))tetrakis(oxy))tetrakis(N,N,N-trimethyldecan-1-aminium) iodide (COE2-2C-C10)

RLK ﬁff From 2-54
ﬁ R

'H NMR (600 MHz, DMSO-dg) 8 7.17 (s,
2H), 6.74 (d, J = 2.1 Hz, 4H), 6.37 (t, J =
2.2 Hz, 2H), 3.97 (t, J = 6.5 Hz, 8H), 3.30
—3.24 (m, 8H), 3.04 (s, 36H), 1.75 — 1.62 (m, 16H), 1.46 — 1.38 (m, 8H), 1.37 — 1.24
(m, 40H).
13C NMR (151 MHz, DMSO-d6) 5 160.49, 139.40, 129.32, 105.42, 101.19, 67.96,
65.77, 52.63, 29.39, 29.25, 29.23, 28.96, 26.21, 26.02, 22.50.

HRMS (ESI-TOF): 645.3853 [M-21]2+

4,4'4" 4"-(((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(N,N,N-trimethylbutan-1-aminium) iodide (COE2-3C-C4)

e
NM
\

|
_>N+ From 2-6a
W / O
DT
N 'H NMR (600 MHz, DMSO-ds) & 7.60 (s, 4H),
—N

7.25 (dd, J = 36.5, 15.9 Hz, 4H), 6.81 (s, 4H),
6.44 (s, 2H), 4.05 (t, J = 6.2 Hz, 8H), 3.43 — 3.37 (m, 8H), 3.10 — 3.04 (M, 32H), 1.90

—1.79 (m, 8H), 1.74 (p, J = 6.8 Hz, 8H).
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13C NMR (126 MHz, DMSO-d6) 5 160.27, 139.60, 136.82, 129.03, 128.81, 127.38,
105.66, 101.43, 67.32, 65.47, 52.72, 26.08, 19.69.

HRMS (ESI-TOF): 528.2205 [M-2[]2+

8,8',8",.8"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-

triyl))tetrakis(oxy)) tetrakis(N,N,N-trimethyloctan-1-aminium) iodide (COE2-3C-C8)

I N
b J_/_/_F " From 2-6¢

o , O Y/
o’ 1\11 4 NMR (500 MHz, DMSO-ds) & 7.60
_ F.IL'

'_\ﬁfrﬁf " (s, 4H), 7.33 — 7.14 (m, 4H), 6.77 (s,

/

4H), 6.39 (s, 2H), 3.99 (s, 8H), 3.35 — 3.22 (m, 8H), 3.04 (s, 36H), 1.80 — 1.59 (m,
16H), 1.51 — 1.20 (m, 32H).

13C NMR (151 MHz, DMSO-d6) 5 160.35, 139.50, 136.60, 128.94, 128.65, 127.41,
105.35, 101.25, 68.20, 66.30, 52.80, 28.79, 28.74, 28.62, 25.81, 25.64, 22.41.

HRMS (ESI-TOF): 640.3478 [M-2[]2+
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10,10',10",20"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(N,N,N-trimethyldecan-1-aminium) iodide (COE2-3C-C10)

</
\

JIFH From 2-6d

K IH NMR (600 MHz, DMSO-ds) &
N— 7.60 (s, 4H), 7.23 (dd, J = 32.2,

16.3 Hz, 4H), 6.75 (s, 4H), 6.37 (s,

:“\jjxk
" |

X

2H), 3.97 (t, J = 6.3 Hz, 8H), 3.31 — 3.15 (m, 8H), 3.03 (s, 36H), 1.90 — 1.54 (m,

16H), 1.49 — 1.37 (m, 8H), 1.34 — 1.20 (m, 40H).

13C NMR (126 MHz, DMSO-d6) 5 160.49, 139.48, 136.82, 128.88, 127.33, 105.39,

101.13, 67.96, 65.80, 52.64, 39.88, 29.38, 29.24, 29.22, 29.19, 28.94, 26.17, 26.01,

22.50.

HRMS (ESI-TOF): 696.4102 [M-2[]2+

4,4'4" 4"-((((1E,1'E)-((E)-ethene-1,2-diylbis(4,1-phenylene))bis(ethene-2,1-
diyl))bis(benzene-5,3,1-triyl))tetrakis(oxy))tetrakis(N,N,N-trimethylbutan-1-aminium)
iodide (COE2-4C-C4)

. From 2-7a

J-u OJJNC
N
= // o ~ 14 NMR (600 MH -de) & 7.63
O V4 H+/| ( Z, DMSO 6) . (qa
T " J=8.3Hz, 8H), 7.32 — 7.20 (m, 8H), 6.82
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(s, 4H), 6.45 (s, 2H), 4.07 (1, J = 6.2 Hz, 8H), 3.41 — 3.37 (m, 8H), 3.08 (s, 36H), 1.90
—1.83 (m, 8H), 1.79 — 1.73 (m, 8H).

13C NMR (126 MHz, DMSO-d6) & 160.29, 139.63, 137.04, 136.74, 129.08, 128.79,
128.50, 127.38, 105.63, 105.00, 101.44, 67.28, 65.47, 52.70, 40.30, 40.13, 39.96,
39.80, 39.63, 26.11, 19.70.

HRMS (ESI-TOF): 579.2454 [M+H]+

8,8,8",8"-((((1E,1'E)-((E)-ethene-1,2-diylbis(4,1-phenylene))bis(ethene-2,1-
diyl))bis(benzene-5,3,1-triyl))tetrakis(oxy))tetrakis(N,N,N-trimethyloctan-1-aminium)

iodide (COE2-4C-C8)

s
+/
Nf

N

From 2-7c
‘\—\_\_L O / O
o ava |
" 'H NMR (600 MHz, Chloroform-d)
—)N* 5 7.66 — 7.59 (m, 8H), 7.36 — 7.16

(m, 6H), 6.77 (s, 4H), 6.39 (s, 2H), 3.99 (t, J = 6.5 Hz, 8H), 3.28 (dd, J = 10.7, 6.4
Hz, 8H), 3.04 (s, 36H), 1.75 — 1.65 (m, 16H), 1.48 — 1.25 (m, 32H).

3C NMR (126 MHz, DMSO-d6) & 160.51, 139.52, 136.97, 136.80, 128.90, 128.46,
127.34, 105.39, 101.16, 67.93, 65.76, 52.61, 39.98, 29.18, 29.03, 28.94, 26.19,
25.94, 22.49.

HRMS (ESI-TOF): 691.3712 [M-2[]2+
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444" 4"-(((AE,L'E)-(((1E,1'E)-1,4-phenylenebis(ethene-2,1-
diyl))bis(4,1phenylene))bis(ethene

-2,1-diyl))bis(benzene-5,3,1-triyl))tetrakis(oxy))tetrakis(N,N,N-trimethylbutan-1-

aminium) iodide (COE2-5C-C4)

— 7.59 (m, 12H), 7.33 — 7.17 (m, 8H),
6.82 (d, J = 2.1 Hz, 4H), 6.45 (t, J = 2.1 Hz, 2H), 4.07 (t, J = 6.1 Hz, 8H), 3.45 — 3.36
(m, 8H), 3.09 (s, 36H), 1.92 — 1.83 (m, 8H), 1.81 — 1.72 (m, 8H).

3C NMR (126 MHz, DMSO-d6) & 160.30, 139.66, 137.09, 136.96, 136.72, 129.11,
128.57, 128.45, 127.39, 105.64, 101.46, 67.29, 65.48, 52.71, 40.50, 40.33, 40.17,
40.00, 39.83, 39.66, 39.50, 26.13, 19.72.

HRMS (ESI-TOF): 630.2702 [M-2[]2+
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Chapter 3: Light-Actuated Membrane
Permeabilization by a COE Photoswitch

3.1 Introduction

The first example of photo-activated release of the internal contents within liposomes
was in 1977 when rhodopsin was shown to allow rapid permeation of inorganic
cations through phosphatidylcholine membranes following exposure to light.*?* This
observation was attributed to membrane disruption caused by the cis to trans
isomerization of retinal, the chromophore of rhodopsin. The concept of on-demand
release of solutes from within a liposome is still an active area of research today,

particularly in the development of drug delivery systems.***?*> While various stimuli

126, 127 H 128, 129 d 130, 131
) )

such as temperature, ultrasoun and magnetism,*** have

P

been employed to induce solute release from liposomes, light remains an ideal
option due to the possibility for high temporal and spatial control.**®

Light-activated release from liposomes can be achieved by chemical cross-

4

linking,"** cleaving bonds within lipids,”*®> or, as in the case of the rhodopsin

example, isomerization. Various photo-isomerizable chromophores have been

7 8

investigated including retinoyl,*** spiropyran,**” stilbene,**® and azobenzene.'*

Specific additives, such as cholesterol, have been used to enhance these systems

140

through direct effects on the photoswitch unit (i.e. red-shifted absorption)™ or by

promoting the formation of photoswitch-rich domains within the bilayer.**! The

incorporation of azobenzene groups into designer surfactants has emerged as a

common method to localize the isomerizable component within the bilayer.****** In
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this chapter, the design, synthesis, and application of the first COE photo-actuator
system will be described (Figure 3-1). A number of beneficial attributes of COEs,
such as the ability to spontaneous intercalate into membranes and the compatibility
with living systems, will be leveraged to improve upon prior surfactant-based

technologies.

Figure 3-1 Cartoon schematic of light-activated membrane permeabilization mediated by the
photoisomerization of the novel conjugated oligoelectrolyte, DSAzB.

3.2 Design and synthesis of a photo-isomerizable COE

As a parent structure for the design of a photo-isomerizable COE, we selected the
well-studied COE2-4C (“COEZ2-4C-C6” in Chapter 2). As previously described,
COE2-4C associates well with bacterial and model membranes but does not have
significant antimicrobial activity. Furthermore, it was shown in Chapter 2 that this
structure does not cause significant membrane permeabilization. In order to

demonstrate the greatest difference in permeabilizing ability between Z and E
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isomers, it is important that the E isomer not cause significant effects on
permeability. It is also beneficial that this parent structure contains three internal
olefins, allowing for the central stilbene unit to be replaced with azobenzene while
maintaining the rest of the symmetrical structure. The same cannot be said for the 3-
and 5-ring analogous (with two or four ethynylene groups, respectively, there is no
‘central” olefin). This simple substitution would also be possible in the 2-ring
analogue but the 4-ring structure has a number of predicted benefits: higher degree
of association with membranes, lower antimicrobial activity, lower probability of
permeabilizing effect of the E isomer, and red-shifted absorbance. The structures of
the parent COE2-4C and the two isomers of the photoswitch COE, DSAzB, are

shown below in Figure 3-2.

NN g7 N
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Figure 3-2 Rational design of a COE photoswitch based on our well-studied COE2-4C
framework.

DSAzB was prepared as shown in Figure 3-3 in collaboration with Dr. Dirk Leifert,
a postdoc in our group. P-toluidine was first converted to the nitroso analogue (3-1),
which was then reacted with another equivalent of p-toluidine to afford 3-2. Radical

bromination and the Arbuzov reaction were used to form 3-5. This intermediate was
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reacted with benzaldehyde derivative 3-4 (prepared following published protocol)**
to afford the final neutral intermediate 3-6. The target compound (3-7), “DSAzB,”

was formed by quaternization with trimethylamine.

o —
- — v
_<C\>_NH7 oxone —{_\:‘}—No p-toluidine V; \\) NN <\_4'f NBS, BPO ’_(;.—.\_NI}IM/—‘ triethylphosphite o, '{\/\_N ﬂu)
= DCM/H;O, 4h = AcOH, 2d A CCl, 78°C.22h &' =/ neat, 120°C, 24h PR =
31 32 g — o
(G'A“_/A\//\/I
! - 7N
SO S WAS,
o A — i~ O
d’:’35 THF, overnight S—/‘ 36
R - e O -
I
0N
L B
N — .
NMes, A g I N—(W |
- F Ny A o .
THF/MeOH, 3d /\?_\)_//_l ‘JS_T R

—/

r (ot “DSAZB"

Figure 3-3 Synthetic preparation of the photoisomerizable COE, “DSAzB.”

3.3 Photophysical Properties of DSAzB

Characteristics of the DSAzB photo-isomerization process were measured by
continuously exposing samples to 405 nm light (LED, 3.75 mW/cm?) while collecting
sequential absorbance spectra (320-580 nm, CCD). Samples were prepared in
water, 50 mM PBS, or E. coli total lipid extract (ECE) (Avanti Polar Lipids).
Additionally, the isomerization process of the neutral analogue 3-6 was measured in
the same manner in toluene. The spectra in Figure 3-4 show the dynamics of the

isomerization process over two minutes.
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Figure 3-4 Kinetic absorption spectra of DSAzB and its neutral analogue during E-to-Z
photoisomerization in various solvents.

The similarity of the spectra in ECE to those in toluene (and not those in agqueous
media), specifically the position of Anax and the occurrence of vibronic peaks,
indicate that DSAzB in the ECE sample is residing in a non-polar environment. This
is strong evidence that the COE is intercalated within the lipid bilayer.

One observation from these data is that the isomerization process is more
efficient in less-polar media, a result that is consistent with the literature on
substituted azobenzene compounds.’® It is interesting to note, however, that the
process is less efficient than expected once intercalated in ECE liposomes. Based

on the similarity of polarity, it would be expected that isomerization in ECE
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liposomes would reflect that of toluene (and certainly be more efficient than in
water). The fact that isomerization is less efficient than anticipated simply based on
polarity of the environment suggests that interactions with the membrane present an
additional barrier to forming a large population of the Z isomer. This could either be
due to a higher activation barrier or a relatively higher energy of the Z isomer relative
to the E isomer (i.e. the isomerization back to E might be faster). As the
photophysical properties of DSAzB were not the main focus of this effort, we did not

explore this phenomenon further.

Irradiation at 405 nm Irradiation at 365 nm
0.7
06 . Equilibrium
+light
Z05 Photo E-to-Z g —>
B s | isomerization dark
1)
a1 / +light
503 Photo Z-to-E dark
2 isomerization
0.1 Thermal Z-to-E
0 isomerization
0 100 200 0 100 200
Time (seconds) Time (seconds)

Figure 3-5 Kinetic optical density (405 nm) measurements of DSAzB during E-to-Z
photoisomerization, Z-to-E thermal isomerization, Z-to-E photoisomerization, and
thermodynamic equilibrium.

With an understanding of the local-environment effects on Z-to-E isomerization,
we set out to explore the kinetics of thermal- and photo-isomerization from the E
isomer to the Z isomer. Figure 3-5 shows the absorption of DSAzB at 405 nm during
irradiation at 405 nm followed by isomerizing back to the E isomer, first in the dark
and then under irradiation at 365 nm (the approximate Amax Of the Z isomer). The

initial isomerization process appeared to saturate after ~100 seconds of irradiation.
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Thermal isomerization back to the E isomer occurred slowly after irradiation was
ended. Irradiation with 365 nm light resulted in a rapid Z-to-E transition that reached
equilibrium after ~30 seconds. This equilibrium condition remained unchanged once
irradiation was ended. It is worth noting that the E/Z ratio in this final state is lower

than the original state.
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Figure 3-6 Comparison of DSAzB and COE2-4C response to irradiation at 405 nm.

As we intended to use COE2-4C as a non-isomerizable control COE in
subsequent experiments, it was necessary to demonstrate that no isomerization was
observed under the conditions which lead to isomerization of DSAzB. Figure 3-6
shows the absorption of COE2-4C (Amax = 390 nm) and DSAzB during and after 405
nm irradiation for 120 seconds. No detectable change in the absorption of COE2-4C

is observed, indicating that no isomerization occurred under these conditions.

3.4 DSAzB-Mediated Photo-Triggered Calcein Release from
Liposomes

To examine the abilty of DSAzB to act as a photo-actuator for liposome

142

permeabilization, we used the standard calcein release assay.”™ When calcein is
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loaded in high concentration in liposomes, self-quenching limits fluorescence. Upon
release to bulk solution, fluorescence intensity increases. To minimize the
complexity of the system, we used unilamellar vesicles of 20:80 DMPG:DMPC in
place of the ECE vesicles used in the previous section. Liposomes were prepared by
extrusion'® in the presence of 20 mM calcein and purified by size-exclusion
chromatography (Sephadex G50) to remove extraliposomal calcein. After staining
calcein-loaded liposomes with 1 mol % DSAzB, fluorescence was measured for 14
minutes in the dark at various temperatures. The samples were irradiated at 405 nm
at an intensity of 15 mwW/cm? for 1 minute. Fluorescence measurements were
continued for an additional 10 minutes. The resulting data are presented in Figure 3-

7.

34000

405 nm irradiation

—-20C control
——20C DSAzB
—a-24C control
——24C DSAzB
-=—28C control
——28C DSAzB
—=-32C control
——32C DSAzB

32000

30000

)

28000

26000

Fluorescence (a.u

24000

22000 5%

20000 + T T T
0 5 10 15 20 25 30
Time (min)

Figure 3-7 Temperature-dependence of DSAzB photo-actuation of liposome permeabilization
as measured by calcein release. Assuming the T, of the liposomes is similar to DMPG or
DMPC independently (~24 °C), DSAzB was able to increase permeability above and below T,,.

98



At 20°C, the lowest temperature tested, minimal calcein release was observed
before irradiation for either the control or DSAzB-stained samples. Following
irradiation, the fluorescence of the control sample decreased slightly, indicating
some level of calcein photobleaching. The DSAzB sample, on the other hand,
showed a significant increase in fluorescence as the isomerization process allowed
for calcein to leak from the liposomes. A similar result was observed for the samples
at 24°C with the effect of DSAzB being more pronounced. At 28°C, the control and
DSAzB-stained liposomes were both permeable before irradiation and much of the
calcein escaped the liposomes in the first 14 minutes (although a small spike in
fluorescence was still observed in the DSAzB sample). It is known that liposomes
are most permeable at their lipid transition temperature (T,) due to the simultaneous
presence of multiple phases which gives rise to grain boundaries.**® **’ Given that
the T, for DMPC and DMPG are 24°C and 23°C (Avanti Polar Lipids), respectively,
it is conceivable that the T, of this system was near 28°C. A similar observation was
made for the samples at 32°C but the leakage appeared to plateau after 5 minutes.
A full description of the experiment can be found in section 3.8 but a description of
the heating may be warranted for the present discussion. All samples in this
experiment were loaded onto 96-well plates and placed in a plate reader at room
temperature (~22°C). The entire system was then heated to the indicated
temperature, all the while taking fluorescence measurements. In general, samples
took ~5-10 minutes to reach the set temperature (hence the 14 minute period before
irradiation). Assuming the T, is at or around 28°C, the 32°C samples would have

passed though T, after a few minutes. This may explain the plateau in leakage in
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the 32°C samples that was observed earlier and at a lower level of fluorescence
than for the 28°C samples. Despite the confounding effects of passing through T,
during heating, this experiment proved that DSAzB can act as a photo-actuator to
release solutes within liposomes. Furthermore, it appeared that DSAzB could have
this effect below, at, or above the Tp,.
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Figure 3-8 Effect of light dose on DSAzB photo-actuated liposome permeabilization. The
significant difference between 10 and 15 seconds of irradiation suggests permeability does
not increase linearly with the amount of DSAzB that isomerizes. Instead there appears to be a
“tipping point.”

We next modified our experimental protocol to better investigate the effects of
DSAzB above T,. Rather than slowly allowing the samples to equilibrate to a set
temperature, we quickly pre-warmed the calcein-loaded liposomes to 30°C before
adding DSAzB. Once the samples were warmed, DSAzB was added and the
fluorescence measurements initiated. The results of this modified experiment are
shown in Figure 3-8. In the first 14 minutes (pre-irradiation), both the control and
DSAzB-stained samples experience a brief period of calcein leakage before

stabilizing. Irradiation with 405 nm light at 15 mW/cm? was again used to isomerize
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DSAzB but the exposure time was varied. Samples that received only 5 seconds of
irradiation were nearly indistinguishable from the control. Increasing the expose to
10 seconds resulted in a small increase in fluorescence relative to control (although
the effect of calcein photobleaching was stronger than that of increased
permeability). Samples that were exposed for 15 seconds showed a massive
increase in fluoresce. Further increasing the exposure to 1 minute did not result in a
further increase in fluorescence but did seem to cause more photobleaching. There
are two significant observations to be made from this data. First, DSAzB is able to
effectively produce light-activated release of solutes from liposomes above their Tp,.
The second observation is that there appears to a “tipping-point” in exposure time
which may indicate a cooperative mechanism for the effects of DSAzB. A similar
observation of cooperative action was made previously for an azobenzene-

surfactant system.'*®
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Figure 3-9 DSAzB photo-actuated liposome permeabilization — effect of DSAzB concentration
and comparison to the non-isomerizing analogue, COE2-4C.
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In our final calcein release study, we wanted to determine what percentage of
total calcein was released, what effect COE concentration had, how the non-
isomerizable COE2-4C compared to DSAzB in permeabilizing ability, and if
sequential irradiations could result in multiple permeabilization events. As shown in
Figure 3-9A, a single irradiation of 30 seconds allowed for the release of >30% of the
calcein within the liposomes stained with 0.5 mol % DSAzB. Twice as much DSAzB
resulted in slightly higher permeability both before and after irradiation. As expected,
COE2-4C increased permeability before irradiation to approximately the same
degree as DSAzB but irradiation had no effect. A second irradiation event was able
to release an additional 10% of calcein from liposomes with 0.5 mol % DSAzB. The
rapid recovery from a permeable to a less-permeable state following irradiation was
observed in all of the calcein release studies but is highlighted in Figure 3-9B. An
explanation of this phenomenon will be ventured later in this chapter but its potential
utility will be discussed here. This rapid switching, coupled with the ability to produce
multiple permeabilization events, is ideal for precise spatial and temporal control in a
dynamic system. For example, consider the use of such a system in treating
malignant tumors. If the area immediately around a tumor was irradiated (please
excuse the obvious shortcomings of the present system based on the required
wavelength of light), DSAzB-stained liposomes containing a therapeutic agent
through the blood would release their cargo only when they passed through the
target area. As the liposomes circulate through the blood around healthy tissues, the

cargo would remain inside the liposomes until they again pass near the tumor.
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3.5 Effect of DSAzB Isomerization on Lipid Ordering

To investigate how the isomerization of DSAzB affects the physical properties of
bilayers, we used a time-course EPR spectroscopy experiment to track the
dynamics of lipid order. 20:80 DMPG:DMPC unilamellar vesicles were prepared with
2 mole % DSAzB and 1 mole % of the spin label 16-SASL. One side of the resonant
cavity of the spectrometer was uncovered such that the samples could be irradiated
during the experiment. Spectra were collected every minute for 15 minutes. After the
fourth measurement, irradiation of the sample was initiated while continuing to
collect spectra every minute. After the seventh measurement, irradiation was

stopped and spectra were collected for nine more minutes.
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Figure 3-10 (A) Effect of DSAzB isomerization on correlation time T,g for 16-SASL in 20:80
DMPG:DMPC liposomes. Irradiation of the sample resulted in decreased T,g, indicating that
lipid order was reduced as a result of DSAzB isomerization. (B) Structure of the spin label 16-
SASL used in this study.
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As shown in Figure 3-10, isomerization of DSAzB resulted in a reduced
correlation time (T,g), indicating the lipids became less ordered. In Chapter 2 it was
shown that the total length of COEs govern their effects on lipid order, with short
COEs reducing order and long COEs increasing order. The observation that the Z-
isomer of DSAzB resulted in reduced order relative to the E-isomer is in agreement
with this prior conclusion. It was also shown in Chapter 2 that changes in lipid order
cannot explain changes in permeability. This appears to be the case for the isomers
of DSAzB as well. After irradiation was stopped, the correlation time increased
slowly, likely as a result of DSAzB thermal isomerization back to the E-isomer.
Based on the calcein release studies in Section 3.4, the rate at which correlation
time returns to the initial value is much slower than the rate at which the low-
permeability state is restored. While lipid order seems to be determined by the
shape of DSAzB, it does not appear to play a role in permeability. This suggests that
increased permeability is not a direct result of membrane disruption and supports the
idea of a cooperative effect involving many DSAzB molecules (one possible

mechanism will be suggested in Section 3.7).

3.6 Photo-triggered Permeabilization of Live Bacterial Cells by
DSAzB

3.6.1 Propidium iodide influx a metric for DSAzB-induced permeability
Given the positive results in the liposome permeability experiments, it was
reasonable to assume that DSAzB could act as a permeability actuator in living

systems as well. Unlike many photo-activated systems for increasing membrane
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permeability, DSAzB has the advantage of being able to spontaneously intercalate
into pre-formed lipid bilayers (such as biological membranes). To determine if the
isomerization of DSAzB can lead to bacterial membrane permeabilization, we
monitored the influx of propidium iodide (PI) into S. epidermidis cells. Pl is routinely
used as a “dead stain” in bacterial viability assays due to its inability to cross intact
membranes.**® More recently, Pl influx into cells has been used to assess
membrane integrity.**® *** This process can be measured in real time due to the red-
shift in Pl emission following interaction with intracellular RNA and DNA. In this
experiment, S. epidermidis cells were stained with either DSAzB or COE2-4C or left
untreated. Fluorescence from PI (excitation — 525 nm, emission — 620 nm) was
recorded through time, before and after irradiating the samples with 405 nm light.
The results, shown in Figure 3-11, demonstrate that isomerization of membrane-
intercalated DSAzB can act as a permeability photo-actuator in live bacteria. Before
irradiation, cells stained with 2.5 uM DSAzB or COE2-4C resisted the uptake of PI
(similar to control). While irradiation did not increase PI influx in COE2-4C or control
samples, a spike in fluorescence was observed in the DSAzB samples immediately

following the first and second irradiation events (30 seconds each).
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Figure 3-11 DSAzB photo-actuation of S. epidermidis membrane permeability as measured by
Plinflux. Similar to the calcein release studies, irradiation of DSAzB-stained cells increases
membrane permeability while irradiation of control or COE2-4C-stained cells has no effect on
permeability.

3.6.2 Bacterial growth inhibition and bactericidal activity of DSAzB
To better understand the effect of DSAzB on microbes, we measured its ability to
inhibit S. epidermidis growth using standard broth microdilution. Cells were diluted to
ODgpo = 0.002 and exposed to COE2-4C or DSAzB over the concentration range
0.25-128 pM. The MICs (defined as the lowest concentration that resulted in a 90%
reduction of growth in overnight culture) for COE2-4C and DSAzB were 2 uM and 1
UM, respectively. It bears noting that the initial cell density in this experiment was
~1/500™ of the density used in the Pl influx experiment above. As such, it is unlikely
that the 2.5 uM used in the previous experiment would have negatively impacted the

growth of the cells.
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Figure 3-12 Bactericidal activity of 405 nm irradiation, DSAzB, and a combination of both
against S. epidermidis. The bactericidal activity of DSAzB and irradiation appears to be an
additive effect of the two treatments applied independently.

In addition to growth inhibition, we assessed the bactericidal activity of DSAzB
with- and without-irradiation. S. epidermidis cells (ODggo = 1.0) were treated with 2.5
MM DSAzB in 150 mM PBS to mimic the conditions of the PI influx assay. Control
and DSAzB samples were either kept in the dark or exposed to 30 seconds of 405
nm irradiation. All samples were then diluted to approximately 1 x 10* CFUs/mL
(assuming 100% survival) in BHI media. 10 pL of these samples were spread on BHI
agar plates and incubated overnight at 37°C. The number of colonies that grew for
each treatment group is shown in Figure 3-12. Both DSAzB and irradiation were able
to reduce CFUs independently (~75% and ~50% reduction, respectively). Samples
that received the combined treatment of DSAzB and irradiation experienced
approximately 1 logip reduction in viable cells, indicating that the effects of the two
treatments are essentially additive. This suggests that under these particular

conditions, the isomerization process does not have significant bactericidal effects.
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Furthermore, these results indicate that the increased PI influx observed in Section
3.6.1 was not a result of killing the bacteria. Neither irradiation nor DSAzB alone was
able to increase PI influx but both were shown to be slightly bactericidal.
Additionally, the instantaneous increase in PI influx following isomerization of DSAzB

is likely too fast of a process to be explained by bactericidal activity.

3.7 Conclusions

In conclusion, we designed and synthesized a novel COE (DSAzB) that functions as
a light-activated membrane permeabilizing agent for model- and biological-
membranes. By replacing the central olefin of the well-studied COE2-4C with an azo
functionality, we introduced a photo-switch into the conjugated core of the structure.
Relative to azobenzene, DSAzB has a red-shifted absorption, allowing for photo-
isomerization with visible light (405 nm). Similar to others COEs developed in our
group, DSAzB spontaneously intercalates into lipid bilayers. Intercalation of the E-
isomer decreases lipid order (as demonstrated by EPR) but does not impact
permeability of liposomes or bacteria. Photo-isomerization of DSAzB within a
membrane results in increased permeability as evident by calcein release from
liposomes or PI influx into live S. epidermidis. In both cases it was shown that
increased permeability can be triggered multiple times. EPR experiments
demonstrated that the kinetics of effects on lipid order are comparable to
isomerization rates, both of which are slower than the permeability on/off switching

rate. These results suggest that lipid disorder as a result of DSAzB isomerization is
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not directly responsible for the observed permeability increase (consistent with
results presented in Chapter 2). The fact that liposome permeability is not linearly
related to light dose is another indication that the mechanism is related to something
other than lipid order. Section 3.4 describes an apparent threshold dose, below
which there is little effect on permeability. Cooperative effects of other photo-

actuators have been hypothesized previously**

and may be important in the present
system as well. If a cooperative effect is required for “turning on” permeability, it is
reasonable to image that “turning off” permeability is also dependent on groups of
molecules rather than the effects of each single molecule. For example, DSAzB may
form rich- and poor- domains within the liposome (see Section 6.2 for a discussion of

COE aggregation and domain formation). During isomerization, a critical point could

be reached where a sufficient population of (Z)-DSAzB is present in the rich domains

152, 153 115, 154, 155

to cause membrane disruptions such as pores or phase boundaries,
both of which are known mechanisms of permeabilization. These (Z)-DSAzB rich
domains, which would have formed when DSAzB was primarily in the E-form, may
not be thermodynamically favorable following isomerization. Dissipation of the
domains to form a more homogenous COE-lipid mixture could cause permeability to
“turn off”, even though the individual DSAzB molecules would still be in the Z-form. A
schematic depiction of this process is present in Figure 3-13. While only a
hypothesis, a number of observations hint to a mechanism of this nature and there is
no data to the contrary. Studies of how COEs increase permeability are ongoing and

future discoveries are expected to increase our understanding of the DSAzB photo-

actuator system.
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Figure 3-13 A potential mechanism for DSAzB-mediated photo-actuation of membrane
permeability. (1) Following the addition of DSAzB to liposomes or cells, DSAzB spontaneously
intercalates within the lipid bilayer. (2) Domains of high DSAzB concentration are formed. (3)
Irradiation results in the isomerization of some fraction of DSAzB but no increase in
membrane permeability is observed. (4) Continued irradiation causes the concentration of the
Z-isomer to reach a tipping-point, resulting in increased membrane permeability. (5) Domains
rich in the Z-isomer are unstable and thus DSAzB de-aggregates to form a more- homogenous
mixture within the lipid bilayer, resulting in a loss of membrane permeability. (5 to 1) DSAzB
slowly isomerizes back to the E-isomer, returning the system to the original state.

3.8 Experimental methods

Materials and Instrumentation

Solvent and reagents for the synthesis of DSAzB were purchased from common
suppliers such as Sigma Aldrich, Acros Organics, Fisher Scientific, Alfa Aesar, Ark
Pharm, and TCI and were used as received. Lipids (DMPC, DMPG, and E. coli total
lipid extract) were purchased from Avanti Polar Lipids. The spin probe 16-SASL was

purchased from Sigma Alrich. Dry and inhibitor-free THF was dispensed under
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argon from a solvent purification system using packed alumina columns. Throughout
the preparation of DSAzB, flash chromatography was carried out on Silicycle
SiliaFlash P60 silica gel under positive Argon pressure. For thin layer
chromatography, EMD Millipore Analytical Chromatography TLC Silica gel 60 F254
with aluminum backing was used with UV light (254/366 nm) for detection. Synthetic
intermediates were characterized by 'H-NMR (400 MHz and 500 MHz) and **C-
NMR (101 MHz and 126 MHz) using an Agilent Technologies 400-MR DDR2 400
MHz or a Varian Unity Inova 500 MHz spectrometer. The multiplicity of all signals
was described by s (singlet), d (doublet), t (triplet) and m (multiplet). Chemical shifts
(5 in ppm) were referenced to the solvent residual peak of CDCl; (*H-NMR: & = 7.26;
13C-NMR: & = 77.0) or DMSO-ds (*H-NMR: & = 2.50; *C-NMR: & = 39.52).
Additionally, high-resolution mass spectrometry was used to confirm the identity of
the compounds (Waters GCT Premier time-of-flight mass spectrometer). Size
exclusion chromatography (SEC) for calcein release experiments was carried out on
Sephadex G50 (50-150 pm), preequilibrated and eluted with 50 mM phosphate
buffer saline. Caclein release and MIC experiments were conducted using a Tecan
M200 plate reader. Vitrotubes™ quartz capillaries (0.60 mm ID X 0.84 mm OD) were
used for EPR experiments. Capillaries were sealed using Leica CRITOSEAL®.
Continuous wave X-Band EPR spectra were collected on a Bruker EMXplus
Spectrometer. The resonant chamber (Bruker ER 4119HS-LC) was equipped with

an optical window to facilitate photoisomerization experiments.
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Calcein Release Studies

Lipid films (10 mg, 20:80 DMPG:DMPC) were prepared in 2 Dr vials by
concentrating chloroform solutions (10 mg/mL) using rotary evaporation. Films were
re-hydrated with a 20mM calcein solution (1 mL). Large unilamellar liposomes were
formed by extrusion'®® through 200nm and 100nm filters at 45 °C. Calcein-loaded
liposomes were separated from free calcein by size exclusion chromatography
(Sephadex G50, 50 mM PBS). Liposome solutions were diluted to 4 mM (total lipid
content) with 50 mM PBS and mixed 1:1 v/v with solutions of DSAzB or COE2-4C in
50 mM PBS. 100 pL aliquots of the resulting solutions were immediately transferred
to a 96-well plate. Time-course measurements of calcein release where conducted
on a plate reader with excitation at 495 nm and emission measurements at 520 nm.
Isomerization of DSAzB was achieved by ejecting plates from the reader and
irradiated with a 405 nm LED (15 mW/cm?). For studies where calcein leakage is
listed as a percent of the total calcein content (instead of fluorescence intensity),
control samples without COE were treated with Triton X-100 (2 % v/v final
concentration) in order to lyse the liposomes and release the entire caclein content.
Fluorescence intensity of these samples was set to equal 100% calcein release and

all other samples were reported as a percentage of this intensity.

EPR Spectroscopy Experiments
Stock solutions of DMPG (10 mg/mL), DMPC (10 mg/mL), and 16-SASL (1 mg/mL)
were prepared in chloroform. These stocks were mixed such that the final

composition was 20:80 DMPG:DMPC and 1% 16-SASL. Aliquots (1 mL) of this
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solution were transferred to 2 Dr vials and the solvent was evaporated under
reduced pressure. Lipid films were further dried under high vacuum overnight. Lipid
films (10 mg) were reconstituted in 0.74 mL of water to achieve ~20 mM total lipid
and sequentially extruded through 200 nm and 100 nm filters. Liposome solutions
were mixed 1:1 v/v with either water or 0.2 mM aqueous solution of DSAzB.
Approximately 5 pL of samples were wicked into quartz capillaries, which were then
sealed and inserted into 3 mm quartz EPR tubes. On the spectrometer, the cover
over the optical window of the resonant chamber was removed. A 405 nm LED was
positioned ~50 cm away from the resonant chamber such that the beam would be
centered on the optical window. Spectra were collected every minute for four
minutes without irradiation, every minute for four minutes with irradiation (~15
mW/cm?), and then every minute for eight minutes without irradiation. EPR spectra
were processed in MATLAB R2016b (academic license). A detailed description of
the processing and calculations can be found in Section 6.6. Briefly, effective
correlation times were calculated according to published methods as follows*?®*°:
Tog = 6.51 X 10°AH,[(ho/h.)? — (ho/h:)¥?]s Equation 2-1
Toe = 6.51 X 10 °AH,[(ho/h.)? + (ho/hs)2 — 2]s Equation 2-2
where the values for AH, (width of central line in gauss), h. (height of low field peak),
h, (height of central peak), and h. (height of high field peak) where extracted directly

from the spectra.
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Minimum Inhibitory Concentration

A single colony of S. epidermidis was picked from an agar plate and inoculated into
Brain Hearth Infusion (BHI) medium. The broth culture were incubated at 37°C
overnight with constant shaking. The resulting cell suspension was diluted in fresh
BHI medium to an optical density of 0.002 at 600 nm. Log-2 dilutions of DSAzB and
COE2-4C in BHI (0.25 uM to 128 uM) were prepared on a 96-well plate. The cell
suspension added to the wells containing COE solutions as well as control wells
without COE. The plate was incubated at 37°C overnight with 200 rpm shaking. The
growth of the bacteria was measured by optical density at 600 nm. The minimum
inhibitory concentration (MIC) was defined as the concentration of COE that inhibited
at least 95% of bacterial growth relative to control. The experiments were performed

in triplicate.

Propidium lodide Influx Experiment

A single colony of S. epidermidis was inoculated in BHI medium overnight at 37 °C
with shaking. The overnight broth culture was centrifuged (7000 rpm, 4 min) and the
cell pellet was washed with 50 mM PBS. Cells were resuspended with 50 mM PBS
such that a further 2-fold dilution would produce an optical density of 1 at 600 nm.

In microfuge tubes, 500 pL of the cell suspension was mixed and incubated with
500 pL of DSAzB or COE2-4C (5 pM and 10 pM) for 30 minutes (final ODggo = 1 and
final COE concentrations of 2.5 uM and 5 pM). After the incubation, cell suspensions
were centrifuged (7000 rpm, 4 min) and the supernatant was discarded. Cell pellets

were then resuspended in 1 mL of 150 mM PBS to achieve an optical density of 1.
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100 pL of cell suspensions were transferred onto a 96-well plate and 100 pL of 5 uM
propidium iodide (PI) was added to each well and mixed thoroughly. PI fluorescence
(excitation = 525 nm and emission = 620 nm) was measured on a plate reader for 10
minutes. The entire plate was then subjected to an irradiation at 405 nm for 30
seconds before continuing fluorescence measurement for an additional 15 minutes.
To illustrate that DSAzB has a capability to repeatedly permeabilize cell membranes,
the plate was irradiated for a second time (same conditions) and fluorescence was
measured for an additional 15 minutes. Fluorescence signals were measured every

30 seconds during all measurements and the experiment was performed in triplicate.

Bactericidal activity of DSAzB and irradiation at 405 nm

S. epidermidis cells were treated with 2.5 pyM DSAzB at an optical density of 1 at
room temperature for 30 minutes. The cells were pelleted (7000 rpm, 4 min), the
supernatant was discarded, and the cell pellet was resuspended to an optical
density of 1 in 150 mM PBS. In a 96-well plate, 100 pL of cell suspensions (with or
without DSAzB) and 100 pL PBS were mixed together and the wells were irradiated
at 405 nm for 30 seconds. After irradiation, the cell suspensions were diluted in BHI
to approximately 1 x 10* cfu/mL. Control and DSAzB-stained cells which had been
kept in the dark were similarly diluted in BHI. The diluted suspensions were then
aliquoted (10 pL) and spread on BHI agar plates. The plates were incubated at 37
°C overnight and the colonies grew on the plates were counted manually. Plates for

each test group were prepared in triplicate.

115



Chapter 4. COEs as Membrane Anchors for
Bioconjugation

4.1 Introduction

Bioconjugation, in the most basic sense, is the chemical coupling of biological and
synthetic entities. The biological components are typically proteins, DNA, RNA, or

carbohydrates while the synthetic component provides additional functionality such
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as fluorescence or specific surface reactivity. Downstream applications of
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bioconjugation include everything from nanomedicine™’ to sensing and imaging.**®

Given the breadth of this field, it should come as no surprise that an equally
extensive set of specific chemistries have been developed for the purpose of
bioconjugation.'%1¢2

Cell surface engineering, which often involves bioconjugation techniques, is the
study and manipulation of the interface between cells and their environment.'®
Recombinant DNA methods have facilitated membrane surface display of proteins

165 whole-cell

for applications such as antibody fragment screening,'®*
bioremediation,® *° biofuel*®® and bioenergy'®’ production, biocatalysis,'®® and
biosensing.*®® © However, only the chemistry available in the canonical amino
acids is accessible through surface display alone. The ability to introduce unnatural
chemical functionalities onto the surface of cells represented a major advancement
in cell surface engineering and whole-cell bioconjugation technology.'®® ™! In
addition to the incorporation of non-canonical amino acids into surface-displayed

proteins, there are two additional routine methods for introducing new functionalities
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on the surface of cells — relying on metabolic pathways to “accidentally” introduce
non-native substrates in the membrane and direct chemical modification of native
biomolecules at the cell surface.!’* "3

Modified lipids have been successfully used to introduce reactive functionalities
to the surface of cells through liposome-cell fusion.*”* " With their strong
propensity for spontaneous intercalation into membranes, it seemed that COEs
could function as facile, expedient delivery systems for the introduction of functional
chemical handles to membrane surfaces. In addition to ease-of-use considerations

relative to liposome fusion systems, COE systems also provide a means for tracking

the attached “cargo” by monitoring COE fluorescence.

4.2 Copper-Catalyzed Azide-Alkyne Cycloaddition in Membrane
Engineering

Ideal bioconjugation reactions are facile, fast, selective, and simple.'”® As such,
copper-catalyzed azide-alkyne cycloaddition reactions (CuAAC), often simply
referred to as “click”, have been utilized heavily in bioconjugation.'®" " Although
[3+2] azide-alkyne cycloaddition was first described by Huisgen in 1963,'® it was not
until 2002 that the labs of Sharpless and Meldal developed Cu-catalyzed systems
that could proceed at biologically-relevant temperatures.'’® 8 The primary
drawback of CuAAC as a bioorthogonal reaction is the very fact that it relies on
copper which is known to be harmful to cells.*®" To avoid the use of copper, the
Bertozzi group applied the knowledge that cyclooctyne reacts violently with
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phenylazide to develop strain-assisted [3+2] azide-alkyne cycloadditions as
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bioorthogonal reactions.'®® Since this initial discovery, various Cu-free cycloaddition
reactions have been developed for bioconjugation.!’” The necessary reactivity of the
functional groups, however, can pose problems for synthesis and application.
CuAAC is still widely used and represents a simpler system, albeit with obvious
disadvantages. To limit the negative effects of the copper catalyst, new ligands have
been developed to reduce the required loading and limit interactions with cells.'8* 18
As a model system, CuAAC utilizing such a ligand was chosen as the ideal starting

point for developing COEs as membrane anchors for cell surface engineering.
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Figure 4-1 COE-mediated membrane engineering via CUAAC reactions. (a) Following
intercalation of an alkyne-bearing COE (green oval), the functional handle could be used to
(b) attach small molecules or dyes to the membrane surface, (c) facilitate cell-cell interactions
using an azide-bearing COE (blue oval), (d) attach cells to an azide-functionalized surface, (e)
or produce a biofilm in a layer-by-layer fashion.
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Figure 4-1 depicts a number of experiments designed to probe the ability of
azide- or alkyn-bearing COEs to facilitate CUAAC reactions at the surface of cells.
Cells will first be stained with COE-alkyne to introduce alkyne functionalities to the
membrane surface (Figure 4-1a). COE-alkyne incorporation can be quantified using
the absorption of the residual COE in the supernatant after centrifuging the cell (as
previously described, such as in Section 2.3). Azide-bearing optical probes can then
be used to assess the ability of the alkyne groups to participate in CUAAC reactions
(Figure 4-2b). For example, 3-azido-(diethylamino)coumarin has been used to
analyze the incorporation and localization of alkyne-bearing lipids within cells.*%®

To investigate the ability of COEs to direct cell-cell and cell-surface interactions
via CUuACC, cells stained with COE-alkyne can be mixed with either COE-azide
labelled cells (Figure 4-1c) or azide-functionalized surfaces (Figure 4-1d). A
combination of both approaches (sequentially) could allow for the formation of a
“pbiofilm” in a layer-by-layer fashion (Figure 4-1e). The design and synthesis of COE-

alkyne and COE-azide, as well as their application in various CUACC reactions will

be discussed in the following sections.

4.2.1 Design and Synthesis of Alkyne- and Azide-bearing COEs for CUAAC-
based Membrane Engineering

The design and synthetic route to access COE-azide and COE-alkyne were based
on the successful COE-SH discussed in Chapter 1. Intermediate 1-5 in Figure 4-2
was originally designed as an asymmetric scaffold to allow for the introduction of a
single thiol group. In the cases of COE-azide and COE-alkyne, a short oligomer of

ethylene glycol was included between the ammonium group and the terminal
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functional groups (azide or alkyne in this case). The purpose of this was to act as a
hydrophilic spacer between the ammonium group, which is expected to be near the
lipid headgroups following intercalation, and the reactive groups. Relative to the
hydrophobic hexyl chain between the ammonium and thiol groups of COE-SH, it was
expected that the oligo ethylene glycol chain would be more likely to present the

reactive groups to the extracellular media.
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Figure 4-2 Synthetic route used to access COE-azide and COE-alkyne.
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As shown in Figure 4-2, the synthesis of both COE-azide and COE-alkyne started
with tetraethylene glycol. In the case of COE-alkyne, the alkyne functionality was
introduced by reaction with propargyl bromide (4-1). The second alcohol group was
subsequently tosylated (4-2) and substituted by dimethylamine to afford intermediate
4-3. In the case of COE-azide, tetraethylene glycol was first mono-tosylated (4-4)
and subsequently reacted with sodium azide (4-5). The second alcohol was then
tosylated and substituted with dimethylamine (2-step-1-pot) to afford intermediate 4-
6. Intermediates 4-3 and 4-6 were reacted with 1-5 to introduce the alkyne or azide
functionalities to the COE scaffold (intermediates 4-7 and 4-8). Conversion of alkyl
chlorides to iodides and subsequent quaternization with trimethylamine afforded
COE-azide (4-9) or COE-alkyne (4-10).

NaNy
HO ™""Br — > HO "N,
H,0 411

98%

OEt A( 3\/ -
;;44< N \ ////\
OEt N, NH;
Br —)— l %‘Ns } —_— Nl(OEi 0
5%THF/H,0 NaHCO, DCMszo
412 Cu(ll)S04 4.13 OEt NaHB(OAC)3
Sodium Ascorbate 40% 2-step 1-pot 72, DCE \
unsafe to isolate Sharpless Triazole b 2-step 1-po 4-15
+ 65%
, N
N | o N-N
“ "N 2 293
411 N/\(’\. OH S N/\(/\N/\/\O’ﬁ‘OH
N=N — N=N o)
Cu(l)OAc pyridine
Sodium Ascorbate ,N 416 N
THF N‘N\ 1% N 447
/# /fN\ 93%

Figure 4-3 Synthetic route used to access the CuUAAC ligand BTTPS.

The synthesis of the tristriazoylamine ligand BTTPS was carried out according to
literature'®” with some modifications (Figure 4-3). 3-bromo-propane-1-ol was

converted to the analogous azide by reaction with sodium azide (4-11). In a similar
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fashion, tert-butyloromide was converted to tert-butylazide (4-12), which was not
isolated. The choice of solvent in this reaction was key to the safe handling of the
volatile azide product. As the starting bromide is denser than water, it formed the
bottom layer during the biphasic reaction (with THF as a phase-transfer catalyst).
The resulting azide product is less dense than water and thus formed the top layer
following the reaction. This top layer was simply transferred directly to the next step
with THF as the only impurity. Under CuUAAC conditions, this azide was reacted with
3,3-diethoxy-1-propyne to form the triazole intermediate 4-13. The diethyl acetal was
converted to the corresponding aldehyde using trifluoroacetic acid (4-14). Two
equivalents of this intermediate were reacted with propagyl amine via reductive
amination to afford intermediate 4-15. A second CuAAC reaction was used to
introduce the third triazole unit (4-16). The alcohol group was then converted to

sulfate using sulfur trioxide pyridine complex to afford the final target 4-17 (BTTPS).

4.2.2 COE-Alkyne as a Membrane Anchor for the CuAAC-Promoted
Attachment of Azide-Containing Molecules

The ability to attach an azide-dye to the membrane of bacteria was used as an initial
investigation into whether COEs could act as attachment points for membrane
decoration. A fluorescein-based dye (“FITC-azide”) was made specifically for this
purpose by reacting fluorescein isothiocyanate with 3-azido-1-propanamine
(procedure not described). A diagrammatic explanation of this experiment is
presented in Figure 4-4. E. coli cells were stained with COE-alkyne to introduce
alkyne functionalities to the membrane surface. FITC-azide was added to the cells

along with CuSO,4, BTTPS, and sodium ascorbate. The samples were centrifuged

122



and the supernatant and pellet (after resuspending) were separately transferred to a
96-well plate. Copper-free and COE-free controls were also prepared in the same
fashion. Absorption and fluorescence measurement were used to calculate the

amount of FITC-azide that was bound to cells via reaction with COE-alkyne.
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Figure 4-4 Experimental procedure used to investigate the ability of COE-alkyne to act as
membrane-anchor for subsequent CuUAAC-mediated functionalization. Supernatants removed
for calculating the association of COE-alkyne (1) and FITC-azide that had been clicked to the
cells (2). (3) Cells sampled in order to confirm results from (1) and (2).

As shown by the absorption spectra in Figure 4-5, the supernatants of samples
that included both COE-alkyne and copper contain less FITC-azide than either
copper-free or COE-free controls. Supernatants from both control samples contained
approximately 50 uM/ODegoo FITC-azide (which was the initial concentration). That
neither control showed a reduction in FITC-azide indicates that both COE-alkyne
and copper were required for attachment of FITC-azide to cells. Furthermore, the
amount of FITC-azide that was “missing” from the supernatant was proportional to

the amount of COE-alkyne used. Together, these results indicate that membrane-
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intercalated COE-alkyne was able to act as an alkyne-display system for

bioorthogonal CUAAC with FITC-azide.
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Figure 4-5 Absorption spectra of supernatants demonstrating the removal of FITC-azide from
solution through CuAAC with membrane-intercalated COE-alkyne. (a) Samples containing
both COE-alkyne and copper show reduced levels of FITC-azide in the supernatant as a
function of COE concentration. FITC-azide was not removed from the supernatant in the
absence of COE-alkyne. (b) Samples that did not include copper show that FITC-azide
remained in the supernatant (i.e. FITC-azide was not “clicked” to the cells).

All FITC-azide that was removed from the supernatant would be expected to be
present in the cell pellet. The supernatant absorption at 495 nm (FITC-azide
maximum, as shown in Figure 4-5) was used to calculate the amount of FITC-azide
that became attached to cells (initial amount added minus the residual amount in the
supernatant). Figure 4-6 shows the results of this calculation along with the
measured absorption of the resuspended cells. As described above, copper-free or
COE-free controls appeared to have essentially no cell-bound FITC-azide.
Additionally, the amount of FITC-azide bound to cells in the samples including both
COE-alkyne and FITC-azide was found to be dependent on the amount of COE-

alkyne. These results were expected based on the analysis of the supernatants and
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further support the finding that membrane-intercalated COE-alkyne was able to

“click” FITC-azide to the cell surface.
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Figure 4-6 Calculated and measured amounts of FITC-azide that were attached to E. coli cells
via CUAAC with membrane intercalated COE-alkyne. (a) Calculated amounts of FITC-azide
attached to cells based on the initial amount and the amount that remained in the supernatant.
(b) Absorption spectra of cell solutions with or without COE-alkyne or copper. The presence
of FITC-azide is only observed in cells treated with both COE-alkyne and copper.

While the absorption measurements provided evidence that this system functions
as intended, fluorescence measurements suffered from an unexpected (and
unexplained) photo-physical phenomenon. Despite the obvious presence of FITC-
azide in cell suspensions containing COE-alkyne and copper, hardly any FITC-azide
fluorescence was observed (data not shown). In addition, no COE-alkyne
fluorescence was observed in these samples. Other than the two samples where the
“click” reaction was expected to have occurred, all samples displayed reasonable
COE-alkyne and/or FITC-azide fluorescence. To determine if the unexpected
absence of fluorescence was a direct result of the “click” reaction, a similar

experiment was conducted in solution without cells. Figure 4-7 shows the absorption
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and fluorescence spectra of COE-alkyne, FITC-azide, and a mixture of the two, both

in the presence and the absence of copper.

— —10uM COE 10uM COE + Cu
— —10uM FITC 10uM FITC + Cu
— —10uM COE + 10uM FITC 10uM COE + 10uM FITC + Cu
05 5000
04 —_ 4000
3
g 5
£ 03 8 3000
: :
2 ?
202 § 2000
< o
= /
0.1 L. 1000 /
L=
o
0 ; : : ; 0 —

320 370 420 470 520 570 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 4-7 (a) Absorption and (b) fluorescence (excitation: 380 nm) spectra of COE-alkyne and
FITC-azide with (solid lines) or without copper (dashed lines) demonstrating an undesirable
interaction between the two compounds that results in suppression of fluorescence.

As expected, the absorbance spectra in Figure 4-7a shows that the COE-
alkyne/FITC-azide mixture (orange) is essentially the sum of the two individual
components (blue and green for COE-alkyne and FITC-azide, respectively). Some
level of quenching by copper was observed in the fluorescence measurements of
both COE-alkyne and FITC-azide but not enough to explain the results in the
previous experiment. Interestingly, COE-alkyne fluorescence was completely
suppressed in the samples that contained FITC-azide, regardless of the presence or
absence of copper (Figure 4-7b, orange lines). FITC-azide fluorescence was also
reduced in the mixture, especially in the case where copper was also present. As

COE-alkyne and FITC-azide are oppositely charged, it is possible that coulombic
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interactions brought them into close proximity leading to some manner of quenching.
The addition of copper and resulting “click” only exacerbated the issue. Although
absorption data sufficiently demonstrated the attachment of FITC-azide to cells, the
apparent photo-physical incompatibility of COE-alkyne and FITC-azide precludes the
use of fluorescence confocal microcopy to show co-localization at the membrane.
This experiment would have otherwise been used to unequivocally show that FITC-
azide had “clicked” to the membrane surface (as opposed to entering cell by way of
COE-induced membrane permeability). The fact that COE-alkyne and FITC-azide
fluorescence was suppressed in the E. coli “click” samples (and not in copper-free
samples) does suggest that they are in close proximity (i.e. the observation of
guenching suggests co-localization at the membrane). Efforts to find a system

without this unexpected quenching phenomenon are ongoing.

4.2.3 COE-Alkyne as a Membrane Anchor for Attaching Cells to Azide-
Functionalized Surfaces

To assess the ability of COE-alkyne to “click” cells to surfaces, azide-functionalized
guartz slides were prepared using (3-azidopropyl)triethoxysilane (see Section 1.6.4
for the preparation of this compound). A solution containing CuSO,4, BTTPS, and
sodium ascorbate was added to E. coli cells with or without COE-alkyne. These
solutions were immediately placed on azide-functionalized or unfunctionalized quartz
slides. After 15 minutes, unattached or loosely-attached cells were removed by
rinsing gently and the slides were imaged by confocal laser scanning microscopy. As
shown in Figure 4-8A, cells that were not treated with COE-alkyne did not readily

adhere to the functionalized substrate. Cells that were treated with COE-alkyne
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showed a similar inability to adhere to the unfunctionalized substrate (Figure 4-8B).
Only when COE-alkyne treated cells were placed on a treated substrate was
significant adhesion observed (approximately 10-times more adhered cells than
either of the two controls), demonstrating that COE-alkyne can be used to “click”
bacteria to an azide-functionalized surface (Figure 4-8C).

() COE-akyne / (+) azide surface

(+) COE-alkyne / (-) azide surface (+) COE-alkyne / (+) azide surface “C” + Triton X-100

“footprint” "

Figure 4-8 Fluorescence confocal micrographs demonstrating the ability of COE-alkyne to
“click” E. coli cells to an azide-functionalized surface.

A number of large (~1-5 um), fluorescent patches were observed on the “click”
sample described above (arrow in Figure 4-8C). It was hypothesized that these
“footprints” arose when cells that had been “clicked” to the surface were removed,
potentially during the wash step. To investigate this further, the “click” sample was
treated with Triton X-100 and sonicated to remove the adhered cells (Figure 4-8D).
No cells were observed on the substrate but the “footprints” remained. It is unclear
whether these patches contain cell fragments or not but their size suggests that they
indicate where cells or groups of cells had been “clicked” to the surface. While it is
beyond the scope of this project, it would be interesting to investigate whether these

fluorescent areas do contain remnants of bacterial membranes. This could
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potentially have some utility in the study of membrane-proteins as a method for

attaching microbial membrane fragments to a surface.

Figure 4-9 Fluorescence micrograph of optimized conditions for COE-alkyne-mediated
bacteria-surface conjugation via CUAAC (scale: 100x100 pM).

We further optimized the conditions for “clicking” COE-alkyne stained cells to
azide-functionalized quartz and other materials (such as cellulose nanofibrils — data
not shown). Instead of pre-mixing the stained bacteria with CuSO,4, BTTPS, and
sodium ascorbate, the stained cells were first added to the substrate. After allowing
the cells to settle on the surface for 30 minutes, the “click” reagents were added. In
this manner, we were able to achieve up to ~50% surface coverage (Figure 4-9). We
also found that higher COE concentrations (10 uM/ODsggp Or more) resulted in more
“footprints” and fewer intact cells. By imaging the samples before washing, we found
that COE-alkyne was able to induce aggregation of the cells at higher
concentrations. Our hypothesis is that cell clusters cause increased strain on
“clicked” cells at the surface, leading to the destruction of these cells and removal of
the entire cell cluster during the wash step. Once an area of the surface has reacted

with COE-alkyne, no new cells can be attached at that location (this is supported by
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the fact that we never observed cells adhered directly on top of the “footprints”). The
best surface coverage can thus be achieved by avoiding amounts of COE-alkyne

that are sufficiently high to cause cell aggregation.

4.2.4 COE-mediated cell-cell interactions

Figure 4-10 Fluorescence micrographs of cell-cell interactions mediated by COE-alkyne and
COE-azide. (A) E. coli cells stained with COE-alkyne (hon-emissive) and COE-azide/DSSN
(emissive — yellow; fluorescence from DSSN). (B) B. subtilis stained with COE-alkyne and S.
cerevisiae stained with COE-azide.

Preliminary attempts to direct physical cell-cell interactions via “click” reactions
using COE-alkyne and COE-azide were conducted in collaboration with the Army
Research Laboratory (ARL). Figure 4-10 demonstrates two systems in which
suggest that cells stained with the two COEs were brought in close contact through
CUuAAC. In Figure 4-10A, separate cultures of E. coli were stained with either COE-
alkyne or COE-azide and DSSN*° (to allow for differentiation based on fluorescence)
before mixing the two cultures in the presence of copper. Cell aggregates, three of
which are indicated by the dashed ovals, were found to contain mixtures of cells

from the two cultures. No aggregates were observed where any cell’'s nearest
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neighbor did not originate from the opposite culture. In Figure 4-10B, B. subtilis
stained with COE-alkyne are shown attached to the surface of S. cerevisiae stained
with COE-azide (one of the fungi-associated bacteria is indicated by the black arrow;
DSSN was not used in this case as differential staining is not required to distinguish
between the two cell types). These un-optimized experiments suggest that COE-
alkyne and COE-azide facilitate cell-cell interactions between orthogonally-stained

cells of the same- or different- species.

4.3 Introduction to the NiINTA/His-tag System

Immobilized metal ion affinity chromatography (IMAC) is a mainstay of protein
purification. Originally, proteins were separated based on their natural affinities for
the solid-supported metal ions.'®® The discovery that multiple histidine residues at
the N- or C-terminus can greatly increase affinity of recombinant proteins has led to
the heavily-utilized “His-tag” system.*®® Many of the modern commercial resins for
His-tagged protein isolation rely on Ni(ll)-NTA to separate the target protein from
complex mixtures. The tetradentate nitrilotriacetic acid moiety strongly chelates Ni**
and allows for reversible attachment of His-tagged proteins. Decreasing the pH of
the eluent, adding imidazole, or a combination of both can be used to disrupt or
compete with the His-tag interaction with the metal ion.***

The Ni-NTA/His-tag system has been widely applied as a bioconjugation
technique where one of the components is a recombinant protein. For example, Ni-

NTA-functionalized surfaces have been used to adhere and orient proteins for
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atomic force microscopy measurements.'? The Ni-NTA structure has also been
incorporated into lipids in order to allow for liposome surface engineering with
proteins.’®® 1% These systems have found utility in such applications as nano-carrier
targeting (particularly for cancer therapy),’***®” CRISPR/Cas9 complex delivery,'®®
biosensors and biocatalysts,*?*?%! development of vaccines,?? and the study of viral
penetration into cells.?>® These systems are so widely used that Ni-NTA-lipids are
now commercially available, such as DOGS-NTA-Ni from Avanti Polar Lipids. As
described in Section 4.2, COEs have tangible advantages over lipids as membrane
anchors for functional handles. In this section, the design, synthesis, and
membrane-protein-conjugation ability of a NTA-bearing COE (“COE-NTA”) will be

described.

4.3.1 Design and Synthesis of a NiINTA-Bearing COE for the Localization of
His-Tagged Peptides or Proteins to Membrane Surfaces

The design of COE-NTA follows that of the two COEs described in Section 4.2.
Specifically, the same neutral intermediate (1-5 in the scheme below) served as the
core scaffold and an amine derivate of tetraethylene glycol was used to introduce
the function handle (NTA in this case). The synthesis of the NTA-containing

fragment was inspired by various literature procedures?®*2%

that utilized a protected
lysine derivative as the starting material. The synthetic route to prepare COE-NTA is
shown below in Figure 4-11. N-epsilon-CBz-lysine and bromoacetic acid were used
to prepare 4-18, NTA with an amine-terminated appendage originating at the alpha-

position of one of the carboxyl groups. The carboxylic acids were then protected as
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ethyl esters (4-19), both to prevent functional group incompatibilities and to increase

solubility. Pd/C and H, were used to remove the CBz protecting group (4-20) before
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Figure 4-11 Synthetic pathway used to access COE-NTA.
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reacting with bromoacetyl chloride (4-21). Mono-tosylation of tetraethylene glycol
afforded 4-4 (previously described in the preparation of COE-azide in Section 4.2.1)
and subsequent substitution with dimethylamine afforded the dimethylamino-
derivative 4-22 that would serve to bridge the COE core and the NTA moiety. The
alcohol of 4-22 was selectively used for the nucleophilic attack of the bromoacetyl
group of 4-21 to afford 4-22 and the tertiary amine was subsequently used to
quaternize with the alkyl iodide of 1-5 to afford 4-24. The alkyl chlorides of 4-24 were
converted to iodides before quaternizing with trimethylamine (4-26) as described
previously for COE-alkyne and COE-azide. The ethyl protecting groups were
removed with LiOH to afford the final un-metallated compound 4-27 (note: ethyl- was
specifically chosen as a protecting group to facilitate mild deprotection at the last
step). Chelation of nickel (Il) (not shown) was achieved by mixing 1 mM 4-27 and 20
mM Ni(NO3); in DI water in a 1:1 mole ratio and heating to 45°C for 1 hour. COE-

NTA was thus prepared in 20 total steps with an overall yield of 1.8%.

4.3.2 Analysis of COE-NTA mediated YPet binding by flow cytometry
The following work was conducted in collaboration with Dr. Deborah Sarkes, Dr.
Justin Jahnke, and Dr. James Sumner at ARL. To determine if membrane-
intercalated COE-NTA was able to localize His-tagged proteins to the surface of
cells, we used flow cytometry to measure the fluorescence of YPet-Mona (a modified
and His-tagged Yellow Fluorescent Protein derivative; hereafter referred to as
“YPet”). YPet was previously used by our collaborators at ARL to quantify the

expression and surface display of a recombinant protein.’®” The employed eCPX
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surface display scaffold, which is a modified OmpX system, presents both the N-
and C-termini toward the extracellular space.?®® 2°° Our collaborators used this
system to display gold-binding peptide sequences at the N-terminus and the P2X
peptide sequence at the C-terminus. P2X has a strong affinity for YPet and thus
induction of eCPX could be quantified by labeling with YPet.?°” This process and the
novel COE-NTA protein-membrane conjugation system are depicted in Figure 4-12

(top and bottom pane, respectively).

Protein surface display
(eCPX scaffold and YPet-binding P2X peptide)

) _ trg, sy ", ,_:"_‘;.
¥ o —_— >~y
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COE-NTA mediated, reversible

. . . imidazole
protein-membrane conjugation

Figure 4-12 Labelling bacterial membranes with YPet by surface display (top pane) through
peptide-protein interactions and with the novel COE-NTA system (bottom pane) through Ni-
NTA/His-tag interactions.

We used this prior experience to test the protein-localizing ability of COE-NTA
relative to recombinant surface display techniques (Figure 4-13). Flow cytometry
was employed so that the fluorescence from individual cells could be measured. As

a baseline, untreated E. coli cells were measured on the FITC-channel (which is
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optimal for measuring YPet fluorescence) and were found to produce negligible
fluorescence (Figure 4-13a). Addition of 5 uM/ODgoo COE-NTA to E. coli resulted in
slight aggregation of cells (as evident in the forward-scatter profile) but did not
significantly increase fluorescence (Figure 4-13b). When the P2X-containing eCPX
complex was induced and the cells were labelled with YPet, a fluorescence intensity
of 4 x 10° was achieved at the maximum of the count distribution (Figure 4-13c). A
similar fluorescence intensity was observed at the maximum of the count distribution
for cells stained with COE-NTA and subsequently incubated with YPet (Figure 4-

13d).
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Figure 4-13 Flow cytometry measurements of Ypet-labelled cells through induction of the
eCPX scaffold or introduction of Ni-NTA moieties by staining with COE-NTA. (a) Untreated
cells. (b) COE-NTA stained cells. (c) YPet-labelled cells following eCPX induction. (d) YPet-
labelled cells following treatment with COE-NTA. (e) YPet-“unlabeled” cells following
imidazole treatment of YPet/COE-NTA treated cells (i.e. pane “d”).
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That both systems showed approximately the same intensity indicates that COE-
NTA is able to achieve a similar maximum level of Ypet labelling. The broader
distribution seen with COE-NTA is most likely a result of the low Ni-NTA/His-tag
affinity relative to the interaction between P2X and Ypet (the protein-protein
interaction is likely to be much stronger). These results indicate that COE-NTA could
serve as an efficient method for directing His-tagged proteins to the surface of cells.

To determine if COE-NTA could function in a reversible manner, we assessed the
ability of imidazole to disrupt the interaction with the His-tag and release YPet from
the surface of cells. After treating E. coli (labelled with 5 uM COE-NTA and 5 pM
Ypet) with 50 mM imidazole for 12 minutes, cells were centrifuged, the supernatant
was discarded, and cells were resuspended in fresh buffer. As shown in Figure 4-
13e, imidazole treatment reduced the fluorescence to the level of COE-NTA stained
cells without YPet (i.e. Figure 4-13b). Imidazole-treated cells were re-cultured and
showed similar growth after 4 hours to untreated cells. To the best of our knowledge,
reversible surface display has not been demonstrated for any recombinant protein-
based systems. These results demonstrate the potential future utility of COE-NTA

for situations where it is desirable to have reversible protein-membrane interactions.

4.3.3 COE-NTA mediated membrane localization of a peptide bearing a His-
Tag and a fluorescent probe

The experiments described above provide strong evidence that COE-NTA can
localize His-tagged proteins to the surface of living bacteria. In particular, the
imidazole-based reversibility of the process indicates that cell-protein association is

mediated by the Ni-NTA functional group of the COE. To provide additional support
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to this finding, an experiment was designed to explicitly demonstrate co-localization
of COE-NTA and its bound protein/peptide to the membrane. A His-tagged and Cy5-
labeled peptide (Nur77) was added to E. coli cells stained with either COE-NTA or
COE-alkyne (as a control for the importance of Ni-NTA). Fluorescence scanning
confocal microscopy was used to image the location of the COEs and the peptide.
To highlight the speed at which COEs can be used to introduce functional handles to
the surface of cells, the entire staining and labelling process was limited to less than

fifteen minutes (see Section 4.5 for details).

Bright Field COE Emission Cy5 Emission Composite

Figure 4-14 Fluorescence confocal micrographs demonstrating COE-NTA-mediated surface
decoration of E. coli cells with a dye-labelled, His-tagged peptide (scale: 15x15 yM).

COE-NTA-Ni

COE-alkyne

As shown in Figure 4-14, Cy5 fluorescence was observed in samples containing
COE-NTA but not in samples containing COE-alkyne. Furthermore, Cy5 emission
was co-localized with COE-NTA emission, originating exclusively from the
membrane. No Cy5 fluorescence was observed within the cells, indicating that COE-

NTA does not sufficiently disrupt membranes to allow the passage of
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peptides/proteins. Association of His-tagged peptides/proteins with COE-NTA
labelled cells is thus exclusively a result of COE-mediated protein-membrane

conjugation.

4.4 Conclusions

In conclusion, a new family of COEs was designed specifically to introduce
functional handles to the membranes of cells. Three members of this new family
were synthesized and tested. COE-alkyne and COE-azide were used for the facile
and expedient display of alkyne- or azide- functional groups at the cell surface.
These “click” functional groups were utilized in CuAAC reactions to attach an azide-
dye to the membrane of cells stained with COE-alkyne, attach cells to functionalized
surfaces, and promote physical interactions between cells stained with the
orthogonal COEs. COE-NTA was designed with the specific intent of decorating the
surface of cells with His-tagged peptides or proteins. Flow cytometry and confocal
microscopy were used to demonstrate that COE-NTA is able to mediate
peptide/protein conjugation with cell membranes exclusively through the Ni-NTA/His-
tag interaction. The results of both systems demonstrate the potential utility of COEs
as a means to introduce specific functionalities to cell surfaces that can be used to

modulate interactions with small molecules, biomolecules, surfaces, and other cells.
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4.5 Experimental Methods

Materials and Instrumentation

Solvents and reagents for synthetic preparations were purchased from Fisher
Scientific, Alfa Aesar, Acros, Sigma Aldrich, and Tokyo Chemical Industry.
Escherichia coli ATCC 10798 was purchased from American Type Culture Collection
(Manassas, VA). Inhibitor-free anhydrous solvents were prepared using packed
alumina columns under argon in a solvent purification system. EMD Millipore
Analytical Chromatography aluminum-backed plates (Silica gel 60 F254) were used
for thin layer chromatography and separation was visualized with UV light (254/366
nm). Silicycle SiliaFlash P60 silica gel was used for flash chromatography under
positive air pressure. Pre-packed Biotage C18 columns were used for RP
chromatography on a Biotage Isolera One. Optical density measurements for MIC
studies were conducted on a Tecan M220 Infinite Pro. *H NMR (400 MHz, 500 MHz)
and *C NMR (101 MHz and 126 MHz) were measured on actively-shielded Agilent
Technologies 400-MR DDR2 400 MHz or Varian Unity Inova 500 MHz
spectrometers. Multiplicity of signals was described by s (singlet), d (doublet), t
(triplet), g (quartet), p (pentet) and m (multiplet). Chemical shifts (& in ppm) were
referenced to residual solvent peaks of Chloroform-d (*H NMR & = 7.26 and *C
NMR & = 77.0) or DMSO-d6 (*H NMR & = 2.50 and **C-NMR & = 39.52). Scanning
laser confocal microscopy was conducted on a Leica SP8 and fluorescence
microscopy on a Nikon Eclipse TE2000-E. A BD FACS Aria was used for flow

cytometry experiments.
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“Click” with FITC-azide

Single colonies of E. coli ATCC 10798 were picked from a plate and cultured in LB
overnight at 37°C. After centrifuging and resuspending in PBS, cells were stained
with 10 or 40 puM/ODeoo COE-alkyne to introduce alkyne functionalities to the
membrane surface. Cells were pelleted and the supernatant was removed to a 96-
well plate to measure the residual amount of COE-alkyne. FITC-azide (50 uM/ODeoo)
was added to the cells along with CuSO,4, BTTPS, and sodium ascorbate. After 10
minutes, the samples were centrifuged and the supernatant and pellet (after
resuspending) were separately transferred to the 96-well plate. Copper-free and
COE-free controls were also prepared in the same fashion. Absorption (350-500 nm)
and fluorescence (excitation: 380 nm, emission: 400-600 nm) measurements were

collected on a plate reader at room temperature.

“Click” Cells to Surfaces

15x15 mm quartz slides were treated Piranha (3:1 concentrated sulfuric acid and
30% hydrogen peroxide) for 15 minutes. Azide functional groups were introduced by
immersing the slides in toluene containing 10 mM (3-azidopropyl)triethoxysilane (see
Section 1.6.4 for the preparation of this compound) at 100°C overnight. Overnight
cultures of E. coli ATCC 10798 were washed and resuspended in PBS before
staining with 10 uM/ODggp COE-alkyne. A solution containing CuSO,4, BTTPS, and
sodium ascorbate was added to E. coli cells with or without COE-alkyne. 100 pL
aliquots of these solutions were placed on functionalized or unfunctionalized quartz

slides. After 15 minutes, the slides were rinsed multiple times with 150 mM PBS.
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The slides were immersed in 150 mM PBS to prevent desiccation of the cells and
imaged (confocal) within 1 hour.

Higher surface coverage was achieved by altering the order of addition,
concentrations, and time at each step. ~50% coverage was achieved by first adding
cells stained with 2 pM/ODgop COE-alkyne to the quartz slides. After allowing the
cells to settle on the slide for 30 minutes (taking care to prevent the sample from
drying), a solution containing CuSO,4, BTTPS, and sodium ascorbate was added.
After 10 minutes, the slides were gently washed with PBS and imaged (fluorescence

microscope).

Attachment of YPet to E. coli Using COE-NTA

E. coli MC1061 was grown for four hours in LB at 37°C. Cells for control using the
eCPX display system were cultured for another hour in the presence of 0.04% w/v L-
arabinose to induce expression. All cells were washed and resuspended in PBS. Un-
induced cells were stained with 5 pM/ODgpp COE-NTA for 15 minutes, pelleted, and

resuspended in fresh PBS. YPet (prepared previously at ARL*’

) was added to
COE-NTA stained cells and induced cells for 15 minutes. Cells were pelleted and
resuspended in FACSFlow solution (BD) for flow cytometry analysis. Untreated cells
were gated according to a scatterplot of forward-scatter (FSC) and fluorescence on

the FITC channel. Samples were analyzed for YPet content using the FITC channel

(10* events were recorded in each sample).
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Attachment of a Dye-Labelled Peptide to E. coli Using COE-NTA

E. coli ATCC 10798 was cultured in LB for 6 hours at 37°C. Cells were pelleted and
resuspended in PBS at a density twice that of ODgoo = 1. Cells were stained with
COE-NTA or COE-alkyne (as a control) at a final concentration of 5 pUM/ODsgg. After
ten minutes of incubation with the COEs, cells were pelleted and the supernatants
were discarded. Samples were resuspended in PBS to a density of ODgopo = 1. A
solution of Nur77 (Cy5-labelled at one terminus and His-tagged at the other) was
added such that the final concentration was 500 nM/ODggo. After incubation for 1
minute, the cells were pelleted and the supernatant was discarded. Cells were
resuspended in PBS to a density of ODgoo = 0.2 and 10 pL aliquots were transferred
to glass slides for confocal microscopy analysis. Flourescence for both COEs was
measure on one channel (ex: 405 nm, em: 460-480 nm) and Cy5 on a separate

channel (ex: 640 nm, em: 660-680 nm). Images were processed using ImageJ.
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4.6 Synthetic Methods

4.6.1 COE-azide and COE-alkyne

3,6,9,12-tetraoxapentadec-14-yn-1-ol (4-1)

IS NI To a 50 mL flame-dried round bottomed flask equipped with a
stir bar was added sodium hydride (257 mg, 60 wt%, 6.7 mmol) and anhydrous THF
(20 mL). The suspension was cooled to 0°C and stirred under inert atmosphere. In a
separate flame-dried flask, tetraethylene glycol (1.94 g, 10 mmol) was dissolved in 5
mL anhydrous THF and transferred (fast addition via syringe) to the vessel
containing sodium hydride. This mixture was allowed to stir for 30 minutes at 0°C, at
which point propargyl bromide (0.65 mL, 9.2 M, 6 mmol) was added slowly via
syringe. The temperature was maintained for an additional 30 minutes before
allowing the solution to warm to room temperature. After 14 hours, the solution was
filtered through a pad of celite using dichloromethane and concentrated under
reduced pressure. The pure product (1.27 g, 55%, clear oil) was afforded following
flash chromatography (1:5 acetone/DCM).

'H NMR (500 MHz, Chloroform-d) & 4.20 (d, J = 2.4 Hz, 2H), 3.77 — 3.64 (m, 14H),

3.64 — 3.57 (M, 2H), 2.56 — 2.48 (m, 1H), 2.42 (t, J = 2.4 Hz, 1H).
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3,6,9,12-tetraoxapentadec-14-yn-1-yl 4-methylbenzenesulfonate (4-2)

A suspension of sodium hydride (43 mg, 60 wt%, 1.08 mmol)
Ts0 O 0O o
in 2 mL of anhydrous THF was prepared in a 5 mL round bottom flask equipped with
a stir bar. After cooling to 0°C under inert atmosphere, a solution of 4-1 (250 mg,
1.08 mmol) in 1 mL was added slowly via syringe and the mixture was allowed to stir
for 30 minutes. A solution of p-toluenesulfonyl chloride (205 mg, 1.3 mmol, 3 mL
anhydrous THF) was then added via syringe. The mixture was allowed to warm to
room temperature and stirring was continued under inert atmosphere overnight.
Solvent was removed under reduced pressure and the residue was resuspended in
diethyl ether. Solids were removed by filtration and the solvent was again removed
under reduced pressure. The pure product (370 mg, 89%, clear oil) was obtained by
flash chromatography (1:9 acetone/DCM, rf = 0.7).
'H NMR (500 MHz, Chloroform-d) & 7.80 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 7.8 Hz,
2H), 4.19 (d, J = 2.4 Hz, 2H), 4.17 — 4.14 (m, 2H), 3.71 — 3.58 (m, 14H), 2.44 (s, 3H),
2.42 (t,J = 2.4 Hz, 1H).
13C NMR (126 MHz, Chloroform-d) & 144.77, 133.05, 129.81, 127.98, 79.67, 74.49,

70.75, 70.60, 70.54, 70.41, 69.24, 69.12, 68.68, 58.39, 21.63.

N,N-dimethyl-3,6,9,12-tetraoxapentadec-14-yn-1-amine (4-3)

To a flame-dried 25 mL flask equipped with a stir bar was
\TI\/O\/\O/\/O\/\O\

added 4-2 (250 mg, 0.65 mmol) and anhydrous THF (5 mL).
A solution of dimethylamine in THF (10 mL, 2 M, 20 mmol) was added via syringe.

The flask was sealed by covering the needle hole in the septum with electrical tape.
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The mixture was heated to 40°C and stirred overnight. Volatiles were removed under
reduced pressure and the residue was partitioned between ethyl acetate and water
(pH = 4). The organic layer was removed and discarded. The aqueous layer was
adjusted to pH = 10 and extracted 5 times with DCM. The combined organic layers
were dried over sodium sulfate, filtered, and concentrated to afford the product (158
mg, 94%, yellowish olil).

'H NMR (500 MHz, Chloroform-d) & 4.21 (d, J = 2.4 Hz, 2H), 3.71 — 3.60 (m, 12H),

3.58 (t, J = 5.9 Hz, 2H), 2.52 (t, J = 5.9 Hz, 2H), 2.43 (t, J = 2.4 Hz, 1H), 2.27 (s, 6H).

2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (4-4)

To a 50 mL round bottom flask equipped with a stir bar was
T o added tetraethylene glycol (5 g, 26 mmol) and THF (5 mL). This
solution was cooled to 0°C before adding sodium hydroxide as an agueous solution
(1.24 g, 5.15 mL, 6 M, 31 mmol). A solution of p-toluenesulfonyl chloride (4.9 g, 26
mmol) in THF (15 mL) was added slowly at 0°C. The mixture was allowed to warm to
room temperature and stirred overnight. The reaction was partitioned between
between 10 mL of water and 100 mL of DCM. The organic layer was collected and
the aqueous layer was extracted 3 additional times with DCM. The combined
organic layers were dired over sodium sulfate and concentrated under reduced
pressure. The residue was purified by flash chromatography (1:5 acetone/DCM) to
yield the pure product (4.04 g, 45%, clear oil).

'H NMR (500 MHz, Chloroform-d) & 7.80 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 7.9 Hz,

2H), 4.18 — 4.15 (m, 2H), 3.73 — 3.58 (M, 14H), 2.45 (s, 3H).
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13C NMR (126 MHz, cdcls) & 144.81, 133.00, 129.83, 127.97, 72.46, 70.73, 70.65,

70.47, 70.33, 69.25, 68.70, 61.73, 21.63.

2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (4-5)

To flame-dried 15 mL round bottom flask equipped with a stir bar
HO OOy,

was added 4-4 (750 mg, 2.15 mmol), sodium azide (210 mg,
3.23 mmol), and anhydrous DMF (2 mL). The mixture was heated to 50°C and
stirred under inert atmosphere overnight. After cooling to room temperature, the
reaction was partioned between diethyl ether and a saturated lithium chloride
solution. The organic layer was collected and the aqueous layer was extracted 3
additional times with diethyl ether. The combined organic layers were washed 3

times with saturated lithium chloride, dried over sodium sulfate, and concentrated

under reduced pressure to afford the pure product (405 mg, 86%).

2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)-N,N-dimethylethanamine (4-6)

To a flame-dried 5 mL round bottom flask equipped with a stir
\T/\/O\/\O/\/O\/\Nj

bar was added sodium hydride (37 mg, 60 wt%, 0.91 mmol) and
anhydrous THF (1 mL). This suspension was cooled to 0°C and a solution of 4-5
(200 mg, 0.91 mmol, 2 mL THF) was added slowly via syringe. The mixture was
stirred for 30 minutes at 0°C under inert atmosphere before adding a solution of p-
toluenesulfonyl chloride (191 mg, 1.0 mmol, 2 mL THF) cannula. The mixture was
allowed to warm to room temperature and stirred for 2 hours under inert

atmosphere, at which TLC was used to confirm the reaction was complete.
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Dimethylamine in THF (2.3 mL, 2 M, 4.6 mmoL) was then added via syringe and the
vessel was sealed with electrical tape. After stirring overnight at room temperature,
volitiles were removed under reduced pressure. The residue was partitioned
between DCM and water (pH 11). The organic layer was removed and the aqueous
layer was extracted with three more portions of DCM. The combined organic layers
were dried over sodium sulfate and concentrated under reduced pressure. The
residue was loaded on a long pad of silica gel and 1.5 CVs of chloroform were
passed through the pad. The pure product (170 mg, 76% through two steps,
yellowish oil) was eluted with 1.5 CVs of methanol.

'H NMR (400 MHz, Chloroform-d) & 3.69 — 3.61 (m, 10H), 3.58 (t, J = 5.9 Hz, 2H),

3.39 (t, J = 5.1 Hz, 2H), 2.53 (t, J = 5.8 Hz, 2H), 2.28 (s, 6H).

1,3-bis((6-chlorohexyl)oxy)-5-((E)-4-((E)-4-((E)-4-((6-iodohexyl)oxy)styryl)styryl)
styryl)benzene (1-5)

See Section 1.9

Cl
‘\_\_\ R N
°///

uI/_f O

15% over 8 steps, yellow-green solid
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N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-

chlorohexyl)oxy)styryl)styryl)styryl)phenoxy)-N,N-dimethylhexan-1-aminium (4-7)

cl
‘\_\_LO
O 4
o

JJJ equipped with a stir

bar was added 4-6

To a flame-dried 5

I,
Q T N
4

mL gas-tight flask

O

(13.5 mg, 0.048 mmol), 1-5 (46 mg, 0.045 mmol), and 2.5 mL anhydrous THF. The
mixtured was stirred for two days at 60°C under inert atmosphere. After cooling to
room temperature, the mixture was partioned between DCM and water. The
agueous layer was discarded and the organic layer was washed two additional times
with water. The organic layer was dried over sodium sulfate, filtered, and
concentrated under reduced pressure. The residue was triterated with diethyl ether
to leave the pure product (55 mg, 92%, green semisolid).

'H NMR (500 MHz, Chloroform-d) & 7.60 — 7.41 (m, 10H), 7.14 — 6.85 (m, 8H), 6.67
(d, J = 2.1 Hz, 2H), 6.39 (t, J = 2.5 Hz, 1H), 4.07 — 3.95 (m, 8H), 3.89 (s, 2H), 3.74 —
3.61 (m, 12H), 3.57 (t, J = 6.7 Hz, 4H), 3.48 — 3.32 (m, 8H), 1.92 — 1.76 (m, 12H),
1.66 — 1.45 (m, 12H).

13C NMR (126 MHz, cdcls) & 160.44, 158.74, 139.27, 137.05, 136.83, 136.50,
136.27, 130.07, 128.66, 128.61, 128.26, 128.13, 127.89, 127.78, 126.93, 126.87,
126.84, 126.60, 126.14, 114.77, 105.15, 101.00, 70.67, 70.50, 70.35, 70.04, 67.84,
67.58, 66.20, 65.03, 63.40, 52.10, 50.73, 45.03, 32.53, 29.15, 28.97, 26.66, 25.91,

25.70, 25.45, 22.84.
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N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-chlorohexyl)oxy)styryl)styryl)styryl)phenoxy)
hexyl)-N,N-dimethyl-3,6,9,12-tetraoxapentadec-14-yn-1-aminium iodide (4-8)
To a flame-dried 10

CI
|
x\—\ Y, Y O O’VWN\/‘O’\’O\/“O’\“O\/ mL gas-tight flask

c;f/_f 0

(40 mg, 0.154 mmol), 1-5 (113 mg, 0.128 mmol), and 2.5 mL anhydrous THF. The

equipped with a stir

bar was added 4-3

mixtured was stirred for two days at 60°C under inert atmosphere. After cooling to
room temperature, the mixture was partioned between DCM and water. The
agueous layer was discarded and the organic layer was washed two additional times
with water. The organic layer was dried over sodium sulfate, filtered, and
concentrated under reduced pressure. The pure product (66 mg, 43%, green
semisolid) was obtained by C18 reverse phase chromatography (methanol).

'H NMR (500 MHz, Chloroform-d) & 7.46 — 7.34 (m, 10H), 7.05 — 6.78 (m, 8H), 6.59
(d, J = 2.2 Hz, 2H), 6.31 (t, J = 2.2 Hz, 1H), 4.12 (d, J = 2.4 Hz, 2H), 3.95 — 3.87 (m,
8H), 3.84 — 3.79 (m, 2H), 3.63 — 3.52 (m, 14H), 3.49 (t, J = 6.7 Hz, 4H), 3.31 (s, 6H),
2.43 (t, J = 2.4 Hz, 1H), 1.80 — 1.69 (m, 12H), 1.54 — 1.37 (m, 12H).

13C NMR (126 MHz, cdcls) & 160.43, 158.73, 139.27, 137.06, 136.84, 136.50,
136.27, 130.08, 128.66, 128.27, 128.13, 127.79, 126.93, 126.85, 126.60, 126.15,
114.76, 105.14, 101.00, 74.96, 74.91, 70.61, 70.47, 70.39, 70.17, 69.33, 67.83,
67.57, 66.26, 58.49, 52.11, 45.04, 32.54, 29.15, 28.98, 26.67, 25.91, 25.72, 25.46,

22.84.
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N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-6-(4-((E)-4-((E)-4-((E)-3,5-bis

((6-iodohexyl)oxy)styryl)styryl)styryl)phenoxy)-N,N-dimethylhexan-1-aminium

iodide (4-9a)
_\_L¥ - To a 5 mL gas-tight
O/\/\/\,"1‘:./\0/\/0\/\0’\/N3
0 ey { & flask equipped with a

J_/_f stir bar was added 4-

7 (28 mg, 0.028
mmol), sodium iodide (42 mg, 0.28 mmol) and acetone (3 mL). The flask was sealed
and heated to 75°C for two days. After cooling to room temperature, volitiles were
removed under reduced pressure. The residue was partitioned between water and
dichloromethane. The organic layer was collected and the aqueous layer was
extracted with two more portions of dichloromethane. The combined organic layers
were dried over sodium sulfate, filtered, and concentrated under reduced pressure to
afford the desired product as a green solid (33 mg, 98%).

'H NMR (500 MHz, Chloroform-d) & 7.53 — 7.41 (m, 10H), 7.13 — 6.86 (m, 8H), 6.67
(d, J = 2.2 Hz, 2H), 6.39 (t, J = 2.2 Hz, 1H), 4.03 — 3.93 (m, 8H), 3.90 — 3.83 (m, 2H),
3.70 — 3.62 (m, 12H), 3.39 (s, 8H), 3.22 (t, J = 7.0 Hz, 4H), 1.92 — 1.76 (m, 12H),

1.61 — 1.44 (m, 12H).
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N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-iodohexyl)oxy)styryl)styryl)styryl)phenoxy)hexyl)-
N,N-dimethyl-3,6,9,12-tetraoxapentadec-14-yn-1-aminium iodide (4-10a)

To a 5 mL gas-tight

-
0/\/\/\)‘\/\0/\,0\/\0/\,0\/
ﬂ_\x e O O flask equipped with a

Jfr stir bar was added 4-

8 (45 mg, 0.040
mmol), sodium iodide (60 mg, 0.40 mmol) and acetone (3 mL). The same
proceedure was used as above for 4-9a. (50 mg, 96%).

'H NMR (500 MHz, Chloroform-d) & 7.54 — 7.44 (m, 10H), 7.15 — 6.88 (m, 9H), 6.68
(d, J = 2.2 Hz, 2H), 6.40 (t, J = 2.2 Hz, 1H), 4.21 (d, J = 2.4 Hz, 2H), 4.05 — 3.98 (m,
8H), 3.94 — 3.89 (m, 2H), 3.71 — 3.63 (m, 12H), 3.40 (s, 6H), 3.23 (t, J = 7.0 Hz, 4H),

2.51 (t, J = 2.4 Hz, 1H), 1.93 — 1.77 (m, 12H), 1.57 — 1.48 (m, 12H).

6,6-((5-((E)-4-((E)-4-((E)-4-((1-azido-12,12-dimethyl-3,6,9-trioxa-12-azaoctadecan-
12-ium-18-yl)oxy)styryl)styryl)styryl)-1,3-phenylene)bis(oxy))bis(N,N,N-
trimethylhexan-1-aminium) iodide (4-9)

To a 1 Dr vial

‘\_\_\; Q oA N \/\0/\/ O~
O g
aYatad

f/_r bar was added 4-9a

(18 mg, 0.015 mmol),

equipped with a stir

trimethylamine (0.05 mL, 3.2 M in methanol, 0.16 mmol), and anhydrous THF (1
mL). The reaction was stirred at room temperature for 2 days. Volatilies were

removed, first by sparging with argon and then under reduced pressure. The residue
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was dissolved in minimal methanol and precipitated in diethyl ether. The solid was
collected by centrifugation and washed with additional diethyl ether to afford the
desired product at a yellow-green solid (19 mg, 96%).

'H NMR (400 MHz, DMSO-dg) d 7.67 — 7.47 (m, 10H), 7.32 — 6.86 (m, 8H), 6.75 (d,
J = 2.1 Hz, 2H), 6.36 (t, J = 2.1 Hz, 1H), 4.04 — 3.91 (m, 6H), 3.83 — 3.76 (m, 2H),
3.58 — 3.47 (m, 12H), 3.36 (t, J = 4.9 Hz, 2H), 3.31 — 3.24 (m, 6H), 3.03 (s, 24H),
1.81 — 1.58 (m, 12H), 1.52 — 1.39 (m, 6H), 1.37 — 1.25 (m, 6H).

13C NMR (126 MHz, DMSO-d6) 5 160.02, 158.40, 139.11, 136.61, 136.24, 135.97,
129.64, 128.51, 128.36, 128.11, 128.06, 127.83, 127.67, 126.90, 126.85, 126.54,
125.69, 114.67, 104.93, 100.72, 69.71, 69.70, 69.55, 69.47, 69.23, 67.36, 65.25,
64.09, 63.90, 62.23, 52.18, 50.80, 49.97, 28.46, 28.42, 25.50, 25.11, 25.09, 22.03,

21.77.

6,6-((5-((E)-4-((E)-4-((E)-4-((16,16-dimethyl-4,7,10,13-tetraoxa-16-azadocos-1-yn-
16-ium-22-yl)oxy)styryl)styryl)styryl)-1,3-phenylene)bis(oxy))bis(N,N,N-
trimethylhexan-1-aminium) iodide (4-10)

To a 1 Dr Vvial

I _>N’ Lo =
\KLD Y Y B s R e e equipped with a stir
N
I/_fo bar was added 4-10a
T (30 mg, 0.023 mmol),

trimethylamine (0.035 mL, 3.2 M in methanol, 0.113 mmol), and anhydrous THF (1

mL). The same proceedure was used as above for 4-9. (31 mg, 95%).
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'H NMR (500 MHz, DMSO-dg) & 7.69 — 7.51 (m, 10H), 7.32 — 7.07 (m, 6H), 6.95 (d,
J=8.3Hz, 2H), 6.78 (d, J = 2.1 Hz, 2H), 6.39 (t, J = 2.7 Hz, 1H), 4.14 (d, J = 2.6 Hz,
2H), 4.01 (t, J = 7.1 Hz, 6H), 3.83 (t, J = 4.5 Hz, 2H), 3.60 — 3.49 (m, 14H), 3.44 (t, J
= 2.2 Hz, 1H), 3.34 — 3.26 (m, 6H), 3.06 (s, 24H), 1.79 — 1.67 (m, 12H), 1.54 — 1.43
(m, 6H), 1.40 — 1.31 (m, 6H).

3C NMR (126 MHz, DMSO-d6) & 160.03, 158.41, 139.12, 136.83, 136.24, 135.97,
129.65, 128.52, 128.37, 128.12, 128.07, 127.84, 127.68, 126.91, 126.86, 126.55,
125.69, 114.68, 104.94, 100.71, 80.33, 77.17, 69.78, 69.70, 69.50, 69.45, 68.54,
67.36, 65.26, 64.13, 63.89, 62.25, 57.51, 52.19, 50.83, , 28.47, 28.42, 25.50, 25.11,

25.10, 22.03, 21.78.
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4.6.2 COE-NTA

2,2'-((5-(((benzyloxy)carbonyl)amino)-1-carboxypentyl)azanediyl)diacetic acid (4-18)

To a 50 mL round bottom flask equipped with a stir bar was added

OH o

A

. N/\/\Jﬁﬁ bromoacetic acid (2.08g, 15 mmol) and 7 mL 2 M sodium hydroxide.

: ° This solution was stirred and cooled to 0°C. In a separate vessel, N-
epsilon-CBz-lysine (2 g, 7.13 mmol) was dissolved in 11 mL 2 M sodium hydroxide
and slowly added to the cooled solution. The mixture was stirred at 0°C for two
hours, room temperature overnight, and at 50°C for two hours. At 50°C, 22 mL 1 M
hydrochloric acid was added slowly. The solution was then cooled to room

temperature and the white solid product was collected by filtration. The product was

used without further purification (2.6 g, 92%, no characterization).

diethyl 2,2'-((6-(((benzyloxy)carbonyl)amino)-1-ethoxy-1-oxohexan-2-yl)azanediyl)
diacetate (4-19)
To a 10 mL round bottom flask equipped with a stir bar and reflux

TNAO/\ condenser was added 4-18 (0.75 g, 1.73 mmol), ethanol (5 mL),

(o]
CBZEW 3

and a drop of sulfuric acid. The mixture was refluxed overnight,
cooled to room temperature, and transferred to a separatory funnel. Aqueous
sodium bicarbonate was added until ~pH = 7 followed by DCM. The organic layer
was collected and the aqueous layer was extracted with 4 more portions of DCM.

The combined organic layers were dried with sodium sulfate, filtered, and
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concentrated under reduced pressure to yield the product (0.77 g, 96%) which was
used without further purification.

'H NMR (500 MHz, Chloroform-d) & 7.40 — 7.30 (m, 5H), 5.10 (s, 2H), 4.18 — 4.10
(m, 6H), 3.62 (s, 4H), 3.41 (t, J = 7.6 Hz, 1H), 3.24 — 3.17 (m, 2H), 1.75 — 1.64 (m,

2H), 1.58 — 1.38 (m, 4H), 1.29 — 1.21 (m, 9H).

ethyl 6-amino-2-((2-ethoxy-2-oxoethyl)(2-methoxy-2-oxoethyl)amino)hexanoate
(4-20)
( To a 10 mL round bottom flask equipped with a stir bar was added

TN/RO/\ 4-19 (500 mg, 1.08 mmol), ethanol (5 mL), and a small portion of

o
H,oN

o}

10 wt% palladium on carbon (tip of a small spatula). The solution
was sparged with argon for 15 minutes followed by hydrogen for 2 minutes. The
hydrogen atmosphere was maintained using a balloon attaced to the flask via a
syringe and needle through a septum. The hetergenous mixture was stirred at 65°C
for 6 hours. After cooling to room temperature, the solution was sparged with argon
for 5 minutes. Solids were removed by filtering through a pad of celite using a large
volume of ethyl acetate to wash the pad. Concentration under reduced pressure
afforded the desired product (343 mg, 91%).

'H NMR (500 MHz, Chloroform-d) 5 4.13 (q, J = 7.2 Hz, 6H), 3.63 (s, 4H), 3.40 (t, J
= 7.5 Hz, 1H), 2.70 — 2.66 (m, 2H), 1.75 — 1.63 (m, 2H), 1.49 — 1.33 (m, 4H), 1.25 (t,

J =7.1Hz, 9H).
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diethyl  2,2'-((6-(2-bromoacetamido)-1-ethoxy-1-oxohexan-2-yl)azanediyl)diacetate
( (4-21)
o Orzfuo\of\ A flame-dried 10 mL round bottom flask equipped with a stir bar
\)Lu/\/vl\g ] was charged with 2 mL anhydrous THF and 53 pL bromoacetyl
chloride (0.635 mmol) under inert atmosphere and cooled to -15°C. To a flame-dried
2 Dr vial was added 4-20 (200 mg, 0.577 mmol), freshly-distilled
diisopropylethylamine (106 pL, 78 mg, 0.606 mmol), and 2 mL anhydrous THF under
inert atmosphere. The contents of this vial were added dropwise via syringe to the
10 mL round bottom flask, taking care to maintain the temperature at -15°C. The
reaction was allowed to proceed for 2 hours at -15°C before slowly warming to room
temperature. The mixture was then partitioned between water and DCM and the
organic layer was collected. The aquous layer was washed 3 additional times with
DCM. The combined organic layers were dried with sodium sulfate and passed
rapidly through a short (~3 cm) plug of silica gel. The plug was washed with a
significant amount of DCM. Concentration under reduced pressure afforded the
desired product (330 mg, 70%).
'H NMR (500 MHz, Chloroform-d) & 4.16 (q, J = 7.1 Hz, 6H), 3.89 (s, 2H), 3.62 (s,
4H), 3.44 (t, J = 6.8 Hz, 1H), 3.34 — 3.27 (m, 2H), 1.77 — 1.68 (m, 2H), 1.61 — 1.41

(m, 4H), 1.31 — 1.25 (m, 9H).
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2-methyl-5,8,11-trioxa-2-azatridecan-13-ol (4-22)

To a flame-dried 50 mL round bottom flask equipped with a
/”i‘\/\o/\/(’\/\o/\/o'*

stir bar was added 4-4 (2.5 g, 7.2 mmol) and dimethylamine
(18 mL, 2 M in THF, 36 mmol) under inert atmosphere. The flask was sealed with a
septum and the mixture was heated to 40°C overnight. After cooling to room
temperature, the solution was concentrated under reduced pressure. The residue
was partioned between ethyl acetate and water (pH = 3). The aqueous layer was
collected and the organic layer was extracted with 3 more portions of water (pH = 3).
The aqueous layers were combined and the pH was adjusted to pH = 11 before
extracting with 5 portions of DCM. The combined organic layers were dried over
sodium sulfate and concentrated under reduced pressure to afford the desired
product (1.4 g, 88%).
'H NMR (400 MHz, Methylene Chloride-d;) & 3.67 — 3.51 (m, 14H), 3.18 (s, 1H),

2.45 (t, J = 5.8 Hz, 2H), 2.20 (s, 6H).

ethyl 23-(2-ethoxy-2-oxoethyl)-22-(ethoxycarbonyl)-2-methyl-16-0x0-5,8,11,14-
tetraoxa-2,17,23-triazapentacosan-25-oate (4-23)
To a flame-dried 10 mL round bottom flask
0. 9 ©
| o TNH\O’\ equipped with a stir bar was added sodium
/N\/\O/\/O\/\o/‘\/o\)LN’\/\/j\é(o\l ) .
hydride (20.5 mg of 60 wt%, 0.513 mmol) and
anhydrous THF (1 mL) under inert atmosphere. The heterogenous solution was

cooled to 0°C. In a flame-dried 1 Dr vial, 4-22 (125 mg, 0.565 mmol) was dissolved

in 2 mL anhydrous THF before slowly adding to the reaction vessel at 0°C via syring.
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This solution was maintained at 0°C for 30 minutes before the slow addition of 4-21
(240 mg, 0.513 mmol) as a solution in THF (2 mL). The reaction mixture was
maintained at 0°C for an additional 30 minutes before slowly allowing it to warm to
room temperature. After 2 hours at room temperature, the mixture was diluted into
~25 mL of diethyl ether. The solution was triterated and the residual solid was
washed with another portion of diethyl ether. After filteration to remove the remaining
solids, the solution was concentrated under reduced pressure. The pure product
(200 mg, 64%) was obtained following C18 reversed phase chromatography
(water/methanol, 0-100% over 5 CVs followed by 2 CVs of methanol).

'H NMR (500 MHz, Chloroform-d) & 7.07 (s, 1H), 4.20 — 4.09 (m, 6H), 3.97 (s, 2H),
3.71 — 3.61 (m, 16H), 3.57 (t, J = 5.8 Hz, 2H), 3.40 (t, J = 7.5 Hz, 1H), 3.27 (q, J =
6.9 Hz, 2H), 2.51 (t, J = 5.7 Hz, 2H), 2.26 (s, 6H), 1.77 — 1.64 (m, 2H), 1.59 — 1.46
(m, 3H), 1.42 — 1.33 (m, 1H), 1.31 — 1.24 (m, 9H).

13C NMR (126 MHz, cdcls) 5 172.65, 171.36, 169.80, 70.89, 70.56, 70.53, 70.52,
70.30, 70.26, 69.15, 69.03, 64.84, 60.51, 60.42, 58.75, 52.69, 45.73, 38.68, 30.17,

29.32, 23.34, 14.27, 14.18.

cl
‘\_\_¥o O y O o

oo
o

Jf ((E)-4-((E)-4-((6-

iodohexyl)oxy)styryl)styryl)

1,3-bis((6-chlorohexyl)oxy)-5-((E)-4-

styryl)benzene (1-5)
See Section 1-9

15% over 8 steps, yellow-green solid
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N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-
chlorohexyl)oxy)styryl)styryl)styryl)phenoxy)hexyl)-21-(2-ethoxy-2-oxoethyl)-20-
(ethoxycarbonyl)-N,N-dimethyl-14,23-dioxo-3,6,9,12,24-pentaoxa-15,21-
diazahexacosan-1-aminium iodide (4-24)

To a 1 Dr vial

C"\—\_\; y O OWV"EILI/_-\O/\/O\/\O/\/O\)OLQ/\/\)\H/DW equped W|th a
° A O

) stir bar was
ufﬁ/_ added 4-23 (16
mg, 0.026 mmol), 1-5 (22 mg, 0.025 mmol), and anhydrous THF (0.2 mL). The
mixture was stirred at 40°C for 2 days. After cooling to room temperature, the
mixture was transferred to a 50 mL centrifuge tube containing 15 mL of cold diethyl
ether. The semi-solid was collected by centrifugation before washing 2 additional
times with diethyl ether. Residual volatiles were removed under reduced pressure to
afford the pure product (36 mg, 95%).

'H NMR (500 MHz, Chloroform-d) & 7.56 — 7.41 (m, 10H), 7.15 — 6.84 (m, 8H), 6.67
(d, J = 2.2 Hz, 2H), 6.39 (t, J = 2.2 Hz, 1H), 4.18 — 4.12 (m, 7H), 4.03 — 3.98 (m, 8H),
3.87 (s, 2H), 3.73 — 3.60 (m, 20H), 3.57 (t, J = 6.7 Hz, 4H), 3.45 — 3.34 (m, 7H), 3.27
(g, J = 6.9 Hz, 2H), 1.88 — 1.32 (m, 30H), 1.29 — 1.26 (m, 9H).

13C NMR (126 MHz, cdcls) & 172.64, 171.36, 160.43, 158.73, 139.28, 137.06,
136.84, 136.51, 136.29, 130.11, 128.67, 128.61, 128.28, 128.13, 127.90, 127.78,
126.92, 126.86, 126.83, 126.59, 126.17, 114.75, 105.16, 101.00, 70.85, 70.55,

70.51, 70.45, 70.43, 70.30, 67.83, 67.56, 66.24, 65.03, 64.73, 60.58, 60.50, 52.74,
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52.07, 45.02, 38.67, 32.53, 30.13, 29.69, 29.27, 29.15, 28.97, 26.66, 25.93, 25.72,

25.45, 23.30, 22.84, 14.32, 14.22.

N-(6-(4-((E)-4-((E)-4-((E)-3,5-bis((6-iodohexyl)oxy)styryl)styryl)styryl)phenoxy)hexyl)-
21-(2-ethoxy-2-oxoethyl)-20-(ethoxycarbonyl)-N,N-dimethyl-14,23-dioxo0-3,6,9,12,24-
pentaoxa-15,21-diazahexacosan-1-aminium iodide (4-25)

To a 5 mL gas-
o~
l_\R PO NP ok “/Eﬁr tight reaction
5 O T R

) vessel equipped
.J_/J with a stir bar
was added 4-24 (15 mg, 0.011 mmol), sodium iodide (17 mg, 0.11 mmol) and
acetone (1 mL). The vessel was sealed and heated to 70°C for 2 days. After cooling
to room temperature, the solids were removed by filtration before partioning the
solution between chloroform and water. The organic layer was collected and the
aquous layer washed with 2 more portions of chloroform. The combined organic
layers were dried over sodium sulfate, filtered, and concentrated under reduced
pressure to afford the pure product (16 mg, 99%).

'H NMR (500 MHz, Chloroform-d) & 7.57 — 7.42 (m, 10H), 7.13 — 6.87 (m, 8H), 6.67
(d, J = 2.2 Hz, 2H), 6.40 (t, J = 2.2 Hz, 1H), 4.15 (d, J = 7.1 Hz, 6H), 4.00 (t, J = 6.4
Hz, 6H), 3.96 — 3.92 (m, 2H), 3.83 — 3.79 (m, 2H), 3.78 — 3.59 (m, 20H), 3.44 — 3.37
(m, 8H), 3.33 — 3.27 (m, 2H), 3.23 (t, J = 7.0 Hz, 4H), 1.92 — 1.47 (m, 30H), 1.29 —

1.24 (m, 9H).
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13C NMR (126 MHz, cdcls) & 172.77, 171.65, 170.31, 160.42, 158.75, 139.27,
137.07, 136.84, 136.50, 136.26, 130.05, 128.67, 128.60, 128.28, 128.15, 127.88,
127.78, 126.92, 126.86, 126.83, 126.60, 126.12, 114.79, 105.17, 101.00, 70.09,
67.83, 67.64, 66.14, 65.01, 64.49, 63.64, 60.80, 60.61, 52.96, 52.12, 38.90, 33.41,
31.92, 30.26, 29.80, 29.69, 29.36, 29.10, 28.98, 28.64, 27.22, 25.94, 25.72, 25.11,

23.02, 22.87, 22.69, 14.34, 14.22, 14.12, 6.99.

6,6'-((5-((E)-4-((E)-4-((E)-4-((6-(2-ethoxy-2-oxoethyl)-7-(ethoxycarbonyl)-27,27-
dimethyl-4,13-dioxo-3,15,18,21,24-pentaoxa-6,12,27-triazatritriacontan-27-ium-33-
yl)oxy)styryl)styryl)styryl)-1,3-phenylene)bis(oxy))bis(N,N,N-trimethylhexan-1-
aminium) iodide (4-26)

To a 1 Dr vial
(

© e O“[Dﬁio/\ equipped with a
/ | e N
\—L\O Q O ; O O/\/\/\,N\/\O/\,O\/\O/\,O\)L /V\)IO\E

stir bar was
N JJJ ) added 4-25 (15
mé], 0.010 mmol), trimethylamine (0.03 mL, 3.2 M in methanol, 0.10 mmol), and THF
(0.3 mL) under inert atmosphere. The mixture was stirred for 2 days at room
temperature. During the course of the reaction, yellow solids were formed. These
solids were dissolved by adding a drop of methanol before adding the entire solution
to a 50 mL centrifuge tube containing 15 mL diethyl ether. The precipitate was
collected by sequential centrifugation and wash steps with diethyl ether. 50/50
THF/diethyl ether was used as a final wash. Residual volatiles were removed under

reduced pressure to afford the desired product as a yellowish solid (17 mg, 99%).
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'H NMR (400 MHz, DMSO-dg) & 7.70 — 7.51 (m, 10H), 7.34 — 7.04 (m, 6H), 6.94 (d,
J = 8.4 Hz, 2H), 6.78 (d, J = 2.1 Hz, 2H), 6.39 (t, J = 2.1 Hz, 1H), 4.09 — 3.96 (m,
12H), 3.88 — 3.81 (m, 4H), 3.63 — 3.48 (m, 21H), 3.34 — 3.25 (m, 12H), 3.06 (s, 18H),

1.74 (dt, J = 15.9, 9.3 Hz, 8H), 1.52 — 1.16 (m, 31H).

6,6'-((5-((E)-4-((E)-4-((E)-4-((1,3-dicarboxy-2-(carboxymethyl)-23,23-dimethyl-9-oxo-
11,14,17,20-tetraoxa-2,8,23-triazanonacosan-23-ium-29-yl)oxy)styryl)styryl)styryl)-
1,3-phenylene)bis(oxy))bis(N,N,N-trimethylhexan-1-aminium) iodide (4-27)
To a 1 Dr vial
OT:H/z ot equipped with a

‘\_\_\7 O Q y O O/\/\/\,N\/\O/\/O\/\O/\/O\/H\ /\/\/Hf
Q /

. _J_/_[ added 4-26 (17

mg, 0.01 mmol) and a solution of lithium hydroxide (2.4 mg in 1 mL water, 0.1 M).

stir  bar was

The mixture was stirred under inert atmosphere overnight at room temperature. The
solution was directly loaded on a C18 reverse phase column and flushed with 2 CVs
of water before eluting the product with methanol. After concentration under reduced
pressure, minimal methanol was used to dissolve the residue. This solution was
added to a 50 mL centrifuge tube containing 15 mL diethyl ether and the precipitate
was collected by centrifugation. Two subsequent wash and centrifuge steps with
50/50 diethyl ether/THF (anhydrous) afforded the desired product as a yellowish
solid (14 mg/ 90%).

'H NMR (400 MHz, DMSO-dg) 8 7.71 — 7.46 (m, 10H), 7.33 — 7.03 (m, 6H), 6.91 (d,

J=8.3Hz, 2H), 6.74 (d, J = 2.1 Hz, 2H), 6.35 (t, J = 2.0 Hz, 1H), 3.97 (t, J = 6.4 Hz,
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6H), 3.86 — 3.79 (m, 4H), 3.58 — 3.45 (m, 18H), 3.33 — 3.20 (m, 9H), 3.19 — 3.11 (m,

6H), 3.02 (s, 18H), 1.80 — 1.14 (m, 30H).
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Chapter 5. COEs as a Potential Novel Class of
Antibiotic

5.1 Introduction

5.1.1 Antimicrobial Resistance and the Threat it poses to Humanity
According to the well-appreciated 2014 Review on Antimicrobial Resistance,® the
world in 2050 could be one plagued by untreatable infections. In this review it was
estimated that without a significant change in course, antimicrobial resistance (AMR)
could result in 10 million deaths annually. Additionally, the financial burden of such a
crisis could be expected to reach 100 trillion USD. A recent article in The

Economist?*°

made similar grim predictions of a future where surgeries that are
routine today would become too risky due to the chance of contracting infections for
which there is no cure. While there is still hope to avoid such a fate, there is a
general consensus that we are currently losing the battle against drug-resistant
bacteria. According to the latest CDC report on antibiotic resistance in the United
States, 2.8 million people become infected with antibiotic-resistant bacteria per year
and 35,000 die as a result.”**

A number of factors have contributed to our struggle with AMR, not the least of
which is an antibiotic pipeline that has long since stopped flowing. All major classes
of antibiotics used today were developed by the 1960s.%*%?* The predicted antibiotic
development renaissance based on computational high-throughput screening never

came to fruition, with most programs having nothing to show for their effort.**> 2
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Many of the major pharmaceutical companies have now left the antibiotic space due
to the poor financial outlook.”*” Development of novel drugs to combat AMR (and
potentially save our future) has been left up to academic researchers and small

companies.

5.1.2 The Membrane as a Target for Antibiotics

Membrane-active antibiotics have been around since the 1940’s following the
discovery of polymyxins®*® and subsequent FDA-approval of colistin®® but nature
has a long history of using membrane disruption to combat microbes.?® ?° Natural
AMPs were first isolated from Bacillus brevis in 1939 by Dubos,?*°® who subsequently
demonstrated the ability of these AMPs to treat wound infections in guinea pigs.*"
222 A select few AMPs are currently in development as antibiotics but many more
have unfortunately proved unsuitable as therapeutic agents.??® ?** These successes
and failures have been chronicled in many recent reviews.**>°

Compared to the vast majority of antibiotics, which have protein targets,
antibiotics that act on the bacteria membrane have a number of potential
advantages: membranes are essential to survival and are present in all bacteria,?*
226 disrupting the membrane has the potential to kill metabolically-inactive bacteria,
and the opportunity for developing resistance is lower.”® ??” As such, AMPs
generally possess broad-spectrum activity, including against stains which are multi-
drug resistant (MDR).??® It is now understood that net-positive charge and

229, 230

hydrophobicity dictate the antimicrobial activity and selectivity of AMPs, many
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of which deactivate microbes directly through membrane disruption via a number of
different mechanisms. 23233

Guided in large part by the findings of AMP research, membrane-active small
molecule antimicrobials are emerging as a potential means to combat MDR

infections.3® These compounds generally contain cationic groups and a

hydrophobic core that can be derived from a vast number of structures including

234-237 8 239, 240 d 241
)

arylamides, arylureas,”® phenylene ethynylene, cholic aci and

various aryl or heteroaryl units.?**?** Similar to AMPs, a number of potential

2 or the

mechanisms of action have been identified such as pore formation™
remodeling of lipid domains.?*® ?*” In addition to potential mechanisms and selectivity
towards bacteria, many of these compounds also share with AMPs the ability to
evade resistance.*

The ability of COEs to interact with microbial membranes has been well-
established in this dissertation. This chapter will outline our preliminary efforts to
develop COEs as membrane-active antibiotics. Much of the content of this chapter

was in included in a patent filing (UC Case No. 2018-423) and other pertinent data

has been omitted for the protection of potential subsequent filings.

5.2 Design of a COE antibiotic — our initial “hit” compound

Previous work in our group, as well as the project described in Chapter 2, identified
COE “length” as a key contributing factor for antimicrobial activity. The analysis

detailed in Chapter 2 allowed us to explicitly define this parameter as the distance
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between ammonium groups on opposite ends of the structure. It was found in both
studies, however, that reducing this length will eventually result in a loss of cell
affinity and thus poor antimicrobial activity. A visiting student in our group, Zichao
Zhang, began synthesizing new COEs with increased hydrophobicity in an attempt
to recover activity by restoring affinity for membranes. After a period of mixed
results, our collective pool of design ideas became thin. Then, following a discussion
with  my former undergraduate labmate (Dr. Roscoe Linstadt of Prof. Bruce
Lipshutz’s lab) about a quaternization reaction he was working on, serendipity
struck. Roscoe provided a small portion of N,N-dimethylhexylamine and Zichao
synthesized a new COE, now called “COE2-2hexyl”, which became our “hit’

compound and marked the inception of our antibiotics effort.
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Figure 5-1 Derivatization of COE2-2C to produce a COE with improve antimicrobial activity
through increased affinity for bacteria — COE2-2hexyl.

As shown schematically in Figure 5-1, COE2-2C had a higher-than-expected MIC

which was attributed to its low affinity for bacteria. Substitution of one of the methyl
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groups for a hexyl group on the terminal ammoniums provided increased affinity for
cells without increasing the distance between opposite ammonium groups.
Increasing the number of aromatic rings in the core or methylenes in the pendant
chains would have also increased bacterial affinity but it was already shown in
Chapter 2 that these modifications would also reduce antimicrobial activity.
Introducing the additional hydrophobic domain beyond the ammonium groups in
COE2-2hexyl allowed us to leverage both the hydrophobicity-affinity and length-

antimicrobial activity trends.

Table 5-1 Comparison of antimicrobial activity of COE2-2hexyl and azithromycin.

MIC values (mg/mL)

Pathogen Azithromycin COE2-2hexyl
S. Typhimurium 4 2
E. coli 4 2
P. aeruginosa 128 8
K. pneumoniae (CRE)* 256 4
S. flexneri 2 2
Y. pseudotuberculosis 8 1
A. baumannii 64 4
N. gonorrhoeae 0.03 0.5
S. pneumoniae 8 8
S. aureus (MRSA)* 128 1

*clinical isolates from expired patients

Following the observation that COE2-2hexyl possessed good antimicrobial
activity (MIC = 4 uM for E. coli K12), we initiated a collaboration with Dr. Michael
Mahan (UCSB) to help with the process of investigating COEs as antimicrobial
agents. The Mahan lab tested COE2-2hexyl, along with a number of other COEs,

against a broad panel of pathogenic bacteria. Their results, summarized in Table 5-
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1, indicate that COE2-2hexyl has a broad spectrum of activity (i.e. functions against
many strains of both gram-positive and gram-negative varieties). Even multi-drug
resistant (MDR) bacteria were found to be susceptible to COE2-2hexyl. In fact, no
strain that the Mahan Lab tested had an MIC > 8 pg/mL and most were more
susceptible to COE2-2hexyl than the control antibiotic, azithromycin.

The positive MIC results prompted the Mahan Lab to test COE2-2hexy in a
mouse model for bacteremia. Mice were inoculated with the two clinical isolates
(separately) indicated in Table 5-1 and it was confirmed that both strains were able
to cause infection. Groups of five infective mice received either COE2-2hexyl (2
mg/kg, IV bolus, tail vein, once daily for 3 days) or vehicle control. All untreated mice
expired as a result of the infection while all treated mice survived. This experiment
was repeated and the initial results were confirmed — COE2-2hexyl was able to

protect against 100 % lethal infections without causing overt toxicity in mice.

Table 5-2 ICxy values for COE2-2hexyl against various cell lines. Asterisks (*) indicate test that
were conducted at Eurofins Discovery Services.

Primary Human .

* *
NIH 3T3 J774 Hep G2 Hep G2 Hepatocytes* HRPTEpIC
ICs (MQ/uL) 104 2.5 7.3 5.6 13.2 2.6

Although COE2-2hexyl was found to be non-toxic at a dose of 2 mg/kg,
cytotoxicity results indicated that there is a potential risk of damage to mammalian
cells. A postdoc in our group, Dr. Chenyao Nie, tested the cytotoxicity of COE2-
2hexyl against various cell lines using the standard MTT assay. Her results were

also confirmed by contracting Eurofins Discovery Services (St. Charles, MO) to
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conduct similar tests. The results are summarized in Table 5-2. As suggested for
membrane-active antimicrobials in general,*® COE2-2hexyl appears to cause
significant cytotoxicity. The remainder of this chapter will focus on our group’s efforts
to optimize COE structure to achieve low MIC, low cytotoxicity, and other positive

attributes.

5.3 The effect of pendant and terminal alkyl chain lengths on
antimicrobial and cytotoxic properties

In a similar manner as outlined in Chapter 2, a homologous series of COEs was
developed specifically to investigate how structure impacts MIC and cytotoxicity. As
the intent was to retain high antimicrobial activity, the distance between ammonium
groups was kept short. Conjugated cores were Ilimited to stilbene and
distyrylbenzene. For the stilbene core, only pendant chains of 6 carbons were
investigated. For the distyrylbenzene core, pendants from 2 to 4 carbons were
utilized. The primary modification site in this homologous series was the terminal
alkyl chain, which was varied from 1 to 6 carbons. A general structure encompassing
this series of COEs is shown in Figure 5-2. All compounds for which there is no
detailed synthetic method in Section 5.6 were prepared by Jakkarin Limwongyut.
Certain intermediates were synthesized by Luana Llanes. Most of the MIC and
cyctotoxicity experiments were conducted by Dr. Chenyao Nie. Our cumulative

results using this series of COE are shown in Table 5-3.
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Figure 5-2 Generic structure of COEs used for preliminary antimicrobial/cytotoxicity SAR
studies. Selectivity for bacteria was assessed as a function of parameters “a”, “b”, and “c”.

Two major trends can be observed from the data presented below. First, it
appears that distyrylbenzene-based COEs perform better than their closest stilbene
analogues. For example, all three distyrylbenzene derivatives containing “butyl”
terminal chains show markedly better selectivity than COE2-2butyl. While we do not
yet have an explanation for this trend, this observation does serve to narrow the

scope of structures to investigate in future optimization efforts.

Table 5-3 Antimicrobial activity, cytotoxicity, and selectivity of thirteen COEs containing
variable parameters “a”, “b”, and “c”.

parameter E. coli K12 Hep G2 Selectivity
a b o Name MIC (ug/mL)  ICso (pg/mL) ICay/MIC
0 4|5 COE22hexyl 4 7 2
0| 4|4 COE22pentyl 4 a4 10
0 4|3 | CoE22buty 4  -128(57%) | »32
1125 COE2-3C-Cdhexyl | 4 15 | 4
12| 4| COE23CCapentyl | 4 321 80
112 3 | COE2-3C-Cabutyl | 4 - >1024 (85%) | 256
1] 2 2 | COE2-3C-Cdpropyl | 8 - >128(91%) | =16
1 2 ' 0 COE2-3C-C4 32 >1024 (100%) >32
1 1 5 COE2-3C-C3hexyl 15 2
111131 COE23C-C3butyl | 4 | 837 i 160
11111 | coEz-accCaethyl | 32 1024 (61%) | >32
11 0!5 ! COE2-3C-C2hexyl | 13 3
1103 ! coEz-3c-Cobuyl | | >1024(85%) | 256
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The second and more profound observation is the dependence on the terminal
alkyl chain. All four COEs with “hexyl” terminal chains have low selectivity (~2-3).
Reducing the length to “pentyl” results in an increase in selectivity of roughly an
order-of-magnitude. Further reduction to “butyl” provides another order-of-magnitude
increase in selectivity. Within this set of COEs, “butyl” represents an optimal terminal
chain length as further reductions begin to have significant negative impacts on
antimicrobial properties.

In order to assess the spectrum of activity of these new COEs, we contracted
Emery Pharma (Alameda, CA) to conduct MIC measurements on a panel of the so-
called “ESKAPE” pathogens. “ESKAPE” is an acronym coined by Rice®*® in 2008 for
the most serious antibiotic-resistant nosocomial pathogens - Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species. These bacteria also occur
near the top of the lists of priority pathogens published by the World Health

249,250 3nd the CDC.?' The data are summarized in Table 5-4 below.

Organization
Somewhat unexpectedly, the MIC values for E. coli K12 did not accurately predict
the MICs against other strains (this may be common for many antibiotics but was not
anticipated for COEs based on the data for COE2-2hexyl against a broad panel of
pathogens in Table 5-1). In general, the compounds with the highest selectivity
(ICs0/MIC) in our tests with E. coli K12 also had the highest selectivity towards other
strains. Unlike E. coli K12, though, certain strains showed significantly reduced

susceptibility to COEs with shortened terminal alkyl chains. In particular, P.

aeruginosa showed limited susceptibility to anything shorter than a “hexyl” pendant
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chain. While many of the MIC values did not reach desirable levels, this test did
demonstrate that structural modifications can be used to improved selectivity for
bacteria over mammalian cells. Additionally, it was found that COEs with low
cytotoxicity were still highly effective against gram-positive bacteria, suggesting that

gram-positive-specific COE antibiotics are well within reach.

Table 5-4 MIC values (in pg/mL) for ten COEs against ESKAPE pathogens tested at Emery
Pharma as well as two E. coli strains.

Gram positive Gram negative
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COE2-Zhexyl 0.25 0.5 0.5 2 4 4 4 8 8 2 1 4
COE2-2butyl 0.5 0.5 05 16 32 >64 >64 >64 >64 16 4 4
COE2-3C-C4hexyl 0.25 0.5 1 4 4 2 4 16 32 2 2 4
COE2-3C-C4butyl 0.5 0.5 1 16 32 32 64 64 8 4 4
COE2-3C-Cdpropyl 1 1 1 32 64 64 | >B4 >B4 8 4 8
COE2-3C-C4ethyl 4 1 2 16 32 64 64 >64 >64 8 8 16
COE2-3C-C4 8 2 2 32 64 64 64 >64 >64 8 8 32
COE2-3C-C3hexyl 0.25 2 0.5 2 2 2 2 16 32 2 1 8
COEZ2-3C-C3butyl 0.25 0.5 1 4 16 16 16 64 32 4 1 4
COE2-3C-C2butyl 1 1 2 4 16 32 32 64 64 4 1 4

Given the apparent (but not equivalent) dependence of MIC and cytotoxicity on
the terminal chain length, we next set out to understand how the specific
composition of the terminal group affects this trend. More precisely, we designed
COEs with multiple, shorter terminal chains rather than a single long chain (Figure 5-

3).
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Figure 5-3 Four COEs designed to test the effects of multiple short terminal chains relative to
a single long terminal chain.

The MIC and ICs values for these four COEs, as well as seven which contain
single terminal chains, are presented in Table 5-5. Additionally, the sp*-carbon
content of each COE is listed. “Terminal” refers to the number of carbons that occur
beyond a single nitrogen atom (i.e. not between the core and the ammonium).
“Total” refers to the total number of carbons in a single appendage (i.e. “terminal”
plus the carbons between the core and ammonium). “Longest” refers to the longest
continuous terminal alkyl chain.

Considering first the structures with single extended terminal chains, it appears
that cytotoxicity is highly dependent on the length of the longest chain (reflected in
either “terminal” or “longest”). For example, COE2-3C-C4butyl contains the same
“total” as COEZ2-3C-C2hexyl (10) yet has a significantly-higher ICso. This effect
results in differential selectivity of these compounds, as described earlier in this
section. It is unclear, however, whether MIC depends on the same structural

parameter. Analysis of antimicrobial activity as a function of sp*-carbon content
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indicates a minimum necessary hydrophobic character but the specific structural

parameter cannot be identified.

Table 5-5 Antimicrobial activity and cytotoxicity of COEs as a function of pendant chain
structure.

E. coli K12 Hep G2 spi-carbon content
MIC (pg/mL) ICs0 (Mg/mL) terminal total longest

------ Single Long Terminal Chains ----—-

COE2-3C-C3ethyl 32 >1024 (61%) 4 2
COE2-3C-C3propyl 8 >1024 (87%) 5 3
COE2-3C-C3butyl 4 637 6 4
COE2-3C-C4pentyl 4 128 7 1 5
COE2-3C-C3hexyl 8 15 8 1 6
COE2-3C-C2hexyl 4 13 8 10 6
COE2-3C-C4butyl 4 >1024(85%) 6 10 4
------ Multiple Short Terminal Chains ------
COE2-3C-C3dipropyl 2 >128 (92%) 7 10 3
COE2-3C-C3dibutyl 8 32 9 12 4
COE2-3C-C3triethyl 16 >128 (100%) 6 9 2
COE2-3C-C3tripropyl 64 9 12 3

The MIC values for the two structures containing three extended terminal chains
(COE2-3C-Ca3triethyl and COEZ2-3C-C3tripropyl) were found to be unexpectedly
high. This result may be attributable to excessive steric screening of the positive
charge which could result in reduced affinity for negatively-charged membranes or
lead to aggregation in solution. The two structures with one methyl group and two
extended chains (COE2-3C-C3dipropyl and COE2-3C-C3dibutyl), as well as COE2-
3C-Catriethyl, proved less-cytotoxic than would have been expected based on total
hydrophobic content. This result supports the hypothesis that the length of terminal
chains has more impact on cytotoxicity than does the cumulative number of

“terminal” carbons (or “total” carbons). In the case of COE-3C-C3dipropyl and
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COE2-3C-Ca3dibutyl, it was also found that replacing a single long chain with two
shorter chains had less impact on MIC than cytotoxicity (i.e. increased selectivity for
bacteria). In fact, the MIC of COE2-3C-C3dipropyl against E. coli K12 (2 pg/mL) was
the lowest of any COE tested to this point. This suggests that while cytotoxicity is
dependent mainly on the length of the terminal chains, MIC depends more heavily
on the total hydrophobic content. The design of future compounds with improved
selectivity will incorporate these important findings.

Given the promising results, COE2-3C-C3dipropyl was sent to Emery Pharma for
evaluation against the ESKAPE panel. However, it was found that the improved MIC
against E. coli K12 did not translate to other microbes. COEs with high MICs against
E. coli K12 (>8 pg/mL) always showed poor activity against other gram-negative
bacteria while good activity against E. coli K12 did not seem predictive of broad
spectrum activity. To determine if this conclusion was warranted, the correlation (R)
and significance (p) were calculated for MIC values of eight COEs between pairs of
E. coli and gram-negative members of the ESKAPE panel. The R-values (calculated
in MATLAB R2016b, academic license) for all pairs of bacteria are shown in Figure

5-4 and three representative comparisons are highlighted in Figure 5-5.
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Figure 5-4 Correlation of MIC values for COEs against various gram-negative strains

Excluding E. coli K12, correlation between different strains is high (0.6-1.0).
Correlation between E. coli K12 and any other strain is much weaker (R < 0.5) with
the exception of E. coli ATCC 25922 (R = 0.76). In the plot of MIC values for A.
baumannii and E. cloacae (Figure 5-5a), the values of one strain are highly
predictive of the other despite the relatively higher MIC values for A. baumannii. The
plot comparing A. baumannii with P. aeruginosa (Figure 5-5b), which have similar
COE susceptibilities, shows a weaker, yet still predictive correlation. In contrast, the
plot comparing A. baumannii and E. coli K12 (Figure 5-5c) highlights the poor
correlation of the latter with other strains. For example, the plot shows that COEs
with an MIC of 4 pg/mL against E. coli K12 have MICs against A. baumannii ranging
from 4-128 pg/mL. The obvious conclusion is that E. coli K12 is not a suitable model

organism for MIC studies involving COEs but a more subtle observation can be
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made as well — the fact that all other strains are well-correlated suggests a general

mechanism of action (MOA) for COE antimicrobials.
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Figure 5-5 Comparison of MIC values against A. baumannii vs. E. cloacae, P. aeruginosa, and
E. coli K12

5.4 Multi-functional end groups and their effect on COE
antimicrobial activity

To further investigate the function of the terminal groups, we synthesized a series of
COEs which contained end groups bearing multiple functional units (i.e. not simple
alkyl chains). The six target COEs depicted below in Figure 5-6 are based on the
same general scaffold of three aromatic rings with a pendant chain of three carbons.
Five of these compounds have terminal groups comprised of propyl chains with
various substitutions (alcohol, diol, sulfate, primary amine, quaternary amine) and
the sixth contains N-methyl-DABCO. It was expected that alterations in the
hydrophobic/hydrophilic balance, as well as changes in net charge, would affect the

selectivity for microbes. We previously found that COEs with a net negative charge
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do not associate with negatively-charged membranes®* and thus we only included

compounds with a formal charger greater than or equal to O in this study.
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Figure 5-6 Synthetic routes used to access COEs with complex end groups.
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In general, the synthesis of these COEs involved forming the appropriate amine
and subsequent quaternization with the neutral intermediate, COE2-3I-C3. In the
case of COE2-3C-C3propyl-OH, commercially available 3-dimethylamino-1-propanol
was purchased and used directly in the quaternization reaction. For the other COEs,
amine intermediates were prepared as follows: 3-dimethylamino-1,2-propanediol
was prepared from dimethylamine and  3-chloro-1,2-propanediol, 3-
(dimethylamino)propane-1-sulfonic acid was prepared by ring-opening of 1,3-
propanesultone with dimethylamine, 1-methyl-1,4-diazabicyclo[2.2.2]octan-1-ium
iodide was prepared by quaternizing DABCO with a single equivalent of methyl
iodide, 3-(dimethylamino)-N,N,N-trimethylpropan-1-aminium iodide was prepared by
guaternizing tetramethylpropane-1,3-diamine with a single equivalent of methyl
iodide, and tert-butyl (3-(dimethylamino)propyl)carbamate was prepared from N,N-
dimethylpropane-1,3-diamine and di-tert-butyl dicarbonate. In the case of COE2-3C-
C3propyl-NH2, the boc protecting group was removed in the final step with

hydrochloric acid.

Table 5-6 Antimicrobial susceptibility tests of COEs containing complex terminal chains

MIC values (ug/mL)

E. coli K12 S. epidermidis

COE2-3C-C3butyl 4 2
COE2-3C-C3propyl 8 16
COE2-3C-C3propyl-OH >128 64
COE2-3C-C3qglycerol >128 >64
COE2-3C-C3propyl-SO3 >128 32
COE2-3C-C3DABCO 64 16
COE2-3C-C3propyl-NMe3 >128 32
COE2-3C-C3propyl-NH2 32 16
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The MICs against E. coli K12 and S. epidermidis of these six COEs, along with
COE2-3C-C3butyl and COE2-3C-C3propy! for reference, are shown in Table 5-6. In
all cases, derivatization of the terminal alkyl chain resulted in reduced antimicrobial
activity. The effect was less pronounced with S. epidermidis, suggesting that affinity
for gram-positive bacteria is less sensitive to these particular structural
modifications. In general, addition of negatively-charged moieties reduced the
antimicrobial activity more than the addition of positively-charged groups (although it
is interesting to note that COE2-3C-C3propyl-SO3 and COE2-3C-C3propyl-NMe3
have identical MIC profiles). This may be attributed to weakened coulombic
interactions between cells and COEs bearing alcohol, diol, or sulfate groups. Hence,
all six COEs may have reduced membrane-affinity due to increased hydrophilic
content and the three COEs with negatively-charged moieties may suffer further

reduction due to coulombic effects.
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Figure 5-7 Association of “COE2-3C-C3propy-“ family of COEs with E. coli K12.
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To determine if reduced affinity for bacteria was responsible for the increased
MICs, the association of these six compounds with E. coli K12 was measured. As
shown in Figure 5-7, all six COEs displayed limited association. For comparison, the
associated amounts of COE2-3C-C3butyl and COEZ2-3C-C3hexyl at a staining
concentration of 40 pM/ODggp are ~20 and ~40 puM/ODggo, respectively. Surprisingly,
COE2-3C-C3glycerol and COE2-3C-C3propyl-SO3, the two COEs with the least
positive character, showed the greatest affinity for E. coli K12. The two compounds
with the lowest association, COE2-3C-C3DABCO and COE2-3C-C3propyl-NH2,
both have net charges of +8 at neutral pH. The low affinity of these two COEs was
particularly unexpected given that they had higher antimicrobial activity than the

other four structures against both E. coli K12 and S. epidermidis.

Table 5-7 Comparison of antimicrobial activity and cytotoxicity/hemolysis of COE2-3C-C3butyl
and COE2-3C-C3propyl-NH2.

Gram + Gram - mammalian
| 2
| - _§7’)\
I
[ = ! £ 20
g 0 Yo So 8o o § = 52
S8 38 855 83 £3 %3 =2 2§ 8%
o] 2 E8ES S ol 8(\1 xo - @
oy 3 3030 50 3 Lol w32
&5 %8 27 8a ta X Wy T2 g
NSRS Q g = O =T | 0=
w - U)|<T: 20| 0O _O}Lu '<T: £ o_
¥ < o s rofa)
s §C
T
i
COE2-3C-C3butyl 025 05 16 16 32 3 4 1 5% | 2.7%
|

COE2-3C-C3propylNH2 8 | 8 | 16 | 8 | 16 | 8 | 4 |103% 0.3%

Although our preliminary MIC tests with the COEs containing terminal chains with
multiple functional units did not provide promising results, we decided to test COE2-

3C-C3propyl-NH2 against the ESKAPE panel. Surprisingly, COE2-3C-C3propyl-NH2
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showed reasonable activity against all the strains in the panel, despite having a
relatively high MIC against E. coli K12 (32 yg/mL). As shown in Table 5-7, COE2-
3C-C3propyl-NH2 has comparable MICs to the close analogue, COE2-3C-C3butyl.
Additionally, COE2-3C-C3propyl-NH2 appears to be less cytotoxic and hemolytic.
These promising results have prompted us to investigate COE2-3C-C3propyl-NH2

further and use this general framework for continuing optimization efforts.

5.5 Conclusions

In conclusion, we leveraged our understanding of COE structural parameters on
antimicrobial activity to begin investigating COEs as a novel class of antibiotics. The
low affinity of short COEs for microbial membranes was overcome by increasing
hydrophobic content. Our initial “hit” structure, COE2-2hexyl, showed broad-
spectrum activity in vitro and was demonstrated to be protective in a murine
bacteremia model. While COE2-2hexyl caused no overt signs of toxicity in vivo at
relevant doses, we observed a high level of cytotoxicity (in vitro) which compelled us
to design new structures with increased selectivity for microbes. Modulation of the
terminal chain composition lead to a significant improvement in selectivity (ICso/MIC)
from ~2 to >256. It was found that new derivatives with better selectivity retained
their broad-spectrum activity against the ESKAPE pathogens. Through these studies
we determined that E. coli K12 is not an appropriate model organism for screening
our compounds and an effort is now being made to identify a better model which can

provide predictive antimicrobial activity information for new derivatives. Finally, a
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new “lead” framework was developed through the inclusion of heteroatoms in the
pendant chains. COE2-3C-C3propyl-NH, in particular, shows promise as a scaffold
for future optimization. Specifically, this structure possesses reasonable
antimicrobial activity and negligible cytotoxic- or hemolytic- activity. Efforts to
develop COEs as a novel class of antibiotics to fight the impending AMR crisis are

ongoing.
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5.6 Synthetic Methods

Phosphonate P1 was prepared according to literature.

tetraethyl (1,4-phenylenebis(methylene))bis(phosphonate) (P1)

o [

o

o /_@_/ o~
P

O

Jo

methyl 3,5-bis(3-bromopropoxy)benzoate (5-1)

Methyl  3,5-dihydroxybenzoate (3 g, 17.8 mmol), 1,3-

B ~""0
o

dibromopropane (54 g, 268 mmol), potassium carbonate (7.4 g,

/
Br\,/\/o

53.5 mmol), and acetone (30 mL) were added to a flame-dried 100
mL two-neck flask equipped with a stir bar and reflux condenser. The mixture was
maintained at 70°C for two days. After cooling to room temperature, the reaction
mixture was partitioned between 200 mL of ethyl acetate and 100 mL of brine. The
aqueous layer was removed and extracted with an additional 100 mL of ethyl
acetate. The organic layers were combined, washed two additional times with brine,
dried over MgSQ,, filtered, and concentrated by under reduced pressure (a
significant amount of the excess 1,3-dibromopropane was distilled out of the mixture
during concentration). The resulting oil was purified by flash chromatography
(hexanes — 1 CV, 1.9 ethyl acetate/hexanes — 1CV, 1:8 ethyl acetate/hexanes — 3

CVs). The product was isolated as a clear oil (5.2 g, 71%).
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(3,5-bis(3-bromopropoxy)phenyl)methanol (5-2)

To a flame-dried 50 mL round-bottomed flask equipped with a stir
B ~""0
™ bar was added 5-1 (2 g, 4.88 mmol) under inert atmosphere.

e Anhydrous THF (25 mL) was added via cannula. After cooling the
reaction mixture to -78°C, diisobutylaluminum hydride (2.2 mL, 12.2 mmol) was
added via syringe. The mixture was allowed to slowly warm to room temperature
and left overnight. The solution was cooled to 0 °C and quenched by the sequential,
slow addition of 50 mL Et,O, 0.1 mL H,0, 0.2 mL 2 M NaOH, and 1 mL H;O. The
mixture was again allowed to warm to room temperature and MgSO,4 was slowly
added. Stirring was continued for 15 minutes before solids were removed over a pad

of celite. Concentration of the filtrate afforded pure 5-2 as a clear oil which was used

without further purification.

3,5-bis(3-bromopropoxy)benzaldehyde (5-3)

g The entire sample of 5-2 (theoretical 4.88 mmol) was transferred to

O
/

a 50 mL round bottom flask equipped with a stir bar. Manganese(1V)
BF\/\\/O

dioxide (6.36 g, 73.2 mmol) and dichloromethane (25 mL) were
added. The resulting heterogeneous mixture was heated to 45°C for 8 hours. After
cooling to room temperature, the reaction mixture was filtered through a pad of celite
and concentrated under reduced pressure to yield the pure product as a clear oll
(1.8 g, 97% through two steps).
'H NMR (500 MHz, Chloroform-d) & 9.90 (s, 1H), 7.02 (d, J = 2.3 Hz, 2H), 6.72 (t, J

= 2.3 Hz, 1H), 4.15 (t, J = 5.8 Hz, 4H), 3.60 (t, J = 6.4 Hz, 4H), 2.33 (p, J = 6.1 Hz,
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4H).
13C NMR (126 MHz, cdcls) d 191.76, 160.34, 138.45, 108.05, 107.90, 65.75, 32.13,

29.72.

1,4-bis((E)-3,5-bis(3-bromopropoxy)styryl)benzene (5-4)

P1 (630 mg, 1.66 mmol) was added to a flame-dried

PN ) /\/\Br 25 mL two-neck flask equipped with a stir bar under
WB, |
oo inert atmosphere. Anhydrous THF (1 mL) was added
and the solution was cooled to 0°C. In a separate flask, sodium tert-butoxide (320
mg, 3.32 mmol) was dissolved in anhydrous THF (10 mL) under inert atmosphere
and slowly transferred to the reaction vessel via syringe. The reaction mixture was
maintained at 0°C for 15 minutes, at which point 5-3 (1.2 g, 3.16 mmol) was added
as a solution in THF (4 mL). The mixture was allowed to warm to room temperature
and left for an additional 12 hours under inert atmosphere. Following the complete
consumption of 3 (monitored by TLC), the mixture was portioned between
dichloromethane and water. The aqueous layer was removed and the organic layer
was washed an additional 2 times with water. The organic layer was dried over
sodium sulfate, filtered, and concentrated under reduced pressure. Following
purification by flash chromatography (1:8 ethyl acetate/hexane — 4 CVs), it was
found that a small amount of 3 remained (by NMR). Pure 5-4 was afforded as a

slightly greenish-yellow solid (850 mg, 65 %) by recrystallization from 1:1

dichloromethane/hexanes.
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'H NMR (500 MHz, Chloroform-d) & 7.52 (s, 4H), 7.14 — 7.02 (m, 4H), 6.71 (d, J =
2.2 Hz, 4H), 6.43 (t, J = 2.2 Hz, 2H), 4.16 (t, J = 5.8 Hz, 8H), 3.64 (t, J = 6.5 Hz, 8H),

2.36 (p, J = 6.1 Hz, 9H).

1,4-bis((E)-3,5-bis(3-iodopropoxy)styryl)benzene (5-5, “COE2-31-C3”)
5-4 (700 mg, 0.84 mmol) and sodium iodide (1.9 g,
07"
|/\/\ 12.6 mmol) were combined in a 25 mL round bottomed
O / o _~_!
O flask equipped with a stir bar and reflux condenser.
Acetone (15 mL) was added and the mixture was refluxed for 2 days. After cooling to
room temperature, the reaction was partitioned between DCM and saturated sodium
thiosulfate. The aqueous layer was removed and the organic layer was washed 3
times with water. The organic layer was dried over sodium sulfate, filtered, and
concentrated under reduced pressure to afford the pure product (830 mg, 97%) as a
slightly greenish-yellow solid.
'H NMR (500 MHz, Chloroform-d) & 7.52 (s, 4H), 7.14 — 7.02 (m, 4H), 6.71 (d, J =
2.3 Hz, 4H), 6.42 (t, J = 2.2 Hz, 2H), 4.09 (t, J = 5.8 Hz, 8H), 3.41 (t, J = 6.7 Hz, 8H),

2.31 (p, J = 6.2 Hz, 8H).

3,3,3",3"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-triyl))
tetrakis(oxy))tetrakis(N,N,N-trimethylpropan-1-aminium) iodide (5-6, “COE2-3C-C3")

' 5-5 (30 mg, 0.03 mmol) was added to a 1 Dr vial

O/\/\ N+<

S~ ~ . . .

| ay, . equipped with a stir bar and a Teflon cap-liner.
- O O~ N

!

A Anhydrous DMF (0.5 mL) was added and the
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solution was stirred under inert atmosphere until no solids were visible.
Trimethylamine (0.44 mmol) was added as a solution in methanol (3.2 M, 0.14 mL)
and the mixture was stirred for 2 days at room temperature under inert atmosphere.
The crude product was precipitated in diethyl ether, redissolved in methanol, and
again precipitated in diethyl ether. The pure product (33 mg, 89%) was afforded
following C18 reversed-phase chromatography (methanol/water, gradient from 0% to
50%).

'H NMR (600 MHz, DMSO-dg) d 7.63 (s, 4H), 7.27 (dd, J = 30.9, 15.9 Hz, 4H), 6.85
(s, 4H), 6.48 (s, 2H), 4.11 (t, J = 6.0 Hz, 8H), 3.56 — 3.50 (m, 8H), 3.14 (s, 36H), 2.20
(dg, J = 11.9, 6.0 Hz, 8H).

13C NMR (151 MHz, DMSO-d6) & 160.02, 139.75, 136.82, 129.23, 128.72, 127.43,
105.98, 101.56, 65.37, 63.47, 63.45, 63.43, 52.87, 52.84, 52.82, 23.09.

HRMS (ESI): ([M-21]2+) calcd: 500.1900, found: 500.1905

3,3,3",3"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(N-ethyl-N,N-dimethylpropan-1-aminium) iodide
(5-7, “COE2-3C-C3ethyl”)

. 5-5 (30 mg, 0.03 mmol) was added to a 1 Dr
N

N

- o]
N !
/\NM .~ vial equipped with a stir bar and a Teflon cap-
- O O\/\/'lq\/
(L

N0 liner. Anhydrous DMF (0.5 mL) was added and
the solution was stirred under inert atmosphere until no solids were visible. N,N-
dimethylethylamine (32 mg, 0.44 mmol) was added and the mixture was stirred for 2

days at 45°C under inert atmosphere. The crude product was precipitated in diethyl
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ether, redissolved in methanol, and again precipitated in diethyl ether. The pure
product (31 mg, 80%) was afforded following C18 reversed-phase chromatography
(methanol/water, gradient from 0% to 50%).

'H NMR (600 MHz, DMSO-dg) d 7.63 (s, 4H), 7.28 (dd, J = 30.0, 16.4 Hz, 4H), 6.85
(s, 2H), 6.47 (t, J = 2.2 Hz, 1H), 4.12 (t, J = 6.0 Hz, 8H), 3.52 — 3.44 (m, 8H), 3.42 (q,
J = 7.2 Hz, 8H), 3.07 (s, 24H), 2.21 — 2.13 (m, 8H), 1.28 (t, J = 7.2 Hz, 13H).

13C NMR (151 MHz, DMSO-d6) 5 160.01, 139.75, 136.83, 129.22, 128.73, 127.43,
105.98, 101.58, 65.33, 60.38, 59.11, 50.16, 22.68, 8.36.

HRMS (ESI): ([M-21]2+) calcd: 528.2213, found: 528.2213

N,N',N",N"-(((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(N,N-dimethylbutan-1-aminium)
iodide (5-8, “COE2-3C-C3butyl”)
Same procedure as above for COE2-3C-
PN TN C3ethyl  with the substitution of N,N-
-4 oA~ dimethylbutylamine (45 mg, 0.44 mmol). (30
mg, 72%).
'H NMR (600 MHz, DMSO-dg) d 7.63 (s, 4H), 7.27 (dd, J = 26.7, 16.3 Hz, 4H), 6.85
(d, J = 2.3 Hz, 4H), 6.47 (d, J = 1.7 Hz, 4H), 4.11 (t, J = 6.0 Hz, 8H), 3.53 — 3.44 (m,
8H), 3.09 (s, 24H), 2.24 — 2.11 (m, 8H), 1.72 — 1.64 (m, 8H), 1.33 (h, J = 7.4 Hz, 8H),
0.95 (t, J = 7.4 Hz, 12H).

13C NMR (151 MHz, DMSO-d6) 5 159.98, 139.75, 136.83, 129.22, 128.73, 127.43,

105.98, 101.61, 65.31, 63.34, 60.91, 50.72, 24.19, 22.71, 19.63, 14.05, 13.98.
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HRMS (ESI): ([M-21]2+) calcd: 584.2839, found: 584.2831

N,NN",N"-(((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(N,N-dimethylhexan-1-aminium)
iodide (5-9, “COE2-3C-C3hexyl”)
Same procedure as above for COE2-

. 0" 3C-C3ethyl with the substitution of N,N-
/\/\/\,\‘,/\/\o ) O Y. O |+‘7

. &) oA~ dimethylhexylamine (57 mg, 0.44
\/\/\/"‘“\/\/O

mmol). (31 mg, 67%).

'H NMR (600 MHz, DMSO-dg) 8 7.63 (s, 4H), 7.27 (dd, J = 28.2, 16.5 Hz, 4H), 6.85
(d, J = 2.1 Hz, 4H), 6.47 (t, J = 2.1 Hz, 2H), 4.11 (t, J = 5.9 Hz, 8H), 3.51 — 3.45 (m,
8H), 3.09 (s, 24H), 2.22 — 2.13 (m, 8H), 1.73 — 1.64 (m, 8H), 1.32 — 1.27 (m, 24H),
0.88 (t, J = 6.7 Hz, 8H).

13C NMR (151 MHz, DMSO-d6) 5 159.98, 139.76, 136.82, 129.21, 128.73, 127.41,
105.98, 101.61, 65.29, 63.50, 60.86, 50.72, 31.12, 25.86, 22.70, 22.34, 22.14,
14.29.

HRMS (ESI): ([M-21]2+) calcd: 640.3465, found: 640.3469

3,3,3",3"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(N,N-dipropylpropan-1-amine) (5-10)

.~ 5-5 (60 mg, 0.06 mmol) was added to a 1 Dr

N
\/\N/\/\O N\/\ . . . .
o~ ~ / . vial equipped with a stir bar and a Teflon cap-
e 5 A
P liner. Anhydrous DMF (0.8 mL) was added and
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the solution was stirred under inert atmosphere until no solids were visible.
Dipropylamine (120 mg, 1.18 mmol) was added and the mixture was stirred for 2
days at room temperature under inert atmosphere. The crude product was
precipitated in diethyl ether (20 mL) and 4 N HCl/dioxane (0.5 mL). The solid was
centrifuged and washed once with diethyl ether before dissolving in water. Sodium
hydroxide (1 M) was added until pH=12 was reached. The aqueous layer was
extracted 5 times with diethyl ether. The combine organic portions were washed with
pH=12 water 5 times, dried over sodium sulfate, and concentrated under reduced
pressure. The pure product was afforded as a slightly yellowish oil (40 mg, 74%).

'H NMR (500 MHz, Chloroform-d) & 7.49 (s, 4H), 7.11 — 7.00 (m, 4H), 6.66 (d, J =
2.2 Hz, 4H), 6.40 (t, J = 2.2 Hz, 2H), 4.04 (t, J = 6.4 Hz, 8H), 2.60 (t, J = 7.1 Hz, 8H),
2.43 —2.36 (m, 16H), 1.92 (p, J = 6.6 Hz, 8H), 1.52 — 1.41 (m, 16H), 0.88 (t, J = 7.3
Hz, 24H).

13C NMR (126 MHz, cdcls) & 160.48, 139.15, 136.65, 128.77, 128.53, 126.87,

105.16, 101.07, 66.47, 56.35, 50.69, 27.26, 20.38, 12.00.

N,NN",N"-(((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(N-butylbutan-1-amine) (5-11)
Same procedure as above for 5-10 usin
O/\/\Ni P using
A AN
Pe \/\/W/“ COE2-3I-C3 (40 mg, 0.04 mmol) and
P T dibutylamine (102 mg, 0.786 mmol). (35

mg, 86%).
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'H NMR (500 MHz, DMSO-dg) & 7.50 (s, 4H), 7.13 — 7.02 (m, 4H), 6.64 (d, J = 2.2
Hz, 4H), 6.31 (t, J = 2.2 Hz, 2H), 3.99 (t, J = 6.2 Hz, 8H), 2.34 (t, J = 7.2 Hz, 16H),
1.80 (p, J = 6.6 Hz, 8H), 1.40 — 1.30 (m, 16H), 1.31 — 1.20 (m, 16H), 0.84 (t, J = 7.3
Hz, 24H).

3C NMR (126 MHz, cdcls) & 160.47, 139.15, 136.65, 128.77, 128.52, 126.87,

105.18, 101.08, 66.48, 54.05, 50.63, 29.39, 27.21, 20.77, 14.13.

3,3,3",3"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(N-methyl-N,N-dipropylpropan-1-aminium) iodide
(5-12, “COE2-3C-C3dipropyl”)

5-10 (16 mg, 0.016 mmol) and methyl iodide

AN Mg‘ 20 mg, 0.14 mmol bined in a 1 D
P O ) O - (20 mg, 0.14 mmol) were combined in a r
3 O / O\/\/\NV\/ . . . .
e 7\ vial equipped with a stir bar and a Teflon cap-
)/N\/\/O

liner. Anhydrous DMF (0.3 mL) was added and
the solution was stirred under inert atmosphere at room temperature for 2 days. The
crude product was precipitated in diethyl ether, redissolved in methanol, and again
precipitated in diethyl ether. The pure product (20 mg, 77%) was afforded following
C18 reversed-phase chromatography (methanol/water, gradient from 0% to 40%).
'H NMR (500 MHz, DMSO-dg) 5 7.63 (s, 4H), 7.35 — 7.21 (m, 4H), 6.85 (d, J = 2.2
Hz, 4H), 6.46 (t, J = 2.2 Hz, 2H), 4.12 (t, J = 5.9 Hz, 8H), 3.48 — 3.41 (m, 8H), 3.30 —
3.23 (m, 16H), 3.04 (s, 12H), 2.21 — 2.11 (m, 8H), 1.76 — 1.65 (m, 16H), 0.93 (t, J =

7.2 Hz, 24H).
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13C NMR (126 MHz, DMSO-d6) 5 159.99, 139.76, 136.85, 129.22, 128.75, 127.45,

105.99, 101.62, 65.29, 62.69, 58.54, 48.29, 22.39, 15.63, 11.00.

N,NN",N"-(((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(N-butyl-N-methylbutan-1-
aminium) iodide (5-13, “COE2-3C-C3dibutyl)

J) 5-11 (30 mg, 0.03 mmol) and methyl
|

_ 0/\/\ﬁ\/\/ . . :
s g iodide (33 mg, 0.23 mmol) were combined
~o~NO Q O /4 O r
- O / O~ N . . . .
P jﬁ in a 1 Dr vial equipped with a stir bar and a
N _~_0
(r Teflon cap-liner. Anhydrous DMF (0.4 mL)

was added and the solution was stirred under inert atmosphere at room temperature
for 2 days. The crude product was precipitated in diethyl ether, redissolved in
methanol, and again precipitated in diethyl ether. The pure product (24 mg, 53%)
was afforded following C18 reversed-phase chromatography (methanol/water,
gradient from 0% to 40%).

'H NMR (500 MHz, DMSO-ds) & 7.63 (s, 4H), 7.27 (q, J = 16.3 Hz, 4H), 6.85 (d, J =
2.2 Hz, 4H), 6.46 (t, J = 2.2 Hz, 2H), 4.12 (t, J = 5.9 Hz, 8H), 3.47 — 3.40 (m, 8H),
3.32 — 3.27 (m, 16H), 3.04 (s, 12H), 2.19 — 2.10 (m, 8H), 1.71 — 1.61 (m, 16H), 1.32

(p, J = 7.4 Hz, 16H), 0.95 (t, J = 7.3 Hz, 24H).
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3,3,3",3"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-triyl))
tetrakis(oxy))tetrakis(N,N,N-tripropylpropan-1-aminium) iodide
(5-14, “COEZ2-3C-C3tripropyl”)
5-5 (20 mg, 0.02 mmol) was added to a 1
) ~~""" Dr vial equipped with a stir bar and a Teflon
S e ket awipp
o § 7 0\/\/”/{\“/ cap-liner. Anhydrous DMF (0.4 mL) was
\/\N\/\/O
/( added and the solution was stirred under
inert atmosphere until no solids were visible. Tripropylamine (28 mg, 0.20 mmol)
was added and the mixture was stirred for 2 days at 45°C under inert atmosphere.
The crude product was precipitated in diethyl ether, redissolved in methanol, and
again precipitated in diethyl ether. The pure product (18 mg, 63%) was afforded

following C18 reversed-phase chromatography (methanol/water, gradient from 0% to

50%).

3-dimethylamino-1,2-propanediol (5-15)

To a 50 mL gas-tight flask equipped with a stir bar was added 3-chloro-
TNy o

OH

1,2-propanediol (2 g, 18 mmol) and dimethylamine (27 mL, 2 M in THF,
54 mmol). The flask was sealed and heated to 60°C for 24 hours. After cooling to
room temperature, an aqueous solution of sodium hydroxide (720 mg, 18 mmol, 5
mL water) was added slowly while stirring. The solution was transferred to a beaker
along with 100 mL diethyl ether and sodium sulfate and stirred for 30 minutes. The
solution was filtered and concentrated under reduced pressure to afford the desired

product as a slightly yellow liquid (1.4 g, 65%).
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'H NMR (500 MHz, Chloroform-d) & 3.81 — 3.76 (m, 2H), 3.75 (d, J = 3.8 Hz, 1H),
3.72 (d, J = 3.8 Hz, 1H), 3.52 (d, J = 4.6 Hz, 1H), 3.49 (d, J = 4.6 Hz, 1H), 2.56 (d, J
= 9.6 Hz, 1H), 2.54 (d, J = 9.6 Hz, 1H), 2.30 (s, 12H), 2.24 (d, J = 3.9 Hz, 1H), 2.21

(d, 3 =3.9 Hz, 1H). Note: apx 1:1.1 mixture of enantiomers.

3-(dimethylamino)propane-1-sulfonic acid (5-16)

o To a 50 mL gas-tight flask equipped with a stir bar was added 1,3-
\\/O
/h‘l\/\/S:OH

propanesultone (500 mg, 4.1 mmol) and dimethylamine (20 mL, 2 M in
THF, 41 mmol). The flask was sealed and the mixture stirred overnight at room
temperature. The cloudy solution was transferred to a 50 mL centrifuge tube
containing 30 mL anhydrous diethyl ether and the resulting precipitate was collected
by centrifugation. After decanting the supernatant, 20 mL of anhydrous diethyl ether
was added, the centrifuge tube was sonicated briefly, and the solid was again
collected by centrifugation. Residual volatiles were removed under reduced
pressure, leaving the desired product as a hygroscopic white solid (650 mg, 95%).
'H NMR (500 MHz, Deuterium Oxide) & 3.16 (t, J = 7.6 Hz, 1H), 2.88 (t, J = 7.2 Hz,

1H), 2.78 (s, 1H), 2.05 (p, J = 8.1 Hz, 1H).

1-methyl-1,4-diazabicyclo[2.2.2]octan-1-ium iodide (5-17)

LT To a 50 mL round bottom flask was added DABCO (493 mg, 4.4 mmol) and
[?j dichloromethane (25 mL). The flask was cooled to -78°C under inert
atmosphere before slowly adding methyl iodide (0.25 mL, 568 mg, 4 mmol) via

syringe. The temperature was maintained at -78°C for 2 hours before slowly allowing
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the solution to warm to 0°C. The resulting solid was collected by filtration and
washed with ice cold dichloromethane. The solid was collected and dried under
reduced pressure to afford the desired product was a hygroscopic white solid (833
mg, 82%)

'H NMR (400 MHz, Chloroform-d) & 3.26 — 3.19 (m, 6H), 3.06 — 2.99 (m, 6H), 2.88

(s, 3H).

3-(dimethylamino)-N,N,N-trimethylpropan-1-aminium iodide (5-18)
_ To a flame-dried 100 mL round bottom flask equipped with a stir bar

| \
MNo~N

/X =

was added tetramethylpropane-1,3-diamine (1.5 g, 11.5 mmol) and
anhydrous diethyl ether (50 mL) under inert atmosphere. Methyl iodide (0.36 mL,
819 mg, 5.77 mmol) was added dropwise via syringe and the solution was allowed
to stir at room temperature for an additional 2 hours. The resulting solid was
collected by filtration and washed with ice cold anhydrous diethyl ether. The desired
product (1.33 g, 85%, small amount of bis-quaternized byproduct) was obtained as a
hygroscopic white solid after drying under reduced pressure.

'H NMR (500 MHz, Methanol-ds) & 3.44 — 3.39 (m, 2H), 3.18 (s, 9H), 2.42 (t, J = 7.1
Hz, 2H), 2.29 (s, 6H), 2.01 — 1.94 (m, 2H).

13C NMR (126 MHz, cdsod) & 64.70, 55.39, 52.35, 44.02, 20.53.

tert-butyl (3-(dimethylamino)propyl)carbamate (5-19)

To a 25 mL round bottom flask equipped with a stir bar was added
/I\‘l\/\/NHBoc

N,N-dimethylpropane-1,3-diamine (1.00 g, 9.8 mmol), di-tert-butyl
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dicarbonate (2.03 g, 9.3 mmol), and dichloromethane (10 mL). The mixture was
stirred at room temperature overnight under inert atmosphere. The contents were
partitioned between water (pH = 11) and diethyl ether. The organic layer was
collected and the aqueous layer was extracted 4 subsequent times with diethyl
ether. The combined organic layers were dried over sodium sulfate, filtered, and
concentrated under reduced pressure to afford the desired product as a slightly
yellow oil (1.7 g, 91%)

'H NMR (500 MHz, Methylene Chloride-d,) 8 3.15 (g, J = 6.3 Hz, 2H), 2.31 (t, J = 6.8

Hz, 2H), 2.20 (s, 6H), 1.62 (p, J = 6.6 Hz, 2H), 1.44 (s, 9H).

General procedure for quaternization:

The following quaternization reactions were all conducted in DMF at 45°C.
Approximately 0.03 mmol of 5-5 “COEZ2-3I-C3” and 10 equivalents of the appropriate
amine were stirred for 2 days before precipitation the desired product in diethyl

ether.

3,3,3",3"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(N-(3-hydroxypropyl)-N,N-dimethylpropan-1-aminium)
chloride (5-20, “COE2-3C-C3propyl-OH”)

'H NMR (600 MHz, DMSO-dg) d 7.63 (s, 4H),

/\/\,L*A;/\o :
co WIW 7.27 (dd, J = 28.1, 16.4 Hz, 4H), 6.85 (d, J =

2.2 Hz, 4H), 6.47 (t, J = 2.2 Hz, 2H), 4.80 (s,
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4H), 4.11 (t, J = 5.9 Hz, 8H), 3.54 — 3.47 (m, 1H), 3.44 — 3.38 (m, 8H), 3.10 (s, 24H),
2.18 (m, 8H), 1.91 — 1.83 (m, 8H).
13C NMR (151 MHz, DMSO-d6) 5 160.02, 139.74, 136.83, 129.22, 128.73, 127.43,

105.97, 101.57, 65.32, 61.71, 60.91, 58.07, 50.85, 25.79, 22.71.

N,NN",N"-(((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(2,3-dihydroxy-N,N-
dimethylpropan-1-aminium) chloride (5-21, “COE2-3C-C3glycerol”)

ST 'H NMR (600 MHz, DMSO-dg) d 7.61 (s, 4H),
’\/\’\”G : o 7.25 (dd, J = 31.4, 15.2 Hz, 4H), 6.83 (d, J = 2.2
o fos o Hz, 4H), 6.44 (t, J = 2.1 Hz, 2H), 5.36 (d, J = 5.1
Hz, 4H), 4.99 (t, J = 5.4 Hz, 4H), 4.07 (qq, J = 10.6, 5.8 Hz, 12H), 3.58 (t, J = 8.3 Hz,
8H), 3.48 — 3.40 (m, 8H), 3.36 — 3.31 (m, 4H), 3.29 — 3.22 (m, 4H), 3.16 (s, 24H),
2.27 —2.12 (m, 8H).
13C NMR (151 MHz, DMSO-d6) 5 160.04, 139.73, 136.83, 129.21, 128.74, 127.42,

105.93, 101.52, 66.65, 66.49, 65.42, 64.18, 62.22, 51.96, 51.91, 22.85.

3,3,3",3"-(((((LE,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(dimethylammonionediyl))
tetrakis(propane-1-sulfonate) (5-22, “COE2-3C-C3propyl-SO3”)

| . 'H NMR (500 MHz, DMSO-dg) & 7.61 (s,

2ling ~ 2 2H), 7.31(d, J = 16.3 Hz, 1H), 7.20 (d, J =
° Q O 0\/\/'5\/\/‘50
S ’

N 16.3 Hz, 1H), 6.83 (d, J = 2.1 Hz, 2H),
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6.53 (d, J = 2.0 Hz, 1H), 4.09 (t, J = 5.9 Hz, 4H), 3.48 (dt, J = 12.4, 6.5 Hz, 8H), 3.16
(s, 2H), 3.08 (s, 12H), 2.52 (d, J = 6.9 Hz, 3H), 2.17 (dt, J = 11.4, 5.0 Hz, 4H), 2.08 —
1.98 (m, 4H).

13C NMR (126 MHz, DMSO-d6) 5 160.04, 139.70, 136.85, 128.71, 127.43, 106.03,
102.68, 65.25, 62.50, 60.60, 50.85, 49.05, 48.13, 22.67, 19.34.

4,4'.4" 4"-(((((LE,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(1-methyl-1,4-
diazabicyclo[2.2.2]octane-1,4-diium) iodide (5-23, “COE2-3C-C3DABCQO”)

~ 'H NMR (600 MHz, DMSO-dg) & 7.64 (s, 4H),

@/\/\ _ 7.39 — 7.19 (m, 4H), 6.88 (d, J = 2.2 Hz, 4H),
_ 4 o_~_N -
;@JWO MO .49 (t, J = 2.1 Hz, 2H), 4.15 (t, J = 5.9 Hz, 8H),

N

-

4.02 — 3.92 (m, 48H), 3.82 — 3.76 (m, 8H), 3.33 (s, 12H), 2.28 — 2.22 (m, 8H).

&

13C NMR (151 MHz, DMSO-d6) 5 159.93, 139.78, 136.83, 129.30, 128.68, 127.45,
106.06, 101.64, 65.12, 61.63, 52.90, 51.94, 50.96, 22.38.

HRMS (ESI): ([M-31]3+) calcd: 551.0978, found: 551.0976

N1,N1 N1",N1"-(((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(N1,N1,N3,N3,N3-
pentamethylpropane-1,3-diaminium) iodide (5-24, “COE2-3C-C3propyl-NMe3”)

'H NMR (600 MHz, DMSO-dg) d 7.64 (s,

> W | |
AR o) 0 4M), 7.29 (dd, J = 417, 163 Hz, 4H),
||7 ‘Ii O 4 0\/\/'?\/\/'“\

SN N0 6.87 (d, J = 2.2 Hz, 4H), 6.51 (s, 2H),
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4.15 (t, J = 6.0 Hz, 8H), 3.65 — 3.58 (m, 8H), 3.43 — 3.36 (m, 16H), 3.18 (s, 24H),
3.17 (s, 36H), 2.36 — 2.17 (m, 16H).
13C NMR (151 MHz, DMSO-d6) 5 160.01, 139.76, 136.83, 129.26, 128.67, 127.44,

106.02, 101.64, 65.35, 62.30, 61.57, 60.12, 53.14, 50.98, 22.77, 17.56.

3,3,3",3"-((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(N-(3-((tert-butoxycarbonyl)amino)propyl)-N,N-
dimethylpropan-1-aminium) iodide (5-25)

L 'H NMR (500 MHz, DMSO-dg) d 7.63

0" "N ""NHBoc

BocHN/\\/\h‘f‘/w\/\o !
" W\/\, (s, 4H), 7.34 = 7.22 (m, 4H), 6.96 (t, J =
|1

AN 5.8 Hz, 4H), 6.85 (d, J = 2.1 Hz, 4H),
6.47 (t, J = 2.1 Hz, 2H), 4.11 (¢, J = 6.0 Hz, 8H), 3.55 — 3.46 (m, 8H), 3.36 — 3.31 (M,
8H), 3.10 (s, 24H), 3.05 — 2.99 (m, 8H), 2.22 — 2.14 (m, 8H), 1.89 — 1.82 (m, 8H),
1.38 (s, 36H).

13C NMR (126 MHz, DMSO-d6) & 159.51, 155.59, 139.23, 136.32, 128.71, 128.24,
126.92, 105.46, 101.08, 77.82, 64.85, 61.20, 60.63, 50.29, 37.03, 30.74, 28.18,

22.65, 22.23.
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N1,N1,N1",N1"-(((((1E,1'E)-1,4-phenylenebis(ethene-2,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(oxy))tetrakis(propane-3,1-diyl))tetrakis(N1,N1-dimethylpropane-1,3-
diaminium) chloride (5-26, “COE2-3C-C3propyl-NH2")

i©0 ¢ 5-25 (35 mg, 0.02 mmol) and methanol
N

A
cr- cr O Hs

|
‘/\/\‘*/\/\ . .
LN Y h ~ ) &, .o~ o (2.5 mL) were combined in a 5 mL
cr | o O O AN

BN AN~ O round bottom flask equipped with a stir
bar. Hydrogen chloride (~10 mmol) gas was generated in a separate flask by the
slow addition of sulfuric acid to sodium chloride and was bubbled through the
reaction solution via teflon tubing. The solution was stirred for 3 hours at room
temperature before transferring the contents to a 50 mL centrifuge tube containing
15 mL diethyl ether containing 0.1 M HCI. The precipitate was collected via
centrifugation and the supernatant was decanted. The solid was redissolved in
methanol and again precipitated by the addition of 10 mL diethyl ether containing 0.1
M HCI. The desired product was obtained after removing volatiles under reduced
pressure (22 mg, 97%).

'H NMR (500 MHz, DMSO-dg) & 8.65 (s, 12H), 7.62 (s, 4H), 7.39 — 7.12 (m, 4H),
6.85 (s, 4H), 6.51 (s, 2H), 4.11 (s, 8H), 3.69 — 3.43 (m, 16H), 3.13 (s, 24H), 2.95 —
2.81 (m, 8H), 2.28 — 2.05 (m, 16H).

13C NMR (151 MHz, DMSO-d6) 5 160.02, 139.72, 136.84, 129.26, 128.71, 127.42,

106.08, 101.69, 65.43, 61.58, 60.68, 50.75, 36.44, 22.73, 20.76.
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Chapter 6: Additional Experiments and
Supporting Information

6.1 Interactions of COEs with Lipopolysaccharide

Our group has demonstrated the ability of COEs to intercalate into microbial
membranes and we have leveraged this ability to elicit desirable responses, such as
those described in this dissertation. Specifics of COE-membrane interactions remain
poorly understood, though. In particular, how LPS effects COE intercalation, and
conversely, how COE intercalation affects LPS have not been studied to this point.
This interaction may have important consequences in both biotech and medical
applications of COEs. For example, LPS, which is also known as “endotoxin” in the
medical field, can cause life-threatening immune responses when present in sepsis
patients’ blood (these immune responses are responsible for many of the clinical

252-254

symptoms of sepsis). In fact, a significant number of deaths of typhoid fever

patients in the middle of the 20" century®>® were later blamed on increased LPS
levels following treatment with chloramphenicol.*® Similar consequences of
antibiotic-induced LPS release were subsequently studied using other pathogens
such as E. coli, Haemophilus influenzae, and Pseudomonas aeruginosa.?®’ It is now

258, 259

widely understood that antibiotic treatment can cause LPS release, regardless

of antibiotic class,?®°

and that this effect has clinical significance in sepsis
patients.?®" 22 |n light of our recent effort to develop COEs as antibiotics, it seemed
necessary to initiate studies into COE-LPS interactions as well as effects of COE

intercalation on retention/release of LPS from living gram-negative bacteria.
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Given the high degree of COE structure-property dependencies, three COEs
were chosen for determining what effect intercalation has on the quantity of LPS
released from E. coli K12 — DSBN, DSSN, and COE1-5C (shown in Figure 6-1).
Ethylenediaminetetraacetic acid (EDTA) was used as a positive control for induced
LPS release. EDTA is known to remove LPS from living cells® % by chelating
divalent cations (Ca** or Mg*") which normally stabilize LPS through ionic cross-
linking.2%*
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Figure 6-1 Structures of three COEs used to investigate the effects of COE-intercalation on the
release of LPS from E. coli cells.

E. coli K12 cultures were grown from single colonies on agar plates for 6 hours in
LB at 37°C. Cells were centrifuge, the supernatant was discarded, and cells were
washed two times with 50 mM PBS before resuspending to ODgopo = 1.0. Cell
solutions were treated for 1 hour with 10 uM COE, 1 mM EDTA, or COE followed by
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EDTA (EDTA added 15 minutes after COE). Cells were pelleted and the
supernatants were transferred to new microfuge tubes. Supernatant samples were
either freeze-dried directly or treated with proteinase K (0.1 mg/mL, 37°C, 1 hour)
and then freeze-dried. Samples were dissolved in SDS-PAGE loading buffer at 5x
the original concentration (i.e. 1/5 the original volume). Untreated control samples
were prepared following the same procedure until the point where they were
dissolved in loading buffer. These controls were concentrated 10x (instead of 5x)
and then serially diluted in order to create a calibration curve. With the help of Dr.
Kota Kaneshige from Dr. Stan Parson’s lab (UCSB), 5 uL aliquots of all samples
were loaded into wells of commercial SDS-PAGE gels. Components of the samples
were separated by gel electrophoresis until the Bromophenol Blue from the loading
buffer was approximately % of the way down the gel. Bands were visualized using a

265

silver-staining technique“™ (stain and developer made in-house). The resulting gels

are shown in Figure 6-2.

Includes proteins Proteins digested with Proteinase K

Figure 6-2 SDS-PAGE gels for quantification of LPS in E. coli K12 supernatants following
treatment with COEs or EDTA - visualized using silver staining.
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In both gels above, LPS concentration is indicated by the optical density of the
band with the lowest retention (farthest towards the bottom of the images).?*® This is
confirmed by the fact that all other bands are no longer present in the gel using
samples digested with proteinase K. It is clear that, as expected, EDTA caused a
significant release of LPS relative to control. DSBN (the shortest of the 3 COES) also
caused LPS release, and the effect of EDTA plus DSBN was additive. The results
were surprisingly different for DSSN and COE1-5C, as both COEs actually reduced
the amount of LPS released. Furthermore, both DSSN and COE1-5C inhibited the
action of EDTA. COE1-5C (the longest of the 3 COES) was particularly effective at
stabilizing LPS against EDTA treatment, with only ~38% release relative to control
compared to 145% for EDTA alone. The optical densities for the bands on the gel

using proteinase K treated samples are shown in Table 6-1.

Table 6-1 Quantitative comparison of the effects of three COEs and EDTA on the release of
LPS from E. coli cells. Relative optical density of LPS bands in SDS-PAGE gels.

Optical density

1/2x control 0.50
1/4x control 0.26
1/8x control 0.12
1 mM EDTA 1.45
10 uM DSBN 1.24
10 uM DSSN 0.67
10 pM COE1-5C 0.27
EDTA + DSBN 1.92
EDTA + DSSN 0.56
EDTA + COE1-5C 0.38
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The ability of COEs to either initiate or prevent LPS is clearly dependent on
structure, with the shortest COE causing release and the longer COEs inhibiting
release. The observed LPS release caused by DSBN has ramifications for
developing short COEs as antibiotics (recall that short COEs were found to have the
highest antimicrobial activity in Chapter 2). Further investigation into this effect, as
well as the underlying mechanism and subsequent events is warranted. For
example, DSBN may cause LPS release by turning on a stress response in the
bacteria or forcing LPS remodeling due to membrane “pinching”, both of which are
known to promote the release of LPS in the form of outer membrane vesicles.?®" 28

The LPS stabilization by the longer COEs is equally profound. This effect may be
partly responsible for the observation that COE1-5C was able to reduce the toxicity
of butanol during bio-butanol production.?®® Butanol is known to destabilize gram-
negative outer membranes, in part, through the release of LPS.?”° As COE1-5C can
inhibit EDTA-mediated LPS removal, it is reasonable to assume that it may also
have this effect with butanol. One potential explanation for COE-promoted LPS
stabilization is the bridging of LPS molecules by the two terminal ammonium groups
of each COE. In effect, the COEs may act as “pseudo-divalent cations” and fill the
usual role of Ca?* or Mg?*. This hypothesis, along with the observation that longer
COEs promote enhanced LPS-stabilization, was part of the initial inspiration for the
design of an even longer COE bearing three pendant chains on either end to
enhance protection against butanol toxicity in bioreactors. The resulting structure,

COE-S6, was shown to protect bacteria against higher concentrations of butanol
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than COE1-5C and this effect was linked, at least partially, to interactions with
LPS.%®

Polymyxin B, a prototypical antimicrobial peptide, is known to cause LPS
release®® but has also been shown to neutralize endotoxin,>’* presumably through
aggregate formation.?’> When co-administered with LPS, Polymyxin B reduces
endotoxin-related clinical markers in animal models.?’® ?"* While Polymyxin B is not
a viable therapeutic agent due to high nephrotoxicity, many other compounds have
been designed specifically to bind endotoxin and prevent it from eliciting severe
immune response (either as therapeutic agents or as treatments for biologically-
derived products that may contain endotoxin as an impurity).?”>?"® Given that our
COEs, like Polymyxin B, have multiple positive charges, it was hypothesized that
they may also be able to form aggregates with LPS. In addition to coulombic
interactions, COE-LPS aggregation could be mediated by hydrophobic interactions
between the COE core and lipid tails of LPS. As the phenylenevinylene core of our
COEs is solvatochromic, such hydrophobic interactions would be expected to result
in significant changes in COE photophysical properties.

To investigate the extent to which COEs are able to aggregate with LPS,
changes in absorbance and fluorescence of DSSN were measured as a function of
LPS concentration. The data shown in Figure 6-3 indicate that the local environment
around DSSN becomes less polar in a concentration-dependent manner with the
addition of LPS. A slight red-shift (from 412 nm to 424 nm) in absorbance was
observed as the LPS/COE ratio was increased from O to 10. The effect is more

apparent in the fluorescence spectra, where Anax shifted from 594 nm in water to
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~530 nm with the addition of 10 equivalents of LPS. Furthermore, the appearance of
vibronic peaks is indicative of a nonpolar local environment. Similar spectral
changes were observed previously when DSSN intercalated into DMPC liposomes.*®
The critical micelle concentration (CMC) from LPS is ~1.4 uyM and no further
aggregation is expected above this concentration.?’”® DSSN appears to be able to
interact with free LPS (i.e. below its CMC) as well as promote further aggregation
above the CMC. Additional experiments are required in order to truly understand
COE-LPS interactions but the preliminary data are highly suggestive of COE-

induced aggregation.

1 After Centrifuge 200000 == 1uM DSSN 0.4uM LPS
==10uM DSSN OuM LPS ——1uM DSSN 0.8uM LPS
——10uM DSSN 4uM LPS = 1uM DSSN 1.2uM LPS
0.8 ———10uM DSSN 8uM LPS 160000 == 1uM DSSN 1.6uM LPS
——10uM DSSN 12uM LPS —_ 1uM DSSN 2uM LPS
——10uM DSSN 16uM LPS = 1uM DSSN 4uM LPS
a: 0.6 4 ——10uM DSSN 20uM LPS -3 120000 1uM DSSN 6uM LPS
I 10uM DSSN 40uM LPS 3 1uM DSSN 8uM LPS
c 10uM DSSN 60uM LPS S 1uM DSSN 10uM LPS
2 10uM DSSN 80uM LPS b
g' 0.4 10uM DSSN 100uM LPS ® 80000
2 s
< [
0.2 4 40000
0 T T T T 0 T v . . T !
325 375 425 475 525 575 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 6-3 Absorbance and emission spectra of DSSN as a function of LPS concentration.

6.2 Effect of COEs on lipid phase transitions and lipid
segregation as measured by differential scanning
calorimetry

In addition to COE-LPS interactions described in the previous section, better
understanding of the physical effects that COEs impart on lipid bilayers would serve

to explain previous results and guide future design of novel COE structures. EPR
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was used in Chapters 2 and 3 to investigate how COEs impact lipid order. Lipid
ordering is highly dependent on temperature with most lipids exhibiting a gel-to-liquid
crystal transition.?®® The effects that exogenous compounds have on lipid bilayers
can be investigated by measuring this transition temperature. Differential scanning
calorimetry (DSC) is a routine and straightforward method for probing how Tp,
changes as a result of addition of other compounds to bilayers. In this case, DSC
was used to monitor the T,, of DMPC liposomes as a function of added COE
structure and concentration.

105 at 20 mM and stained with either

DMPC liposomes were prepared by extrusion
DSBN or DSSN at concentrations from 1-6 mole %. 15 pL aliquots were transferred
to DSC pans and hermetically sealed. DSC scans were collected between 2-40°C at
a ramp rate of 1°C/min (Figure 6-4). The main transition in the untreated DMPC
liposomes was observed at ~24°C which is consistent with the literature.?®* Despite
the similarity in structure of the two COEs tested, the effects on T, were vastly
different. It bears noting that both DSBN and DSSN are known to associate with
DMPC liposomes in excess of 6 mol %, implying that the differences observed in this
data cannot be explained by different degrees of association. Similar DSC results
have been used to suggest differences if membrane affinity between different

COEs®® but it is my opinion that this is not the case and that these results suggest

something entirely different and more profound.
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Figure 6-4 DSC traces of the gel-to-liquid transition in DMPC liposomes stained with different
concentrations of DSBN and DSSN. No change is observed following the addition of up to 4
mole % DSBN. The addition of DSSN results in the formation of a second transition at a
temperature below that of the control main transition.

Addition of DSBN to DMPC liposomes did not result in a significant change in Tp,
even at the highest concentration tested (4 mole %). This result was not completely
unexpected as COE2-3C-C6, a close structural analogue of DSBN, was found to
negligibly impact lipid ordering in Chapter 2. Conversely, large changes in T, were
observed following the addition of DSSN, even at low concentrations. The structural
analogue of DSSN, COE2-4C-C6, was shown in Chapter 2 to increase lipid ordering
over roughly the same concentration range. At 1 mole %, DSSN slightly reduced Tn,
but the transition retained the uniform peak shape of the untreated control. When the
concentration was increased to 2 mole %, a significant change in peak shape was
observed — namely, the splitting of the peak into two components. As the
concentration was increased further, the relative area under the lower-temperature

transition increased. The position of the higher-temperature transition did not change
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between 2-4 mole % and was comparable to that of the transition in the 1 mole %
sample.

The observed effects of DSSN are consistent with the formation of COE-rich and
COE-poor domains within the bilayer, as previously described for cholesterol.?®% 284
The same observation was not made for DSBN which suggests that something
about the slight difference in structure prevents DSBN from forming these COE-rich
domains. One potential explanation is that the smaller conjugated core of DSBN is
less prone to self-aggregation, although this theory is not supported by the analysis
in the following paragraph. Another possibility is that the slight membrane thinning
induced by DSBN precludes the formation of COE-rich domains. In other words,
energy in the system may be minimized by distributing DSBN homogenously rather
than forming entire domains of thinned bilayer.

Computational models were previously used to predict COE aggregation

following intercalation into bilayers.>?

While the data presented here do support the
notion of COE-rich and COE-poor domains, the characteristics of these domains are
not consistent with the computational model. Instead of direct COE-COE
interactions, the DSC results indicate that COE-rich domains are still primarily
comprised of lipids. This conclusion can be derived from the following rationale: in
the 2 mole % sample, the original peak (COE-poor domain) area was reduced by
~50%, indicating that half of the lipids remained in this domain. If all of the DSSN
had partitioned into the COE-rich domains, an effective concentration of 4 mol %

would have been achieved. Thus, the COE-rich domains in this particular case were

comprised of a 1:25 COE:lipid mixtures. One potential explanation for the apparent
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saturation at this ratio is coulombic repulsion of the COEs. As DMPC is zwitterionic,
it does not provide any screening of the positive charges on DSSN. The results
could be, and most likely would be, quite different in the case of anionic lipids.
Future studies will employ other liposome systems as well as other COEs.
Understanding COE-induced domain formation and lipid segregation may prove

useful in explaining membrane permeabilizing and antimicrobial activities of COEs.

6.3 EPR order parameter and correlation time calculations

In chapters 2 and 3, EPR was used to determine the extent to which COEs affect the
ordering of lipids. In both chapters, the nitoxide spin label 16-SASL functioned as the
probe within large unilamellar vesicles. Experimental protocols can be found at the
ends of the chapters but a description of the calculations (in MATLAB R2016Db) is

provided below per methods described in the literature,*?%*°

Figure 6-5 Values extracted from EPR spectra to calculate order parameter and effective
correlation times.
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Figure 6-5 shows an example EPR spectrum of 16-SASL in a DMPC:DMPG
liposome system. The way in which the six necessary values are extracted from a
spectrum is demonstrated. Order parameter is calculated using the following
equations:

S =0.5407 (T') - T'D/ao Equation 6-1

ao= (T +2T )3 Equation 6-2

where T’ and T', (in gauss) are extracted from EPR spectrum as shown in Figure 6-

5. The effective correlation times are calculated using the equations:

Tog = 6.51 * 10™° * AH[(ho/h.)Y? - (ho/h.)¥?]s Equation 6-3

Toc = 6.51 * 1072 * AH[(ho/h)*2 + (ho/h.)Y? - 2]s Equation 6-4

where AHp (in guass), ho, h., h. (arbitrary intensity units) are extracted from the
spectrum.

To avoid the tedium of extracting values and calculating order parameter and
correlation times for many spectra, a MATLAB script was written for batch-
processing the data. The entire script is presented below and is followed by some

guidance on use.
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¥Import data as *Numeric Matrix® and rename as "DataMatrin”

¥note: column 1 = Gauss, column 2 = run #, column 3 = intensity

= max{Datadatrix{z,2]);

FarsedData = cel1(l Max+l);% Data parsed into individual runs (if seqguential runs were collected)
Output = zeros(d Max+1) ;% 5, Tau2b, Tawlc valwes in matrix as rows
figure; hold om £ visually inspect that maxima and minima were correctly identified

far

&nd

1 = D:max

S5et = {[pavaMatrix(DaraMaterixi: 23==1,1),ataMatrix(Daramarrix: , 2)==1,321};

parsediatali+l} = Set;

K= Serl: 1);

Yrough = Set:  2);

¥ = temovaeg(yrough, "5’ 20,1} % ssoothing function - only use if max/min were not properly identified
% adjust the level of smoothing by changing the Ird dnput (it 45 20 95 this case)

subplot(3. 3, [1+1]) % define the # of subplots based om # of scams (3x3 for <0 subplots in this case)
ploatix,v); hald on
vitlel[ 'scan ", nusdstrl{ield]);

[pks,loes] = findpeaks (v, %);

maxPeaks = horzcatipks, locs);

maxPeaksOrder = sortrows(maxPeaks 1)

pksHighToLow = f1ipud{maxPeaksiOrder)

pks IHigh = pksHighToLow(l:3,1:2);

scatter (pksdnight:, 20 pks3ight: 120

Yinverse = v¥-1;

[pksInv, locksIne] = findpeaks(Yinverse, x):

minfFeaks = horzcat(pksIng, locks Inv);

minFeaksdrder = fortrows (ninPeaks 1),

phsMiniighToLow = Flipud(minPeaksorder);

pesMinkighTolowIny = horzcat (-1 *pksMindighTobow(: 1) ,pksMinbighTolow(z , 203;
pksMin = pksMirsiighToLowInw{l: 3, 1:23;

scatter{pks3Min(: , 27 phsBin;: ,13}; hold on

maxAnddin = vertcat(phs Iigh, pksiding;

maxanddinDrdered = sortrows (mxandiin, 25;

spectralwidth = maxanddinDrdered(d, 2] -maxandsinDrdered {1, 7};

amplitudel = maxandMinOrdered(? 137 - limaxandsinDrdered {1, 13;]

amplituded = maxandMindrdered(d, 13" - limaxandsinDrdered (3,13 ;

amplituded = maxandMindrdered(f, 13" - l+maxandsinordered (5,13 ;

Tinewidthl = maxandMindrdered(? 2} -maxwandvindrdered (1, 23;

Tinewidth? = maxandWindrderedi(d 2 )-maxandMindrdered (3, 2);

Tinewidthd = maxandMindrdered(f 2 )-maxandMindrdered (5, 2);

Tpar = {spectralwidth+1inewidthi} 2;

Tper = (spectralwidth-1inewidthld/2;

all = (Tpar+{2¥Tparl) 1;

grderPars = 0, 307" (Tpar-Tper) fall;

TauXbSeconds = (6. 31710001000 * Tinewidthd* { { (amplitude? /amplitude 1) 40, 5)= ({amp T itude? /amp T itude 13AD, 530 ;
TaulcSeconds = (6. 31%1000-100)* Tinewidthd *{ { {(amp]itude? famplitude1) A0, 53+ ({amp T itude? famp 1 itude 13AD, 5327 ;
Taulh = TauZbseconds ¥1048;

Taulc = Taudcseconds ¥1048;

Table = [“Order Parameter 5' orderPars; 'Taulb (ns)" ,Taub; 'Taulc {ns)', Taulc);
Output{l,i+1) = i+1;

output(2,i+1} = orderPars;

Output ({3, i+l} = Taulb;

output (4, 741} = Taulc;
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OutputTransposed « Output.';

figure t of calculated order parameter can #
subplot(2,1,1)

scatter(OutputTransposed(:,1), OutputTramsposed(:,2))

title("Order Parameter”)

subplot(2,1,2)

scatter(OutputTransposed(:,1), OutputTramsposed(:,3)); hold on;

scatter(OutputTransposed(:,1), OutputTransposed(:,4))

title('Correlation Time")

ColummHeadings = [string('Scan Number ') ;string('Order Parameter S") ;string('Taulb (ns) ') ;string('Tavle (ns)")];
x1swrite('NamevourDatarile. xlsx' ,QutputTransposed) v re the

The input data is arranged with the field strength (in gauss) in the first column, an
index for the measurement number in the second column (for time-course
experiments such as those presented in Chapter 3), and the measured intensity in
the third column. After parsing by the index, the relevant values are extracted from
each spectrum (as in Figure 6-5). Figure 6-6 shows an example of the first output
plots which can be used to check that maxima and minima were correctly identified.
A smoothing function is included (tsmovavg) for use in the event that noise in the
spectra results in misidentification of peaks. Figure 6-7 shows an example of the
output plots for order parameter and correlation time for sequential measurements.

The data used to generate these plots is also written to an Excel file.
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Figure 6-6 Example spectra from time-course EPR measurements with correctly identified
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Figure 6-7 Example output of order parameter and correlation time from a time-course EPR

experiment.
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Summary and outlook

Through the strategic design of membrane-intercalating COEs, we have probed
structure-activity relationships and prepared tailor-made COEs for specific effects on
synthetic- and natural- membranes. The modular nature of COE chemical structures
was leveraged to develop families of related structures or install particular
functionalities at key positions. In Chapters 2 and 5, tuning individual structural
elements allowed us to gain insights into how each structural module impacts affinity
for microbial membranes, membrane permeability, lipid ordering, antimicrobial
activity, and cytotoxicity. In Chapter 3, replacing the stilbene central core module of
the previously-described COE2-4C with azobenzene yielded DSAzB, a COE with the
ability to act as a photo-actuator for on-demand membrane permeabilization. In
Chapters 1 and 4, asymmetry was introduced into the modular framework in order to
incorporate a single occurrence of particular reactive functionalities. These reactive
groups were used to produce COE monolayers for improved biotic-abiotic interfaces
and to introduce chemical handles to the surface of cells.

Although certain aspects of COE-membrane interactions have been elucidated,
future studies to understand the specifics of these interactions are warranted. For
example, it appears that certain COEs are able to cause domain formation within
bilayers but little is known about how these domains relate to permeabilization or
antimicrobial action. Additionally, there is evidence for COE interactions with LPS
(causing or preventing the release from living cells and aggregating in solution) but

the implications of these interactions remain largely unexplored. A better
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understanding of these phenomena and the COE structural parameters that govern

them could guide future ration design efforts.
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