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ABSTRACT

In recent years, there have been increasing numbers of bacterial strains emerging
that are resistant to the currently available antibiotics. In the search for new antibiotics,
attention has been focused on natural antimicrobial peptides that act by selectively
disrupting the membranes of bacterial cells, a mechanism that is thought to be non-
conducive to the development of resistance. It is desirable to mimic the structures and
activities of these peptides, while introducing properties such as resistance to proteolytic
degradation, which make molecules more ideal for development as drugs. Described here
is the design and synthesis of B-strand mimetic oligomers based on alternating a-amino
acids and azacyclohexenone units that segregate cationic lysine and hydrophobic valine
side cﬁains on opposite faces of the B-strand. 'H NMR dilution studies demonstrated that
despite the incorporation of alternating D- and L-amino acids in order to obtain facial
amphiphilicity, these oligomers are capable of dimerizing to B-sheet mimics in a manner
similar to the oligomers containing all L-amino acids. The ability of the molecules to
disrupt phospholipid vesicles mimicking the membranes of both bacterial and

mammalian cells was investigated using a fluorescent dye leakage assay. Several of the

.oligomers were found to exhibit activity and selectivity for the bacterial over mammalian

membranes. Overall, these studies demonstrate the promise of this class of molecules for
the development of new potential antibiotics, and provide information on the structural

features that are important for activity.
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B-strand mimic, antimicrobial peptides, membranes, facial amphiphilicity, dimers, dye
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Part One: Introduction



1.1 The Need for New Antibiotics

The emergence of bacterial resistance to commercial antibiotics has increasingly
become a major concern. Methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant enterococci (VRE), multi-drug resistant Mycobacterium
tuberculosis (MDRTB) and multi-drug-resistant (MDR) Gram-negative bacteria have
become extremely common hospital acquired resistant strains.! This resistance makes
current antibiotics ineffective and the rate at which new antibiotics are being discovered
is much slower than the rate of increasing resistance. Antibiotics generally act as
inhibitors of intracellular bacterial enzymes. For example, sulfonamides inhibit folic acid
production and rifamycin inhibits RNA polymerase but bacteria are developing methods
to resist these actions. Essentially, bacteria are overcoming the action of these drugs by
many mechanisms such as reduced antibiotic uptake, drug degradation, modification of
specific target sites, overproduction of the target or bypass of the antibiotic-sensitive step

by duplication of the target sites.””

1.2 Naturally Occurring Peptide Antibiotics

The development of novel and alternative antibiotics has recently become an
important area of interest in order to overcome the problem of resistance. One relatively
new approach is to mimic the structures and activities of naturally produced antibiotics

which are often the first line of defense against bacteria.> 7 Many naturally occurring

9 1

peptide antibiotics such as magainins,® cecropins,” protegrins,'® defensins'' and
indolucidins'? exhibit a diverse range of structures and activities. They show good

antibacterial properties against some of the resistant strains of bacteria. A common



feature underlying these peptides is their ability to adopt conformations in which
hydrophobic and cationic amino acid side chains are spatially clustered in distinct regions
or faces of the molecule. This feature is referred to as amphipathicity. It is proposed that
these molecules interact strongly and selectively with the negatively charged
phospholipids and teichoic acids on the surfaces of the bacterial membranes as opposed
to the neutral cholesterol and zwitterionic phospholipids on the surface of mammalian
membranes. These naturally occurring antimicrobial peptides are found in a wide range

of species, including plants, frogs, worms and humans. "

1.2.1 Magainins

The magainins (Figure 1) are a family of cationic peptides which are rich in
lysine, contain 20-23 a-amino acid residues, and adopt an amphiphilic o-helical
conformation in the presence of membranes.'* They were the first host-defense peptides
to be isolated from a vertebrate by Zasloff in 1987.% These peptides are proposed to act
as antibiotics by disrupting bacterial membranes as well as by dissipating the electric
potential across various energy-transducing membranes thus uncoupling respiration from

. 19,20
other free-energy-requiring processes.'® !¢ 17: 18 19.20.21




Figure 1. Schematic of Magainin-2, a helical antimicrobial peptide with hydrophobic
side chains shown as green and polar (cationic) side chains shown as blue in both a side

and head on view.22

1.2.2 Cecropins

Insects produce cecropins as a response to the injection of bacteria.Z3 Cecropins
are a family of antimicrobial peptides isolated from the silk moth. They typically have
35-37 residues and also form amphipathic a-helices. As a mechanism of action, it is

thought that cecropins form membrane channels and cause subsequent lysis.Z3

1.2.3 Protegrins

Protegrins, in contrast to these examples, are a family of short cationic peptides of
16-18 amino acid residues isolated from porcine leukocytes2t that adopts rigid two-
stranded P-sheet conformation due to the stability of two disulfide bonds from cysteine
residues. They show potent antimicrobial activity against a variety of gram-negative and
gram-positive bacteria. They also resemble other antimicrobial peptides in that they are

cationic due to their high arginine content. A hydrophobic cluster of amino acid residues



(Leu, Val, Phe, Tyr) projects to one side of the backbone and the basic residues (Arg) are

concentrated at the B-turn and the two termini of the peptide, Which provides a structure
with amphiphilic characteristics (Figure 2). These attributes support the hypothesis that

protegrins also function by forming oligomeric pores in bacterial membranes. '
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Figure 2. Protegrin-1 (Xe 313,15 are cysteine residues, X is an arginine residue). 0

1.2.4 Defensins

In humans and other mammals, one of the main antimicrobial peptide families is
defensins, which are growth arresting peptides. They are widely distributed in
mammalian epithelial cells and phagocytes and are often present in high (up to
millimolar) biological concentrations.”> *® Of all of the antimicrobial peptides, defensins
are one of the most prominent in humans, as evidenced by the large number of expressed
human genes, the various forms that are expressed in human tissue, and the ever-present
occurrence of defensins in inflamed or infected tissues.!! Defensins characteristically
exhibit B-sheet conformations with a framework of 6 disulfide linked cysteines. In
addition, they are arginine rich cationic peptides resulting in a high cathodal

27

electrophoretic mobility.”” The two main defensin subfamilies are a- and B-defensins

5



which differ in the length of peptide segments between the cysteine residues as well as
the pairing between the cysteines that are connected by the disulphide bonds. Both
families of defensins consist of triple stranded p-sheets with a characteristic defensin fold
(Figure 3).11 Clusters of positively charged amino acids, with arginine and lysine as the
cationic residues, are characteristic of most a- and P-defensins, but where the clusters are
distributed in the molecule is variable.28 29,3 Permeabilization of target membranes is
the proposed mode of action in defensin-mediated antimicrobial activity. Conditions that
interfered with permeabilization also prevented the loss of bacterial viability, indicating
that it is essential for bacteriostatic and bacteriocidal activity.1l  Cell-generated
transmembrane potentials and electrostatic interactions, between the cationic peptide and
vesicles composed of negatively charge phospholipids, have also been experimentally

shown to be a very important influence for initial activity and peptide insertion.31,32,3334

HNP3: «-defensin CYCRIPACIAGERRYGTCIYQGRLWAFCC

HBD2: (i-defensin GGIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKF

Figure 3. The corresponding cysteines in both a- and p-defensins are indicated by dotted
lines, with the disulfide linkages indicated by solid lines. Human p-defensin 2 in its

monomeric form shows the general shape (defensin-fold).1l



"

1.3 Mechanism of Action

The overall mechanism of action of natural peptide antibiotics is quite different
than the more common receptor or enzyme targeted mechanisms. It is proposed that
these peptide antibiotics and their mimics adhere or bind to the surfaces of the
membranes, either by insertion or electrostatic forces, and form transmembrane pores.3 3
These pores then act like ion channels. The passage of ions lowers the proton gradient
and destroys the membrane potential, stopping ATP production and all cellular
metabolism, resulting in cell death?® They also act as leakage sites for the internal
components of the cell, which again would result in cell death.®® Studies have also
shown that all D-amino acid enantiomers of various peptides that were synthesized
37-40

exhibited the same antimicrobial activities as their all-L native peptide counterparts,

implying that the action of antimicrobial peptides does not involve stereospecific protein

receptors.”’ There are a few different methods proposed for pore formation, including the

barrel-stave, toroidal pore, disordered toroidal pore and carpet mechanism (Figure 4).20
The barrel-stave model involves the insertion of amphipathic peptides perpendicularly
into the bilayer, parallel to the lipids, with their hydrophobic side facing towards the
lipids and the hydrophilic side facing the inside of the channel. The toroidal pore model
involves the peptides inserting themselves perpendicularly into the bilayer, like the
barrel-stave; however, they embed themselves in the lipid head group region, inducing a
membrane curvature. The headgroups then bend from top to bottom to form a shape like
the inside of a torus, which expands the headgroup region compared to the tails. This
space is then further filled with the antimicrobial peptides to form a pore. The disordered

toroidal pore mechanism is a recent modification to the toroidal pore hypothesis in which




a less rigid peptide conformation and orientation is formed. The carpet mechanism is one
where the peptides adsorb to the lipid bilayer and. after a sufficient amount of coverage,
produce a detergent-like effect which disintegrates the membrane.” Different antibiotic
peptides may exhibit different mechanisms of action. Overall, these modes of action are
of particular interest for novel antimicrobial therapeutics as they are thought to be
relatively non specific and therefore not conducive to the development of

resistance. " ** #

Figure 4. Mechanisms of antimicrobial action, a) The barrel-stave mechanism b) The
carpet mechanism c) The toroidal pore mechanism and d) The disordered toroidal pore

mechanism.4{2

1.4 Synthetic Mimics of Natural Antimicrobial Peptides

Inspired by the structures and activities of naturally occurring antimicrobial
peptides (AMPs), there has been significant interest in the development of several
synthetic AMP mimics. These new molecules are providing insight into the mechanism
of action of host-defense membrane-disruptive peptides434ll while at the same time

introducing simplified sequences and resistance to proteolytic degradation,46 a problem

8



that plagues natural o-peptides as potential drug candidates. Thus far, the majority of
efforts have been focused on the creation of new helical forming multimers, mimicking
the structures of the magainins and cecropins. A number of groups have reported
additional synthetic mimics of these AMPs which are designed to act by the mechanism

8,47, 48

of natural AMPs, such as peptides composed of a-amino acids, -amino acids (“B-

peptides”),* ** both a- and B-amino acids (‘o/p-peptides™),”" > N-alkyl glycines

54-58 59-61, 51

(“peptoids”),53 aromatic oligomers and synthetic polymers. These molecules
adopt either helical or B-sheet-like amphipathic conformations in the presence of bacteria
or under conditions that are thought to mimic the environment provided by a bacterial
cell surface (i.e. in the presence of lipid vesicles or detergent micelles).”’ Research
towards bacteriostatic AMPs with minimal hemolytic properties has also recently led to

the discovery of a wide variety of successfully designed molecular backbones that are

incorporated into these mimics. Elongated aromatic oligomers have been developed

4 2

based on amides™ and ureas,’? as well, oligo(phenyleneethynylenes)® that exhibit
extended conformations have also been investigated, providing promising results. Recent
work has also shown that through careful balance of the cationic charge and
hydrophobicity, amphiphilic polymers can provide desired activities,>> 3 60 63. ¢
~ Naturally helical AMPs and synthetic mimics that exhibit selective toxicity towards
bacterial cells over mammalian cells typically display a cationic residue:lipophilic residue
ratio between 1:1 and 1:2, depending on the primary sequence and residue

compositions.*> However there are many characteristics that determine antibacterial

activity and selectivity, including size, conformational stability, net charge, net




hydrophobicity, amphiphilicity and the widths of the hydrophobic and hydrophilic helix

faces.%’

1.5 Helical Peptidomimetics

Gellman and coworkers*> 3" %% 67 haye synthesized and tested, as antimicrobials,
many different globally amphipathic peptides containing a-amino acids, B-amino acids,
and a combination of both, mainly focusing on those that form helical oligomers or
random oligomers that mimic host-defense peptides. These efforts have resulted in the
discovery of several compounds with excellent antibiotic activity and specificity. Their
initial focus was on the design of peptides containing unnatural backbones that fold into
compact and specific conformations like their naturally occurring counterparts. These
unnatural peptides were termed “foldamers” which were defined as any polymer or
oligomer with a strong tendency to adopt a specific compact conformation.®® These
conformations consist of secondary peptide structures, such as a-helices, B-turns, B-
strands and PB-sheets. f-amino acids were chosen as the backbone building blocks
because they were shown to be less conducive to nearest-neighbour H-bonding, which is
not favourable in compact folding patte:rns.69 Trans-2-aminocyclohexanecarboxylic acid
(trans-ACHC) and trans-2-aminocyclopentanecarboxylic acid (frans-ACPC) (Figure 5b)
were used as initial monomeric units and formed a 14- ( defined by 14 membered ring
C=0(i)---H-N(i - 2) hydrogen bonds) (Figure 5a) and 12-helix (12-membered ring
C=0(i)---H-N(i + 3) hydrogen bonds), respectively.70 The a-helix found in natural
peptides is defined by a 13-membered ring with the same directionality relative to the

termini.’!

10




Figure 5. a) Gellman’s trans-ACWC as a 14-helix; b) Building blocks of both oligomers

{trans-ACHC and trans-ACPC, respectively).®

Seebach and coworkers also reported at the same time P-peptide foldamers, but
starting from a different class of p-amino acid building blocks.72,7 > 74,75,% Their work
stemmed from the study of poly(hydroxybutyrate) (PHB).77/ They proposed that PHB
could adopt a helical conformation and that substitution of the ester linkages with amide
linkages would reinforce the stability of the conformation through H-bonding. They
further developed a method of incorporating optically active P-substituted residues into
these peptides and found them to adopt a 14-helix in polar solution.7 Further
characterization of P-amino acid foldamers gave interesting results. Seebach and
coworkers showed that P-peptides comprised of p-substituted (Figure 6) residues or a-
substituted residues7?3 adopt the 14-helix. The effects of substituent position and
configuration on the 14-helix folding73,74 were carefully examined and it was shown that
P-peptides were resistant to the actions of proteases,® which is excellent for medicinal
applications. They also showed that p-peptides with alternating sequences of a- and p-
substituted residues displayed a 12/10/12-helix, which contained both 12- and 10-
membered rings.  Fleet and coworkers showed that oligomers containing P-amino acids

constrained by cis-substituted oxetane rings adopt a 10-helical conformation.®
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Figure 6. Seebach’s B-substituted B-peptide.

1.5.1 12-Helix Forming p-Peptide Antimicrobial Mimics

Unnatural helix-forming peptides can then be employed for a variety of
applications, specifically in the context of antimicrobial design. These oligomeric
backbones can serve as scaffolds for displaying desired residues or functional groups in
specific three-dimensional orientations. With this approach, molecules have been
generated that bind specifically to other molecules and/or manifest selective biological
activity.®® As in the previous example with the trans-ACPC, Gellman and coworkers
have shown that partial replacement of the trans-ACPC residues with cationic cyclic
residues to create an amphipathic oligomer is possible. Trans-4-aminopyrrolidine-3-
carboxylic acid (trans-APC) was employed as this cationic residue to construct a §-17
residue oligomer (Figure 7a) that was 40% cationic and 60% hydrophobic.’® Because
there are about 2.5 residues per turn in the 12-helix, the oligomer could be constructed to
be amphipathic upon formation of the helix, with all the hydrophobic groups on one face
and all the cationic groups on the opposite face (Figure 7b). The antimicrobial activities
were compared to those of a synthetic magainin derivative, that is more effective than its
precursor®’ and were evaluated in 4 strains of bacteria (both gram positive and negative),
two of which are resistant strains. The -17 oligomer proved to have comparable activity
to the magainins against all species.’® To be considered as a potential therapeutic, the

oligomer must also be compatible and non hemolytic with humans cells. This is
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generally tested by measuring the release of hemoglobin from human red blood cells

(hRBCs). The B-17 oligomer showed less hemolytic
H H H H H H H
a) N N N N N NH,
@ @ 3

b)

i+3

@5 i+1

2 i+4

®

Figure 7. a) The structure of f-17; b) The 12-helix schematic.

activity than both melittin,** a strongly hemolytic amphipathic naturally cationic helix
| forming peptide, and the magainin derivative.*> With these promising results, it was also
desirable to find different residues to employ to perhaps enhance activity. Seebach et al.
had shown that B*-residues intrinsically prefer to adopt a different type of B-peptide
structure, the 14-helix.”* 7 However Gellman et al. showed that acyclic residues have
lower inherent folding propensities than do cyclic residues such as trans-ACPC and
trans-APC and the 12-helix can propagate across B3-residues when they are surrounded
by residues with the 5 membered ring constraint.®* DeGrado et al. also showed that B*-
residues are toxic to E. coli.*> 3% With these facts in hand, B’-residues seemed like the
natural and desirable choice of residue to employ. The cyclic residue trans-3-
aminopyrrolidine-4-carboxylic acid (trans-3,4-APC)® was employed to provide the
cationic charge, as well, B-amino-D-proline (AP), which essentially moves the position of
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the nitrogen in the pyrrolidine ring, and B*-homolysine were also introduced. Additional
B3 -residues, such as homoleucine, homoalanine, homophenylalanine, homoserine,
homovaline, were introduced to provide a more hydrophobic surface (Figure 8).%¢ These
oligomers were examined at varying lengths and ratios of cationic : hydrophobic

residues. The projected helix

wmﬁu@ﬁuﬁa@ﬁa@%/ﬁmﬁn@wuﬁg@mmiwgw

p3-hLeu residue

Figure 8. Example B-peptide containing cyclic B-residues and noncyclic p-residues.

again formed an amphipathic conformation. Upon bacterial testing, the minimum
inhibitory concentrations (MICs) were comparable to those of the B-17 oligomer as well
as host defense peptides, like magainins, but were found to be slightly more hemolytic.*
Scrambled oligomers were also prepared to assess the necessity of the amphipathic
characteristic of these oligomers.67’ 7187 1 all cases, none were as potent as the original
B-17 oligomer with the scrambled oligomer showing little to no activity. However, there
was a trend found, that oligomers having a 40% cationic face were the most active.
Hemolysis studies showed that there was only lytic activity for the most active oligomers
at concentrations much higher than the MIC values, which is a desired trait to show
selectivity for bacterial cells. Leakage studies, involving large unilamellar vesicles
(LUVs) that mimic bacterial membranes and red blood cells, were also conducted for
these compounds along with the magainins (host-defense and derivative) and the results
showed that the B-oligomers acted by a membrane-disrupting mechanism similar to that

1

of the naturally occurring peptides.”! However, the details of membrane interactions
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varied between the P-peptides and a-peptides. 4 Cyclic P-peptides of this kind have never
been studied for proteolytic degradation before, however acyclic P-peptides have been
shown to be very stable to many endogenous proteases.46,76,8 A heptamer was examined
against a variety of proteases that are known to denature a-peptides and no significant

change was observed.*

1.5.2 14-Helix Forming p-Peptide Antimicrobial Mimics

Antimicrobial activity has also been observed for the 14-helical p-peptides.
DeGrado49, 4 and coworkers have prepared versions of P-peptides 6-18 residues long by
linking hydrophobic-cationic-hydrophobic residue triads to one another with the resulting
helix circumference being comprised of approximately one third cationic surface (Figure

9). Although initially they did

Figure 9. p-peptide H-(p3HVal-p3HLys-p3-HLeu)s-OH in the 14-helix conformation.4

show potent antibacterial activity but no selectivity, upon optimization of the net
hydrophobicity by testing different hydrophobic residues (p -hLeu and p -hVal changed

to p3hAla), selectivity was achieved, with longer oligomers being more potent than



shorter ones. However, none of the reported oligomers were as potent as the B-17
peptide. Gellman also reported six-, nine- and ten-residue B-peptides in which the
proportion of cyclohexane-constrained and acyclic (B-substituted) residues (B*-
homovaline, homoleucine, and homolysine) were varied (zero to two-thirds cyclic
residues).®” 3¢ 8 Those that contained only acyclic residues did not form the 14-helix in
solution. This allowed for the ability to examine the effect of very high helical
propensity on biological activity, as there has been much debate on the relationship
between stability of the helical conformation and its resulting biological activity.”* '*°"
81,92 Antimicrobial activity was seen for all compounds with nearly all of them being
comparable to or more potent than synthetic magainin despite their vastly different
extents of helical structure, leading them to believe that there is little relationship between
conformational stability and antimicrobial activity for these peptides. The oligomers
however did not follow a consistent trend for hemolytic activity, resulting in uncertain

conclusions.®’

1.5.3 a/p-Peptide Antimicrobial Mimics

Incorporating a-amino acids into these P-peptides (generating o/B-peptides) as
altémating residues has also been examined.” ** Work by Gellman and coworkers
indicated that B-residues with a five-membered ring constraint led to short o/B-peptides
that equilibrate between two internally H-bonded helices: the 11-helix (with about 3
residues per turn) and the 14/15-helix (with about 4.5 residues per turn).”® Similar
lengths and cationic/hydrophobic proportions of the B-peptides were used as guidelines

for the design of the a/B-peptides. These peptides were designed to be amphipathic for
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either the 11-helix or 14/15-helix or scrambled conformations for both (Figure 10). Upon
bacterial tests, of the three classes, the 14/15-helix showed the least amount of
antibacterial activity, which was unexpected as it was believed to be the most preferred
conformation (by HPLC and NOE) compared to the 11-helix. The scrambled class along
with the 11-helix showed greater activity, comparable to that of the synthetic magainin
analogue, than the 14/15-helix. This was perplexing, as the scrambled version was not
designed to be globally amphiphilic for either helix conformation. Further to this,
scrambled a-peptides have been shown to be have significantly diminished activity
compared to their amphiphilic counterparts® and so have (3-peptides, as described above.
The scrambled o/(3-peptide showed little hemolysis, comparable to that of the magainin

analogue, but the other two classes showed

Figure 10. a) Amphiphilic peptide in 11-helix (left column); b) Amphiphilic peptide in

14/15-helix (right column); c) Scrambled in both conformations.3
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equal hemolytic activity to melittin. This hemolysis trend, in contrast to the antimicrobial
trend, parallels the effects of sequence scrambling on hemolytic behaviour among helix
forming a- and B-peptides.®” " ®> This phenomenon is explained by the fact that the
amphiphilic 14/15- and 11-helix have a greater net hydrophobicity, therefore displaying a
large hydrophobic patch whereas the scrambled peptide would have smaller patches.”
Because erythrocytes are essentially devoid of anionic lipids and mainly consist of
zwitterionic lipids,” the hydrophobic patches of the 14/15-helix interact readily with
them.”® It was then desirable to test this by creating new molecules that had reduced
overall hydrophobicity by switching the hydrophobic o-amino acid residues to less
hydrophobic ones (Leu to Ala). Upon this change, antimicrobial activity was drastically
enhanced for the two different helical amphipathic oligomers, but reduced slightly for the
scrambled one. Also, hemolytic activity was greatly reduced for all.>' This confirmed
that the first three oligomers were too lipophilic, as it had been previously shown that
high lipophilicity can lead to high hemolytic activity among antibacterial ()L-peptides.65
These results also showed that designed amphiphilicity may not necessarily be essential
for antibacterial activity and that the net lipophilicity may be the more important factor

! Resistance to proteolytic degradation is

over that of designed conformation.
additionally a concern for molecules containing a-amino acids, as a-peptides are readily
degraded by proteases. All the a/B-peptides were tested against three different proteases
and only one (the most catalytically active protease, pronase) caused trace amounts of
cleavage after incubation and prolonged treatment. This result confirmed the expectation

that oligomers containingl:1 alternation of a- and B- residues are highly resistant to

proteolytic degradation.”'
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1.6 Antimicrobial Peptides with Undefined Conformations

One possible explanation for the high activity of the scrambled a/B-polymers is
that, under appropriate conditions, such as interaction with a membrane, they could adopt
irregular, nonhelical conformations that result in a random global segregation of
lipophilic and cationic side chains. The increased flexibility of the a- or B-residues would
assist in this irregular conformation, as conformationally restricted residues in scrambled
sequences show propensities to form the desired secondary structure.®” 7! Rathinakumar
and Wimley” reported that the design of host-defense peptide analogues based on a
specific structures and sequences were not as effective as a design based on the overall
amino acid composition of the peptide. A combinatorial library was generated of short
peptides ‘with fixed amino acid residues at regular intervals while varying the
hydrophobicity at the remaining sites. These peptides were shown to share very little
sequence similarity, outside of the fixed residues, but were nevertheless highly

membrane-lytic. This hypothesis posed an interesting concept for the design
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a) Standard Hypothesis

biomembrane
surface

globally amphiphilic helix
(induced)

b) Alternative Hypothesis

biomembrane
surface

globally amphiphilic conformation
(aqueous solution) (induced)

m lipophilic side chain

Q * hydrophilic side chain

Figure 11. a) Standard hypothesis for peptides that involve a folding pattern upon
interaction with a bacterial membrane, b) Alternative hypothesis that involves induction
of globally amphiphilic but irregular conformations in the presence of bacterial

membranes.&4

of new antimicrobial peptides, showing promise for developing antimicrobial agents that
are inexpensive to make and can be prepared in large quantities.

Initial endeavours into this field began with polymers containing a polystyrene
backbone that contained tertiary (would require protonation) and quaternary amines.1p3 14
Although these polystyrenes displayed antimicrobial activity, Gellman et al.6L were the
first to show that these polystyrenes were highly hemolytic. Thus, the lack of selectivity
for prokaryotic over eukaryotic cells was explained by the fact that the overall

hydrophobicity of the polymers was too high, a previously shown trend among other
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host-defense mimic peptides.65 DeGrado et al. also examined poly(methyl methacrylate)
copolymers5 7 but were unable to identify examples that displayed significant antibacterial
activity in the absence of hemolytic activity.

Polymers based on the nylon-3 family, comprised of hydrophobic and cationic B-
lactams (synthesized via ring-opening copolymerization'®®) have been designed as
random copolymers to adopt a globally amphiphilic conformation induced by the
presence of membranes (Figure 12).5% 106199 Dyifferent percentages of the cationic and
lipophilic residues were tested, and a ratio of about 40:60 lipophilic:cationic showed the
most favourable antimicrobial activity without excessive hemolytic activity. The length
of polymer was also optimized, which showed an average of 10-30 subunits to have

very weak tendencies to induce hemoglobin release from

Is) ]
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Figure 12. a) Examples of B-lactam monomers (hydrophobic and cationic, respectively);

b) Example of nylon-3 polymer.

hRBCs, but those longer were very hemolytic. When compared to other host-defense

peptides (magainin and cecropins) as well as an improved magainin derivative, the nylon-
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3 polymer showed greater antibacterial activity than those naturally occurring host-
defense peptides and comparable results to the magainin derivative. It also showed
decreased lytic activity toward hRBCs compared to the magainin derivative, however
both were much more hemolytic than the host-defense peptides. Nevertheless, the 40:60
polymer showed substantial selectivity for bacteria relative to hRBCs. Upon model
leakage studies, disruption and permeabilization of the bacterial membranes but not
mammalian membranes was observed'”” which supported the previous selectivity derived
from the bacterial studies.®* These results were also consistent with the hypothesis that a
polar backbone is important in minimizing hemolytic activity.' In this regard, it is
noteworthy that the polymers had a backbone rich in secondary amides, as do proteins.
However, unlike proteins or conventional peptides, polymers in this nylon-3 family are

not susceptible to degradation by proteases.*®

1.7 Other Synthetic Oligomer Backbones

Independent from antimicrobial peptide research, a second thrust has involved
studies of other synthetic cationic polymers that exhibited varying degrees of
antibacterial activities;*® however, those attempts did not provide nonhemolytic, highly
antibacterial polymers that acted by the disruption of membranes. For example, Tew and
coworkers have studied materials generated via ring-opening alkene metathesis
polymerization with norbornene units to generate the backbone.®” ' These units can
either be designed to be facially amphiphilic with a “lysine like” residue off of one face
and a hydrophobic group of varying degrees of hydrophobicity off of the opposite face®"

63, 1111120 . have the hydrophobic and cationic groups on separate monomers creating
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121 (Figure 13), much like the random conformations observed for

segregated copolymers
the o/p-peptides described above. No preformed or stable secondary structure was
expected from these molecules. Starting from the monomer unit of polyamine
oxanorbornene (PAON), homopolymers were examined for antibacterial and hemolytic
activity and little to no activity was found. New copolymers from segregated monomers
were designed to assess a wide range of amphiphilicities. The monomeric units were a

tert-butyloxycarbonyl (Boc)-protected amine oxanorbornene and eleven other monomers

carrying various alkyl chains.

R
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Figure 13. a) Globally amphiphilic segregated copolymer; b) Facially amphiphilic

copolymer containing norbornene monomer; c) Facially amphiphilic copolymer

containing furan ring.

They were synthesized in a manner to allow the copolymers to have a broad range of
amphiphilicities, but approximately the same number of amines, and thus charges, at a
high and low molecular weight. Fair antibacterial activity was seen for the copolymers
with intermediate hydrophobicity at the low molecular weight, but not as effective as
natural host defense peptide magainin. The most hydrophobic and hydrophilic
copolymers showed negligible activity, as expected. Undesirable hemolytic activities
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were observed, indicating that the hydrophobicity was likely too high. Tuning of these
copolymers was attempted to help improve the activity and selectivity by adjusting the "~
ratio of charged and hydrophobic monomers within the copolymer. Surprisingly, the
dramatic anticipated improvement was not observed. This suggests that the spatial
arrangement of charged and non-polar groups is important and not just the overall global
amphiphilicity. The facially amphiphilic copolymers were also examined and compared
to the segregated ones. These monomers consisted of either a norbornene or
oxanorbornene with an alkylamine off the imide on one side and various hydrophobic
groups off the opposite side or an oxanorbornene with hydrophobic and hydrophilic ester
groups off the 3- and 4- positions of the furan ring (Figure 13c¢). Many different
substituents were tested for the imide containing norbornene and oxanorbornene, such as
ethyl amine, guanidinium, isopropyl, isobutyl, and methylacetylene to name a few. Some
showed reasonable antimicrobial activity and selectivity that surpassed that of the
magainin derivative. Additionally they proved to be bacteriocidal. With these results in
hand though, none compared to the copolymer of the oxanorbornene monomer containing
the cationic and hydrophobic (methyl to hexyl) ester residues, which is the most efficient
of this type to date. =~ When lipid vesicle studies were run on some of these facially
amphiphilic copolymers, it was discovered that these peptides caused little to no damage
to the membrane. This must mean that their ability to effectively kill bacteria likely
occurs via a different mechanism than gross membrane trauma. It was then demonstrated
that they have the ability to traverse membranes as well as other properties reminiscent of

cell-penetrating peptides and then interact with an anionic macromolecule inside the

cell.'??
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1.8 Elongated Antimicrobial Mimics Containing Aryl Backbone Monomers

M

Oligomers composed of arylamides, designed by DeGrado et al., have been
shown to mimic the properties of membrane-interactive antimicrobial peptides.>* >
These oligomers however were conformationally different from the previously reported

123-125 £ a thioether

helical conformations by employing intramolecular hydrogen bonding
to both adjacent amide protons (Figure 14). This interaction could potentially help to
rigidify the structure as well as prevent uncontrolled intermolecular H-bonding
aggregation. The thioether also allowed for a convenient point of attachment for the
basic residues. These oligomers were proposed to form an elongated linear facially
amphiphilic conformation with the cationic and lipophilic functional groups protruding to
the top and bottom of the molecule. Bacterial studies indicated that this class of

oligomers was bactericidal and not just bacteriostatic. Hemolytic ICsos (concentration

which gives 50% of maximum inhibitory effect) were shown to be approximately

I "
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Figure 14. Basic arylamide structure.

10-fold higher than the MIC values for the bacteria, an insufficient selectivity for an
antimicrobial agent of this type. To help eliminate this problem, the end groups (R' of
Figure 14) of the short triaryl amide were varied with both polar and hydrophobic groups.

Increasing the hydrophobicity resulted in increased activity toward erythrocytes, but
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increasing the polarity, specifically to an arginine residue, resulted in substantial
antibacterial activity, similar to that of a superior magainin analog, as well as :‘_’,\

significantly greater selectivity. Encouraged by these results, an additional polar

positively charged alkylamino substituent was introduced to the central isophthaloyl
group (R? of Figure 14) which even further enhanced the selectivity without greatly
altering the potency. Vesicle leakage, evaluated using fluorescent dye assays further
confirmed the mode of action of these oligomers by releasing about 90% of the dye at
concentrations near the reported MIC values. These results indicated that short oligomers
can also have strong antibiotic activity as well as selectivity, and also allowed for a
simple cost effective synthesis.

To further optimize this class of oligomers, rigidity of the backbone was increased
through hydrogen-bonding, and/or new substituents were introduced.'?® Hydrogen
bonding in the backbone does not appear to be essential however, as the phenylene

ethynylene backbone, introduced by Tew et al., was highly active. HL 14127 The two
ether groups on the 4 and 6 position (R" of Figure 15) of the isophthalic amide

linker also hydrogen bond to the adjacent amide or terminal amine protons, forming

Figure 15. Arylamide with ether groups at the 4 and 6 position of the middle ring,

generating increased intramolecular hydrogen bonding and overall rigidity.
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3-centre intramolecular hydrogen bonds that rigidify the entire aryl amide trimer."
Increased affinity and selectivity were observed upon this increase of rigidity of the
molecule. Guanidinylation of the aniline groups also increased activity for both gram
negative and gram positive species without affecting the hemolytic potency. Changes of
the ether substituents on the isophthalic ring to add varying cationic substituents showed
that the trimer could be selectively targeted to be preferably active towards one strain of
bacteria over another. This additional introduction of cationic charge also decreased
toxicity towards erythrocytes. Two additional changes of the isophthalic ring to a
pyrimidine ring (position X of Figure 16) and the tert-butyl substituent to a less
hydrophobic trifluoromethyl group (R? of Figure 16) minimized toxicity without loss of
antibacterial potency. This is the most active arylamide oligomer to date (Figure 16),
with activities comparable to that of vancomycin at its maximum tolerated dose.”” Like
antimicrobial peptides, the arylamides cause rapid depolarization of lipid membranes (of
mimicking vesicles) in a concentration-dependent manner at concentrations close to

those required to the MIC. Interestingly, only partial depolarization is required to
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Figure 16. The most active aryl amide reported.

lead to cell death, which occurs in a slower process that can take up to several hours at

concentrations near the MIC. This behaviour suggests that many AMPs and AMP
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mimics act by mixed mechanisms; at high concentrations they disrupt membranes
sufficiently to lead to cell death, whereas at lower concentrations, other slower
mechanisms become important."> Because these arylamides are too short to span the
hydrophobic length of the phospholipid bilayer, it is suggested that these oligomers work
in party by a mechanism that resembles the “carpet” mechanism of AMP activity. Their
relatively small size and conformationally constrained structures may aid in their ability
to penetrate various physical barriers in Gram-positive and Gram-negative bacteria.
Once they gain access to the membranes, they must bind with sufficiently favourable free
energy of association to allow disruption of the bilayer.

1.5 further explored this arylamide design with aryl urea oligomers which

Teweta
also have the intramolecular hydrogen bonding of amide or aniline hydrogens to a
thioether substituent (Figure 17). The length of these oligomers was optimized for
overall activity and selectivity and it was found that 3 monomer units were most
favourable. In contrast to the preliminary arylamides reported above, these aryl ureas
have hydrogen bonding interactions on every ring. Antibacterial and hemolysis activity

was determined and the urea trimer proved to be extremely active and somewhat

selective. Upon comparison to the magainin derivative

NH» NH, NH,
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Figure 17. Aryl urea trimer.
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and most active aryl amide, the antibacterial activity of the aryl urea far surpassed that of
the magainin and was comparable to the aryl amide, but was not nearly as selective.
Oligomers without any hydrogen bonding amide motifs along the backbone were
also studied. Oligo(phenylene ethynylene) backbones (Figure 18) were introduced and
were shown to adopt facially amphiphilic conformations when properly designed.''* Ha,
128132 The tri(phenylene ethynylene) showed the most impressive results compared to
longer versions for both antimicrobial activity as well as selectivity. They also showed
potential as a new clinical treatment for antibiotic-resistant bacterial infections.''' This
oligomer was screened against a large set of bacteria and other microorganisms and was
extremely potent against E. coli, with the lowest MIC reported thus far. Along with this,
it was found that the measured selectivity showed extremely encouraging results. It also
demonstrated good activity towards antibiotic resistant bacterial strains MRSA and VRE
and showed no indication of inducing resistance. Studies on the behaviours of these
phenylene ethynylene oligomers on membranes were also performed** which showed

that the observed antibacterial activity correlates with an induced transition of

Br é \\ Br
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Figure 18. Tri(phenylene ethynylene) facially amphiphilic oligomer.
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SUVs into an inverted hexagonal phase, in which hexagonal arrays of water channels are
formed. Upon addition of the tri(phenylene ethynylene) to phospholipid vesicles,
selective permeability was demonstrated.

Overall, the above described studies demonstrate that a diverse array of chemical
structures is capable of exhibiting membrane disruptive antimicrobial properties. While
amphiphilicity or amphipathicity appear to be the common features required for activity,
the mechanism of action of many of the molecules is still poorly understood and new

antibiotic molecules are still badly needed.

1.9 B-Strand Mimics as Potential Antibiotics
While most of the AMP mimics developed so far have focused on helices or
molecules lacking well defined conformations as described above, the prior successes

5436130 a5 well as an example of a highly active o-

using the linear aromatic oligomers
peptide capable of adopting an amphipathic B-sheet structure'®® suggest that p-strand
mimics may provide a successful design for antimicrobial peptide mimics. Although
synthetic analogues of protegrins have been developed to mimic their rigid anti-parallel
two-stranded B-sheet structure which is stabilized by disulfide bonds, these structures
have focused on the incorporation of the new turn inducing elements, and like the
protegrins, they contain segregated domains of cationic groups at each end of the B-
sheet.'™ 3* The goal of this thesis was to develop the first example of an a-amino acid

based -strand peptidomimetic that is designed to have an amphipathic structure in which

cationic amino acid side chains are directed to one face of the strand and hydrophobic
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groups are directed towards the opposite face, with the aim of developing a new scaffold
for membrane-disruptive antibiotics.

There is considerable interest presently in mimicking peptide and protein -
sheets and strands and their turn structures in hopes of duplicating and perhaps improving

3% B-sheets consist of

on their structural, functional and pharmacological properties.'
extended polypeptide strands connected by a network of hydrogen bonds and occur
widely in proteins. Intermolecular interactions between the hydrogen-bonding edges of
B-sheets constitute a fundamental form of biomolecular recognition (like DNA base
pairing) and are involved in protein quaternary structure, protein-protein interactions, and
peptide and protein aggregation. The importance of B-sheet interactions in biological
processes makes them potential targets for intervention and investigation in diseases such
as AIDS, cancer, Alzheimer’s disease, and specifically for our work, antimicrobial
agents.'¥

Nowick and co-workers have synthesized peptide-based artificial B-sheets that
mimic parallel and antiparallel conformations. Their templates form folded, hydrogen-
bonded structures and help prevent the formation of complex, ill-defined aggregates,
selectively promoting the hydrogen bonding capabilities of one side of the molecule
while blocking the hydrogen bonding capabilities of the opposite side. This negates the
possibility of the molecule forming aggregates as well as promoting the formation of
simple monomeric and dimeric species.'*® Their initial efforts began with turn structures
that loosely resemble amide-based B-turn structures common in peptides and proteins.]36

They then developed a urea-based turn structure, which allowed two specific groups to be

in close proximity to one another. The resemblance of these urea-based turns to B-turns
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inspired them to combine their molecular scaffolds with amino acids to form structures
that they termed “artificial B-sheets”.!*> '*”1% Evaluation of the propensities of different

amino acids to adopt B-sheet structures was examined, and it was determined that amino

acids valine and leucine had the greatest propensities to adopt the B-sheet structure.'*

These results largely match those of the established propensities (the “Chou-Fasman

141

parameters™). Following this, they began work on a second template to enhance

folding and reduce uncontrolled intermolecular interactions that contained the unnatural
amino acid Hao, which they developed'** (Figure 19). This template would mimic the
hydrogen bonding pattern of one edge of a peptide in the B-strand conformation as well
as increase the rigidity along the backbone; this was termed a “B-strand mimic”.'*" '
Peptides containing the Hao group fold to form B-sheet structures, dimerize through edge

to edge B-interactions and antagonize f3-sheet aggregation (Figure 19).!%
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Figure 19. Artificial f-sheet containing Hao artificial amino acid and urea B-turn.

Bartlett and coworkers'® '’ have also recently reported artificial B-strand
forming oligomers which consist of alternating amino acids and azacyclohexenone units
or “@"'"" units (Figure 20). These oligomers have been termed @-tides. The
replacement of alternating amino acids with the @-units provides conformational
restriction which favours elongated conformations and the tertiary amide limits hydrogen
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bonding to one edge of the strand, preventing uncontrolled aggregation. They also
possess attractive features such as resistance to proteolytic degradation'®® and the easy

146,149

incorporation of the @ unit by a flexible, modified peptide synthesis. Similar

analogues have been demonstrated to bind to the PDZ domains of proteins more strongly

than their natural p-sheet ligands.'*®

Figure 20. Linear @-tide containing alternating (@ units and L-amino acids.
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Part Two: Results and Discussion
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2.1 Thesis Goals |

The goals of this thesis were to design and synthesize new amphipathic @-tides
and to evaluate their abilities to potentially serve as membrane active antibiotics by
studying the release of encapsulated fluorescent dye molecules from phospholipid vesicle
models of both bacterial and mammalian cell membranes. The propensity of these
modified oligomers to assemble into P-sheet structures in solution is also described and
compared to the results obtained for the original @-tides described by Bartlett and
coworkers.'* Several of the oligomers were found to exhibit membrane disruptive
activity as well as selectivity for the bacterial over mammalian cell membrane models.
These studies therefore introduce a promising new template for the development of

potential antibiotics and provide important insights into the structural features that are

critical for activity in this class of molecules.

2.2 Primary Design of First Generation B-Strand Peptidomimetics

The common structural feature of most membrane-disruptive antimicrobial
peptides is the segregation of hydrophobic and cationic groups into different regions of
the molecule, such as on opposite faces of a helix.® Ina -strand based entirely on L-a-
amino acids, the side chain groups will be naturally directed to opposite faces of the
strand. However, in the @-tides, as every second amino acid is replaced by an
azacyclohexenone unit, all of the side chains are expected to be directed to the same face
of the strand in its linear conformation as shown in Figure 21a.'*® Therefore, the main
design modification made to the previously reported @-tide template was to alternate L-

and D-amino acids. By subsequently alternating hydrophobic and cationic amino

35

o en i s avma




= hydrophobic residue
# = cationic residue
Figure 21. Structure of an @-tide comprising a) all L-amino acids alternating with
azacyclohexenone units and b) hydrophobic D-amino acids and hydrophilic L-amino

acids alternating with azacyclohexenone units.

acids as shown in Figure 21b, it was anticipated that an amphipathic structure should be
presented in the @-tide’s linear conformation. As a cationic residue, L-lysine was
selected because aliphatic amines have been one of the most commonly and successfully
used cations in the development of antimicrobial peptidomimetics.54,63,13 D-Valine was
selected as the hydrophobic residue because of its propensity to form P-strands and P-
sheets.15], 12 The previously reported antimicrobial peptidomimetics have generally
consisted of larger fractions of hydrophobic than hydrophilic residues.49,71,153 However,
it was anticipated that the azacyclohexenone units in the @-tides would introduce

significant hydrophobicity to the structures, so in order to obtain at least the minimal
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water solubility required for the subsequent evaluation of the molecules, structures with

equal or greater numbers of lysine relative to valine groups were targeted initially.

2.3 Synthesis of First Generation B-Strand Peptidomimetics
The target molecules were synthesized by a convergent solution phase approach
based on modifications to the method reported by Phillips et al.'*® First, as shown in

1'% was

Scheme 1, the previously reported benzyl carbamate (Cbz) protected @-tide unit
reacted with either D-valine or €-Boc-L-lysine to provide the corresponding condensation
products 2 and 3 respectively which will be referred to as dimers throughout this
discussion. Without further purification, the L-lysine derivative 3 was converted to the
methyl ester 4. After removal of the Cbz group by catalytic hydrogenolysis in methanol,
the resulting dimer amine § was coupled with dimer acid 2 using O-(7-azabenzotriazol-1-

yl)-N,N,N', N'-tetramethyluronium hexafluorophosphate (HATU) as the coupling agent, in

N, N-diisopropylethylamine (DIPEA) and DMF to provide the tetramer 6.
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Scheme 1 Synthesis of alternating D-/L- amino acid @-tide tetramer 6
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The Cbz protecting group on the tetramer 6 was then removed by hydrogenolysis,

13 to provide the

providing 7, which was then coupled to a-acetyl-e-Boc-L-lysine
pentamer 8 as shown in Scheme 2. Alternatively, the tetramer was coupled with the dimer
3 to provide the hexamer 9. Deprotected versions of the pentamer and hexamer were
prepared for evaluation of the membrane-disruptive capabilities. The Boc protecting
group on the pentamer 8 was removed by treatment with a 1/1 TFA/CH,Cl; solution to

provide the dicationic pentamer 10. The Boc groups on the hexamer 9 were removed

under the same conditions to provide the dicationic oligomer 11.
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Scheme 2 Synthesis of alternating D-/L- pentamers 8 and 10 and hexamers 9 and 11

NHR O
a—acetyl-e—Boc-L-lysine,
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In addition, it was of interest to investigate the effect of incorporating the
alternating D- and L-amino acids to potentially provide facially amphiphilic structures in
the linear B-strand conformations, in comparison with oligomers containing all L-amino
aqids. Thus, molecules corresponding to 2, 6, 8, 9, 10, and 11, but containing only L-
amino acids were prepared by the same methods described above. These molecules will
be referred to as 2’°, 6°, 8°, 9°, 10°, and 11’ respectively. It is also noteworthy that while
none of the oligomers described above are very long and do not possess highly charged
states, high antibiotic activity and selectivity have been previously observed for aromatic

amide and urea-based oligomers of similar lengths.’* > ''"* Therefore, this initial series
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of molecules was expected to give valuable insights into the activity of this class of
molecules.

Oligomers up to the tetramer length (6, 6') were characterized by the standard
methods used for small molecules, using techniques including proton nuclear magnetic
resonance ('H NMR) spectroscopy, carbon nuclear magnetic resonance (13C NMR)
spectroscopy, and infra-red (IR) spectroscopy as well as high resolution mass
spectrometry (HRMS). All characterization data were consistent with the proposed
structures. Due to the increasing broadness and complexity of the NMR spectra with
increasing length, and solubility constraints, the pentamers and hexamers were
characterized mainly by high performance liquid chromatography (HPLC) and HRMS,
techniques that are standard for the characterization of oligopeptides, along with '"H NMR

spectroscopy.

2.4 Self Association of @-Tide 8 in CDCIl;/CD3;OH Mixtures

Phillips et al. have reported extensive studies to demonstrate that @-tides of
various lengths and compositions assemble in organic and aqueous solutions to form [-
sheets.'*"'** While the formation of such assemblies is probably not critical to achieving
mémbrane-disruptive activity, it is nevertheless of interest to investigate the effect of
alternating the amino acid stereochemistry on this potential dimerization, as it can
provide some insight into the conformational preferences of the molecules and their
potential to assume amphipathic conformations in the presence of membranes. Therefore,
the approximate self-association constants for several oligomers in CDCl; and

CDCI5/CD;0OH mixtures were determined.
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These studies were carried out using the NMR dilution method.'*® First, a solution
of 8 was prepared and was gradually diluted. The chemical shifts of the most downfield
N-H proton were measured in pure CDCl;, 99/1 CDCIl3/CD;OH, and 97.5/2.5
CDCl3/CD3;0H as a function of concentration and are shown in Figure 22. Unfortunately,
despite the use of 2D NMR experiments including nuclear overhauser enhancement
spectroscopy (NOESY), correlation spectroscopy (COSY) and heteronuclear multiple
bond correlation (HMBC) it was not possible to unambiguously assign this peak to a
specific N-H of 8 due to the high symmetry of the molecule relative to those previously
reported,'*® as well as the broadness and overlap of many of the peaks in the spectra.
However, to determine the dissociation constant Ky for the dimerization, the NMR
chemical shift data was fit to eq 1 using a nonlinear curve-fitting procedure,'*® where &, is
the chemical shift of the nondimerized oligomer, A is the difference in chemical shifts
between the dimerized and nondimerized oligomer, and ¢, is the concentration of the
oligomer. This provided Kgs of 0.2 + 0.4 mM, 0.7 £ 0.4 mM, and 1.6 £ 0.6 mM in pure
CDCl;, 99/1 CDCl3/CD;0H, and 97.5/2.5 CDCl3/CD3OH respectively. The increasing
Kgs with increasing CD3;0H content is consistent with the disruptive effect of CD;0H on
the expected hydrogen-bonded dimers. To investigate the effect of oligomer length, the
Kgs determined from the N-H shifts for both the tetramer 6 (Figure 23) and hexamer 9
(Figure 24) were also measured using the same method. In 97.5/2.5 CDCl3/CD3;0H their
respective Kys were 34 + 3 mM and 5.7 £ 1.3 mM. The higher K4 for the tetramer 6 was
expected because its shorter length allows for the formation of a maximum of four
hydrogen bonds in the dimerized state. In contrast, both the pentamer 8 and the hexamer

9 are capable of forming a maximum of six hydrogen bonds in the dimerized state and
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were therefore expected to exhibit similar Kgs, which was indeed observed. These values

are of approximately the same order of magnitude as those obtained by Phillips et al. for
the dimerization of @-tides of similar lengths in these solvents.'*’

Overall, the magnitudes of the Kgs, their dependence on the CD;OH
concentration, and dependence on the oligomer length suggest that the oligomers
containing alternating D- and L-amino acids are capable of dimerizing to form -sheet
mimics in the same manner as the previously well characterized @-tides containing all L-
amino acids. This indicates that under some conditions, these oligomers should be
capable of forming elongated amphipathic conformations. However, the relatively high
dissociation constants and the strong effect of hydrogen bonding solvents observed in our
studies and previously reported by Phillips et al." 1% for oligomers of these relatively
short lengths suggest that they would not spontaneously assemble into dimers in aqueous
solution at the concentrations relevant for antimicrobial activity, prior to their interactions

with membranes. In addition, it should be noted that while circular dichroism (CD)

spectroscopy has been previously used to elucidate the extent of (@-tide
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Figure 22. Chemical shifts of the farthest downfield N-H proton of pentamer 8 in 'H
NMR spectroscopy, as a function of solvent and concentration. The concentration

dependence is indicative of dimerization of 8 to 3-sheet mimics.

dimerization in a variety of solvents, this technique was not suitable for the analysis of
oligomers containing D- and L-amino acids due to the requirement of having two L-
amino acids surrounding the @-unit in order to observe the characteristic signal near 280

149, 1
149, 55
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Figure 23. Chemical shifts of an N-H proton of tetramer 6 in '"H NMR spectroscopy, as a

function of solvent and concentration.
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Figure 24. Chemical shifts of an N-H proton of hexamer 9 in '"H NMR spectroscopy, as a
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2.5 Assessment of Membrane Disruptive Potential Using a Vesicle Leakage Assay

Numerous studies have demonstrated that the ability of membrane-disruptive
antimicrobial peptides to kill bacterial cells via membrane lysis generally coincides with
their ability to disrupt and lyse the phospholipid membranes of small unilamellar vesicles
(SUVs).*> 3 84 114 quch studies have provided insight into the mechanism of action of
these molecules. In addition, in order to predict the selectivity of the molecules for
bacterial over mammalian cell membranes, it is possible to choose SUVs that mimic
either bacterial or mammalian cell membranes. * 3% # 11 I this study, as previously
reported by Yang et al., *>3* 8 !4 an 80/20 ratio of the lipids 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE)/1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)](sodium salt) (DOPG) were selected to mimic bacterial cell membranes. Most
gram-negative bacterial membranes are rich in PE lipids, which have a relatively small
head group and therefore a tendency to promote negative curvature. * >* 8 Y DOPG is
anionic, which is characteristic of bacterial membranes that contain negatively charged
phospholipids, lipopolysaccharides, and teichoic acids on their surfaces.'”’ The
phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was chosen for the
preparation of SUVs mimicking mammalian cell membranes as eukaryotic cell
membranes are rich in PC lipids.'*

Thus far, several techniques have been used to investigate the disruption of
phospholipid membranes by antimicrobial peptides and peptidomimetics,*> ''* but by far
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the most widely used methods involve fluorescence.* > 8% 14 Generally, a water-soluble
dye is entrapped in the vesicle core during vesicle formation at a concentration that is
sufficiently high to provide fluorescence quenching. Upon the addition of the membrane-
active molecules, and rapid disruption of the membranes, the dye molecules are released
from the vesicles, resulting in a significant dilution and the recovery of their
fluorescence. In the current work, the 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt (HPTS) and p-xylene-bis(N-pyridinium bromide) (DPX) fluorescent probe system
was selected.””®  HPTS undergoes efficient self-quenching at moderately high
concentrations in the presence of DPX, a collisional quenche:r.159 Thus, the new
oligomers were added to the HPTS-DPX loaded vesicles at varying concentrations from
DMSO solutions. Small volumes of DMSO were used to dissolve the oligomers due to
difficulties in dissolving some of the more hydrophobic molecules directly in the aqueous
buffer. However, none of the oligomers were found to precipitate upon addition of the
DMSO solutions to the aqueous buffer at the concentrations evaluated. The initial
fluorescence intensity was taken as 0% HPTS-DPX release, and it was verified that the
small quantities of DMSO that were used to dissolve the @-tides for their addition to the
vesicles did not lead to any changes in fluorescence. At the end of each experiment, triton
X-100, a well known membrane disruptive surfactant, was added to completely lyse the
vesicles and the observed fluorescence intensity was used to indicate 100% HPTS-DPX
release.

In preliminary work, it was found that @-tide oligomers with a carboxylic acid
terminus did not lyse either the DOPE/DOPG or the DOPC vesicles to any measurable

degree. This may be due to an insufficient cationic charge as the terminal carboxylic acid
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would cancel the charge of one of the two lysines, leaving an overall positive charge of

only +1 on the molecule. Alternatively, the presence of the charged carboxylate ion may
make the molecule insufficiently hydrophobic for membrane disruptive activity. C-
terminal capping has also previously been shown to enhance antimicrobial activity
among conventional peptides.'®'®? Therefore, the current efforts focused on only the
evaluation of the methyl ester derivatives. As shown in Figure 25, the pentamer 10, with
an overall positive charge of +2 exhibited concentration-dependent DOPE/DOPG
membrane lysis with greater than 50% of the dye molecules released in 3 minutes.
Hexamer 11 (Figure 26), also having an overall charge of +2, exhibited a similar degree
of membrane lysis after 3 minutes, but the kinetics of dye release were somewhat slower
than for the pentamer 10. To investigate the role of the cationic e-amines of lysine in the
membrane disruptive activity, the protected tetramer 6 (Figure 27), pentamer 8 (Figure
28), and hexamer 9 (Figure 29) were also investigated. Quite unexpectedly, all of these
molecules were found to be active in DOPE/DOPG vesicles. All three molecules
provided approximately 80% release of HPTS-DPX after 3 minutes at the highest
concentration, with the hexamer again exhibiting slower release kinetics than the tetramer
or pentamer. A comparison of the membrane-disruptive activities of oligomers 6, 8, 9, 10,
and 11 at a concentration of 100 pg/mL is shown in Figure 30. Overall, these results
indicate that a cationic charge is not essential for activity in this class of molecules, and
that perhaps their activity may be enhanced by increasing their hydrophobicity. While 6,
8, and 9 are not cationic, they may still be amphipathic with the hydrogen-bonding edge
of the molecule being relatively hydrophilic and the opposite edge with the valine side

chain and the Boc protected amine groups being hydrophobic in the B-strand
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conformation. The results thus far also suggest that there would not be significant
benefits to the preparation of longer @-tide oligomers in terms of the degree of

membrane disruption or the rate.
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Figure 25. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by oligomer 10 assessed in vesicles of 80/20 DOPE/DOPG

(bacterial mimic).
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Figure 26. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by oligomer 11 assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 27. Detection of membrane lysis based on the leakage of encapsulated
HPTS/DPX from vesicles by oligomer 6 assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 28. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by pentamer 8 assessed in vesicles of 80/20 DOPE/DOPG.

inn- e 100 pg/mL
0 — “50 pg/mL
ou e 25 pg/mL
©
0 12 5 pg/mL

4U -

Time (3|
Figure 29. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by oligomer 9 assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 30. Summary of lysis activity for oligomers 6, 8, 9, 10, and 11 based on
alternating D- and L-amino acids assessed in vesicles of 80/20 DOPE/DOPG (bacterial

mimic) at 100 pg/mL.

While the ability of the molecules to lyse the DOPE/DOPG-based mimics of bacterial
membranes is critical to their potential applications as antibiotics, it is also important to
evaluate their ability to lyse the DOPC-based mimics of mammalian membranes, as this
may provide early indications of their potential toxicity to mammalian cells. Therefore,
all of the molecules described above which exhibited activity in the DOPE/DOPG
vesicles were evaluated in DOPC vesicles with encapsulated HPTS-DPX. As shown in
Figure 31, it was found that at a concentration of 100 pg/mL. the highest concentration
evaluated, all of the molecules exhibited greatly reduced membrane-disruptive activity in

the DOPC vesicles, with less than 10% of the HPTS- DPX released during the course of
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Figure 31. Detection of membrane disruption based on the leakage of encapsulated
HPTS and its quencher DPX from vesicles for oligomers 6. 8, 9, 10, and 11 based on
alternating D- and L-amino acids assessed in vesicles of DOPC (mammalian mimic) at

100 pg/mL in each case.

the experiment. The reduced activities of the molecules in the DOPC vesicles may be
due partly to the lack of anionic charge on these vesicle membranes. However, for
the noncationic @-tides 6, 8, and 9, the reduced activity cannot be attributed only to
charge effects but may be due at least partly to the intrinsic negative curvature of the
DOPE lipids relative to the DOPC lipids, and thus their increased susceptibility to lysis.

In order to evaluate the role of the three-dimensional structure on the membrane-
disruptive activity, the analogues 6', 8, 9", 10', and 11' (Figures 32-36, respectively),
containing only L-amino acids were also tested in the vesicle lysis assay. As illustrated in

Figure 21 and described above, it was not expected that these molecules would display
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facially amphiphilic conformations, as all of the amino acid side chains would be directed
to the same side of the PB-strand in the linear conformation. As shown in the
corresponding figures, all of these all L-amino acid analogues exhibited greatly reduced
lysis activity in DOPE/DOPG vesicles relative to their alternating D-,L.- counterparts,
with the exception of the hexamer 11' which had similar activity to 11. A comparison of
their activities at 100 ug/mL is shown in Figure 37. This suggests that the designed
amphipathicity of the molecules does have an important role in their activity, and that
while the molecules would not be expected to preorganize into amphipathic p-sheet
mimics in aqueous solution, they may be able to assume conformations resembling B-
strands in the presence of membranes. In the case of natural antimicrobial peptides such
as magainin, it has been found that while the molecules are capable of displaying
amphipathic conformations, they are often unstructured in aqueous solution in the
absence of membranes or membrane mimics.” ' Nevertheless, this result is surprising
in light of the high activities of the protected oligomers 6, 8, and 9, which suggested that
the presence of hydrophobic and cationic residues on opposite faces of the molecule was
not essential for activity and that instead an amphipathicity based on the hydrogen-
bonding edge and the edge presenting the amino acid side chains might be sufficient.
Co}mpounds 6', 8',9', 10", and 11' (Figure 38) were all also evaluated in the DOPC
vesicles to probe their selectivity for bacterial over mammalian cell membranes and as
observed for the alternating D, L analogues less than 10% of the HTPS-DPX was

released.
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Figure 32. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by tetramer 6' assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 33. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by pentamer 8' assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 34. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by hexamer 9' assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 35. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by pentamer 10' assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 36. Detection of membrane lysis based on the leakage of encapsulated

HPTS/DPX from vesicles by hexamer 11' assessed in vesicles of 80/20 DOPE/DOPG.
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Figure 37. Summary of lysis activity for oligomers 6', 8', 9, 10', and 11' based on all L-

amino acids assessed in vesicles of 80/20 DOPE/DOPG (bacterial mimic) at 100 pg/mL.
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Figure 38. Detection of membrane disruption based on the leakage of encapsulated
HPTS and its quencher DPX from vesicles for oligomers 6', 8°, 9", 10", and 11' based on

all L-amino acids assessed in vesicles of DOPC (mammalian mimic) at 100 pg/mL in

each case.

Overall, these vesicle lysis assays have shown that many of the @-tides described
here have moderate membrane disruptive activity and also promising selectivity for
bacterial over mammalian membranes. It is also apparent that for membrane disruptive
activity there is an advantage to the preparation of @-tides from alternating D- and L-
amino acids, such that alternating side chains diverge to opposite sides of the molecule in
the linear conformation. The surprising activities of the protected oligomers suggest that
the azacyclohexenone units of the @-tides may not contribute as much hydrophobicity as

expected and that higher levels of activity might be achieved by the use of higher ratios
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of hydrophobic:hydrophilic amino acid side chains as well as the incorporation of amino

acids or terminal groups with higher hydrophobicity.

2.6 Design of Second Generation pB-Strand Peptidomimetics

From the activities observed with the previous series of @-tide oligomers, it was
thought that there were some features of these molecules which were responsible for the
exhibition of activity and that slightly adjusting them would help to increase activity.
From those results, especially the unexpected activities of the protected oligomers, it was
thought that an increase in hydrophobicity would further increase the activity of these
oligomers towards the microbial membrane mimics. Because the selectivity was very
good for the previous series of molecules, it was speculated that a minimal addition of
hydrophobicity would not be significant enough to cause a dramatic loss of selectivity or
increase in activity of the @-tides towards the mammalian membrane mimics.

Three new series of @-tides were designed in an attempt to fine tune features of
the moderately active @-tides described above. The first series was designed to increase
hydrophobicity by incorporating more hydrophobic residues into the backbone. The two
amino acids from the previous @-tides would remain the same, but the target molecules

would contain larger portions of valine (Figure 39).

Figure 39. Target nonamer (@-tide with a larger ratio of valine residues to lysine

residues.
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The design of the second series stemmed from the increased activity observed in

the @-tides containing e-Boc protected lysine residues compared to their deprotected
analogues. A series containing only lysine residues, both D- and L-, was designed, with
the target molecules being oligomers ranging from the tetramer to the nonamer shown in
Figure 40. These lysine @-tides were designed to test the importance of the presence of
this residue and protecting group along with the effect it was having on the activity

towards both bacterial and mammalian membrane mimics.

0 0 0O 0 0
HNJ\O/|< HNJLO/k HN/U\O/k HN)J\OJ< HN)J\OJ<

Figure 40. Target all lysine nonamer @-tide

For the third series, a larger increase in hydrophobicity was imparted by the
addition of an aliphatic tail to the end of the previously described @-tides (Figure 41).
This was designed to see if a greater degree of hydrophobicity would result in more
activity, as well as to see if it was important if the hydrophobicity came from a residue on
the backbone, or a hydrophobic group attached to an arbitrary position on the oligomer.
This addition was also expected to aid in the purification of these molecules during
synthesis, as chromatography had previously been challenging due to the high polarity of

the molecules.
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Figure 41. Target nonamer @-tide with additional aliphatic tail for hydrophobicity.

Due to the increased activity observed for the alternating D-/L- oligomers
compared to their all L versions, the designed facial amphipathicity was retained as a
constant component within these oligomers, as it proved to be the most active

conformation.

2.7 Synthesis of Second Generation -Strand Peptidomimetics

The three new series were synthesized in the same manner as the previously
synthesized @-tides. The first series was synthesized with alternating D-valine and L-
lysine amino acid residues to generate facially amphipathic oligomers, as shown in
Scheme 3. Hexamer 9 was synthesized as described in Scheme 2. This hexamer was
then subjected to catalytic hydrogenolysis in methanol, removing the Cbz protecting
group, to yield 12, which was then coupled with a-acetyl-valine'®® using HATU as the
coupling reagent in DIPEA and DMF to provide the heptamer 13, containing the acetyl,
Boc and methyl ester protecting groups. A deprotected version was also prepared to
evaluate the membrane disruptive capabilities. The Boc protecting groups were removed
by treatment with 1/1 TFA/CH,Cl, solution to provide the dicationic heptamer 14. The

synthesis of longer oligomers, such as a nonamer, was attempted by removing the methy]l
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ester protecting group at the C terminus followed by coupling to a Cbz deprotected

methyl ester valine dimer. This attempt proved unsuccessful unfortunately and the

Scheme 3. Synthesis of the first series (more valine residues) of the second generation
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desired nonamer was not formed. Difficulties in synthesizing long oligomers of this

nature by these methods have been seen in our previous endeavours to synthesize @-tides
by coupling two larger groups together. It was thought that perhaps synthesizing the
oligomers by the addition of dimers one at a time might assist in the synthesis of larger
molecules, however this was not the case when coupling to the carboxy terminus. In the
future, a more successful approach might involve the coupling of a carboxylic acid
functionalized dimer to the amino terminus of the @-tide, in an approach more analogous
to traditional peptide synthesis.

The synthesis of the second series, containing only lysine residues, began with the
synthesis of the dimer 3' through the coupling of 1 with e-Boc-D-lysine in methanol. The
dimer acid 3' was then coupled with 5§ using HATU and DIPEA in DMF, as shown in
Scheme 4. The resulting fully protected lysine tetramer @-tide 15 was found to be very
unstable and degraded readily at room temperature, resulting in the recovery of minimal

4material. A Boc deprotected version, 16, was also prepared using the same method as
described for the first series. The synthesis of longer oligomers was also desired,
however, due to the rapid degradation of material, this task seemed to be much more
difficult than originally thought and only enough material was recovered and preserved to
complete the testing of the tetramer. Even though this oligomer is not very long,
membrane disruptive activity was observed for @-tides of similar lengths for the
previously examined molecules. Testing was still conducted in hopes that these short

oligomers would give some insight to the activities of this series.
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Scheme 4. Synthesis of the second series (all lysine residues) of the second generation
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N N OH
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Cbz OH Cbz m/\[(

1 3 O
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[: 15 R =Boc
16 R=H, TFA™

For preparation of the third series, shown in Scheme 5, the methyl ester protecting group
of tetramer 6 was first removed with lithium hydroxide hydrate in a 1/1 solution of
THF/water for 1 hour. The resulting acid 17 was then coupled to 1-octanol with DCC,
DMAP and DPTS in dry CH,Cl, for 24 hours, yielding tetramer 18. 1-octanol was
chosen as the aliphatic tail because a chain of that length had been previously shown to
give the best antimicrobial activity and selectivity results in that it was not so
hydrophobic as to cause significant interaction with the mammalian vesicle mimics, but
hydrophobic enough to help increase interaction with bacterial vesicle mimics.'®
Catalytic hydrogenolysis was then performed on 18, resulting in the formation of the
amine 19 which was then coupled to the dimer 3 using the same coupling procedure as
described for the synthesis of tetramer 18. A Boc deprotection of the hexamer 20 was

attempted to give the desired dicationic oligomer. However, upon treatment with TFA,
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the molecule degraded and the desired product 21 was not formed, as confirmed by 'H
NMR and HRMS. The reasons for degradation of this oligomer, unlike the other
oligomers, are not clear. In addition, considering this unexpected degradation and the
availability of only small amounts of oligomer 20, the synthesis of longer oligomers of
this series was not possible.

The above described molecules were characterized by the same methods
described for the (@-tides described in the first part of this thesis, with the main

characterization methods of the new molecules being 'H NMR, HPLC and HRMS.

Scheme 5. Synthesis of the third series (aliphatic tail addition) of the second generation
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2.8 Assessment of Membrane Disruptive Potential Using a Vesicle Leakage Assay

Vesicles containing an 80/20 ratio of lipids DOPE and DOPG, as described
previously, were selected for the bacterial cell mimic membranes. DOPC lipids were
chosen for the vesicles mimicking mammalian cell membranes. Due to the success
observed previously using the HPTS/DPX fluorescent probe system, this method was
used again here to evaluate the interactions and lysing abilities of the three new series of
@-tide oligomers for the two different membrane mimics. Preparation methods for the
vesicles remained the same as those previously described. As well, the oligomers were
again dissolved in small amounts of DMSO and evaluated at the same concentrations as
the previously examined @-tide oligomers. Upon evaluation of the new @-tides
solubilities in the aqueous buffer solutions, although many of them were designed to be
more hydrophobic and therefore less water soluble, it was again found that there was no
precipitation observed upon the addition of the DMSO solutions to the buffer at all
concentrations evaluated. Triton X-100 was used as a measure of complete lysis to
indicate 100% dye release from the vesicles.

The molecules examined in the first series were heptamers 13 and 14, in which
the previously discussed alternating D-/L- facially amphiphilic @-tides were elongated
by the addition of an acetylated valine residue. As shown in Figure 42a, heptamer 14,

with a dicationic charge and 2 valine residues, exhibited an extremely low degree of lysis,
with the most concentrated dose generating less that 5% dye release in 3 minutes. This
result was surprising as it showed a drastic drop in activity compared to that of hexamer
11. Heptamer 13, with an overall net charge of zero, also exhibited diminished activity

compared to the fully protected hexamer 9, as seen in Figure 43a. However, it was
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Figure 42. Detection of membrane lysis based on the leakage of encapsulated
HPTS/DPX from vesicles: (a) oligomer 14 assessed in vesicles of 80/20 DOPE/DOPG

(bacterial mimic); (b) oligomer 14 assessed in vesicles of DOPC (mammalian mimic).
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slightly more active than its dicationic version 14, as observed for all of the other
oligomers previously examined. This result was quite perplexing, as it was hypothesized
that the increased activity of the protected oligomers previously examined was due to the
increased hydrophobicity imparted by the Boc group. Thus the increased hydrophobicity
of this series was expected to provide increased activity. However, this appears to have
in fact hindered their activity. This result may indicate that it is not a general or net
increase of hydrophobicity that is required for activity, but rather specifically that the Boc
protecting group provides the disruption of the membranes. When examining the activity
of these heptamers towards the mammalian vesicle mimics, it was observed that the fully
protected heptamer 13 (Figure 43b) showed slightly greater activity and 14 (Figure 42b)
showed similar activity compared to the activities of these oligomers towards the
bacterial vesicle mimics. This indicates that the degree of hydrophobicity may in fact be
too great and results in the loss of selectivity.

The all lysine dicationic tetramer 16 exhibited marginal activity, with the highest
concentration of 100 pg/mL showing about 30% dye release after 3 minutes (Figure 44a).
This deprotected tetramer showed approximately 10% more lysis than its completely
protected version 15 (Figure 45a) at the same concentration. Although the results don’t
show a large degree of lysis, they do show a promising resuit that hasn’t been seen yet for
these @-tides. The cationic oligomers were more active towards the bacterial mimic
membranes than the neutral oligomers. This result indicates that the presence of a net
cationic charge must in fact aid in the attraction and ultimate disruption and lysis of the
membrane mimics by these oligomers. Tetramers 16 and 15 (Figures 44b and 45b

respectively) were also examined against the DOPC mammalian vesicle mimics. Both
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Figure 44. Detection of membrane lysis based on the leakage of encapsulated
HPTS/DPX from vesicles: (a) oligomer 16 assessed in vesicles of 80/20 DOPE/DOPG

(bacterial mimic); (b) oligomer 16 assessed in vesicles of DOPC (mammalian mimic).
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tetramers showed diminished activity towards the mammalian mimics, but the best
selectivity was observed for 16 with essentially negligible activity towards the
mammalian mimics. This result again shows some promise and perhaps indicates that the
designed amphipathicity is sufficient to provide the initial electrostatic attraction of the
cationic oligomers to the negatively charged vesicles followed by insertion or disruption
of the membranes by the oligomers. The displayed selectivity also indicates that the
oligomer is not too hydrophobic to cause significant disruption of the mammalian vesicle
mimics but is polar enough to cause some lysis of the bacterial vesicle mimics. With
these results in hand, it is now questionable as to whether the alternating D-/L-lysine
residue @-tides would still show greater activity and selectivity than its all L-lysine @-
tide counterpart. This also might indicate that the amphipathicity arises from the primary
cationic amines providing one face and the @-tide backbone the other face as

demonstrated in Figure 46.

Figure 46. Dicationic tetramer 16. The blue region indicates the polar part of the

molecule and the green region indicates the hydrophobic part of the molecule.
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Figure 47. Detection of membrane lysis based on the leakage of encapsulated
HPTS/DPX from vesicles: (a) oligomer 20 assessed in vesicles of 80/20 DOPE/DOPG

(bacterial mimic); (b) oligomer 20 assessed in vesicles of DOPC (mammalian mimic).



Hexamer 20, which is fully protected, was also examined against the bacterial and
mammalian vesicle mimics. The DOPE/DOPG vesicles exhibited minimal leakage
(Figure 47a), with the highest concentration of 20 generating just over 10% dye release.
The same amount of dye release was observed for the DOPC vesicles (Figure 47b). This
result was not surprising, as the heptamers 13 and 14 also showed a huge decrease in
activity relative to the first generation of amphipathic @-tides, likely due to their
increased hydrophobicity, and 20 is likely even more hydrophobic.

Overall, the vesicle lysis assays have shown that the anticipated improvement in
activity, by increasing the degree of hydrophobicity by either the addition of another
valine residue or an aliphatic tail, was not attainable with the oligomers that were
prepared. This indicates that perhaps the Boc protecting group may play a specific role in
the interaction of these oligomers with the bacterial mimic vesicles, as seen with the
previous assay. However this result was not observed for the all lysine @-tides 15 and

| 16, as the dicationic oligomer showed greater activity and selectivity than its Boc
protected version. Tetramer 16 may however be in the correct balance of hydrophobic
and hydrophilic components to display the expected activities, as those seen in natural
host-defense antimicrobial peptides. Perhaps higher activity and selectivity may be
attained through the preparation of longer oligomers containing only lysine residues. As
well, it would be of interest to examine the differences in activities of an alternating D-
/L-lysine @-tide and the all L-lysine @-tide.

The difference in activities between the first and second generation @-tides may
also arise partly from the vesicle preparation. The first generation @-tides were tested on

one batch of vesicles and the second generation was tested on another batch. Although
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the batches were expected to be similar to one another, it is possible that there may be
small differences from batch to batch in the concentrations of phospholipids and this
should be quantified in the future. The shelf life of the lipids used to make these
oligomers must also be accounted for, with the older lipids perhaps forming less stable

vesicles, allowing them to be lysed more easily.
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Part Three: Conclusions and Future Work
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3.1 Contributions

B-strand mimetic oligomers based on alternating a-amino acids and
azacyclohexenone units were designed as potential membrane disruptive antibiotics. In
the first series of molecules D-valine and L-lysine were incorporated in an alternating
manner with the aim of obtaining amphipathic structures having a cationic and a
hydrophobic face in the linear B-strand conformation. The molecules were successfully
synthesized by a solution phase convergent approach. Using NMR dilution studies, it
was demonstrated that these new oligomers containing both D- and L-amino acids could
dimerize to B-sheet mimics in CDCl3/CD;OH solutions with similar affinities to the
oligomers containing all L-amino acids, which were previously reported. This indicates
that the incorporation of D-amino acids likely does not dramatically alter the
conformation preferences of the molecules, and that they are capable of exhibiting
~ amphipathic conformations. In vesicle leakage assays using membranes designed to
mimic those of bacteria, it was found that several oligomers exhibited moderate
membrane disruptive activity. No significant effects based on oligomer length were
observed in this series of molecules ranging from tetramers to hexamers, although the
hexamer exhibited slower leakage kinetics. Surprisingly, the oligomers with the €-Boc
protecting groups on the lysine units were as active or more active than the corresponding
deprotected oligomers with pendant cationic amines, demonstrating that a cationic charge
was not essential for activity in this class of molecules, and suggesting that there may be
some advantage to the increased hydrophobicity of the protected oligomers. In addition, it
was found that oligomers based on alternating D- and L-amino acids generally exhibited

significantly higher activity than the corresponding oligomers containing all L-amino
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acids. This indicated that there is some advantage to having the amino acid side chains
diverging to opposite sides of the strand. Furthermore, much lower activity was observed
for all of the oligomers with membranes mimicking those of eukaryotic cells in
comparison with those of bacterial cells, suggesting that this class of molecules may be
capable of selectively killing bacteria in the presence of mammalian cells.

Based on the results obtained with the first series of molecules, three new series
of B-strand mimetic (@-tide oligomers were designed to potentially provide greater
activity. Two of the new series, based on the facially amphipathic @-tides, were
synthesized with the aim of obtaining a more hydrophobic but still facially amphipathic
structure. The other series was designed to contain only D- and L-lysine residues. Short
versions of oligomers, ranging from tetramers to heptamers were successfully
synthesized, but attempts at the syntheses of longer oligomers were unfortunately
unsuccessful. In vesicle leakage assays, it was found that all of the new oligomers
exhibited negligible activities except for the tetramer containing only lysine residues,
which exhibited modest activity, and was more active in its deprotected than protected
form. Unexpectedly, no significant improvements were observed resulting from the
increases in hydrophobicities of the other series. The higher activity of the &-Boc
protected amine residue (@-tides was again observed for these more hydrophobic
oligomers, as previously seen in the initially examined @-tides. The reasons for this are
still unclear. Additionally, the oligomers exhibited minimal lysis towards membranes
mimicking those of eukaryotes; however, compared to the activities of the same
oligomers towards membranes mimicking bacterial membranes, significant selectivity

was not obtained.
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Overall, this work represents the first example of membrane disruptive oligomers
developed from a B-strand mimic based on a-amino acids. Although the membrane
disruptive activities obtained thus far are relatively modest and some structure-activity
relationships are still unclear, several important insights were gained into the features that
are important for activity, providing the groundwork for further exploration of @-tides as
potential antimicrobials. These structures are highly tunable as a diverse range of o-
amino acids and oligomer terminal functionalities can be readily incorporated using the
same synthetic routes described here. Thus the careful design, syntheses and evaluation
of additional series of @-tides based on the discoveries described here can likely lead to

new molecules with high antimicrobial activity and selectivity.
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Part Four: Experimental
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4.1 General Procedures and Materials.

All dry solvents were obtained from a solvent purification system. All other
chemicals were obtained from commercial sources and used without further purification,
unless otherwise indicated. Lipids were obtained from Avanti Polar Lipids as chloroform
solutions and were used without further purification. Column chromatography was
performed using silica gel (0.063-0.200 mm particle size, 70-230 mesh). Sonication was
performed at ambient temperature using a Branson Digital Sonifier Model P/S Module
400W 20kHz at 25% amplitude. Extrusion was performed using a 1 mL Lipex™
Extruder from Northern Lipids, equipped with a polycarbonate membrane having a 1 um
pore size. 'H NMR data were obtained at 400 or 600 MHz and 3C NMR data were
obtained at 100 or 150 MHz. All chemical shifts are reported in ppm and are calibrated
against residual solvent signals of CDCl; (8§ 7.26, 77.2) or CD;0D (6 3.31, 48.9). All
coupling constants (J) are reported in Hz. Mass spectrometry data were obtained using a
Finnigan MAT 8200 instrument in TOF ES+ mode. IR spectra were obtained using films
from dichloromethane or THF on NaCl plates. Fluorescence data were obtained on a
QM-4 SE spectrofluorometer equipped with double excitation and emission
monochromators from Photon Technologies International. All HPLC was performed on a
Waters 2695 Separations Module with a Waters 2998 Photodiode Array Detector at a
wavelength of 285 nm. Analytical HPLC traces were obtained using a Luna C18 3 um
(150 mm x 4.6 mm) column from Phenomenex, equipped with the corresponding guard
column. The HPLC gradient was as follows: equilibration in either 30/70, 20/80, or 10/90
MeCN/H;0 at 1 mL/min flow rate, followed by ramping to 95/5 MeCN-H,0 over 15

min. The solvent mixture was then run for an additional 5 minutes for a total elution time
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of 20 min. Retention times were recorded for this gradient. Preparative HPLC
purification was accomplished using a Luna C18 5 um (10 mm x 250 mm) column from
Phenomenex, equipped with the corresponding guard column. The gradient for
preparative HPLC purification was as follows: equilibration in 20/80 MeCN/H,0 at 3
mL/min flow rate for 10 min, followed by ramping to 95/5 MeCN/H,O over 15 min. The
solvent mixture was then run an additional 5 min for a total elution time of 20 min.

Solvent mixtures for all chromatographic analyses and purifications contained 0.1% TFA.

4.2 Experimental Section

Synthesis of compound 1. This molecule was prepared by the previously reported
method. '"H NMR spectroscopic data agreed with those previously reported and were
used to verify the compound's identity and purity.'*

Synthesis of dimer 2. Compound 1'* (3.0 g, 12 mmol, 1.0 equiv.) and D-valine (1.6 g,
13 mmol, 1.1 equiv.) were dissolved in dry MeOH (180 mL) under a N; atmosphere. The
solution was heated at 60 °C overnight. The reaction mixture was then cooled to room
temperature and concentrated in vacuo. The crude product was redissolved in
EtOAc/MeOH (147 mL/6 mL) and washed with 1M KHSO, and brine. The organic
fractions were combined, dried over MgSOsy, filtered and concentrated. The crude product
was purified by silica gel chromatography using a gradient of CH,Cl,/MeOH from 98/2
to 90/10 to remove impurities, followed by CH,Cl,/MeOH (1/1) to elute the product (2.2
g, 52 %) as an off white solid. '"H NMR (400 MHz, CDCl;/CD;0D (2/1)): 6 0.97 (dd,
6H, J=13.1, 6.5), 2.06-2.20 (m, 1H), 3.67-3.73 (m, 1H), 3.94-4.12 (m, 2H), 4.23-4.43 (m,

2H), 5.11 (s, 2H), 5.15 (s, 1H), 7.26-7.40 (m, 5H). '>C NMR (100 MHz, CDCl;:): § 18.4,
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18.7, 30.5, 43.9, 50.0, 61.4, 67.8, 94.5, 127.8, 128.2, 128.4, 135.7, 154.8, 163.0, 173.2,
192.1. IR (cm’, film from CH,Cl,): 3287, 3062, 2961, 2928, 2863, 1719, 1663, 1553.
HRMS calcd. for [M+H]" (C13H23N,0s): 347.1607. Found (ES+): 347.1624.

Synthesis of dimer 3. Compound 1'% (4.5 g, 18 mmol, 1.0 equiv.) and e-Boc-L-
lysine]64’ 1654.8 g, 20 mmol, 1.1 equiv.) were dissolved in dry MeOH (270 mL) under a
N; atmosphere. The reaction was heated to 60 °C and maintained at this temperature
overnight. The solution was then cooled to room temperature and concentrated. The
crude product was redissolved in EtOAc/MeOH (220 mL/9 mL) and extracted with 1M
KHSO; followed by brine. The organic layer was isolated, dried with MgSOQy, filtered
and concentrated. The product was purified by silica gel chromatography using a gradient
of EtOAc/Hexane (95/5) to remove impurities followed by EtOAc/MeOH (90/10) to
elute the product (5.97 g, 68 %) as a viscous oil. The product was taken to the next step
without further purification. '"H NMR (400 MHz, CDCl3/CD;0D (2/1)): 6 1.31-1.57 (m,
13H), 1.68-1.95 (m, 2H), 3.02 (t, 2H, J=6.3), 3.83-3.94 (m, 1H), 3.96-4.12 (m, 2H), 4.25-
4.37 (m, 2H), 5.04-5.11 (m, 1H), 5.12-5.18 (m, 2H), 7.29-7.39 (m, 5H).

Synthesis of dimer 4. The acid 3 (6.0 g, 13 mmol, 1.0 equiv.) was dissolved in
THF/H,0 (386 mL/45 mL) with stirring. A 20% solution of Cs;CO3 was added to the
reaction mixture slowly until a pH of 7 was obtained. The mixture was then
concentrated, redissolved in THF and concentrated again. Methyl iodide (0.94 mL, 15
mmol, 1.2 equiv.) in DMF (162 mL) was added to the resulting oil and the reaction was
stirred at room temperature for 30 min. The solvent was evaporated and the viscous oil
was triterated with distilled water to remove salts. The product was filtered and taken

back up in MeOH and then concentrated. The product was further purified by silica gel
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chromatography using a gradient of CH,Cl, to CH,Cl,/MeOH (98/2) to remove the
impurities, followed by CH,Cl,/MeOH (90/10) to elute the product (2.9 g, 48 %) as a
glassy solid. '"H NMR (600 MHz, CD;0D): § 1.26-1.51 (m, 13H), 1.69-1.90 (m, 2H),
2.97-3.07 (m, 2H), 3.71 (s, 3H), 3.96 (t, 1H, J=6.9), 4.00-4.07 (m, 2H), 4.24-4.33 (m,
2H), 5.04 (s, 1H), 5.12 (s, 2H), 7.26-7.37 (m, 5H). *C NMR (150 MHz, CDCl3/CD;0D
(2/1)): 6 23.9, 29.0, 30.5, 32.2, 40.9, 48.9, 51.4, 53.1, 56.7, 68.7, 79.7, 95.2, 128.9, 129.2,
129.6, 137.5, 156.1, 158.2, 173.1, 193.3. IR (cm’’, film from CH,Cl,): 3269, 3056, 2925,
2859, 1739, 1658. HRMS calcd. for [M+H]" (CysH3sN30,): 489.2475. Found (ES+):
489.2480.

Synthesis of dimer 5 and general hydrogenation procedure. The dimer 4 (0.75 g,
1.5 mmol, 1.0 equiv.) was dissolved in MeOH (20 mL) and 10% Pd/C (75 mg) was
added. The mixture was placed in a Parr shaker and was reacted using 4.5 bar of H;
pressure for approximately 1 hour. The solution was then filtered through celite and the
filtrate was concentrated to yield the product (0.53 g g, 100%) as a glassy solid. The
product was taken to the next step without further purification. 'H NMR (400 MHz,
CDCl5/CD50OD (2/1)): 6 1.29-1.53 (m, 13H), 1.72-1.91 (m, 2H), 3.04 (q, 2H, J=6.5), 3.31
(s, 2H), 3.56 (d, 2H, J=2.9), 3.74 (s, 3H), 3.99 (dd, 1H, J=8.0, 5.5), 5.01 (s, 1H), 5.81 (br
s, 1H).

Synthesis of tetramer 6. The dimer 2 (1.0 g, 2.9 mmol, 1.1 equiv), dimer 5 (0.93 g, 2.6
mmol, 1.0 equiv.), HATU (3.6 g, 9.5 mmol, 3.3 equiv.) and DIPEA (1.1 mL, 6.4 mmol,
2.2 equiv.) were dissolved in dry DMF (84 mL) under N, and the reaction mixture was
stirred for 24 hours. The reaction progress was monitored by thin layer chromatography

(100% EtOAc) and upon completion the solution was concentrated, redissolved in EtOAc
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(124 mL) and washed with 1M KHSOj4 followed by sat. NaHCOs. The organic layer was
isolated, dried over MgSQy, filtered and evaporated to yield a glassy solid. The product
was purified by silica gel chromatography using EtOAc to elute the impurities, followed
and EtOAc/MeOH (95/5) to elute the product (1.1 g, 63 %) as a glassy solid. 'H NMR
(600 MHz, CD;0D): 6 0.81-1.09 (m, 6H), 1.25-1.55 (m, 15H), 1.71-1.95 (m, 2H), 2.02-
2.16 (m, 1H), 2.96-3.09, (m, 2H), 3.66-3.78 (m, 3H), 3.94-4.14 (m, 3H), 4.14-4.25 (m,
1H), 4.28-4.62 (m, 5H), 4.73 (t, 1H, J=17.0), 5.06-5.28 (m, 4H), 6.52 (br s, 1H), 7.24-
7.38 (m, 5H). >C NMR (150 MHz, CD;0D): & 18.7, 19.6, 24.0, 28.9, 30.5, 32.5, 41.0,
43.7,45.1,51.5,53.1, 56.9, 59.0, 68.8, 79.8, 95.0, 95.5, 129.0, 129.3, 129.7, 137.6, 156 .4,
158.4, 163.4, 164.9, 170.8, 171.2, 173.0, 173.2, 192.4, 193.7. IR (cm’, film from
CH,CLy): 3283, 3057, 2960, 2927, 2862, 1736, 1689. HRMS calcd. for [M+Na]®
(C3sH4oNsO9Na)': 706.3422. Found (ES+): 706.3428. HPLC tR 9.7 min (MeCN/H,O
(20/80)).

| Synthesis of tetramer 7. Hydrogenolysis of tetramer 6 was performed as described
above for the preparation of the dimer 5, providing the tetramer 7 (99%) as a glassy solid.
The product was taken to the next step without further purification. 'H NMR (400 MHz,
CDCls): 3 0.68-1.09 (m, 6H), 1.19-1.62 (m, 13H), 1.70-1.94 (m, 2H), 1.97-2.10 (m, 1H),
| ~ 3.00-3.15 (m, 2H), 3.66-3.83 (m, 3H), 3.88-5.27 (m, 10H).

Synthesis of the pentamer 8. Tetramer 7 (0.69 g, 1.3 mmol, 1.0 equiv), a-acetyl-e-
Boc-L-lysine'** (0.40 g, 1.4 mmol, 1.1 equiv.), HATU (1.6 g, 4.2 mmol, 3.3 equiv.) and
DIPEA (0.50 mL, 3.0 mmol, 2.4 equiv.) were dissolved in dry DMF (22 mL) under a N>
atmosphere and the reaction mixture was stirred for 24 hours. The reaction progress was

monitored TLC. Upon completion, the solution was concentrated and the product was
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redissolved in EtOAc (75 mL) and washed with 1M KHSO, followed by sat. NaHCO;.
The organic layer was isolated, dried over MgSO,, filtered, and concentrated. The
product was purified by silica gel chromatography using a gradient from CH,Cl,/MeOH
(95/5) to elute impurities, followed by CH,Cly/MeOH (93/7) to elute the product (0.63 g,
61%) as a light brown glassy solid. '"H NMR (400 MHz, CDCIly/CD;O0D (2/1)): & 0.93-
1.09 (m, 6H), 1.28-1.55 (m, 26H), 1.56-1.64 (m, 1H), 1.64-1.73 (m, 1H), 1.75-1.85 (m,
1H), 1.87-1.93 (m, 1H), 1.97 (d, 3H, J=11.1), 2.08-2.20 (m, 1H), 2.96-3.08 (m, 4H), 3.70-
3.80 (m, 3H), 4.10-4.75 (m, 11H), 5.06-5.30 (m, 2H). IR (cm’, thin film from CH,Cl,):
3277, 3056, 2963, 2926, 2859, 1732, 1684, 1635, 1549. HRMS calcd. for [M+H]"
(C4oHgeN7O11): 820.4820. Found (ES+): 820.4794. HPLC tR 8.6 min (MeCN/H,O
(20/80)).

Synthesis of hexamer 9. Tetramer 7 (0.40 g, 0.73 mmol, 1.0 equiv), dimer 3 (0.38 g,
0.80 mmol, 1.1 equiv.), HATU (0.37 g, 2.4 mmol, 3.3 equiv.) and DIPEA (0.28 mL, 1.6
rﬁmol, 2.2 equiv.) were dissolved in dry DMF (15 mL) under a N, atmosphere and the
reaction mixture was stirred for 24 hours. The reaction progress was monitored by TLC.
Upon completion, the solution was concentrated and the product was redissolved in
EtOAc (44 mL) and washed with 1M KHSO, followed by sat. NaHCO;. The organic
layer was isolated, dried over MgSQy, filtered, and concentrated in vacuo. The product
was purified by silica gel chromatography using a gradient from EtOAc/Hexanes (95/5)
to EtOAc/Hexanes (97/3) to remove impurities, followed by EtOAc to elute the product
(0.16 g, 22 %). 'H NMR (400 MHz, CDCl3/CD;OD (2/1)): & 0.92-1.01 (m, 6H), 1.29-
1.56 (m, 26H), 1.63-1.95 (m, 4H), 2.04-2.13 (m, 1H), 2.94-3.07 (m, 4H), 3.71-3.75 (m,

3H), 3.91-4.76 (m, 15H), 5.02-5.21 (m, SH), 6.03 (br s, 1H), 7.26-7.38 (m, 5H). IR (cm’
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! thin film from CH,Cly): 3352, 3056, 2964, 2927, 2863, 1631, 1548. HRMS calcd. for
[M+Na]" (Cs;H7NgO3Na): 1029.5273. Found (ES+): 1029.5273. HPLC tR 9.1 min
(MeCN/H0 (30/70)).

Synthesis of deprotected pentamer 10 and general procedure for removal of Boc
protecting groups. Pentamer 8 (99 mg, 0.12 mmol, 1.0 equiv.) was dissolved ina 2 mL
solution of TFA/CH,Cl, (1/1) and the reaction mixture was stirred at room temperature
for 2 hours. The solution was then concentrated in vacuo to provide the product (76 mg,
94 %) as a glassy solid. "H NMR (400 MHz, CDCI,/CD;0D (2/1)): § 0.83-1.10 (m, 6H),
1.27-1.55 (m, 4H), 1.57-1.80 (m, 6H), 1.83-2.01 (m, 5H), 2.09-2.21 (m, 1H), 2.84-3.06
(m, 4H), 3.74 (s, 3H), 4.03-5.37 (m, 12H). IR (cm’, thin film from CH,Cl,): 3499, 3243,
3052, 2948, 2921, 2845, 1675, 1630, 1556. HRMS calcd. for [M+H]" (C30HsoN7O7):
620.3772. Found (ES+): 620.3773. HPLC tR 4.2 min (MeCN/H,O (10/90)).

Synthesis of deprotected hexamer 11. Treatment of hexamer 9, as described above
for the preparation of the pentamer 10, provided hexamer 11 (56 mg, 93 %) as a glassy
solid. A sample was purified further using preparative reverse-phase HPLC. 'H NMR
(400 MHz, CD;0D): 6 0.93-1.08 (m, 6H), 1.38-1.57 (m, 4H), 1.59-1.77 (m, 5H), 1.80-
2.02 (m, 3H), 2.07-2.22 (m, 1H), 2.83-3.00 (m, 4H), 3.75 (s, 3H), 2.96-4.80 (m, 15H),
5.11-5.21 (m, 2H), 7.27-7.41 (m, 5H). IR (cm, thin film from CH,Cly): 3496, 3452,
3038, 2938, 2896, 2838, 1672, 1549. HRMS caled. for [M+H]" (C4HsoNgO9):
807.4405. Found (ES+): 807.4413. HPLC tR 3.9 min (MeCN/H,0 10/90).

Syntheses of oligomers containing all L-amino acids. The oligomers 6°, 8°, 9°, 10°,

and 12’ containing all L-amino acids were prepared by identical procedures to those
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described above for the preparation of the corresponding oligomers 6, 8, 9, 10, and 12
containing alternating D and L-aminos. Their characterization data are reported below.

Dimer 2°’. All spectral data were identical to those of 2 (its enantiomer).

Tetramer 6’. 'H NMR (400 MHz, CDCl;): 5 0.84-1.02 (m, 6H), 1.31-1.52 (m, 13H),
1.76-1.91 (m, 2H), 2.20-2.48 (m, 1H), 3.00-3.13 (m, 2H), 3.78, (s, 3H), 3.92-4.06 (m,
2H), 4.11-4.23 (m, 2H), 4.33-4.52 (m, 3H), 4.63 (t, 2H, J=15.4), 4.74 (t, 1H, J= 5.5),
5.05-5.22 (m, 3H), 5.40-5.54 (m, 1H), 7.01 (d, 1H, J=9.4), 7.18 (d, 1H, J=7.0), 7.28-7.40
(m, 5H). °C NMR (400 MHz, CDCl3): § 14.2, 17.8, 19.2, 21.0, 22.7, 28.37, 29.6, 31.42,
324, 399, 41.8, 42.48, 44.3, 50.6, 52.3, 52.8, 55.4, 56.4, 60.4, 67.8, 79.2, 95.0, 127 4,
128.2, 128.5, 135.7, 155.3, 156.0, 160.9, 169.8, 171.2, 172.2, 188.9, 191.6. IR (cm™", film
from CH,Cly): 3272, 3058, 2957, 2929, 2863. HRMS calcd. for [M"] (C35sHgoN;500)":
683.3530. Found (ES+): 683.3574. HPLC tR 9.7 min (MeCN/H20 (20/80)).

Pentamer 8’. 'H NMR (400 MHz, CD;OD):  0.95-1.06 (m, 6H), 1.25-1.55 (m,
26H), 1.56-1.63 (m, 1H), 1.63-1.74 (m, 1H), 1.76-1.86 (m, 1H), 1.87-1.94 (m, 1H), 1.96
(d, 3H, J=11.13), 2.09-2.18 (m, 1H), 2.95-3.10 (m, 4H), 3.71-3.77 (m, 3H), 3.98-4.76 (m,
11H), 5.05-5.18 (m, 2H). IR (cm’, film from CH,Cl,): 3278, 3061, 2961, 2928, 2862,
1719, 1632, 1552. HRMS calcd. for [M+Na]" (C40HesN;ONa)™: 842.4640. Found
(ES+): 842.4615. HPLC tR 8.6 min (MeCN/H,0 (20/80)).

Hexamer 9°. 'H NMR (400 MHz, CDCl3): § 0.83-1.01 (m, 6H), 1.06-2.01 (m, 30H),
2.10 (s, 1H), 2.84-3.09 (m, 4H), 3.64 (s, 3H), 3.81-5.00 (m, 15H), 5.09 (s, 2H), 5.19 (s,
1H), 5.45 (br s, 1H), 5.75 (br s, 1H), 7.06 (br s, 1H), 7.09-7.40 (m, 5H), 7.47 (br s, 1H),

7.64 (brs, 1H). IR (cm’, film from CH,CL,): 3294, 3059, 2955, 2924, 2863, 1680, 1634,
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1556. HRMS caled. for [M+Na]® (Cs;H74NgO3Na): 1029.5273. Found (ES+):
1029.5298. HPLC tR 9.1 (MeCN/H,0 (30/70)).

Pentamer 10°. '"H NMR (400 MHz, CD;0D): § 0.95-1.09 (m, 6H), 1.25-1.57 (m, 4H),
1.60-1.82 (m, 6H), 1.83-2.02 (m, 5H), 2.09-2.21 (m, 1H), 2.87-3.01 (m, 4H), 3.72-3.79
(m, 3H), 4.05-4.79 (m, 10H), 5.06-5.23 (m, 2H). IR (cm™, film from CH,Cl,): 3416,
3250, 3055, 2958, 1718, 1674. HRMS caled. for [M+H]" (C30HsoN;07): 620.3772.
Found (ES+); 620.3798. HPLC tR 6.0 min (MeCN/H,0 (10/90))

Hexamer 11°. 'H NMR (400 MHz, CD;0D): & 0.94-1.10 (m, 6H), 1.19-1.58 (m, 4H),
1.60-1.79 (m, 5H), 1.81-2.06 (m, 3H), 2.07-2.20 (m, 1H), 2.85-2.98 (m, 4H), 3.71-3.77
(m, 3H), 3.98-4.86 (m, 17H), 5.07-5.26 (m, 3H), 7.29-7.44 (m, 5H), 7.59-7.66 (m, 1H),
7.70-7.75 (m, 1H). IR (cm™, film from CH,Cl,): 3464, 3241, 3049, 2935, 2921, 2851,
1674, 1550. HRMS calcd. for [M+H]" (C4;HsoNgOs): 807.4405. Found (ES+): 807.4421.
HPLC tR 4.1 min (MeCN/H,0 10/90).

Synthesis of Hexamer 12. Hydrogenolysis of the hexamer 9 was performed as
described above for the preparation of the dimer 5, providing the hexamer 9 (99%) as a
glassy solid. The product was taken to the next step without further purification.

Synthesis of Heptamer 13. Hexamer 12 (0.10 g, 0.15 mmol, 1.0 equiv.), a-acetyl-
~ valine’® (0.032 g, 0.20 mmol, 1.3 equiv.), HATU (0.98 g, 0.50 mmol, 3.3 equiv.) and
DIPEA (0.30 mL, 0.33 mmol, 2.2 equiv.) were dissolved in dry DMF (5 mL) under a N,
atmosphere and the reaction mixture was stirred for 24 hours. The reaction progress was
monitored TLC. Upon completion, the solution was concentrated and the product was
redissolved in EtOAc (8 mL) and washed with IM KHSO, followed by sat. NaHCO;.

The organic layer was isolated, dried over MgSO,, filtered, and concentrated. The
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product was purified by silica gel chromatography using a gradient from 100% EtOAc
then CH,Cl,/MeOH (90/10) to elute impurities, followed by CH,Cl,/MeOH (80/20) to
elute the product (0.045 g, 29%) as a light brown glassy solid. 'H NMR (600 MHz,
CDCl3): 6 0.63-0.99 (m, 12H), 1.11-1.52 (m, 26H), 1.56-1.67 (m, 1H), 1.68-1.87 (m, 3H),
1.88-2.07 (m, 4H), 2.88-3.11 (m, 4H), 3.63-3.76 (m, 3H), 3.83-5.60 (m, 18H). IR (cm’,
thin film from CH,Cly): 3283, 3051, 2934, 2924, 2857, 1719, 1669, 1629, 1552. HRMS
calcd. for [M+Na]+ (CsoH79NgNaO13): 1036.5695. Found (ES+): 1036.5674. HPLC tR
6.3 min MeCN/H,0 (30/70).

Synthesis of Heptamer 14. Treatment of hexamer 9, as described above for the
preparation of the pentamer 10, provided heptamer 14 (20 mg, 99 %) as a glassy solid.
'H NMR (600 MHz, CDCl3:CD;0D(2:1)): & 0.77-1.03 (m, 12H), 1.16-1.33 (m, 7H),
1.39-1.54 (m, 4H), 1.57-1.73 (m, 5H), 1.74-1.80 (m, 1H), 1.88-1.95 (m, 1H), 1.95-2.06,
(m, 3H), 2.06-2.20 (m, 1H), 2.80-3.0 (m, 4H), 3.63-3.83 (m, 3H), 3.99-4.30 (m, 6H),
4.33-5.00 (m, 10H), 5.01-5.74 (m, 3H). IR (cm’, thin film from THF): 3237, 2978, 2915,
2845, 1634, 1447, 1414. HRMS calcd. for [M]" (C4oHgsNgOy): 815.4894. Found (ES+):
815.4886. HPLC tR 5.2 min MeCN/H,0 (10/90).

Synthesis of Dimer 3'. Dimer 3' prepared by the identical procedure to that described
- above for the preparation of the corresponding dimer 3. All spectral data was identical to
that of 3.

Synthesis of Tetramer 15. Dimer 3' (0.35 g, 0.73 mmol, 1.25 equiv.), amine 5 (0.20
g, 0.56 mmol, 1 equiv.), HATU (0.71g, 1.9mmol, 3.3 equiv.) and DIPEA (0.22 mL, 1.2
mmol, 2.2 equiv.) were dissolved in dry DMF (20 mL) under a N, atmosphere and the

reaction mixture was stirred for 24 hours. The reaction progress was monitored by TLC.

89




Upon completion, the solution was concentrated and the product was redissolved in
EtOAc (20 mL) and washed with 1M KHSO4 followed by sat. NaHCO;. The organic
layer was isolated, dried over MgSQ,, filtered, and concentrated. The product was
purified by silica gel chromatography using a gradient from 100% EtOAc to elute
impurities, followed by EtOAc/MeOH (97/3) to elute the product (0.17 g, 36%) as a light
brown glassy solid. 'H NMR (600 MHz, CDCl3): § 1.17-1.54 (m, 26H), 1.58-1.70 (m,
1H), 1.71-1.93 (m, 3H), 2.91-3.97 (m, 4H), 3.59-3.81 (m, 3H), 3.87-4.18 (m, 4H), 4.18-
4.58 (m, 4H), 4.58-5.00 (m, 2H), 5.04-5.35 (m, 4H), 7.25-7.43 (m, 5H). IR (cm’, thin
film from CH,Cly): 3297, 3047, 2945, 2920, 2853, 1684, 1628, 1551. HRMS calcd. for
[M+Na]" (Ca1HeoNgONa): 835.4218. Found (ES+): 835.4191. HPLC tR 10.4 min
MeCN/H,0 (20/80).

Synthesis of Tetramer 16. Treatment of tetramer 15, as described above for the
preparation of the pentamer 10, provided tetramer 16 (7 mg, 99 %) as a glassy solid. 'H
NMR (600 MHz, CDCl;:CD;0D(2:1)): 8 1.17-1.31 (m, 6H), 1.32-1.52 (m, 5H), 1.55-
2.01 (m, 10H), 2.62-2.93 (m, 4H), 3.67-3.76 (m, 3H), 3.93-4.43 (m, 10H), 4.44-4.59 (m,
2H), 4.99-5.15 (m, 2H). IR (cm’, thin film from THF): 3405, 2951, 1634, 1427. HRMS
calcd. for [M]" (C3;HgsNgO7): 614.3417. Found (ES+): 614.3503. HPLC tR 2.2 min
(MeCN/H,0 (10/90)).

Synthesis of Tetramer 17. Tetramer 6 ( 0.21 g, 0.30 mmol, 1 equiv.) was dissolved in
20 mL of THF/water (1:1) and LiOH H,O (0.025 g, 0.60 mmol, 2 equiv.) was added. The
reaction mixture was stirred for 1 hr, then was diluted with 1M KHSO, and extracted

with EtOAc. The organic fractions were combined, dried over MgSO4, and concentrated
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generating 17 in quantitative yield. The product was taken to the next step without further
purification.

Synthesis of Tetramer 18. The tetramer acid 17 ( 0.17 g, 0.26 mmol, 1 equiv.), 1-
octanol (0.060 mL, 1.5 mmol, 1.5 equiv.), DCC (0.21 g, 1.02 mmol, 4.0 equiv), DPTS
(0.038 g, 0.13 mmol, 0.5 equiv.) and DMAP (0.016 g, 0.13 mmol, 0.5 equiv.) were
dissolved in dry CH,Cl, (10 mL) and stirred under N, for 6 hours. The solution was then
filtered through cotton and concentrated. The crude product was then redissolved in
EtOAc and refiltered until all of the visible precipitate was removed, followed by a final
concentration. The product was further purified by silica gel chromatography using
EtOAc/MeOH (90:10) to remove impurities and to elute the product (0.072 g, 36%) as an
off-white foam. 'H NMR (600 MHz, CDCl): & 0.75-1.03 (m, 9H), 1.14-1.52 (m, 23H),
1.54-1.63 (m, 2H), 1.69-1.92 (m, 2H), 1.95-2.14 (m, 1H), 2.94-3.19 (m, 4H), 3.89-4.03
(m, 2H), 4.03-4.17 (m, 3H), 4.18-4.45 (m, 4H), 4.46-4.63 (m, 1H), 4.67-5.03 (m, 2H),
5.13 (s, 2H), 5.26-5.47 (m, 1H), 6.50 (s, 1H), 7.12 (s, 1H), 7.20-7.45 (m, 5H), 8.18 (s,
1H). IR (cm’, thin film from CH,Cly): 3405, 2934, 2925, 2852, 1636, 1436, 1363.
HRMS calcd. for [M+Na]* (Cs,HgNsNaOg): 804.4523. Found (ES+): 804.4517. HPLC
tR 13.3 min MeCN/H;0 (30/70).

Synthesis of Tetramer 19. Hydrogenolysis of the tetramer 18 was performed as
described above for the preparation of the dimer 5, providing the tetramer 19 (99%) as a
glassy solid. The
product was taken to the next step without further purification.

Synthesis of Hexamer 20. Tetramer 19 (0.050 g, 0.077 mmol, 1.0 equiv.), dimer 3

(0.048 g, 0.10 mmol, 1.3 equiv.), HATU (0.097 g, 0.26 mmol, 3.3 equiv.) and DIPEA
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(0.030 mL, 0.17 mmol, 2.2 equiv.) were dissolved in dry DMF (8 mL) under a N;
atmosphere and the reaction mixture was stirred for 24 hours. The reaction progress was
monitored by TLC. Upon completion, the solution was concentrated and the product was
redissolved in EtOAc (5 mL) and washed with 1M KHSO, followed by sat. NaHCO;.
The organic layer was isolated, dried over MgSOQs, filtered, and concentrated. The
product was purified by silica gel chromatography using EtOAc/MeOH (94/6) to elute
the product (23 mg, 26%) as a light brown glassy solid. 'H NMR (600 MHz, CDCl3): &
0.82-0.91 (m, 6H), 0.91-1.01 (m, 3H), 1.23-1.34 (m, 15H), 1.40-1.48 (m, 15H), 1.55-
1.68 (m, 21H), 1.74-1.96 (m, 2H), 1.98-2.13 (m, 1H), 2.97-3.18 (m, 4H), 3.72-3.83 (m,
2H), 3.86-4.55 (m, 12H), 4.56-4.89 (m, 3H), 4.91-5.46 (m., 5H), 7.3-7.42 (m, 5H). IR
(cm'l, thin film from CH,Cl,): 3412, 2939, 2920, 2847, 1630, 1432. HRMS calcd. for
[M+Na]" (CsgHgsNgNaOy3): 1127.6363. Found (ES+): 1127.6437. HPLC tR 8.4 min
MeCN/H,0 (40/60).

'H NMR dilution experiment. The pentamer 8 was dissolved in CDCl; at a
concentration of 50 mM and serial two-fold dilutions were carried out to a concentration
of 0.78 mM. 'H NMR spectra were obtained at 600 MHz for each concentration. The
upper concentration was limited by broadness of peaks at higher concentrations in
CDClI;. The same procedure was carried out for pentamer 8 in 99/1 CDCl3/CD3;OH and
97.5/2.5 CDCI3/CDsOH but at concentrations ranging from 125 mM to 1 mM. The
tetramer 6 and hexamer 9 were evaluated in 97.5/2.5 CDClsy/CD3;OH at concentrations
ranging from 125 mM to 1 mM.

Vesicle Leakage Assay. Vesicles formed from DOPC were used as models for

mammalian cell membranes and vesicles formed from an 80/20 mixture of DOPE/DOPG

92




were used as models for bacterial membranes. HPTS and its quencher DPX were
encapsulated in these vesicles. The following solutions were used in the vesicle
experiments: 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer (10
mM HEPES, 145 mM NaCl, 0.1mM EDTA, NaHCO; pH 7.25), HPTS (10 mM) in
HEPES buffer, DPX (100 mM) in HEPES buffer, and HPTS/DPX/HEPES buffer (3.0
mL, 1.8 mL, and 5.2mL respectively of the HPTS, DPX, and HEPES buffers). 1.1 mL of
a DOPC stock solution (25 mg/mL) was dried under N,, and then dried under high
vacuum for 2 hours. 0.88 mL of a DOPE stock solution (25 mg/mL) in chloroform was
mixed with 0.22 mL of a DOPG stock solution (25 mg/mL) in chloroform to a total
volume of 1.1 mL and then the resulting solution was dried under N,, followed by under
high vacuum for 2 hours. The resulting films were hydrated with 0.6 mL
HPTS/DPX/HEPES buffer for 2 hours. The suspensions were then subjected to five
freeze-thaw/sonication cycles and were subsequently extruded through a 1 um Whatman
polycarbonate membrane >10 times yielding about 0.5mL, which was then diluted to
2.5mL with HEPES buffer. The excess dye was removed by gel (filtration
chromatography (Nap-10 columns, GE Healthcare) using HEPES buffer, resulting in 4.5
mL of vesicle solution. 20 pL of this solution was added to 1.98 mL of HEPES buffer in
a quartz fluorescence cuvette. Solutions of the oligomers in DMSO (5-40 pL of a §
mg/mL solution) were added to provide final oligomer concentrations ranging from 12.5
to 100 pg/mL in the 2mL of vesicle solution. The solutions were stirred and the
fluorescence emission intensities &y (Aem = 520 nm, Aex = 460 nm) were monitored as a

function of time (¥). 20 uL of 20 % Triton X-100 in DMSO was then added to provide

complete vesicle lysis. The curves were normalized to percent leakage [(I; — Ip)/(1x - Ip)] x
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100. Iy is the emission intensity before the addition of any of the polymers, and I, is the

emission intensity after the addition of Triton X-100.
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Part Six: Appendix (NMR Spectra)
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Figure Al. '"H NMR spectrum of compound 2/2* (400 MHz, CDCl3/CD;0D (2/1)).
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Figure A2. *C NMR spectrum of compound 2/2° (100 MHz, CDCls).
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Figure A10. '"H NMR spectrum of compound 8’ (400 MHz, CD3;0D)
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Figure A20. '"H NMR spectrum of compound 16 (600 MHz, CD;0D)
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Figure A21. 'H NMR spectrum of compound 18 (600 MHz, CDCl3)

b

|
@

L1357

Figure A22. 'H NMR spectrum of compound 20 (600 MHz, CDCly)
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