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ABSTRACT

Antimicrobial resistance is an emerging threat in the healthcare industry,
endangering the efficacy of antimicrobials that have been used to save millions.
Innovative research is required to establish a strong understanding of the non-
covalent interactions between drugs and their receptors to advance drug
development to slow this epidemic. The interaction between indolicidin (indol) and
indolicidin45 (indol45) with lipopolysaccharide (LPS) was characterized using
capillary electrophoresis (CE). Indol is a cationic antimicrobial peptide (AMP) that is
isolated from the cytoplasmic granules of bovine neutrophils. Cationic AMPs are
produced by organisms at infection sites and have a broad-spectrum of
antimicrobial properties. The shortcoming of indol is that it is too toxic and
hemolytic for therapeutic use. To improve the deficiencies of indol, it was previously
altered through amino acid substitution. Indol45, a novel indol analog, was
developed and has an increased antimicrobial potential and exhibits reduced
hemolysis. LPS is the suspected target receptor for indol and indol45, located in the
bacterial envelope. The equilibrium constant (Ks) for the interaction between indol
and LPS, as well as, indol45 and LPS was determined using a range of CE
techniques. Pre-incubation affinity CE (PI-ACE) was utilized over a temperature
range of 20 — 30 °C to establish a Kv with thermodynamic parameters. Frontal
analysis CE (FACE) was additionally employed to validate the K» and the
interactions binding stoichiometry. Ultimately, through PI-ACE, Ks values for the
indol-LPS interaction (3.13 + 0.77 x 10*M™) and indol45-LPS interaction (14.83 + 1.67

x 10*M") were determined at a physiological pH of 7.2. Both interactions were found



111

to be thermodynamically favourable and determined to be due to electrostatic
forces. The FACE analysis verified previous results with a Ko close to PI-ACE
findings. These results display that indol45 binds slightly stronger to LPS at
equilibrium. This indicates that indol analogs with increased antimicrobial activity

and less toxic properties have the potential to be novel drug candidates.

Keywords: Indolicidin / Lipopolysaccharide / Capillary electrophoresis /

Equilibrium binding constant / Interaction studies
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CHAPTER 1: INTRODUCTION

Antimicrobial resistance (AMR) is an emerging threat occurring worldwide,
endangering the efficacy of antimicrobials that have saved millions since their
emergence in the 1940s.! Major advancements in medicine and surgery have been
accomplished due to the prevention and treatment of infections with
antimicrobials. After years of protection from microbial infections, the “golden
age” of antimicrobials could be facing an impending disaster due to multidrug
resistant organisms.? AMR can be attributed to the over prescription and misuse
of these medications, as well as a shortage of drug development by the
pharmaceutical industry.> Antimicrobials are; clinically overprescribed by
physicians and thereby overused by patients, extensively employed as growth
supplements for livestock, and even available in developing nations as over-the-
counter drugs.® The pharmaceutical industry also has had an inadequate
development of new antimicrobials due to economic and regulatory
obstacles.'*A coordinated effort to implement new management policies and
provide extensive research is required to manage this crisis. Research focused on
drug and receptor interactions is essential for pharmaceutical advancement. The
following information about indolicidin (indol), an indolicidin analog (indol45),
lipopolysaccharide (LPS), and capillary electrophoresis (CE) is not

comprehensive, but presented for individuals whose expertise lies elsewhere.

INDOLICIDIN

New and innovative types of antimicrobials are required to prevent the increase
of multidrug resistant organisms. One possible solution is cationic antimicrobial
peptides (AMPs), often referred to as “nature’s antibiotics”.*® Cationic AMPs are

produced by many organisms as innate non-specific defence mechanisms



towards infections and show promise as novel anti-infective agents.*® They have
an astonishing range of antimicrobial activities, which include activity against
most Gram-positive and Gram-negative bacteria, fungi, enveloped viruses, and
even eukaryotic parasites.® They possess a broad spectrum of activity, which
helps prevent them from becoming ineffective against multidrug resistant
organisms. Indol is one such cationic AMP isolated from the cytoplasmic
granules of bovine neutrophils.® Indol is composed of 13 amino acids and is
antimicrobial tridecapeptide amidated at the C-terminus ILPWKWPWWPWRR-

NH:) with a net charge of +4 at physiological pH (Figure 1.1).5
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H-(1)-(L)=(P)-(W)-(C )=(W)-(P)-(W)-(W)-(P)-(W)-(R)-(R)-NH,

Figure 1.1: Structure of the antimicrobial peptide indolicidin.

Indolicidin is one of the smallest natural linear cationic AMPs known, with a
unique extended boat-shaped structure unlike a-helical and {3 structure cationic
peptides.”® It also contains only six different amino acids with 38% being

tryptophan, the highest percentage of tryptophan in any known peptide.® Indol



has displayed antimicrobial properties against Gram-positive and Gram-negative
bacteria®, protozoa'®, fungi'!, and the enveloped virus HIV-12. Unfortunately,

indol is also cytotoxic to rat and human T-lymphocytes!® and lyses erythrocytes!!.

The properties and interactions of indol have been thoroughly researched but
much is still unknown. The exact mechanism of antimicrobial and hemolytic
attack indol displays is continuously being debated. Multiple studies have
shown that indol exhibits toroidal pore formation or electroporative disruption
of cell membranes, referred to as membrane permeabilization.?!4'* Other studies
have shown that indol passes through the outer and inner membrane of Gram-
negative bacteria by self-promoted uptake and then it binds to DNA and Ca?*
calmodulin-stimulated phosphodiesterase.”* After indol binds to DNA in E. coli
it results in filamentation, preventing replication which leads to cell lysis.”!
Ghosh et al. (2014) suggested that the PWWZP motif within indol has significant
importance in DNA binding.?? The central PWWP motif of indol gives it a unique
structural element where it wraps around and stabilizes DNA structures.?? Indol
has been shown to aggregate in aqueous solution, which correlated with the
hemolytic properties of the peptide.?*?* Rokitskaya et al. (2011) found that indol
provoked erythrocyte lysis by disturbing metabolic regulation of osmotic
balance.? The definitive antimicrobial mechanism of indol is still under debate,
but evidently the biological action of indol is linked to membrane penetration or
disruption. Therefore, an important part of future research involves the study of
interactions between indol, its analogs, and LPS their proposed corresponding

cell membrane receptor.?

Due to the short length of indol and large range of antimicrobial activity, it has

great potential for development as an antimicrobial drug. However, in its



unaltered form, indol displays toxicity to both prokaryotes and eukaryotes
preventing it from successful clinical application.!*?” Consequently, many
analogs have been developed from the parent structure of indol to make it less
hemolytic while concurrently increasing its antimicrobial activity.?8-30
Podorieszach & Huttunen-Hennelly (2010) used solid phase peptide synthesis to
develop five indol analogs by incrementally substituting the highly toxic and
hydrophobic tryptophan for alanine to systematically and gradually decrease the
toxic tryptophan residues and hence reduce the overall hydrophobicity of the
AMP .2 Their indolicidin analog, indol45, showed the greatest promise (more
details to follow in the next section). Indol and indol45 were the main cationic

AMPs examined throughout this study.

INDOL45

Indol45, ILPWKWPWAPARR-NH?>), is an analog of indol where the 4" and 5%
tryptophan residues are substituted for alanine (Figure 1.2). The novel indol
analog, indol45, showed potential as a possible antimicrobial drug when
compared to the parent AMP indol due to its increased therapeutic potential.?®
Indol45 displayed an increased antimicrobial activity against selected pathogens
and decreased cytotoxicity with a 33 000-fold improvement in hemolytic index
(defined as the Minimum Hemolytic Concentration (MHC) divided by the lowest
Minimum Inhibitory Concentration (MIC)).?® This allows indol45 a larger
concentration range of safe activity than the parent AMP indol. Although a
strong increase in antimicrobial activity was observed, exact binding interactions
are relatively unknown. Research has focused on various indol analogs'¢2331-%,
however, the specific interaction between indol45 and LPS has not been

investigated.
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Figure 1.2: Structure of the indolicidin analog, Indol45.

Indol45 was developed in an effort to increase the antimicrobial activity of indol
while minimizing hemolysis.?® The focus was on tryptophan residues and their
hydrophobic nature. By substituting tryptophan with alanine it would decrease
the peptides” overall hydrophobicity. Indol has 5 tryptophan residues out of a
total of 13 (38%), which is unlike any other AMP with typical abundances of only
1%.%” By subsituting the last two tryptophan residues with alanine it removes the
PWWP motif, which has been established as an important structural binding
component for the DNA binding feature of indol.? It also removes one of the two
WPW motifs from indol, which were determined to be critical for antimicrobial
activity.” Podorieszach & Huttunen-Hennelly (2010) also found if a third
tryptophan residue was removed, counting from the N-terminus, antimicrobial
activity decreased.?® Both motifs may factor into the mechanism of attack indol45
displays, however, the reduction in tryptophan content in indol analogs is

definitely important for its dissociation into the cytosol. It is a delicate balance of



enough hydrophobicity to ensure the AMP can pass through the cell membrane
and maitain its bioactivity, but not so much hydrophobicity (like indol) since that
is linked to its hemolytic properties. Further assessment of indol45 is critical for
understanding bacterial membrane interactions with peptides high in
tryptophan. Knowing the full effects of tryptophan content in indol is critical for

its continued drug development.

It has been shown that the negatively charged LPS layer of the outer membrane
in Gram-negative bacteria prevents the translocation of AMPs.*® To achieve
access to the plasma membrane, AMPs are required to overcome the LPS
permeability barrier first.®4 Thus, if AMPs such as indol/indol45 have LPS
binding and neutralizing capabilities, it would provide a preparatory stage for

their development as antibacterial drugs.*!

LIPOPOLYSACCHARIDE

The Gram-negative bacteria cell wall is basically composed of two lipid bilayers,
the outer membrane and the cytoplasmic membrane that are separated by the
periplasmic space (Figure 1.3).#? The outer membrane in common Gram-negative
bacteria, like E. coli, is constructed of an outward directed layer consisting of LPS

(also called endotoxin) and an inward layer of phospholipids.*
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Figure 1.3: Structure of the Gram-negative bacterial cell envelope. Adapted

from Alexander & Rietschel (2001).42

LPS makes up about 75% of the most outward membrane

surface area with outer

membrane proteins, capsular polysaccharides, and enterobacterial common

antigens making up the rest.*>-* Depending on bacterial species and strain, LPS

can differ slightly in structure, however, every LPS molecule is comparable and

made up of three sections: Lipid A, Core oligosaccharide region, and O-specific

chain (Figure 1.4).
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Figure 1.4: General chemical structure of LPS. Adapted from Dufort-Lefrancois
(2015) while using Alexander & Rietschel (2001) for guidance.*>%

The hydrophobic Lipid A component of LPS anchors it to the outer bacterial
membrane.*# It consists of a backbone structure, which is a central 3 (1-6)-
linked disaccharide unit composed of two D-glucosamine units attached to six
acyl chains (“fatty acids”) and one phosphate group on each glucosamine unit.*

Lipid A is also the highly toxic section of LPS.# It is the key molecule associated



in the pathogenesis of endotoxin shock, which in humans results in septic shock

due to the release of LPS from Gram-negative bacterial infections.*-°

The core oligosaccharide region of LPS is covalently linked to the Lipid A anchor
and can be broken into an inner and outer core. The inner core shows the least
structural variability and is composed of mainly the sugar unit 2-keto-3-
deoxyoctulosonic acid.*** The outer core consists of different hexoses like D-
glucose, D-galactose, D-glucosamine, N-acetylglucosamine or N-
acetylgalactosamine.* The O-specific chain, also called the O-antigen, is the
largest section of LPS. It is hydrophilic and contains monosaccharide units that
are highly species and strain specific.* It consists of up to 50 repeating

oligosaccharide units formed of 2-8 monosaccharide subunits.*

There are countless species of Gram-negative bacteria all made up of differing
proteins, phospholipids, and LPS molecules. Depending on the species or strain
of bacteria, the actual structure of an LPS molecule can vary considerably. The
exact structure of commercially available LPS samples is difficult to know, as
preparations are heterogeneous. LPS also forms micelles when dissolved in
solvent, which can present further challenges. Specifically, Sigma-Aldrich LPS
from E. coli O111:B4 always forms micelles when dissolved in solvent, preventing
single LPS units from being available during analysis.>' Micelles formed from
Sigma-Aldrich E. coli O111:B4 LPS have a critical micelle concentration (CMC) of
1.3-1.6 uM and aggregates of 43-49 molecules per micelles are formed.>> With
each LPS unit having a mass of 10-20 kDa, the aggregate mass range of LPS
micelles is 430- 980 kDa.®® However, these LPS micelles in an aqueous solvent
would form such that the O-antigen hydrophilic sugars are facing outwards in

the aqueous solvent and the inside hydrophobic pocket having the lipid A tails.
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This is an excellent model to mimic a spherical Gram-negative bacterium in in

vivo conditions.

The ideal situation to study the direct interaction of cationic AMPs with bacterial
cell membranes would be to utilize intact live bacteria.>* However, research is
limited when working with live bacteria due to biosafety regulations.
Investigating live bacterium-peptide interactions can be very time-consuming
and complicated. As a result, using bacterial cell wall components and model
bacterial cell membranes consisting of different lipids and other membrane
constitutes is considered a viable alternative.® Utilizing only an individual
receptor (LPS) to assess the peptides (indol/indo45) interactions can provide a
simplified understanding of the whole process. Many biological features are not
taken into account such as membrane potential, pH gradients, lipid
heterogeneity, and membrane proteins.® To better understand the entire
interaction mechanism, further research is required with more complicated

model bacterial membranes or actual bacteria themselves.

CAPILLARY ELECTROPHORESIS

Drug discovery is a complicated, multistage process that requires techniques
where large volumes of samples can be processed with a fast turnaround
time.%%” In the past, the pharmaceutical industry has employed high
performance liquid chromatography (HPLC) as the principal method due to its
maturity in the industry and the lack of CE specialists.> CE however, is growing
in popularity due to its tremendous versatility, convenient automation, and cost

effectiveness with large sample sizes.*®
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CE is a powerful analytical technique used to separate and analyze molecules
based on their movement within a small bore capillary. Traditional CE
separation occurs within a narrow-bore capillary (10-100 um internal diameter)
tilled with a background electrolyte (BGE) while under a high electric field (up to
30 kV). Two forces are responsible for CE separations, electroosmosis and

electrophoresis.

Electroosmostic flow (EOF) is the bulk flow of solution, produced by the
formation of a double layer on the surface of the fused silica capillary wall.
Silanol groups on the interior capillary wall are deprotonated when a buffer of
pH>2 is rinsed through the capillary inducing two distinct regions.” The
negatively charged wall then immediately attracts the cations from the run buffer
creating a “fixed layer”. The next layer, called the “diffuse layer”, is of hydrated
cations, which migrate towards the negatively charged cathode during normal
polarity. This migration of cations in the diffuse layer causes the bulk flow of
solution in the same direction. The diffuse layer is the driving force of the EOF
and contains more cations than anions. The electroosmotic mobility (Jeof) is
directly proportional to the dielectric constant (¢) of the BGE, the zeta potential of
the capillary wall (£), and the electric field strength (E) as described in equation

1.1. It is also inversely proportional to the viscosity of the BGE (7).

_ Yeor _ &
.ueof - _47”’

(1.1)

Electrophoretic migration of analytes is the movement of charged molecules due
to the presence of an applied electric field. The electrophoretic mobility (piep) of

each analyte is based on its charge-to-size ratio and the viscosity of the BGE as
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described in Equation 1.2. Where g is the charge of the analyte, 7 is the viscosity
of the BGE, and r is the hydrodynamic radius. The electrophoretic velocity (Vep)
of an analyte is directly related to its mobility and the applied electric field, E.
Electric field strength is determined by dividing the applied voltage by the total
length of the capillary, Lt. The electrophoretic velocity (vep) can be measured
experimentally with Equation 1.3. Where La is the capillary length from the inlet

to the detection window and tu is the analyte migration time.

=9 _Te
Hep = 6mnr  E (1.2)
L
Vep = j (1.3)

The combination of the electroosmotic mobility (L) and the electrophoretic

mobility (uep) produces the analytes total apparent mobility (Hap):

Hap = Heor + Uep (1.4)

There are a number of different separation modes derived from CE. Some of the
modes extend to capillary zone electrophoresis, micellar electrokinetic
chromatography, capillary electrokinetic chromatography, capillary gel
electrophoresis, capillary isoelectric focusing, microchip-based capillary
electrophoresis (Microchip-based CE), and affinity capillary electrophoresis
(ACE).%0

These analytical CE methods have been used in pharmaceutical science for chiral

separations, analyzing serum proteins and disease markers, DNA profiling for
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criminal investigations, sequencing of nucleic acids and proteins, binding studies
of analytes with ligands, and much more.®% CE is also advantageous over
HPLC due to its simplicity, rapid analysis, automation, ruggedness, different
mechanisms for selectivity, and low cost.® The evolution of CE is occurring

rapidly with publications in the field growing almost exponentially.*

Equilibrium Constants (Kv)

Determining the equilibrium constant (Kv) during drug discovery is critical to
understand the interaction of non-covalent molecules. Biological systems, such as
the human body, have numerous examples of non-covalent molecules
continuously trying to achieve homeostasis or equilibrium. Elucidating the
equilibrium constant, sometimes referred to as the binding constant, is critical
when trying to understand the relationship between a receptor (R) and a ligand
(L), or simply, a protein (P) and a drug (D).* The equilibrium equation of 1:1

binding is described below:

P+D=PD (1.5)

The relationship of free protein (P) and drug (D) to complex (PD) can be

expressed by the equation where K=Ku*%:

__ [PD]

[P][D] (1.6)

And the ratio (r) of complexed P to total P can be expressed as:



14

_ _[pp] _ K[D]
~ [P1+[PD]  1+KI[D] (1.7)

If multiple equilibria are considered, a more complex equation is required:*>-

m NiKi(Dj)
1 14 k;(D) (1.8)

=

= The mean number of moles of D bound per mole of P

= Free ligand concentration

T
D;
n; = Number of independent sites of class i
K; = Association constant with D

m

= Total number of classes

There have been a variety of techniques used to measure binding parameters for
drug-protein interactions including, nuclear magnetic resonance (NMR),
equilibrium dialysis, radioimmunoassay, fluorescence quenching,
ultracentrifugation, and slab gel electrophoresis.®® CE has also proved to be a
versatile technique for studying equilibrium and dissociation constants in recent
years.>® There are multiple CE techniques available to elucidate equilibrium
constants, which are all closely related. They should be considered
complementary techniques with each method having specific advantages and
disadvantages. Each technique is slightly different, however, they all provide
valuable results. Different techniques include: ACE, Vacancy Affinity CE
(VACE), Partial Filling Affinity CE (PFACE), Vacancy Peak (VP), Frontal
Analysis CE (FACE)/Frontal Analysis Continuous CE (FACCE), and the
Hummel-Dreyer method (HD).* ACE, VACE, and PFACE measure the change in
mobility of the analytes while VP, FACE, FACCE, and HD all utilize the peak

area or plateau height to determine the Kv.” After reviewing each of these CE
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methods used for binding studies, combined with previous project results, the
most suitable methods for studying the interaction between indol and its analog

with LPS was ACE with a pre-incubation phase (PI-ACE) and FACE.

Pre-incubation Affinity Capillary Electrophoresis (PI-ACE)

ACE is recently the most commonly used CE method when evaluating protein-
drug interactions.”” PI-ACE simply adds a pre-incubation phase to ACE, making
it suitable for slow binding kinetics such as the interaction between indol/indol45
and LPS.%7! The experimental design of PI-ACE when compared to ACE is
almost the same, and the treatment of data are identical. Prior to analysis, P and
D are pre-incubated for a set amount of time rather than one of these
components being injected into the BGE where the other component is already
present. Either P or D (LPS or indol/indol45, respectively) can be varied in pre-
incubated samples while the other component stays constant. Close monitoring

of the incubation time is critical in PI-ACE to establish repeatable results.

When assessing the results of PI-ACE studies the mobility of the injected species
is the focus.” On the resulting electropherogram, the migration time of the
analytes and complex is compared to the migration time of the neutral marker.
The neutral marker (i.e., DMSO, acetonitrile, mesityl oxide), also referred to as
the internal standard, designates the EOF of the solution. The electrophoretic
mobility of the free and complexed drug provides all the required information to

calculate the Kv. The equations as follows are for an assumed 1:1 binding of D to

Pp.
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[Dy] [DP]

L= [Df]+[DP] Hr [Df]+[DP] He (1.9)

ui = Apparent electrophoretic mobility of D
us = Mobility of the free drug (D)
He = Mobility of the DP complex

Equation 1.9 can be rearranged as follows:

pP] _ _ (Mo
] K[Pf] = (ui_uc) (1.10)

When employing Equation 1.10, . must be determined experimentally but since
the small molecular mass of the bound drug is not likely to significantly change
the mobility of P, it is assumed that pic = pp.®? Knowing the true mobility of the

complex is almost impossible. From Equation 1.6 and 1.9, we obtain:%>7

_ HptUcK[Pf]

ET 14Ky (1.11)
(i —np) = %ﬁ,ﬁfﬂ (1.12)
Further rearrangement of Equation 1.12 results in:

(P—i‘lllf) - (uc—luf)x [Plf] (uciuf) (1.13)
(P-[ilifif) - (l-’-cip-f) LPrl + m (1.14)
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(Hi—uf)
[P—f]f = —K (1 — 1) + K(ue — 1p) (1.15)

The PI-ACE experimental design requires monitoring the change of the
migration time for the complexed species (t.) compared with the marker (tm)
which indicates a change in the electrophoretic mobility (ui) of the complex.® The
applied Voltage (V) used, total capillary length (Lt), and the effective length of
the capillary (to the detector) (La) are also important parameters for the

determination of ui as follows:

=GR 6) (1.16)

During PI-ACE, the increasing concentration of the ligand in each sample
introduces differences in the viscosity.” The correction (I/o) is included in
Equation 1.16 in order to account for the viscosity effect. This is required if the
neutral marker in each sample changes migration time in each run. The pet can
then be used to determine K» based on the plotting forms shown in Table 1.1.
The plotting methods described in Table 1.1 represent interactions with 1:1
binding stoichiometry. When these plots display high linearity it helps support
the assumption of 1:1 binding. If multiple binding sites are present, the X-
reciprocal plot will readily display nonlinearity.®> A nonlinear regression model
is then required to determine an accurate Kv. Multiple trends on the X-reciprocal
plot can be a sign of more complicated stoichiometry and should be examined
with other analytical methods such as NMR and/or UV spectroscopy, and mass

spectrometry.6>7>76
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Table 1.1: Regression plotting forms of binding constant (Kb)

Method Plotting Equation Determination | Equation
(y axis vs x axis) of Kb
. . =i
Nonlinear regression g VO [Pr] slope (1.10)
) 1 intercept
Double-reciprocal ) \E 77 “Slope (1.13)
. [Pl slope
= P —
Y-Reciprocal T [Pr] e (1.14)
X-Reciprocal % \& (Hi - Mf) -slope (1.15)

s, peand piare final/free drug, DP complex and apparent electrophoretic mobilities,

respectively. [Pf] is the free protein concentration. Table compiled from®7377,

Kb values are typically presented in (mol/L)?! from the produced plots.”s”
However, when a molecular mass of either the P or D cannot be determined, the
Kb can be given in (g/mL)*. This is not optimal because it makes comparison of

relative binding strengths difficult.®

Frontal Analysis Capillary Electrophoresis (FACE)

FACE is a reliable, simple, and accurate method that can be utilized to determine
a Kb for drug-protein interactions.®®! It is sometimes favored over ACE because
it does not require the assumption of 1:1 binding stoichiometry while ACE and
PI-ACE does.®*33 During FACE the capillary is filled with BGE and subsequently
a large plug of sample is injected for 1-2 min. The sample plug consists of protein
and drug at equilibrium, which results in large plateaus displayed rather than
distinct peaks found in traditional ACE. Like all CE methods, experimental
parameter optimization is required prior to analysis. In FACE, the mobility of the

protein and complex is assumed to be similar while it is required that the
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mobility of the drug differs sufficiently from them. This allows the free drug to
leak out of the plug in a concentration equal to the free drug concentration in the
injected sample. A Kb is determined by injecting pre-incubated samples of
increasing concentrations of drug while keeping the concentration of protein
constant. An electropherogram will then show two visible plateaus, one
representing the free protein and complex, and the other representing the free
drug. The height of the second aforementioned plateau represents the free drug
concentration. The free drug concentration is calculated by comparing the height
of the plateau to a previously made calibration curve. This calibration curve is
obtained by injecting samples of increasing concentrations of only the drug. This
data is used to graph the number of complexed molecules per molecule of
protein as a function of the free drug concentration.® The result is a binding
curve developed using nonlinear regression. The equations as follows are

utilized to establish your binding curve.

[Df] = %X [Dror] (1.17)
[Dp] = [Dror] — [Df] (1.18)
—Dbp (1.19)

[P]

[Df] = Free drug concentration

C = Height of complex plateau

D = Height of plateau from drug standard curve
[Dror] = Total drug concentration

[Ds] = Bound drug concentration
[

P] = Total protein concentration
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r = Total drugs bound per protein

RESEARCH OBJECTIVES

The main objective of this thesis is to examine the binding interactions between
indol/indol45 and LPS using two different CE methods to determine a K» at
physiological pH. A secondary focus is to develop a thermodynamic study using
the Kb at multiple temperatures to verify the type of non-covalent interaction
occurring between indol/indol45 and LPS. PI-ACE, the thermodynamic study,
and FACE are presented in Chapters 2, 3 and 4, respectively. Each chapter
explains the successes and failures encountered while using different CE
techniques to verify the exact interaction occurring between indol/indol45 and
LPS. Based on the optimized CE parameters outlined in this thesis, further
studies of cationic AMPs with bacterial or mammalian cell wall components can

continue to increase our understanding of this new class of potential drugs.
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CHAPTER 2: PRE-INCUBATION AFFINITY CAPILLARY
ELECTROPHORESIS

INTRODUCTION

Antimicrobial resistance (AMR) is a global crisis that poses health risks to the
entirety of our society.! The era of antimicrobials could be facing an impending
disaster due to the emergence of multi-drug resistant organisms.> Novel
antibiotic alternatives need to be investigated to prevent a global pandemic. One
class of drugs called cationic antimicrobial peptides (AMPs) show promise as
robust anti-infective agents.® These cationic AMPs are produced by many
organisms as innate non-specific defence mechanisms towards infections.® They
have an astonishing range of antimicrobial activities, which include activity
against most Gram-positive and Gram-negative bacteria, fungi, enveloped
viruses, and even eukaryotic parasites.* The broad spectrum of activity coupled
with multiple modes of antimicrobial action, cationic AMPs are less affected by
antibiotic-resistance mechanisms that can limit the use of other antibiotics.
Indolicidin (indol) (ILPWKWPWWPWRR-NH?) is one such AMP derived from
cytoplasmic granules of bovine neutrophils.* Indol is a short 13-amino acid
cationic AMP with a linear structure. It consists of six different amino acids with
38% being tryptophan and 23% being proline. It uniquely has the highest
percentage of tryptophan of any known peptide and is a potent AMP, active

against a variety of microorganisms.®

The exact mode of antimicrobial attack indol displays is continuously debated,
but multiple different mechanisms have been observed. It has displayed
membrane permeabilization, self-promoted uptake, binding to Ca* calmodulin-

stimulated phosphodiesterase, and binding to DNA preventing RNA and DNA
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synthesis leading to cell lysis.®®® The downfall with indol is the cytotoxic nature
it displays towards human T-lymphocytes and that it lyses erythrocytes.!” The
parent structure of indol, however, represents an excellent foundation for the
synthesis of analogs with increased antimicrobial activity and reduced
cytotoxicity. One such analog was examined, indol45 ILPWKWPWAPARR-
NHbz), which took the original structure of indol and replaced its 4" and 5"

tryptophan residues with alanine.'®

After substituting the highly toxic and hydrophobic tryptophan for alanine,
indol45 displayed an increase in antimicrobial activity and a decrease in
cytotoxicity.!®* Thus demonstrating potential as a possible antimicrobial drug
when compared to the parent AMP indol, due to its increased therapeutic
potential. For drug discovery purposes, determination of an equilibrium constant
(Kb), which provides the strength of interaction between the drug and the
receptor, is critical in the development of any pharmaceutical.'” As of now, a Kb
for indol45 with its projected receptor, lipopolysaccharide (LPS), has yet to be
reported.” Also, minimal information on the K for indol has been reported with
no study comparing the two peptides.”! Due to the lack of efficient and accurate
analytical techniques to characterize the extent of the interaction between
indol/indol45 with its target molecule LPS, the development of new techniques

to measure binding parameters is warranted.

Pharmaceutical development and analysis require techniques that produce large
amounts of information in a short turnaround time.? Capillary electrophoresis
(CE) is one such technique with a growing reputation of being able to analyze
large sample groups with fast and simple methods.” CE has also proven to be a

reliable technique for elucidating accurate Kv values in many different drug-
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protein interactions.?> Out of a multitude of different CE methods used for Ko
analysis, affinity capillary electrophoresis (ACE) is the most commonly used in
recent years.* ACE uses CE to dissociate between the migration times of the free
ligand, the receptor, and the ligand-receptor complex.! In conventional ACE,
increasing concentrations of the receptor is added into the background
electrolyte (BGE) that has a constant amount of the ligand, thereby, causing a
shift in migration time relative to the neutral marker.»” Subsequent analysis of
migration times via X-reciprocal, Y-reciprocal, and Double-reciprocal plots can

then be used to determine a Ko.

Due to slow binding kinetics between indol and LPS, a pre-incubation phase
prior to ACE analysis has been determined to provide more precise Kv data.??
This method, called Pre-incubation ACE (PI-ACE), provided the best results for
the interaction between indol/indol45 with LPS in a BGE with a pH of 7.2. By
keeping the pH of the system at 7.2, it simulated physiological conditions. PI-
ACE is very similar to ACE, with only small changes to the experimental design
and an identical assessment of data. Prior to CE analysis, the ligand and target
receptor are combined for a set amount of time before injection into the capillary.
Our study adapted the standard PI-ACE methodology in order to minimize
protein adsorption in the inner capillary wall, which is a concern when studying
proteins via CE. In doing so we altered the traditional equation with LPS being
held constant and indol/indol45 being added in increasing concentrations. The Kb

was determined through analysis of the electrophoretic mobility of the free and
bound receptor.”® The effective electrophoretic mobility (Jetf) is used in
combination with the concentration of the ligand to ultimately determine Kv. The

Ueff was determined using a neutral marker of the electroosmotic flow (EOF) in
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order to compare the change in electrophoretic mobility of the complex (Lic) with

electrophoretic mobility of the free receptor (). The following equations are

used:?”%

Herr = My — Uy (2.1)
— |kale (L _ 1V (L

i (tc tm)] (10) (2.2)
— |Lale (1 _ 1

-2

Where:

Uit is the effective change in electrophoretic mobility

ui is the apparent electrophoretic mobility of the complex
u is the electrophoretic mobility of the receptor (this value is constant for each
data set)

La is the length of the capillary to the detector window (cm)
Lt is the total length of the capillary (cm)

V is the voltage (V)

tc is the migration time of the complex (s)

tm is the migration time of the marker (s)

te is the migration time of the receptor (s)

I is the measured current at zero additive concentration (A)

L is the measured current at given additive concentration (A)

Equation 2.1 is manipulated to generate plots which serve to determine the value

of Kv. The different plotting forms are shown in Table 2.1.
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Table 2.1: Linear regression plotting forms of binding constant (K»).

Method Plotting Equation Determination of K»

(y-axis vs x-axis)

Vs intercept

Double-reciprocal Hefs [indol] slope

[indol] . slope
Y—Reciprocal Heff vs [lndOZ] intercept

. Heff vs W I

X-Reciprocal lindol] eff -siope

Uett is the change in electrophoretic mobility of the complex, [indol] is the indol

concentration in uM or M. Table compiled from?-%.

When using linear regression plotting there is one drawback with ACE, or in our
case PI-ACE. A 1:1 binding stoichiometry must be assumed. Using nonlinear
regression is one possible technique to overcome this problem. The literature also
states that depending on the linear regression method, the data can sometimes
show different stoichiometries. When two distinct trends occur in the X-
reciprocal plot, it may indicate a 2:1 binding interaction.?” Frontal analysis
capillary electrophoresis (FACE) however, is one CE technique used to eliminate
any assumed 1:1 binding. This will be examined in the Chapter 4 but preliminary
results using PI-ACE represent a reasonable Ks for the interaction of both indol

and indol45 with LPS.

EXPERIMENTAL

Chemicals and reagents

All chemicals were of analytical grade unless otherwise indicated. Indol (95.95%
purity) and indol45 (94.99% purity) were obtained from GL Biochem Ltd.
(Shanghai, China). LPS, isolated from E. coli O111:B4, and monobasic sodium
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phosphate (NaH2PO4+H:0) were obtained from Sigma-Aldrich Ltd. (Oakville,
Ontario, Canada). Dibasic sodium phosphate (Na2HPOs- H20O) was obtained from
Caledon Laboratories (Georgetown, Ontario, Canada). Dimethyl sulfoxide
(DMSO), used as an EOF marker was acquired from BDH Chemicals (Toronto,
Ontario, Canada). Deionized water used to prepare solutions was 18 MQ water
filtered by Barnstead™ Easypure™ RoDi. Indol, indol45, and LPS solutions were
filtered through 0.45 um cellulose acetate syringe filters (Canadian Life Science,
Ontario, Canada) to decrease protein loss due to adsorption in Nylon® syringe
tilters. All other reagents and BGEs were filtered through 0.45 pm Nylon®
syringe filters (Canadian Life Science, Ontario, Canada) before being used in the
CE instrument. All reagents and stock solutions of BGEs were prepared and

stored at room temperature (~23 °C).

BGE and Sample preparation

A phosphate buffer was used as the BGE with a pH of 7.2 (+0.1), to most closely
resemble a physiological pH. 100 mM phosphate buffer was prepared by mixing
100 mM monobasic sodium phosphate (NaH2PO+H20) and 100 mM dibasic
sodium phosphate (Na2HPOs H:0) to a pH of 7.2. The BGE pH was determined
using a Mettler Toledo FE20 — FiveEasy™ pH meter (Mettler Toledo,

Switzerland).

Stock solutions of 230 mg/L indol, 230 mg/L indol45, and 700 mg/L LPS were
prepared using the 100 mM phosphate buffer. These solutions were all filtered
using 0.45 um cellulose acetate syringe filters. The solutions were then stored in

the refrigerator (~4 °C) for a maximum of 30 days.
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To investigate the interaction between indol and indol45 with LPS, respectively,
different concentrations of indol and indol45 were tested to determine the
formation of a complex. Indol and indol45 samples were diluted from 0 to 200
mg/L in 500 uL vials then mixed with LPS stock diluted to a concentration of 50
mg/L. DMSO, used as a neutral marker, was then added to samples at a
concentration of 0.01% v/v (Table 1.1). Samples were then gently vortexed and
incubated at 25 °C for 2 h each. To ensure all samples incubated for a consistent 2
h, samples were made every 15 min and analyzed after the 2 h incubation period.
Subsequent samples were analyzed in 15 min intervals thereafter. The range of
concentrations was previously determined to be most effective for an interaction

to occur and complex formation to materialize.

Table 2.2: Preparation of PI-ACE samples showing volume (uL) of stock LPS,
Indol, Buffer and DMSO, and mix time for each sample.

Indol 230 ppm LPS 700 ppm 100 mM 0.1v/v | Mix time
Concentration | Indol Concentration LPS PO+ DMSO | (+00:10)
(mg/L) stock (mg/L) stock buffer, pH (uL)
(uL) (uL) 7.36 (uL)
0 0 0 0 198 2.0 11:30
0 0 50 14.3 183.7 2.0 11:45
10 8.7 50 14.3 175.0 2.0 12:00
20 17.4 50 14.3 166.3 2.0 12:15
30 26.1 50 14.3 157.6 2.0 12:30
40 34.8 50 14.3 148.9 2.0 12:45
50 43.5 50 14.3 140.2 2.0 13:00
100 87.0 50 14.3 96.7 2.0 13:15
150 130.4 50 14.3 53.3 2.0 13:30
200 173.9 50 14.3 9.8 2.0 13:45
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Table 2.3: Preparation of PI-ACE samples showing volume (uL) of stock LPS,

Indol45, Buffer and DMSO, and mix time for each sample.

Indol45 230 ppm LPS 700 ppm 100 mM 0.1v/v | Mix time
Concentration | Indol45 | Concentration LPS PO+ DMSO | (+00:10)
(mg/L) stock (mg/L) stock buffer, pH (uL)
(uL) (uL) 7.36 (uL)
0 0 0 0 198 2.0 11:30
0 0 50 14.3 183.7 2.0 11:45
10 8.7 50 14.3 175.0 2.0 12:00
20 17.4 50 14.3 166.3 2.0 12:15
30 26.1 50 14.3 157.6 2.0 12:30
40 34.8 50 14.3 148.9 2.0 12:45
50 43.5 50 14.3 140.2 2.0 13:00
100 87.0 50 14.3 96.7 2.0 13:15
150 130.4 50 14.3 53.3 2.0 13:30
200 173.9 50 14.3 9.8 2.0 13:45
Apparatus

The CE instrument used in this study was a Beckman Coulter MDQ (Fullerton,

CA, USA) with ultraviolet (UV) detector set to 214 nm with direct absorbance.

The capillary tubing (Polymicro Technologies, Phoenix, AZ, USA) used for PI-

ACE analysis was an uncoated fused silica capillary with an internal diameter of

50.3 (+/- 0.2), external diameter of 366.2 um (+/- 0.2), 47.7 cm effective length

(inlet to detector), and 58 cm total length. A circulating liquid fluorocarbon

coolant provided temperature regulation, keeping the capillary cartridge at the

desired temperature. Pressure injection was utilized for sample introduction

with a duration of 5 s at 1.0 psi. The conditions used for ACE analysis were as

follows: voltage, 20 kV; detection, 214 nm; temperature, 25.0 + 0.1 °C. Data was

collected and analyzed with Beckman System Gold software.
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Procedures

Before PI-ACE analysis, new capillaries were conditioned with 1.0 M NaOH for
60 min at 20 psi then 0.1 M NaOH for 30 min at 20 psi. Prior to each incubation
process, the capillary was also rinsed with H20O, 0.1 M NaOH, H20, and BGE (all
for 10 min at 20 psi). Finally, before each sample injection, the capillary was
rinsed with 0.1 M NaOH for 4.0 min, H20 for 2.0 min, and then BGE for 4.0 min
(each at 20 psi). An extensive capillary rinse was required to ensure a reduction
in protein adsorption to the uncoated capillary wall.* Each pre-incubated sample
was then injected for 5 s at 1.0 psi. The electrophoresis was carried out using

normal polarity for 15 min to complete detection of all species.

RESULTS AND DISCUSSION

This interaction study was launched to establish a precise analytical method to
investigate the interaction between indol/indol45 and LPS using PI-ACE at a
physiological pH. The goal was to establish an accurate Kv for indol with LPS, as
well as indol45 with LPS, with further verification of the equilibrium constant via
thermodynamic analysis (Chapter 3) and FACE (Chapter 4). Comparison of Kb
values determined from multiple CE techniques provides method validation and
confidence in the binding stoichiometry. A thermodynamic study assessing the
interaction at multiple temperatures also characterizes the type of non-covalent
interaction via the Van’t Hoff equation and Gibbs equation, and will be

discussed.

In order to accurately determine the strength of interaction and a definitive Ko
between indol/indol45 and LPS, a change in migration time of the indol/indol45-
LPS complex must be observed when the concentration of indol/indol45

increases. The change in electrophoretic mobility (pe) is calculated by using the
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neutral marker and complex peak migration times to assess the change in

mobility of the complex as LPS binds to an increasing concentration of

indol/indol45. Linear regression analysis of double reciprocal, Y-reciprocal, and

X-reciprocal were developed from each peptides data set (Table 2.4 & Table 2.5).

Table 2.4: Compilation of regression and binding constant values for 2, 6 and

12 h incubation data for the interaction of constant concentration of LPS with

varying concentration of indol at 25 °C.

Indol
Incubation | Regression | Regression Equation | Correlation | Ko (M) [ Average
time Type (R?) x10¢ | Kbv (M?)
(hrs £0.5) [ (Reciprocal) x 10*
2 Double y =3113.3x + 94.667 0.9599 3.04
Y y =76.438x + 3508.7 0.9604 2.18 247
X y =-0.0219x + 0.0003 0.8179 2.19
6 Double y =2427.6x + 95.202 0.9327 3.92
Y y =55.148x + 3358.7 0.9126 1.64 2.47
X y =-0.0185x + 0.0003 0.6877 1.85
12 Double y =3153.7x + 160.93 0. 9646 5.10
Y y = 147.95x + 3577.6 0.9322 414 4.44
X y =-0.0408x + 0.0003 0.7363 4.08
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Table 2.5: Compilation of regression and binding constant values for 2, 6 and

12 h incubation data for the interaction of constant concentration of LPS with

varying concentration of indol45 at 25 °C.

Indol45
Incubation | Regression | Regression Equation | Correlation | Ko (M) | Average
time Type (R?) x10¢ | Ko (M?)
(hrs £0.5) [ (Reciprocal) x 10*
2 Double y =1341.3x +243.51 0.91199 18.2
Y y =231.11x + 1712.7 0. 98785 13.5 15.3
X y =-0.1436x + 0.0006 0. 77999 14.4
6 Double y = 583.99x + 85.466 0. 94235 14.6
Y y = 88.087x +490.96 0.98612 17.9 15.0
X y =-0.1255x + 0.0015 0. 82712 12.6
12 Double y =1245.1x + 168.74 0. 95490 13.6
Y y = 173.22x + 1104.3 0. 99791 15.7 13.9
X y =-0.1252x + 0.0008 0. 86795 12.5

Every reciprocal plot displayed a clear trend, with double reciprocal and Y-

reciprocal plots having R? values > 0.90 and the X-reciprocal plot produced a

slightly lower correlation with R? values > 0.68 (Appendix A). Three runs were

completed at equilibrium, this data set was compiled into an average Kv value

(n=3) for each peptide (Table 2.6).
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Table 2.6: Compilation of regression and binding constant values at
equilibrium for the interaction of constant concentration of LPS with varying
concentrations of indol and indol45 at 25 °C (n=3).

Peptide Regression Type Average Ko (M) x10* | Average Kv (M) x 10*
(Reciprocal)
Indol Double 4.02+1.03
Y 2.65+1.31 3.13 + 0.77
X 2.71+£1.20
Indol45 Double 15.62 +2.70
Y 15.95 + 1.88 14.83 + 1.67
X 1291 £ 0.64

Several experimental factors were taken into consideration when developing this
interaction study. A phosphate buffer (pH 7.2) was chosen for analysis due to its
strong buffering capacity and how it best simulated physiological conditions.
The phosphate buffer concentration was found to be most effective at 100 mM
based on previous studies* and the production of sharp peaks with a high
baseline resolution. DMSO was chosen as the neutral marker because of its
difference in mobility from the analytes and of the easily recognizable peaks it
displayed. A thorough rinse protocol was also required to reduce protein

adsorption to the inner capillary wall.

In PI-ACE interaction studies, protein adsorption has been shown within the
inner capillary wall causing low precision of binding data.?** This can be
avoided with appropriate rinsing procedures. Early attempts of method

development resulted in large peaks occurring randomly due to possible protein
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adsorption, which resulted in poor binding data (Figure 2.1). When limited
rinsing was performed on the uncoated capillary, large amounts of protein were
found to interact with the inner capillary wall then release in large aggregates

resulting in poor peak resolution.

UV Absorbance

@A
D e L —

Time (min)

Figure 2.1: Electropherogram of two runs at 40 mg/L indol combined with 50
mg/L LPS and DMSO (0.1%v/v) incubated for 6 h. [®]: DMSO (neutral
marker), [A]: LPS/LPS-indol complex, [% ]: Free indol. 1) Accurate run with
limited protein adsorption on the capillary wall 2) Protein adsorption on the
capillary wall resulting in poor baseline resolution. With an inadequate rinse
protocol protein adsorption occurred on the inner capillary wall resulting in
unusable binding data. Samples were injected for 5 s duration at 1.0 psi, 20 kV
separation voltage, normal polarity, UV detection at 214 nm, BGE of 100 mM
PO« (pH 7.2).

Figure 2.2 shows an overlay of the PI-ACE electropherograms for the binding

experiments between indol and LPS. A distinct indol-LPS complex forms after
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the neutral marker with excess indol appearing as the concentration is increased.

The excess indol peak indicates that LPS has reached saturation or equilibrium.

UV Absorbance
.F

Time (min)
Figure 2.2: Overlay of electropherograms from samples pre-incubated for 6 h
of 50 mg/L LPS combined with varying concentrations of indol and DMSO
(0.1%v/v). [®@]: DMSO (neutral marker), [A]l: LPS/LPS-indol complex, [% ]: Free
indol. Indol concentrations were: 1) 0 (DMSO only), 2) 0, 3) 10, 4) 20, 5) 30, 6)
40, 7) 50, 8) 100, 9) 150, 10) 200 mg/L. Samples were injected for 5 s duration at
1.0 psi, 20 kV separation voltage, normal polarity, UV detection at 214 nm, BGE
of 100 mM PO+ (pH 7.2).

Figure 2.3 shows an overlay of the PI-ACE electropherograms for the binding
experiments between indol45 and LPS. In Figure 2.3 you can observe the indol45-
LPS complex drastically increase in size with little excess indol45 appearing,
which could result from strong binding at equilibrium or saturation not fully
being met. With close examination of the complex peak however, a small

shoulder after the peak can be observed, which was hypothesized to be the
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excess indol45 (Electropherograms 9 and 10 in Figure 2.3). The shoulder
increases in size when concentrations of indol45 are increased, displaying
possible excess indol45. This only occurs at very high concentrations of indol45

indicating a very strong interaction between indol45 and LPS.
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Figure 2.3: Overlay of electropherograms from samples pre-incubated for 6 h
of 50 mg/L LPS combined with varying concentrations of indol45 and DMSO
(0.1%v/v). [®@]: DMSO (neutral marker), [A]l: LPS/LPS-indol45 complex. [% 1:
Free indol45. Indol45 concentrations were: 1) 0 (DMSO only), 2) 0, 3) 10, 4) 20,
5) 30, 6) 40, 7) 50, 8) 100, 9) 150, 10) 200 mg/L. Samples were injected for 5 s
duration at 1.0 psi, 20 kV separation voltage, normal polarity, UV detection at
214 nm, BGE of 100 mM PO+? (pH 7.2).

When comparing the migration of the indol-LPS complex to the indol45-LPS
complex in Figures 2.2 and 2.3, it can be observed that the indol45-LPS complex
results in a shorter migration time. The indol-LPS complex appears after the

neutral marker while the indol45-LPS complex appears before the neutral
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marker. This is theorized to be due to the difference in binding strength. Indol45
has a higher K» with LPS compared to indol, and therefore stronger binding at
equilibrium, which results in a complex that has indol45 more strongly bound to
LPS, than indol to LPS. With inherently anionic LPS micelles, the cationic
peptides make the micelles less negative or perhaps in the case of indol45-LPS
slightly positive. This reasoning is supported by the larger indol45-LPS complex
peak, which also appears at a shorter migration time, coming out before the
neutral marker, since the indol45-LPS complex moves more quickly toward the
negatively charged cathode. Indol, on the other hand, has a lower K» and is less
strongly bound to LPS at equilibrium, resulting in a predominately more anionic
complex. This is observed at the detector as a smaller complex peak with a longer

migration time that appears after the neutral marker.

Incubation time for our PI-ACE study was precisely recorded due to slow
binding kinetics between indol/indol45 and LPS, respectively. Previous analyses
have shown that equilibrium was not reached until after 10 h*, however the
experiments appear to reach equilibrium for both indol and indol45 after 2 h. The
data displayed in Table 2.6 reflects the average Kv and will be focused on
henceforth. The electropherograms at each incubation time showed minimal
changes in mobility of the indol-LPS and indol45-LPS complexes. Previous
research also recorded minimal changes in mobility?!, which showed that small
changes in migration time can have a large influence on K» values. Although
there are conflicting results regarding the amount of time required to reach
equilibrium, both studies show K» constants at a magnitude of M-!x 10* or more,

displaying a strong affinity between indol/indol45 and LPS.
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When comparing the binding affinity between indol and indol45 with LPS, the
strength of interaction between indol45-LPS (K»: 14.83 + 1.67 x 10*M™) was
determined to be stronger than indol-LPS (Ks: 3.13 + 0.77 x 10*M™). This indicates
indol45 is bound to LPS approximately five times more strongly at equilibrium
than indol. This stronger binding by indol45 could help explain the results of
prior bioactivity studies, which showed that indol45 had a much lower
minimum inhibitory concentration than that of indol against select bacteria.'®
This is most likely because of the change in hydrophobicity between indol and
indol45 after the change in amino acid content. Indol45 is less hydrophobic due
to the substitution of the 4" and 5% tryptophan residues for alanine. Due to the
known increased in antimicrobial activity of indol45 compared to indol, it can be
hypothesized that indol45 binds more strongly to LPS moieties in the bacterial
cell membrane. In terms of bactericidal activity, two mechanisms of action could
be proposed. Either the binding of indol45 to LPS weakens the bacterial cell
membrane resulting in cell lysis or indol45 crosses the bacterial envelope into the
cytosol and exerts its bactericidal activity intracellularly. Indol45 should be more
comfortable in the cytosol compared to indol due to its less hydrophobic nature.
If indol45 does pass through the bacterial membrane into the cytosol then the
antimicrobial activity could be due to DNA binding, via the one remaining WPW
motif, preventing DNA and RNA replication and ultimately leading to cell
death. The exact mode of action of indol and indol45 still remains unclear,
although it is generally accepted that for bacteria, the bacterial membrane is the
main target. However, new evidence®”'8, indicates intracellular targets are
important in antimicrobial mechanisms.® Thus, the principle that these AMPs
target membranes indiscriminately is flawed. Knowing that indol is more
hydrophobic than indol45, begs the question as to how is indol45 binding more

strongly to LPS? This will be examined in Chapter 3 through a thermodynamic
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study where the nature of binding between indol/indol45 with LPS can be
determined, i.e., is it hydrophobic, electrostatic, hydrogen bonding or a Van der

Waals interaction.

CONCLUSION

The interaction between indol/indol45 and LPS, respectively, was determined at
a physiological pH using a PI-ACE methodology. The results displayed a
binding constant between indol-LPS (Ke: 3.13 + 0.77 x 10* M) and indol45-LPS
(Kb: 14.83 + 1.67 x 10* M), which both indicate strong interactions. The indol-LPS
Kb also compares closely to previous investigation.?! Based on the linearity of the
X-reciprocal plots, the interactions were found to have a 1:1 binding
stoichiometry. Although the correlation was not as strong as the Y-reciprocal and
double reciprocal plots, the X-reciprocal plot displayed one specific trend, which
supports 1:1 binding (Appendix A). The best correlations were found in the Y-
reciprocal and double reciprocal plots, with R? values of > 0.90. The data also
indicated that equilibrium was reached after 2 h with the Kv values minimally
increasing or decreasing from 2 to 12 h. More replicates and further analyses by
FACE would provide support to the PI-ACE methodology and a more reliable Ko
due to FACE not being limited by a 1:1 binding stoichiometry. The FACE

experiments will be discussed in Chapter 4.

These findings display the potential for indol and indol45 as possible
pharmaceutical options with indol possibly being used as a parent structure to
develop analogs from. Based on the increased antimicrobial activity and
decreased cytotoxicity of indol45 compared to indol*, coupled with the observed
increase in binding strength to LPS, indol45 and other possible indol analogs

could be a potential help towards the growing AMR epidemic.
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CHAPTER 3: PI-ACE THERMODYNAMIC ANALYSIS

INTRODUCTION

Antimicrobial resistance (AMR) is a continuous problem in the health care
industry with the rapid development of multi-drug resistant bacteria
jeopardizing our current antibiotics.!? Resistance arises from changes in bacterial
genes, extending from chromosomal mutations to acquisition of exogenous
genetic material.? Every bacterium has a negatively charged membrane with
hydrophilic head groups and hydrophobic cores.** Cationic antimicrobial
peptides (AMPs) are produced by many organisms as non-specific defences
against infections and are well suited to interact with bacterial membranes
making them valuable in the fight against AMR.3>* Many known AMPs are
positively charged and have the ability to fold into three-dimensional
amphiphilic structures allowing them to interact with negatively charged
membranes.? These AMPs have an astonishing range of antimicrobial activities,
which include activity against most Gram-positive and Gram-negative bacteria,
fungi, enveloped viruses, and even eukaryotic parasites.>*® The cationic AMP
indolicidin (indol) ILPWKWPWWPWRR-NH?) is a short 13 amino acid peptide
derived from the cytoplasmic granules of bovine neutrophils.® The downfall of
indol is the cytotoxicity it displays towards human T-lymphocytes and how it
lyses erythrocytes.”® One indol analog was examined, indol45
(ILPWKWPWAPARR-NHz2), which took the original structure of indol and
replaced its 4" and 5% tryptophan residues with alanine.” Indol45 has shown
promise as a superior alternative when compared to indol with an increase in

antimicrobial activity and a decrease in cytotoxicity.’
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Non-covalent interactions between proposed drugs, such as indol and indol45,
with receptors, such as lipopolysaccharide (LPS), require a detailed
understanding to move forward in the drug development process.’® The PI-ACE
method described in Chapter 2 is an effective technique used to assess these
interactions. Determining an equilibrium constant (Kv) is one way to better
understand the interaction between proposed drugs and target receptors. The Ko
of indol/indol45 and LPS was determined in Chapter 2 using PI-ACE. This
established if there was an interaction between indol/indol45 and LPS, as well as
the strength of the interaction. To reliably establish the type of interaction
between indol/indol45 and LPS, a thermodynamic analysis must be completed.
This assessment requires the PI-ACE method to be carried out at multiple
different temperatures to assess the change in migration times and resulting
change in Ko values. These data are then used to develop a thermodynamic
model that explains entropic and enthalpic properties as well as
favourable/unfavourable conditions in the indol/indol45 and LPS interaction.
The thermodynamic data provides the change in enthalpy (AH"), the change in
entropy (AS’), and the change in Gibbs Free Energy (AG"). Using the calculated
AH" and AS’ values, the type of interaction can be predicted i.e., hydrophobic,
electrostatic, hydrogen bonding, or Van der Waals.!! The value of AG’ is then

established to determine the spontaneity of the interaction.!!

The Kb value of an interaction is closely related to the temperature, AH’, AS®, and
AG’ values."! A Van't Hoff plot is used to assess the K» value of an interaction at
different temperatures and establishes the AH" and AS” coefficients (Table 3.1).
The Gibbs Free Energy equation is then used to determine a AG” value. With the

following equations you can calculate each desired constant:"



AH°® = AS°
+

lﬂsz _RT R

AG® = —RT InK,,

AG°® = AH® — TAS®

Where:

R is the universal gas constant
T is the temperature (K)
AH? is enthalpy change

AS® is entropy change

(3.1)

(3.2)

(3.3)

AG? is the change in Gibbs Free Energy

The Van’t Hoff plot’s linear regression line provides the slope (AH’) and the y-

intercept (AS”). These are then input into Equation 3.3 to yield the AG"."!

Table 3.1: Nature of interaction based on enthalpy and entropy change.
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AH’® AS° Interaction
+ + Hydrophobic
- + Electrostatic

Hydrogen Bonding & Van der Waals

AH® and AS° are calculated from the Van’t Hoff plot. After placed into the above

equations and solved for, they provide the type of interaction based on their sign."

A negative AG’ indicates a spontaneous interaction while a positive AG’

describes a non-spontaneous interaction.!!
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EXPERIMENTAL

Chemicals and reagents

All chemicals were of analytical grade unless otherwise indicated. Indol (95.95%
purity) and Indol45 (94.99% purity) were obtained from GL Biochem Ltd.
(Shanghai, China). LPS, isolated from E. coli O111:B4, and monobasic sodium
phosphate (NaH2PO4+H:0) were obtained from Sigma-Aldrich Ltd. (Oakville,
Ontario, Canada). Dibasic sodium phosphate (Na2HPOs- H2O) was obtained from
Caledon Laboratories (Georgetown, Ontario, Canada). Dimethyl sulfoxide
(DMSO), used as an EOF marker was acquired from BDH Chemicals (Toronto,
Ontario, Canada). Deionized water used to prepare solutions was 18 MQ water
filtered by Barnstead™ Easypure™ RoDi. Indol, indol45, and LPS solutions were
filtered through 0.45 um cellulose acetate syringe filters (Canadian Life Science,
Ontario, Canada) to decrease protein loss due to adsorption in Nylon® syringe
tilters. All other reagents and BGEs were filtered through 0.45 pm Nylon®
syringe filters (Canadian Life Science, Ontario, Canada) before being used in the
CE instrument. All reagents and stock solutions of BGEs were prepared and

stored at room temperature (~23 °C).

BGE and Sample preparation

A phosphate buffer was used as the BGE with a pH of 7.2 (+0.1), to most closely
resemble a physiological pH. 100 mM phosphate buffer was prepared by mixing
100 mM monobasic sodium phosphate (NaH2PO+H20) and 100 mM dibasic
sodium phosphate (Na2HPOs H:0) to a pH of 7.2. The BGE pH was determined
using a Mettler Toledo FE20 — FiveEasy™ pH meter (Mettler Toledo,

Switzerland).
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Stock solutions of 230 mg/L indol, 230 mg/L indol45, and 700 mg/L LPS were
prepared using the 100 mM phosphate buffer. These solutions were all filtered
using 0.45 um cellulose acetate syringe filters. The solutions were then stored in

the refrigerator (~4 °C) for a maximum of 30 days.

To investigate the interaction between indol and indol45 with LPS, different
concentrations of indol and indol45 were tested to determine the formation of a
complex. Indol and indol45 samples were diluted from 0 to 200 mg/L in 500 pL
vials then mixed with LPS stock diluted to a concentration of 50 mg/L. DMSO,
used as a neutral marker, was then added to samples at a concentration of 0.01%
v/v (Table 1.1). Samples were then gently vortexed and incubated at 25 °C for 2 h
each. To ensure all samples incubated for a consistent 2 h, samples were made
every 15 min and analyzed after the 2 h incubation period. Subsequent samples
were analyzed in 15 min intervals thereafter. The range of concentrations was
previously determined to be most effective for an interaction to occur and

complex formation to materialize.
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Table 3.2: Preparation of PI-ACE samples showing volume (uL) of stock LPS,

Indol, Buffer and DMSO, and mix time for each sample.

Indol 230 ppm LPS 700 ppm 100 mM PO+* 0.1v/v Mix time
Concentration Indol Concentration | LPS stock buffer, pH DMSO | (% 00:10)
(mg/L) stock (uL) (mg/L) (uL) 7.36 (uL) (uL)
0 0 0 0 198 2.0 11:30
0 0 50 14.3 183.7 2.0 11:45
10 8.7 50 14.3 175.0 2.0 12:00
20 17.4 50 14.3 166.3 2.0 12:15
30 26.1 50 14.3 157.6 2.0 12:30
40 34.8 50 14.3 148.9 2.0 12:45
50 43.5 50 14.3 140.2 2.0 13:00
100 87.0 50 14.3 96.7 2.0 13:15
150 130.4 50 14.3 53.3 2.0 13:30
200 173.9 50 14.3 9.8 2.0 13:45

Table 3.3: Preparation of PI-ACE samples showing volume (uL) of stock LPS,

Indol45, Buffer and DMSO, and mix time for each sample.

Indol45 230 ppm LPS 700 ppm 100 mM PO+* 0.1v/v Mix time
Concentration Indol45 Concentration | LPS stock | buffer, pH 7.36 DMSO (% 00:10)
(mg/L) stock (uL) (mg/L) (uL) (uL) (uL)
0 0 0 0 198 2.0 11:30
0 0 50 14.3 183.7 2.0 11:45
10 8.7 50 14.3 175.0 2.0 12:00
20 17.4 50 14.3 166.3 2.0 12:15
30 26.1 50 14.3 157.6 2.0 12:30
40 34.8 50 14.3 148.9 2.0 12:45
50 43.5 50 14.3 140.2 2.0 13:00
100 87.0 50 14.3 96.7 2.0 13:15
150 130.4 50 14.3 53.3 2.0 13:30
200 173.9 50 14.3 9.8 2.0 13:45
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Apparatus

The CE instrument used in this study was a Beckman Coulter MDQ (Fullerton,
CA, USA) with ultraviolet (UV) detector set to 214 nm with direct absorbance.
The capillary tubing (Polymicro Technologies, Phoenix, AZ, USA) used for PI-
ACE analysis was an uncoated fused silica capillary with an internal diameter of
50.3 (+/- 0.2), external diameter of 366.2 um (+/- 0.2), 47.7 cm effective length
(inlet to detector), and 58 cm total length. A circulating liquid fluorocarbon
coolant provided temperature regulation, keeping the capillary cartridge at the
desired temperature. Pressure injection was utilized for sample introduction
with a duration of 5 s at 1.0 psi. The conditions used for ACE analysis were as
follows: voltage, 20 kV; detection, 214 nm; temperature, 20.0 — 30.0 £ 0.1 °C. Data

was collected and analyzed with Beckman System Gold software.

Procedures

Before PI-ACE analyses, new capillaries were conditioned with 1.0 M NaOH for
60 min at 20 psi then 0.1 M NaOH for 30 min at 20 psi. Prior to each incubation
process, the capillary was also rinsed with H2O, 0.1 M NaOH, H20, and BGE (all
for 10 min at 20 psi). Finally, before each sample injection, the capillary was
rinsed with 0.1 M NaOH for 4.0 min, H20 for 2.0 min, and then BGE for 4.0 min
(each at 20 psi). An extensive capillary rinse was required to ensure a reduction
in protein adsorption to the uncoated capillary wall'2. Each pre-incubated sample
was then injected for 5 s at 1.0 psi. The electrophoresis was carried out using
normal polarity for 15 min to complete detection of all species. An analysis was

completed in triplicates at three temperatures (20.0 °C, 25.0 °C, and 30.0 °C).
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RESULTS AND DISCUSSION

This study was designed to confirm the type of interaction that was occurring
between indol/indol45 and LPS. PI-ACE at one temperature provides a basic Kb,
however, this lacks the power to establish an accurate interaction type. A
thermodynamic analysis is required using the previously developed PI-ACE
method at multiple temperatures to produce data, which can be utilized to
determine the interaction type. An overlay of the electropherograms for indol
and indol45 with LPS, assessed at three different temperatures can be found in
Appendix B. Linear regression is then used to establish double reciprocal, Y-
reciprocal, and X-reciprocal plots. Each regression model provides a Kv value at
multiple temperatures, which can be incorporated into a Van’t Hoff plot. This
graph provides data that is then inserted into Equation 3.1 and 3.3 to yield AH”,
AS°, and AG® values.

The Van’t Hoff plots for indol and indol45 are shown in Figure 3.1 below and the
AH®, AS°, and AG’ values determined from the interaction between indol/indol45

and LPS, are displayed in Table 3.4.
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Van't Hoff (Double Reciprocal)
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Van't Hoff (X-Reciprocal)
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R? = 0.84972

In Ko

Figure 3.1: The Van’t Hoff plots for the indol-LPS interaction produced using
the average binding constants calculated from the double, Y-, and X-reciprocal
plots at 20, 25, 30°C (n=3).
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Figure 3.2: The Van't Hoff plots for the indol45-LPS interaction produced
using the average binding constants calculated from the double, Y-, and X-
reciprocal plots at 20, 25, 30°C (n=3).
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As shown in Figure 3.1 and 3.2, the Van’t Hoff relationship was also found to be

linear and the AH’ was determined from the slope while the AS® was ascertained

from the intercept. The data are compiled in Table 3.4.

Table 3.4: Compilation of thermodynamic parameters (n=3).

Peptide

Regression

Type
(Reciprocal)

AH°
(kJxmol)

AS°
(kJxdeg'mol)

AG®
(kJxmol)

Indol

Indol45

Double

Average

Double

Average

-23.60

-21.99

-22.94

-22.85+0.81

-23.74

-23.06

-23.28

-23.36 +0.35

9.57 x 103

11.3 x 103

8.54 x 103

9.81+1.40 x 103

19.4 x 103

22.0x 103

20.3 x 103

20.5+1.30 x 10°®

20°C =-26.41
25°C =-26.46
30°C =-26.51
20°C=-25.30
25°C=-25.36
30°C =-25.42
20°C=-25.44
25°C=-25.49
30°C=-25.53

20°C =-25.72+£0.60
25°C =-25.77 £ 0.60
30°C=-25.82+0.60

20°C=-29.43
25°C=-29.52
30°C =-29.62
20°C=-29.50
25°C=-29.61
30°C=-29.72
20°C=-29.22
25°C=-29.32
30°C =-29.42

20°C=-29.38+0.14
25°C=-29.48 +0.15
30°C=-29.59+0.15
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The enthalpy change for the interaction between indol and LPS was found to be
AH"=-22.85 + 0.81 k]xmol ! and the entropy change was determined to be AS’=
9.81 +1.40 x 10 kJxdeg'mol . The Gibbs Free Energy change was calculated to
be negative, indicating that the interaction was spontaneous. The enthalpy
change of the interaction between indol45 and LPS was found to be AH"’=-23.36 +
0.35 kJxmol! while the entropy change was determined to be AS’=20.5 + 1.30 x
103 kJxdeg'mol”. The Gibbs Free Energy change for indol45 and LPS was also

negative, indicating a spontaneous interaction.

When comparing the thermodynamic parameters associated between indol and
LPS as well as indol45 and LPS, a similar pattern is obvious in each interaction.
Both interactions display a negative AH’, a negligible (minimally positive) AS’,
and a negative AG’ value but differ in magnitude. They both indicate a
spontaneous electrostatic interaction. The nature of this electrostatic interaction
could be between the positively charged arginine and lysine amino acids in indol
and indol45, to the negatively charged phosphate groups on LPS. Figure 3.3 is a
visual representation depicting such possible electrostatic interactions. This type
of electrostatic interaction was hypothesized, and is now supported by the
experimental data. Furthermore, Rozek et al. (2000) also found that indol and
indol analogs bind to bacterial micelle models via electrostatic interactions using

NMR studies.!314
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Figure 3.3: Positively charged indol45 interacting with the negatively charged
phosphate groups located on the core oligosaccharide portion of LPS. The red
dashed lines indicate electrostatic interactions. Adapted from Dufort-
Lefrancois (2015) while using Alexander & Rietschel (2001) for guidance.!>*

As mentioned above, the results are in agreement with a hypothesized
electrostatic interaction between indol/indol45 and LPS. This also supports that
the interaction between indol/indol45 and LPS, cannot entirely be due to a
hydrophobic interaction, although it does not preclude it either. When
developing indol45, the substitution of the 4™ and 5" tryptophan residues for
alanine made it less hydrophobic, but maintained the cationic charge of +4,

which would again support that both indol and indol45 could bind to LPS via a
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similar electrostatic interaction.!*!” Since indol45 has a lower hydrophobicity, a
possible explanation for its stronger interaction to LPS could be due to an
apparent increase in hydrophilic interactions, such as dipole-dipole or hydrogen
bonding. Furthermore, the five bulky hydrophobic tryptophan rings in indol
may actually interfere with the peptides” ability to physically create these critical

hydrophilic electrostatic interactions.

As the temperature increased, the Kv went slightly down in both interactions
between indol/indol45 and LPS, respectively. This is also not entirely surprising
since higher temperatures can result in more motion or conformational flexibility
of the peptides, and hence result in an equilibrium that would slightly favour the
unbound species. Indol45 displayed a more negative AH’ and AG’, and
negligible AS’, indicating that the binding process was more favourable than that

of indol.

CONCLUSION

The type of interaction between indol/indol45 and LPS was determined at a
physiological pH through thermodynamic analysis using PI-ACE. The results
displayed an enthalpy change of AH"=-22.85 + 0.81 k]xmol", an entropy change
of AS"=9.81 + 1.40 x 108 kJxdeg'mol’, and a negative Gibbs" Free energy change
for the interaction between indol and LPS. Between indol45 and LPS there was
an enthalpy change of AH"=-23.36 + 0.35 k]xmol”, an entropy change of AS’=
20.54 +1.30 x 10 kJxdeg'mol?, and a negative Gibbs’ Free energy change as well.
These results indicate a spontaneous electrostatic interaction between both indol
and indol45 with LPS, respectively. Indol45 had a slightly more negative AH"
and AG” with a larger AS’ value, indicating a more favourable interaction. Every

Van’t Hoff plot displayed a clear linear trend with double reciprocal and Y-
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reciprocal plots showing the highest correlation, with an R? > 0.87. More
replicates at additional temperatures and further analysis by FACE would

provide greater support to this thermodynamic analysis.

These findings provide a stronger understanding of the interaction that occurs
between indol/indol45 and LPS. This data can be built upon for further
improvement of indol analogs as possible antimicrobial drugs. Knowing an
electrostatic interaction occurs at equilibrium is extremely valuable for
comprehending how indol and indol45 attack bacteria. This can be utilized to
further assess the potential of these cationic AMPs and possibly lead to drug

development.
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CHAPTER 4: FRONTAL ANALYSIS CAPILLARY
ELECTROPHORESIS

INTRODUCTION

The rapid emergence of antimicrobial resistance (AMR) is putting extreme
pressure on the pharmaceutical industry to produce novel antibiotic
replacements.’? These alternative antibiotics require extensive research due to
their complex nature in how they attack invading pathogens. Understanding
different interactions, specifically non-covalent, between proposed drugs and
proteins is critical for the early stages of drug development.** Due to strict
regulatory barriers in the pharmaceutical industry, multiple methods are
required to investigate and validate these interactions.! Elucidating an
equilibrium constant (Kb) is a valuable way to understand how proposed drugs,
such as indol and indol45, interact with receptors, such as lipopolysaccharide
(LPS). To further validate the PI-ACE research on the Kv between indol/indol45
and LPS, respectively, multiple capillary electrophoresis (CE) techniques were
used for comparison. The second technique, called frontal analysis capillary
electrophoresis (FACE), has been employed previously for many different

interaction studies.?58

FACE is a simple, yet robust, method that can be utilized to determine a K» for
drug-protein interactions.®® It is comparable to PI-ACE with both CE methods
injecting samples into the BGE that include the ligand, receptor, and the resulting
ligand-receptor complex. FACE however, is sometimes favored over PI-ACE and
ACE because it can be utilized to determine the number of binding sites and
clarify the assumption of a 1:1 binding stoichiometry.”! Using a more complex

binding model, FACE can also effectively be utilized to assess multiple



interaction types and binding sites (Equation 1.8 (Chapter 1)).”1° FACE uses

longer injection times (1-2 min) to produce obvious plateaus because data

analysis is completed through plateau height measurement. PI-ACE uses a short

injection (5-10 s) to produce peaks because data analysis is accomplished through

migration time assessment (Figure 4.1).

J L

PI-ACE Peaks

-

FACE Plateau

Figure 4.1: Schematic diagram of the short injection time associated with PI-
ACE and the long injection time in FACE.

During FACE it is also assumed that the receptor and ligand-receptor complex

have similar mobility, however, it is required that the mobility of the ligand

differs sufficiently from the mobility of the complex.® With the difference in

mobility, the free ligand leaks out of the injected plug in a concentration equal to

the free ligand concentration in the injected sample (Figure 4.2).° This guarantees

that there is an obvious difference in plateau heights to establish accurate Kb

data.
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Figure 4.2: Schematic diagram of FACE separation. 1) Sample is at equilibrium

immediately upon injection into the capillary. 2) Separation of ligand and
receptor occurs on route to the detector. 3) At the detector the free ligand has
separated from the receptor and complex. Figure adapted from Ostergaard &
Heegaard (2003).5

A Kb is determined by injecting pre-incubated samples of increasing
concentrations of ligand while keeping the concentration of receptor constant.
An electropherogram will then show two visible plateaus, one representing the
free receptor and complex, and the other representing the free ligand (Figure
4.3). The height of the latter aforementioned plateau represents the free ligand
concentration. The free ligand concentration is calculated by comparing the
height of the complex plateau to a previously made calibration curve, also
referred to as a standard curve. This calibration curve is obtained by injecting
samples of increasing concentrations of only ligand. This data can then be used
to graph the number of complexed molecules per molecule of receptor as a
function of the free ligand concentration.® The result is a binding isotherm

developed using nonlinear regression. The following equations are used:®
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Calibration sample: [Lior]

1 _T_ _ Sample

Figure 4.3: Illustration of the measurement and calibration procedure for
FACE. Figure adapted from Busch et al. (1997).°

L] = %X [Lror] 4.1)

[Lp] = [Lror] — [Lf] (4.2)
L

Where:

[L¢] is free ligand concentration

C is height of complex plateau

L is height of plateau from ligand standard curve
[Lror] is total ligand concentration

[Lv] is bound ligand concentration

[R] is total receptor concentration (LPS)

r is total ligands bound per receptor
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EXPERIMENTAL

Chemicals and reagents

All chemicals were of analytical grade unless otherwise indicated. Indol (95.95%
purity) and Indol45 (94.99% purity) were obtained from GL Biochem Ltd.
(Shanghai, China). LPS, isolated from E. coli O111:B4, and monobasic sodium
phosphate (NaH2PO4+H:0) were obtained from Sigma-Aldrich Ltd. (Oakville,
Ontario, Canada). Dibasic sodium phosphate (Na2HPOs- H20O) was obtained from
Caledon Laboratories (Georgetown, Ontario, Canada). Deionized water used to
prepare solutions was 18 MQ) water filtered by Barnstead™ Easypure™ RoDi.
Indol, indol45, and LPS solutions were filtered through 0.45 um cellulose acetate
syringe filters (Canadian Life Science, Ontario, Canada) to decrease protein loss
due to adsorption in Nylon® syringe filters. All other reagents and BGEs were
filtered through 0.45 um Nylon® syringe filters (Canadian Life Science, Ontario,
Canada) before being used in the CE instrument. All reagents and stock solutions

of BGEs were prepared and stored at room temperature (~23 °C).

BGE and Sample preparation

A phosphate buffer was used as the BGE with a pH of 7.2 (£0.1), to greatest
resemble a physiological pH. The 100 mM phosphate buffer was prepared by
mixing 100 mM monobasic sodium phosphate (NaH2PO+H20) and 100 mM
dibasic sodium phosphate (NazHPOs H20) to a pH of 7.2. This 100 mM
phosphate buffer was diluted to a 10 mM phosphate buffer for analysis. The BGE
pH was determined using a Mettler Toledo FE20 — FiveEasy™ pH meter (Mettler

Toledo, Switzerland).

Stock solutions of 600 mg/L indol, 600 mg/L indol45, and 570 mg/L LPS were

prepared by dissolving the samples directly into the 10 mM phosphate buffer.
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These solutions were all filtered using 0.45 um cellulose acetate syringe filters.
The solutions were then stored in the refrigerator (~4 °C) for a maximum of 30
days. A calibration curve was required for both indol and indol45 so that the
plateau height obtained during analysis could be use to determine the free
indol/indol45 concentration. Indol samples were made in increasing
concentrations from 100 mg/L to 600 mg/L (equivalent of 52 uM to 315 uM).
Indol45 samples were also made in increasing concentrations from 100 mg/L to

600 mg/L (equivalent of 60 puM to 358 uM).

Apparatus

The CE instrument used in this study was a Beckman Coulter MDQ (Fullerton,
CA, USA) with ultraviolet (UV) detector set to 214 nm with direct absorbance.
The capillary tubing (Polymicro Technologies, Phoenix, AZ, USA) used for FACE
analysis was an uncoated fused silica capillary with an internal diameter of 50.3
(+/- 0.2), external diameter of 366.2 um (+/- 0.2), 47.7 cm effective length (inlet to
detector), and 58 cm total length. A circulating liquid fluorocarbon coolant
provided temperature regulation, keeping the capillary cartridge at the desired
temperature. Pressure injection was utilized for sample introduction with a
duration of 120 s at 1.0 psi. The conditions used for FACE analysis were as
follows: voltage, 10 kV; detection, 214 nm; temperature, 25.0 + 0.1 °C. Data was

collected and analyzed with Beckman System Gold software.

Procedures

Before FACE analysis, new capillaries were conditioned with 1.0 M NaOH for 60
min at 20 psi then 0.1 M NaOH for 30 min at 20 psi. Prior to each incubation
process, the capillary was also rinsed with of H2O, 0.1 M NaOH, H:0, and BGE

(all for 10 min at 20 psi). Finally, before each sample injection, the capillary was
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rinsed with 0.1 M NaOH for 14.0 min, H2O for 2.0 min, and then BGE for 4.0 min
(each at 20 psi). An extensive capillary rinse was required to ensure a reduction
in protein adsorption to the uncoated capillary wall'l. During FACE, a large
rinsing step is necessary due to the large plug of cationic AMP being introduced
into the capillary. A higher concentration of peptide compared to PI-ACE is also
used, which compounds the need for a longer rinse protocol. Each sample was
injected for 120 s at 1.0 psi, which was previously established as the optimized
time to produce adequate plateaus for indol.”? The electrophoresis was carried
out using normal polarity for 20 min to complete detection of all species. All runs
were generated as triplicates. Following completion of reasonable calibration
curves for both indol and indol45, samples within a similar concentration range
were analyzed through varying the indol/indol45 concentration and keeping the

LPS concentration constant.

RESULSTS AND DISCUSSION

FACE was employed for this study to add validation and confidence to the Kb
established through PI-ACE for indol/indol45 and LPS. The goal was to develop
a FACE method to verify previous results and confirm the previously assumed
1:1 binding stoichiometry. By compiling results from the PI-ACE analysis, the
thermodynamic assessment, and the FACE procedure, a strong foundation can
be established of the equilibrium dynamics between indol/indol45 and LPS,

respectively.

Indol45 Standard Curve

When using FACE, a standard curve is required to determine an accurate

concentration of bound ligand. This allows the receptor (LPS), to be held constant
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while the ligand (indol or indol45) concentration is varied to establish K» binding
data. The plateau height of the indol/indol45-LPS complex and free LPS (C) is
measured and then divided by the plateau height of only indol/indol45 (L),
determined from the standard curve, which is then multiplied by the total
concentration of indol/indol45 (Lror) as seen in Equation 4.1. This provides the
free ligand concentration (L), which can then be subtracted from Lror to equal
the bound ligand concentration (Lv). The Lv divided by the total receptor
concentration (Rt) provides the total ligands bound per receptor (r), which is
evaluated against [L¢] using nonlinear regression to produce the Kv value. This
binding isotherm displays the affinity between indol/indol45 and LPS,

respectively.

When producing the standard curve for indol and indol45 the plateaus produced
were adequate, however, indol had a less than desirable shape due to possible
protein adsorption to the silanol groups on the inner capillary wall (Figure 4.4 &
4.5). The standard curve for indol is displayed in Figure 4.6 and indol45 is shown

in Figure 4.7. They were completed in duplicate at a temperature of 25 °C.
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Figure 4.4: Overlay of electropherograms of varying concentrations of indol in
10 mM phosphate buffer (pH 7.2). Indol concentrations are: 1) 0, 2) 100, 3) 200,
4) 300, 5) 400, 6) 500, 7) 600 mg/L. Samples were injected for 120 s duration at
1.0 psi, 10 kV separation voltage, normal polarity, UV detection at 214 nm, BGE
10 mM PO«? (pH 7.2).
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Figure 4.5: Overlay of electropherograms of varying concentrations of indol45
in 10 mM phosphate buffer (pH 7.2). Indol45 concentrations are: 1) 0, 2) 100, 3)
200, 4) 300, 5) 400, 6) 500, 7) 600 mg/L. Samples were injected for 120 s duration
at 1.0 psi, 10 kV separation voltage, normal polarity, UV detection at 214 nm,
BGE 10 mM POs? (pH 7.2).
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Figure 4.6: Indol standard curve.

Indol45

0.00800
0.00700
0.00600
0.00500
0.00400
0.00300
0.00200
0.00100
0.00000

Plateau height (Au)

y=0.00001212x + 0.00218757
R?=0.99850722

0 50 100 150 200 250 300 350 400
[Indol45] (M)

Figure 4.7: Indol45 standard curve.

FACE Analysis
After completion of the standard curve for both ligands, analyses could be

completed for the interaction between indol/indol45 and LPS, respectively. In
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FACE it is required that the mobility of indol/indol45 is different than that of LPS
and the formed complex, which have similar mobility, to achieve an accurate Kb.
This allows free indol/indol45 to leak out of the injection plug and create
different height plateaus when it reaches the detector. The plateau height of the
complex is used to ultimately calculate the total amount of indol or indol45
bound per LPS unit. Our analyses used a constant amount of LPS while the
concentration of indol/indol45 was increased. Based on previous PI-ACE results
it was also determined equilibrium was reached after 2 h. Thus, samples

were incubated for 2 h at 25 °C then pressure assisted injected. Two separate
runs were completed at equilibrium then the results were assessed via nonlinear

regression and compiled into a data set (Table 4.1).

Table 4.1: Compilation of regression equations and binding constant values
for nonlinear regression plots of FACE data for the interaction of indol and
indol45 with LPS (n=2).

Peptide Regression Regression Average Kb (M) x
Type Equation 10¢
Indol Nonlinear y = —= 2.30 +0.20
1+ bx
ax
Indol45 Nonlinear y = 12.35+0.98
1+ bx

Several experimental factors were taken into consideration when developing the
FACE methodology. A phosphate buffer (pH 7.2) was chosen for analysis due to
its strong buffering capacity and how it best simulated physiological conditions.
The phosphate buffer concentration was found to be most effective at 10 mM
based on previous studies.!> A thorough rinse protocol was also required to

reduce protein adsorption to the inner capillary wall. With injection times at 120
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s, a large mass of peptide would be in the capillary increasing the odds of
adsorption. Fortunately, the extensive rinsing mitigated the amount of protein

adsorption.

Based on the FACE results, an obvious interaction between indol/indol45 and
LPS can be observed visually in both Figures 4.8 and 4.9. The plateaus illustrate a
strong interaction between indol/indol45 and LPS, respectively. The shoulder
displayed in Figure 4.8 and 4.9 on each of plateaus 3 - 7 indicates free indol or
indol45. This change in plateau height is indicative of the free ligand leaking out
of the injection plug. The increasing height of the latter plateau demonstrates that
this is undoubtedly the free ligand plateau. At equilibrium it is determined that a
specific amount of indol/indol45 is bound to LPS, therefore, as indol/indol45

increased in concentration the excess will be displayed by a growing plateau.
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Figure 4.8: Overlay of electropherograms from samples of varying
concentrations of indol with constant 285 mg/L concentration of LPS. [A]:
LPS/LPS-indol complex, [% ]: Free indol. Indol concentrations were: 1) 0, 2)
100, 3) 200, 4) 300, 5) 400, 6) 500, 7) 600 mg/L. Sample were injected for 120 s
duration at 1.0 psi, 10 kV separation voltage, normal polarity, UV detection at
214 nm, BGE 10 mM PO+? (pH 7.2).
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Figure 4.9: Overlay of electropherograms from samples of varying
concentrations of indol45 with constant 285 mg/L concentration of LPS. [A]:
LPS/LPS-indol45 complex, [¥ ]: Free indol45. Indol45 concentrations were: 1) 0,
2) 100, 3) 200, 4) 300, 5) 400, 6) 500, 7) 600 mg/L. Sample were injected for 120 s
duration at 1.0 psi, 10 kV separation voltage, normal polarity, UV detection at
214 nm, BGE 10 mM PO+? (pH 7.2).

The interaction between indol-LPS (Ke: 2.30 + 0.20 x 10*M™) and indol45-LPS (Ko:
12.35 + 0.98 x 10*M1) determined using FACE closely compares to the previous
PI-ACE results (indol-LPS Ke: 3.13 x 10* M & indol45-LPS Kb: 14.83 x 10*M™).
This provides verification of both CE methods and confidence in our Ks values.
Although limited data was available for FACE analysis, both methodologies
show similar results indicating an interaction was observed. To improve this
interaction study, more replicates and a larger sample size would be required to
lower the standard deviation of Kb values and increase confidence in the

calculated equilibrium constant.
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The binding isotherms for both interactions (Figure. 4.10 & 4.11) were
determined using nonlinear regression. It depicts the total ligands bound per
receptor vs. the free ligand concentration. A strong correlation was found with R?

> 0.90, indicating that the assumed 1:1 stoichiometry is valid.

T T T T T T T

0 20 40 60 80 100 120 140 160
[indOl]free

Figure 4.10: Binding isotherm for indol binding to LPS in 10 mM POs? buffer
(pH 7.2).
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Figure 4.11: Binding isotherm for indol45 binding to LPS in 10 mM PO42
buffer (pH 7.2).

CONCLUSION

The interaction between indol/indol45 and LPS established in Chapter 2 through
PI-ACE was verified using FACE at a physiological pH. Although the FACE data
is limited, a usable comparison can be made between the Kb values from both CE
methods. The results from FACE displayed equilibrium constants between indol-
LPS (Ke: 2.30 + 0.20 x 10*M™) and indol45-LPS (Kb: 12.35 + 0.98 x 10* M), which
indicate strong interactions and compare closely to the PI-ACE values of (indol-
LPS Kb: 3.13 x 10* M & indol45-LPS Kb: 14.83 x 10*M™). Based on the interactions
binding isotherm, FACE displays promise as a viable technique to assess the
interactions of both indol and its analogs. The plots would be more beneficial if

more runs were completed with more concentrations available to analyze.
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However, the FACE methodology validated the assumed 1:1 binding

stoichiometry and provided confidence in the accuracy of Kv values calculated

from the PI-ACE method described in Chapter 2.

FACE is a proven method to assess protein-drug interactions, however, when
assessing cationic AMPs complications should be expected. Due to the high
concentrations of peptide injected, coupled with long injection times, protein
adsorption to the inner capillary wall occurs frequently. Many trials were
deemed useless due to poor resolution of the electropherogram baseline.
Prevention of adsorption occurred only when a strict rinsing protocol was in
place. Another solution could be the use of capillary coatings. This was
previously attempted'?, however it proved unsuccessful. Other coatings could be
tested and may produce better results. If this complication can be overcome,
FACE would be the primary method for assessing the binding interactions

between indol/indol45 and LPS, respectively.

These findings compounded with PI-ACE analyses show the potential for indol
and indol45 as suitable antimicrobial agents. Based on the strong interactions
observed, both cationic AMPs may have value in pharmaceutical development.
Indol45 and other indol analogs should be of principal interest because of their
lack of limitations when compared to indol. These analogs should be examined
turther with conceivably more manipulation performed on them. With luck, a
stronger and more potent antimicrobial agent will emerge that can advance the

tight AMR.
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CHAPTER 5: CONCLUSION

Antimicrobial resistance (AMR) is a continuous challenge that threatens the
efficacy of numerous medications that are used daily on a global scale.! This
crisis places a huge health and economic burden on our health care system.>
There is a desperate need for the development of alternative antimicrobial drugs
combined with a coordinated effort of other mitigation strategies to slow the
epidemic.! Antimicrobial peptides (AMPs) are one possible alternative that
should be examined because of their broad spectrum of antimicrobial activitiy.>*
They are active against most Gram-negative and Gram-positive bacteria, fungi,
enveloped viruses, and eukaryotic parasites.? The cationic AMP indolicidin
(indol) is one proposed drug that has been investigated, however it is flawed for
therapeutic use. It is limited in usage as an antimicrobial drug because of the
toxic and hemolytic properties it displays.® However, it could be invaluable as a
parent structure in which analogs such as indolicidin45 (indol45) can be
developed from.® This analog has exhibited an increase in antimicrobial activity,
a decrease in hemolysis, and a stronger binding potential to Lipopolysaccharide
(LPS), a Gram-negative bacterial cell membrane component, when compared to
indol.® Other analogs that have yet to be discovered could potentially be even
better candidates as alternatives for antimicrobial drugs. This offers a huge

potential for the pharmaceutical industry as the AMR threat continuously grows.

During the analysis of protein-based pharmaceuticals it is critical to establish
quality control, perform chiral analysis, and assess non-covalent interactions.”

To characterize these interactions, capillary electrophoresis (CE) has proven to be
a powerful analytical technique due to its tremendous versatility, convenient

automation, and small sample requirements.”® The assessment of interactions
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between proposed drugs and receptor establishes an equilibrium constant (Kb),
which provides information on their strength of binding at equilibrium.?!°
Specific CE techniques, primarily pre-incubation affinity CE (PI-ACE) and
Frontal Analysis CE (FACE), have been utilized in this thesis to determine a Ko
for both the interaction between indol-LPS and indol45-LPS. PI-ACE was also
coupled with a thermodynamic analysis to determine the type of intermolecular

interaction between indol/indol45 and LPS, respectively.

The PI-ACE methodology was thoroughly discussed in this thesis in Chapter 2.
A Kb value was produced using the average of three linear regression plots
(Double, Y-, and X- reciprocals) for both indol and indol45 with LPS. Analysis
was completed in triplicates at 25 °C. The values obtained were: for the indol-
LPS interaction (Kv: 3.13 £ 0.77 x 10*M™) and for the indol45-LPS interaction (Ke:
14.83 +1.67 x 10*M™). The higher K» value for indol45 indicated a stronger
binding constant at equilibrium compared to indol. This stronger binding by
indol45 supports prior bioactivity studies, which showed that indol45 had a
much lower minimum inhibitory concentration, i.e. greater antimicrobial
activity, than that of indol against select bacteria.® This is most likely due to the
change in hydrophobicity between indol and indol45 due to the change in amino
acid content. After substituting the 4™ and 5" tryptophan residues for alanine,
indol45 became less hydrophobic. Due to the known increased antimicrobial
activity of indol45 compared to indol, it can be hypothesized that indol45 kills
the bacteria more efficiently. Indol45 can either permeabilize the bacterial
membrane resulting in cell lysis or could cross the bacterial envelope into the
cytosol and act intracellularly. As mentioned earlier, indol45 is less hydrophobic
than indol and thus presumably more comfortable in the aqueous cytosol.

Overall, it is probable that the mechanism of action of indol45 against bacteria is
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two-fold. It can permeabilize the bacterial cell membrane and disrupt DNA
function, both processes ultimately leading to cell death. Further research of

indol45 is required to conclusively determine its potential therapeutic use.

After a reliable Kv was determined using PI-ACE at 25 °C, this method was
utilized in a thermodynamic analysis to ascertain the type of non-covalent
interaction present. Kv values were established at three temperatures (20, 25, and
30 °C) and plotted using the Van’t Hoff equation to calculate the enthalpy change
(AH"), the entropy change (AS’), and Gibbs’ Free energy change (AG").!! With
knowledge of these values, the type and spontaneity of the interaction was
ascertained." The results displayed an enthalpy change of AH’=-22.85 + (.81
kJxmol?, an entropy change of AS’=9.81 + 1.40 x 103 kJxdeg'mol, and a negative
Gibbs’ Free energy change for the interaction between indol and LPS. Between
indol45 and LPS there was an enthalpy change of AH’=-23.36 + 0.35 k]xmol’, an
entropy change of AS’=20.54 + 1.30 x 103 k]xdeg'mol”, and a negative Gibbs’
Free energy change as well. These results indicate a spontaneous electrostatic
interaction between both indol and indol45 with LPS, respectively. Indol45 had a
slightly more negative AH’ and AG” with a negligible AS® value, indicating a
more favourable interaction than that of indol. An electrostatic interaction
supports the hypothesized binding between indol/indol45 and LPS, respectively.
With both peptides bearing a +4 charge, they should seamlessly interact with the
negatively charged phosphate groups located on the core oligosaccharide section

of LPS in the outer cell membrane.

FACE was finally used to verify the K» established from PI-ACE analysis and to
add confidence to the assumed 1:1 binding stoichiometry. A Kv value was

produced using nonlinear regression for both interactions between indol and
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indol45 with LPS, respectively. Analysis was completed and a usable Kv value
was calculated for each peptide. More data should be acquired in order to verify
the results. The results from FACE displayed equilibrium constants between
indol-LPS (Ke: 2.30 + 0.20 x 10* M) and indol45-LPS (Ke: 12.35 + 0.98 x 10* M),
which indicated strong interactions and compared closely to the PI-ACE values
of (Kv: 3.13 £ 0.77 x 10*M™* & 14.83 £ 1.67 x 10*M™!). The results from both
methodologies and both interactions fell within the standard deviation of each.
The close comparison in values provided validation of the assumed 1:1 binding
stoichiometry in PI-ACE and presented FACE as a viable method to assess the

interaction between indol/indol45 and LPS, respectively.

Both CE techniques provided adequate results, however like all research, there
were frequent obstacles and complications that required addressing. PI-ACE was
our initial focus and provided the largest data set, but the method required an
incubation phase due to the slow binding kinetics between indol/indol45 and
LPS, respectively. This resulted in a long analysis time, reducing the benefit that
CE typically provides with its potential for short analyses. FACE was the most
promising technique, although it lacked in the quantity of data for Ko
calculations. The cationic nature of indol and indol45, combined with the large
concentration of peptide required during injection, frequently resulted in protein
adsorption to the inner capillary wall. This resulted in several experimental
results becoming unusable. To overcome this problem a longer rinse protocol

was initiated, which helped some but didn’t alleviate the entire problem.

The strong binding of indol45 presents a large opportunity for future exploration
with possible indol analogs and how they attack bacterial cells. Changing select

amino acids of an already potent cationic AMP, such as indol, has now been
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shown to produce more viable options. Assessing different indol analogs with
other receptors should also be examined. LPS was used as the projected receptor
but other possibilities may represent bacterial cells more accurately. Wu et al.
(1999) have examined proposed drugs and how they interact with bacterial
membrane models.!? These models provide a much closer representation to
actual bacteria compared to strictly LPS. The binding of indol/indol45 to LPS,
respectively, does however display that there would be an interaction between
the proposed drugs and a Gram-negative bacterial cell. What occurs after
binding occurs on an actual bacterial cell however, can only be hypothesized

without live bacterial research.

Unfortunately, the development of novel antimicrobial drugs cannot exclusively
thwart the progress of AMR. The implementation of multiple other practices,
such as improving diagnoses, optimizing therapeutic regimens, improving
prescription practices, and preventing infection transmission, are all required to
provide society a chance at effectively managing the crisis.’® Researchers
combined with policy-makers need to evaluate the AMR epidemic and act as an
integrated force to establish a global strategy.* This strategy can only hope to
reduce the occurrence of the bacterial resistance we currently know rather than
eliminate it. With the continuous emergence of multi-drug resistant bacteria,
complete defeat of AMR is doubtful, however continuous research can hopefully

prevent the fall of our health care system into a pre-antibiotic era.
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APPENDIX A: PI-ACE RECIPROCAL PLOTS
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Figure A.1: Reciprocal plots for the indol-LPS interaction using PI-ACE
incubated for 2 h at 25 °C. 1) Double-reciprocal 2) Y-reciprocal and 3) X-
reciprocal.
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Figure A.2: Reciprocal plots for the indol-LPS interaction using PI-ACE
incubated for 6 h at 25 °C. 1) Double-reciprocal 2) Y-reciprocal and 3) X-
reciprocal.
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Figure A.3: Reciprocal plots for the indol-LPS interaction using PI-ACE
incubated for 12 h at 25 °C. 1) Double-reciprocal 2) Y-reciprocal and 3) X-
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Figure A.4: Reciprocal plots for the indol45-LPS interaction using PI-ACE
incubated for 2 h at 25 °C. 1) Double-reciprocal 2) Y-reciprocal and 3) X-
reciprocal.
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Figure A.5: Reciprocal plots for the indol45-LPS interaction using PI-ACE
incubated for 6 h at 25 °C. 1) Double-reciprocal 2) Y-reciprocal and 3) X-
reciprocal.
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Figure A.6: Reciprocal plots for the indol45-LPS interaction using PI-ACE
incubated for 12 h at 25 °C. 1) Double-reciprocal 2) Y-reciprocal and 3) X-
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APPENDIX B: THERMODYNAMIC ANALYSIS
ELECTROPHEROGRAM OVERLAYS
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Figure B.1: Overlays of electropherograms from thermodynamic analysis of
samples incubated for 2 h of 50 mg/L LPS combined with varying
concentrations of indol and DMSO (0.1%v/v). [@]: DMSO (neutral marker),
[Al: LPS/LPS-indol complex. [¥]: Free indol. Indol concentrations
incrementally increased from the first run (bottom electropherogram) to the
last run (top electropherogram): 1) 0 (DMSO only), 2) 0, 3) 10, 4) 20, 5) 30, 6) 40,
7) 50, 8) 100, 9) 150, 10) 200 mg/L. Samples were injected for 5 s duration at 1.0
psi, 20 kV separation voltage, normal polarity, UV detection at 214 nm, BGE of
100 mM PO«2 (pH 7.2). Overlay 1) 20 °C, 2) 25 °C, 3) 30 °C.
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Figure B.2: Overlays of electropherograms from thermodynamic analysis of
samples incubated for 2 h of 50 mg/L LPS combined with varying
concentrations of indol45 and DMSO (0.1%v/v). [®@]: DMSO (neutral marker),
[A]l: LPS/LPS-indol45 complex. [% I: Free indol45. Indol45 concentrations
incrementally increased from the first run (bottom electropherogram) to the
last run (top electropherogram): 1) 0 (DMSO only), 2) 0, 3) 10, 4) 20, 5) 30, 6) 40,
7) 50, 8) 100, 9) 150, 10) 200 mg/L. Samples were injected for 5 s duration at 1.0
psi, 20 kV separation voltage, normal polarity, UV detection at 214 nm, BGE of
100 mM PO«2 (pH 7.2). Overlay 1) 20 °C, 2) 25 °C, 3) 30 °C.



