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Abstract

Membrane Active Peptides (MAPs) are an important class of short protein
sequences that hold the potential to be used for a number of varied purposes such as
antibacterial, antiviral, and drug delivery based therapies. Despite this great potential,
the development of MAPs has been hindered by a lack of consensus about their
mechanisms of activity. Herein we proposed that MAPs can be categorized into several
categories differentiating how they interact with model cell membranes. In this
dissertation we examined how these activities can be regulated by pH. We used this
information to design and test MAPs with pH-dependant activity for drug delivery
through both rational design and high-throughput screening. Finally, we tested our
peptides both with model biophysical characterization techniques as well as cell based
assays and made connections between the two. Our intention is that the work
conducted in this dissertation will provide a framework for the development of effective

and efficient Membrane Active Peptides.
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The Cell Membrane: Key Component of Cell Survival

The existence of the cell membrane is both a blessing and a curse to human
physiology. Since the evolution of the very first prokaryotic organism, the cell
membrane has provided a barrier to separate a cell’s internal components from the
outside world. While this barrier offers a degree of protection to the cell from harmful
molecules, it also impedes the diffusion of potentially beneficial particles. We have
begun to develop a greater understanding of cell biology and cellular engineering, which
has created a desire to add exotic components to our cells. We understand the free
energy penalties associated with binding/insertion into the cell membrane and we can
determine the kinetic rates of these pathways. This begs the question; how far can we
go with this knowledge and can we control the way in which molecules interact with the
cell membrane?

Cell membranes, the outer barrier of a cell, are conventionally thought of as
liquid crystalline materials.” The main component of these liquid crystals are small
amphiphilic molecules known as phospholipids. These are molecules that have both a
hydrophilic phosphate head group and hydrophobic alkyl chain tails. Of these
phospholipids, 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) is the most abundant in
cell membranes.? Phospholipids that compose the cell membrane are found in a bilayer
structure with head groups facing the agueous environments of the cell cytosol or the
outside of the cell and with alkyl chains facing inwards. The driving force for
phospholipids to form this phase of liquid crystal stems from the manner in which water

molecules can coordinate about the head groups/tails: the hydrophobic effect. X-ray



diffraction studies show that the tail groups associate with each other to exclude nearly
all water molecules from the inside, hydrophobic core of the cell membrane.? Though
these forces are strong enough to stabilize membranes on the order of several microns
in length, other lipid types are needed for further stabilization.

Even though the most prevalent component of the cell membrane, POPC,
comprises nearly 75% of the molecules in the membrane, it is not the only component
needed for stabilization. One other important component of the cell membrane is
cholesterol. Cholesterols are small organic molecules that is known to form a chiral

III

liquid crystalline phase from which the term “cholesteric liquid crystal” is derived.’
Cholesterol acts as a mediator to stabilize the cell membrane when it would encounter
varying temperatures in its environment. At temperatures approaching the gel-
crystalline phase of a pure POPC membrane, cholesterol serves to prevent the complete
ordering of the phospholipids by inhibiting packing of phospholipids. Thus, cholesterol
allows the membrane to retain its liquid crystalline “fluidity” at lower temperatures. In
addition, at higher temperatures where phospholipid liquid crystals tend to become
more highly disordered, cholesterol allows the membrane to obtain rigidity by impeding
diffusion of the phospholipids. Cholesterol is an important component of membranes of
multi-cellular organisms because it can allow the cells of these organisms to remain
stable in a range of temperature conditions.

The final, important component of cell membranes discussed in this work is

another phospholipid called 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-

(1'-rac-glycerol) (POPG). This phospholipid’s head group has a net negative charge,



unlike POPC or even cholesterol. POPG is important because it is a major component of
bacterial cell membranes, sometimes between 10-20% of total molecules but is rarely
found in mammalian cells (<2%).” Due to the relative abundance of charged
phospholipids on bacterial membranes as compared to mammalian membranes the
possibility of localizing charged molecules to a cell surface exists. Much work has gone
into targeting positively charged molecules to the negatively charged bacterial cell
membrane.” 7 For this reason, we have sought to investigate the effects of having
cholesterol (mammalian cell membrane) or POPG (bacterial cell membrane) inside of
our model cell membranes. These lipid components of the cell membrane allow it to
maintain a liquid crystalline structure and give it very useful properties for a cell’s
existence.

The cell membrane provides a crucial barrier for the cell to section off its internal
components from the outside environment. At the very basic level, the cell membrane
prevents the free diffusion of molecules across it. This property allows the cell to
prevent its internal components, DNA, enzymes, organelles, and etc from diffusing
away. The cell membrane affords the cell a restricting volume in which it can undergo a
vast array of chemical reactions.® Theories such as the endosymbiotic theory propose
that the development of cell membrane was a key evolutionary step in the development
of higher-order cell types.” This theory suggests that existence of this barrier to keep
large components together led to the rise of complex cell structures. Cell membranes
not only afford the cell an internal compartment in which it can control and direct

chemical reactions, they also create a site for molecular/chemical reactions to occur.



Selective permeability makes the cell membrane a site for the establishment of
chemical gradients. Due to its liquid crystalline amphiphilic structure, cell membranes
have a defined hydrophilic outer layer and a strongly hydrophobic inner core. This
bilayer structure prevents the free diffusion of large, polar molecules across it. This is
because in order for a polar molecule to pass through the membrane it would have to
coordinate about the hydrophobic tail group of the cell membrane phospholipids.
Coordination of polar groups about hydrophobic groups reduces the molecule’s ability
to coordinate with water molecules. This interaction decreases the entropy of the
system and is thus, energetically unfavorable.”’ Similarly, the diffusion of large
molecules is unfavorable due to the displacement of lipids by the large molecules. Such
displacement would require the lipids to interact, unfavorably, with water in a similar

entropy-decreasing manner to a polar-hydrophobic interaction.’

With this ability to
restrict the motion of molecules, the cell membrane is able to become the site of sharp
chemical gradients. Cells can take advantage of the chemical potential of these
separated species to regulate its internal state.

An electrical potential exists across intact cell membranes due to the
membrane’s ability to inhibit the diffusion of charged molecules. Cells can take
advantage of the energetic penalties of moving a charged molecule across the cell
membrane to develop gradients of charged molecules and a net potential across the cell
membrane. This net potential is useful to a cell for catalyzing transport interactions, for
energy production interactions, for signaling interactions, and for a wide variety of other

purposes.”?* Without the ability to maintain this potential, cells become susceptible to



apoptosis and eventual cell death. The hallmark of a cell with a ruptured membrane is a

| 15, 16

decrease in the membrane potentia The cell membrane is essential to establishing

electrochemical gradients from the outside to the inside of the cell and for cell survival.



Mechanisms of Cell Entry

Cell membranes, being selectively permeable liquid crystalline bilayers, are able
to restrict the motion of molecules across them. Just because the membrane limits the
diffusion of molecules across it, however, does not mean that molecules cannot reach
the inside of the cell. Other than diffusion through the membrane, there are two
canonical classes of particle entry into the cell: direct transport and endocytosis.”” The
first class, direct transport, can be either an energy consuming (Active) process or non-
energy consuming (Passive). These pathways involve molecules other than lipids, e.g.
proteins, which exist in the cell membrane and allow the molecules to pass through
them instead of through the membrane. The work discussed in this dissertation focuses
on the second class of transportation into the cell: endocytosis.

Endocytosis can be categorized by the type of molecules being up taken and by
the manner in which they are up taken. Pinocytosis, a type of endocytosis, refers to
cellular uptake of liquids and well dissolved aqueous components. In this case, the cell
membrane becomes invaginated allowing the liquid to fill a small pocket, before
eventually being closed by the fission of an endosome from the cell membrane. One
other endocytosis process is phagocytosis. In this case, the cell membrane protrudes
outward to surround a large solid particle. Eventually the two ends of the protrusion
are able to meet when the molecule is fully engulfed; the ends fuse together again
forming a free endosome. Finally, the last major class of endocytosis involves receptor-
mediated endocytosis.”” In the case of receptor-mediated endocytosis, molecules bind

to receptor present on the cell membrane. The binding of molecules to these receptors



elicits a response from the cell telling it to begin an invagination process. The
invagination process terminated with the receptor-captured molecules becoming
encased in an endosome inside of the cell. In each of these three types of endocytosis,
the components entering the cell become encased in vesicle-phase lipid particle known
as an endosome.

What happens to a particle when it gets into a cell by way of endocytosis? The
fate of endocytosed particles varies but very few particles will simply diffuse out of the
endosome. The endosomes have a similar composition to the cell membrane from
which they are derived; they are made of phospholipids. Rather than existing in a semi-
planar bilayer phase these phospholipids are now in a vesicle phase. This vesicle phase
still maintains the bilayer structure of having external hydrophilic layers and a
hydrophobic core. Due to this fact; large, polar molecules that would not readily be able
to diffuse across the cell membrane are still restricted from diffusion across the
endosomal membrane. Itis up to the cell’s internal machinery to deliver the contents of
endosomes to where it is needed within the cell.

Endosomal cargo that cannot be used by the cell must be disposed of via

endosomal maturation pathways.lg’ 19

Foreign molecules that cannot be released from
the endosome will remain entrapped until the endosome undergoes a natural
maturation process. Over time, endosomes will become acidified to a lower pH level
than the inside cytosol of the cell. As this process occurs, endosomes become “late

endosomes” when new lipids and components are trafficked to the endosome. If the

components are not able to escape from late endosomes they will eventually be



subjected to the harsh conditions of lysosomes. As a late endosome matures further,
they can be trafficked to various organelles, one of which is the lysosome. A late
endosome can fuse with the cells lysosome and uptake degradation enzymes. At the
low pH of the endo-lysosome these enzymes activate and serve to degrade the cargo
that was previously encapsulated inside of the endosome.”’ Therefore, molecules that
cannot diffuse out of the endosome and cannot reach a different organelle are destined

to be degraded by natural cell machinery.



Escape from Endosomes

Molecules that cannot escape from the endosome and that are not trafficked to
other organelles face eventual degradation in lysosomes. This is not a productive fate
for medicinal molecules, which often need to enter the cytosol to achieve their
therapeutic function. One promising group of such molecules are siRNA sequences.
Sequences of siRNA can target and bind to specific mMRNA molecules in the cell cytosol,

thus treating certain genetic disorders.”” %

If these siRNA sequences are degraded,
however, they cannot interact with their target and will not have any effect on the cell.
Therapeutic siRNA sequences often contain several dozen individual nucleic acids. Given
that the phosphate backbone of siRNA contains a number of charged groups, it is
unlikely that it would be able to readily diffuse out of the endosome. How can molecules
such as siRNA effectively escape?

Fortunately for the field of siRNA-based gene therapy, several schemes have
been developed by which molecules may exit the endosome. Certain types of drug
delivery devices that are currently being developed can cause endosomal escape via a
“proton-sponge effect”.”*%  In this case, drug molecules are encapsulated within a
large, charged polymer network. As the endosome matures and it begins to acidify, the
protons that are pumped in are absorbed by the polymer network. The selective
absorption of one type of charged ion leads to a buffering effect on the endosome,
promoting the influx of more ions. As these ions build up inside of the endosome, a

large osmotic pressure gradient builds up across the membrane. The endosome will

begin to swell with water over time to compensate for this buildup in osmotic pressure.



Eventually the polymer network present inside of the endosome induces lysis. Current
theories suggest that when the endosome swells and lyses due to the “proton-sponge
effect” its contents are able to diffuse into the cytosol. Evidence for this has been seen
with studies using large dextran molecules encapsulated with one polymer network PEI
as well as siRNA knockdown of genes in model cell systems.? Little direct evidence has
been discovered, to date, to show this mechanism in action in vivo and it is still debated.

Other than osmotic pressure based lysis of the cell, extreme concentrating of
solutes on the membrane may lead to endosomal escape. There are certain peptide
sequences such as TAT and Arg9 that are known to promote endosomal uptake of

27, 28

molecules. Originally these molecules were thought to pass through cell

29

membranes directly without the need for endocytosis.”” The scientific consensus now

states that molecules such as Arg9 are able to bind to components on either the cell

3032 These molecules, and

membrane or the extracellular matrix to induce uptake.
therefore any molecule conjugated to them, are able to reach extremely high localized
concentrations. Once inside of an endosome, the concentration of these molecules
would be much higher than had they been endocytosed via non receptor/receptor-like
pathways. Having molecules in such a high concentration leads to a increased number of
molecules escaping from the endosome. The escape of an individual molecule may be
extremely unlikely but the escape of one molecule out of two or three orders of

magnitude more molecules be more likely. In essence, putting more molecules into an

endosome leads to a higher probability that a molecule will be observed escaping via

10



diffusion. This pathway still relies on diffusion of molecules through the endosomal
membrane and leaves substantial room for improvement.

Of the various methods to cause endosomal escape, creating a pathway for
molecules to escape through direct transport holds the most promise. The creation of
stable, long lived pores in an endosomal membrane would allow for the contents to
escape quickly without having to depend on membrane rupture or transmembrane
diffusion of molecules. Several types of molecules have been studied for their pore-
forming ability. Membrane active peptides are such molecules. Some types membrane
active peptides were found to interact with cell membranes in a pH-dependant manner;
they held promise as use for use as drug delivery agents. Many studies have attempted
to prove the potential for membrane active peptides or derivatives thereof to cause

335 While they may hold therapeutic purpose for other reasons,

endosomal escape.
such molecules were not initially designed to cause endosomal escape. The drawback in
using pH-sensitive peptides to form pores in endosomes is that their pores are either
small or transient in nature. They are not suited for the transport of large, polar
molecules such as siRNA sequences or plasmid DNA. If we can understand the ideal

mechanism by which membrane active peptides would need to interact with the

endosomal membrane we might finally achieve effective endosomal escape.

11



History of Membrane Active Peptides

Membrane active peptides (MAPs) are a well-studied class of biomolecules
which have been investigated for a variety of uses. The study of MAPs dates back to
the 1960’s when the synthesis of bulk, pure peptides from individual amino acids
became available.®® As soon as it was possible to generate large amounts of short
amino acid sequences, the field began to look at the ways in which these molecules
interacted with model membrane systems. These early studies focused on peptides

known to cause cytotoxic effect in humans such as Melittin and Alamethicin.?” %

By the
1980’s the focus shifted from naturally occurring cytotoxic peptides to synthetic
peptides such as GALA.*> More recently, combinatorial library screening has yielded
peptides with even stronger activity than those previously mentioned.”’ Each of these
peptides has been lauded for having the ability to interact with cell membranes in a
controlled manner. New methods need to be developed in order to understand how to
differentiate these classes of related but different peptides.

The first MAPs to be studied came from natural sources which were known to
cause cytotoxic effects on human cells. One such peptide is Melittin, the key
component of European Honey Bee venom. Early studies highlighted the ability of
Melittin to disrupt the integrity of cell membranes.*. One other peptide that groups
began investigating was a potent pore forming peptide purified from the fungus
Trichoderma viride: Alamethicin. Studies using patch-clamp devices showed that

Alamethicin induced the flow of charge across model cell membranes.®® Several sources

hypothesized that, under certain conditions, these peptides are able to form pores in

12



membranes, causing the effects observed years prior.*? These studies lead to the idea
that such peptides constituted what was believed to be a class of “pore forming
membrane active peptides”. Eventually this work spawned the development of artificial
MAPs.

Work on MAPs in the 1980s started to have an eye towards developing novel,
synthetic membrane active peptides. The Membrane Active Peptide GALA was one such
peptide to be developed based on principals discovered in the 1960s and 1970s. GALA
is a peptide so named because of its repeating sequence of glycine-alanine-lucine-
alaninie, which is a motif (small part of a peptide sequence) believe to promote alpha
helical structure formation and membrane activity. Several glutamic acid residues were
incorporated into the sequence due to the fact that they are charged at neutral pH and
protonated at low pH. The initial attempt was to create a peptide that could bind to a
membrane in a pH dependant manner.” GALA can bind to cell membranes in a pH
dependant manner and it can form pores similar to melittin or alamethicin. It remains
to be seen, however, what the exact extent of pore formation can be, and the ability of
GALA to become a clinically useful peptide remains doubtful.*?

In an effort to create extremely active MAPs, Wimley et al began using
combinatorial library screening of long-studied MAP sequences to find sequences with
enhanced activity. The peptide libraries in these studies were created by taking a
known sequence and allowing the residues to vary in during the solid phase synthesis.
By screening a library based on the sequence of Melittin, the Wimley group was able to

take find a peptide, MelP5, which had improved pore-forming ability at low

13



concentrations.”” The development of this peptide begs the need for a method of

characterizing the mechanisms by which MAPs interact with model membranes.
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Chapter 1: The Categorization of Membrane Active Peptides as Stable vs Transient Pore

formers

The quest to create the ideal pore-forming membrane active peptide begins with
developing a method of categorizing the ways in which MAPs can interact with model
cell membranes. Peptide pores can assume many different structures from tight
toroidal pores to diffuse membrane disruptions.”? In fact, the exact pore structure of
certain peptides is still a contentious subject.”” Few reliable methods of determining
peptide pore structure exist, and the structure of the peptide pore might not be the
most important factor for developing useful MAPs. The temporal nature of the pore
structure is more important to designing peptide-based drugs. A pore may be toroidal,
barrel stove, or detergent-like but its long-term stability will dictate its usefulness in
allowing the passage of molecules. Therefore, the first important categories of MAPs
are transient pore-forming MAPS and long-lived pore forming MAPS.

EIS and Time-dependant Pore Stability

We chose to study pore stability using Electrical Impedance Spectroscopy (EIS).
EIS allowed for the detection of small changes in impedance over large time scales.”?
Impedance responses of bilayers were tracked every two minutes for up to one hour,
though responses could be tracked for even longer than this time. We were able to
expose our system to 20mV AC over a range of frequencies from 10*10° Hz to 0.1Hz in
this two minute time period.”° In addition, using this method, transmembrane helix
d.47' 48

dimerization and the size of gramicidin channels in a model system was determine

EIS proved to be a useful method for studying even minute changes in membrane

15



permeability over long time periods. Since MAPs pore structures were likely to be on
the same size scale as a gramicidin channel or smaller EIS offered a useful way of
studying them. More than these factors, EIS was used due to the ability to interface

with robust model membrane systems with which MAPs could interact.
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1.1 Supported Bilayers as Model Membranes

The most useful information about membrane active peptides can be gained
when they are able to interact with biologically relevant membrane systems. In the past
studies have shown that MAPs can interact with black lipid membranes (BLMs) as well

as tethered lipid bilayers.” *°

In these instances, however, the lipids were either not
stable enough so as to prevent long-term studies (e.g. BLMs) or so stable that they could
not accurately mimic the fluidity of the cell membrane (e.g. tethered lipids). To
circumvent these problems, Lin et a/ developed a method to deposit lipid membranes
on to a surface with a supportive polymer cushion.”® In these membranes, lipid
molecules could sit on top of a polymer cushion just below its collapsing pressure point.
This cushion allowed the lipids to flow freely and fluidly more like the normal liquid
crystalline phase seen in cell membranes.

Supported lipid bilayers could be created with a variety of different lipid
compositions, mimicking both mammalian as well as bacterial cell membranes.
Supported bilayers contained mostly POPC as this molecule is the most prevalent lipid in
cell membranes. For mammalian membranes, supported bilayers were created with
75% POPC and 25% Cholesterol. To mimic bacterial membranes, bilayers were created
using 90% POPC and 10% POPG. These membranes could be deposited using a
Langmuir-Blodgett trough to deposit an initial monolayer at a surface pressure of
32mN/cm on top of <111> silicon.”® After this, vesicles could be fused to the top of this

surface to create a model cell membrane. In principal the deposited monolayer and the

vesicles could have different compositions, thus creating distinct “inner” and “outer”

17



leaflets of the membrane. The greatest success was found with uniform membrane,
though future work with asymmetric bilayers is warranted. These supported lipid
bilayers were created for use in electrochemical cells as part of our EIS studies.
Electrochemical cell construction and model circuit

Previous work done by Lin et al outlined the method by which supported bilayers
could be used as a component of electrical impedance spectroscopy. Once the
monolayer of lipids was deposited onto <111> silicon, a custom electrochemical cell was
carefully clamped in place over top of the silicon. A solution of vesicles was placed on
top of this and allowed to fuse for up to one hour to form a bilayer. After this, the
electrochemical cell would be filled with an electrolyte solution (100mM potassium
chloride with 10mM sodium phosphate buffer pH7). Impedance signals were measured
using a three point probe technique with one probe attached to the silicon (working
electrode) one attached to a silver/silver chloride reference electrode, and a third probe
attached to a platinum counter electrode. We found that allowing the electrochemical
cell to equilibrate overnight generated the most robust bilayers.

Bilayer robustness was determined by measuring the impedance and using a
model cell circuit to determine the bilayer conductance. Cell membranes are selectively
permeable and therefore have a high resistance to charge flow across them. We also
knew that cell membranes have a potential across them due to separation of charged
solutes. Therefore, a cell membrane can be modeled as a capacitor and a resistor in
parallel. In this instance Ry, is the resistive component of the membrane response and

Cn is the capacitive component. In our model system, the bilayer sits on top of a
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polymer cushion on a silicon substrate.” This silicon substrate/polymer cushion
experiences a certain charge transfer rate and also creates some charge separation. We
denoted the contributions of the substrate/polymer as R and C, respectively. Finally,
there were inherent resistive contributions of the bulk silicon and the system itself;
denoted as R,. We were able to fit our impedance data to this model to calculate

individual components of the impedance.

Rs
............ Figure 1.1 Model EIS Circuit. This figure shows the mode
Cn R circuit of our electrochemical cells. CE, RE, and WE are the

Counter Electrode, Reference Electrode, and Working

o Ret Electrode connections. R, , and C,, are contributions from

Substrate the membrane and R and C, are contributions from the
= substrate/polymer.
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1.2 Determining Supported Bilayer Stability

To make useful statements about our peptides, we needed supported bilayers
that accurately mimicked the properties of naturally occurring cell membranes. POPC
molecules have a known length of approximately 2.5 nm, and a normal cell bilayer is
close to 5 nm in thickness. This bilayer thickness could be calculated from our

impedance data by noting that there is a capacitive component of the response. The
capacitance depends on the thickness of a capacitor by: C = ¢, *% (capacitance C

equals the dielectric constant €, multiplied by the ratio of the area A to the thickness t).
Knowing these values we can determine the expected capacitance of the bilayer in our
model setup. For a capacitor of thickness 5 nm with our defined electrochemical cell
area of 0.8 cm” in a 100mM potassium chloride solution we expect the capacitance to
be between 0.8-1.2 pF*cm?. Figure 1.2 shows example capacitance values from 100%
POPC (PC), 75%POPC 25%CH (PC:CH), and 90%POPC 10%POPG (PC:PG) bilayers obtained
by measuring impedance when exposed to a 20mV AC current. For each bilayer type,
capacitances of between 0.8-1.2 uF*cm2 were regularly observed. We were able to

create bilayers with a thickness comparable to natural cell membranes.
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Not only did our supported bilayers need to be the proper thickness, they also
needed to be uniform, without intrinsic pores. Supported bilayer uniformity was
measured by the resistive component of the impedance response, or inversely by the
conductance. Cell membranes are selectively permeable and naturally should have a
low conductance. Admittedly, tethered bilayers form membranes with lower
conductance values than supported bilayers due to strong adhesion to the substrate.””
> Nevertheless, the bilayers we used had sufficiently low conductance values as shown
in Table 1.1. Any change in the resistance (conductance) was due to disruptions of the
membrane. Thus, when we added MAPs to our supported bilayer EIS system and saw a
change in the conductance we concluded that the MAPs were forming a disruption or

pore in the membrane.

Composition | Resistance (Ohm*cm™) | Conductance (mS*cm™)
PC 7300+3800 0.13
PC:CH 1710046300 0.05
PC:PG 9600+4100 0.10

Table 1.1 Resistance/Conductance of Supported Bilayers. These are initial Conductance values for
supported bilayers, values were no higher than 0.15 mS*cm . Given a gramicidin pore size of 0.5 A and 10
pS conductance this equates to less than 1*10”° cm” of “pore area”.”®
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1.3 Studies of Stable Pore-forming MAPs using EIS

Electrical impedance spectroscopy allowed us to determine the response of a
supported cell bilayer, a model cell membrane, to membrane active peptides. Due to
the fact that initial bilayer resistances can vary depending on the preparation, we
determined that the most important parameter would be the final resistance
normalized by the initial resistance (R/RO).57 The formation of small pores in the
membrane, induced by MAPs, would lead to a decrease in normalized resistance (or an
increase in capacitance) over time. We could calculate the number of pores in the
bilayer by knowing the change in resistance/conductance, the conductivity of the
solution, and the average pore size. This information proved valuable for previous

studies using gramicidin wherein the pore size was well defined.”* *°

For certain types
of MAPs where the response is not long-lived, however, the pore size cannot be directly
determined. This further highlights in importance of studying the kinetics of bilayer
response using EIS rather than the importance of trying to get structural information
about the pores.

Not all membrane active peptides interact with cell membranes in the same
manner. We tested a group of four membrane active peptides, Alamethicin, GALA,
Melittin, and MelP5. Within this group we believed that our model cell membranes,
supported bilayers, would exhibit a long lived response to the first peptide, Alamethicin.
As stated in the Introduction, Alamethicin is a peptide known to form stable pores in
membranes. This fact has been confirmed by patch-clamp experiments as well as by

leakage assays and by a number of other biophysical characterization techniques.”®*
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We expected that upon adding Alamethicin to our system, the normalized bilayer
resistance would decrease as a function of time. Again, this response was consistent
with an increase in capacitance due to pores opening and allowing the free flow of
charge carriers (electrolytes) to the silicon substrate. As expected, at peptide:lipid ratios
of 1:500 to 1:1000 supported bilayers exposed to Alamethicin showed a long-lived
decrease in normalized resistance (Figure 1.3a). The response of the bilayer depended
on the amount of Alamethicin added in a dose-dependent manner; adding more
Alamethicin caused a greater resistance change (Figure 1.3b). Alamethicin formed long-
lived pores in model cell membranes, validating the usefulness of this technique in

categorizing MAPs.
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Figure 1.3 Effect of Alamethicin on Supported Lipid Bilayers. Alamethicin causes long-lived decrease in
resistance over a period of 60 minutes (a). In addition, adding increasing mole percent of Alamethicin
causes increased bilayer response (b).

With the identification of Alamethicin as a stable pore-forming peptide we
sought to examine more exotic systems using EIS. We created supported bilayers in
solutions about both pH 7 phosphate buffer as well as pH 5 phosphate buffer to study

the pH-sensitive peptide GALA. These supported bilayers formed acceptable samples in
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both pH conditions as determined by both their thickness and initial resistive properties
(Figure 1.4). This proved that the supported bilayers were not inherently weaker or
more porous at one pH value as compared to the other. We added GALA in
peptide:lipid ratios between 1:500 and 1:5000 to bilayers in pH 7 buffer. We found that
even at the highest peptide:lipid ratios there was no significant response of the bilayers.
GALA was not able to cause membrane disruption at pH 7. When these same
experiments were performed in pH 5 buffer, however, bilayers showed a significant
decrease in normalized resistance. Not only did GALA cause a bilayer response by
interacting with the bilayers, it also did so in a dose-dependent manner as did
Alamethicin (Figure 1.4b). From this we concluded that GALA is a stable pore-forming
peptide that can only interact with membranes in buffers of low pH values. This result
was consistent with both binding data as well as leakage assay studies of the GALA
peptide.62 After determining that GALA and Alamethicin were stable pore-forming

peptides; we sought to test peptides with unknown pore-forming kinetics.
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Figure 1.4 Effect of GALA on Supported Lipid Bilayers. Supported Lipid Bilayers made in pH7 buffer show
no response to GALA, no decrease in normalized resistance (a). At pH5, Bilayers show a substantial, long
lived decrease in resistance which persists for at least one hour (b). Bilayers are stable at both pH
conditions, proving that the bilayer response is caused by the peptides and not by the pH of the buffer (c
and d).
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1.4 Transient Pore-forming MAPs

Melittin is a peptide with controversial pore-forming kinetics; it was a perfect
choice for these studies. Though Melittin was known to form pores at high peptide:lipid
ratios, often of greater than 1:20, its activity at low concentrations is debated.”® We
utilized EIS with supported POPC bilayers to determine the nature of Melittin pore
formation. Melittin was added to our model cell membrane system at peptide: lipid
ratios of 1:5000 to 1:100 in order to determine whether or not Melittin formed pores in
these bilayers. At times of up to 4 minutes Melittin caused destabilizations in the
membranes. These destabilizations were evidenced by a drop in the normalized
resistance of the membrane. Such results were consistent with vesicle binding assays,

leakage assays, and cytotoxcicity assays, which all suggested that Melittin could

permeabilize cell membranes.®*%°
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Figure 1.5 Effect of Melittin on Supported Bilayers. Bilayers exposed to Melittin show a decrease in
resistance over a short time period of up to 4 minutes, after this time the resistance returns to the initial
value (a). The final resistance change does not depend on the concentration of peptide within the
peptide:lipid ratio range studied (b).

At longer times, however, bilayers exposed to Melittin recovered normalized

resistance Figure 1.5. Even though the membranes suffered a temporary disruption,
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they regained their initial resistance by closing the openings formed when initially
exposed to Melittin. Moreover, the bilayers consistently returned to their initial
normalized resistance values regardless of the concentrations tested (Figure 1.5b).
Melittin did not cause a dose-dependent response as was seen with Alamethicin and
GALA nor did bilayers exposed to Melittin have a long-lived destabilization as with
Alamethicin and GALA. From these EIS studies we were able to identify Melittin as a
transient pore-forming peptide at low peptide:lipid ratios. Though Melittin is a peptide
of similar size to GALA and Alamethicin its amino acid sequence causes it to act in a

completely different manner.
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1.5 Transitioning from Transient to Stable Pore-formation

We saw that our model cell membranes responded differently to peptides that
were significantly different, Alamethicin; GALA; and Melittin and asked: would
sequences with only slight differences vary this much? To this end we examined MelP5,
a gain-of-function analogue of Melittin described previously as a peptide that caused
leakage at lower peptide:lipid ratios.”” MelP5 has only a few residue changes as
compared to Melittin. Most notably, MelP5 has a better defined hydrophobic face due
to the changes such as Arginine 22 to Alanine ( denoted R22A) and Lysine 23 to Alanine
(K23A) (Figure 1.6). These changes allowed MelP5 to be more active in terms of the
extent of leakage it could cause, but how the pores formed was unknown. MelP5 bound
to membranes with similar affinity as compared to Melittin; the binding interaction is
not significantly more favorable for either (see Chapter 4). These data suggested that
the pore formation kinetics, rather than the binding affinity, accounted for the

differences between the two.
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©
Melittin MelP5

Figure 1.6 Structures of Melittin and MelP5. These are projections of Melittin and MelP5 down a helix.
Yellow residues are hydrophilic, Blue residues are hydrophobic and Magenta residues are charged. MelP5
has a much more defined hydrophobic face as evidenced by the absence of Yellow and Magenta residues
on the Blue side.
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In order to probe the kinetic nature of MelP5 pore formation, we added MelP5
to supported bilayers at various peptide:lipid ratios of 1:25000 to 1:1000. These values
were even lower than the values studied for Melittin. At peptide:lipid ratios below
1:1000 MelP5 caused an initial drop in the normalized resistance. MelP5 showed the
same initial destabilization event as was observed with Melittin. In contrast to what was
seen with Melittin, disruptions caused by MelP5 persisted and even continued to cause
a decrease in resistance over time. These changes were seen not only in PC supported
bilayers but also in PC:CH as well as PC:PG bilayers (Figure 1.7).%” Figure 1.7 also shows
the decrease in membrane resistance caused by MelP5 over a range of peptide:lipid
ratios, displaying a dose-dependent response as was seen with Alamethicin and GALA
and, in fact, at an order of magnitude lower concentration. The response of bilayers to
MelP5 was fit to a simple two-exponential rate equation used by Almeida and
colleagues to studying transiently active peptides.58 Indeed there was an initial
response on the order of 2 minutes in terms of half-time and a long lived response with
a halftime of 20 minutes. This response was not seen in any other peptide group
studied. MelP5, despite sequence similarities to Melittin, acts more like a stable pore

forming peptide instead of a transient pore forming peptide.
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Figure 1.7 Supported Bilayer Responses to MelP5. In contrast to Melittin, MelP5 was shown to cause
stable decreases in the initial resistance of supported bilayers (a). The decrease in resistance occurred at
mole percent concentrations much lower than for Alamatehcin or GALA (b). These data confirmed that
MelP5 formed pores at low concentrations and acted differently than Melittin.
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Figure 1.8 Response to Melittin and MelP5. Unlike with Melittin, supported bilayers exposed to MelP5
showed a decrease in resistance that persisted for up to 60 minutes (a). In addition, the capacitance
increased over time (b). This result was due to extensive disruption of the membrane.

In addition to low peptide:lipid ratio pore formation, MelP5 caused a new type
of response unlike any of the previous peptides. With each other type of peptide, at the
concentrations tested, the bilayer capacitance remained constant. This result meant
that even though the resistance of the bilayers dropped due to pore formation, the
membrane remained intact. Unlike with Melittin, membranes exposed to MelP5 at

peptide:lipid ratios of 1:1000 saw an increase in capacitance over time (Figure 1.8). This
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result could come from two possibilities: an increase in bilayer thickness or a change in
the permittivity of the bilayer. We reasoned that since the supported bilayers we used
were well defined in work by Lin et al and since they are known to be stable for greater
than 24 hours bilayer thickness was likely unchanged.53 Rather than change size, the
extent of pore formation caused by MelP5 was so great that the response of the bilayer
was to change its bulk permittivity. While MelP5 did not cause large scale
destabilizations of the membrane, the small, localized pore formations were enough to

cause a change in the bilayer properties.

Summary of Chapter 1

ﬁ ﬁ Destabilization Equilibration and Recovery
ﬁ ﬁ

Figure 1.9 Proposed Mechanisms of Bilayer response to peptides.

Though many peptides are hypothesized to be pore forming membrane active
peptides, few true pore forming peptides are confirmed. Rather than focus on finding

pore structures, we categorized peptides by their kinetic nature in model cell

31



membranes, supported bilayers (see Figure 1.9). Using Electrical Impedance
Spectroscopy found that supported bilayers exhibit a long-lived response to stable pore
forming peptides such as GALA and Alamethicin. We were able to determine that
transient pore-forming peptides like Melittin cause a temporary drop in bilayer
resistance that is recovered over time. Finally we found that peptides with small
sequence differences such as Melittin and MelP5 can be separated in terms of kinetic
activity, the latter causing both a temporary and long-lived destabilization of the
membrane. This information allows us to better understand the mechanisms by which

these peptides cause their cytotoxic/membrane permeablizing effects.

32



Chapter 2: The Categorization of Membrane Active Peptides by Extent of Leakage

Membrane active peptides are an interesting class of molecule because of their
ability to cause membrane permeabilization and/or cytotoxic effects in cells. The
classical way of modeling the interactions of MAPs with cells in a reduced platform is to
use vesicle leakage assays. By-and-large vesicle leakage assays involve lipids such as
POPC, POPG, and Cholesterol in a unilamellar (one membrane) vesicle phase of defined

%% 70 vesicles assays range from nanometers to microns in size to model the

size.
curvature of the cell membrane. Vesicles lack a cell’s internal cytoskeleton and external
extracellular matrix and as such are not stable above theses sizes. In addition, there is a
thermodynamic limitation to the ability to create vesicles. Lipids have a critical micelle
concentration (CMC), above which a micellular phase is favored over a vesicle phase.”
Vesicle assays are limited in terms of the maximum concentration of vesicles that can be
formed. Despite the size and concentration limitations vesicles around 100nm contain
enough volume at 1-100mM to encapsulate a large number of secondary reporters for
assays. The response in these systems is not as direct as with and EIS experiment; we
do not see the bilayer itself opening up. We can vary the contents, however, to assess
the extent of leakage that has occurred. By doing this, we are able to create a synthetic

system of categorizing the effective extent of pore formation caused by membrane

active peptides.
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2.1 Lipid Vesicles as Model Membranes

Vesicles used for leakage assays described herein were created using a standard
protocol modified to accommodate a given reporter molecule. In all cases, lipids were
dried from concentrated stocks in chloroform on glass vials in sizes ranging from 4mL to
20mL. Reporter solutions were made using dried components re -suspended in dionized
(DI) water. The use of DI water/Millipore water allowed for the direct control of solute
concentrations and reduced the osmotic stress on the systems inside and outside of the
vesicles. Properly made reporter solutions were then added to dried lipids in order to
allow for the encapsulation of the solutes. Vesicles self assembled in the aqueous
solution and encapsulated the solution in which they are resolubilized, the reporter
solution. In order to improve encapsulation, vesicles would often undergo several
cycles of freeze-thaw, being frozen in liquid nitrogen then thawed in a water bath.
Freeze-thaw worked best to improve encapsulation of large solutes. Vesicles were then
extruded through a 0.1 uM filter in order to ensure uniform size distribution. Using this
method we created vesicles encapsulating different solutes at different pH values.

Once the vesicles were created to the proper size and encapsulation efficiency,
excess reporter needed to be removed from the solution. Several methods exist for
purifying vesicle solutions. One simple method involved dialysis or passing the vesicles
through a filter membrane. Due to the fact that vesicles are large, several hundred
nanometers in radius, they would not pass through small dialysis filters. Such
membranes could therefore be used to exchange reporter molecule solutions with pure

buffer solutions. The most robust method for purification involved the use of size
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exclusion columns to filter out excess reporter molecules. Again, the vesicles were large
enough that they cannot fit into the pores in most size exclusion gels such as Sephadex
whereas most reporter molecules can.”? These vesicles had a smaller mean free path
and therefore could be eluted from such columns faster than reporters, allowing for
purification. Finally, vesicles were purified using resin binding techniques. Certain
reporters contained components that could bind to functionalized resins. In these
methods non-purified vesicle solutions were incubated with resins and centrifuged to
remove excess report which bound to resin. Reliable vesicle leakage assays could not

have been created without reliable purification techniques.
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2.2 Small Solute Leakage Assays

Vesicle leakage assays provided an important tool for categorizing membrane
active peptides by extent of leakage. Though the connection between small solute
leakage and actual activity on cell membranes remains unclear, small solute leakage
assays were the first step to showing activity versus lack of activity. We chose to use
one of the most widely used vesicle leakage assays: the ANTS/DPX leakage assay.®” 7> 7
In this assay, two components ANTS a fluorophore with excitation at 350 nm and
emission at 520 nm and a quenching molecule DPX are encapsulated inside of a vesicle.
When these molecules are in the small restrictive volume of a vesicle ANTS is quenched.
When a perturbation of the membrane occurs, such as by interacting with a MAP, ANTS
and DPX can leak out, leading to an increase in fluorescent signal. Since both ANTS and
DPX molecules are in the size range of 500 Da (>>1 nm radius), only small perturbations
were needed to see any signal.

In both small leakage assays and large solute leakage assays described later,
positive controls are needed as a guide to gauge relative activity. The measuring bar
used for these assays was Triton 100-X (triton). Triton is a detergent molecule which
can insert into lipid membranes and disrupt the order of the liquid crystalline phase.
These molecules lead to the complete disruption of these phases and the preferential
formation of either disk-like phases or bicelles (mixed lipid-detergent micelles). These

molecules are known to cause the complete leakage of vesicle contents, therefore any

change in reporter signal could be scaled to the change in reporter signal caused by
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Triton 100-X. This method provided a universal scale for comparing the extent of
membrane activity of MAPs.

The ANTS/DPX small solute leakage assays were used to verify the extent of
leakage caused by Alamethicin, Melittin, and MelP5. Vesicles were made with the
following composition: 12.5 mM ANTS, 45mM DPX, 5mM HEPES, and 20mM potassium
chloride. A given peptide was added to vesicles at 1mM lipid concentration as
determined by a Stewart Assay in peptide:lipid ratios from 1:500 to 1:100. The percent
leakage was determined by Equation 2.1:

I eptide ~— 10
%leakage = M—I
triton — 1o

Equation 2.1 The percent leakage equals the intensity of the solution when adding the peptide (lpeptige)
minus the background intensity (l,) divided by the intensity of the solution when adding Trition (liiton)
minus the background intensity.

As shown in Figure 2.1, each peptide caused 100% small solute leakage, with respect to
trition, at high peptide:lipid ratios. Each peptide exhibited a dose-dependent response.
These assays highlighted the importance of a kinetic characterization of MAPs as one
might have believed from these data alone that Melittin formed long-lived pores. These
data could not show the recovery of the vesicles over time because once the reporters
escaped the signal could not be reversed. Small solute assays only verified the amount

of peptide needed for activity.
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2.3 Large Solute Leakage Assays

Small solute assays discriminated non-active from minimally active MAPs, but
large solute assays were needed to further refine this category. The passage of large
solutes through vesicle membranes would be akin to the flow of large molecules across
the cell membrane. Only in the event of large destabilizations of the cell membrane
would these molecules freely flow through. The size range for what constituted large or
macromolecular leakage reporters was in the range of >10kDa. At this size, molecules
are on the order of tens of nanometers in hydrodynamic radius.”” This size range
includes solid nanoparticle therapeutics, DNA plasmids, siRNA molecules, therapeutic
peptides, and a host of other useful biomolecules. In this work three main assays were
investigated for their ability to help characterize large scale leakage events.

2.4 Fluorescent Dextran Based Leakage Assays

The most obvious method to try first was to attempt to scale up the quenching-
dequenching mechanism of the ANT/DPX assay with larger molecules. Fluorescein
Dextran (FD) molecules have been used since the 1990’s in leakage assays to study large
molecules Ieakage.76 Fluorescein was used because at high concentrations individual
molecules of Fluorescein are self-quenching.”” The assay would work by incorporating a
high concentration of FD (40 kDa in size) inside of vesicle. If large disruptions occur in
the vesicle membrane, FD molecules can leak out and an increase in Fluorescein signal
can be observed. Though this technique works in principal, a perfectly quenched initial
state proved difficult to achieve in practice. In addition, not only was this self-quenching

state difficult to achieve, the Fluorescein molecules were pH sensitive. The maximum
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emission at 519 nm decreases with decreasing pH when excited at 495nm. Figure 2.2
below shows a kinetic assay wherein FD containing vesicles prepared at pH7 were
exposed to a peptide solution at pH 4 and then to Triton. As the membrane active
molecules were added, the signal actually decreased with FD escape instead of
increasing. We measured a “Fraction Unquenched” for these data at low pH values as
described by Equation 2.2:

I,—1 i
FracUnq = 2 ___pepride

10 - Itriton

Equation 2.2 The Fraction Unquenched equals the background intensity (l,) minus the intensity of the
solution when adding peptide (lpeptige) divided by the background intensity minus the intensity of the
solution when adding Trition (lyiton)-

These methods were met with uncertainties about whether a change in quenching was
caused by pH or by self-quenching. Due to the drawbacks in this large molecule assay,

other methods were developed to study large scale leakage
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Figure 2.2 Fractional Leakage and Fraction Quenching of Large Solutes from Lipid Vesicles. Lipid vesicles
(1mM) encapsulating 40 kDa FD were exposed to the detergent Triton after approximately 150 seconds
and excited at 519nm with a 495nm emission recording. Fractional leakage data was determined as per
Equation 2.1 and the Fractiona Quenching by Equation 2.2. As described above, in pH4 solution the FD
molecules were quenched even more than when they were encapsulated inside of pH7 vesicles.
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2.5 Enzyme Based Leakage Assays

In order to address the limitations of the FD leakage assay, a new assay was
developed involving enzyme molecules. In this assay, a commercial kit for enzyme
activity was modified to fit the role of leakage reporter. Casein molecules
(approximately 24kDa) functionalized with Texas Red fluorophore were chosen for this
purpose. Texas Red was used because as with Fluorescein this molecule is self
guenching. In this assay, however, the quenched state did not come from being
encapsulated inside of a vesicle. Instead, Texas Red molecules were quenched because
of their close proximity caused by being functionalized onto a casein backbone. In order
to achieve a dequenched state, an enzyme, chymotrypsin, was encapsulated inside of
vesicles. Chymotrypsin is a large, 26kDa, molecule which can cleave the peptide binds
of hydrophobic amino acids. In the event of a large disruption of a vesicle membrane,
casein could be exposed to chymotrypsin by the leakage of either component into or
out of the vesicles. Chymotrypsin was found to be able to cleave casein, releasing Texas
Red, and causing an increase in Texas Red signal. The mechanism by which this assay
operated as a leakage reporter proved to be robust.”

Unfortunately, several drawbacks were discovered with this method. Due to the
fact that the cleavage of casein is enzyme based, the assay was sensitive to temperature
and also to time of exposure. This fact convoluted determination of kinetic information
that could be gained about interactions of MAPs with vesicle membranes. In addition,
as shown below, the addition of Trition 100-X to even the free components without

vesicles caused an initial increase in signal (see Figure 2.3). This increase was caused by
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Normalized CPS

unfolding of the casein molecule, and hence slight dequenching of Texas Red, caused by

Triton. Ultimately, Enzyme-Based leakage assays were optimized to find the best time

of incubation, 1 hour, as well as to correct for the initial jump in signal.

Theses

drawbacks prompted the refinement of a different type of leakage reporter technique.
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Figure 2.3 Leakage and Enzyme Cleavage of Casein
Molecules. Vesicles (1mM) encapsulating
chypotrypsin in and Texas Red labeled Casein in
buffer were exposed to Triton detergent after
approximately 100 seconds. These samples were
excited at 589 nm with an emission recording of
617nm. In addition, the casein in solution without
chymotrypsin was exposed to triton under the same
conditions.  The initial increase in fluorescence
(normalized to the final value) occurred with or
without the enzyme or vesicles. These data
suggested that the assay could not be used as simply
as the ones described in Parts 2.2 and 2.3.
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CPS

Forster Resonance Energy Transfer (FRET) Based Leakage Assays

The third iteration of large solute leakage assay, FRET-based assays, proved to be
the most robust, most reliable, and easiest assay to employ to help categorize MAPs. In
this assay, large TAMRA-biotin-10kD dextran (TBD) molecules were encapsulated inside
of lipid vesicles.”” Excess TBD was removed by incubating vesicles in agarose resin
containing biotin’s binding partner streptavidin.  Streptavidin-Alexafluor488 (SA)
molecules were added to the solution outside of the vesicles. Both TBD and SA are large
macromolecules, +10kDa in size, and only in the case of very large perturbations of the
vesicle membrane would these molecules pass through the membrane and bind with
strong binding affinity (10™ M).”” When TBD and SA are bound, the fluorphores on
either molecule are close enough to undergo a Forster Resonance Energy Transfer
interaction. The excitation and emission profiles of Alexafluord88 and TAMRA overlap
such that when we excited SA at 495nm, we saw observed the non-radiative transfer of
energy from an excited electron in Alexafluor488 to an electron in TAMRA (Figure 2.4).
The FRET-based leakage assay provided a consistent method to track large scale

membrane disruptions over time.

7x10° YSp—— 050 Figure 2.4 Titration of FRET Donor SA with Accept9r
TBD. A solution of SA dye was prepared in

6 ?gg phosphate buffer at pH7. Increasing aliquots of TBD,
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Acceptor Emission 150 added to the solution and the dye was excited at 495

4F A 175 nm with emission collection from 500 to 650nm.
—e— 2.00 The Donor emission decreased and the Acceptor

emission increased when acceptor was added. This
result showed FRET energy transfer from SA to TBD
and illustrated the techniques usefulness as a
leakage assay.
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Having developed an effective large-solute leakage assay we tested our cohort of
MAPs again to find large-scale leakage causing peptides vs small scale leakage causing
peptides. TBD vesicles were prepared by making a 1 mg/mL solution of TBD in
phosphate/acetate buffer with 100mM potassium chloride and adding this to vesicles to
a final concentration of 100mM. In these assays, peptides were added to a solution of
1mM TBD vesicles with 6 nM SA at peptide:lipid ratios of 1:1000 to as high as 1:20

(Figure 2.5). The leakage was determined by Equation 2.3:

%FRETleakage = (ISA‘O_ISAnPeptide>/<IsA,o_ISA,tTiton>

Isao Isao

Equation 2.3 The percent leakage equals the initial SA signal sy, minus the signal when adding peptide
Isa peptide divided by the initial signal, scaled by the SA signal minus the triton control Isa iton divided by the
initial SA signal.

Figure 2.5 shows the aggregate results for several different peptides. From this
data it was clear that even though Alamethicin and GALA (at pH5) were able to form
small pores in membranes, they were not able to cause large membrane disruptions.
Both Melittin and MelP5 caused large scale disruptions in POPC vesicle membranes at
concentrations much lower than those needed for Alamethicin or GALA to have any
activity. In addition, as was seen with the small solute leakage assay, Melittin and
MelP5 caused a dose-dependent response, showing increased leakage at higher
concentrations. The maximum MelP5 leakage occurred at a lower concentration than
Melittin, suggesting that MelP5 can form large scale disruptions more readily than
Melittin. The FRET-based leakage assay allowed us to find true large scale disruptive

peptides.
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Figure 2.5 Leakage of FRET-based Assay Components
from Lipid Vesicles. These data show the fractional
leakage of large, 10kDa TBD molecules from 1mM
vesicles as determined by excitation of the sample at
495 nm and emission at 519 nm. These data were fit
to Equation 2.3 and plotted as a function of
concentration. Both Melittin and MelP5 were able
to cause close to 50% leakage at less than 10uM
concentration. GALA and Alamethicin did not cause
leakage of large molecules.
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Summary of Chapter 2

The second degree of categorization of membrane active peptides concerns their
leakage-causing abilities. Leakage assays are thought of as a biophysical
characterization technique to gauge cell membrane permeabilization abilities of MAPs.
In this work we showed that MAPs can be categorized by the extent of the pore
formation or membrane disruption. Peptides such as Alamethicin and GALA form small
pores on membranes that can only allow the passage of small solutes like ANTS and
DPX. Other peptides like Melittin and MelP5 can cause large disruptions in membranes
capable of letting large solutes like TBD molecules to flow out freely. When scaling the
reporter signal elicited by these peptides to something like Triton-100x, the effects
become directly comparable. When combining these data with our EIS experiments, we
developed a method to differentiate small scale stable pore forming peptides from large
scale transient/stable pore forming peptides. This categorization method will help

future efforts to engineer desired properties into membrane active peptides.
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Chapter 3: The Rational Desigh of Membrane Active Peptides for Efficient Endosomal

Escape

Numerous medical molecules fail to become effective therapies solely due to
their inability to cross the cell membrane and reach the cell cytosol. Molecules that are
not able to diffuse across the cell membrane become endocytosed, and molecules that
cannot escape endsomes are degraded or trafficked back outside of the cell. We
envisioned membrane active peptides as being the needle tip to puncture endosomes as
a needle would puncture skin. Properly designed MAPs could cause release of large,
polar cargo before it is degraded. This method of escape is preferable to concentrating
molecules in endosomes as it relies on less material to achieve similar amounts of
release. In our first attempt to design a MAP to for endosomal escape and drug
delivery, we utilized our knowledge of the biophysical characteristics and categories of
MAPs to rationally engineer a pH-sensitive peptide.

3.1 Membrane Partitioning and Endosomal Release

When developing our initial peptide design, we first postulated that such a
peptide needed to cross or insert into the cell membrane itself. As mentioned in the
introduction, large polar molecules are the types of molecules unable to diffuse readily
across the membrane. The canonical method of categorizing the ability of molecules to
diffuse across cell membranes is to examine their partitioning coefficient. Partitioning
coefficients, often represented as log(P), are a measurement of the concentration of a
given molecule in a polar environment as compared to the concentration in a

hydrophobic environment. Table 3.1 highlights the partitioning coefficients of several
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important biomolecules. Peptides have widely varying partitioning coefficients. This is
because, while the backbone of the peptide structure contributes a standard amount to
the ability of the peptide to partition to a membrane, the side groups contribute
significantly. Understanding the contribution of side groups to peptides’ partitioning

coefficients was key to the design of our novel peptide.

Molecule Log(P) | [lipids]/[water]
Cholesterol 7.11 1.29E+07
Adenine -0.57 2.69E-01
Glycine -3.4 3.98E-04
Sucrose -4.5 3.16E-05

Table 3.1 Partitioning Coefficients of Various Biomolecules

Amino acid side groups and peptide backbone structure dominate a peptide’s
partitioning coefficient and free energy of insertion. The relationship between the
partitioning coefficient and free energy follows the standard Gibbs Free Energy equation
wherein the reaction quotient is the partitioning coefficient of a molecule AG = RTInP.
Several scales of partitioning free energy per amino acid residue exist. We chose to use
the Wimley-White scale to calculate the total free energy of peptide partitioning to the
membrane.*° Using this scale, we were able to determine which residues were
important for a membrane active peptide that could disrupt endosomal membranes.
Residues with hydrophobic side groups such as Alanine and Leucine provide enough of a
favorable free energy of partitioning to drive the interaction of a peptide with a
membrane. We sought to prevent peptides from interacting with the membrane at
neutral pH so as not to disrupt the cell membrane. Amino acids such as Glutamic acid
and Aspartic acid are charged at neutral pH, leading to an unfavorable free energy of

partitioning. These aminio acids are referred to as “acidic” residues. At low pH these
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residues can become protonated and do not contribute unfavorably to the partitioning
free energy. Thus the ideal peptide would contain some mixture of these types of
residues such that the total partitioning free energy, the sum of the contributions of
each amino acid, would be greater than zero at neutral pH but less than zero at low pH
values.

3.2 Ideal Mechanism of Peptide-Membrane Interaction

We utilized our understanding of partitioning free energy combined with our
knowledge of MAP categories to determine the ideal mechanism for peptide-endosome
interactions. The first iteration of peptides needed two components: pH sensitivity and
large scale, stable membrane disruption. One or both of these characteristics are
lacking in the representative group of peptides tested in Chapters 1 and 2 of this
dissertation. The peptide GALA was found to be able to interact with membranes in a
pH-dependant manner, but only formed small pores that would be unsuitable for
delivery of large cargo (Figure 2.5). MelP5 forms the types of large scale disruptions
that GALA cannot, but is not pH sensitive. We sought to combine these activities to
develop the ideal mechanism of interaction allowing for both pH-sensitivity as well as
large scale disruption capabilities.

The ideal mechanism of interaction takes advantage of the known binding-
insertion coupling of membrane active peptides.?! In order for MAPs to become active
on a cell or endosomal membrane, such peptides must first bind to the surface, obtain
secondary alpha-helical structure, and insert/partition into the membrane. Adding

acidic amino acids to a sequence of largely or mostly hydrophobic amino acids disrupts
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the insertion of the peptide into the membrane. The acidic residues would remain
charged at high pH due to having an acid dissociation constant (pKa) of approximately
4.5.% Below pH 4.5, protons would be bound to these amino acids, making the peptide
less charged and thus allowing it to interact with the hydrophobic core of a lipid bilayer.
In our ideal mechanism, peptides in the low pH environment of an endosome would
become protonated, bind to the periphery, insert into the membrane, and cause large

scale disruptions.
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3.3 Development of Peptides MelP5 A4 and MelP5 A6

Rather than design a completely new peptide De Novo, we created new peptide
designs from existing peptides that had part of our desired characteristics. We had one
initial hypothesis: the characteristics of large scale membrane disruption and pH-
sensitivity are additive. Additive properties imply that a single sequence could
encompass both activities without the diminishing of either property. Since MelP5
already has the large scale pore forming property, we used this sequence as a template
to design two new peptides named MelP5_ A 4 and MelP5_ A 6. The MelP5 template
and both designed peptides are shown below in a projection down the alpha helix in
Figure 3.1. Acidic residues, glutamic acid and aspartic acid were positioned about the
helix mimicking the placement of acidic residues in the pH-sensitive peptide GALA. The
total partitioning free energies in neutral pH from the Wimley-White scale were
calculated using MPEX and found to be +7.8 kcal/mole and +8.99 kcal/mole. These
values were extremely unfavorable compared to the partitioning free energy of MelP5
and its parent sequence Melittin, which is -7.0 to -9.0 kcal/mole.®? Protonation of these
residues was expected to drive the partitioning free energy into the favorable range,
less than 0 kcal/mole, so that peptide insertion would be favorable. We postulated that

adding these changes to the sequence of MelP5 would allow it to become pH-sensitive.
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MelP5_A4 MelP5_ A6

Figure 3.1 Rationally Designed Peptides and Parent Sequences. This figure shows helical projections of
the peptides discussed in Chapter 3. Blue residues are hydrophobic, yellow residues are hydrophilic,
Magenta residues are positively charged and Red residues are acidic, negatively charged at neutral pH.

51



Certain components of our design were explicitly engineered to retain the large-
scale pore forming ability of MelP5. The main component of MelP5 activity is the
amphipathic nature of the peptide. MelP5 is able to form pores due to having a well
define hydrophobic face about the alpha helical structure of the peptide. The
hydrophobic face of the peptide does not inhibit hydrogen bonding between water
molecules if it faces the hydrophobic lipid bilayer core. At the same time, the
hydrophilic face of the amphiphilic peptide can turn inwards toward each other,
allowing the formation of column of water molecules stretched across the membrane.
Acidic residues within the hydrophobic face of the peptide helix would promote
unfavorable interactions between charged residues and the hydrophobic core and
would inhibit pore formation. Taking these facts into consideration, residues on or near
the hydrophobic face, mostly charged or polar residues were chosen as sites to add
acidic residues. We theorized that these additions would allow MelP5_A4 and
MelP5_A6 to retain large scale pore forming abilities and tested this hypothesis in the

following section.
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Chapter 4: Testing the Limits of Rational Design of Peptides

Our first attempt at designing a peptide for efficient endosomal escape was an
exercise in rational design of peptides. We hypothesized that two properties: large
scale membrane disruption and pH-sensitivity were additive. By merging the sequences
of GALA and MelP5 we hoped to obtain a peptide with both properties. We began
testing this hypothesis by synthesizing peptides MelP5_ A 4 and MelP5_ A 6, which were
described in Chapter 3. These peptides were first tested for their ability to bind to
membranes in a pH dependant manner, which would indicate pH sensitivity. Next,
MelP5_A4 and MelP5_A6 were tested for their ability to form secondary structure and
insert into membranes, evidence of the binding-insertion coupling. Finally, we sought to
test these peptides for their large-scale leakage properties to confirm that they were as
active as the parent MelP5 sequence. This set of experiments would determine the
biophysical characteristics of these peptides and would show their usefulness as
endosomal escape agents.

4.1 Binding of MelP5 A4 and MelP5 A6 to Model Cell Membranes

Peptides which are pH sensitive bind strongly to cell membranes in one pH range
and bind less readily at another pH range.84 In our studies we believed that MelP5_A4
and MelP5_A6 would be unable to bind to membranes at neutral pH due to their high
calculated partitioning free energy and positive charge. At lower pH values, however,
acidic residues in the peptide sequence could become protonated, thus lowering the
partitioning free energy. Though the total partitioning free energies of peptides have

been shown to depend on the amino acid sequence of the peptide, the relationship
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between the free energy and pH is not as direct. The pKa or effectively the pH at which
50% of the amino acid residues are protonated depends not only on the individual
amino acids but also upon neighboring amino acid environment. Ideally these peptides
would bind only at a pH between pH 6.0 and pH 5.5, the pH of late endosomes. We
could not determine the pKa of the peptides from the sequence alone, so we measured
the binding of the peptides at various pH values.

Peptide binding was measured using a standard tryptophan fluorescence assay
conducted at various pH values between pH7 and pH4.% The model membrane in this
assay was POPC lipid vesicles created as described in Chapter 2 but without any
encapsulated reporter. Tryptophan, an aromatic amino acid, has an excitation of 280nm
and an emission maximum between 300nm and 450nm. The maximum emission
wavelength and intensity vary depending on the hyrdophobicity of the environment of
the tryptophan. If a peptide can bind to a membrane and burry the tryptophan residue
in the hydrophobic core of the lipid bilayer then the fluorescence signal from the
tryptophan residue will increase. Titrations of increasing amounts of vesicles between
1uM and 10mM were added to a known amount of peptide (10uM) in buffer solution.
For pH values between pH7 and pH6 we used 10mM Sodium Phosphate buffer and for
pH values between pH5.5 and pH3.5 we used 10mM Sodium Acetate buffer. Buffers at
all pH values contained 100mM potassium chloride to mimic the salinity of biological
tissues, which is approximately 150mM.% We used two different buffers because the
buffering capacity of Sodium Phosphate is highest between pH7-pH6, and the buffering

capacity of Sodium acetate is highest below pH6.%” As increasing amounts of lipid were
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added, the intensity of the tryptophan signal increased until all tryptophan residues
were buried. Once the maximum change in intensity was determined, the data could
then be used to calculate partitioning coefficients.

We calculated mole fraction partitioning coefficients by fitting to Equation 4.1:

Kx[L]

I(LD =1+ (o — 1) * 553 + K.[L]

Equation 4.1 The tryptophan fluorescence change at a given lipid concentration I([L]) equals 1 plus the
final fluorescence change l.. multiplied by the ratio of the mole fraction partitioning coefficient K, times
the lipid concentration [L] over the molarity of water (55.3M) plus K, times [L]

At certain concentrations the amount of vesicles in the solution was great enough to
cause significant scattering of the signal. To correct for the scattering effect, the
intensity values were corrected by scaling to the signal of non-binding free tryptophan
as described by Ladohkin et al®  This assay method provided a way of reliably
determining the partitioning coefficient and binding free energy of the peptides at even
low pH values. Figure 4.1 shows the change in tryptophan intensity at pH 4 for both
peptide MelP5_A4 and MelP5_A6 (4.1a and 4.1b). Note that the maximum signal both
increases and shifts to a shorter wavelength, which was indicative of peptide binding to
our endosomal-like membranes. Figure 4.1c shows the change in tryptophan intensity
maximum with respect to lipid concentration at over a range of vesicle concentrations.
Partitioning coefficients that were calculated from Equation 4.1 were then used to

calculate the free energy displayed in 4.1d as a function of pH.
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Figure 4.1 Binding of MelP5_A4 and MelP5_A6 to POPC Vesicles. Peptides MelP5_A4 and MelP5_A6 were
prepared in buffer solutions at pH 4 and pH 7. Vesicles were titrated into the solution in increasing
amounts from 1uM to 10mM. At pH 4, as the vesicle concentration increased, the fluorescence intensity
of the tryptophan residue (excited at 280 nm) increased and shifted to a lower wavelength maximum (a
and b). This result indicated tryptophan binding to the membrane. The values of the fluorescence change
(1/1, at 335nm) at pH 4 over the titration range are shown in c. These data were fit to equation 4.1
producing a plot of free energy as a function of pH shown in d.

These binding free energies of MelP5_A4 and MelP5_A6 were found to depend
on pH in a manner that was consistent with our ideal mechanism of activity for efficient
endosomal escape causing peptides. The parent sequence, MelP5, was found to bind to
membranes with a free energy of -8.9 kcal/mole at pH7. This value is similar to the
known value of Melittin binding to small lipid vesicles.®> For a modest peptide:lipid ratio
of 1:100 (1mM) this corresponded to complete binding of the peptide to the membrane

or a capacity of nearly 60 peptides bound per lipid molecule. MelP5_A4 and MelP5_A6
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had partitioning free energies of -3.0 kcal/mole and -0.3 kcal/mole respectively, which
was higher than the values predicted from the Wimley-White scale. These values,
despite being on the favorable side of binding, were much less than that of MelP5 or
Melittin. With a free energy of -3.0 kcal/mole only one peptide per 350 lipids would be
bound, or less than 0.2% peptide bound. For MelP5_A6, with a free energy of -0.3
kcal/mole, only one peptide per 30000 lipids or 0.003% of the peptide could be
expected to bind to the membrane at a peptide:lipid ratio of 1:100 (ImM). In other
words, MelP5_A4 and MelP5_A6 bound much less favorably to model cell membranes
at pH 7 as compared to MelP5. At low pH values, the free energy becomes more
favorable. MelP5_A4 has a partitioning free energy of -9.0 kcal/mole at pH 4 and
MelP5_A6 has a partitioning free energy of -8.6 kcal/mole, both of which are similar to
MelP5. The fraction of bound peptide at low pH for these peptides was found to be five
to six orders of magnitude higher than the fraction bound at pH7. Given this significant
difference in free energy at low pH verses high pH, these peptides were classified as pH-
sensitive.

Even though these peptides were found to be pH-sensitive, the apparent pKa of
the peptides were found to be lower than ideal. We modeled the pH dependence of
peptide binding as a simple pH-titration curve with first-order rate kinetics and fit the
data in Figure 4.1 to a sigmoid function. The midpoint of the fit to these data was taken
to be the “effective pKa” of the peptides, hereafter always referred to as “pKa”. We
found that the transition pH of MelP5 A4 and MelP5 A6 were pH 4.8 and pH4.6

respectively. The pKa of the side groups of aspartic acid and glutamic acid are in the
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range of pH4.5; the pH-sensitivity appeared to be dominated by these side groups.
Again, this transition pH was lower than the pH of late endosomes, pH6-pH5.5 from
which cargo would need to escape. Less than 100% of the peptide would be charged at
pH5.5 and therefore less than 100% of the peptide would be bound to the endosomal
membrane. This fact suggested that, while adding acidic residues to an existing peptide
sequence can cause it to become pH-sensitive, doing so must be attempted with a light
hand. Once we confirmed that these peptides bound to the membrane in a pH-
dependant manner we needed to examine whether or not they were active in the

model membranes.

59



4.2 Dependence of Secondary Structure of MelP5 A4 and MelP5 A6 on pH

Secondary structure formation is a crucial indicator part of membrane active
peptide activation. The reasons for this are twofold. The formation of a alpha helix
allows peptides to order themselves in an amphiphatic structure of defined hydrophobic
and hydrophilic faces. This structure would not be present if the peptides were in a
random coil or globular configuration. Secondly, the formation of secondary structure
lowers the portioning free energy of the peptide. An individual peptide bond requires
+1kcal/mole of energy to partition to a hydrophobic environment.?® The partitioning of
free peptide bonds is unfavorable. If a peptide’s backbone structure can undergo
hydrogen bonding due to a favorable orientation of amino acid side groups, this energy
penalty can be elevated. Peptides which can form alpha helical structure not only have
the correct structure to associate within a membrane, they also have the correct
structure to insert into the membrane as well. The formation of secondary structure is a
crucial part of the ideal endosomal escape causing MAP mechanism of activity as
described in Chapter 3.

We examined the secondary structure of our peptides using circular dichroism
(CD) spectroscopy conducted in buffers at varying pH values. CD spectroscopy allows
for the determination of the chirality of molecule’s structure based on the preferential
absorption of left or right polarized light.2? Alpha helical peptides form known chiral
structures with a complete turn at every i to i+4 amino acid in the sequence. The
absorption is reported as molar ellipticity per amino acid reside because the intensity of

the absorbance depends on total length of the peptide helix. In this way the signals
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from different peptide sequences can be normalized to determine a percent alpha-
helical structure. Alpha helices have well defined minima when excited with polarized
light at 222 nm and 208nm wavelengths and a well defined maximum at 200nm
wavelength. We determined that the ratio of the signal at 200nm verses 208nm would
describe the relative alpha helical nature of the peptide in various pH buffers and from
this we made conjectures about the dependence of alpha helical structure on pH value.
Peptides MelP5_A4 and MelP_A6 were found to gain increased alpha helical
secondary structure preferentially at low pH values. Solutions of peptides were
prepared at various pH values between pH7 and pH3.5 using either 10mM sodium
phosphate buffer or 10mM sodium acetate buffer. Potassium chloride cannot be used
in these experiments because small anions interfere with the CD absorbance spectrum
between 200-180nm wavelengths. As seen in Figure 4.2a the parent sequence MelP5
exhibits strong alpha helical structure at even a high pH of pH 7. This again confirmed
the fact that MelP5 was not inherently pH-sensitive. The structure of MelP5_A4 and
MelP_A6 at pH 7 was a random coil structure, lacking the characteristic alpha helical
minima at 222nm and 208nm wavelengths (Figure 4.2b and c). The minima at 200nm
wavelength, as opposed to a maximum at 200nm, indicated a random coil structure of
these peptides. In buffer at pH 4, MelP5_A4 and MelP5_A6 showed alpha helical
structure, evidenced by lower minima at 222nm and 208nm wavelengths. Empty lipid
vesicles of 0.1 um radius were added to the solutions to determine if the peptides
gained additional alpha helical structure with model membranes added to the system.

The CD spectra did not change with the addition of vesicles, suggesting that the peptide
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did not gain additional alpha helical structure in the presence of membranes. The
peptide binding and secondary structure formation was therefore controlled by the

protonatable amino acid side groups on the peptides.

30x10:1 _30,(103
a. —— MelP5+vesicles b MelP5_A4&6+vesicles pH4
@20 w ok -
g g 20 pH7
© °
£ 10 Aok
E _g 10
~ ~
~N ~
§ ° §
a0 8o
L) [)
T 10 o
-20 L 1 1 L L L 20 1 1 1 L 1 1
190 200 210 220 230 240 250 260 190 200 210 220 230 240 250 260

H
P Wavelength (nm)

Figure 4.2 CD Spectra of MelP5 and Variants. These are representative CD spectra of MelP5 as compared
to MelP5_A4 and MelP_A6. MelP5 exhibits the characteristic alpha helical minima at 222nm and 208nm
in pH7 buffer whereas the other peptides only show a minimum at 200nm. In pH 4 buffer, however,
MelP5_A4 and MelP_A6 show a signal similar to MelP5, indicating that they are alpha helical.

As with the binding affinity, the extent secondary structure of these peptides
was found to be a function of pH. We quantified secondary structure as the ratio of the
signal at 200nm to the signal at 208nm and normalized this to the maximum
200nm/208nm value. This is called “%alpha helicity”. Such a measurement was more
applicable for this experiment because L-amino acids were used to synthesize MelP5_A4
and MelP_A6, complicating the normal CD signal. In neutral pH environments the
peptides were random coil in structure, having a low %alpha helicity (Figure 4.3). In
acidic environments, the %alpha helicity increased to a maximum at pH 4. We fit these
data to a sigmoid curve and determined that the transition pH of alpha helical structure

formation was similar to the transition pH of the binding curve: pH5.1 to pH5.9. The fact
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that these peptides bind to membranes and form secondary structure at roughly the
same pH values suggest that binding and insertion were coupled. The values at which
these transitions occur were lower than the pH of late endosomes. In an endosome
MelP5_A4 and MelP5_A6 would not be fully alpha helical in structure. Though these
peptides exhibited pH-dependant in terms of their partitioning free energy and
secondary structure, further studies of the extent of pore forming ability were needed

to determine if MelP5-like activity was retained.
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4.3 Pore Forming Abilities of MelP5 A4 and MelP5 A6

Useful peptides for endosomal escape not only have a strong dependence of
membrane binding affinity and secondary structure on pH, but also they must have
large scale membrane disruption abilities. The lack of large scale pore forming ability
prevented GALA from becoming a clinically relevant MAP for decades.?’ Due to the fact
that the molecular cargo which we would like to deliver is both polar and
macromolecular, small pores are not suitable for efficient endosomal escape. As
described in Chapter 2, MelP5 caused large scale disruption of model endosomal
membranes, POPC lipid vesicles. Our hypothesis predicts that by changing only a few
resides of the MelP5 sequence, MelP5_ A4 and MelP5_A6 could retain large scale
disruption properties. We endeavored to test this hypothesis further to see if these
peptides could, in fact, disrupt membranes and allow the escape of large molecules.

Before testing for large scale disruption properties, we needed to know if
MelP5_A4 and MelP5_A6 were truly inactive in neutral pH environments. We found
that these peptides neither bind to membranes nor form secondary structure at pH 7.
Despite this fact, we did not know if unstructured peptides could disrupt lipid vesicle
membranes in some ill-defined manner. This would not be ideal for MAPs which would
be systemically delivered to the body as they would have severe cytotoxic effects. In
order to determine if the rationally designed MelP5 derivates disrupted membranes at
pH7, we prepared 0.1 um radius vesicles encapsulating the small molecule reporter
ANTS and quencher DPX. The vesicles were diluted in 10mM sodium phosphate buffer,

100mM potassium chloride buffer at pH7 and 10mM sodium acetation, 100mM
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Fraction Leakage

Fraction Leakage

potassium chloride buffer at pH 4. Peptides were added to 1mM vesicle solutions in

peptide:lipid ratios of up to 1:100. As shown in Figure 4.4 MelP5 caused significant

leakage of reporters from vesicles at both pH7 and pH4. These results confirmed our

previous understanding of MelP5 as a characteristically large pore forming peptide. Our

new peptides, MelP5_A4 and MelP5_A6 caused no leakage above the background at

pH7, and they caused leakage comparable to MelP5 at pH4. The pH-sensitivity of these

peptides allowed them to become non-damaging to cell membranes at neutral pH, close

to the pH of human blood. Our engineered pH-sensitivity caused inactivity at high pH

but would the peptides become highly active at low pH?
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Figure 4.4. ANTS/DPX Leakage Caused by
MelP5 and Variants. This figure shows the fractional
leakage of small solutes caused by MelP5 and
variants. At both pH 7 and pH 4 MelP5 causes
leakage (a). In pH 7 buffer MelP5_A4 and MelP5_A6
do not cause substantial leakage (b and c). In pH 4
buffer, however, both peptides cause close to 50%
leakage of reporters at certain peptide:lipid ratios.
These results highlight the pH-sensitivity of small
solute leakage caused by these peptides.
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endosomal escape.90 We prepared TBD containing POPC vesicles (0.1um radius) at 1mM

concentration in the same buffers as described above for pH7 and pH4. When MelP5
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was added to solutions of these vesicles, nearly 100% of the large, 10kD TBD molecules
were able to escape at both pH7 and pH4 (Figure 4.5). MelP5 was found to be a large
pore-forming peptide in all solutions with a slight decrease in activity in acidic
environments. No signal change, or small change in FRET signal was seen when
MelP5_A4 and MelP5_A6 were added to vesicle solutions, even at a peptide:lipid ratio
of 1:100. We knew from our binding data that almost 100% of these peptides should be
bound and in an alpha helical structure at pH4. These peptides were able to associate in
the membrane to cause the leakage of small molecules such as ANTS and DPX, which
suggested that they formed small pores in membranes. MelP5_A4 and MelP5_A6
cannot cause large scale pores to form, which prevents large molecules such as TBD and
potentially beneficial therapeutic cargo from escaping endosomal-like vesicles. In the
end our rationally designed peptides failed to retain both pH-sensitivity and large scale

pore forming characteristics.
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Figure 4.5 Leakage of Large Solutes Caused by MelP5 and variants. These data show that MelP5 causes
leakage of close to 100% of TBD from POPC vesicles at 1:100 peptide:lipid ratio in both pH 4 and pH 7
buffer. Even at these high concentrations, MelP5_A4 and MelP5_A6 cannot cause any leakage of reporter
molecules. Both variant peptides lack the large scale leakage properties of the parent sequence.
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Summary of Chapter 4

Our hypothesis was refuted: pH-sensitivity and large scale pore forming activity
are not additive properties of membrane active peptides. Biophysical characterization
of MelP5_A4 and MelP5_A6 showed that a modified MelP5 sequence could be made to
bind to model cell membrane and form secondary structure in a pH-dependant manner.
These peptides were even unable to form small pores at pH7, but could form small
disruptions in membranes at pH4, similar to GALA. Like GALA, and unlike MelP5, our
newly designed peptides could not form large pores to allow macromolecular passage
through membranes. These peptides could not be used as the ideal needle tip for a
drug delivery vehicle. Adding pH-sensitivity to our peptide inherently decreased its pore
forming activity; these two activities are not mutually exclusive. From these results we
determined that the development of an efficient endsomal escape causing membrane
active peptide cannot be rationally designed. The ideal balance between pH-sensitivity
and pore forming ability must be discovered through peptide library screening and

synthetic molecular evolution.
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Chapter 5 Designing a Peptide Library to Screen for Ideal Characteristics

The characteristics we desired to combine in a peptide, large scale pore forming
ability and pH-sensitivity, proved to be entangled with each other. Creating the ideal
peptide to cause endosomal release is not as simple as adding protonatable acidic
residues to a preexisting peptide sequence. In an attempt to improve our peptides we
took the knowledge we gained from Chapter 3 and Chapter 4 and developed a peptide
library based on the MelP5 sequence. By designing and screening this peptide library
we hoped to be able to determine which changes in the peptide sequence lead to the
ideal compromise between pH-sensitivity and pore forming ability. This approach was
starkly different from the development of the current class of pH-sensitive peptides,
which relied on intuition and rational design. Rather than creating endless iterations of
peptides, we decided to place selective pressure on our library as a form of synthetic
molecular evolution. We hypothesized that from this peptide library, one or a few
sequences would be discovered that would have the ideal endosomal escape causing
motif.

5.1 Peptide Library Design and Synthetic Molecular Evolution

The drawbacks in peptide rational design and the merits of synthetic molecular
evolution were illustrated to me in a thought experiment by Dr. Chris Moser. Suppose
that there is a river crossing wherein three rocks exist to allow people to cross the river.
After some time, a wooden plank is placed over top of these rocks, improving the ability
of people to cross the river. After even more time assume the rock in the middle floats

away or is removed such that the plank is suspended across only two rocks. If a
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passerby came to the river now they would notice that removing any one component of
the bridge, either one of the rocks or the plank, would prevent someone from crossing
the river. New passersby might conclude that the bridge has to exist in this
conformation otherwise it could not function, but they will miss the fact that a scaffold
existed beforehand which allowed for the same function. This is the case with rational
design. We miss key insights and understandings of our bridges; our peptides; when we
attempt to jump directly to what we perceive to be the structure-function relationship.
In order to gain as much insight as possible into this new class of peptides, we
created a peptide library that allowed for multiple different changes to MelP5. The base
sequence, MelP5, was used as a design template again because we knew that it had one
part of the activity we desired. We knew based on work in Chapter 4, that by adding
protonatable residues we can modulate the peptide’s activity with pH. The residues
must be added in the correct places, however, to allow for the mediation between both
types of non-additive activities (pH-sensitivity and pore formation). In our library, amino
acids A4, V8, T11, G12, Al5, and S18 were allowed to vary with either the original
residue or with aspartic acid, or with glutamic acid, or with alanine/leucine Figure 5.1.
In this way, we did not preselect the ideal positions for our protonatable residues as we
did with MelP5_A4 and MelP5_A6. In addition, allowing for the incorporation of the
hydrophobic residues alanine and leucine and also a change of 117Q enabled us to add
back a small amount of hydrophobicity which would be lost by adding acidic residues.

We hoped to apply selective pressure to our system through a library screen in order to
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discover a peptide which has the ideal placing of amino acids about the peptide alpha

helix.

Nonpolar Face

Polar Face

Figure 5.1 Basis for the Peptide Library. This figure shows the sequence of MelP5 with the residues that
were changed. Red Residues were allowed to vary with Glutamic Acid, Aspartic Acid or the original
residue. Green residues were allowed to vary with Histidine or the original Lysine residue. Finally, the
Isoleucine at position 17 was allowed to vary with Glutamate the original residue.

Two other variations were allowed, K7H and K12H, along with the changes of
hydrophobic residues to acidic residues. The lysine residues of MelP5 were determined
to be important for the activity of MelP5 as compared to Melittin from past work. %
Lysine, however, is a basic residue and thus could act to buffer the pH-sensitive
interactions of our peptides, which we desire to activate at low pH. The pKa of lysine is
10.4, so therefore this residue would be mostly positively charged in the low pH

environment of the endosome.®? Histidine has a lower pKa of 6.2, meaning that it fewer
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histidine residues would be charged in neutral pH environment/endosomal pH
environment as compared to lysine. Since we knew that the side group pKa values
would dominate the pH-sensitivity of the peptide, we believe that in allowing for the
lysine-to-hisitdine variation we might achieve a higher overall peptide pKa than what we

achieved with MelP5_A4 and MelP5_A6.
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5.2 Hypothesized Mechanisms of Large-Pore Forming Activity Inhibition

The specific amino acid residues that we chose to vary were selected based on
our understanding of peptide alpha helix formation. The partitioning of a free peptide
bond requires +1.0 kcal/mole and is thus unfavorable to peptide partitioning to lipid
membranes. Alpha helicial peptides form hydrogen bonds between side groups, which
alleviates this backbone energy barrier.”? This is why peptides form secondary structure
when binding to a membrane, and why secondary structure formation is an indication of
MAP activity. The turns of an alpha helix occur at every fourth reside, denoted as i+4 to
i, so residues at these positions must be able to undergo hydrogen bonding. Acidic
residues at these distances in alpha helicial peptides experience electrostatic repulsion
effects on the order of +0.45 kcal/mole.”? The side groups of aspartic acids or glutamic
acids will repel each other enough to make the formation of an alpha helix unfavorable
at neutral pH, thus interrupting peptide activity. At low pH the residues are protonated,
allowing for helix formation and thus generating pH-sensitivity. The exact number of
these helix-manipulating pairs needed to have the ideal activity is unknown. For this
reason we allowed our peptides to have acidic residues at up to 6 different spots which
range from i+1 to i, to i+14 to i. This breadth of variation allowed for different levels of
activity modulation.

The number and positioning of amino acid residues in the library also took into
account the potential advantages of varying the polar phase angle about the peptide
alpha helix. The hydrophobic and hydrophilic phases of MelP5 are well defined, which

gives the peptide an amphipathic nature. We allowed the residues closest to the polar
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phase to vary with our acidic residues or hydrophobic residues to determine what effect
modulating this phase angle would have on the peptide activity. For example, MelP5
has a hydrophobic moment of 5.91 at an angle of 50.5° from the norm when looking at
the helical projection. A theoretical peptide with all possible changes to glutamic acid
would have a greater hydrophobic moment of 7.96 at a wider angle of 101.8° when
protonated.” A larger polar phase angle creates a larger polar surface area along the
helix. We hypothesized that with more polar surface area the peptides could potentially
accommodate larger volumes of polar solvent (i.e. water) and thus form larger
disruptions or pores in lipid membranes. In this way, we hoped to find new mechanisms
by which we could reach a compromise between the large scale disruption property and

pH-sensitivity property.
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5.3 Peptide Library Synthesis

The peptide library in discussion was synthesized using standard Solid Phase
Peptide Synthesis (SPPS) techniques. Peptides were synthesized on Tentagel
megabeads with a capacity of 0.2mmoles/gram. This process involves three main steps:
washing, deprotecting, coupling, and with a final capping step at the completion of the
synthesis. The washing step involved rinsing the beads 5 times with DMF and allowing
them to dry. In order to remove the Fmoc protective groups on the beads/amino acids,
a deprotecting step was used which was to add DMF+25% Piperidine to the reaction
vessels. Beads were washed again with DMF before a solution of HoBT, HBTU, DIPEA
and an excess of the desired amino acid to link were added to the vessels. A Kaiser
Reagent test was used to ensure that the reaction went to completion and that no free,
unprotected amide groups were present. After certain residues the Kaiser Test can give
false positive results; in this case a TNBT test was used to verify the lack of free
amides.” These steps were repeated until the full length peptide was created, after
which time the peptide was capped with a solution of 5% acetic anhydride.

Variations in peptide residues were formed by manual splitting and differential
coupling of amino acids. The first component coupled to the bead was a photolinker
molecule which would allow for cleavage of the peptides from the beads using UV light
only.” UV cleavage is preferable to acid-based cleavage as there were no extra
reagents to interfere with the assays for screening the peptides. At any residue that
must be varied, the beads were deblocked and then split into equal amounts by mass

and placed in separate reaction vessels. We added a different amino acid to each of up
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to four vessels. After the coupling reaction was complete, we mixed all of the vials
together. In this manner we were able to generate a library having one unique peptide
sequence per Tentagel bead. The total number of peptides in the library was 18,432
sequences. With such a large number of peptides, we set out to develop a high-
throughput method to screen for the ideal endosomal escape causing activity.

Summary of Chapter 5

Nonpolar Face

Polar Face
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Chapter 6: Screening a Peptide Library for Efficient Endosomal Escape

Our goal was to put selective pressure on the library described in Chapter 5 to
produce optimal sequences by choosing reliable assays that mimicked the conditions of
endosomes. We believed that peptides from this library would exhibit the perfect
compromise between pH-sensitivity and large-pore forming characteristics. We defined
biophysical methods of describing these characteristics in Chapter 3. The characteristic
of pH sensitivity can be described by a lack of small solute leakage from endosome-like
lipid vesicles at high pH and increased activity at low pH values. Large scale pore
forming ability can be described by having significant amounts of large solute leakage
from lipid vesicles.®”  Again POPC lipid vesicles served as our model endosomal
membrane system. We screened peptides at low concentrations using these assays as a
method of selecting only the sequences which were both strongly pH-dependant and
strongly pore-forming. We hypothesized that a peptide which could cause large solute
leakage in a pH-dependant manner from vesicles at low concentrations could cause
efficient endosomal release of macromolecules.

6.1 Peptide Library Screening Assays

Our screen process required at minimum two assays to compensate for the two
characteristics that we sought to combine. The first assay used in this screen was an
ANTS/DPX assay at pH 7. Lipid vesicles encapsulating ANTS and DPX as reporters were
made in phosphate buffer as described above. These vesicles were added to peptide
solutions and assayed for release. Peptides which were pH sensitive would not allow

the small, approximately 500 Da ANTS and DPX molecules to escape from the vesicles.
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For the second component of the screen we needed an assay that could tell us if large
pores formed in a low pH environment. We made vesicles in pH 4 buffer containing TBD

7 When the two types of

as a reporter with SA on the outside as described above.
assays are combined, the overall pH of the solution was found to be pH 5, which was
close to the pH of a late endosomal compartment. The ANTS/DPX in pH 7 buffer were
added in ImM concentration or 1:200 peptide:lipid ratio and allow to incubate for 1
hour before the percent leakage was determined. After this, the vesicles containing TBD
in pH 4 buffer were added to the same peptide solutions at 3mM concentration for a
final peptide:lipid ratio of 1:800 and the percent leakage was determined. With this two
step assay, vesicles that caused low percent leakage of ANTS and high percent leakage
of TBD could be discovered and selected as positive results.

These methods afforded us the additional benefit of allowing us to screen for
soluble peptides. The assays above were all prepared in aqueous solutions of either
phosphate or acetate buffer. Due to the fact that the library contained the possibility of
increasing the hydrophobic nature of a given peptide, an insoluble peptide may have
been made. Peptides which are insoluble would aggregate in phosphate buffer or
acetate buffer, preventing them from binding to and interacting with our lipid vesicles.
These peptides would cause little leakage and thus would constitute a negative result in
the screen. All of the positive peptides, therefore, should have reasonable solubility in
aqueous solutions if they were to interact with lipid vesicles. A positive result having

high solubility increases their ability to be used as systemic delivery agents in blood or in

combination with other soluble delivery agents. This third component of the assay,
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though not directly quantified, provided an important method of screening for a

desirable feature in membrane active peptides.
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6.2 High Throughput Screening Method

With a library containing over 18,000 members even screening a simple two step
assay one bead at a time could become needlessly time consuming. We chose to screen
the peptide library in a high throughput method. The important parameters of our
screen design were reliability, reproducibility and how much could be done in parallel.
The assay components needed to be reliable otherwise the results could not be trusted
to accurately reflect the biophysical characteristics which we were testing. Our assays
needed to be reproducible, as inconsistencies from plate to plate would not allow for
the comparison of beads the large collective data set of results. Finally, we needed to
ensure that many assays could be done in parallel, to limit the effects of unknown
variables which might affect a given part of the screen from day-to-day. We successfully
addressed all three of these components in the design of our screen.

We knew from categorizing large versus small pore forming peptides in Chapter
2 that the two assays which we selected were reliable. The ANTS/DPX assay has been
used for many years and has been consistently heralded as a method of comparing the
activity of MAPs. The TBD assay devised in this work is newer than the ANTS/DPX assay
and has been shown to be useful in differentiating large-pore forming peptides from
small pore forming peptides.% In terms of reliability, however, we needed to determine
if the range of responses that these peptides could cause were above background noise
from the assay. Could we differentiate 1% TBD leakage from 10% TBD leakage? Initial
results from the TBD assay suggested that measuring the decrease in donor (SA)

fluorescence provided a higher signal-to-noise ratio than measuring the increase in
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Intensity (CPS)

acceptor (TBD) fluorescence. We found that the background noise was less than 20% of
the initial SA signal for a S:N between 5-10 (Figure 6.1). We concluded that these assays

could be used as a reliable method of screening for pH-sensitivity and large-pore

formation.
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520 540 560 580 600 control wells with just the TBD Vesicles+SA and wells

Wavelength (nm) with TBD Vesicles+SA and Triton. The signal to noise
ratio is greater than 5 and between 5-10.

At many times during the screen we took steps to measure the consistency of
the results that we were achieving. Certain plates received more or less of the assay
components due to human error and could be reflected in a change in the plate average
for a given assay result. Figure 6.2 shows the results of the TBD assay at pH5 for plates
from 1 to 40. The average percent leakage of TBD for a plate falls between 10% to 20%
leakage. Several plates, such as plates 11, 12, and 13, have leakage values that are
significantly higher than the other plates. Looking at the values from these plates
compared to plates from plate 20 to plate 25 we determined with a Student’s T-test that
these plates are significantly different (Figure 6.2). These data suggested that the assays

used for plates 11, 12, and 13 were unusual and that the results from these plates were
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guestionable. We used this method of examining all plates to determine which results

were true positives.
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Figure 6.2 Example Data from Plates 1-40. These
data are the fractional leakage of large TBD
molecules from vesicles at pH5. The blue data are
data sets that were kept, having an average of
leakage of 0.11 the red data sets had an average
leakage of 0.27. Using a Student’s T-test assuming
equal variance, an alpha level of 0.05 and a
hypothesized mean difference of 0 we found that
the T-stat value was -28 as compared to a T-crit
value of 1.9. These data suggest that the data sets
shown in red were statistical outliers and that
peptides from those plates may be false positives.

As with many combinatorial drug libraries conducted before this work, we used

multi-well plates (96-well plates) to screen numerous peptide beads in parallel. An

assay of an individual bead may take several minutes to perform using a cuvette-based

fluorometer. By using multi-well plates, one bead can be placed in each well and each

well can be used as a separate reaction chamber for the assays. Using a plate reader,

many wells can be scanned simultaneously; time to screen beads is therefore decreased

nearly 100-fold. As described above, daily variations could occur with a given plate due

to human error or some unforeseen circumstance. Screening in parallel allowed us to

have enough data points to determine if groups of data were outliers. We were able to

easily limit or filter out false positive results by designing a screen that was reliable,

reproducible, and massively parallel.
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6.3 Peptide Cleavage and Concentration

The concentration of assay components to add was determined by scaling to the
average cleavage from the peptides. We utilized UV light to cleave the peptides from
the beads rather than TFA or other cleavage methods. This was because residual TFA
could potentially lyse vesicles or interfere with the assays. In order to cleave the
peptides from the beads, a large number of dry beads was placed in a class dish and
washed with methanol. The methanol was removed by drying under air and under
vacuum until completely dry. The beads were placed in a 36W UV cleavage device and
cleaved using 356nm wavelength light for 2.5 hours. The plate was turned upside down
and the beads were cleaved using the same device for an additional 2.5 hours. After
this, individual Tentagel beads were places, one-per-well, in 90 wells of a 96 well plate.
We then added 25ulL of Millipore water and 25uL of HFIP to each well of the plate using
a multi-channel pipette. Each plate was placed in the UV cleavage device and allowed
to cleave for 3.5 hours, enough time for the water and HFIP to evaporate. As a final step
before the assay components were added, 25ulL of Millipore water was added to each
well and the plates were allowed to incubate overnight.

We used the tryptophpan fluorescence of the peptides to determine the amount
of cleavage of the peptides from the beads. Solutions of the peptides which were
incubated overnight could be collected and place in a cuvette in a fluorometer. The
samples were excited at 280 nm and the fluorescence emission was collected from 300

to 450nm. The signal at 355nm was used for determining both a standard curve as well
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Intensity (CPS)

as the concentrations of the samples. We found that approximately 0.5-1nmol of

peptide was cleaved from the plates (Figure 6.3).

35x10° . : : :
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OF 099 6 2540 0.4
25 - 12 2520 0.4
20 | 18 3110 0.5
26 4000 0.6
19 ’ 34 3290 0.5
10 - 42 1830 0.2
5 1 50 2240 0.3
58 3160 0.5
Oo 20 40 60 80 100 66 4930 0.8
Peptide (nmoles) Average 3069 0.5

Figure 6.3 Cleavage of Peptides from Tentagel Beads. Figure 6.3 shows the standard curve calculated for
tryptophan fluorescence in a 50ul cuvette over a range of known tryptophan concentrations. Sample
beads were cleaved as described in the text and the fluorescence intensity of solutions of those beads is
shown in the table on the left. The average cleavage from the beads was 0.5 nmoles.

Our assays used 100uL of ImM ANTS vesicles which, for an average well, would
constitute a peptide:lipid ratio of 1:200. Adding an additional 100uL of 3mM TBD
vesicles gave a final peptide:lipid ratio of 1:800. We also performed part of the screen
using 100uL of 1mM TBD vesicles to give a final peptide:lipid ratio of 1:400. Figure 6.4
shows the results from four plates of a final condition of 1:400 and 1:800. With the
1:400 more peptides can be found with low pH 7 activity and high pH 5 activity. We
sought to set the stringency of this assay at less than one positive result per 10 plates.
Based on these results, for this amount of cleavage, decided to use a final peptide:lipid

ratio of 1:800 in order to achieve this level of stringency.
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We added control wells to each plate of the assay in order to ensure consistency

and to ensure that results could be compared across plates. Wells Al to A3 were used
as negative controls, to which no peptide was added. The standard methods to produce
the percent leakage values as described by Equations 2.1 and 2.3 require the same
sample to be screened both before and after exposure to the peptides. Due the fact
that in our screen design we added the vesicles to the peptide, we could not use these
equations. Instead, for the first assay component we mixed the total amount of
ANTS/DPX vesicle solution needed for each well together and placed an aliquot into
each well. This method allowed us to have identical conditions in each well for the
ANTS/DPX assay. For the TBD vesicles, the total amount of vesicles was prepared and
SA was added to this total amount before it was dispensed into each well. The plates
were excited twice, once at 360nm with an emission recorded at 519nm, for ANTS and a
second time at 495nm with an emission recorded at 519 for SA. The negative control

wells showed a lack of ANTS fluorescence and the existence of SA fluorescence due to

reporter encapsulation.
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Each assay plate had positive controls for 100% leakage as well. These controls
were placed in wells B1-B3. The equations above for percent leakage require
normalization to a standard in order to compare different MAPs. Two positive controls
were used during the screening of the peptide library. Triton 100-X was used as an
indicator of complete membrane lysing. In this case, there would be a large
fluorescence signal from ANTS and a small signal from SA. The ultimate goal of this
screen, however, was to search for peptides which retained or exceeded the pore-
forming abilities of MelP5. For this reason, we prepared wells containing 0.5nmoles of
MelP5 in addition to the wells containing Triton 100X. To make the peptides further
comparable we could normalize the signal in each well to either the signal caused by
triton or by MelP5 for a given plate. The modified equation for percent leakage was the

following Equation 6.1:

Isacontrols—Isapeptid I -1
%FRETleakage — ( controls peptide / SA,controls—!SA,MelP5

ISA,controls ISA,controls

Equation 6.1 The percent leakage equals the SA signal in the control wells Isp controls Minus the signal in the
peptide wells Isp peptige divided by the control well signal, scaled by the control well signal minus the MelP5
control lspmeps divided by the control well signal. Additionally we could use triton (Isaiton) instead of
MelP5.

The choice of standard influenced our determination of a true “positive” result from the

screen.
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6.4 Selecting Positive Result Peptides from the Library Screen

We screened over 10,000 beads from this library, the results of which are shown
in Figure 6.5. These figures show a colored representation of how far away from the
average result each bead was. The results tended to cluster around what we would see
for MelP5, 100% leakage in ANTS/DPX containing vesicle assays and 15-20% leakage in
TBD containing vesicle assays. In this screen, positive results were identified as gain-of-
function peptides, ones that retained or showed increased leakage in the TBD assay at
pH 5. Positive results also needed to exhibit pH-sensitivity, and thus would show little
ANTS/DPX leakage at pH 7. We defined cutoff values for these peptides to be as
follows: positive results must have less than 20% ANTS/DPX leakage at pH 7 and must be
at least as active as MelP5 at pH 5. Though we defined these initial parameters, we also

tried to develop a method of ranking peptides within our range of “positive” results.

Fractional Leakge pHS vs MelP5

Fractional Leakage pH7

Figure 6.5 Total Screen Data scaled to MelP5. Figure 6.5 shows the screen data of all peptide beads.
These data are plotted as Fractional leakage at pH7 relative to the fractional leakage of large molecules
(TBD) at pH5. MelP5 is shown as a black star in the center and peptides increasingly further from the
average (MelP5) are shown in gradients from red to purple.
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Figure 6.6 Methods of Determining Positives/False positives. Figure 6.6a shows a plot of the screen data
as the ratio of pH5/pH7 small molecule leakage vs large molecule leakage at pH5. True positive results
have a high pH5/pH7 ratio and cause significant large molecule leakage. Figure 6.6b illustrates the
presence of false positives in the data. Certain peptides showed equal or greater preference for large
molecule leakage as compared to small molecule leakage.

One method of ranking peptides came from the relative leakage of ANTS/DPX at
pH 7 as compared to leakage at pH 5. In our two-step assay we were able to determine
ANTS/DPX leakage at pH 7 and at pH 5 because the two assays did not interfere with
each other. Positive results with percent leakage of ANTS/DPX less than 20% at pH 7
should have an increased percent leakage of ANTS/DPX at pH 5. Indeed, many of the
peptides showed greatly increased small solute leakage at low pH conditions. Figure
6.6a shows the data from the screen plotted as the ratio of pH 5 ANTS/DPX leakage to
pH 7 ANTS/DPX leakage versus TBD leakage relative to MelP5. Several peptides exhibit
an extraordinarily large ratio of pH5/pH7 leakage because they caused little to no
leakage at pH 7. Given the fact that the lipid concentration was increased four-fold
(from 1mM to 4mM), such peptides could be greater than several orders of magnitude
more active in endosomes as opposed to on the cell membrane. These data also

provided a method of eliminating false positive results from the screen. Figure 6.6b
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shows a small subset of the data plotted as pH 5 ANTS/DPX leakage versus pH 5 TBD
leakage. For some beads, the TBD leakage was greater than MelP5 but the ANTS/DPX
leakage did not increase. Due to the fact that TBD is a larger molecule and that the
encapsulating vesicles had the same composition we saw no logical reason for a peptide
to cause less ANTS/DPX leakage than TBD leakage. These results therefore were “false
positives” and were filtered out or ignored as part of the screen.

As mentioned above, in order to rank true positives we examined their activity
relative to MelP5. The data from Figure 6.5 were future separated into small
subsections or “epochs” in order to find outliers from the group of peptides examined
within each epoch (Figure 6.6). Amongst these outliers we were able to select peptides
that had either substantial large molecule leakage or minimal small molecule leakage.
Below is a table of several peptides which we selected as the best positive results due to
their having optimal biophysical characteristics. These peptides were named: pHD118,
pHD34, and pHD108. Each peptide showed only a small amounts of leakage at pH 7 and
large amounts of leakage at pH5. In addition, we selected several peptides which
appeared to be either constitutively active, causing leakage at all pH values and
constitutively inactive or loss-of-function causing no leakage. We continued to screen
and select more peptides but at this stage we decided to determine the sequence of our

positive and negative results.
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Figure 6.6 Location of Positive Result Peptides from Figure 6.5
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6.5 Sequencing Positive Result Peptides

Combinatorial libraries, though convenient for generating a large number of
unique sequences, suffer from one major drawback: we don’t know which sequence is
on which bead. Each bead contains one unique sequence, which allowed us to
sequence the peptides using one of two methods. For the peptides which were
negative results, we opted to sequence using an enzyme digest and mass spectroscopy
methods. For our positive results, we chose to sequence peptides using Edman
degradation. Each method has advantages and disadvantages which lead us to use one
method for sequencing negatives and the other method for sequencing the positives.
Overall each method has been extensively verified and proved reliable in determining
peptide sequences.

For negative results we decided to sequence peptides using an enzyme digest
and mass spectroscopy. In developing this method we noted that the parent sequence,
MelP5 can be divided into subsections between leucine residues with about one varied
reside in each subsection. We knew that if we could break a peptide down into these
small sections we could determine the change in mass for each subsection and
therefore identify the sequence. We used Pepsin, an enzyme which can break peptide
bonds at the C-terminus of leucine residues, for this purpose. The assay solutions in
wells with unique peptides were removed and washed three times with methanol.
Beads were then placed in a 0.5 mL eppendorf tube to which the following components
were added: 1.6 uL of 1 mg/mL pepsin in Millipore water, 2 uL of 25% formic acid and

6.4 ulL of Millipore water. Formic acid at this concentration was found to be enough to
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activate pepsin, which only has enzymatic activity at pH 1-2, and also the formic acid
was compatible with liquid chromatography mass spectroscopy (LC/MS).  After
degradation, the reaction was quenched with 10 uL of 5% sodium hydroxide, which is
also compatible with LC/MS. The samples were injected into a Waters LC/MS, which
allowed for the identification of various fragments of the peptides. Figure 6.7 below
shows an example chromatogram for the parent sequence MelP5. The peaks in the
chromatogram were characteristic for various fragments of the peptide sequence.
These peaks could be fit to a known sequence by matching to fragment ions of these
peaks as shown below. Mass spectroscopy based sequencing of peptides provided a
quick method that required small amounts of material (less than 1 pmole of peptides).
The main drawback was that the sequences were not determined by individual amino

acid but rather they required analysis of the fragment ions to produce a sequence.
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Figure 6.7 Example LC/MS data of Peptides. This data highlights the protocol used to sequence peptides
through LC/MS. The chromatogram at the top is of a MelP5-pepsin digest with fragments labeled. Below
is a method showing fitting of masses to fragment ion data.

Unknown peptide sequences on beads can be determined by each individual
amino acid using Edman degradation. This technique relies on chemical cleavage of
each amino acid in the sequence from the bead in a sequential manner. We chose to
sequence positive results from our library screen using Edman degradation because it
was the most reliable method for determining peptide sequences.”” This sequencing
work was performed in collaboration with Dr Jodie Franklin at the Johns Hopkins
Medical Institute. Working with Dr Franklin we were able to determine the sequences
of several positive result peptides such as pHD118, pHD34 and pHD108. This method,

while reliable, was more material consuming and time intensive as opposed to mass
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spectroscopy sequencing methods. Still, we were able to very accurately determine the
sequences of these peptides, which allowed us to use them for further biophysical
characterization and cell based studies.

Summary of Chapter 6

We have an understanding of the biophysical mechanisms upon which an ideal
endosomal escape causing peptide would work. We screened our peptide library using
a two step assay, searching for peptides which caused little to no small solute leakage at
pH 7 and extensive amounts of large molecule leakage at pH 5. From our knowledge of
MelP5 activity we determined that positive results from our screen would have less than
20% leakage of ANTS/DPX at pH7 but greater than 15-20% leakage in the TBD assay at
pH 5. We further categorized these peptides relative to each other based on the ratio of
pH 5 to pH 7 ANTS/DPX leakage and the extent of TBD leakage beyond the amount
caused by MelP5. These positive peptides therefore contained a compromise between
the desired characteristics of pH-sensitivity and large-scale pore formation. We utilized
both Mass Spectroscopy as well as Edman degradation techniques to sequence these
peptides. Once we determined the optimal peptide sequences from our library, we set

out to confirm their activity with further biophysical studies as well as cell based assays.
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Chapter 7 Biophysical and Cell-based Studies of Positive Screen Results

Do our biophysical characterization methods accurately reflect real-life biological
systems? This is a question that pertains to every experiment in biophysics and
engineering. Our attempt at inducing synthetic molecular evolution succeeded in
producing peptides with an ideal biophysical mechanism of activity for endosomal
escape. The three peptides we selected showed a minimum of a two times increase in
ANTS/DPX (small molecule) leakage at pH 5 over pH 7 and also showed greater TBD
(large molecule) leakage than MelP5 at pH 5. From this point we sought to prove the
connection between our model lipid vesicle system and real biological systems. To
confirm that these peptides could be useful as endosomal escape agents we
characterized them using the model methods described in Chapters 2-5. We
determined both the partitioning free energy at low pH as well as the secondary
structure over a pH range. These peptides exhibited pH-sensitivity in a range close to
that of late endosomes. In addition we examined the pH-dependant leakage of TBD
caused by these peptides and found that in low pH environments they cause a
significant amount of TBD leakage even at low concentrations. The last step was to
prove a correlation between the ideal mechanism of activity and biological significance.
We examined the delivery of both small molecules and macromolecules to two different
types of cells, CHO and HUVEC cells. Our peptides facilitated the delivery of small
molecules and macromolecules to cells. We noted that the effects, however, were at

concentrations that were higher than we anticipated. Due to this fact, we reexamined
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our model systems and discovered limitations and improvements which provide the

basis for future screens and studies.
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7.1 Partitioning Free Energies of Positive Result Peptides

Peptides with the ideal endosomal escape causing mechanism should bind to
membranes only in low pH environments. This fact was postulated in Chapter 4. Studies
with MelP5_A4 and MelP5_A6 confirmed that low partitioning free energy is correlated
to the inhibition of small molecule leakage. It was therefore important to establish that
the first part of our idealized mechanism applied to these new peptides: pHD118,
pHD34, and pHD108. Could these peptides bind to a model endosomal membrane, lipid
vesicles, in a pH-dependant manner? We utilized two methods to determine the
binding coefficients and partitioning free energies in model vesicle systems of PC, 90%
PC 10% PG, and 75% PC 25% CH. The first method followed the same protocols as
described in Chapter 4 above for measuring binding. We added 10uM of a given
peptide to 10 mM sodium phosphate buffer at pH 7 with 100 mM potassium chloride
and to 10 mM sodium acetate buffer at pH 5 with 100 mM potassium chloride.
Increasing amounts of vesicles were added to the solution and the change in tryptophan
fluorescence intensity was measured. The titration method worked well for POPC and
POPC:PG vesicles but not for vesicles containing cholesterol. Cholesterol is known to
interfere with the changes in tryptophan signal with peptides such as Melittin.”® We
devised a new method to determine the rate of peptide binding to PC:CH vesicles. We
mixed 10 uM peptide with 500 uM PC:CH vesicles and then filtered out the vesicles
using 100 kDa molecular weight cutoff filter units. This allowed us to measure the
fluorescence signal from the tryptophan both before vesicle addition as well as after,

allowing us to determine the partitioning coefficient as per the following equation:
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Equation 7.1 The mole fraction partitioning coefficient is equal to the initial fluorescence intensity of
tryptophan (at 335nm) I, minus the fluorescence intensity of the flow-through water (I) divided by the
flow-through intensity times the ratio of the lipid concentration (in molar) to the molarity of water
(55.3Mm)

These methods provided a way of determining the binding free energies of our peptides
to various different vesicles at two different pH values.

The binding data from these experiments is shown below in Table 7.1. Peptides
pHD 118, pHD 34, and pHD 108 much like MelP5_A4 and MelP5_A6 had low partitioning
free energies in pH 7 buffer. For a vesicle concentration of 1 mM (1:100 peptide:lipid
ratio) between 0.5-3% of peptide would be bound to membranes at pH 7. Each of these
peptides bound to membranes much more favorably at pH 5 with an average AAG of -
4.1 kcal/mole lower free energy. At this low pH value 100% binding of the peptides
bound to POPC lipid membranes. The peptides bound nearly as strongly as MelP5 to
lipid vesicles composed of POPC, around AG of -8.0 kcal/mol versus -8.9 kcal/mole. The
optimal peptides selected from this screen fit the binding component of our ideal

mechanism of activity in POPC-based membranes.
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Peptide | PC (pH5) | PC(pH7) | PC:PG PC:CH
pHD118 -8.14 438 | -7.52 -7.04
pHD34 -7.84 -3.42 -7.53
pHD108 -8.02 -3.75 -7.84 -6.88
MelP5 -8.10 890 | -831 -8.81

Table 7.1 Free Energies of Peptide-Membrane Binding Interactions in kcal/mole. This table shows the
binding free energies for the three positive result peptides and MelP5. The binding of MeP5 to PC
membranes was much more favorable than the binding of any other peptide at pH7. MelP5 also did not
show a significant drop in activity depending on lipid composition. Peptides pHD34, pHD118 and pHD108
bound to membranes less favorably at pH7 and also showed decreased binding to PC:CH membranes on
the order of +1.1 kcal/mole.

Cell membranes are not solely composed of POPC, because of this we tested the
binding of our peptides to PC:PG vesicles as well as PC:CH vesicles. We knew that the
POPG lipid head group contains a negatively charged head group. We were unsure if
the charge on this group would interfere with the peptides’ ability to bind to vesicle
membranes. Experimental data showed that the peptides did bind slightly less
favorably to vesicles containing 10% POPG. The AAG of these interactions was +0.4
kcal/mole on average. This change in partitioning free energy would not inhibit the
binding of our peptides to membranes at 1mM vesicle concentration. We concluded
that the effects of POPG in the membrane were negligible. What appeared to
significantly affect that binding free energy was the presence of Cholesterol in the
membrane. The partitioning free energy of the peptides increased by an average AAG
of +1.1 kcal/mol. The parent sequence, MelP5, only had a AAG of +0.1 kcal/mol when
cholesterol was included in vesicles. At a peptide:lipid ratio of 1:100 (1ImM) this might
not correspond to a significant difference, but at one order of magnitude lower

concentration of 0.1 mM this could mean the difference between 100% bound peptide

versus 25% bound peptide. The total concentration of lipids in a seeded slide of cells
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may vary anywhere between 10 uM to 1 mM. If the ultimate application of these
peptides were use as transfection reagents, the change in activity cause by different
lipid compositions of different cell types may prove to be important. Overall, peptides
did bind to membranes in a pH-dependant manner, begging the need to study their

ability to assume secondary structure at different pH values.
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7.2 Secondary Structure of Positive Result Peptides

Peptides pHD118, pHD34, and pHD118 bound to membranes in pH-dependant
manner; did the form secondary structure in a pH-dependant manner as well? We
repeated the methods described in Chapter 4 for measuring the secondary structure
using circular dichroism. Solutions of peptides in 10mM Sodium Phosphate or 10mM
Sodium Acetate buffer were prepared at 10uM in pH values ranging from pH 7 to pH 4.
After an initial scan from 260nm to 185nm 1 mM POPC vesicles (peptide:lipid ratio of
1:100), were added to each sample. We recorded the CD spectrum from 260nm to
185nm again after this addition of vesicles. We anticipated that this method would
allow us to investigate the relationship between vesicle binding and alpha helical
structure formation. Each of these peptides has a strong alpha helical propensity similar
to MelP5. We anticipated that these peptides would, in fact, become alpha helical at
some low pH value.

Our results suggest that all three of these peptides form alpha helical secondary
structure preferentially at low pH values. As shown in Figure 7.1, at pH 7 all of the
positive result peptides exhibit a random coil structure with a characteristic minimum at
200nm. As the pH of the samples decreases, the peptides become increasingly alpha
helical. We took the value at 222nm for each pH and normalized it to the value at pH 4
to be a representation of the % alpha helical content for these L-amino acid peptides.
We plotted this value as a function of pH in Figure 7.1d. Analyzing these results we
determined that the effective pKa of activity was pH 5.5 for peptides pHD118 and

pHD34 and slightly lower at pH 5.0 for peptide pHD108. These values were higher than
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the values found for MelP5 A4 and MelP5 A6 (pH4.8-4.6). Our peptide library
contained members with activity that was more complexly controlled than simply
relying on the pKa of the amino acid side groups. We determined that our three
positive results peptides required not only a low pH value to become protonated and

form alpha helices but also certain other factors as well.
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Figure 7.1 CD Data of pHD Peptides with Vesicles. These data show the CD spectra of pHD118, pHD34,
and pHD108 in the presence of 1mM vesicles. As shown in 7.1d, as the pH decreases the percent alpha
helicity increases. These results indicate that the peptides obtain secondary structure with a midpoint of
aproximatly pH 5.5 as determined by fitting to a sigmoid function.

Complex mechanisms of control were seen not only between the rationally
designed peptides and the positive screen results but also within the screen results
themselves. For peptides pHD34 and pHD118 peptides formed alpha helical secondary
structure with decreasing pH with or without vesicles. This meant that our peptides

formed an alpha helical structure in solution when they became protonated. This result
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was not surprising because some MAPs, like melittin, are hypothesized to be soluble in
aqueous solutions by forming a oligomers, thus gaining a slight amount of alpha helical
content.”” The pattern of structure formation with pHD34 and pHD118 supports the
existence of oligomer structures in buffer. This leads to having alpha helical structure in
the absence of lipids. The third peptide, pHD108, was different. This peptide did not
form a significant amount of alpha helices in solution alone. Even at pH 4 the percent
alpha helicity relative to the maximum was only 25%. With the addition of 1mM lipid
vesicles, however, the alpha helical content increased dramatically. For example, the
depth of the well at 222nm increased 3-fold at pH5 with the addition of 1mM lipids from
-4000 deg-cm?/dmol-residue to -13000 deg-cm’/dmol-residue.  Peptide pHD108
exhibited the same pattern of lipid-dependant secondary structure formation as MelP5;
it was a monomer in solution. We found, however, that titrating in increasing amounts
of lipid, at pH5 for example, did not increase the depth of the well at 222nm. Taken
together these data showed that we could achieve part of the ideal mechanism of

activity, pH-dependant binding and alpha helical structure formation.
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7.3 Biophysical Characterization of Positive Result Peptides by Leakage Assays

The three peptides we selected were chosen because of their ability to allow the
passage of macromolecules across POPC membranes at low pH values. Knowing that
these peptides had our ideal mechanism of activity, we looked to determine the pKa of
this activity. We asked two questions, one about the minimum concentration required
of peptide activity and the other about the pH value at which the peptides become
active. We hypothesized that these peptides could cause efficient endosomal escape.
This meant that the peptides should be active at very low concentrations (low
peptide:lipid ratios) and that they should exhibit a drastic change in activity when they
transition from a neutral pH environment to an environment past their pKa. To answer
these questions we turned back to our model cell membrane system; lipid vesicles
encapsulating TBD vesicles.

In addressing the first question we produced TBD vesicles in 10mM pH 5 sodium
acetate 100mM potassium chloride buffer to find the minimum active concentration.
Our peptides were screened for large scale disruption abilities at pH 5 at an average
concentration of 2.5uM. We reasoned that the minimum active concentration must be
lower than this value. We added each peptide to 3mM vesicles and determined percent
leakage as described by Equation 2.3. All peptides showed greater than 50% leakage at
3uM concentration (1:1000 peptide:lipid ratio) (Figure 7.3). Amazingly, these peptides
vastly outperformed MelP5, which only caused 10-20% leakage at a 3uM concentration
in these experiments. These peptides proved to not only be as active as MelP5 but, in

fact, were more active. The peptides caused detectable leakage at concentrations of
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0.3-0.6uM, almost an order of magnitude lower than in the assay. As a control
experiment, we performed the same assay but first blocked the binding sites on SA with
biotin. In these control experiments the signal from SA did not change, indicating that
the peptides were not inducing aggregation of the reporters. This gave us the hope that
positive library screen results could actually be active in the nanomolar range at the

correct pH value.
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Our second question pertained to what the correct pH range of activity was for
these peptides. Again we encapsulated TBD as a reporter molecule in our model POPC
lipid vesicles. We discovered that these peptides bound to membranes with different
free energies depending on the composition of the membrane. Due to this, we assayed
the leakage from PC lipid vesicles as well as PC:PG and PC:CH vesicles, all over the range
from pH 7 to pH 4. We set the active concentration to be 3uM and used 3mM vesicles
to afford ourselves a 1:1000 peptide:lipid ratio. At this concentration the peptides
should easily disrupt membranes and allow the escape of TBD molecules. Our results

show that the pKa values for the pHD peptides did not vary much. Peptides pHD118 and
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pHD34 had a pKa of 5.75 in POPC vesicles and pHD108 had a pKa of 6.0. For vesicles
containing 10% POPG the pKa was essentially the same as with POPC vesicles, between
6.0-5.75. This was unsurprising because the binding free energies differ by less than 0.5
kcal/mole. What was surprising, however, was the difference in pKa between peptides
in solution with POPC vesicles and peptides in solution with POPC:CH vesicles. The
active pKa of the peptides dropped by an entire pH unit from pH 6.0-5.75 to pH 5.0-4.5.
This made sense considering that the peptides bound more favorably to vesicles in the
absence of cholesterol. The peptides were able to cause 100% leakage at low pH values
even in spite of the cholesterol in the membranes. The pKa likely shifted because much
more of the peptide needed to become protonated in order to achieve the active
concentration. The effect of cholesterol raised the question of how well our model

systems mimicked actual cell endosomes.
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Cell Based Assays with Positive Result Peptides

As a final component of this work we set out to determine if peptides could
induce endosomal escape in a pH dependant manner. We tested whether or not our
peptides were cytotoxic at neutral pH and at what pH could they become cytotoxic. We
looked at the permeabilization of cell membranes to large molecules at both pH 5 and
pH 7. Finally, we performed an endosomal escape assay to examine whether or not
large molecules could escape endosomes in the presence of our peptides. Through
these methods we characterized the actually biological response of real cells to our
peptides.

We determined the cytotoxcicity of our peptides to Chinese Ovarian Hampster
(CHO) cells as well as several other cell types. In CHO cells we used Sytox Green as an
indicator of cell death. Sytox Green is a molecule that cannot readily diffuse across cell
membranes. In the instance of cell permeabilization, Sytox Green can penetrate the cell
membrane and bind to nucleotides within the cell, which increases its fluorescence.’®
We seeded CHO cells at 5*10° cells/well in 8 chamber slides and cultured the cells in
DMEM media for 3 days. For the assay, DMEM was replaced with Phosphate Buffered
Saline adjusted to pH values in a range from pH7 to pH4 and Sytox Green was added to
a final concentration of 1uM. We added peptides to the cells in a concentration of
300uM and determined a percentage of cell death as a function of the percent of
fluorescently labeled cells observed in a microscope. We found that even at a

concentration of 300uM, no cells were labeled with Sytox Green, indicating that the

peptides were not cytotoxic at pH 7. As the pH of the solution decreases, the peptides
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gradually switched from being innocuous to being completely cytotoxic. In addition to
Sytox labeling, significant cell detachment from the surface was observed. Interestingly,
the pH at which the cells transitioned from being inactive to being cytotoxic fell closer to
the pKa in POPC:CH vesicles as opposed to the pKa in POPC vesicles (Figure 7.5).
Mammalian cells contain 25% cholesterol; the lower pKa of activity in cells was an effect
of cholesterol in the membrane. We therefore made a link between our biophysical
models and activity in cells. Sytox green is only a small molecule; we wanted to show

that our peptides could allow the passage of large molecules into these cells.
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Figure 7.5 Sytox Green Staining of Cells. Figure 7.5 shows the methodology of Sytox Gegen Assay of cell
permeabilization. In pH7 PBS buffer with 100uM peptide, cells exhibit small background signal of Sytox
Green with small, punctuate regions on the surface indicating endosomal uptake of the dye. In pH5 PBS
buffer with 100uM peptide, cells exhibit a saturating amount of Sytox Green labeling. The third panel
shows Sytox Green labeling, given as % fluoresceing cells, as a function of pH for peptides pHD118, pHD34
and pHD108. The midpoint pH was found to be the same as the point of pKa for large molecule leakage in
PC:CH vesicles, confirming a connection between vesicle model membranes and biological membranes.

We studied the ability of fluorescently labeled 3kDa Dextran molecules to enter
these cells in the presence of our peptide to show that these peptides could allow
macromolecular passage. Again, we cultured CHO cells at 5*10° cells/well in 8 chamber
slides in DMEM media for 3 days. In these experiments, DMEM media was removed

and PBS adjusted to pH5 was added to the cells. Peptides were added to the solution at
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100uM-300uM along with 1uM Fluorescein labeled 3kDa dextran. Cells were incubated
in this mixture at 37C for 15 minutes, after which time the mixture was removed and
replaced with pH7 PBS. We added 1uM of TAMRA labeled 3kDa dextran to this solution
and allowed the cells to incubate at 37C for 15 minutes. We imaged these cells using a
Confocal Fluorescent Microscope, exciting the sample at 488nm for Fluorescein and at
561nm for TAMRA. We found that Fluorescein signal was confined to the inside of the
cells, indicating that at pH5 the peptides were able to cause disruptions in the
membrane large enough to allow the passage of the dextran molecules (Figure 7.6). The
TAMRA signal was excluded from the cells, also indicating that when the solution pH
increased to pH 7, the cells no longer contained large disruptions. From this we
concluded that our peptides were both able to activate at low pH and disrupt
membranes and were able to deactivate when exposed to a higher pH solution.
Peptides pHD118, pHD108, and pHD34 hold the capability of being used as a systemic
delivery agent which would activate in low pH environments such as an endosome and
would later deactivate inside of the cytosol. With these results we were further
encouraged to attempt studies to examine whether or not our peptides caused efficient

endosomal escape.
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Figure 7.6 Penetration of Cells by Large Molecules. These are representative images of the method
discussed above wherein 3kDa Fluorescein Dextran (FD) was added to cells in pH 5 PBS buffer followed by
washing with pH 7 PBS and addition of 3kDa TAMRA Dextran TA. Without peptides, no significant amount
of Dextran accumulates inside of the cells. With 10uM and 100uM peptides, however, the 3kDa FD which
was added at pH5 gets into cells and the 3kDa TA dextran added at pH7 is excluded. This shows that the
peptides cause large scale disruptions in mammalian cells membranes to allow macromolecular delivery
at low pH.

In our final assay, we tested the ability of pHD118, pHD108 and pHD34 to cause
the escape of macromolecules from endsomes. We cultured CHO cells at 5¥10° in 8
chambered slides with DMEM media for 3 days. After this time period we switched to
DMEM media lacking Fetal Bovine Serum (FBS) because this protein is known to
interfere with uptake of dextrans. To induce endocytosis, we added a mixture of
TAMRA labeled Arg9 (Arg9TA) and Alexafluor488 3kDa dextran to the cells along with
100uM peptides. Arg9TA can bind to the surface of the cells and induce endosomal
uptake of the dextrans and peptides from solution. We incubated cells with this
solution for up to 3 hours and imaged the cells for TAMRA and Alexafluor488 signals at
time points of 15 min, 1 hour, and 3 hours. We found that for control samples, Arg9TA
bound to cell membranes and remained trapped inside of endosomes for the entire
time period of this study. Without the peptide, Alexfluord88 Dextran molecules

remained confined to small endosomes within the cell (Figure 7.7). When peptides
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were included in the samples, endosomes appeared to be much larger, and signal from
the Arg9TA was much less localized. Signal from the Alexafluor488 Dextran appeared
less localized as well and disappeared into the background at long timepoints. The
peptides enabled the escape of dextrans on the order of 3kDa in size. This size range

could be appropriate for siRNA and other macromolecules.

Figure 7.7 Endosomal Escape of Macromolecules Caused by pHD Peptides. Figure 7.9 shows example
images of endosomal escape assays conducted with 500uM peptide. In this experiment, without peptide
Alexafluord88 10kDa dextran and Arg9-TA are clearly trapped inside of endosomes, showing as
yellow/green. With the peptide, after 1-3 hours, vesicles appear mostly red, indicating that the Arg9TA is
bound to the endosomal membrane but that Alexafluor488 has escaped.
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Summary of Chapter 7

In examining the positive results from our screen we were able to establish a
relationship between our biophysical characterization methods and cell based systems.
We saw that these peptides functioned by the ideal mechanism of becoming protonated
at low pH, binding to membranes, and associating to cause disruptions. These results
were confirmed in both POPC vesicles as well as in CHO cells. Importantly, the
difference between the pKa in POPC and the pKa in cells proved to be the same as the
difference between POPC vesicles and POPC:CH vesicles. We were able to justify the
results we saw in cells simply by adding cholesterol to our model membrane system.
Moreover, we succeeded in creating a peptide which can be used with other delivery

systems to cause endosomal escape of macromolecule drug therapies.
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Conclusions

Membrane Active Peptides hold the key to unlocking an array of useful medicines that
cannot otherwise enter the cell. We have shown that MAPs can be categorized by means of
biophysical characterization techniques. In Chapter 1 we discussed how MAPs can be either
transiently destabilizing or stable pore forming peptides. In Chapter 2 we examined how the
extent of membrane activity can be determined by secondary reporter leakage assays. We used
this information in Chapter 3 to design a peptide which would have ideal large, stable pore
forming characteristics. We found that our rationally designed peptides did not work as
intended; stable pore formation and pH-sensitivity are not simply additive properties as
determined in Chapter 4. We used this information to design a peptide library in Chapter 5
which we then screened for a peptide with a combination of large pore forming and pH-
sensitive activities in Chapter 6. Finally, in Chapter 7, we examined several positive result
peptides and found that our biophysical characterization techniques can be used to predict
activity in biological systems. We recommend that the insights generated within this body of
work be used to develop new drug delivery methods using our peptides as guiding key for
nanoparticle drug delivery systems and as the basis for future generations of Membrane Active

Peptides.
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