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Dissertation Advisor: Prof. Lawrence W. Miller Claudia I. Rivera Vera

Peptide-based strategies of delivering semiconductor

nanocrystals into living cells

Abstract
Semiconductor nanocrystals or quantum dots (QDs) possess exceptional optical and
physicochemical properties, for instance, their brightness and long fluorescence lifetimes,
which makes them valuable for live-cell imaging. Due to their large size, QDs do not cross
cell membranes passively, fortunately, this issue can be addressed by coating QDs with
cell penetrating peptides (CPPs) such as the TAT sequence or polyarginine as it has been
reported by several studies from different labs. We could intracellularly deliver CPP
coated red and green emitting QDs, however, as many others have shown, we also found
that endocytosis was the major mechanism of intracellular uptake in HelLa cells, and
consequently, QDs remained trapped inside the endosomes without being able to reach

the cytosol.

In this thesis, | designed and synthesized a few peptides with purported potential
endosomal escape activity. These peptides were conjugated to the QD surface, and we
showed that a peptide derived from Aurein 1.2 and a polyamine derivative significantly
enhanced the endosomal escape of our QD bioconjugates in live cell studies. Further, we
developed a FRET (Forster resonance energy transfer)-based method to quantify the
endosomal escape triggered by the Aurein 1.2, polyamine, and palmitoyl peptides

respectively, along with a small protein (HA2) derived from the influenza virus. Our FRET

XX



sensor system is comprised of a QD (as the FRET donor) linked to a rhodamine labeled
peptide (as the FRET acceptor) through a disulfide bond, and thus, rendering a ratiometric
FRET system that measures the extent of endosomal escape by the change in red/green

signal upon disulfide bond cleavage by cytosolic glutathione.

Collectively, our qualitative and quantitative microscopy studies indicate that both, Aurein
1.2, as well as a polyamine peptide | designed from scratch, do enhance endosomal
escape of QDs in live-cell studies. | also performed more than 95% of the synthetic work

displayed in this thesis.
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:I Introduction

1.1 Introduction

Therapeutic and imaging nanopatrticles are part of a new growing field in nanomedicine,
in fact, by 2016 the FDA had already approved 51 nanomedicines, among them
liposomal, polymeric and nanocrystal formulations.!

Nanoparticle size (1-100 nm), shape, and surface chemistry directly affect the potential
for accumulation in different tissues and for cellular uptake. It is well known that
endocytosis is the major mechanism of internalization of nanopatrticles, thus, to realize
the intended therapeutic effect, nanoparticles must escape the endosomes to reach the
cytosolic environment. Since nanopatrticles have a large surface area, and given the large
amount of bioconjugation chemistries available, it is possible to tailor their design at the
synthetic stage to include ligands that enhance or trigger their escape from the
endolysosomal system, however, a major obstacle is the lack of methods to quantify
endosomal escape. In this chapter, | present an overview of the properties of quantum
dots and their ability to act as imaging agents, nanoscaffolds for bioconjugation and

Forster Resonance Energy Transfer (FRET) donors.

Then an overview of methods used for their intracellular delivery is described, followed
by a review on the endocytosis of nanoparticles and mechanisms of endosomal escape.
Last, | describe current procedures used to measure endosomal escape and the need to
develop a method to quantify (section 1.10) and compare (section 1.11) the endosomal

escape abilities of different bioconjugatable endosomolytic ligands.



1.2 Quantum dots and their application in microscopy.

Quantum dots (QDs) are semiconductor nanocrystals with unique optical and
physicochemical properties due to quantum confinement effects.? For example, they have
broad absorption spectra, large extinction coefficients , tunable and narrow
photoluminescence (PL) as a function of their size, improved resistance to

photobleaching high emission quantum yields, and long fluorescence lifetimes, which

makes them useful for bioimaging and biosensing applications in cellular biology? (Figure

1.1).
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Figure 1.1. (A) Schematic drawing of core-shell QD. (B) The smaller QDs of the same material
emit lower PL wavelengths. Figure adapted from Chem. Soc. Rev., 2015, 44, 4792-4834).



QDs are composed of 10— 10%atoms, are roughly spherical in shape, and their size
typically ranges from 1-10 nm in diameter#®. In this work, we employed QDs with a CdS
core and ZnS shell due to their well-known properties and established synthetic methods’
10 although there are several other choices such as core CdS and CdTe, whose synthetic
methods are well developed. The large surface area of QDs allows them to assemble and
display multiple copies of biomolecules to either reach a target or to sense a biological
event upon their intracellular delivery (methods of delivery discussed further in section
1.6). By choosing the appropriate surface ligands QDs are made biocompatible and even

resistant to a wide pH range (Figure 1.2).
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Figure 1.2. QDs can be made biocompatible (A). An example of a coating ligand that makes QDs
stable at low pH (B).

Besides their ability to be bioconjugated, in this work we have exploited the ability of
green emitting QDs to act as FRET donors when coupled with a matching red
rhodamine FRET acceptor to sense and report an intracellular event by a change in

their emission wavelength.



1.3 The FRET Principle

Forster Resonance Energy Transfer (FRET) is a physical phenomenon that relies on the
radiationless transmission of excitation energy from a donor to an acceptor molecule. This
transfer of energy is highly distance-dependent and occurs over distances of 10-100 A
between donor and acceptor, without any molecular collision and without conversion to
thermal energy. The electronic excitation energy of a donor (D) is transferred -without
photons being involved-to a ground state acceptor (A) via dipole—dipole interactions. The
dipoles of interest are the transition moments associated with donor relaxation and
acceptor excitation.!! In general, a pair of entities or molecules that interact in a such a
way that FRET occurs is referred to as a donor/acceptor pair. The primary conditions that
need to be met for FRET occur are the following: a) The donor and acceptor molecules
must be near one another (10-100 A). b) The absorption or excitation spectrum of the
acceptor must overlap the fluorescence emission spectrum of the donor, and the degree
to which they overlap is referred to as the spectral overlap integral (J) (Figure 1.3) and

c¢) The donor and acceptor transition dipole orientations must be approximately parallel?.
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Figure 1.3. Schematic representation of the spectral overlap integral?



If the donor-acceptor pairs are compatible (as shown in Figure 1.3) , the most critical
element necessary for FRET to occur is proximity of the pairs. The FRET efficiency of the
process (E) depends on the inverse sixth-distance between the donor and acceptor

(Equation 1)*3

E = Ro% (Ro® + rf) (Eq. 1)

Where Ro is the Forster distance at which half the energy is transferred, and r is the
actual distance between donor and acceptor. Also, Ro is dependent on the fluorescence
guantum yield of the donor in the absence of the acceptor (fd), the refractive index of the
solution (n), the dipole angular orientation of each molecule (k?), and the spectral overlap

integral of the donor and acceptor (J). (Equation 2) 13

Ro = 9.78 x 103(n * fd* k2*J)1/6 A (Eq. 2)

FRET can be detected by the appearance of fluorescence of the acceptor oy by
guenching of the donor fluorescence. The way fluorophore donors emit a photon in the
absence of a FRET acceptor is as follows: with appropriate excitation, the electrons of
the donor jump from the ground state (S0) to a higher vibrational level. Within picoseconds
these electrons decay to the lowest vibrational level (S1) and eventually, within
nanoseconds they decay back to the SO state and a photon of light is emitted (Figure

1.4).



In contrast, when there is a fluorescent donor in the presence of a matching FRET
acceptor, two processes will compete for the decay of excitation energy; the donor
fluorescence decay and the energy transfer to the acceptor. With Forster resonance
energy transfer, the photon from the fluorescent donor is not emitted, but instead, the
energy is transferred to the acceptor, exciting its electrons and emitting a photon after

returning to their ground state.
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Figure 1.4. Schematic depicting electron vibrational energy
states that occur during FRET*2



1.4 QDs as FRET donors

QDs are continuously used as FRET donors because of the following features: (i) their
broad absorption spectra and large molar absorption coefficients, (ii) their narrow, size
tunable PL with good quantum yields and (iii) their large and biochemically accessible
area.!! QDs capacity to absorb energy increases as the excitation moves towards shorter
wavelengths. This attribute is desirable because it decreases the chances of directly
exciting the acceptor dye by choosing a QD excitation wavelength as far as possible from

the acceptor absorption band.

Besides their size-tunable PL, QDs are ideal donors because the rate of FRET and its
overall efficiency becomes larger due to their much higher quantum yield when compared
to regular fluorophore donors. Also, their narrow PL allows to maximize the resolution of
the FRET sensitized emission from the acceptor with minimal overlap between the QD
emission and the acceptor emission. It is also possible to simultaneously excite different
colors of QD donors at a single wavelength and therefore, transfer energy to their

corresponding FRET acceptors to allow for highly multiplexed studies.? 1420

Since QDs have a large surface area, it is possible to use bioconjugation to assemble
multiple FRET acceptors around a single QD donor, however, there are some alterations
to the standard FRET model (Equation 2, Section 1.3) that should be considered when a

single QD donor simultaneously interacts with multiple (a) acceptors.



Thus, if all acceptors are located at the same distance from the QD donor, the FRET

efficiency is expressed as shown in Equation 3:

E = aRo% (aRof + 1% , where a =number of acceptors (Eg. 3)

The rate of FRET between the QD donor and dye acceptor is still the same, however,
since multiple acceptors are introduced, according to Equation 3, the net rate of FRET

from the QD donor to any acceptor increases.!

Any process that affects the energy transfer rate from QD donor to a FRET acceptor(s)
can be quantified,?! therefore, the transfer of energy from a green QD donor to a red
rhodamine acceptor would lead to a reduction in the donor fluorescence (and excited
lifetime), and an increase in the rhodamine acceptor emission intensity. This last process
can be quantified, and therefore provide information about biochemical events such as
the disulfide bond reduction of the red rhodamine acceptor from the green QD donor by

cytosolic glutathione.



1.5 Our bioconjugation method

Bioconjugation is the process by which biological molecules are assembled on to the QD
surface. This is a critical step as it directly impacts the QD-bioconjugate’s final function,
structure and hydrodynamic radius.?? There are plenty of QD bioconjugation chemistries
described to date,® 2231 regardless the technique used it should provide control over (1)
the ratio of biological per QD (valence); (2) the orientation of the biological on the QD; (3)
the separation distance between QD and biological; (4) affinity of their interaction;
moreover, (5) the orientation should be homogeneous for most biologicals; and (6) the

chemistry used should be broadly applicable with most forms of QDs and biologicals.32

DHLA al DHLA PEG1000
L/

Figure 1.5. Metal-Affinity Driven Self-Assembly between
Proteins or Peptides and CdSe - ZnS QDs.*

In this work we chose polyhistidine-based self-assembly as our bioconjugation platform
of peptide ligands to the QD surface (Figure 1.5) , for several reasons; the self-assembly

occurs rapidly within minutes after mixing, it is equally efficient when using QDs capped
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with small, negatively charged DHLA or neutral PEG ligands, has a high affinity
equilibrium constant in solution (Ka~ 1 nM), and allows for control over the number of
ligands arrayed on a single QD through modulation of the molar ratios of the QDs and
ligands mixed.34 This bioconjugation relies on the strong affinity coordination of Zn (from
the ZnS QD surface) to the nitrogen atoms on the peptide polyhistidine tag2?, and it has
already been proved to be effective multiple times on the assembly of peptides, DNA

conjugates and proteins on QDs to generate sensor systems.35-38

1.6 Methods utilized for intracellular delivery of QDs

Several strategies have been used for the intracellular delivery of QDs for bioimaging,
based on their physicochemical nature these strategies are classified in three major
categories; Passive QD delivery utilizes the inherent physical properties of the QD
material such as surface coating and charge, to enable uptake. Facilitated QD delivery
relies on the decoration of the QD surface with a polymer or biological (e.g., peptide,
protein), to drive initial interactions of the QD with plasma membrane and ultimately its
internalization, mostly by endocytosis. Active QD delivery which involves the direct,
physical manipulation of the cell (e.g., microinjection) to introduce the QD to the cellular

environment.32

In this work, we used CPPs to mediate the facilitated delivery of QD-bioconjugates. For
an overview of the methods reported to date and targeted cell lines Table 1.1 is presented

in the next page.
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Strategy Mechanism Examples Targeted Cells
His-Arg-rich peptide A549 (lung adenocarcinoma; cytosol)
gH625 (Herpes simplex ) ]
) ) ) HeLa (cervical adenocarcinoma; cytosol)
virus derived-peptide)
) HEK, COS-1, A549, primary fibroblast,
) ] JB577 peptide . )
Peptide-mediated ) chick embryo, rat hippocampal neurons
(palmitoylated)
(cytosol)
Hph-1 (Arg-rich) MDA-MB-435 (breast carcinoma)
LAH, sweet arrow peptide COS-1 (African green monkey kidney)
Chemoselective peptides A549
Positively charged protein CD133*, CD34*, CD14*, mesenchymal
Facilitated domains stem cells
Protein i _
delivery SV40 virus particles Vero cells
Baculovirus U87 human glioma
Cross-linked methacrylte HelLa
. L929 (murine fibrosarcoma)
Chitosan i
Polymer MDA-MB-231, MCF-7 (breast carcinoma)
Liposomes B16F10 (mouse melanoma)
Triblock copolymer Panc-1
Hela, Araki Sasaki (human corneal
Lactose o
epithelium)
Small molecule
Galactose HepG2 (hepatocyte), MCF-7
Gambogic acid HepG2
Nanoneedle injection HelLa
Reversible membrane )
o Rat cardiomyocyte (H9C2)
permeabilization
Active Nanochannel
. . A549
delivery electroporation
Nanoblade HelLa
Microfluidic cell
HelLa
‘squeezing’
Human primary epithelial
Passive QD surface Mouse primary chromaffin cells
uptake character/charge THP-1, HEp-2, AGS, A549

Mouse HT-1080 tumor model

Table 1.1. Methods Utilized for the Intracellular Delivery of Quantum Dots.*? (adapted from
reference 32, page 136.
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1.7 Endocytosis of Nanoparticles

Unless QDs are introduced to the cytosol by an active delivery method such as
microinjection, the main internalization route will include some type of endocytosis.

Endocytosis is a natural biological process that starts with the invagination of the plasma
membrane to form vesicles or endosomes (through membrane fission) that internalize
extracellular fluid, macromolecules, solutes, receptors, particles and plasma membrane
components into the cytosol. These vesicular endosomes traffic and deliver to organelles,
recycle, and discard unwanted components. Endocytosis is a vital function that regulates
numerous pathways in the cell by sorting, processing, recycling, storing, activating,

silencing, and degrading incoming materials and receptors.3°

Because endocytosis is the leading mechanism of uptake for nanoparticles into cells, 4%
42 it is important to understand the major endocytic mechanisms among them, those that
are clathrin-dependent / independent, mediated by caveloae or involve some form of

pinocytosis or phagocytosis.*346

It is well-known that almost all QD-bioconjugates internalized by peptide-mediated
delivery are taken up into cells by endocytosis and consequently remain trapped in the

endolysosomal system without access to the cytosol.44 47-50

To better design QD-bioconjugates that can reach the cytosol by their facilitated delivery,
it is necessary to review the basic mechanisms of endocytosis. A general overview is

described in Figure 1.6.
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Figure 1.6. Multiple entry endocytic mechanisms operate in the cellular uptake of
nanoparticles. Particles are internalized into clathrin or caveolin coated vesicles, or by using a
clathrin/caveolin-independent mechanism. EEAL binds to RAB5 on the vesicle surface, and tethers
them to RABS5-positive early endosomes. The pH drops to ~6.3 and cargo is either recycled back
to the surface or transferred to RAB7-positive late endosomes (pH ~ 5.5). Consequently, trapped
particles are trafficked to the lysosome (pH ~ 4.7) where they are broken down by acid hydrolases.
On the other hand, membrane fusion and direct translocation across the membrane, are alternative
non-endocytic entry mechanism that bypass endocytosis.>! Adapted from reference 51.
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As Figure 1.6 depicts, succeeding endocytosis at the cell membrane, a signaling protein
termed Rab 5 binds to the endocytic vesicle on the cytoplasmic side. Rab 5 then interacts
with EEA1 on early endosomes, which tethers to the surface of the vesicle and draws it

in to fuse with the early endosome.>?

V-type H+ ATPases rapidly acidify the endocytic vesicles,*® lowering the pH from an
extracellular pH of 7.4 down to ~6.3.>* The initial fate of clathrin-and caveolin dependent
or -independent vesicles is similar in most cell lines, with fusion to early endosomes taking

place within minutes of internalization.>®

Endosomes can follow either of two pathways, where they get recycled back to the cell
surface or they continue to acidify to pH 5.5 in late endosomes and vesicular bodies
before undergoing fusion with lysosomes where the pH = 4.7.54 Lysosomes contain a
range of acid hydrolases, including nucleases, esterases, proteases and lipases, as their
main function is to degrade incoming material, ¢ as a consequence, nanoparticles that

are transferred to the lysosome are subjected to these enzymes, degrading their cargo.®’

1.8 Mechanisms of endosomal escape

There are several reported mechanisms to induce endosomal escape,®® the three major
strategies are described in the subsequent sections. For efficient delivery to the
cytoplasm, it is very probable that more than one mechanisms of endosomal escape are

required.
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1.8.1 Proton Sponge Effect and Osmotic Lysis

This is the mechanism by which basic and polycationic materials such as PAMAM
dendrimers®, PEI% and chloroquine®%? are theorized to escape the endosomes,
however, this mechanism is currently highly debated. The proton sponge theory is
founded on the buffering effect of polymers with a pKa in a physiologically relevant pH.
Thus, it is conceived that when polyamines get endocytosed, H* ions are pumped into the
endosomes/lysosomes, while also transporting CI'* anions to attain a charge balance. As
a result, the osmotic pressure inside the endocytic vesicle increases until it eventually

bursts the endosome/ lysosome, (Figure 1.7 a).58

Although this has been demonstrated to be the operating mechanism for the
endosomolytic base chloroquine, this theory is not general as there are several reported
polymers with buffering capacity within the 5-7 pH range that are incapable on inducing
endosomal escape.®® Which means that while a change in pH is a key step, it should not
be considered as the only event responsible for osmotic lysis, instead consequent events
induced by a drop in the pH must be accounted for, such as conformational changes and

membrane interactions of the trapped material.

The role of osmotic pressure upon the disassembly of nanoparticles trapped in
endosomes has been described in an alternative way,® in which the authors explain that
the rupture of endosomes by some nanoparticles is due to the osmotic shock generated
upon their disassembly into their polymer unit components, rather than due to protonation

and swelling of the polymer.®®
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1.8.2 Membrane Fusion

Enveloped viruses escape from endosomes by triggering the fusion of their viral
membranes with the endosomal membrane as a strategy to internalize their viral capsid
into the cytoplasm.®® Liposomes are assembled from lipids or amphiphilic materials, and
also have a phospholipid bilayer that can fuse with the endosomal membrane by inverting

their structure and delivering the cargo to the cytoplasm®’-68 (Figure 1.7 b).

1.8.3 Membrane Disruption and Pore Formation

There are reports of polymers,° and peptides’ that can directly interact and destabilize
the endosomal membrane by creating defined pores, therefore releasing a trapped cargo.
Peptides that self-assemble across the membrane also create defined pores,’!72
however, this technique is somewhat limited as transmembrane pores are within 1~2
nm.”® An alternative is the non-natural designed peptide GALA which can induce the

release of larger cargos (~ 5000 Da).”* (Figure 1.7 c)

A growing amount of data supports the theory that polymers induce escape by direct
interaction with membranes (Figure 1.7 d) by either insertion into membranes (and
therefore with asymmetry interference),”* by membrane thinning” or by hole formation.”>-
6 The membrane insertion and subsequent membrane disruption observed in polyanionic
polymers is ascribed to an increase in lipophilicity by protonation of carboxylate groups

the acidic endosomal environment.%°



17

(a) Proton Sponge Effect

Pressure

Swelling
and Rupture

(b) Membrane Fusion

Zwitterionic Cationi; lipid
luminal lipids \ carner ®
4
0.*
© 5
e
Anionic
cytoplasmic
lipids
Release
of cargo
(C) Peptide Pore Formation =g
Release
of cargo
/ ;
Pore-forming Self-assembled
peptides pores
(d) Polymer-induced Disruption Membrane Disruption Polymer-membrane

interactions Membrane
disruption

Polymeric carier

Degredation of cargo
of carrier

Figure 1.7. Mechanisms of endosomal escape. (a) Proton sponge effect—Buffering polymers
get protonated, as protons are driven into endosomes by ATPases. Chloride ions are also pumped
in to maintain the charge balance. As ion concentration increases, the endosome swells and the
osmotic pressure eventually ruptures the membrane. (b) Membrane fusion—Anionic lipids on the
cytoplasmic side of the endosomes reorganize to form a neutral ion pair with positively charged
lipids of the carrier, causing membrane destabilization. The membranes fuse and let the cargo
move into the cytoplasm.(c) Pore formation—Some peptides self-assemble in the lipid membrane
shaping pores that enable small size therapeutics to escape. (d) Membrane disruption—Polymers
or peptides cause endosome disruption by directly interacting with the inner membrane, allowing
cargo to escape.®* Adapted from reference 51.
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1.9 Current methods to quantify endosomal escape

To date, there are five major methods by which endosomal escape efficiency is quantified
regardless the mechanism of endocytosis. These methods are biological activity in
cytosol, cellular fractionation, intracellular fluorescence profile, fluorescent
microenvironment sensors, real-time visualization of endosomal escape, colocalization
and visual assessment by electron microscopy. They are all described in more detail in

the following sections.

1.9.1 Biological Activity

This method can be used as an indirect measurement of endosomal escape. After cellular
uptake by endocytosis, followed by endosomal escape, the cargo must dissociate from
its carrier to reach an intracellular target, and in the case of DNA, continue the path to
translocate from the cytosol to the nucleus, to undergo transcription, translation and
eventually cause a measurable change on the host cell. Examples of measurable
changes are: expression levels of a reporter gene, knockdown of a reporter gene, or

enzymatic activity.

The measurable change is the last in a chain of sequential events after cargo uptake, and
it cannot occur without endosomal escape, which is why it is considered an indirect way
to quantify escape. Biological activity has been used to quantify the escape of different
biological cargoes such as: mRNA,”” siRNA,’® B-galactosidase,’”® and antigenic

proteins.® (See Table 1.2 as a reference for measuring techniques).
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1.9.2 Cellular fractionation

After endocytosis of the cargo, cells are processed by separation of their cytosolic and
endosomal components. After that, the amount of cargo in the separated fractions is
analyzed in vitro. Some examples of cargoes quantified by cellular fractionation are:
nucleic acids,®' siRNA,®? fluorescently labeled dextrans, 8 radioactive pDNA® and
proteins.8 This methodology is useful if the cargo is measurable (Table 1.3).

Although high throughput quantification is feasible, the process of cellular fractionation
requires intensive labor and extreme care to not cross contaminate endosomal and

cytosolic fractions.

1.9.3 Fluorescence microscopy

This is the most used method to estimate the efficiency of endosomal escape since it has
become relatively easier to label cargos and carriers with fluorescent dyes. If the material
being endocytosed is small, the Intracellular fluorescence profile provides useful
information on its escape ability , for example, a diffuse fluorescent pattern is an indication
of endosomal escape and diffusion throughout the cytosol, in contrast, a punctate pattern
is an indication of either particle aggregation or endosomal entrapment. The intracellular
fluorescent profile is a preliminary qualitative assay. There have been a few reports®6-88
of methods that attempted to quantify endosomal escape in a mixed punctate and diffuse

fluorescence pattern, however they are hard to implement (Table 1.4).
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Fluorescent probes that are sensitive to their microenvironment, can reveal information
on relevant physiological events such as a change in pH, or a change in reductive
environment. Fluorescent microenvironment sensors are useful ratiometric probes since
their emission is affected by their environment, such change in emission can be measured
and compared to a standard curve. Because the cytosolic pH is different from the
endolysosomal pH , fluorescent microenvironment sensors have been used to indirectly
measure endosomal escape, however, to relate fluorescence emission ratio to pH a

standard curve is needed. 8 (Table 1.4).

Different techniques used to monitor cargo displacement to the cytosol (endosomal escape)
Measuring , ,
Method . Use Pro’s Con’s
technique
Knockdown of reporter | -In vivo measurements - Indirect measure
RT-PCR or house-keeping gene -Easy high-throughput - Fixed end time-point
by siRNA quantification - Limited to siRNA
- Expression or - Applicable to different
knockdown of reporter cargo - Indirect measure
Spectro/luminometer gene - Easy read-out - Population average
- -E high-th h - Fixed end time-point
- Enzyme activity asy |g. .t rgug put x I pot
guantification
- Applicable to different
. . cargo
BIO|OgIC&| . - Fast and easy read-
Activit - Expression or out - Indirect measure
cuvi Fl knock f . . . :
. y ow cytometry noc dowgnc; reporter - Easy high-throughput - Fixed end time-point
in cytosol g quantification
- Single-cell
measurements
) - Live-cell )
- Detection of IL-2 mea:;ereiﬁent - Indirect measure
ELISA secretion as antigen . - Limited to antigen
. - Easy high-throughput .
presentation assay e delivery to APCs
guantification
- Indirect measure
Immunostaining of L .
Immunofluorescence SIINFEKL as antigen . - Limited to antigen
microscopy ) 9 - Easy high-throughput delivery to APCs
presentation assay quantification . . .
- Fixed end time-point

Table 1.2. Biological activity methods to measure endosomal escape.®® Adapted from ref. 90
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Different techniques used to monitor cargo displacement to the cytosol (endosomal escape)

Method Measqung Use Pro’s Con’s
technique
- Cytosol <> . .
- Labor-intensive cellular
endosomes fractionation
Quantitative PCR - Amount of DNA - Easy hlgh-.thrc.)ughput - Carrier-bound DNA?
guantification ) . .
. - Fixed end time-point
- In vivo measurements
- Cytosol <> - Labor-intensive cellular
. . endosomes fractionation
- Amount of biologically ) L
Cellular Stem-loop PCR active siRNA bound to - Basy high-throughput - Immunoprecipitation
] . RISC quantification step necessary
fractionation - In vivo measurements - Fixed end time-point

- Only active cargo

- Limited to siRNA

- Amount of DNA

Radio-activity

- Amount of proteins

- Cytosol <>
endosomes

- Easy high-throughput
guantification

- In vivo measurements

- Labor-intensive cellular

fractionation

Table 1.3. Cellular fractionation methods to measure endosomal escape.®® Adapted from ref. 90

Different techniques used to monitor cargo displacement to the cytosol (endosomal escape)

Measurin
Method . 9 Use Pro’s Con’s
technique
Intracellular | Wide fiel i- ; i - | <> -
tracellula de field ep - Visual scoring Cytoso - Limited to small cargo
fluorescence | fluorescence or endosomes - e
. - Difficult quantification
profile confocal o - Easy read-out - Eluorescent labelin
microscopy - Quantification - Specific labeling g
- Measure reductive - Indirect measure
> Fluorescent environment - Easy read-out - Standard curve
o . . Fluorescence " .
o microenvironment microsco - Specific labeling necessary
8 sensors Py - Measure difference - Live cells - No quantification
o in pH - Fluorescent labeling
Q
= Real-time - Visuali i - Cytosol <>
o visualization of V|sual|dze bursting of endosomes - Limited to small cargo
(&) Live-cell video endosomes - Mechanism of - Low throughput
c endosomal : e
) escape microscopy _Visualize fusion with endosomal escape guantification
8 q - Live cells - Fluorescent labeling
o endosomes - Specific labeling
(@) Difficult quantification
> ) . - Cytosol <> .
e - Visual scoring - Fluorescent labeling
LL endosomes .
- Confocal - Limited temporal
Colocalization . - Easy read-out h
microscopy " . resolution
tificati - Specific labeling - Fixation sometimes
- Quantification - All cargo
necessary
- Very high resolution - Fixation artifacts
) Electron ) . ;
Visual assessment MICrosco - Visual scoring - Labeling not always - Low throughput
Py necessary guantification

Table 1.4. Fluorescence microscopy methods to measure endosomal escape. %
Adapted from ref.90.
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1.10 The need to develop a method to assess endosomal escape efficiency

As described in the previous section, there are a few methods that directly or indirectly
measure endosomal escape, for example indirect measurements, such as the biological
activity of a biologically active cargo, must trigger the expression or knockdown of a
reporter gene upon delivery, which can be measured by RT-PCR, spectrometer or flow
cytometry techniques.®® Direct methods such as cellular fractionation, require labor
intensive cellular fractionation and caution should be taken not to cross-contaminate
cytosolic with vesicular fractions.®! Visual assessment of endosomal escape by a high-
resolution technique such as electron microscopy,® although reliable, it is not scalable

for high throughput analysis.

Since most nanoparticles can be fluorescently labeled, analysis by fluorescent
microscopy methods is highly preferred for discriminating cytosolic from endosomal
cargo, however the quantitative analysis of escape by nanoparticles is still difficult (Tables
1.2-1.4), hence the need for a quantitative method that can report when a delivered
nanoparticle probe escapes the endosome and reaches the cytosol. Taking advantage
of QDs intrinsic fluorescence, their ability to serve as nanoscaffolds for bioconjugation,
and their capacity to participate in FRET, we have developed a ratiometric-FRET sensor
that allows us to detect, quantify and compare the amount of escape facilitated by
endosomolytic peptides. The change of QD emission is caused by the disulfide bond
cleavage between the QD FRET donor and a Rhodamine FRET acceptor by the reductive

environment in the cytosol.
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1.11 Aim and scope

We aim to design, develop and test a ratiometric FRET system -where QD is the FRET
donor and rhodamine is the FRET acceptor- that allows to measure the extent of
endosomal escape by the change in red/green signal upon disulfide bond cleavage by
cytosolic glutathione. In this study we tested three peptides, one protein derived from the
influenza virus and a highly endosomolytic small molecule (chloroquine) as a control to

evaluate our ratiometric sensor (Figure 1.8).
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Figure 1.8 Our ratiometric FRET sensor design.
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1.12 Significance

We have developed a ratiometric-FRET sensor that allows us to detect, quantify and
compare the amount of endosomal escape facilitated by different peptides. Our sensor is
equipped with a green QD FRET donor with a large surface area to conjugate peptide
ligands; a cell penetrating peptide to facilitate intracellular delivery; an endosomolytic
peptide to facilitate endosomal escape; a red rhodamine FRET acceptor linked to the QD
through a reducible disulfide bond. When our ratiometric sensor escapes the endosomes,
the disulfide bond between donor and acceptor gets cleaved by cytosolic glutathione, as
a result, the red/green signal ratio changes. This ratiometric analysis can be detected and
guantified at different time points in live-cells, therefore, providing information on escape

events regardless the cellular uptake or endosomal escape mechanism.

1.13 Thesis overview

In this thesis, | describe the different stages involved in the development of a ratiometric
FRET sensor capable of detecting and quantifying the endosomal escape ability of four
different purported endosomolytic biomolecules and a small molecule positive control
(chloroquine). Overall, | provide the pertinent supporting information from conception to

development to the final prototype of our ratiometric FRET sensor.

In Chapter 2, | demonstrate that we can reproduce what has been published in other
reports regarding the facilitated CPP-mediated delivery of QD bioconjugates to live cells.
Micrographs show that our QD-bioconjugate colocalize with a red-transferrin endosomal

marker, supporting that our QD probe gets internalized through endocytosis. | also
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provide preliminary data from confocal microscopy analysis (Chapter 2) that suggests that
the active membrane peptide Aurein 1.2 and the fusion protein HA2 may serve as

endosomal escape agents.

In Chapter 3, | provide data that shows the spectral match between green QD donor and
red rhodamine acceptor, and their ability to participate in FRET. | also demonstrate the
recovery on green QD emission upon disulfide bond cleavage of the QD-Rhodamine
FRET pair, therefore validating our sensor system. Additionally, in Chapter 3, from
spectrofluorimetric data, | show the extent to which several dark quenchers participate as

FRET acceptors with green and red QD donors.

It is worth to mention that synthesis was a major component of this project. Along the
way, | found countless roadblocks to successfully synthesize all the peptide ligands
presented in here, therefore, in Chapter 4, | show a sample of unproductive but
informative synthetic routes that gave me the necessary input to re-design and execute
new approaches to afford all peptides discussed throughout this dissertation, mass

spectrometry data is also provided.
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2 Testing the peptide-facilitated delivery of quantum dots to the cellular
cytosol

2.1 Introduction

Our group has demonstrated that cell penetrating peptides, CPPs, (including Arge and
Tat) can facilitate the delivery of trimethoprim-terbium complexes to an intracellular
protein target (eDHFR).®> Due to the useful properties of lanthanides (narrow,
multiwavelength emission, and long-luminescent lifetime), the selective labeling of
eDHFR by the luminescent trimethoprim-terbium complex could be imaged by time-gated
microscopy. Semiconductor quantum dots (QDs) are luminescent nanocrystals that offer
an alternative for bioimaging and biosensing due to their unique photophysical and
physicochemical properties, such as, broad absorption spectra, narrow and tunable
photoluminescence (PL), large extinction coefficients, high emission quantum yields,

improved resistance against photobleaching, and long fluorescence lifetimes.®*

QDs are not intrinsically cell permeable, as a result, they are delivered to the cytosol by
either of the following modalities. Passive QD delivery utilizes the inherent physical
properties of the QD material such as surface coating and charge, to enable uptake.
Facilitated QD delivery relies on the decoration of the QD surface with a polymer or
biological (e.g., peptide, protein), to drive initial interactions of the QD with plasma
membrane and ultimately its internalization, mostly by endocytosis. Active QD delivery
which involves the direct, physical manipulation of the cell (e.g., microinjection) to
introduce the QD to the cellular environment. 32 Intracellular delivery of QDs by
microinjection has proved fruitful in our research group for example, by actively delivering

properly functionalized QDs, it was possible to exploit Th-to-QD FRET for biomolecular
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imaging in live-cell studies®, to develop an hypoxia®® and a H2S sensor®’ respectively.
Although invasive and to some extent cell damaging, active delivery of QDs is still
convenient as it circumvents endocytosis.?® A well-established approach to facilitate QD
delivery utilizes a cell penetrating peptide (CPP) with high arginine content, derived from
the HIV-1 Tat protein.®® The peptide can easily be bioconjugated to the QD surface via
non-covalent metal affinity coordination between a polyhistidine tag on either end of the
peptide and the Zn?* atoms on the QD surface. This assembly strategy is facile and
convenient since it takes minutes, and it allows for control on the number of peptides

assembled to the QD surface by controlling QD: peptide molar ratios.33

We and others, 9108 have observed that upon incubation at 37 °C in ~1 h, live cells
readily internalize QD-polyarginine or QD-TAT assemblies, however, almost all QD
materials are taken in by endocytosis and consequently, remain trapped in the
endosomes. A few others have reported the successful facilitated delivery of QDs to the
cytosol either by employing peptides found in screening studies®®3 or by using lytic

peptides derived from viral proteins.114-119

From microscopy and colocalization studies, we found a clear difference between the
facilitated intracellular delivery and apparent escape ability of QD:CPP versus

QD:CPP:EE. The results are shown and discussed in the following sections.

While both, the wild type HA2 viral protein® and the Aurein 1.2 peptide'?® have been
studied for their endosomolytic activity, their ability to promote the endosomal escape of

QD-CPP complexes has not been reported.
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2.2 Results and Discussion

2.2.1 Formation of QD-Biomolecule Assemblies

QD bioconjugates were formed by mixing the (His)s- biomolecule with CL4 capped QDs
for at least 30 min prior to use. This allows the ligands to self-assemble onto the QD
surface via metal affinity coordination between Zn*? on the ZnS QD surface and the
nitrogen atoms on the imidazole ring of the polyhistidine tag. This bioconjugation method
takes minutes and it is reliable since the dissociation constant of this interaction is
estimated to be stronger than most antigen-antibody interactions (Kg> 10°M).2
Additionally, the desired number of ligands per QD can easily be controlled by using the
appropriate molar ratios of the ligand (polyhistidine-peptide or protein) and the QD stock
solutions.? Self-assembled QD-bioconjugates were prepared by incubating stock
solutions of 2 uM QD-CL4 with appropriate molar ratios of pure and desalted

polyhistidine-peptide (or protein) in 1X PBS buffer (pH= 7.4) for 30 min to 1h.
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Figure 2.1. Bioconjugation via metal-affinity coordination.
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2.2.2 Titration of CPPs per quantum dot needed to facilitate intracellular delivery
To determine the efficiency of CPP-mediated internalization, HelLa cells were incubated
with 550-nm QD-CPPs bioconjugates assembled at 1:5, 1:10, 1:15 and 1:20 ratios. The

final QD concentration was 50 uM. Epifluorescence images (Figure 2.2) were recorded

after a 2 h- incubation period at 37 °C.

Figure 2.2. Cellular internalization of CL4 coated QD: CPP assemblies. HelLa cells were
incubated with 550 nm QD:CPP assemblies at ratios of 1:5 (A), 1:10 (B), 1:15 (C), 1:20 (D) at QD
concentrations of 50 nM. Images show the punctate QD fluorescence pattern indicative of
endosomal entrapment.

The images clearly show that 1:10, 1:15 and 1:20 QD-CPP conjugates were internalized,
in contrast, to the negligible uptake observed for QD-CPP assembled at a 1:5 ratio.
Furthermore, as a control experiment, when unconjugated 550-nm QDs at the same
concentration were incubated with Hela cells under the same conditions, no cellular
uptake was observed (data not shown). Therefore, we conclude that a minimum ratio of
QD-CPP of 1:10 is necessary for intracellular uptake. Consistent with reports by several
other groups,4 98 101, 121123 gnd as Fig. 2.2 shows, we observed a punctate QD
fluorescence pattern around the cell nuclei and throughout the cytoplasm, which

frequently indicates the endosomal entrapment of the QD-bioconjugates.
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2.2.3 Colocalization studies confirm endosomal entrapment

Next, we co-delivered green emitting QD-CPP bioconjugates at different ratios with Texas
Red-transferrin (TR-Tf), a commonly used endosomal marker that readily enters cells by
receptor-mediated endocytosis. After a 2 h-incubation period with HelLa cells at 37 °C, we
recorded epifluorescence/phase contrast images. Figure 2.3 shows a representative
merged micrograph of our results, in which a punctate QD fluorescent pattern (green
channel) was observed around the nuclei and throughout the cytoplasm. When the
endosomal marker staining pattern (red channel) was merged with the QD fluorescence
pattern it became clear that most of the internalized QD-CPP bioconjugates were

colocalized within endosomes (yellow pattern).

QD: CPP (1: 15)

Figure 2.3. Cellular internalization and colocalization of CL4 coated QD:CPP (1:15 ratio)
assemblies within the endosomes. HelLa cells were coincubated with green 550-nm QD:CPP
assemblies and 40 zg/mL of endosome marker Texas red-Tf. for 1.5 h at 37 °C. Cells were stained
with DAPI as well. After washing 3 times with 1X PBS (pH = 7.4), cells were replenished with
fresh medium (with FBS), re-incubated at 37 °C for 24 h and imaged. A) Overlay of phase contrast,
QD fluorescence (green), Texas red-Tf (red) DAPI (blue), colocalization (yellow). B) Overlay QD
fluorescence (green), Texas red-Tf (red), DAPI (blue), colocalization (yellow).
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The high degree of colocalization observed indicate that the cellular uptake of our QD-
CPP bioconjugates is mostly driven by endocytosis. Studies using live-cell imaging and
FACS analysis have found that arginine-rich CPPs and their conjugated cargos are
internalized by endocytosis.?4126 Moreover, our results (Figure 2.3 are not unexpected
and agree with reports by other groups4 98 101, 121123 gn the endosomal entrapment of

QDs delivered by CPPs.

2.2.4 Assessment of a membrane-active peptide to mediate endosomal

enhancement of QD-CPP bioconjugates.

Aurein 1.2 is an antimicrobial peptide (AMP) that belongs to a class of membrane-active
peptides. Interestingly, Aurein 1.2 was recently found from a screen of short sequences
known to disrupt microbial membranes without mammalian cell toxicity.'?° In this study,
Liu's group demonstrated that Aurein 1.2, a 13-amino-acid peptide, efficiently enhances
the endosomal escape of proteins fused to super positively charged GFP (+36 GFP) in
vitro and in vivo. Motivated by the relatively simple synthetic work to generate this peptide,

| designed, synthesized, purified and characterized the peptide in Figure 2.4.

(0}

HoN [His]g-Lys-Trp-Gly-Ser-Aib-Ala-Ala-Leu-Gly-Gly -Gly-Leu-Phe-Asp-lle-lle-Lys-Lys-lle-Ala-Glu-Ser-Phe

Affinity tag linker Auerin 1.2 sequence

Figure 2.4. Designed Aurein 1.2 peptide ligand to test for endosomolytic activity. CONH> (C-
terminus), [His]e (affinity tag), KWGS(AIb)AALGG (spacer/linker), GLFDIIKKIAESF (Auerin
1.2 sequence at N-terminus).
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This peptide is equipped with an hexahistidine sequence as an affinity tag for self-
assembly to QDs, a KWGS(AIb)AALGG that serves as a spacer and a linker between the

membrane-active peptide Auerin 1.2 and the polyhistidine tag.

The KWGS(AIb)AALGG peptide linker was originally developed and continuously
improved by the Medintz group with a tryptophan for quantitation, an Aib residue to
provide rigidity and position the ligand away from the QD surface, and a Gly-Gly sequence
to provide some flexibility. Our previous results indicated that QD-bioconjugates
displaying 10 to 25 CPPs per QD, were intracellularly delivered, mostly by endocytosis.
Building upon these results, the possible endosomolytic activity of the Aurein 1.2 peptide

was investigated. This time we tested red (emission= 625 nm) -CL4 coated QDs.

H H
HH Hy
H H
H H
RyG,LA,(Aib)SGWK-H CdSe H-KWGS(Aib)A,LG,-GLFDIIKKIAESF
cPp /l/, Aurein 1.2 sequence
ZnS CL4

Figure 2.5. General structure of QD- bioconjugates employed in this study. QDs core CdSe, Shell
ZnS. Red (620 nm). CL4 is a zwitterionic ligand that confers stability to QDs under acidic
environments. The Hise-linker-CPP ligand was conjugated for intracellular delivery. The Hise-
linker-Auerin 1.2 ligand was conjugated to test for endosomolytic activity. The spacer/linker
sequence is KWGS(AIb)AALGG (spacer/linker). The CPP sequence is (Arg)e, the Auerin 1.2
peptide sequence is GLFDIIKKIAESF. All peptide sequences start from the C-terminus and end
at the N-terminus.
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Initially we incubated Hela cells with 25 nM QD:CPP: Auerin peptide conjugates at a
1:17:13, 1:22:13 and 1:22:17 ratios at 37 °C for 2 h for CPP-mediated cellular uptake.
Subsequently, cells were washed three times with 1X PBS (pH = 7.4), replenished with
fresh cell medium and re-incubated at 37 °C to allow the internalized QD-bioconjugates
time to escape the endosomes. After 17 h cells were washed three more times with 1X
PBS (pH = 7.4), replenished with fresh cell medium and stained with patent blue prior to
microscopic examination. Representative results are shown in micrographs A-C (Figure
2.6). We found that even after 17 h of incubation cells were healthy and undergoing cell

division.

QD: CPP: Aurein 1.2

1:22:13 1:22:17

Figure 2.6. Cellular internalization of QD: CPP: Aurein 1.2 assemblies. HeLa cells were
incubated for 2 h at 37 °C with CL4 coated 620 nm (red) QD-CPP-Aurein 1.2 assemblies at ratios
of 1:17:13 (A), 1:22:13 (B), 1:22:17 (C) at QD concentrations of 25 nM. After washing 3 times
with 1X PBS (pH =7.4), cells were replenished with fresh medium (with FBS), stained with patent
blue and imaged with an epifluorescence microscope equipped with a Zeiss camera. Excitation:
535/30 nm, emission: 605/15 nm.
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A shown in Figure 2.6, the intracellular QD-bioconjugate fluorescence profile was
punctate occupying the entire cell volume except for nuclei in all experiments, which might
be an indication of endosomal entrapment. QD-bioconjugate aggregation is unlikely since
we used CL4-coated QDs which stay soluble and resist acidic pH environments.

We were expecting to detect a more diffuse or homogenous fluorescent pattern as a sign

of endosomal escape, rather than the observed punctate pattern.

2.2.5 Results from Confocal microscopy studies

To qualitatively evaluate the amount of delivered QD-nano assemblies that reach the
cytosol from those that stay trapped inside the endosomes, we coincubated green
QD:CPP: Aurein peptide complexes (539 nm emission) with Texas red-transferrin

(endosomal marker) and HeLa Cells for 2 h at 37 °C.

After washing with 1X PBS and refilling with fresh medium, cells were further incubated
for 24 h, washed and imaged by confocal microscopy as it offers improved resolution and

eliminates out-of -focus fluorescence.

We tested the ability of the reported Aurein 1.2 peptide to mediate the endosomal escape
of our nanoassemblies. QD: CPP: Aurein peptide ratios were 1:12:15 and 1:12:30 at a

100 nM QD final concentration.
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Qd : CPP (1:15)

Qd: CPP: Aurein 1.2 1:12:15, qd [100nM]

Figure 2.7. Cellular internalization and colocalization of QD: CPP: Aurein 1.2 assemblies within
the endosomes (1:12:15 ratio). Top panel: HeLa cells were coincubated with 539-nm (green) CL4
QD:CPP assemblies (1:15 ratio) and 40 pg/mL of endosome marker Texas red-Tf. for 1.5 h at 37
°C. Bottom panel: HeLa cells were coincubated with 539-nm (green) CL4 QD: CPP:Aurein 1.2
conjugates. Cells were stained with DAPI as well. After washing 3 times with 1X PBS (pH =7.4),
cells were replenished with fresh medium (with FBS), re-incubated at 37 °C for 24 h and imaged
with an Olympus FVV3000 Confocal Laser Scanning Microscope. Texas red-Tf: excitation 561 nm,
detection 600-635 nm; green QD: excitation 405 nm, detection 520-560 nm; DAPI: excitation 405
nm, 440-480 nm.
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Qd: CPP: Aurein 1.2 1:12:30, qd [100nM]

Figure 2.8. Cellular internalization and colocalization of QD: CPP: Aurein 1.2 assemblies within
the endosomes (1:12:30 ratio). HeLa cells were coincubated with 539-nm (green) CL4 QD: CPFP:
Aurein 1.2 conjugates and 40 pg/mL of endosome marker Texas red-Tf. for 1.5 h at 37 °C. Cells
were stained with DAPI as well. After washing 3 times with 1X PBS (pH = 7.4), cells were
replenished with fresh medium (with FBS), re-incubated at 37 °C for 24 h and imaged with an
Olympus FV3000 Confocal Laser Scanning Microscope. Texas red-Tf: excitation 561 nm,
detection 600-635 nm; green QD: excitation 405 nm, detection 520-560 nm; DAPI: excitation 405
nm, 440-480 nm.
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Qd : CPP (1:15)

Qd: CPP: HA2 1:12:15, qd [100nM]

Figure 2.9. Cellular internalization and colocalization of QD: CPP: HA2 assemblies within the
endosomes (1:12:15 ratio). Top panel: HelLa cells were coincubated with 539-nm (green) CL4
coated QD:CPP assemblies (1:15 ratio) and 40 xg/mL of endosome marker Texas red-Tf. for 1.5
h at 37 °C. Bottom panel: HeLa cells were coincubated with 539-nm (green) CL4 coated QD: CPP:
HAZ2 conjugates. Cells were stained with DAPI as well. After washing 3 times with 1X PBS (pH
= 7.4), cells were replenished with fresh medium (with FBS), re-incubated at 37 °C for 24 h and
imaged with an Olympus FV3000 Confocal Laser Scanning Microscope. Texas red-Tf: excitation
561 nm, detection 600-635 nm; green QD: excitation 405 nm, detection 520-560 nm; DAPI:
excitation 405 nm, 440-480 nm.
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Qd: CPP: HA2 1:12:30, qd [100nM]

Figure 2.10. Cellular internalization and colocalization of QD: CPP: HA2 assemblies within the
endosomes (1:12:30 ratio). HeLa cells were coincubated with 539-nm (green) CL4 coated QD:
CPP: HA2 conjugates. Cells were stained with DAPI as well. After washing 3 times with 1X PBS
(pH = 7.4), cells were replenished with fresh medium (with FBS), re-incubated at 37 °C for 24 h
and imaged with an Olympus FV3000 Confocal Laser Scanning Microscope. Texas red-Tf:
excitation 561 nm, detection 600-635 nm; green QD: excitation 405 nm, detection 520-560 nm;
DAPI: excitation 405 nm, 440-480 nm.
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2.2.6 Conclusion

Colocalization studies (Figures 2.7-2.10) showed that the intracellular delivery of our QD-
Bioconjugates can be facilitated by a polyarginine CPP, however, upon coincubation of
QD:CPP bioconjugates with an endosomal marker (Tf-red texas), we confirmed that all
QD:CPP assemblies remained trapped inside endocytic vesicles by the colocalization of
the green emission of QDs and the red emission of the endosomal marker Tf, which
resulted in a merged yellow signal. The internalization of Tf into the cells begins with
clathrin-mediated endocytosis, then Tf without distinction enters two populations of early
endosomes, that subsequently proceed to the degradation pathway involving

lysosomes, > therefore Tf is used as a general endosomal marker.

We also did a few preliminary live-cell studies in which we added an endosomolytic
protein (HA2, Figures 2.9 and 2.10) and a peptide (Aurein 1.2, Figures 2.7-2.8)
separately, to our QD:CPP bioconjugates to explore their potential abilities to mediate
endosomal escape of our QD probe (QD:CPP: HA2 and QD:CPP:Aurein 1.2
respectively). After incubation with HelLa cells, we were expecting to observe a diffuse
pattern of QD:CPP:HA2 (or Aureinl.2) conjugates as an indication of their endosomal

escape, but instead, we still observed a punctate pattern.

However, when QD:CPP:HA2 (or Aurein 1.2) were coincubated with Tf-red Texas, we
observed a distribution of green and red punctae, and a decrease in yellow colocalization
signal (when green QD and red-Tf emissions were overlaid,), which suggests that protein

HA2 and peptide Aurein 1.2 may facilitate the endosomal escape of our QD probes.
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2.3 Experimental Methods

2.3.1 Materials and instrumentation. All solvents and chemicals were purchased from
commercial sources and used without further purification: DMF (reagent grade) from
Chem-impex, CH2Cl2, MeOH and diethyl ether from Sigma- Aldrich, TFA and CH3CN
(HPLC grade) from Fisher. Water was purified using a Millipore Milli-Q water purification
system. DIEA (N,N-diisopropylethylamine), acetic anhydride, piperidine, [3-
mercaptoethanol, 1,2-ethanedithiol, thioanisole, phenol, and anisole from Alfa Aesar.
HBTU (O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate)
Oxyme (Ethyl Isonitrosocyanoacetate), palmitic acid, TIPS-H (triisopropylsilane), MALDI
matrix HCCA (a-Cyano-4-hydroxycinnamic acid) and chloroquine phosphate from Sigma-
Aldrich. Fmoc-protected natural and artificial amino acids Fmoc-L-Dap(Mtt)-OH (Dap =
diaminopropionic), Fmoc-L-Lys(Mtt)-OH, Fmoc-L-Aib(Mtt)-OH (Aib=  alpha-
aminoisobutyric acid), Fmoc-4-(2-aminoethyl)-1-carboxymethyl-piperazine
dihydrochloride, Fmoc-L-Lys(Fmoc)-OH and tetra-Boc-spermine-5-carboxylic acid from
Chem-impex international. Rink amide resin AM Resin LL, 100-200 mesh (substitution =
0.35 mmol/g) from Novabiochem. Desalting buffer TEAA (triethylammonium acetate) 2.0
M pH = 7.0 from Glen Research. All peptides were synthesized manually by using a
bench-top shaker. 20-mL and 3-mL polypropylene fritted syringes (with a plunger) as

reaction vessels along with their respective polypropylene caps from Torvig.

Peptides were purified by reverse phase preparative HPLC in a Shimadzu LC-20 AT
equipped with a UV-Vis dual detector model SPD-20A and a semi-prep Aeris column (10
um, 90 A, 250 x 10 mm) at a flow rate of 5 mL/min employing Acetonitrile / Water with

0.1% TFA as a mobile phase. Injections were simultaneously monitored at 220 and 254
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nm. Peptides were desalted with Oligonucleotide Purification Cartridge (OPC, Applied
Biosystems) before conjugation to QDs, freeze-dried (Labconco) and stored as a pellet
at -20 °C. Peptide masses were obtained by MALDI-TOF 4700 Proteomics Analyzer
(Applied Biosystems). Small molecules masses were obtained by electrospray ionization
on a LC/MS APCI quadrupole ion trap LC mass spectrometer (Thermo Finnigan LCQ)
and their chemical structures were confirmed by NMR recorded on a Bruker Avance DRX
400 or 500 MHz NMR spectrometer. UV/vis absorbance spectra were measured using a
Varian Cary 300 Bio UV/vis spectrophotometer.

Hela cells (CCL-2) were purchased from American Type Culture Collection. Dulbecco’s
modified eagle medium (DMEM, 10-014 CV) and 0.25% trypsin/2.21 mM EDTA were
purchased from Corning Cellgro® Micropipette preparation glass bottom culture dishes
(P50G-1.5-14-F) were purchased from Matek Corporation (Ashlan, MA). Fluorescence
images were acquired using an epi-fluorescence microscope (Axiovert 200, equipped
with AxioCam MRm CCD camera and Axiovision software (V 4.6.2.0), Carl Zeiss, inc)
modified with a UV LED emitting at 365 nm (UV-LED-365, Prizmatix, Ltd). All images
were obtained with a 63x/1.25 N.A. EC Plan Neofluar oil-immersion objective (Carl Zeiss,

Inc) and G365 excitation filter.

2.3.2 Quantum Dots. CdSe—ZnS core—shell QDs with emission maxima centered at 539
nm (CL4 coated) and 566 nm (DHLA coated) were synthesized by Snee’s group®’ and
made hydrophilic by exchanging the native trioctylphosphine/trioctylphosphine oxide
(TOP/TOPOQO) capping shell with either DHLA (dihydrolipoic acid) or CL4 zwitterionic

ligands as described in section 2.3.4. These are subsequently referred to herein as DHLA
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or CL4 ligands. In general, CL4-QDs are preferred as they provide superior intracellular
solubility and pH stability under acidic conditions, similar to the acidic environment inside
endosomes; 539 nm QDs capped with CL4 ligands were used for CPP-mediated delivery.

566 nm QDs capped with DHLA ligands were used for spectroscopic studies.

2.3.3 Synthesis of zwitterionic ligand CL4. Procedure adapted from Medintz

publication.?’

Synthesis of compound 2. Carbonyldiimidazole (2.59 g,16 mmol) and thioctic acid 1 (3
g, 14.5 mmol) were added to a 100-mL round-bottom flask filled with argon and equipped
with a stir bar. 30 mL of dry CHCIs were added by syringe and argon was bubbled through.
The reaction was left to run at room temperature for 1 h with an argon balloon. The
reaction solution was transferred to a dried addition funnel flushed with argon, and added
dropwise over 1 h and with vigorous stirring to minimize polymerization to a round-
bottomed flask containing a solution of ethylenediamine (8 mL, 120 mmol) dissolved in
CHCIs (30 mL) at room temperature, under argon, in a two-neck round bottom flask
equipped with a stir bar.

The reaction was stirred overnight at room temp. and transferred to a separatory funnel
followed by addition of 100 mL of water. The organic layer was separated, and the
aqueous layer was washed three more times with CHClIs. Organic layers were combined,
and concentrated to about 15 mL and this crude was loaded into a silica gel packed

column and purified using and isocratic gradient of 8% MeOH/ 92% CHCIs as the eluent.
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KMnO4 was used as the TLC stain. Pure fractions containing product 2 were collected
and concentrated to get a yellow and thick oil. *H and 3C NMR were as reported.?’

Synthesis of compound 3. Compound 2 was dissolved in 70 mL of MeOH and argon
was bubbled through in a 250-mL round-bottom flask. After 5- 10 min, methyl acrylate
(2110 mmol, 10 mL) was added dropwise and the reaction was further stirred for 2 days at
room temperature under argon. After that time, the reaction mixture was rotovaped. The
residue was purified by flash chromatography on silica using 3 % MeOH/CHCIs as the
eluent. 'H and 3C NMR were as reported.'?” Low resolution found ESI-MS m/z: 419.3

(M+H)L*,

Synthesis of compounds 4 and 5 (CL4). Compound 3 (80 mg, 1.9 mmol) was dissolved
in 5 mL of ethanol and transferred into a 25-mL round-bottom flask equipped with a stir
bar. A solution of LIOH (103.8 mg, 4.33 mmol) dissolved in 2.47 mL of water, was added
dropwise and the reaction was stirred at room temperature. Ester hydrolysis takes about
1-2 h and can be monitored by TLC with 15% MeOH/ CHCIs as the mobile phase.

After 2 h, compound 4 was the only product, and it was used without any further treatment
for the following reaction. First the pH of the crude reaction was adjusted to ~ 8.0 by
dropwise addition of a 4 M ag. HCI solution and stirring, then NaBHa4 (2.84 mmol, 107 mg)
was added carefully in powder form by using the wide end of a Pasteur pipette. Upon
addition of NaBH4 bubbles due to Hzrelease, and the solution turned clear. After stirring
briefly, argon was flushed through and the reaction was stirred for 1.5 h at room
temperature with an argon balloon. A 3 M aq.HCI solution was added dropwise to adjust

pH~ 7-8 (this step is very important). Ethanol was evaporated, and remaining solution
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was filtered to removed precipitated salts (although it remained turbid). Argon was
bubbled through the crude to avoid re-oxidation of thiol groups, and the crude was stored
at - 20°C until purification. Low resolution MS found ESI-MS m/z: 393.3 (M+H)*. In
contrast to the original procedure reported,*?” CL4 was isolated by reverse phase HPLC,
using a water/acetonitrile (with 0.1% TFA) gradient, to afford a light-yellow oil which was
stored at 4 °C and blanketed with argon. The structure of compound CL4 was further

confirmed by *H and **C NMR.

1
o) @1 NL\; HN N2 o)
(Y\/\)J\OH (Y\/\)LN/\/NHZ
S-S CHCI,4 S-S H
1 2
0 O._OMe
LiOH
S y
\)LOCHs o EtOH,
MeOH (Y\/\)J\N/\/N\/\H/OMG H,0
S-S H o)
3

(Y\/\)L/\/N OH
N

S-S HS SH o)

(o H,0
(pH 8~9)

5 (CL4)

Scheme 2.1. Synthesis of CL4 ligand.*?’
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2.3.4. Cap exchange of TOPO coated Qdots with zwitterionic CL4 ligand.

The CL4 ligand was prepared and purified by HPLC as described in section 2.3.3. One
gram of TOPO-coated CdSe/ZnS QDs of a 4.9864x10% mol QDs/gram solution were
weighed out in a 5-mL glass vial, and 1 mL of hexane was added followed by sonication.
Additional hexane (1 mL) was added and the mixture was centrifuged at 3.5 x1000 rpm
for 5 min. Isopropanol was added until the QD solution turned clear, then 1 mL of
methanol was added (acetone or ethanol can be used as well) until the solution turned
cloudy. The solution was centrifuged again at 3.5 x1000 rpm for 5 min and the supernatant
was discarded. Methanol (1 mL) was added followed by centrifugation at 3.5 x1000 rpm
for 5 min and supernatant disposal one more time. The vial containing precipitated
guantum dots was left upside down on piece of paper towel to dry, then 4 mL of CHCIs
were added to dissolve the TOPO-coated clean quantum dots. This solution was then
transferred into a 50-mL round bottom flask equipped with a magnetic stir bar. In a 20-
mL scintillation glass vial, 300 mg of CL4 ligand were weighed and completely dissolved
with a minimum amount of water (~ 3-4 mL), followed by sonication. Since the resulting
pH was acidic, a 0.1 M NaOH solution was added dropwise to reach a pH= ~8.0. The
CL4 solution was added to the round bottom flask containing the TOPO coated QDs in

CHCls.

The ligand exchange reaction was left overnight under N2 atmosphere with vigorous
stirring at room temperature. Over time, quantum dots migrate from the organic to the
aqueous phase. The aqueous phase containing the water soluble CL4-coated QDs was
collected and further purified by 5-6 cycles of dialysis through a centrifugal filter (100 kDa

MW cutoff regenerated cellulose membrane, Millipore, centrifuge at 1.0 x 1000 rpm for 6
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min each time) using molecular biology grade water (phosphate buffer pH=7 could be
employed as well) until the flow through comes out with a neutral pH. Finally, the sample

was purged through a 0.2 ym filter and diluted to a proper concentration for analysis.

2.3.5 General protocol for solid phase peptide synthesis. All peptides were manually
synthesized using Fmoc-solid phase peptide synthesis (Fmoc-SPPS) on a 100 umol
scale on rink amide resin (AM Resin LL, 100-200 mesh, substitution = 0.35 mmol/ g) from
Novabiochem. Couplings were performed using 300 umol of amino acid (3.0 equiv), 300
umol of Oxyme (3.0 equiv), 300 umol of HBTU (3.0 equiv), dissolved in approx. 10 mL of
DMF and 600 umol of DIEA (6.0 equiv), for 30 min. Fmoc deprotection was carried out in
the presence of a freshly prepared 20% piperidine in DMF solution for 15 minutes, twice.
Following Fmoc removal, the resin was washed in the following order: 3X DMF, 3X DCM,
3X DMF. Pre-activation times were typically 5 minutes, and for cysteine containing amino
acids 1 minute. Fmoc-Pro-OH was coupled twice. Mtt groups were removed with 1% TFA/
DCM solution for 10 minutes, 6 times. After Mtt group removal, the resin was washed in
the following order: 2X/DCM, 2X/MeOH, 2X/DCM, 2X with 5% DIEA in DMF solution (to

neutralize the resin and the Mtt-deprotected amine of interest).

N-acetylation at the N-terminus: The acetylation reaction consisted of reaction of Fmoc-
deprotected N- terminal amine with acetic anhydride (20 equiv) in the presence of DIEA
(30 equiv) in dry DCM for 1h at rt. Pre-cleavage treatment: The resin was treated with a
series of washes as follows: 3X DCM, 3X MeOH containing acetic acid (pH~5), 3X DCM,

3X MeOH and then high vacuumed overnight, with the objective of removing as much
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DMF as possible. Peptides were then cleaved from the resin with TFA and the appropriate
scavengers (described below for each peptide) for 2-4 hours at rt. The crude peptide was
precipitated in cold ether. TFA was rotovaped completely in cases where no precipitation

of crude peptide was achieved in the presence of ether.

2.3.6 Synthesis of a bioconjugatable CPP peptide 6.

(o)

H,oN [His]g-Lys-Trp-Gly-Ser-Aib-Ala-Ala-Leu-Gly-Gly-[Arg]e-Acyl

Affinity tag linker Cell penetrating peptide

(6)

Peptide 6 was synthesized on rink amide resin and N-acetylated as described in section
2.7.5 with a few modifications, for instance, double coupling was used for each amino
acid residue after the nineteenth residue (Arg-19) to avoid the generation of truncation
products and therefore a decrease in the overall yield of the target linear peptide.
Pre-cleavage treatment was performed as described in section 2.7.5.

After screening several cleavage conditions, we found that a combination of 80% TFA,
5% thioanisole, 5% anisole, 5% phenol, 5% water, was the best combination to cleave
this peptide, for 4h at room temperature. Other cleavage conditions did not give the
desired product.

Post-cleavage treatment: The crude cleavage mixture had a characteristic dark brown
color. TFA was rotovaped to about 20% of the total volume, and added dropwise to a 50-

mL centrifuge tube with 45 mL of cold ether in an ice bath. A white solid formed
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immediately, and the brown color disappeared. This solution was centrifuged at 4000 rpm
for 5 min, the ether layer was discarded, and the pellet was dried overnight in high
vacuum. This peptide was purified by reverse phase HPLC using a water/acetonitrile
(both solvents containing 0.1% TFA) gradient from 2% ACN/water to 47% ACN/water
over 43 minutes, and then ramped to 100% ACN over 5 minutes by employing a semi-
prep reverse phase column (Aeris, 10 mm diameter x 250 mm length) at a 5 mL/ min flow
rate and monitoring with a dual detector (A1= 220 nm, 2= 254 nm). Fractions containing
the desired peptide were lyophilized and desalted. Calculated m/z 3199.7823, found

[M+H] * = 3200.537 by MALDI-TOF (reflector positive mode).

3200.537 1+

C-terminus ------------- - N-terminus
Hise-KWGS(Aib)AZLGz- Argo-Acyl

(6)

Cleavage conditions:
TFA 80%
Thioanisole 5%
Anisole 5%
phenol 5%
water 5% for 4h.

| | 3516415
1 . a0 L,

3000 4000 5000
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2.3.7 Synthesis of a bioconjugatable Aurein 1.2 peptide 7.

(o)

H,N” “[His]g-Lys-Trp-Gly-Ser-Aib-Ala-Ala-Leu-Gly-Gly -Gly-Leu-Phe-Asp-lie-lle-Lys-Lys-lle-Ala-Glu-Ser-Phe
Affinity tag linker Auerin 1.2 sequence
(7
Peptide 7 was synthesized on rink amide resin as described in section 2.7.5 with a few
modifications, for instance, double coupling was used for each amino acid residue after
the sixteenth residue (Gly-16) to avoid the generation of truncation products and therefore
a decrease in the overall yield of the target linear peptide.

Pre-cleavage treatment was performed as described in section 2.7.5.

After screening a few cleavage conditions, we found that a combination of 90% TFA, 5%
thioanisole, 2% anisole, 3% EDT, for 3h at room temperature was the best condition to
cleave this peptide neatly. Another combination that also affords this peptide is: 80% TFA,

5% thioanisole, 5% anisole, 5% phenol, 5% water for 3-4 h at room temperature.

Post-cleavage treatment: TFA was rotovaped to about 20% of the total volume, and
added dropwise to a 50-mL centrifuge tube with 40 mL of cold ether in an ice bath. A
white solid formed immediately, which was further centrifuged at 4000 rpm for 5 min, the

ether layer was discarded, and the pellet was dried overnight in high vacuum.

This peptide was purified by reverse phase HPLC using a water/acetonitrile (both solvents
containing 0.1% TFA) gradient by employing a semi-prep reverse phase column (Aeris,
10 mm diameter x 250 mm length) at a 5 mL/ min flow rate and monitoring with a dual

detector (A1= 220 nm, A2= 254 nm). Fractions containing the desired peptide were
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lyophilized and desalted. Calculated m/z 3214.685, found [M+H] 1* = 3215.534 by MALDI-

TOF (reflector positive mode).

Intens. [a.u.]

x104 3215.534
12- 1+ [ szesse
C-terminus ------------- - N-terminus
rod HiSG-KWGS(Aib)AZLGZ- GLFDIIKKIAESF
(7)
0.8
Cleavage conditions:
i TFA 90%
' Thioanisole 5%
Anisole 2%

. 1,2-ethanedithiol 3%

‘ for 3h.

0.2

DID. - l e i - - - - " - P I..LJ.

1000 1500 2000 2500 3000 " 3500 40(
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2.3.8 HAfp protein sequence (referred as HA2 in this thesis). The Hiss-GB1-
HAfp23-K4D protein was provided by Sean Smrt in collaboration with Prof. Lorieau’s
group.*?® The sequence is as follows:
MGSSHHHHHHSSGMQYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEW

TYDDATKTFTVTEGSSGIEGR-GLEFGAIAGFIEGGWTGMIDGWYGSG- KKKKD

2.3.9 Peptide desalting. All peptides were desalted before being assembled to
guantum dots. Briefly, about 1 mg of HPLC purified peptide was dissolved in 1-3 mL of
molecular biology grade water or in 0.1 M TEAA buffer solution. An OPC cartridge
(Applied Biosystems) was washed with 5 mL of HPLC grade acetonitrile, followed by 5
mL of 2.0 M TEAA buffer. Peptide solution was passed through OPC cartridge at a 1
drop/second rate. The eluate was collected and passed through a second time or more,
to maximize the amount of peptide bound to the C18 stationary phase. The eluate was
discarded, and 10 mL of molecular biology grade water were passed through the OPC
cartridge to remove all salts.

Finally, desalted peptide was eluted from the OPC cartridge by slowly passing a 1 mL of
a 50% Acetonitrile / water solution drop by drop (1 drop every 4 seconds). Eluate was
collected and freeze-dried. Note: Do not exceed the loading capacity of the OPC

cartridge.

2.2.10 Cell Culture. HelLa cells were maintained in DMEM (+) (DMEM supplemented
with 10% FBS, 1X MEM non-essential amino acids and 15 mM HEPES) at 37 °C and 5%

COs2. The cells were passaged with 0.25% trypsin/2.21 mM EDTA.
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2.3.11 Polylysine coating of plates. 8-well plates (400 uL volume each well) were
exposed to UV irradiation for about 20 minutes, then coated with 200 pL of polylysine
solution for 5 minutes at room temperature, the polylysine solution was removed and the
wells were washed with molecular biology grade water (400 puL, 3 times). Subsequently,

polylysine coated plates were left to dry under laminar flow for 2h.

2.3.12 Cell seeding into polylysine plates. 400 mL of fresh media were transferred into
each well, then, 15 mL of HelLa containing DMEM medium were transferred into each
well, and mixed gently. The 8-well plate was covered with a lid and put back inside a cell

incubator at 37 °C and 5% CO:2 overnight.

Once Hela cells reached a 50%, media was removed, and wells were washed 3 times
with warm (37 °C) PBS 1X (pH = 7.4) , and reconstituted with 100 uL DMEM-HEPES (no

FBS) before addition of QD-bioconjugates.

2.3.13. Assembly and Delivery of QD-CPP conjugates.

An example of an assembly and delivery of QD-CPP conjugates was performed as
follows (see Table X as a reference):

1) To four 0.4 mL Eppendorf tubes (1:5, 1:10, 1:15, 1:20), add 10.5 uL of 10X PBS buffer.
2) To each tube, add the corresponding amount of water and mix.

3) To each tube, add the corresponding amount of CPP peptide stock solution, and gently
mix. In this example, the CPP stock concentration is 15 puM.

4) To a separate set of four 0.4 mL Eppendorf tubes, add 5.2 uL of [2 uM] QD stock.
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5) Transfer the prepared CPP peptide solution from steps 1-3 to the corresponding tubes
containing QD solutions prepared in step 4, and gently pipette up and down (do not vortex,
nor centrifuge). The final volume for each tube should be 105 uL. Incubate for 1 hour at
room temperature and protect from light.

6) Take out from the 37 °C incubator, the 8-well polylysine coated plate seeded with HeLa
cells grown in DMEM-HEPES (no FBS) medium at ~ 50% confluency. Remove the media
from each seeded well and wash three times with 400 uL/well of warm (37 °C) 1X PBS
buffer (pH = 7.4) right before addition of the QD- conjugates, and replenish each well with
100 pL of fresh DMEM-HEPES (no FBS) media.

7) Co-incubate cells with the corresponding QD-CPP conjugates by transferring 100 pL
of each QD-CPP assembly reaction (1:5, 1:10, 1:15, 1:20) prepared in step 6 to their
respective wells and mix gently. In this example, the final concentration of QD-conjugate
is 50 nM after mixing with cell media. Incubate at 37 °C for 1.5-2 h.

8) Remove media from each well and wash three times with 400 uL of warm (37 °C) DPBS
buffer and replenish each well with fresh DMEM-HEPES (no FBS) media (400 uL/well).

Put plate back into incubator while setting up the microscope.

Desired QD/CPP ratio

1:5 1: 10 1: 15 1: 20
Volume QD [2 uM] 5.2 5.2 5.2 5.2
Volume 10X PBS (uL) 10.5 10.5 10.5 10.5
Volume CPP [15 uM] 3.5 7.0 10.5 14
Volume water (uL) 85.8 82.3 78.8 75.3
Total volume (uL) 105 105 105 105
Final QD conc. (nM) 100 nM 100 nM 100 nM 100 nM
Final CPP conc. (uM) 0.5 uM 1uM 1.5 uM 2 uM

Table 2.1. Reagent volumes utilized for QD- CPP peptide self-assembly
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3 FRET- based strategies to detect and quantify endosomal escape in
live cells

3.1 Introduction

Our primary goal was to investigate the endosomal escape ability of three peptides and
a protein (HA2) with potential endosomal escape ability, except for the expressed HA2
protein, we utilized SPPS methods to synthesize a palmitoyl (23), polyamine (31) and

Aurein 1.2 (7) peptides on rink amide resin.

Upon their CPP facilitated delivery, very often the fate of fluorescent nanoparticles is
followed mostly by two methods; intracellular fluorescence pattern (IFP) and
colocalization studies.® In IFP, the efficiency of endosomal escape is assessed based on
whether the cytosolic pattern observed is diffuse (good escape), medium or punctate
(poor escape). Colocalization studies in which QDs are simultaneously delivered with a
differently colored fluorescent endosomal marker, provide valuable information, for
example by using confocal microscopy it is possible to distinguish QDs sequestered in
endosomes (QD and endosomal marker distinct emissions overlap) versus QDs diffused

in the cytoplasm (only the QD emission is observed).

Both methods to assess the efficacy of endosomal escape, IFP and colocalization
studies, are informative and necessary but they both remain qualitative. Because of the
lack of methods to quantify endosomal escape of QDs, we decided to develop a FRET-
based strategy capable of measuring the endosomal escape abilities of the selected

protein/peptides in live-cells.
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Moreover, a FRET-based strategy was our choice for intracellular detection of endosomal
escape for several reasons,'?® for instance; 1) It is distance-dependent, 2) the FRET
signal can be triggered when the probe meets a specific setting such as the reductive
cytosolic environment, 3) Sensitivity is improved by background reduction, 4) There are
many FRET-pair choices that make possible employing donors with low energy excitation
wavelengths, to avoid harming live-cells during microscopy studies, 5) The freedom to
design FRET probes wherein the FRET acceptor can be either a non-emissive dark
guencher or an emissive fluorescent dye, 6) FRET generates a luminescent or ratiometric
signal, which can be measured even in the non-homogenous intracellular environment .

Briefly, these last features are highly sought after in live-cell studies.

In this chapter, | discuss the synthesis, and characterization of several FRET acceptor
peptides, as well as their respective spectroscopy studies. Then, | show results (obtained
in collaboration with Dr. Hamid Samareh Afsari and Ha Pham) from colocalization studies
in live cells that prove the CPP-facilitated intracellular delivery of QDs and the qualitative
assessment on the endosomal escape abilities of a viral protein (HA2), a reported
endosomolytic peptide 23 (palmitoyl), a bacterial membrane active peptide 7 (Aurein 1.2)

and a polyamine peptide 31, which | designed.

After that, ratiometric-FRET quantitative evaluations on endosomal escape ability of HA2,
Aurein 1.2 and polyamine are provided along with a discussion. Ratiometric maps were

developed by Dr. Hamid Samareh Afsari.
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3.2 FRET-acceptor peptide design

Peptides were designed with 1) C-terminal polyhistidine tag to facilitate self- assembly on
CL4-coated QDs; 2) The sequence S-L-G-A-A-A-G-S-G (from C-terminus to N-terminus)
reported by the Medintz group®®® contains a GAAAG spacer/linker containing three
consecutive alanine residues to provide rigidity, flanked by two glycine residues. The Ser
and Leu residues provide some rotational flexibility and the amine group on the N-terminal
glycine is used for further conjugation or continuation of the peptide synthesis; 3) A
disulfide linker with a terminal amino group for conjugation with the FRET acceptor and

4) The FRET acceptor dye.

The SLGAAAGSG linker allows tight self-assembly on the QD surface, provides some
rigidity (by the row of alanine residues) so it does not fold back onto the QD, and

possesses appropriate length to allow the QD and N-terminal dye to engage in FRET.

The FRET acceptor dye can be a dark quencher, a chromophore that can absorb photons
from a FRET donor to reach higher electronic states and then relax to the ground state
by non-radiative mechanisms.131 instead dark quenchers dissipate the absorbed energy
in molecular vibrations or heat while remaining dark.

Alternatively, the FRET acceptor can be a fluorescent dye. In such case, the dye absorbs
the non-radiative energy transferred from a QD FRET donor, as a result the acceptor
becomes excited and relaxes back to the ground state by fluorescence emission.
Regardless whether the FRET acceptor is a dark quencher (non- emissive) or an
emissive fluorescent dye, the QD donor fluorescence is quenched as a result of this

energy transfer.
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3.3 General synthesis of FRET quenching peptides

Because of their absorbance profile, we selected BHQ-2, QSY-7 and QSY-21 terminated
peptides. The detailed protocol is described in the experimental section, the general solid

phase synthesis is shown in Scheme 3.1 and MALDI characterization data in Figure 3.1.

o
O—[His]e-Ser-Leu-GIy-[AIa]3-GIy-Ser-GIy)K/\S’S\/\NHz
(8)

Dark
glﬁﬁ Quencher o o
‘N
o
(o]

) o
i .S DET
O—[H|s]5-Ser-Leu-GIy-[AIah-?gl)y-Ser-Gly)J\/\S \”Hk Quencher

97% TFA/ water
2h/ r.t/
in the dark

o o] o)
. .S Dark
HZNJ\[Hls]a-Ser-Leu-GIy-[AIa]:.,-GIy-Ser-GIy)I\/\S \/\Hk Quencher

(10), where 10 a = QSY 21 peptide ; :
10 b = BHQ-2 peptide i a
10 c =QSY 7 peptide

FRET Acceptor

Scheme 3.1. Solid phase peptide synthesis of dark quencher peptides.
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Figure 3.1. MALDI characterization of dark quencher peptides
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3.4  Structures of disulfide linked dark quencher peptide ligands.

QSY-21 (10 a), BHQ-2 (10 b) and QSY-7 (10 c) structures

N©®
[@ 10a

/@/ HN'SN HN" SN HN' SN
~o0 j o H © u 9 H H OHH H H
Y SJNWNQ&NWNﬂNWNJN%NQ&NWNQ&N N AGAN I AN I A N,
H o H o B H o H o H o ) H ) H
/
Nsy HO — _ .

/©/ -°  BHQ2 RN NN NN
0N
10b

HNSN HNSN HNSN

10c

Figure 3.2: Structures of QSY-21 (10 a), BHQ-2 (10 b) and QSY-7 (10 c¢) quencher terminal
peptides.
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3.5 QD donor - dye acceptor spectra overlap and FRET quenching experiment
results

3.5.1 Red QD (donor) and QSY-21 peptide acceptor 10 a.

QSY-21 peptide 10 a structure is represented in Figure 3.2.

Overlap of QD Red Emission and QSY-21 Absorption

100 ' [ ' QsY-21
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Figure 3.3: Overlap of red QD donor emission and QSY-21 absorption spectra overlap (Top),
titration of QSY-21 peptides 10 a per red QD and photoluminescence quenching
(Bottom).



3.5.2 Red QD (donor) and BHQ-2 peptide acceptor 10 b.

BHQ-2 peptide 10 b structure is represented in Figure 3.2.

BHQ2 Absorption Spectrum
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Figure 3.4: BHQ-2 absorption spectra reported by the vendor (Top), a couple of experiments
that show ability of BHQ-2 peptide 10 b to quench red QD photoluminescence
quenching (Bottom)
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3.5.3 Green QD (donor) and BHQ-2 peptide acceptor 10 b.

BHQ-2 peptide 10 b structure is represented in Figure 3.2.

FRET quenching BHQ2 to Green QDs QD: BHQ2
¢ 10
5.00E+04 A 1:4
4.50E+04 - @ A 18
4.00E+04 - “‘ X 1:12
3 3.50E+04 - / X 1:16
& 3.00E+04 - & i ® 1:20
ot ~60 % quenchin ~ + 124
2 2 50E+04 °q 9
[
g 2.00E+04
[*]
-
© 1.50E+04 ¢
o !
1.00E+04 3 Mo 8,
5.00E+03 o
0.00E+00 - T T T T T 1
480 500 520 540 560 580 600
Wavelength (nm)

Figure 3.5: Titration of BHQ-2 peptides 10 b per green QD and photoluminescence quenching.
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3.5.4 Green QD (donor) and QSY-7 peptide (10 c) acceptor

QSY-7 peptide (10 c) structure is represented in Figure 3.2.

Overlapp on Green Qdot emission and QSY-7 absorption
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Figure 3.6: Overlap of green QD donor emission and QSY-7 absorption spectra overlap.

3.5.5 Conclusion

The three peptides | synthesized, QSY 21 (10 a), BHQ2 (10 b) and QSY-21 (10 c),
showed quenching activity. We were expecting to observe a high quenching of red QDs
photoluminescence (PL) since QSY-21 absorption almost completely the emission of red
QDs at 621 nm (Figure 3.3, Top), however, this was not the case. Instead, QD
luminescence was only quenched by 40% when loading the QD with 35 dark quencher
ligands (Figure 3.3, bottom). A similar scenario was observed with the QSY-7 quencher
peptide 10 c. As the spectra overlap of green QD donor emission and QSY-7 absorption

shows (Figure 3.6), the quenching efficiency should be highly efficient. In the last case,
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we could not perform any quenching titrations due to very poor dye solubility. We noticed
that QDs aggregated when mixed with the QSY-7 peptide. The solubility of QSY-21
peptide 10 a was also poor, so we added DMSO (up to 20%) to coordinate the peptide to
the QD surface, which is probably the reason why we found a very poor quenching ability
(40%). Structure of the QSY dyes are quite hydrophobic (Figure 3.2), which means that
for FRET quenching experiments they would have to be optimized for water solubility and

incubation with QDs.

Interestingly, the BHQ2 peptide 10 b could partially quench both, green and red emitting
CL4 QDs, which can be explained by the dye broad absorption profile (Figure 3.4 top).
BHQ2 quenched 50% of red QD luminescence (621 nm) when we conjugated 30 ligands
per QD (Figure 3.4), and it also quenched 60% of green QD luminescence (539 nm) when
24 peptide ligands were assembled per QD. Again, we observed that this peptide had
very poor water solubility, which was improved by adding DMSO, however, this adding

organic polar solvents to QDs is not ideal.

To exploit the dark quenchers tested in this study for their full potential, the solubility must
be improved first, for example by adding arginines, glutamic or aspartic acids, or peg
linkers. Also, the length of the peptide should be considered to not compromise its fret
guenching capacity. Another issue with these quenchers is their high cost, which limits
the scale of the peptide synthesis and preferably should be conjugated during the last
step to improve percent yields. In terms of scalability and practicality, these quenchers

are not ideal. In terms of their FRET quenching capacity, BHQ2 and QSY-21 exhibited a
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40-60 % quenching capacity, which might be sufficient for in vitro studies, but not enough
for live-cell studies. Therefore, we turned our attention to another kind of FRET acceptors

such as rhodamine B discussed in the following sections.

3.6 Selection of a suitable emissive FRET acceptor dye
From literature search and considering the emission spectra of our green emissive QDs,
rhodamine B was selected for its absorption overlap with our CL4 coated QDs, (539 nm,

Figure 3.7) and green DHLA coated 566 nm QDs (experimental section).

QD-CL4 (FRET Donor) and Rhodamine B (FRET acceptor)
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Figure 3.7. Normalized absorption and PL emission spectra of the QD -rhodamine B FRET pair
and rhodamine B by itself (Excitation = 430 nm). Note the minimum in the absorbance of
rhodamine B at 430 nm and the overlap between the QD emission and dye absorption.
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The next step was the incorporation of rhodamine B to the amino-N terminal of our peptide
ligand. We explored several synthetic routes and failed several times (one example is
shown in Chapter 4). In section 3.7, we show the successful synthetic route found after

several rounds of optimization and peptide design.

In section 3.8 we test the ability of a reducing agent (mercaptoethanol) to cleave the

disulfide bond in our rhodamine FRET acceptor peptide
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3.7 Synthesis of arhodamine FRET acceptor peptide 18.

Capping
(20 equiv. acetic anh.

30 equiv. DIEA, DCM)
(Q—His]s-Ser-Leu-Gly-[Ala];-Gly-Ser-Gly-NH,
Piperidine 20%/ DMF

O—[His]G-Ser-Leu-GIy-[AIa]3-GIy-Ser-GIy-Fmoc

(11) i (12)

(o]
HOJ\/\S’S\AH-Fmoc
(o]
3.0 i ineridi o,
(3.0 equiv) C}[His]s-Ser-Leu-GIy-[AIa]3-Gly-Ser-Gly)K/\S’s\/\N—Fmoc Piperidine 20%/ DMF ®)
Oxyme (3.0 equiv), H
HBTU (3.0 equiv)
DIEA (6.0 equiv), DMF (13) iii

i

o (o] H (14)
H o)k/o\)LN,(PEG)Z—N—Fmoc o o o
H . H
3.0 equiv
(3.0 equiv) Q- [His]e-Ser-Leu-Gly-[Ala]-Gly-Ser-Gly § SOy~ O g~ NFmoc
Oxyme (3.0 equiv), HBTU (3.0 equiv), H H
DIEA (6.0 equiv), DMF (15)

iv

Capping (20 equiv. acetic anh.
30 equiv. DIEA, DCM) . Rhodamine B
sC Isothiocyanate
Piperidine 20%/ DMF (16) (1.10 equv.),
Pyridine/ DMF/ DCM (12: 7: 5) Note: An alternative coupling reaction
Slurry, (double coupling, r.t) condition for step vi is: Rhodamine B
v ’ ’ isothiocyanate (4.0 equiv), DIEA (8.0
vi equiv), DMF/DCM (3:1) for 2 h at room
temp. in the dark.
o o o H
O*[His]e-Ser-Leu-GIy-[AIa]3-Gly-Ser-GIy)J\/\S’S\/\H)J\/OJLH/\/OV\O/\/N 97% TFA/ water
2h/ r.t/
in the dark
vii
(17)
o (o} o] o H H
HzNk[His]e-Ser-Leu-GIy-[AIa]3-GIy-Ser-GIy s*s\/\H)J\/O\)LH/\/O\/\O/\/NTN_R'““"""‘* B
S

FRET Acceptor (18)

Scheme 3.2. Successful route that afforded rhodamine FRET acceptor peptide 18 by solid phase
peptide synthesis.
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3.8 Recovery of green signal upon disulfide bond cleavage by mercaptoethanol
Reduction of disulfide bond mercaptoethanol test. From titration experiments using green
QD-DHLA (566 nm) it was determined that for an efficient FRET from QD-DHLA to
Rhodamine B dye it is necessary to have at least six rhodamine peptides per QD (By Dr.

Hamid Samareh Afsari).

The self-assembly of rhodamine peptides onto QDs was set up as described in section
3.11.7. After 1 h at room temperature, we tested the recovery of green emission signal
from QDs upon disulfide bond reduction of the appended rhodamine peptides by adding
a reducing agent and monitoring the change of emission in a fluorometer, using 430 nm

as the excitation wavelength.

Mercaptoethanol was the reducing agent tested in our system. Briefly, the QD-
Rhodamine conjugate solution (1:6) was diluted to 50 nM as the final concentration. This

solution was then transferred into a quartz cuvette equipped with a stir bar at 25 °C.

A 20-mM stock solution of the reducing agent being tested, was added increasingly to the
guartz cuvette and the change of emission was recorded every 5 minutes after the
addition using an excitation of 430 nm. The results show a shift to the QD emission
wavelength (566 nm) from the initial 584 nm rhodamine emission. FRET termination is

due to disulfide bond reduction between QD and Rhodamine.
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Disulfide reduction of rhodamine 18 conjugated

----- 0mM
0.02 on the surface of green quantum dots by 10mM
B-Mercaptoethanol ... 16 mM

0.015

0.01

Normalized Intensity (a.u.)

0.005

525 535 545 555 565 575 585 595 605 615 625
Wavelenght (nm)

Figure 3.8. Shift of emission (from red to green) upon disulfide bond reduction of rhodamine B
FRET acceptor peptide 18 by an increasing concentration of a reducing agent.



3.9 Synthesis of potential endosomal escape peptides
3.9.1 Solid phase peptide synthesis of palmitoyl peptide 23.

o M‘tt
O*Hk[His]s-GIy-GIy-[Pro]g-Lys-Lys-IIe-Lys-VaI-(Dap)-GIy-Trp-NH 2
(19)
N-terminal
Acetylation
Mtt
(o)
Ofuk[His]G-GIy-GIy-[Pro]9-Lys-Lys-IIe-Lys-VaI-(Dap)-GIy-Trp- Acyl
(20)
1) Mtt- deprotection (6X, 1%TFA/DCM, 10 min)
2) Neutralization (5% DIEA in DCM, then DMF)
NH,
(o)
Ofuk[His]s-GIy-GIy-[Pro]9-Lys-Lys-IIe-Lys-VaI-(Dap)-GIy-Trp- Acyl

(21)

Palm-OH (3.0 equiv)

Double coupling | Oxyme (3.0 equiv)
HBTU (3.0 equiv)
DMF/ DCM (anh.)
1 hi/r.t.

Palmitoyl
o

O*Hk[His]G-GIy-GIy-[Pro]9-Lys-Lys-IIe-Lys-VaI-(Dap)-GIy-Trp- Acyl
(22)

Cleavage, r.t./2 h
TFA (90%), Thioanisole (5%)
Anisole (2%), 1,2-ethylenedithiol (3%)

Palmitoyl
o

Hsz[His]e-GIy-GIy-[Pro]Q-Lys-Lys-lIe-Lys-VaI-(Dap)-GIy-Trp- Acyl

(23)

Scheme 3.3. Solid phase peptide synthesis of a palmitoyl peptide 23.



3.9.2 Solid phase peptide synthesis of polyamine peptide 31.

H
N—Fmoc
N
] !
NFmoc
HOKN (3.0 equiv) N
2
(25)
@[His]s-c;ly-csly-NH2 O*[His]G-Gly-Gly-NHK/N - .
Oxyme (3.0 equiv), 20% Piperidine
(24) HBTU (3.0 equiv) (26) in DMF
DIEA (6.0 equiv)
HN—Fmoc HN—Fmoc
HN—Fmoc
2X (3.0 equiv)
(3.0 equiv)
HO
HO. umeoc @7 H H*Fmoc (27)
o
o N/\/N N—Fmoc
o j‘ o H
Oxyme (3.0 equiv), k/NJ 20% Piperidine Oxyme 2X (3.0 equiv),
HBTU (3.0 equiv) O—[His]G-GIy-GIy-NH in DMF HBTU 2X (3.0 equiv)
DIEA (6.0 equiv) (28) DIEA 2X (6.0 equiv)
fmoc H
HN NFmoc
07 NH NH

KL 4X (3.0 equiv)
.Boc

(o] H N ?oc H
H . —
N/\/N NH HOKN%”/NNWN Boc
o H 0 (30)
J o o NFmoc
N o
O—[His]E-GIy-GIy-NHlK/ HN 20%. Piperidine Oxyme 4X (3.0 equiv),
Fmoc in DMF HBTU 4X (3.0 equiv)
DIEA 4X (6.0 equiv)
(29)
NH,
HNJ)
H
HZN\/\/N NH,
HN o
o o
u ONH
HN HNJK/N /\/H
O S
07 NH
/~NH /~NH /~NH H
7 4
N N N// N NH " o
o o o o o Ir' o )\MN )W A~
H H H H o TN N NH,
N N N N N H
HZNJK,/ N)K/ N)K,/ N)K/ mﬁ k HN o " N
: H H H H
o o o o o
N\ NWNH N\ ) NH,
HN \\\
HN
HoN \

(31)

Scheme 3.4. Solid phase peptide synthesis of a polyamine peptide 31.

71



72

3.10 Motivation to do colocalization studies and results

In Chapter 2, we showed that the intracellular delivery of our QD-Bioconjugates can be
facilitated by a polyarginine CPP, however, upon coincubation of QD:CPP bioconjugates
with an endosomal marker (Tf-red texas), we confirmed that all QD:CPP assemblies
remained trapped inside endocytic vesicles by the colocalization of the green emission of
QDs and the red emission of the endosomal marker Tf, which resulted in a merged yellow

signal (Colocalization studies, Section 2.2.3).

The internalization of Tf into the cells begins with clathrin-mediated endocytosis, then Tf
without distinction enters two populations of early endosomes, that subsequently proceed
to the degradation pathway involving lysosomes,> therefore Tf is used as a general

endosomal marker.

We also did a few preliminary live-cell studies in which we added an endosomolytic
protein (HA2) and peptide (Aurein 1.2) separately, to our QD:CPP bioconjugates to
explore their potential abilities to mediate endosomal escape of our QD probe (QD:CPP:
HA2 and QD:CPP:Aurein 1.2 respectively). After incubation with HelLa cells, we were
expecting to observe a diffuse pattern of QD:CPP:HA2 (or Aureinl.2) conjugates as an

indication of their endosomal escape, but instead, we still observed a punctate pattern.

However, when QD:CPP:HA2 (or Aurein 1.2) were coincubated with Tf-red Texas, we
observed a distribution of green and red punctae, and a decrease in yellow colocalization
signal (when green QD and red-Tf emissions were overlaid, Section 2.2.5, which
suggests that protein HA2 and peptide Aurein 1.2 may facilitate the endosomal escape

of our QD probes. Encouraged by these promising results, we extended our investigation
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by adding a polyamine peptide, which we designed to act as a proton sponge and a
palmitoyl peptide!l® recently reported to deliver of QD complexes into the cytosol by

facilitating both functions, their intracellular delivery and endosomal escape.

As a side note, from this section on, QD:CPP:EE (where EE = endosomal escape ligand)

will be used to refer to either QD:CPP: HA2, QD:CPP: Aurein 1.2, or QD:CPP: polyamine.

In this section, we describe the cellular internalization of the QD:CPP (1:10) as a control
run side by side with the respective QD:CPP: EE (in 1:10:20 ratios) assemblies under the
same conditions. Thus, HelLa cells were incubated in DMEM at 37 °C with Tf marker and
QD:CPP:EE conjugates (at a 50 uM final concentration) respectively to allow their
respective internalization. After 1.5 h, DMEM was removed, cells were washed three
times with PBS and reconstituted with fresh media to continue their incubation at 12 and

36 h.

At 12 h, media was removed, cells were washed and reconstituted with DMEM before
being imaged. Confocal fluorescence imaging showed that all but the QD: Palmitoyl

conjugate, were internalized under our delivery conditions (data not shown).
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Green QD emission Tf endosome marker

QD: CPP

QD: CPP:
Aurein 1.2

QD:CPP:
HA2

QD: CPP:
Polyamine

Figure 3.9. Cellular internalization of CL4 coated green QD:CPP: EE assemblies and
colocalization at 12 h within endosomes.
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Figure 3.9. (continuation of description). HeLa cells were incubated for 1.5 h at 37 °C with 539
nm (green emission) QD:CPP (1:10) and QD:CPP:EE (1:10:20) assemblies at final QD
concentrations of 50 nM and co-incubated with 25 xg/mL of endosome marker Texas red-Tf. for
1.5 h at 37°C. After washing three times with 1X PBS (pH = 7.4), cells were replenished with fresh
medium (with FBS), and imaged with a Zeiss LSM 710 Confocal microscope.

Endosome marker Texas red-Tf: excitation 561 nm, detection 580-620 nm; green QD: excitation
405 nm, detection 510-560 nm. Panel A, QD:CPP (1:10); Panel B, QD:CPP: Aurein 1.2
(1:10:20); Panel C, QD:CPP: HA2 (1:10:20); Panel D, QD:CPP: polyamine (1:10:20). White
arrows in Panel B indicate areas of endosomal escape. Left: QD fluorescence (green), Middle:
Texas-red-Tf (red), Right: Overlay of phase contrast DIC image (gray), QD fluorescence (green),
Texas-red-Tf (red) and colocalization (yellow).

Figure 3.9, Panel A, shows the expected intracellular delivery (green emission) and
endosomal entrapment (red emission) of QD:CPP conjugates (1:10). The merged image
in panel A, shows almost complete colocalization (yellow signal) of QD:CPP and the
presence of more endosomes (red punctae) than trapped QD probes. QD:CPP: HA2
(Panel C) and QD:CPP: Polyamine (Panel D) showed a similar degree of internalization

and colocalization with endosomes, although with different punctate distribution.

In contrast, at 12 h, QD:CPP: Aurein 1.2 conjugates (Panel B) showed that although there
was a high degree of colocalization (yellow signal) not all the internalized conjugates
(green channel) were trapped inside endocytic vesicles (red channel). The pointed arrows
indicate the location of internalized QD:CPP: Aurein 1.2 complexes that are not trapped
inside endosomes, which might be an indication of endosomal escape, or a simultaneous

clathrin-independent endocytic mechanism.

Unfortunately, we could not follow the progress of this experiment with the Aurein 1.2

peptide at 36 h incubation due to contamination.
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Green QD emission Tf endosome marker ~ Overla

QD: CPP |

Figure 3.10. Cellular internalization of CL4 coated green QD:CPP: HA2 assemblies and
colocalization at 36 h within endosomes. HeLa cells were incubated for 1.5 h at 37 °C with 539
nm (green emission) QD:CPP (1:10) and QD:CPP:HA2 (1:10:20) assemblies at final QD
concentrations of 50 nM and co-incubated with 25 xg/mL of endosome marker Texas red-Tf. for
1.5 h at 37 °C. After washing three times with 1X PBS (pH = 7.4), cells were replenished with
fresh medium (with FBS), and imaged with a Zeiss LSM 710 Confocal microscope. Endosome
marker Texas red-Tf: excitation 561 nm, detection 580-620 nm; green QD: excitation 405 nm,
detection 510-560 nm. Panel A, QD:CPP (1:10); Panel B, QD:CPP: HA 2 (1:10:20). White
arrows indicate areas of endosomal escape. Left: QD fluorescence (green), Middle: Texas-red-Tf
(red), Right: Overlay of phase contrast DIC image (gray), QD fluorescence (green), Texas-red-Tf
(red) and colocalization (yellow).
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Figure 3.10 shows that at 36 h of incubation, most of QD:CPP (Panel A) are colocalized
(yellow signal) within endosomes. Interestingly, QD:CPP: HA2 conjugates (Panel B)
show a more disperse punctate distribution and lesser degree of colocalization as
indicated by the pointed arrows. Panel A is shown for comparison. Notably, cells

incubated with HA2 conjugates are healthy.
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Figure 3.11. Cellular internalization of CL4 coated green QD:CPP: polyamine assemblies and
colocalization at 36 h within endosomes. HelLa cells were incubated for 1.5 h at 37 °C with 539
nm (green emission) QD:CPP (1:10) and QD:CPP:EE (1:10:20) assemblies at final QD
concentrations of 50 nM and co-incubated with 25 xg/mL of endosome marker Texas red-Tf. for
1.5 h at 37°C. After washing three times with 1X PBS (pH = 7.4), cells were replenished with fresh
medium (with FBS), and imaged with a Zeiss LSM 710 Confocal microscope. Endosome marker
Texas red-Tf: excitation 561 nm, detection 580-620 nm; green QD: excitation 405 nm, detection
510-560 nm. Panel A, QD:CPP (1:10); Panel B, QD:CPP: polyamine (1:10:20). White arrows
indicate areas of endosomal escape. Left: QD fluorescence (green), Middle: Texas-red-Tf (red),
Right: Overlay of phase contrast DIC image (gray), QD fluorescence (green), Texas-red-Tf (red)
and colocalization (yellow).

QD:CPP: Polyamine conjugates (Figure 3.11, Panel B) showed a more disperse punctate
cytosolic distribution at 36 h incubation compared to 12 h. Also, micrographs in panel B
clearly show that a high amount of QD conjugates (green channel) are not colocalized

with endosomes (red channel) as indicated by the white arrows.
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3.11 Conclusion on colocalization experiments.

In conclusion, we tested three different peptides and one protein for their potential
endosomal escape abilities when conjugated to green QD:CPP complexes. These
conjugates where QD:CPP: Aurein 1.2, QD:CPP: HA2, QD:CPP: polyamine, and QD:

palmitoyl. As a control, we employed QD:CPP to have a baseline to compare with.

Upon co-incubation of green QD:CPP, QD: palmitoyl and QD:CPP: EE assemblies with
Red-Tf, confocal microscopy studies showed that all complexes were cellularly
internalized, except for QD: Palmitoyl under our conditions. The rest of the conjugates
were internalized within 1.5 -2 h by live-cells and showed a punctate distribution
throughout the cytoplasm at 12 and 36h. QD:CPP, QD:CPP: HA2 and
QD:CPP:Polyamine were completely colocalized with endosomes at 12 hours, however
QD:CPP:Aurein 1.2 complexes were not entirely trapped inside endosomes (Figure 3.9,

Panel B).

At 36 h there was a significant decrease of colocalization of conjugates QD:CPP: HA2
and QD:CPP: Polyamine (green) with Tf-endosome marker (red) as showed in Figures
3.10 and 3.11 respectively, while most of the QD:CPP conjugates (control) remained
trapped (yellow spots).

The above results suggest that QD:CPP:Aurein 1.2 may begin to escape the endosomes
at less than 12 h, while it may take longer for QD:CPP:HA2 and QD:CPP:Polyamine to

begin to escape the endocytic vesicles.
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We cannot assure if the complexes that reached the cytosol (green punctae at 12 h with
Aurein 1.2 and 36 h with HA2 and polyamine) remained punctate rather than diffuse, due
to a slow diffusion rate, adhesion to ruptured endosome membranes, aggregation on the
cytoskeleton actin tubule system, or due to further re-entrapment in a secondary type of
vesicles (autophagosomes). Precipitation is less likely to be the cause of the observed
punctate pattern as our QD conjugates are coated with a zwitterionic ligand that keeps

their solubility at endosomal and cytosolic pH.

Although colocalization experiments provide useful data on the internalization path of
nanopatrticles, the information remains qualitative, which makes it ideal for preliminary
studies, hence the need to have a more reliable method to detect and quantify the amount
of QD conjugates that reach the cytosol. Correspondingly, in the next section we describe
our results on a ratiometric FRET strategy to study the escape ability of Aurein 1.2, HA2

and polyamine peptide — QD conjugates in live cells.
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3.12 Ratiometric FRET studies to detect and quantify cytosolic delivery of
QD:CPP: endosomal escape bioconjugates (QD:CPP:EE).

As depicted in Figure 3.12 (below), to be able to detect and measure the amount of
endocytosed QD:CPP:EE conjugates that reaches the cytosol, we added a rhodamine
FRET acceptor ligand capable of absorbing at the emission wavelength of our green QD
donor. The disulfide bond cleavage of the rhodamine acceptor from the QD surface is
caused by the reductive cytosolic environment, which can only be reached after

endosomal escape of our ratiometric probe.
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Figure 3.12. Aim and scope of this work.
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Also, in FRET-based experiments there was no need to coincubate with the endosomal
marker (transferrin) anymore, as our colocalization experiments (in section 3.10)

indicated that most internalized conjugates are entrapped inside endosomes first.

3.13 Intracellular delivery of QD:CPP: Rhodamine- ratiometric map

Thus, live cells were incubated with QD:CPP:EE: rhodamine assemblies. After delivery
optimization conditions, 1:12:25:12 at a 50uM final concentration, was the optimal ratio
found to: 1) Facilitate intracellular deliver by using 12 CPPs per QD, 2) to microscopically
detect and measure a change of red rhodamine/green QD emission ratios upon
dissociation of the rhodamine FRET acceptor from the QD:CPP:EE: rhodamine

bioconjugate.

Because our green QDs were partly quenched by the FRET to acceptor ligands (12
rhodamines per QD), we can monitor the attenuated green QD emission, thus, in a control
experiment (Figure 3.13), after a 36-h incubation period with HeLa cells, confocal images
showed that QD:CPP: rhodamine conjugates (1:12:12 ratio), were intracellularly delivered
(donor channel). A laser energy of 405 nm was used to selectively excite green QDs but
not the rhodamine acceptor, therefore, any red emission is due to excitation of rhodamine

by the energy transferred from the QD donor.

The CPP-facilitated delivery of these complexes took place after 1.5 — 2.0 h incubation
time at 37 °C the red channel in Figure 3.13, shows the red emission of the rhodamine

FRET acceptor as a result of energy transfer from the QD donor.
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Figure 3.13 Cellular internalization of CL4 coated green QD:CPP: rhodamine assemblies at 36 h.
HeLa cells were incubated for 1.5 h at 37°C with QD:CPP: rhodamine (1:12:12) assemblies at final
QD concentrations of 50 nM. After washing three times with 1X PBS (pH = 7.4), cells were
replenished with fresh medium (with FBS), and imaged with a Zeiss LSM 710. Confocal
Microscope. Rhodamine: excitation 405 nm, detection 570-640 nm; green QD: excitation 405 nm,
detection 500-545 nm. Top left: Rhodamine FRET acceptor emission (red), Top right: Overlay
of phase contrast DIC and ratiometric map (gray), Bottom left: QD FRET-donor fluorescence
(green), Bottom right: Ratiometric map exhibits calculated intensity numbers (red/green) fitted
into a scale ranging from 0.0 to 1.0. Endosomal regions (white, yellow and red areas) exhibit
red/green ratios close to 1.0. Areas corresponding to QDs that could reach the cytosol (upon
endosomal escape) exhibit a red/green ratio close to 0.0 (green and blue areas).
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A ratiometric scale (red/green) (from 0.0 to 1.0) was generated with a software. The
red/green signal for the unsaturated part of each cell (in a population of at least 10 cells)
was quantified to give the corresponding intensity numbers, which were changed with a
program to fit in a scale that goes from 0.0 (blue) to 0.2 (green), to 0.8 (red) to 1.0 (white).
Changing calculated intensity numbers (red/green) into ratiometric maps on live-cell
images, would allow to quantify and assign endosomal regions with different ratio than

regions where QDs had escaped.

The observed punctate pattern of the cellularly internalized QD:CPP: rhodamine probes,
and the calculated red/green ratios (from 0.8 to 1.0) depicted in the ratiometric map by
artificially colored red and white areas, correlates well with the observation from
qualitative colocalization studies, that most of the QD:CPP complexes are engulfed in
endocytic vesicles and remain trapped at 36 h (Figure 3.13), because a measured
red/green ratio in the 0.8-1.0 range, is an indication that most of the red rhodamine FRET
acceptors are still associated through a disulfide bond to their green QD fret donor and
no disulfide bond has been cleaved by cytosolic glutathione.

Finally, the differential interference contrast (DIC) image shows the overlay of the
analyzed HelLa cells with their ratiometric map. DIC also shows the integrity of the HeLa

cells.
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3.14 FRET studies QD:CPP: Aurein 1.2: rhodamine-ratiometric map

Bioconjugates in a 1:12:25:12 ratio was incubated with HeLa cells for 1.5- 2 h to allow
their cellular uptake. Cells were treated as described in section 2.3.10 to 2.3.13. Confocal
images taken at 36 h exhibit that the QD:CPP: Aureinl.2: Rhodamine assemblies were

efficiently internalized by HeLa cells (green channel).

Although the cytosolic pattern is punctate, it is more disperse throughout the cytosol when
compared to the same QD conjugate without Aurein 1.2 (Figure 3.14). The acceptor

channel shows the emission of the rhodamine ligands engaged in FRET.

The artificial colors of the ratiometric map show a mix of blue and green punctae, which
means that the measured red/green ratios fall below 0.5 (green areas) and below 0.2
(blue areas). For red/green ratios to be below 0.5, means that the measured green
intensity of the QD donor is larger than the red emission intensity of the rhodamine
acceptor, which suggests that the Aurein 1.2 peptide may have caused the release of
QD:CPP: Aureinl.2-Rhodamine bioconjugates from the endosomes to the cytosol. The
increase in green QD luminescence (therefore the decrease in red/green ratio) indicates
that several rhodamine ligands have disengaged from the QD surface because of

disulfide bond reduction by cytosolic glutathione.
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FRET 36 h QD:CPP: Aurein 1.2: Rhodamine
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Figure 3.14. Cellular internalization of CL4 coated green QD:CPP: Rhodamine: Aurein 1.2 assemblies at
36 h. HelLa cells were incubated for 1.5 h at 37 °C with QD:CPP: Rhodamine: Aurein 1.2 (1:12:25:12)
assemblies at final QD concentrations of 50 nM. After washing three times with 1X PBS (pH = 7.4), cells
were replenished with fresh medium (with FBS), and imaged with a Zeiss LSM 710. Confocal Microscope.
Rhodamine: excitation 405 nm, detection 570-640 nm; green QD: excitation 405 nm, detection 500-545
nm. Top left: Rhodamine FRET acceptor emission (red), Top right: Overlay of phase contrast DIC and
ratiometric map (gray), Bottom left: QD FRET-donor fluorescence (green), Bottom right: Ratiometric
map exhibits calculated intensity numbers (red/green) fitted into a scale ranging from 0.0 to 1.0. Endosomal
regions (white, yellow and red areas) exhibit red/green ratios close to 1.0. Areas corresponding to QDs that
could reach the cytosol (upon endosomal escape) exhibit a red/green ratio close to 0.0 (green and blue
areas).
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3.15 FRET studies QD:CPP: HA2: Rhodamine- ratiometric map

Notably, QD:CPP: HA2: Rhodamine assemblies showed a very different punctate pattern,
from the Aurein and polyamine conjugate analogs, upon their endocytosis by Hela cells.
The micrographs in Figure 3.15, exhibit what appears to be a punctate pattern of minute
endocytic vesicles. We have observed this several times for cellularly internalized QD
conjugates loaded with the HA2 protein (see colocalization images in figures 2.10, 3.9
panel C, and 3.19 panel B).

The ratiometric map shows mostly a mix of blue and green punctate areas (red/green
ratios from 0.5 to 0.0) and a few isolated red areas (red/green ratio ~0.8). These results
suggest that some of the QD:CPP:HA2:rhodamine conjugates remain trapped (red
punctae in ratiometric map). The mixture of red, green and blue area exhibited in the
ratiometric map suggests that the HAZ2 protein facilitates endosomal escape,

nevertheless, not as efficiently as the Aurein 1.2 peptide.

We were expecting this protein to be more endosomolytic as colocalization studies
showed that at 36 h a large number of intracellularly delivered QD:CPP:HA2 conjugates
were not colocalized with Tf-stained endosomes in Hela cells, making it appear as if they

had reached the cytosol.
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Figure 3.15. Cellular internalization of CL4 coated green QD:CPP: Rhodamine: HA2 assemblies at 36 h.
HeLa cells were incubated for 1.5 h at 37 °C with QD:CPP: Rhodamine: HA2 (1:12:25:12) assemblies at
final QD concentrations of 50 nM. After washing three times with 1X PBS (pH = 7.4), cells were
replenished with fresh medium (with FBS), and imaged with a Zeiss LSM 710
Figure 3.15 (continued description) Confocal Microscope. Rhodamine: excitation 405 nm, detection 570-
640 nm; green QD: excitation 405 nm, detection 500-545 nm. Top left: Rhodamine FRET acceptor
emission (red), Top right: Overlay of phase contrast DIC and ratiometric map (gray), Bottom left: QD
FRET-donor fluorescence (green), Bottom right: Ratiometric map exhibits calculated intensity numbers
(red/green) fitted into a scale ranging from 0.0 to 1.0. Endosomal regions (white, yellow and red areas)
exhibit red/green ratios close to 1.0. Areas corresponding to QDs that could reach the cytosol (upon
endosomal escape) exhibit a red/green ratio close to 0.0 (green and blue areas).
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3.16 FRET studies QD:CPP: Polyamine: Rhodamine- ratiometric map
The ratiometric map of HelLa cells incubated with QD: CPP: polyamine:rhodamine
conjugates at 36 h, shows a mixed blue and green punctate pattern, which points out

areas where the measured red/green ratio ranks from 0.5 to 0.0.

This finding suggests that our polyamine peptide facilitates the endosomal escape of QD
complexes. This outcome agrees with our qualitative colocalization experiments under
the same culture conditions with QD: CPP: polyamine conjugates coincubated with red-
Tf (figure xxx) where we observe a significant number of green punctae (due to probe

emission) that was not colocalized with endosomes.

Markedly, cells remained healthy after the 36-h incubation period with polyamine as

shown in the DIC micrograph (Figure 3.16).
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FRET 36 h QD:CPP: Polyamine: Rhodamine

Rhodamine
Acceptor

Ratiometric
map

Figure 3.16. Cellular internalization of CL4 coated green QD:CPP: Rhodamine: polyamine assemblies at
36 h. HeLa cells were incubated for 1.5 h at 37°C with QD:CPP: Rhodamine: polyamine (1:12:25:12)
assemblies at final QD concentrations of 50 nM. After washing three times with 1X PBS (pH = 7.4), cells
were replenished with fresh medium (with FBS), and imaged with a Zeiss LSM 710. Confocal Microscope.
Rhodamine: excitation 405 nm, detection 570-640 nm; green QD: excitation 405 nm, detection 500-545
nm. Top left: Rhodamine FRET acceptor emission (red), Top right: Overlay of phase contrast DIC and
ratiometric map (gray), Bottom left: QD FRET-donor fluorescence (green), Bottom right: Ratiometric
map exhibits calculated intensity numbers (red/green) fitted into a scale ranging from 0.0 to 1.0. Endosomal
regions (white, yellow and red areas) exhibit red/green ratios close to 1.0. Areas corresponding to QDs that
could reach the cytosol (upon endosomal escape) exhibit a red/green ratio close to 0.0 (green and blue
areas).
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3.17 Whole cell average red/ green intensity ratiometric analysis

We also analyzed whole cell average red/ green intensity ratios for sets of at least ten

cells (Figure 3.17).

Ratiometric FRET- Endosomal escape ability comparison
0.70

cPP

0.60 0.62 HA2
0.60

+ Aurein 1.2
0.50 0.53 .
Polyamine
0.47

0.40

0.30

Red rhodamine /green QD intensity

0.20
0 1 2 3 4 5
Experiment number (at least 10 cells)

Figure 3.17. Whole cell averages of red/green intensity ratios after 12 hours of QD:CPP:
rhodamine: EE cellular uptake. (<10 cells, error bar: S.D.). From left to right, red/green ratios of
internalized CL4 coated green QD:CPP: rhodamine (1:12:25) complex as the control, QD:CPP:
rhodamine: HA2 (1:12:25:12), QD:CPP: rhodamine: Aurein 1.2 (1:12:25:12) and QD:CPP:
rhodamine: polyamine (1:12:25:12) complexes. HeLa cells were incubated for 1.5 h at 370C
with the above complexes at final QD concentrations of 50 nM. After washing three times with
1X PBS (pH = 7.4), cells were replenished with fresh medium (with FBS), and imaged with a
Zeiss LSM 710. Confocal Microscope. Rhodamine: excitation 405 nm, detection 570-640 nm;
green QD: excitation 405 nm, detection 500-545 nm.

The QD: CPP: rhodamine complex red/green ratio (0.62) after intracellular uptake was
used as the baseline. The graph above indicates that after 12 h, there is a very negligible

3% decrease in red/green ratio (0.60) for the QD:CPP: rhodamine: HA2, which indicated
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that this complex remains trapped inside the endosomes and therefore, HA2 does not
enhance escape after 12 h. The complex QD:CPP: rhodamine: Aurein 1.2 red/green ratio
is equal to 0.53, therefore, 15% lower than the control QD:CPP: rhodamine, indicating
that after 12 h there is some endosomal escape. Finally, the complex QD: CPP:
rhodamine: polyamine red/green ratio is the lowest (0.47), and 24 % lower than the QD:
CPP: rhodamine control, which indicates that our polyamine peptide has a better ability
to cause endosomal escape after 12 h when compared to HA2, or Aurein 1.2.

The whole cell average ratios plotted in figure 3.17 show that Aurein 1.2 possess

endosomolytic activity and that polyamine is better.

3.18 Conclusion

In the search for an endosomolytic peptide, and after extensive literature search, | learned
that the Aurein 1.2 peptide had the ability to enhance endosomal escape of polycationic
proteins (+36 GFP). Since Aurein 1.2 is a short peptide, | adapted its sequence to our
needs, thus | synthesized a version of the Aurein 1.2 peptide that could be assembled on

the surface of QDs via affinity coordination.

Lo Hy
H
H
~dSe H-KWGS(Aib)A,LG,-GLFDIIKKIAESF
/b, Aurein 1.2 sequence
ZnS CL4

Figure 3.17. A reported Aurein 1.2 peptide was adapted to coordinate on the QD surface.
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Hemagglutinin is a class | viral fusion protein that catalyzes the membrane fusion process
during cellular entry and infection. Since the hemagglutinin fusion peptide (HAfp) plays a
central role in the fusion of viral and endosomal membranes,'3? | decided to test it in our
CPP-facilitated QD delivery system, with the hypothesis that by coordinating several
proteins around a QD, we might be able to render endosomolytic QDs. This protein was

provided with a polyhistidine tag by Lorieau’s group.

It also known that certain polyeneimines possess high endosomolytic activity due to their
high amine content. Therefore, | designed a peptide-based polyamine that could be easily
synthesized by solid phase peptide synthesis, in the least number of steps, with the
highest possible number of amine groups, a polyhistidine tag for non-covalent
coordination to QDs, with a piperazine ring to provide some rigidity (and two tertiary
amines), diglycines to provide a hinge, and four N-terminal spermine branches. This

peptide was synthesized by Mona Hoseini Soflaee.

A palmitoyl peptide reported to facilitate the intracellular delivery and endosomal escape
of QDs (ref) was also tested. Colocalization studies showed that cellularly internalized

QD:CPP conjugates remained trapped inside the endosomes for 36 hours.

Because of the lack of methods to quantify endosomal escape, we worked on the
development of a FRET-based strategy to microscopically determine whether QDs
resided in the endosomes or the cytoplasm. We turned our attention to a QD FRET donor-

Rhodamine FRET acceptor system to generate a ratiometric signal (red/green).

Both, colocalization studies and our FRET-based ratiometric method, support the idea

that the polyamine and the Aurein 1.2 peptide respectively, enhance the endosomal
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escape of QDs. Also, from colocalization studies, and from the intracellular fluorescence
pattern, it seems that the HA2 protein possess some endosomolytic activity (when
compared to CPP only) however, ratiometric analysis does not support this idea as

strongly.

Also, we demonstrated the usefulness of ratiometric maps as they can detect areas of
high escape activity (where red/green ratios are close to 0.0) and areas of endosomal
entrapment (where red /green ratios are close to 1.0). This is useful, especially in cases

were diffusion is not observed and punctate patterns are detected.

Overall, the ratiometric evidence (red/green ratios) from whole cell averages as well as
ratiometric maps, along with colocalization experiments show that while the HA2 protein
employed in this thesis (HAfp23, see sequence in section 2.3.8) has a poor ability to
cause endosomal escape, the antimicrobial membrane peptide Aurein 1.2 and our

designed polyamine peptide are more effective, with polyamine being the best.
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3.19 Experimental methods.

3.19. 1 Materials and instrumentation. All solvents and chemicals were purchased from
commercial sources and used without further purification: DMF (reagent grade) from
Chem-impex, CH2Cl2, MeOH and diethyl ether from Sigma- Aldrich, TFA and CHsCN
(HPLC grade) from Fisher. Water was purified using a Millipore Milli-Q water purification
system. DIEA (N,N-diisopropylethylamine), acetic anhydride, piperidine, [3-
mercaptoethanol, 1,2- Ethanedithiol, thioanisole, phenol, and anisole from Alfa Aesar.
3- [(2-Aminoethyl)dithio]propionic acid was purchased from Toronto Research
Chemicals. HBTU (O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate) , Oxyme (Ethyl Isonitrosocyanoacetate), palmitic acid, TIPS-H
(triisopropylsilane), D-Biotin, TCEP (Tris-(carboxyethyl)phosphine hydrochloride,
Glutathione and Rhodamine B isothiocyanate (mixture of 5 and 6 isomers) from Chem-
impex international, MALDI matrix HCCA (a-Cyano-4-hydroxycinnamic acid) and
chloroquine phosphate from Sigma-Aldrich. Fmoc-protected natural and artificial amino
acids Fmoc-L-Dap(Mtt)-OH (Dap = diaminopropionic), Fmoc-L-Lys(Mtt)-OH, Fmoc-L-
Aib(Mtt)-OH (Aib= alpha-aminoisobutyric acid), Fmoc-(PEG)2-Suc-OH, Fmoc-(PEG)2-
DIG-OH and Chlorotrityl chloride resin from Chem-impex international. Rink amide resin
AM Resin LL, 100-200 mesh (substitution = 0.35 mmol/g) from Novabiochem. Desalting
buffer TEAA (triethylamine acetate) 2.0 M pH = 7.0 from Glen Research.

Peptides were purified by reverse phase preparative HPLC in a Shimadzu LC-20 AT
equipped with a UV-Vis dual detector model SPD-20A and a semi-prep Aeris column (10
um, 90 A, 250 x 10 mm) at a flow rate of 5 mL/min employing Acetonitrile / Water with

0.1% TFA as a mobile phase. Injections were simultaneously monitored at 220 and 254
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nm. Peptides were desalted with Oligonucleotide Purification Cartridge (OPC, Applied
Biosystems) before conjugation to QDs, freeze-dried (Labconco) and stored as a pellet
at -20 °C. Peptide masses were obtained by MALDI-TOF 4700 Proteomics Analyzer
(Applied Biosystems). Small molecules masses were obtained by electrospray ionization
on a LC/MS APCI guadrupole ion trap LC mass spectrometer (Thermo Finnigan LCQ)
and their chemical structures were confirmed by NMR recorded on a Bruker Avance DRX
400 or 500 MHz NMR spectrometer. CdSe-ZnS core—shell QDs with emission maxima
centered at 539 nm (CL4 coated) and 566 nm (DHLA coated) were synthesized by Snee’s
group. 539 nm QDs capped with CL4 ligands were used for CPP-mediated delivery. 566
nm QDs capped with DHLA ligands were used for spectroscopic studies.

UV/vis absorbance spectra were measured using a Varian Cary 300 Bio UV/vis
spectrophotometer, and fluorescence emission spectra were obtained using a custom-

designed Horiba Jobin Yvon FluoroLog spectrophotometer.

Hela cells (CCL-2) were purchased from American Type Culture Collection. Dulbecco’s
modified eagle medium (DMEM, 10-014 CV) and 0.25% trypsin/2.21 mM EDTA were
purchased from Corning Cellgro® Micropipette preparation glass bottom culture dishes
(P50G-1.5-14-F) were purchased from Matek Corporation (Ashlan, MA). XenoworksTM
Microinjection Systems, P-1000 pipette puller and borosilicate glass tubes (BF100-78-10)
were used for microinjections (Sutter Instruments, Novato, CA). Fluorescence images
were acquired using an epi-fluorescence microscope (Axiovert 200, equipped with
AxioCam MRm CCD camera and Axiovision software (V 4.6.2.0), Carl Zeiss, inc) modified

with a UV LED emitting at 365 nm (UV-LED-365, Prizmatix, Ltd). Allimages were obtained
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with a 63x/1.25 N.A. EC Plan Neofluar oil-immersion objective (Carl Zeiss, Inc) and G365

excitation filter.

3.19.2 General protocol for solid phase peptide synthesis. As described in section

2.7.5.

3.19.3 Synthesis of Fmoc-aminoethyl-disulfide propanoic acid 34.

O Dioxane

NaHCO; (3.0 equiv)

0
o )

H,0, 16 h, 22 °C M s~
HOJ\/\S/S\/\NHZ + cl o Q HO S H—Fmoc

(1.0 equiv) O (1.18 equiv)

(32) (33) (34)

Procedure modified and adapted®3 as follows: 3-((2-aminoethyl) disulfaneyl) propanoic
acid 32 (81.3 mg, 0.45 mmol, 1.0 equiv) was placed in an argon flushed 50 mL round
bottom flask equipped with a spin bar. The round bottom flask was place in a water-ice
Dewar bath to keep a cool temperature (~22 °C) then a solution of NaHCO3 (135.2 mg,
1.35 mmol, 3.0 equiv) dissolved in 8 mL of water was added dropwise. Subsequently, a
solution of Fmoc-chloride 33 (137.4 mg, 0.531 mmol, 1.18 equiv) dissolved in 4 mL of
dioxane was added dropwise with stirring. The reaction mix was left stirring overnight in
an ice-water bath, then 4 mL of dioxane were added to continue with a work-up. The
reaction crude was acidified by addition of a 2 M HCL solution dropwise to bring the pH
~1.0, followed by extraction with ethyl acetate (4 times). The collected organic layers were

washed with brine, dried over Na2SOs, filtered and rotovaped to afford an oily colorless



98

crude residue. Product was purified by silica gel flash chromatography with DCM followed
by 3.3% Methanol/DCM as the mobile phase to afford the protected Fmoc-aminoethyl-
disulfide propanoic acid 34 as a white solid in 80% isolated yield. This compound should
be stored at -20 °C. Found m/z [M+H]** = 438.1 by ESI. Compound structure was

confirmed by 1H and 13C NMR as reported.'33

3.19.4 Synthesis of Rhodamine B FRET acceptor peptide 18.

0 o 0 0
H,N JJ\[His]s-Ser-Leu-GIy-[AIa]3-GIy-Ser-GIyJ\/\S’S\/\H )J\/O\)Lu/\/o\/\o/\/'“

(18)

Peptide 11 (scheme 3.2) with sequence Hiss-Ser-Leu-Gly-(Ala)s-Gly-Ser-Gly-Fmoc
(C>N-terminus) was synthesized on rink amide resin by following the general solid phase
peptide synthesis protocol described in section 2.3.5. The synthesis was continued by
capping any unreacted free amines by acetylation followed by Fmoc deprotection of
terminal Glycine with 20% piperidine in DMF (step i). After washing the resin, Fmoc-
aminoethyl-disulfide propanoic acid was pre-activated for 1 min and coupled for 2 h (step
i). After Fmoc deprotection (step iii) The synthesis was continued by preactivation (5 min)
and coupling of the commercially available Fmoc-(PEG)2-Suc-OH building block for 1 h
(step iv). The resin was further treated with acetic anhydride (20 equiv) and DIEA (30
equiv) in DCM to cap (acylate) any unreacted free amines, followed by Fmoc-deprotection
(step v). The coupling of Rhodamine B isothiocyanate was carried out as follows: A mass

equivalent to 12.5 umol of peptide on dry resin (estimated by the resin substitution) was
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weighed out, then the resin was swollen with DCM for 30 min. Rhodamine B
isothiocyanate (1.10 equiv, 13.75 umol, 7.4 mg) was weighed out in a separate vial, and
then 1 mL of a pyridine: DMF: DCM (12:7:5) solution was added and mixed to dissolve
the rhodamine. This solution was then added to the resin and left to react with shaking
overnight at room temperature (step vi). The reaction vessel was wrapped with aluminum
foil to avoid photobleaching of the dye. Step vi was repeated next day for 2 h, since the
coupling reaction did not go to completion the first time. Step vi can be repeated as many
times as necessary. Finally, the resin was washed with DMF, followed by isopropanol,
then by DCM as many times as needed to remove any uncoupled rhodamine. The resin
was then treated with a pre-cleavage wash as follows: 3X DCM, 3X MeOH containing
acetic acid (pH~5), 3X DCM, 3X MeOH and then high vacuumed overnight in the dark.
Finally, the peptide was cleaved from the rink amide resin using 2 mL of a TFA 97%/
water mixture for 2 h at room temperature, in the dark. Rhodamine peptide 18 was purified
by reverse phase HPLC using a water/acetonitrile (both solvents containing 0.1% TFA)
gradient, followed by lyophilization and desalting. Calculated m/z for C107H147N34026S3 =

2420.04, found [M+H] 1* = 2420.089 by MALDI-TOF (reflector positive mode).
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3.19.5 Synthesis and characterization of palmitoyl peptide (23)

Palmitoyl
(o]
HZNk[His]G-GIy-GIy-[Pro]g-Lys-Lys-lle-Lys-VaI-(Dap)-GIy-Trp- Acyl

Affinity tag Polyproline helix
(23)

In contrast to the original solid phase peptide synthesis method reported by Medintz et.al
110 for the synthesis of this palmitoyl peptide 23, we employed Fmoc chemistry as
described in section 2.3.5 with a few modifications, for instance, double coupling was
used for each amino acid residue after the eighth residue (Gly-8) to avoid the generation
of truncation products and therefore a decrease in the overall yield of the target linear
peptide. As indicated in scheme 3.2, N-acetylation was carried out after assembly of the
linear peptide 19 and Fmoc deprotection of terminal amine on tryptophan.

Lastly, selective Mtt deprotection of diaminopropionic acid was performed as described
in section 2.3.5, followed by resin neutralization (by washing the resin three times with a
solution of 5% DIEA in DCM and three times with DMF).

Palmitoylation of peptide 21 (scheme 3.2) was carried out with palmitic acid (3.0 equiv),
oxyme (3.0 equiv.), HBTU (3.0 equiv.), in DCM/DMF 1:1 (anhydrous solvents), with a 5-
minute pre-activation time, followed by an hour-long coupling time. Pre-cleavage
treatment was performed as described in section 2.3.5. We found that a combination of
90% TFA, 5% thioanisole, 2% anisole, 3% 1,2-ethylenedithiol, for 2h at room temperature

was the best condition to cleave this peptide.



101

Post-cleavage treatment: TFA was completely rotovaped and the crude peptide was
dissolved in a 1:1 mixture of ACN: water. The crude peptide solution was passed through
a 40-micron filter as we observed that an insoluble sticky white residue formed, possibly
due to the cleaved protecting groups. Peptide 23 was purified by reverse phase HPLC
using a water/acetonitrile/methanol gradient (all solvents containing 0.1% TFA) by
employing a semi-prep reverse phase column (Aeris, 10 mm diameter x 250 mm length)
at a 5 mL/ min flow rate and monitoring with a dual detector (A1= 220 nm, A2= 254 nm).

Fractions containing the desired peptide were lyophilized and desalted.

3.19.6 Synthesis and characterization of polyamine peptide 31 (see scheme 3.4)

G—Spermine
Lys\
G—Spermine

Hg-GG-Piperazine-Lys

/G—Spermine
Lys\

G—Spermine

This peptide was manually synthesized by Mona Hoseini Soflaee. The first ten residues
of polyamine peptide 29 was linearly assembled on rink amide resin as described in
section 2.3.5. The synthesis was continued by coupling BisLys11 (6.0 equiv. of Fmoc-L-
Lys(Fmoc)-OH), with Oxyme (6.0 equiv), HBTU (6.0 equiv) and DIEA (12.0 equiv) in DMF
for 1 h. After Fmoc deprotection, the synthesis was continued by coupling Glyi2 (12.0
equiv. Fmoc-Gly-OH, 12.0 equiv Oxyme, 12.0 equiv. HBTU, 24.0 equiv DIEA in DMF) for

1 h. After a final Fmoc deprotection, the resin was washed, shrunk with MeOH and high
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vacuumed overnight. Finally, the resin equivalent to 12 umol of peptide (roughly estimated
by resin substitution) was transferred into a 3 mL Torvig polypropylene vessel and swollen
with DCM to continue the synthesis by coupling the spermine building block (12.0 equiv.
tetra-Boc-spermine-5-carboxylic acid 30, 12.0 equiv Oxyme, 12.0 equiv. HBTU, 24.0

equiv DIEA in DMF) for 1 h at r.t.

The pre-cleavage treatment of the residue was performed as described in section 2.3.5.
The polyamine peptide was cleaved from the resin by using a 97% TFA/3% water cocktail
for 2 h at room temperature. The crude peptide was purified by reverse phase HPLC with
a water/acetonitrile (with 0.1% TFA) gradient, by employing a semi-prep reverse phase
column (Aeris, 10 mm diameter x 250 mm length) at a 5 mL/ min flow rate and monitoring
with a dual detector (A1= 220 nm, A2= 254 nm). Fractions containing the desired peptide

31 were lyophilized, desalted and analyzed by MALDI-TOF (reflector positive mode).
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3.19.7 Table of sequences, cleavage conditions, time, [M+H] mass found

Peptide (C-terminus = N-terminus) Cleavage conditions
80% TFA, 5% thioanisole,
He-KWGS(AIb)AALGG-Ro-Acyl (6) | 5% anisole, 5% phenol, 5%

water, 4h/ r.t.

90% TFA, 5% thioanisole,
2% anisole, 3% EDT, 3h/r.t
90% TFA, 5% thioanisole,
2% anisole, 3% EDT, 2h/ r.t

He-KWGS(Aib)AALGG-GLFDIIKKIAESF @)

He-GG-Po-KKIKV-(Dap)palmitoyl-GW-Acyl  (23)

G—Spermine

Lys\
G—Spermine
Hg-GG-Piperazine-Lys 97% TFA/ 3% water
/G—Spermine
Lys\

G—Spermine (31)

Table 3.1. Sequences cleavage conditions of endosomolytic peptides synthesized and
tested.

3.19.8 Peptide desalting. As described in section 2.3.9

3.19.9 Selection of a QD-Dye FRET pair (Spectral properties of CL4-QDs and
Rhodamine).

1) Prepare stock solution of QDs in molecular biology grade water or filtered 1X PBS
pH=7.0 and measure the absorption spectra (black line in Fig.3.17) by UV-Vis to
determine their concentration as described above.

2) From the QD stock solution, prepare 1 mL (or a volume equivalent to the quartz cuvette
being used) of a 25- 50 nM QDs solution and transfer to a clean quartz cuvette.

3) In a fluorimeter, measure the photoluminescence spectrum of the QDs solution. An

excitation wavelength of 400, 410 or 430 nm works well (Green dotted line, Fig. 3.17)
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4) Follow the same steps 1-3 to measure absorption and emission of the FRET acceptor

dye. Usually a solution in the low micromolar range yields good results.

Spectral properties of DHLA-QDs and Rhodamine B.

QD-DHLA (FRET donor) and Rhodamine B (FRET acceptor)
1.00

—8—566 nm QD-DHLA EM
Rhodamine B- ABS

—&— Rhodamine B- EM

0.50

Absorbance and Emission (Normalized)

0.00
400 450 500 550 600 650

Wavelenght (nm)

Figure 3.18. Normalized absorption and PL emission spectra for a) QD-CL4-Dye FRET
pair and b) QD-DHLA-Dye FRET pair. An excitation wavelength of 430 nm was used for
both FRET pairs. In both panels, note the minimum in the absorbance of the dye at 430
nm and the overlap between the QD emission and dye absorption.
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3.19.10 Titration of Rhodamines needed per QD for FRET.?®

Table 3.2, should be used as a reference for the experiment described below.

Example of an experiment set up for the self-assembly of Rhodamine B peptide to QDs:
1) When ready to use, dissolve the pure and desalted polyhistidine Rhodamine B peptide
18 in water yielding a final concentration of 50 uM.

2) Prepare a stock solution of QDs in molecular biology grade water or 1X PBS filtered
buffer, and measure the final concentration by UV-Vis. In this example, the stock solution
concentration is 2.38 uM.

3) To multiple 0.4 mL Eppendorf tubes, add 2.5 uL of 10X PBS buffer.

4) To each tube, add the corresponding amount of water (see Table below) and mix.

5) To each tube, add the corresponding amount of polyhistidine peptide stock solution
(see Table below), and gently mix. In this example, the stock concentration is 50 uM.

6) To a separate set of multiple 0.4 mL Eppendorf tubes, add 6.3 uL of QD stock solution.
7) Add the prepared polyhistidine peptide solution from steps 3-5 to the corresponding
tubes containing QD solutions prepared in step 6 and gently pipette up and down (do not
vortex, nor centrifuge). The final volume for each tube should be 25 puL.

8) Incubate for 1-2 hours at room temperature and protect from light.

9) To each tube, add 275 uL of 1X PBS, and gently pipette up and down (do not vortex,
nor centrifuge). The final volume for each tube should be 300 puL.

10) Transfer 300 uL of each reaction into a quartz cuvette and measure the respective

emissions in a fluorimeter with an excitation at 430 nm.
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a) For peptides with poor solubility dmso can be added to a final 5- 10% DMSO /water

(v/v) concentration.
b) 1X PBS buffer must be filtered through a 40-micron filter before use.
c) Reactions must be incubated in the dark to avoid dye photobleaching.

d) QD stock solution should be stored at 4 °C in the dark or with aluminum foll.

Desired ratio of peptide/ QD

Reagent (uL) 0 1 2 4 6 8 10 15
QD (2.38 uM) 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3
Peptide (50.0 uM) 0.3 0.6 1.2 1.8 2.4 3.0 4.5
10X PBS 2.5 2.5 25 2.5 2.5 2.5 2.5 2.5
H20 16.2 | 15.9 156 | 15.0 | 144 | 138 | 132 | 117
Total volume (ulL) 250 | 25.0 | 25.0 | 25.0 | 25.0 | 25.0 | 25.0 | 25.0
1X PBS after 1 h 275 | 275 275 275 275 275 275 275
incubation (uL)

Total volume (ulL) 300 | 300 300 300 300 300 300 300
Final conc. QD (nM) 50 50 50 50 50 50 50 50
Final conc. Peptide (uM) 0 0.1 0.2 0.4 0.6 0.8 1.0 15

Table 3.2. Reagent volumes utilized for QD- Rhodamine peptide self-assembly
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4 Synthesis of challenging peptides and potential alternative solutions

4.1  Motivation to synthesize NPyS-Cys-CPP-K-HA2 peptide 35.

Cell penetrating peptides (CPPs) such as polyarginine and the TAT sequence have been
employed countless times as tools for the intracellular delivery of different cargoes,
however, there is still a major problem to address, when CPPs are internalized through
endocytosis, they along with their cargoes often remain trapped inside the endosomes
and cannot reach the cytosol, which decreases their bioavailability.'3*

Several groups have developed tools to enhance the endosomal escape capacity of
CPPs, for example, Dowdy., et al, reported that the efficiency to deliver an endocytosed
TAT-Cre protein was significantly enhanced by co-incubation with a dTAT-HA2 fusogenic
peptide.?* Interestingly, a retro-inverso form of the fusogenic TAT- HA2 was used
(Figure 4.1 a). Our group has also shown that conjugation to CPPs, mediates
cytoplasmic delivery of otherwise membrane-impermeant Tb complexes, including TMP-

Lumi4 (Figure 4.1 b) to selectively label an intracellular target.%3

Conjugation to a CPP (R9) facilitated the Tb- probe delivery into the cytoplasm of various
cell types at low micromolar concentrations, however, our group observed that
endocytosis followed by endosomal entrapment took place when high concentrations of
the Lumi4-Tb-TMP probe were employed. Encouraged by the endosomal escape
reported abilities of the fusogenic peptide TAT-HA21?4 and the ability of TAT and R9

peptides to deliver Th luminescent impermeable agents into living cells,®® we started an
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investigation aimed at the development of a modular peptide-based probe as a tool for

cytosolic delivery, endosomal escape, and delivery of cargo in live-cells (Figure 4.1 c).

a)
N-terminus —— > C- terminus
RRRQRRKKRGHGDIMGEWGNEIFGAIAGFLG |
TAT HA2
Fusogenic peptide (Dowdy's group)
b) H H
/_\ \/\/N\n/\/\n/N MP
N N

(o] (o]
«— Reducible
bond

OHTp3*HO
CIRRRRRRRRR

TAT or polyarginine

——wu .—|
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CPP = TAT or R9 HA2
(3%)

Figure 4.1 : a) Sequence of the TAT-HA2 peptide used by Dowdy et al, to enhance the endosomal
escape of a TAT-Cre protein in live-cells.*?* b) A Lumi4-Tb-TMP probe equipped with a CPP
for facilitated intracellular delivery.®3 ¢) Our synthetic target, NPyS-Cys-CPP-K-HA2 ,peptide 35.
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4.2 Retrosynthetic analysis

Peptide 35 is a relatively long sequence (33 amino acid residues), which means that the
conventional stepwise solid phase peptide synthesis (SPPS) may afford minute quantities
of the final product 35. From experience, | have observed that SPPS is very useful for
peptide sequences comprising up to 12 amino acids in average, after that length, chances

are that yields will start to decrease dramatically with each amino acid added after twelve

residues.
O_ geestes 0 0O 00D 0 OO0 OO0 O 0 g o
CE gemewme @ W R K K@ ‘ oK
aclds) O*R*R*R+@*R®R*+*B*K*K*R*G HoN G-D- I M-G-E-W-G-N-E- I- F-G-A- |- A-G-F-L-G--N—Q)
Route A USolidphasepeptide synthesis (40)
"One by one" approach
for disulfide for dye
bond formation conjugation
with cargo
—l CPP = TAT or R9 o l HA2

H (o]
H,N (R-R-R-Q-R-R-K-K-R-G }-'—N —{KH{G-D- I- M-G-E-W-G-N-E- |- F-G-A- |- A-G-F-L-G}-'—NH,

for intracellular delivery (35) to escape the endosome

Solid phase peptide synthesis
Route B ﬂ convergent approach

1 HrpROpRhRY o P § Y oy o
PG OH + H,N G-D- I- M-G-E-W-G-N-E- |- F-G-A- |- A-G-F-L-GI-'-N—Q)

CPP HA2
ﬂ 38) ﬂ (40)
P59 0
1 99 o0HFHHY ‘ A
o H,N —{G-D- I- M-G-E-W-G-N-E- I- F-G-A- I- A-G-F-L-G——N—Q)
PG 0—Q
HA2 (4)
CPP
ﬂ 37) ﬂ (39)
‘ | Hz"‘O
+
+ cl Rink amid
- i amide
/'\ Chilorotrityl chloride J\
Fmoc-HN COOH resin Fmoc-HN COOH

PG= protecting
group

Scheme 4.1: Two alternative synthetic routes for the assembly of peptide 35. Route A depicts the
conventional stepwise solid phase peptide synthesis approach. Route B, entails a convergent
approach wherein the key step is the condensation of fragments 38 and 40 on solid phase.
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As depicted in Scheme 4.1, we initially considered two different synthetic approaches for
the synthesis of 35. Route A, comprises the conventional SPPS methodology where one
amino acid is added at a time on solid support. In route B, we considered a convergent
solid-phase approach, in which the key step would entitle the amide bond formation
between the fully protected fragments 38 and 40. We anticipated this convergent
approach (route B) would afford 35 in much higher yield than route A would give, as we
planned to use fully protected and purified fragment 38, which theoretically, after only one
subsequent coupling reaction with 40, followed by Fmoc deprotection of the fusion
peptide terminal amine, would give peptide 35 at once.

This approach has been employed for the synthesis of long peptides by several groups

before.t35-138 | will discuss our results in detail on the following sections.

4.3 Convergent solid phase peptide synthesis

SPPS of fragment 40: Peptide 39 was synthesized on a low-level substitution rink amide
resin (to avoid aggregation of long peptides on resin), by using commercially available N-
terminal Fmoc protected amino acids and TFA labile side chain protecting groups.

The protocol for SPPS with Fmoc chemistry is described in more detail in the experimental
section of chapter 3, however, the interested reader is encouraged to review the most

recent and easy-to- follow protocols.3°

As shown on the ESI-MS data of a crude sample, HA2 peptide 39 was successfully
assembled (Figure 4.2 a). After Fmoc deprotection with 20% piperidine in DMF, the
synthesis was continued by coupling Fmoc-Lysine (Mtt)-OH to afford the desired HA2

peptide 40 (Figure 4.2 b).
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Scheme 4.2: Convergent solid phase peptide chemistry strategy in detail. (Route B).
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E HN—Q
+
Rink amide
resin

Fmoc-HN COOHl J J l

by 0y o

H,N—{G-D- I- M-G-E-W-G-N-E- I F-G-A- |- A-G-F-L-G-—N—Q)

HA2

(39)

Coupling
conditions FmocKNS\y( OH
H o

0 [
G-E- - MGEE\IGEE‘ I- F-G-A- I- A-G-F-L-G]Jc"—n -9
HA2

(40)

Figure 4.2: a) Crude MS analysis shows the corresponding mass of the HA2 peptide 39, b) after
coupling a lysine residue a cleavage test crude showed the correct mass for peptide 40.
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4.3.1 SPPS of fragment 37 (Scheme 4.3): Peptide 36 was assembled stepwise on CTC
resin. Coupling of a cysteine residue at the N-terminus was the next intended step,
however, as shown in Scheme 4.3, it was not a trivial task, in fact, protected cysteine
residues 42, 43 and 44 did not afford peptide 37, and the only amino acid that coupled
successfully was Boc-Cys(Trt)-OH, 45. Cysteine residues 424° and 43'# were
synthesized by published procedures,'4%-14! but they both proved to be quite unstable as
they rapidly decomposed even though we fully characterized them. Cysteine derivative
44 is commercially available, but it seemed to have decomposed or rearranged under our

reaction conditions (3 equiv amino acid, 3 equiv HBTU, 3 equiv oxyme, 6 equiv DIEA in

DMF at r.t.).
i
+ c—Q
Chlorotrityl chioride Ph—Ph
Fmoc-HN COOH resin ——> o
I RN
LI X3
,,,,,,,,,,,,,,,,,,,,,,,,,, (o]
(36) TAT/ R9 @ N> Xokulgoﬁi/; (43)
c(c:)zlé'i)tlii:r?s I °
ﬂ]\WOH Ph
Q o Ph—Ph
XK R ) on (49)
1 bbb %o O s
\\ H o (37) TAT /R9 J
- F - Ph
Ph—Ph (45)

9 = protecting group

Scheme 4.3: Short screen of different protected cysteine residues wherein 42, 43 and 44 failed to
couple to the N-terminus amino group of 36. Only Boc-Cys(Trt)-OH 45 coupled under our reaction
conditions.
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4.3.2 Coupling of a Boc-Cys(Trt)-OH residue to the N-terminus of peptide 36.

As described above Boc-Cys(Trt)-OH was the only residue that successfully coupled to
the N-terminus of our CPP peptide on CTC resin to afford peptide 37, irrespective of the
parent peptide (fully protected TAT or polyarginine). MS analysis confirmed the assembly

of peptide 37 (Figure 4.3).

Ph ®
Ph+Ph Condensation on
; ooy,
>Lo JL N HOH +  HN—RRRQRRKKRG)1-0-Q ~— |
H o
. 60 T:'\T | Chlorotrityl
(3.0 equiv) (60 umol scale) c';;‘;"!:e Oxyme (3.0 equiv)
HBTU (3.0 equiv)
DIEA (6.0 equiv)
(45) (37) DMF/ r.t
Ph
Ph——Ph

3 Jewr LT
*e000-| o TAT
: .
(37)
5000 861283
4000+
3000+
2000
1000 4+
]
o .|
T T T T T T T T T T T T .
500 1000 1500 = protecting group

Figure 4.3. MS analysis confirms the expected mass for Boc-Cys-CPP peptide 37 (where CPP is
either TAT or polyarginine).
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4.3.3 SPPS of fragment 38 (Scheme 4.2): Peptide 38 was assembled on CTC resin
with the intention to access the fully protected TAT and polyarginine peptides 38 with a
COOH group (at the C-terminus) available for fragment condensation down the path. The
CTC resin is very acid-labile, and it is highly employed because it allows to cleave fully
protected peptides by using 1%TFA in DCM, alternatively, it also allows to cleave fully
deprotected peptides if a high TFA percent is used instead (more than 80% TFA), while
still affording a COOH group available for further chemical modifications. First, peptide 36
was synthesized on CTC resin. After Fmoc deprotection followed by coupling of Boc-
Cys(Trt)-OH, peptide 37 was cleaved with 1% TFA in DCM solution to afford the fully

protected peptide 38 (MS-ESI of a crude sample shown in Figure 4.4).

YRR

m/z = 3352.61= [M+H]** Q
R-R-R-R-R-R-R-R-R-G ]—‘—OH

A33526 4+— Boc
3351.8 CPP= polyarginine

(38)

[2353.6

Same as

(o] o o (o]

3350.9] 2 : % : % : 2 :
3354.5 . -

] v

0=S:0 OZSZO OZSZO 0=S=0

HN__NH HN NH HN NH HN__NH
(D ¥ ¥ ¥
O O HN HN HN HN

o [o}

355.5 OJ/: OJ/:HOJ/ OJ/; of 0

HN NH HN NH HN NH HN NH HN NH
0:58:0 0-8-0 0-8-0 0-8-0 0-$-0

R

(38)

3300 3400

Figure 4.4: A crude MS analysis confirms the expected mass for the fully protected peptide 38
after cleavage from CTC resin with 1% TFA in DCM. The integrity of the protecting groups is
preserved while a C-terminal COOH group is afforded for further modification.
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4.3.4 Attempted convergent SPPS to obtain fusion peptide 41.

After obtaining the fully protected peptide 38 (MS results Figure 4.4), with an available
COOH group for condensation, and after confirming the full assembly of peptide 40 on
rink amide resin (see ESI-MS results figure 4.2 b), we tested several coupling reaction

conditions to afford the desired peptide 41 (Scheme 4.4).

L[] %] 00000
o H
—1_giy-cooH HN-K—(_ Ha2  JN-Q
O

(38) i (40)

'
\ coupling conditions

Key step ' for fragment
! condensation

PP DOOnonoD0n RN AN
Boe NLW W@W éw N-O

(41)

F = protecting group

Scheme 4.4: Attempted fragment condensation of fully protected CPP peptide 38 and endosomal
escape peptide 40 on ring amide resin.

Because peptide 38 is very hydrophobic, we tried to purify it by flash chromatography
on silica gel, at the expense of low product recovery. Then we realized that purification
was unnecessary as the crude was mostly clean. Thus, in all reaction conditions, we

used excess amount of fragment 38 crude (Table 4.1).
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Entry Scale Coupling Conditions Outcome
No.
1 1.0 umol  HBTU (1.3 umol), Oxyme (1.3 umol) No reaction
DIEA (2.6 umol) / DMF
2 0.5 umol  HOBT (0.97 umol), DCC (0.72 pmol) No reaction
DIEA (2.6 umol) / DMF
3 0.5 pmol HOBT (0.97 pumol), diisopropylcarbodiimide No reaction
(0.72 umol)
DIEA (2.6 umol) / DMF
4 0.5 umol HOBT (0.97 umol), EDCI (0.72 umol) No reaction
DIEA (2.6 umol) / DMF
5 0.5 umol  HBTU (2.6 umol), Oxyme (2.6 umol) Inconclusive (insoluble
DIEA (5.2 umol)/ DMF/ double coupling gummy crude material)

Table 4.1. A sample of reaction conditions tested for the fragment condensation of peptides 38
and 40 (Scheme 3.4).

None of the reaction conditions tested (Table 4.1) afforded peptide 41, even though both
peptide fragments were almost completely pure. One crucial aspect for a successful
coupling of two long peptides is solubility. We observed that peptide 41 was not
completely soluble in DMF. Although there are isolated examples of synthesis of long

peptides using this strategy,3>-1% there is not a general method.

Also, it is difficult to predict what the solubility of the CTC cleaved peptides will be. After
the experience gained, we estimate there are better chances to succeed with peptides
made of naturally hydrophobic residues, such as alanine, valine, leucine, isoleucine
phenylalanine, as these do not need additional bulky hydrophobic protecting groups. For
instance, in entry 5, we did a double coupling under the ordinary amide bond formation
conditions (Table 4.1), and after the coupling time and the washing step of the resin, we
observed a gummy material on the surface of the rink amide beads, which is an indication
of aggregation. When protected peptides aggregate on the resin, the participating C-

terminal COOH and the N-terminal amino group, are hindered and therefore they cannot
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react. Additionally, it is worth to note that every consecutive residue on the ten-amino
acid long peptide 38, is protected with a hydrophobic bulky group (see structure in Figure
4.4), in contrast, segment 40, has only five protecting groups which are away from each
other.

It is also possible that amide bond formation between 38 and 40 did not take place due
to steric hindrance, which could be solved by adding a PEG linker at the C-terminus

COOH on 38, and as a bonus, the solubility of 38 in polar SPPS solvents would be

improved.
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Figure 4.5. When MS analysis of fully protected peptide cleaved from CTC resin is difficult (due
to their inherent hydrophobicity and lack of ionization), an alternative solution is to carry out a test
cleavage with high TFA concentration for full deprotection. This strategy was employed for
polyarginine and TAT peptides as shown in A and B.
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Furthermore, MS characterization of fully protected CTC cleaved peptides is not
straightforward due to the absence of ionizable groups, as a result, hydrophobic peptides

tend to be ‘mass spectrometry invisible’ in both, MALDI and ESI.

Often this problem is solved by doing an N-terminal Fmoc deprotection to provide an
ionizable NH2 group for MS detection. We found that it is best to do an indirect MS
detection of hydrophobic peptides by cleaving ~0.5 mg — 1 mg of resin, with 100% TFA

to cleave all protection groups, followed by MALDI analysis or ESI (Figures 4.5 a and b).

4.4  Stepwise SPPS
Since the convergent SPPS approach did not yield our desired fusion peptide 41, we tried
the alternative stepwise (Scheme 4.1, route A) approach for both, Cys-R9-K-HA2 and

Cys-TAT-K-HA2 fused peptides Results are discussed next.

4.4.1 SPPS of fused Cys-R9-K-HA2 peptide 41.

Starting from peptide 40 assembled on rink amide resin, we continued the forward
synthesis by double coupling each sequential residue until the end (Cysteine). From
previous experiments we knew that only Boc-Cys(Trt)-OH was a good coupling partner

to be placed at the N-terminus of the fusion peptide.
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Scheme 4.5. Route A for the solid phase peptide synthesis of fused peptide 35. Note that the cell
penetrating peptide in this case is polyarginine (R9).

Once the SPPS was completed, the resin was washed, high vacuumed overnight to
remove residual DMF and further cleaved with 92.5% TFA, 2.5% EDT, 2.5% water, 2.5
% TIPS-H for 2.5 h at r.t. Notably, a cleavage cocktail made of TFA 88%, Phenol 5%,
Water 5% and TIPS-H 2% caused methionine oxidation.

EDT is necessary to avoid the oxidation of methionine on HA2. Also, the resin and the
cleavage cocktail were flushed with argon. After cleavage of 41 from rink amide resin,

crude 35 was precipitated in ether and the crude was analyzed by MALDI (Figure 4.6)
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Figure 4.6. MALDI analysis of crude peptide Cys-R9-K-HAZ2. Note that the cell penetrating
peptide in this case is polyarginine (R9).

Surprisingly, this long route afforded the desired fusion peptide Cys-CPP-K-HA2,
however, as MALDI data of the crude shows, many truncation products were also
generated during the stepwise process. Although the percent yield depends greatly on
the peptide sequence and the bulkiness of protecting groups used, formation of truncated
peptides is somewhat expected after 12-15 residues. As the peptide chain lengthens, it
folds therefore, hindering the last N-terminal residue for further coupling. We tried to
decrease this problem by using a low-level substitution resin, so that vicinal peptide

chains would not aggregate. Since we performed this synthesis at micromole scale, we
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did not isolate the final product 35, as there were several truncated products which would

make separation very difficult.

4.4.2 SPPS of fused Cys-TAT-K-HA2 peptide 41.

Starting from peptide 40 assembled on rink amide resin, we continued the forward
synthesis by double coupling each sequential residue until the end (Cysteine). From
previous experiments we knew that only Boc-Cys(Trt)-OH was a good coupling partner

to be placed at the N-terminus of the fusion peptide.
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S @] 0 0
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® @
*il “(23
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L ﬁS%H%R-E-E-E-E-Q q q q q ? H%%{G.E. I-M-G Q Q q Q
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H 2 |
‘ o TAT HA2
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Scheme 4.6. Route A for the solid phase peptide synthesis of fused peptide 35. Note that the cell
penetrating peptide in this case is TAT.
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The stepwise SPPS of Cys-TAT-K-HA2 also afforded the desired peptide (35), although
with high amounts of undesired truncated peptides as shown by MALDI analysis (Figure

4.7).

Truncation products
4 A \ HS. o o
HZNjYHAIR-R-R-Q-R-R-K-K-R-G )—Ln@—(s-n- I- M-G-E-W-G-N-E- I- F-G-A- I- A-G-F-L-G}-'—NH,
o TAT HA2
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Figure 4.7. MALDI analysis of crude peptide Cys-CPP-K-HA2. Note that the cell penetrating
peptide in this case is TAT.



4.4.3 What we learned regarding the assembly of peptide 41.
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Figure 4.8.: Factors to be considered for the successful synthesis of fused peptide 41.
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In conclusion, two different synthetic strategies were attempted; 1) convergent SPPS,

and 2) the conventional stepwise SPPS in which each protected amino acid residue is

attached at a time. Only the last afforded the desired fusion peptides, although in very

poor yields.
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4.4.4 Proposed alternative solution

Peptide 35 (in scheme 4.6) could be assembled by relying on a more powerful, high yield
reaction. Convergent SPPS could still be a viable choice if the two participating peptides
to undergo coupling are completely soluble in the solvent of choice. For example,
Bertozzi’s lab developed a copper free click reaction by using strained cyclooctyne and

azide,#? (Scheme 4.7).

strain-promoted N
R_N3 + ‘ > N\\ |
Cu-free N

(46) (47) (48)

Scheme 4.7: Strain promoted [3+2] cycloaddition of azides and cyclooctynes.

This orthogonal reaction is clean and runs smoothly in water at room temperature, which
is why it has been used for selective modification of biomolecules such as glycoproteins,
and living cells. This bioconjugation strategy has shown to be effective since it was first
reported by Bertozzi’'s group, as a result, chemical companies are starting to sell more
click-chemistry related building blocks that can be easily incorporated in synthesis, thus |
have designed a new synthetic route for the assembly of the desired modular CPP-HA2

fusion peptide (Scheme 4.8), which will be described in the following section.
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4.5 Ongoing synthesis: fragment condensation of two peptides by a Cu-free
click reaction.

Building upon the lessons learned from our multiple attempted synthesis of NPys-CPP-

TAT peptide, | propose a new synthetic route for its assembly depicted in Scheme 4.8.

The key step in the assembly of the fusion peptide, will involve the strain promoted [3+2]

cycloaddition of azide-peptide 11 and cyclooctyne-peptide 12. By incorporating

pegylated residues, the water solubility of both peptides will be greatly improved.
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Scheme 4.8. Proposed synthetic route for a fused CPP-HA2 containing peptide 59 equipped with
a NPys handle for further conjugation. The key step involves the condensation of two water soluble
peptides by means of a well characterized Cu-free cyloaddition reaction under physiological
conditions.#?



4.5.1 Synthetic plan to generate Azide-peptide 52.

‘ A l\(ltt
O.N _N NH
2

g |||||||||

[o]
H \
N— —_Gly-Gly-k-Gly-
BOC*H CPP y-Gly y .
o (49)
1) 1% TFA/ DCM
2) Neutralization wash
5% DIEA/DMF
| X
N NH.
02N Z 2
S
: (] F Uo0anan
(o]
H |
N— —_Gly-Gly-Kk Gly-
Boc- cpp y-cly-k cly-@
° (50)
(o]
Coupling HO)K/\O/\/O\/\O/\/O\/\N:;

HBTU, Oxyme, DIEA
DMF

Azido -(PEG),-COOH

o]

X
‘ )K/\O/\/o\/\o/\/o\/\N
ON _N HN 3
2

s
s lllllllll
o)
H \
N—| —_ciy-cly-kcy-@)
Bocu/;( cPP y-Gly-K-Gly

° (51)

Cleave from
rink amide
resin

o]

X
‘ )K/\o/\/o\/\o/\/o\/\N
O.N _N HN 3
2!

S

|
S
! 2
U orr ) onoyskon
HN CPP y-Gly: Yo 3
o)

Azido-CPP building block (52)
U

‘ = Protecting group

127

Scheme 4.9. Synthesis of azide building block 52. Note that all the reagents disclosed in this

route are commercially available.
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4.5.2 Synthetic plan to generate cyclooctyne-peptide 58.
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Scheme 4.10. Synthesis of alkyne building block 58. Note that all the reagents disclosed in this
route are commercially available. The HA2 peptide 57 has already been synthesized by our

group.
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4.6  Motivation to synthesize disulfide-rhodamine FRET acceptor peptide 60

To develop our ratiometric- FRET biosensor (described in chapter 3), it was necessary
to synthesize a peptide-based FRET acceptor equipped with a fluorophore capable of
absorbing the energy transferred by a green QD donor, thus, the next step was the design
of a peptide with the following components: a rhodamine (FRET acceptor) conjugated at
the N-terminus, a short peptide linker with a cleavable disulfide bond, and a polyhistidine
tag for bioconjugation to the QD surface by affinity coordination. The model we envisioned

is shown in Figure 4.9 a, and the desired synthetic peptide in 4.9b.

A)
FRET
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602 nm A Excitation
%§> 410 nm
Quantum dot
ACCEPTOR ‘ DONOR
o % L N
Glutathione '. Eg\si:zir?‘n
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4 ho={ ] o u

O~ "‘v*'n“g P P e oy “f‘*ﬁ“l i ”‘n[g;”ﬂu"g“”
H

I HH‘?IN il N HN..QH
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Figure 4.9. A) Features required in a rhodamine FRET acceptor: A rhodamine dye at the N-
terminus (red), a cleavable disulfide bond (orange circles), a suitable peptide-based linker (black
circles) a polyhistidine tag (blue circles) for affinity coordination on to the QD surface (FRET
donor). B) Design of our rhodamine ligand.
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4.6.1 Initial strategy: Solution chemistry.
Since we already had several milligrams of pure peptide 59 in hand, we attempted to
conjugate it with commercially available rhodamine B isothiocyanate in solution by

following standard conjugation protocols for thioamide bond formation. (Figure 4.10).

N
/-) Rhodamine B : (59)
isothiocyanate !
Reaction
. conditions
HNSN HNSN HNSN
OH = = =
o o o (o] (o]
H H H H H H H
s S/\ANWN\)LNWN\)LN N\)J\NWN\)LN/QTN\)\L_N%(N\)LN N\)LN/CNHZ
H H H H : H H H
(o] (o] o (o] (o}
HO \r F:( F( F(
HN N HN_ N HN N
(60)
Outcome

Rxn No. Scale Coupling Conditions

Polyhistidine (1.19 umol, 1.0 equiv),
1 1.19 pmol Rhodamine B (11.9 umol, 10 equiv) No reaction
DMF/ 24 h/r.t
Polyhistidine (1.19 pumol, 1.0 equiv),
2 1.19 pmol Rhodamine B (1.3 umol, 1.10 equiv) No reaction
DMAP (1.19 umol, 1.0 equiv), DMF, 24 h / r.t
Polyhistidine (1.19 pumol, 1.0 equiv),
3 1.19 pmol Rhodamine B (1.3 umol, 1.10 equiv) No reaction
TEA,DMSO, 24 h/r.t

Figure 4.10. Top: Attempted bond forming reaction between rhodamine isothiocyanate and
peptide 59 to afford the synthetic target peptide 60._Bottom: Reaction conditions tested for
assembly of peptide 60.
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We monitored each reaction by mass spectrometry and MALDI, and although none of the
conditions tested afforded the desired rhodamine-peptide 60, we consistently observed

the same ESI chromatogram upon the analysis of the crude reaction (Figure 4.11).

From left to right in Figure 4.11, m/z peaks at 458.4 and 500.5 belong to rhodamine B -
isothiocyanate unreacted starting material. Boxed peaks, m/z = 545.2 and 573.1 were
found to be new peaks generated in every reaction crude, and they are not the result of
instrument background or leftover material from previous samples as we performed

several ‘washing steps’ followed by a blank sample afterwards.

Figure 4.11. A representative MS analysis of a crude reaction to generate peptide 60 shows the
presence of two side products (m/z=542.2 and 573.1).

Also, MALDI analysis revealed in every reaction crude that there was no peptide starting

material 59 left, which means that starting material 59 might have decomposed upon
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these conditions (the quality of 59 was verified by MALDI before reaction to assure

peptide integrity).

We were puzzled by this outcome as isothiocyanate-fluorophores are extensively used to
label peptide and proteins in solution, thus, we speculated that maybe the chemical
structure of the peptide to be labeled may play a role in the outcome of this bioconjugation

reaction.

4.6.2 Possible Edman-like degradation of peptide 60.

Based on a representative MS chromatogram (Figure 4.11) we hypothesized the
following two plausible degradation pathways (Scheme 4.11). Assuming the desired
peptide 60 was assembled in solution, it is possible that nucleophilic attack to C-5 from
the neighboring thioamide-sulfur formed compound 62 (Path A), while releasing peptide
63.

We speculated, the generation of 62 might have been driven by formation of the five-
membered cycle. Formation of 25 might be explained again by the nucleophilic attack of
thioamide-sulfur to sulfur-6 forming a six-membered ring and generating compound 64
while releasing peptide 65.

Both truncated peptides 62 and 64, may undergo subsequent degradation reactions in
the presence of any rhodamine isothiocyanate excess, to yield more truncated peptides
until all the isothiocyanate dye is consumed.

The formation of side products 62 and 64 is supported as their corresponding masses are

shown in the MS chromatogram of the reaction crude in Figure 4.12.
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Figure 4.12. Possible chemical structures of side products formed during the assembly of peptide
60 by low resolution ESI-MS.

Note 1:
The instrument was used as it was available without prior calibration.

Note 2:
The calculated exact mass of 62 for [M+H]'*= 544.24 (as COOH) and 543.24 (as COO).
The calculated exact mass of 64 for [M+H]**=576.21 (as COOH) and 575.21 (as COO").

Thus, the calculated masses for both proposed side products 62 and 64 are slightly off by 2-3
atomic mass units, however, 62 and 64 are only proposed and not definitive structures. To
unambiguously determine the structures of 62 and 64, it would be necessary to isolate them in at
least milligram quantities to perform 1D and 2D NMR experiments along with high resolution
mass spectrometry studies.

Note 3:

It is hard to predict the ionization state of the purported side products 62 and 64 in the gas phase,
therefore it cannot be assured whether the carboxylate or carboxylic acid form would be
predominant.
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Scheme 4.11. Proposed plausible mechanism for the formation of side-products 62 and 63 by an
Edman-like degradation pathway.

We believe that the degradation of our rhodamine disulfide peptide 60 may occur by a
mechanism similar to the Edman degradation*® (Scheme 4.11), in which the generation
of thiazoline 69 is driven by the formation of a five-member ring when the N-terminal
residue is an a-amino acid. Upon formation of 69, peptide 70 is cleaved, and if the last
happens to have another a-amino acid at the N-terminus, the cycle repeats until all the
thiocyanate is consumed. Thiazolone 69 rapidly isomerizes to the corresponding

thiohydantoin 74 derivative.
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Scheme 4.12. Edman degradation.'#

Given that the requirement for the Edman degradation is the presence of an a-amino acid
at the N-terminus, we hypothesized that maybe we could circumvent the similar observed
degradation of our rhodamine peptide (Scheme 4.11) by adding a linker between the

thioisocyanate and the terminal disulfide amino acid on peptide 59.

Thus, by adding a linker the thioamide-sulfur would not be able to do a nucleophilic attack
on the vicinity of the disulfide bond. Thus, we re-designed the structure of our disulfide

rhodamine. The corresponding synthetic route is outlined in the next section.
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4.6.3 Adding a linker to avoid disulfide-rhodamine peptide degradation

This time, the synthesis was carried out on solid phase as described on Scheme 4.13.
We also used a commercially available PEG linker to improve water solubility as this

feature would be crucial for live-cell studies and to avoid using DMSO.

Although incorporating a linker to our rhodamine peptide could solve its early degradation,
it was important to also consider the linker length since the goal was to use this rhodamine
disulfide peptide as a FRET acceptor. Instead of incorporating a linker, an alternative
solution might have been the incorporation of a Fmoc-Lysine (Rhodamine B)-OH amino

acid (if it happens to be commercially available).

Also, we avoided using excess amount of rhodamine isothiocyanate, and instead, we
used the minimum necessary amount (1.10 equiv) and carried a double coupling. Another
crucial detail to improve overall percent yield was the capping (acetylation) step, so that
the isothiocyanate dye is not consumed by free unreacted amines. Moreover, the peptide
tolerated the cleaving conditions (97% TFA/water). For polyhistidine peptides, TIPS
should be avoided if possible.

Fortunately, the new synthetic route shown in scheme 4.13, afforded the desired disulfide

rhodamine peptide on rink amide resin without any degradation.
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Scheme 4.13. Successful route for the synthesis of Rhodamine B peptide 18 (SPPS). (MS
confirmation analysis in chapter 3, scheme 3.2).
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4.7 Conclusion

In this chapter | showed the synthetic approaches to assemble a CPP-HA2 fused peptide
35 and the multiple obstacles found along the way. | used solid phase peptide synthesis
techniques to generate peptide 35, through both, a convergent and a stepwise approach.
The convergent approach by fragment condensation of protected peptides in solution,
has been reported for instance, for the synthesis of the thirty-six amino acid long peptide
Enfuvirtide,'** a membrane fusion inhibitor for the treatment of HIV. Encouraged by this
last report, | undertook the task of attempting the fragment condensation of peptides HA2
and CPP (both fully protected) in solution phase as well. Unfortunately, the said
condensation did not afford the expected fused peptide 35 under our reaction conditions,
mainly due to the poor solubility and high hydrophobicity of the CPP peptide fragment,

(fully protected polyarginine or the TAT peptide).

As a lengthy alternative, | tried the conventional stepwise peptide synthesis approach,
which afforded the desired fusion peptide 35 in very low yields and with multiple truncated
peptides (see Figures 4.6 and 4.7). Cys-TAT-K-HA2 assembly was roughly estimated to
be better yielding than the analog Cys-R9-H-HA2 peptide because TAT is easier to
assemble on resin, than R9 (due to the bulkiness of the pertinent protecting groups).
Finally, for the assembly of the CPP-HA2 fused peptide, | suggested an alternative route
in scheme 4.10, which relies on an orthogonal reaction (Copper-free click chemistry
reaction) for the fragment condensation of two long and pure peptides, without the need
to have any protecting groups on amino acids polar side chains. With the suggested

approach in scheme 4.10, there should not be any issues with solubility.
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The synthesis of a disulfide rhodamine FRET acceptor 60, also presented multiple
problems in both, solid and solution phase chemistry. | continually observed the
decomposition of the peptide starting material 59, which suggested that an undesired side
reaction was taking place during the coupling of 59 and rhodamine isothiocyanate. Based
on low resolution mass spectrometry results, | surmised that an Edman-degradation like
pathway might have been taking place during the observed undesired decomposition,
thus, | added a longer linker (polyethylene glycol) between the disulfide and
isothiocyanate functional groups, which solved the problem by avoiding the 5 or 6
membered-ring cyclization to the corresponding degradation products (rational further
explained in section 4.6.2) and thus, afforded the desired rhodamine peptide 18 cleanly

(scheme 4.13).
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