Chemical Synthesis of Peptides and Their Biological Applications as

Mitochondria-Targeting Chemotherapeutics

A thesis submitted in accordance with the conditions governing candidates for the degree of

Philosophiae Doctor at Cardiff University
Davide Cardella
Under the supervision of
Dr. Louis Luk
Dr. Yu-Hsuan Tsai
Prof. Arwyn Tomos Jones
17.06.2022
Cardiff School of Chemistry

Cardiff University



Ai miei genitori

e ai miei fratelli



ACKNOWLEDGEMENTS

First and foremost, | thank my supervisors Dr. Louis Luk, Dr. Yu-Hsuan Tsai
and Prof. Arwyn Jones, for allowing me to pursue my PhD studies in Cardiff

University and for the training offered.

I am immensely grateful to have shared my working environment with very
inspiring people such as Davide, Emily, Gareth, Heather, Helen, Luke, Mia, Muge,
Patrick, Simon and Victoria, from whom | had the luck to learn a lot. Special
mention goes to Alex L., Alex N., Antonio, Gilda, Giulia, Irene, Jon, Luca, Martin,
Margherita, Mauro, Nicold, Riccardo, Tom and Victor for the constant support at

work and in everyday life, for all the fun and for making me a better person.

Thanks to all the other friends | made in Cardiff, in particular to Alberto, Dave,

Kim, Mike and Sylvester for the great time spent together.

| thank all my other friends as Agostino, Antimo, Antonio, Arcangelo, Dario,
Francesco R., Francesco S., Gennaro, Giovanni C., Giovanni D., Michele, Nando,
Pippo, Roberta, Salvatore, and many others who made me feel loved and

supported despite the physical distance during my doctoral studies.

A special thank goes to my beloved Agnes, whom | cannot thank enough. The

days together have been the happiest of my years as a PhD student.

Conclusively, | am most grateful to my family for the unconditional love and

support provided throughout my whole time in Cardiff.



SUMMARY

Synthetic peptides are of great use in many areas of chemical biology and
drug discovery. This PhD thesis details new synthetic approaches for the
preparation of peptide molecules, along with applications of synthetic peptide
derivatives as chemotherapeutics agents.

In this work, | give an overview on peptides and their applications in the
chemical biology research area (Chapter 1).

Then, | start illustrating my experimental work by exploring a new method
for the total synthesis of peptides and proteins on solid phase (Chapter 2).

Next, | investigate the effect of conjugating a mitochondria- and a cancer
cell-targeting motif to reported proapoptotic peptides, to enhance their potency
and selectivity profiles (Chapter 3 and 4).

Finally, | give a brief review and outline the future directions towards

addressing the limitations of the presented projects (Chapter 5).
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1. CHAPTER 1 - INTRODUCTION - Overview of peptides in chemical biology

Historical hints. A peptide (from Greek tentdg, "digested") is a short chain
of amino acids linked together through amide (or peptide) bonds. Both peptides
and proteins are linear chains of amino acids. Generally, peptides refer to those
with less than 50 amino acid residues, whereas longer amino acid chains are
regarded as proteins.

The first peptide with biological functions in humans to ever be discovered
was secretin, in 1902.! Secretin is a hormone produced by the S cells of the
duodenum and activated by the gastric acid arrival to the intestine.? Its role is to
inhibit gastric acid secretion and trigger the production of sodium bicarbonate by
the pancreas. Secretin was also the first peptide hormone to be discovered: as to
highlight the importance and potential of peptides in endocrinology, its discovery
was worth the Nobel Prize in Physiology to Starling and Bayliss.

Following the discovery of secretin, many other peptides were identified
and reported to have biological activity in humans, such as substance P, oxytocin,
nerve growth factor and so on.>*

On the chemistry side, a breakthrough happened in the 1963 when a
seminal paper describing the chemical synthesis of peptides using a solid support
was published by Robert Merrifield.> This new synthetic procedure considerably
improved the yield and time for the synthesis of peptides compared to previous
methodologies (the topic of the chemical synthesis of peptides in solid phase will

be discussed in detail later in this chapter).

1.1 Chemical properties

Amino acids as building blocks. Amino acids, as the building blocks of
peptides, are defined as molecules bearing both an amino and a carboxylic acid
functionality. Amino acids are zwitterionic molecules under physiological pH,
because they carry a basic (amine) and an acidic (carboxyl) group. In the case of
peptides and proteins, a-amino acids are the most common type of building
blocks, where the amino and carboxylic functionalities are both covalently bonded
to the a-carbon. Overall, there are 20 amino acids in the genetic code (22 if
pyrrolysine and selenocysteine are also taken into account), although more than

500 have been identified in nature.b Apart from glycine, naturally occurring o-
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amino acids are chiral molecules. Depending on the chirality of a-carbon, chiral a-
amino acids can exist in either b or L configuration. Except for cysteine (where the
sulphur changes the priority of the sidechain in the configuration assignment), the
absolute configuration of the a-carbon is (S) in L-amino acids. In vice versa, the a-

carbon absolute configuration in b-amino acids is (R) (Figure 1.1).

O\ [O Oy O
FHN—= H—SINH,*

Figure 1.1. General structure of a-amino acids in their (left) L and (right) b configurations,
represented as zwitterion species. R refers to the side-chain moiety

Peptide bond. The type of chemical bond holding amino acid units together
in a peptide is known as an amide or peptide bond. The peptide bond is a covalent
bond joining the nitrogen of an amine group to a carbonyl carbon. In peptides, the
peptide bond links the nitrogen of the a-amine of an amino acid to the carbonyl
carbon of the a-carboxyl group of another amino acid. The angles of the bonds
between the a-carbon and the carbonyl carbon and between the a-nitrogen and
the a-carbon are known as Y and ¢. The dihedral angle of the peptide bond is
indicated with w and can assume the value of = 180° when the bond is in the trans
(most common) configuration, while its value is = 0° for cis peptide bonds;
consequently, the carbonyl oxygen, the carbonyl carbon, the a-nitrogen and the

hydrogen linked to it all lie on the same plane (Figure 1.2).

planar trans

configuration

O R H

E{H;{;ﬂk,ﬂ)\ Trwr'w\f
R M 0

Figure 1.2. Geometrical description of peptide bonds; bonds defining the dihedral angle
w are highlighted in orange



In a peptide bond, the C-N bond is shorter (1.32 A) than in an amine
(typically of 1.47 A) (Figure 1.3a). This partial double bond character of the C-N
bond can be explained by considering the contribution of the C=N* bond in the

resonance structure given by the electron delocalisation shown in Figure 1.3b.

b) E{E\H By
|
0

Figure 1.3. a) Bond lengths of O=C-N. b) Resonance structures of a peptide bond.

The resonance, provided by the delocalisation of four electrons in 1t cloud
generated by the alignment of the three 2p; orbitals of the oxygen, the carbonyl
carbon and the nitrogen, confers great stability to the peptide bond.

The two most significant electronic transitions of a peptide bond, namely
nt — 1* and n — nt*, both absorb in the far-UV region (180-230 nm). Furthermore,
the m — nt* transition in the tryptophan, histidine, tyrosine and phenylalanine
sidechains absorb in the near-UV region (240-295 nm). These spectral properties
make easy the detection of peptides by instruments relying on UV absorption,
such as HPLC or LC/MS if equipped with an UV lamp.

Peptide structure. All peptides have a primary structure, made up of the
amino acid sequence; depending on the sequence, peptides can possess a
secondary and a tertiary structure, as well. A secondary structure is the disposition
of amino acid residues to form distinct spatial arrangements such as a-helices

(Figure 1.4a) and B-sheets (Figure 1.4b).



Figure 1.4. Cartoon (above) and ribbon-stick (below) representations of a) an a-helix and
b) an antiparallel B-sheet. Hydrogen bonds are shown as dotted lines. Blue, black and
white colours are used to denote nitrogen, oxygen and carbon atoms in the ribbon-stick
representation.

a-helical structures are stabilised by hydrogen bonds between the CO and
NH groups of a peptide backbone in the same strand: these interactions happen
between amino acids distant 4 residues to each other.

B-sheets, instead, are stabilised by hydrogen bonds between the CO and
NH groups of a peptide backbone in different strands: if the strands have the same
direction, the B-sheet is called parallel; if the strands have opposite directions, the
B-sheet is anti-parallel.

The propensity of a peptide to assume a secondary structure depends on
the amino acid residues involved: while, for example, alanine, leucine and lysine
favour an a-helical structure, valine, isoleucine and threonine tend to form B-
sheets.

Finally, a tertiary structure is the arrangement of a peptide chain in the

three-dimensional space.

1.2 Biological properties of Peptides

Peptides have a plethora of biological functions.” 8 In biological systems,
peptides serve as immunity mediators, opioids, antioxidant, and antihypertensive
molecules and so on.” 8 For example, glutathione is an endogenous antioxidant
tripeptide.® Its cysteine residue sidechain is able to keep thiol groups in proteins
in the functional redox state. On the other hand, oxytocin is a peptide hormone
involved in the contraction of the uterine myometrium and in social and cognitive

behaviour.



Membranolytic peptides. Amongst biologically active peptides, those with
membranolytic properties have been drawing a lot of attention, owing a great
potential in drug discovery.©

Membranolytic peptides can be of different origins (i.e. animal, plant,
bacterial) and bear the ability to interact with and disrupt biological membranes.
Antimicrobial peptides stand out as a class of membranolytic peptides. Because
they do not usually interact with any protein to carry out their biological activity,
resistance is not easily developed by the targeted cell.}! Therefore, antimicrobial

peptides are seen as promising candidates in the fight against antibiotic resistance.

1.3 Peptide Synthesis

1.3.1 Chemical Synthesis of Peptides

One of the currently available methods to prepare a peptide molecule is
via total chemical synthesis, by stepwise connecting amino acid residues in organic
solvents or peptidyl segments in aqueous buffer.

The assembly of peptidyl segments, for instance, can either occur in
solution or onto a solid support and, after a certain number of assembly cycles,

yields the desired peptide (Figure 1.5).
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Peptidyl Peptidyl Solid
segment D segment O_ support
Coupling (:) Coupling (:)
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Cleavage of the
protein from the
solid support
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Figure 1.5. Total chemical synthesis by stepwise assembling of peptidyl segments (a) in
solution or (b) solid phase

The field of total chemical synthesis of peptides is dominated by solid-
phase peptide synthesis (SPPS) and native chemical ligation (NCL).12 Through these
techniques, the peptide of interest is prepared in a synthetic organic chemistry

fashion by a solid or a solution phase approach.

1.3.1.1 Solid-Phase Peptide Synthesis

In a classic SPPS protocol, the peptide chain is anchored at its C-terminus
to the resin and the elongation occurs from the C-to-N terminus. The resin is
usually equipped with a linker, which bears a reactive functionality needed for
loading the first amino acid residue onto the solid support. The amino acid
residues are coupled as a-amino protected amino acid. Furthermore, residues that
carry reactive side chains are also protected with orthogonal groups. The
protection strategy allows the a-carboxylic functionality of the residue to

selectively react with the free a-amine of the elongating chain on the solid



support. To enable sequential coupling, the a-amino protecting group on the
peptidyl resin is cleaved, freeing the amino functionality for reaction. The
described a-amino deprotection/coupling cycle enables the building of the
peptide onto the solid support. All reactions occur in an organic solvent, such as
N, N-dimethylformamide (DMF) or N-methyl-2-pyrrolidone (NMP), which
solubilises the chemical components needed for the coupling and the
deprotection whilst remaining chemically inert. After the a-amino deprotection of
the last amino acid residue, a final cleavage from the solid support yields the crude
mixture containing the desired peptide (Scheme 1.1a). This is usually precipitated
from the cleavage mixture and isolated via chromatographic procedures.

The first application of a SPPS protocol, published in 1963 by Merrifield,>
was the preparation of a tetrapeptide. The solid support employed was a
chloromethylated polymer of nitrostyrene, cross-linked by divinylbenzene, which
is very similar to the resins used today. The amino acid residues were chemically
joined by using N, N’-dicyclohexylcarbodiimide as the coupling reagent, which
activates the carboxylic functionality of the incoming a-amine carboxybenzyl (Cbz)
protected amino acid (Scheme 1.1b). To enable the coupling of the next residue,
the peptide on the resin was first treated with HBr, which deprotects the Cbz
group, thereby freeing the a-amino group. After the last residue was coupled and
deprotected, the tetrapeptide was cleaved from the resin by NaOH treatment.
This work laid the foundation for SPPS. However, as Cbz deprotection conditions
can lead to premature peptide detachment from the resin, other types of coupling

approaches have been investigated.
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Scheme 1.1. a) general synthetic scheme for SPPS. X = linker reactive group for the first
amino acid loading, Aa = amino acid residue (with protected side chain, if needed), PG =
protecting group on the a-amine. b) first report of SPPS, synthetic scheme for the
tetrapeptide H-LAGA-OH. TEA: triethylamine, DCC: N, N’-dicyclohexylcarbodiimide, Cbz:
carboxybenzyl.

a-amine protecting groups. Presently, tert-butyloxycarbonyl (Boc) and
fluorenylmethoxycarbonyl (Fmoc) are the most employed a-amine protecting
groups (Figure 1.6a). In the Boc strategy, trifluoroacetic acid (TFA)-resistant linkers
and side chain protecting groups are used, such as benzyl or benzyloxycarbonyl
groups, which are cleaved by final treatment with HF. The Boc-protected N-
terminal a-amine of the growing peptidyl chain is freed by TFA to allow the

coupling of the upcoming residue. This strategy is preferred when base labile
8



moieties are present in the sequence during the elongation, like ester or thioester
groups. However, the Boc strategy normally requires the use of HF, which is very

hazardous requiring special equipment along with specialised and well-trained

users.
a-amine protecting groups coupling reagents additives
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Figure 1.6. Molecular structure of some of the most employed a) a-amine protecting
groups, b) coupling reagents and (c) additives

As a safer alternative, most of the more recent protocols use Fmoc
strategy, where the Fmoc group protects the a-amine of the residue to be
attached during the coupling step. After the coupling, the peptidyl resin is treated
with a basic deprotection cocktail (usually a solution of piperazine or piperidine in
DMF) to deprotect the a-amine group and to make it available for the following
coupling step. In this strategy, the amino acid residue side chains are protected
with  TFA-labile protecting  groups, such as tert-butyl, Boc,
pentamethylbenzofuranyl and trityl. The orthogonal stability between Fmoc, side
chain protecting groups and linker (which is often TFA labile as well) enables the
SPPS. As mentioned above, the main advantage of the Fmoc strategy is the bypass
of using HF. Nevertheless, base-labile peptides such as thiodepsipeptides cannot
be directly synthesised by Fmoc/SPPS, unless some changes are made to the
common protocol (i.e. post SPPS modifications of C-terminus, employment of

special linkers).*3 14
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Scheme 1.2. Proposed racemisation scheme of amino acid mediated by 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate  (HBTU) and
proposed racemisation minimisation mechanism by 1-hydroxybenzotriazole (HOBt)

Coupling reagents. For the coupling step, peptide bond formation usually
takes advantage of reagents that activate the carboxyl group of the incoming
residue. This requires the use of coupling reagents, such as carbodiimide
derivatives, phosphonium or uronium/guanidinium salts (Figure 1.6b).*> The main

requirements for a good coupling reagent are:

e high reactivity
e minimalinterference on amino acid stereochemistry (i.e. no racemisation)
e no side reactions (amino acid side chain reacting with the activated

carboxylic functionality).
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To suppress or minimise racemisation and side reactions that may occur during
the activation step, additives like 1-hydroxybenzotriazole (HOBt) and oxyma pure
(Figure 1.6c) are usually present along with the coupling reagent. For example,
HOBt can inhibit racemisation by forming a benzotriazole ester, which is less prone

to undergo to racemisation or side reactions (Scheme 1.2).16

Table 1.1. Some of the commercially available linkers for Fmoc/SPPS

Cleavage
Linker C-terminus
conditions
2 &
Cl 1% TFA
Chlorotrityl /Q“/O Q ® -COOH
in DCM
chloride o O
~o
Rink Amide o I o 95% TFA -CONH;

> 0
cl 1% TFA
Chlorotrityl HN Q ® -CONHNH;
NH in DCM
hydrazine o O

o
i) p-NO2PhOCOCI
A o o ) -COMeNbz
MeDbz ii) DIPEA
HND)LN O | ~COSR
H iii) TFA
HN o™

iv) RSH
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Resins and linkers. At the start of the synthesis, the first amino acid residue
is coupled to the linker, whose choice dictates the C-terminal functionality of the
peptide, once submitted to the cleavage treatment. As the field of peptide
chemistry has continued to advance, different types and sizes of peptides have
been designed and developed,® including thioester peptides used for native
chemical ligation (NCL) (see below). Consequently, there are several types of
linkers (Table 1.1) available to meet the demands for different needs. For instance,
because of the acidic conditions employed throughout the synthetic protocol,
thiodepsipeptide synthesis in solid phase was classically carried out by Boc/SPPS.
As mentioned above, this approach needs HF handling. Fmoc/SPPS would be an
ideal alternative. Unfortunately, the thioester moiety does not survive the basic
conditions employed during the deprotection step and thiodepsipeptides cannot
be directly synthesised by Fmoc/SPPS. Consequently, different linkers were

designed to enable the preparation of thiodepsipeptides via Fmoc/SPPS.13

unswollen resin
b)

a)

o
o 0By

YIYISIVIYIQIS €} swollen resin
N\

reactants

90 00 O B

©)

diffusion of reactants
into the matrix

Figure 1.7. a) Molecular structure of a polystyrene polymer, cross-linked with
divinylbenzene. b) before the swelling procedure, the polymeric support is shrunk, and
the reaction sites cannot be reached. c) after being swollen, the resin can accommodate
the SPPS reactants in its matrix.

Nowadays, some of the most employed solid phase supports are very
similar to that used by Merrifield in his first SPPS report.'® In fact, the most popular
SPPS resin is usually a divinylbenzene cross-linked styrene polymer (Figure 1.7a),

which can be equipped with several linkers. Furthermore, to reduce problems of
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yield and purity related to the aggregation of the peptide chain on the solid
support, different types of resins were made available. In fact, resins like TentaGel,
ChemMatrix and CLEAR, bear more hydrophilic cores, mainly comprised of
polyethylene glycol (PEG) units, which were found to reduce aggregation of the
elongating chain onto the solid support for some peptide sequences.®®

Prior to the start of the synthesis, the solid support needs to be swollen
(Figure 1.7b) such that the reactants can diffuse into the matrix of the resin (Figure
1.7c), thereby enabling protein chain elongation during the SPPS. Some of the
most employed resins for routine Fmoc/SPPS are reported in the Table 1.1. The CI-
Trt resin (Table 1.1, entry 1) is used to obtain peptides/proteins with a C-terminal
carboxylic functionality, but it is extremely acid sensitive (the peptide is cleaved
from the resin at 1% TFA) and usually more susceptible to polymer degradation
(leaching). The Rink Amide linker (Table 1.1, entry 2) yields a C-terminal amide
moiety, and it is probably the most used resin, given its superior stability.
Nonetheless, this resin does not afford a native C-terminus carboxylic group but
an amide group, which can be undesirable when studying peptides/proteins
whose C-terminal carboxylic group plays an important role.!” Moreover, it is worth
mentioning the 2-Cl-Trt hydrazine and the o-amino(methyl)aniline (MeDbz) resins
(Table 1.1, entry 3 and 4) for their great significance in NCL when doing iterative
ligations. In fact, the earlier enables the synthesis of peptide hydrazides (Scheme
1.3a), which can be converted into thiodepsipeptides in situ (see section 1.3.4.1
for a more detailed discussion); the latter resin yields an N-acyl-N’-methyl-
benzimidazolinone (MeNbz) peptide when treated with p-NO,PhOCOCI and N, N-
diisopropylethylamine (DIPEA) before the cleavage, and directly affords a
thiodepsipeptide by further reacting the MeNbz peptide with a thiol (Scheme
1.3b).
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R NHNH, O
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FNH b Hof
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R SR

FNH B

Scheme 1.3. Preparation of thiodepsipeptides by employment of a) 2-Chlorotrityl
hydrazine linker and b) MeDbz linker

Automated SPPS systems. Currently, several automated systems are
available for the total chemical synthesis of peptides via SPPS. These instruments
automate the SPPS protocol and couple to microwave-assisted (Figure 1.8) or

flow-synthesis technology to allow the synthetic steps to proceed at higher
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temperatures.’® These methods drastically reduce the coupling and the
deprotection time per residue, thereby enabling the synthesis of the target
molecule in significantly shorter time. Additionally, the automation of the

synthesis leads to highly reproducible yields and purity.*?

Liberty2iE)

Figure 1.8. CEM Liberty Blue™ Automated Microwave Peptide Synthesiser.

Recently, automated flow systems in peptide synthesis have gained great
interest in the scientific community.?% 2! This technology relies on the use of HPLC
pumps to continuously deliver the reagents to the reactor, where the elongating
polypeptide-resin stands. Temperature and pressure are both controlled to create
reaction conditions which greatly facilitate the synthesis of peptides and even
proteins in high yields and short time. In fact, automated flow synthesis
technology has recently enabled the preparation of proteins comprised of up to

164 amino acid residues in a few hours.?2
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Pros and cons. One of the key advantages of SPPS is that the excess
reagents and the by-products can be promptly washed out by filtration of the resin
with solvent,®> while the elongating polypeptide remains attached to the resin. This
passage avoids time-consuming intermediate purification, which is often
encountered during solution-phase synthesis. In fact, the common container for
SPPS reactions is a plastic or glass vessel equipped with a filter and a tap. When
the tap is opened, the solvent is drained off through the filter and the peptidyl

resin stays on the vessel (Figure 1.9).

Reaction vessel

Glass filter

Tap

Vacuum pump
connection for filtration

Waste collector

Fo

Figure 1.9. Common laboratory setup for manual SPPS

Unlike other molecular biology techniques which relies on the protein
synthesis machinery of the host cell and hence specific building blocks (i.e. L-amino
acids commonly found in nature), SPPS confers atomistic control on the peptide
sequence. In fact, there is no theoretical limitation on the kind of functionalities
on the amino acid side chain to be inserted by SPPS. Moreover, b-amino acids can
be used as building blocks, enabling the synthesis of enantiomeric peptides. Lastly,
isotopic-labelled amino acid residues can be specifically incorporated into the

peptide sequence at any position.
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The main limitation of the SPPS technique is currently the size of the target
molecule. In fact, the upper limit for SPPS is empirically around 50-70 residues,
because as the number of couplings increases the yield becomes very low and the
elongating chain undergoes aggregation, making the N-terminal a-amine less
accessible for further couplings.!> On the other hand, automated flow peptide
synthesis has been shown to be an highly efficient technique;?? today, its usage
unfortunately remains not easily accessible. In fact, no automated flow peptide
synthesis system is currently available on the market and setting it up in a research

lab requires highly trained personnel.

1.3.1.2 Native Chemical Ligation

History and overview. NCL is a chemoselective reaction between the C-
terminus of a thiodepsipeptide and the N-terminal cysteine of another peptide
occurring in aqueous buffer at neutral pH (Scheme 1.4), and it has become a well-
established and very promising tool in the field of total synthesis of peptide and
proteins. The ligation reaction between a thioester of an amino acid and a
cysteine, to afford a dipeptide, was first discovered in the early 1950s.2> Only
almost 40 years later this reaction was exploited independently by two research
groups for the total synthesis of proteins.?% 2>

Having shown its effectiveness for the synthesis of proteins comprised of
up to 427 amino acid residues,?® NCL largely exceeds the size limitation of SPPS.
The huge impact of this reaction is given by the fact that more unprotected
peptide segments can be joined to yield a full-length sequence, either in its native
or mutated form. Moreover, these segments can be synthesised by SPPS, which
confers atomistic control on the peptide sequences, overcoming different
limitations of other molecular biology techniques occurring in cells (i.e. post-
translational modifications, isotopic-labelled residues, isopeptide bonds and an

unlimited number of unnatural amino acids in the sequence).
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Scheme 1.4. NCL reaction mechanism between the C-terminal thioester moiety of a
thiodepsipeptide (in pink) and an N-terminal cysteine of a peptide (in blue) in aqueous
buffer at neutral pH

One-pot NCL. Since its first application for the synthesis of the human
interleukin 8,27 where it was used for the ligation of two unprotected peptides in
solution, NCL has been implemented for sequential ligations. To allow more than
one ligation, the “internal” thiodepsipeptide must bear either a protected or a
masked cysteine, to avoid side reactions as cyclisation or oligomerisation of the
thiodepsipeptide. One of the most employed strategies for this purpose is the use
of the thiazolidine residue as a cysteine surrogate. In presence of o-
methylhydroxylamine, the thiazolidine residue is converted into a cysteine at
slightly acidic pH, thereby allowing the next ligation (Scheme 1.5a). To ligate three
segments by NCL in solution, more than one purification step is required. In fact,
after ligating the first two segments (assuming the direction of the elongation is C-
to-N), the protecting group on the a-amine of the cysteine of the N-terminal
segment must be deprotected, to allow the next ligation. Although it has been
reported that the side product may not be present in a significant amount,?8 the
deprotection conditions can lead to side reactions involving the thioester
moiety.?° Thereby, the intermediate usually needs to be isolated by a purification
step which is often time consuming and can lead to loss of material. To skip this

process, kinetically controlled ligation was developed. One of the reports
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exploiting this strategy relies on the different reactivity of the N-terminal thiol
functionalities to allow one-pot three segment ligation in solution (Scheme

1.5b).30

a) b)
N Q . s o
s[\\e@*s:a Cys— ) SR HWSR Cys— )
i) NCL
ii) Thz conversion
iii) HPLC NCL
-
N HS—
ASR Cys—(__ —Cys—_ HR*ECYSD
i) NCL
ii) HPLC i) NCL
ii) desulfurisation
iii) HPLC
—Cys—(_ —Cys—(__ ) —Leu—(_ FAla—(")

Scheme 1.5. a) When carrying out sequential ligations by NCL, the cysteine residue must
be hidden to avoid side reactions. Usually, an HPLC purification is needed for each ligation
step b) In the kinetically controlled ligation approach, the reaction kinetics is dictated by
the reactivity of the aminothiol group

Expressed protein ligation. A hybrid approach combining SPPS, NCL and
recombinant gene expression is known as expressed protein ligation. In the
majorities of the NCL protocols, the peptidyl segments are still obtained by SPPS.
Consequently, the preparation of these segments is still restricted to the SPPS
limitations. To access larger thiodepsipeptides, the N-terminal peptidyl segment
can be obtained by recombinant gene expression as an N-terminal extein fused to
a C-terminal intein domain. The cysteine residue of the intein domain can cleave
the amide bond between the extein and the intein, thus generating a thioester
bond. In the presence of a thiol, this thioester bond will react and, by thiol
exchange, the target thiodepsipeptide will be afforded. This peptidyl segment can

now react via NCL (Scheme 1.6).3!
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Scheme 1.6. In the expressed protein ligation approach, the thiodepsipeptide involved in
the NCL is obtained by thiol exchange between a peptide expressed by recombinant gene
expression and an aryl or alkyl thiol

1.3.2 Peptide biosynthesis

Another way to access peptide/protein preparation is to leverage the main
biosynthetic route in eukaryotic and prokaryotic cells: the ribosomal pathway.

The ribosomal biosynthesis of peptides follows the same steps of protein
biosynthesis: a strand of mRNA is synthesised by an RNA polymerase that uses a
DNA region as a template; then, the mRNA strand interacts with the ribosome,
which assembles the amino acids carried by the tRNA (according to the
information coded in the mRNA), to biosynthesise a peptide chain. Oftentimes,
the newly biosynthesised peptide undergoes further modifications (known as
post-translational modifications) such as proteolytic cleavage, site-specific
phosphorylation, glycosylation, hydroxylation and so on, finally yielding the
peptide in its biologically active form.3?

The most exploited and routinely used method for the preparation of
peptides and proteins that profits from the protein biosynthetic machinery of cells

is the recombinant gene expression technique.
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1.3.3 Recombinant gene expression vs total chemical synthesis

Although the methods described thus far in this chapter have shown to be
powerful tools in peptide and protein synthesis, they still present significant
limitations. Recombinant gene expression in a host cell is limited by the biological
components of the host carrying out the biosynthesis. For instance, excluding few
exceptions,® only amino acids compatible with the aminoacyl-tRNA synthetases
of the host can be inserted into the sequence of interest and only by the canonical
genetic code. Additionally, recombinant gene expression can be very challenging
in the preparation of short peptide sequences. In fact, this technique usually relies
on fusion tags that cannot be always readily cleaved from the peptide of interest;3*
moreover, small peptides are difficult to isolate via size-exclusion
chromatography. Finally, small peptide sequences are often target of endogenous
cellular proteases:3* this leads to their preparation in very low yields.

Notwithstanding the atomic-level control on the sequence of the peptide
or protein and the high efficiency reached nowadays by automated microwave
devices, SPPS is severely limited by the short number of residues per
peptide/protein allowed. In fact, as already mentioned previously, after a certain
number of couplings depending on the target sequence, the fully protected
elongating chain starts folding and rearranges into secondary structures.” This
event ultimately leads to the inaccessibility of the N-terminal a-amine group,
which is needed for further couplings.

The bottleneck of the synthesis by NCL carried out in solution is the need
for purification steps which are time consuming and lead to inevitable loss of
material, resulting in diminished yield as the number of ligations increases.
Consequently, one-pot methods were fostered, like the kinetically controlled
ligation approach, where the purification only occurs as a final step.®
Unfortunately, NCL by kinetically controlled ligation has only been shown for the
ligation of three segments.

Finally, for the synthesis of the thiodepsipeptide, expressed protein
ligation still relies on recombinant gene expression, which carries a series of
limitations. Amongst others, these include the lack of atomistic control on the

thiodepsipeptide sequence and the difficult insertion of post-translational
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modifications. Moreover, after the thiol exchange reaction, another purification

step is required before initiating the NCL reaction.

1.3.4 Solid-Phase Chemical Ligation

One section of this thesis (Chapter 2) will explore solid-phase chemical
ligation (SPCL), a powerful method used in protein synthesis. This strategy
combines the idea from SPPS of carrying out the synthesis with the aid of a solid
support and the NCL reaction to ligate peptide segments. In fact, shortly after the
NCL reaction was reported, this total protein synthesis method was implemented
for the use on a solid support, described as SPCL.3® 37 The clear advantage of the
SPCL over the NCL in solution is the avoidance of time-consuming isolations of the
ligation products by HPLC, which additionally lead to the loss of material.3® In fact,
in the SPCL approach, the elongating peptide/protein chain is anchored to a resin,
thereby allowing the removal of unreacted peptide segments, other reagents and

by-products by simple washing and filtration.

7. PG-Cys<( D X

Grafting PG-Cys—_ O _— Cys— O
Cys deprotection
Z-Linker - - 2
LLinker PG-Cys———-X NCL lPG-Cys—C))LSR

PG-Cys———Cys-{Linker}-

Elongation l l

X = functional group on the linker for the grafting —Cys—(__ —Cys—C O—Cys—_

Z = functional group on the resin for the grafting

Cleavage l
o
—Cys—C O—Cys—CO—Cys—__""OH/NH,

Scheme 1.7. SPCL in C-to-N direction

Protein chain elongation can proceed in two directions, C-to-N (Scheme

1.7) or N-to-C (Scheme 1.8).
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Scheme 1.8. SPCL in N-to-C direction

1.3.4.1 Overview of the N-to-C method
The major problems of the N-to-C method are the choice of the cleavable linker
and of the latent thioester.

Cleavable linkers — grafting and cleavage. The cleavable linker, usually
attached on the peptide directly during its SPPS, determines both the conditions
for the grafting of the linker-peptide onto the resin and the cleavage conditions

for the final release of the protein from the solid support (Table 1.2).
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Table 1.2. Cleavable linkers in N-to-C SPCL

Grafting

Cleavable linker
conditions

Cleavage

conditions

GdmCl in
Oxymation
phosphate
o o (GdmCI in
05420 L buffer + 200
137 Y\)J\H/\/ ~"o H_* phosphate
(& N mMm
buffer, pH
hydrazine,
4.6)
pH 14
CuAAC
(HEPES,
o MeOH,
0.0 CAPS buffer,
238 J N/\/\S/\/\OJ\N Ascorbic
O\g;N’ H_! pH 11.7
acid,
CuSQOg4, pH
7)
20% AcOH,
Oxymation
H (sod 0.1 M
N Sodium
339 Y\H/ _* H>NOH and
O\o’N o acetate,
1 M aniline,
pH 4.6)
pH 4.3
H
o__N
\([)l/ L PMP buffer,
o}
40 H
4 O\N/ﬁ)LN/\/N CuAAC lambda
n=N M 0 o:Pf_"c")H phosphatase
ol
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The grafting of the linker-peptide requires an additional reaction to be
added in the protocol. In fact, reported methods rely on the use oximation,3” 3°
copper(l)-catalysed azide-alkyne cycloaddition3® or strain-promoted azide-alkyne
cycloaddition3® for the anchoring of the linker to the resin. The linkers in question
are cleaved either in basic conditions,3” 38 as in the case of the Esoc linker (Scheme
1.9),*! by transoxymation,® or by an enzymatic reaction.*® Furthermore, Esoc and

the phosphorylated linkers require time-consuming organic chemical synthesis.*%

41
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Scheme 1.9. Cleavage mechanism for the release of the peptide from Esoc linker

Most importantly, the conditions used throughout the synthesis must
guarantee the stability of the components of the system, such as the peptide

segment, the latent thioester moiety, and the cleavable linker.

Table 1.3. Latent thioesters in N-to-C SPCL

Entry™ Latent thioester Activation conditions

0
137 A)LS' Bromoacetic acid, pH 4.6
R
0
238 /Q:)LN/\S TCEP, MPA, pH 4
NG
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Latent thioesters. The first N-to-C strategy to be reported was employing
a thiocarboxylate group as a latent thioester (Table 1.3, entry 1), which is thus
turned into a thioester by alkylation with bromoacetic acid at pH 4.37

Currently, the thiocarboxylate as a thioester surrogate has been replaced
by the bis(2-sulfanylethyl)amino (SEA) group (Table 1.3, entry 2). In its oxidised
form, this moiety is stable under the ligation conditions. When reacted with a
reducing agent like tris(2-carboxyethyl)phosphine, the SEA group rearranges into
a thioester, which can then undergo a NCL reaction.3®

The bottleneck of this strategy is the synthesis of the peptide-SEA, which
requires two HPLC purifications. In fact, being synthesised in its reduced form, the
peptide-SEA needs to be made inert before its use in the SPCL. Therefore, after its
SPPS and its isolation, the peptide-SEA is oxidised and then purified again.
Additionally, some cautions might be needed during its oxidation. For instance,
the cysteine residues are usually protected with the tert-butylsulphenyl group, to
prevent side reactions.3% 3°

When synthesising a protein/peptide in N-to-C direction on a solid support
via NCL, the latent thioester at the C-terminus of the peptide segment plays the
crucial role, when activated, to allow sequential ligations.

As already mentioned in the previous section, the first N-to-C system relied
on the thiocarboxylate as latent thioester. The major problem of this moiety was
its only partial inertness in the ligation conditions. In fact, during the ligation step,
the peptide segment in solution bearing an N-terminal cysteine and the
thiocarboxylic function at its C-terminus can also cyclise.3” This problem was
overcome by the introduction of SEA as the latent thioester.3® Nonetheless, SEA-
peptides synthesis is time-consuming.3®

Alternative strategies to obtain latent thioesters include the use of
peptide-hydrazides*? or peptide-o-aminoanilides,*® which are both inert to ligation
conditions. In fact, the C-terminal hydrazide group can either be oxidised to an

3 or turned into an acyl-imidazole by reacting with

acyl-azide by NaNO,,
acetylacetone.3® Both intermediates can then be converted into a thioester in
presence of a thiol. Peptide-o-aminoanilides are afforded by SPPS via the Dawson

linker.** They are activated to thiodepsipeptides with NaNO> and have been
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recently used for the synthesis on a solid support of a 212-residue linker histone
H1.2.44

1.3.4.2 Overview of the C-to-N method

Linkers. The most exploited direction in the SPCL literature is C-to-N.* In
fact, this direction does not require the use of latent thioesters — which need a
pre-ligation activation step — and the first peptide segment or the linker is
generally attached to the resin by NCL. As shown in Table 1.4, all linkers reported
so far in literature rely on either TFA or NaOH for the release of the synthesised
polypeptide/protein.t’ 37 46,47 Two exceptions are shown in entry 5, where the
peptide/protein is released in presence of PdCl,* and in entry 6, where the linker

is cleaved by UV light irradiation.*

Table 1.4. Cleavable linkers in C-to-N SPCL

Grafting Cleavage

Cleavable linker
conditions conditions

Oxymation
( 8 M urea in
o GdmCl in
i NAR i P phosphate
137 \)LO HN —Q phosphate
— =N buffer, 0.25 M
0 buffer, pH
NaOH
4.6)

1 M SiCls, 10%

o) o NCL (GdmcCl thioanisol, 6%

z

T
%

o
<

o
<

ls)
<

(7]

-0

247 /‘)\‘\ in phosphate EDT, and 10%
AT U ond 10%

& 8 buffer, pH 7) m-cresol in

TFAat0°C
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Commercially

Q available
317 \2‘0 TFA/NaOH
HMBA/PHB
resin

95% TFA, 2.5%
4% SPPS
o O/\H/Ala-AIa-AIa—o TIS, 2.5% H,0

| o

o 1. PdCl;, MgCl;
Ala-Al
54 4;”&"(\/\"/ w4—Q sPPS
o
(o]

2.DTT

NO, Biotin-
64 o Streptavidin A=297 nm
0 HN—O
NH interaction

Cysteine protection. Nonetheless, the C-to-N direction requires a strategy
to protect the N-terminal cysteine (or other thiol derivatives) residue of the
peptide segment, so that it does not take part in the ligation reaction. N-terminal
cysteine protection can occur at either the thiol component, as in the case of
acetamidomethyl protecting group, or the a-amine, using Fmoc or
methylsulfonylethyloxycarbonyl groups (Table 1.5). While the aforementioned
protecting groups require basic conditions (that might be unwanted) or hazardous
reagents for their cleavage, the use of the thiazolidine as a cysteine surrogate
entails a mild deprotection with methoxyamine hydrochloride at pH 4,°° or

treatment with [PdCl(allyl)]2,*® affording the desired amino thiol residue.
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Table 1.5. Cysteine protection strategies in C-to-N SPCL

Entry'ef Protecting strategy Deprotection conditions

HZN\)S/
137 J\ H (ACO)ZHg, AcOH, pH 4
N
O~ N 'S
H

0~ ™0
247 HN\)S/ Ligation buffer added with NaOH, pH 13

H.NOH, TCEP, pH 4 or

o)
H
5 N
e ( \)S/ [PdCl(allyl)]2, 6 M GdmCI, 0.2 M

phosphate buffer, pH 7.3

Q Ligation buffer added with 20%

o)
o oM
O. \g/ \_)S/ piperidine, pH 11
HS”

1.3.4.3 Limitations of SPCL

Thus far, SPCL has been underemployed because of different reasons such
as the lack of knowledge on the diffusion of the peptide segments within the
matrix of the solid support, the unavailability of methods for reaction progress
monitoring, the paucity of available SPCL strategies and the absence of resins
purposely designed for protein synthesis.!* Furthermore, the scarcity of linkers
that can be cleaved in mild conditions hinders the preparation of sensitive protein

constructs.*°
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1.4 Biological applications of chemically synthesised peptides

As previously mentioned in section 1.2, antimicrobial peptides are
considered of great pharmacological potential both to overcome the antibiotic
resistance plague and to develop next-generation cancer therapeutics.®
Furthermore, antimicrobial peptides can be chemically engineered to yield more
effective drugs.

Chemically synthesised antimicrobial peptides. In 1996, a peptide library
was synthesised with the general sequence [(BZZ)(BZZ)B]. and [(BZZ)B(BZZ)].
(where B = polar residue; Z = non-polar residue; n = 1 - 3) with the aim of obtaining
new antimicrobial peptides.”?> The rational de novo design of antimicrobial
peptides with positive charged amphipathic a-helix as only structural starting
point has been widely reported in literature.>3>> This approach derives from the
fact that the majority of antimicrobial peptides possesses an amphipathic a-helix
as the common motif and an overall positive charge at neutral pH.>® >’ The
repetitive heptads approach was followed to formulate the general sequence of
the library members.”® >° Following cytotoxicity screening towards E. coli, P.
aeruginosa, S. aureus, 3T3 (mouse fibroblasts) and human erythrocytes, the
peptide sequence KLAKLAKKLAKLAK (KLA) was found to have the best activity

against bacterial cells and the lowest activity against mammalian cells.

1.4.1 Anticancer applications of chemically synthesised antimicrobial peptides

In another section of this thesis, | will focus on testing new peptides
conjugates targeting the mitochondria. In particular, in chapter 3 | will investigate
the effect of conjugating a common fluorophore to existing mitochondriolytic
peptides for improved potency. In chapter 4, | will explore the effect of adding a
cancer targeting motif to the newly synthesised peptide conjugates.

Amongst the cellular organelles, the mitochondrion (Figure 1.10) probably
stands out as the most appealing target for cancer therapies.®® The mitochondrion
hosts several putative drug targets for cancer therapy as the organelle plays key
functions in various physiological and pathological cellular processes, such as

programmed cellular death (i.e. apoptosis).®*
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Figure 1.10. Section of a mammalian mitochondrion. The main components are
highlighted: outer mitochondrial membrane, intermembrane space, inner mitochondrial
membrane, matrix and the electron transport chain, a protein complex anchored to the
inner membrane responsible for the mitochondrial membrane potential. Cytochrome c is
a main player in the apoptosis triggering. Figure template provided by smart.servier.com.

Mitochondriolytic peptides. 1t was postulated that KLA would selectively
interact with and destroy the mitochondrial membrane instead of mammalian cell
membrane, in virtue of the overall positive charge of the peptide and the anionic
nature of the mitochondrial membrane.®? Thus, the enantiomer of the peptide
KLA, synthesised by using b-amino acids only (kla), was conjugated with tumour-
homing peptide sequences CNRGC- or the RGD-4C sequence. The D-peptide and
the tumour-homing peptide sequences were linked through a Gly-Gly spacer, to
confer flexibility to the molecule. Both the constructs were able to kill KS1767 cells
within 48 h at micromolar concentrations. Besides, the b-peptide without tumour-
homing sequences was found to induce mitochondrial swelling and caspase-3 (a
protein involved in apoptosis initiation) activation when incubated with isolated
mitochondria.®?

In a later study,®® the peptide was engineered by mutating its leucine
residues to phenylalanine, (either b- or L-) cyclohexylalanine and 2-aminooctanoic
acid. As a result, all the new constructs were found to be more cytotoxic than the
parent sequence in the tested cell.

Other interesting efforts of chemical conjugation to mitochondriolytic

63-67

peptides encompass the use of delocalised lipophilic cations and receptor-

mediated molecules.5® ©°
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Mitochondria delivery systems. Delocalised lipophilic cations are cationic
molecules with a relatively high degree of lipophilicity; they exhibit specific
mitochondrial targeting due to the unique negative membrane potential of the
organelle (about -90 to -150 mV).%* Therefore, these molecules can be exploited
to deliver cargoes to mitochondria. Successful examples include
triphenylphosphonium,®® mitochondria-penetrating peptides’”® and cyanine
dyes.®® 67 The latter case is worth a special mention. Because of their spectral
properties, many cyanine dyes can report their subcellular localisation. This
feature makes cyanine dyes very appealing in the chemical biology area as
mitochondria-targeting molecules whose position can easily be tracked inside
cells.

Folate-mediated delivery. Another effective way to enhance the biological
potential of mitochondriolytic peptides is by selective delivery to cancer cells. This
can be achieved via conjugation to receptor-mediated tumour-targeted drug
delivery molecules.?® © One of the most reported examples of this class of
molecules is folate. Since its discovery as a tumour-selective ligand,”* folate has
been extensively used as a tumour-targeting moiety in drug delivery systems.”>74
This strategy takes advantage of the paucity or absence of the folate receptor from
normal tissues to deliver chemotherapeutics to cancer cells via folate receptor a-

mediated endocytosis.””
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Figure 1.11. Folate receptor a-mediated endocytosis of a folate-conjugated drug. Figure
template provided by smart.servier.com.
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By this approach, the drug is usually covalently attached to folate by one
of its two carboxylic groups. Once approached the cell expressing the folate
receptor a on its membrane, the conjugate interacts with the receptor, triggering
the invagination of the cell membrane. This event leads to the formation inside
the cell of an early endosome, within which the receptor is still anchored to the
membrane and tightly interacts with the drug conjugate. When the early
endosome evolves into a late endosome, the pH inside the organelle reaches
slightly lower values, which brings to the detachment of the drug conjugate from
the receptor. Finally, the late endosome merges with the lysosome, where the
drug can be released, and the recycling endosome brings the receptor back onto

the cell surface (Figure 1.11).72

1.5 Research aim and objectives
The aim of the present work is to give a contribution towards advancing

the field of total chemical synthesis and biological applications of peptides.
Specific objectives are:

e developing a mild cleavage method for SPCL in C-to-N direction;
e synthesising and testing a new class of mitochondriolytic peptides;
e enhancing the tumour specificity of the newly prepared peptide

conjugates.
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CHAPTER 2

Solid-Phase Chemical Synthesis of Peptides and Proteins via Nickel-

Assisted Cleavage
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CHAPTER 2 - Solid-Phase Chemical Synthesis of Peptides and Proteins via Nickel-

Assisted Cleavage

2.1 Abstract

The synthesis of proteins by solid-phase chemical ligation suffers from
paucity of linkers that can be cleaved under mild conditions. Here, | deploy a
peptide sequence, known to undergo spontaneous cleavage in presence of nickel

(1), as a linker for the C-to-N synthesis of peptides/proteins on a solid-support.

2.2 Introduction

2.2.1 Nickel (1) as trigger of sequence-specific protein cleavage

During recombinant gene expression, proteins are often biosynthesised
with different C- or N-terminal tags (i.e., His-tag, Ubiquitin-tag) to enhance
solubility, facilitate their purification, improve expression yield, etc. 76 In certain
cases, it is desirable to remove these tags to obtain the desired protein construct.
The removal of the tags is often mediated by an enzyme,’” or by chemical means
such as BrCN,’® or metal ions;’*8! yet all these methods may be inconvenient.
Enzymes sometimes fail to access the cleavage site between the protein and the
tag, whereas chemical cleavages often involve harsh conditions, low sequence
specificity and low expression yields.?2

To overcome these obstacles, the peptide sequence -GSHHW- was
identified (following sequence optimisation from a phage display screening) and
found to undergo spontaneous cleavage at the Gly-Ser junction, in presence of
Ni2*in aqueous buffer (Figure 2.1).82 When inserted before the protein of interest,
this sequence, namely Spontaneous Nickel (I1)-Assisted Cleavage (SNAC)-tag, was
effective in removing different tags from proteins, even when enzymatic cleavages

were unsuccessful.®2
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Figure 2.1. The proposed mechanism of SNAC and release of the target protein (in red).

2.2.2 Potential of SNAC in solid-phase synthesis of peptides and proteins

As already discussed in section 1.3.4, the desirability of SPCL derives from
the necessity of avoiding time-consuming purification of the intermediates, which
can also lead to poor yields.3® Nonetheless, the choice of linkers that can be
cleaved under mild conditions is very narrow.*

The available methods reported for the cleavage of peptides/proteins from
a solid support involve the use of TFA, NaOH, basic buffers with pH > 11 or
nucleophiles such as NH,OH and hydrazine (see section 1.3.4.1). Exceptions to
these harsh cleavage conditions are represented by the phosphatase-labile linker
(table 1.2, entry 4), which releases the protein from the solid support in PMP
buffer (50 mM HEPES, 100 mM NaCl, 2 mM DTT, 0.01% Brij 35, 1 mM MnCl;, pH
7.5), at 30 °C, by the succinimide linker (Table 1.4, entry 5) and the photolabile 2-
nitrobenzyl linker (Table 1.4, entry 6). Yet, the phosphatase-labile linker led to slow
protein release over 6 days,?? and the succinimide linker involves the presence of
a cysteine in the target protein.*® Furthermore, both the phosphatase-labile linker
and the photolabile linker require laborious organic chemical synthesis for their

preparation.?%4°
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Being comprised of amino acid residues only, the SNAC-tag bears a great
potential in solid-phase synthesis of peptides/proteins as a linker cleavable under
mild conditions. In fact, it does not require organic chemical synthesis (it can be
directly inserted into the sequence of the peptide segment by SPPS), nor does it

release a protein containing a cysteine residue, which can often be undesirable.

2.3 Aim and Objectives
| aim to deploy the SNAC-tag as a linker cleavable under mild conditions for

the release of peptides and proteins from a solid support.
Specific objectives are:

e C(Cleavage of a model peptide from a PEG-based resin;

e Assessment of the kinetics and efficiency of the SNAC for the model
peptide;

e Synthesis of a model polypeptide and a ubiquitin derivative on a PEG-based
resin by SPCL and cleavage of the target compound via SNAC.

2.4 Results and Discussion

2.4.1 SNAC of a model peptide from a solid support

To investigate the feasibility of the SNAC on a solid-support, a model
peptide 1 bearing the SNAC-tag was synthesised via SPPS (see section 2.6.2) and
ligated onto a PEG-based resin through SPCL (Figure 2.2A). The resin was equipped
with a Rink Amide linker, to allow rapid cleavages and quantification of SNAC, and
functionalised with a trialanine spacer, to allocate more space between the resin
and the SNAC site. A thiazolidine residue was then coupled to the resin and
converted into a cysteine, following the attachment of the peptide onto the solid
support by SPCL. To assess the successful grafting of the model peptide on the
resin, an analytical TFA cleavage was performed. LC/MS analysis of the TFA
cleavage crude confirmed the desired ligation product 2. The SNAC was then
tested in the same buffer previously reported,?? at either room temperature or 40

°C for 24 h.
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Figure 2.2. A) Model peptide-hydrazide 1 conversion into peptide-azide, its attachement
to a solid support by NCL, to yield peptide 2. SNAC afforded desired cleaved peptide 3. a)
0.2 M K;HPO,, 6 M GdmCl, NaNO; (10 eq), pH 3, -20 °C, 15 min; b) MPAA (40 eq), TCEP 50
mM, pH 6.9, 16 h; c) NiCl,-6H,0 (1 eq), 0.1 M CHES, 0.1 M NacCl, 0.1 M acetone oxyma, pH
8.6, 24 h, rt or 40 °C; d) TFA/H,0/TIS/DODT 92.5:2.5:2.5:2.5, 1 h. B) Release of model
peptide 3 from the resin via SNAC, quantified by integrating the peak area corresponding
to peptide 3 from the 214 nm LC chromatogram trace of the cleavage at different time
points. C) LC chromatograms recorded at 280 nm of TFA cleavages of model peptide
before and after SNAC. * oxidised product.

The release of peptide 3 was monitored by LC/MS and its UV absorbance
at 214 nm was recorded after 0, 0.75, 1.5, 3, 6, 12 and 24 hours from the start of
the SNAC (Figure 2.2B). As a result, the same amount of peptide was released, but
the rate of the cleavage performed at 40 °C was higher than the one at room

temperature.

After 24 h, a TFA cleavage was performed to check for cleaved or uncleaved
peptide still on the resin after the SNAC. Gratifyingly, while a peak corresponding
to the cleaved peptide 3* was found, no uncleaved peptide 2 could be detected

(Figure 2.2C).
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2.4.2 SPCL of a model polypeptide

4a
N
LFKGAGCFKAGCFKGAG|
LFKGAGCFKAGCFKGAG < ; MPAA
4 s—

4b

Figure 2.3. Sequence of model polypeptide 4 (left). Model polypeptide 4 was split in three
peptide blocks 4a-c (right), which are then assembled via SPCL.

For the preparation of compound 4, peptide blocks 4a-c (Figure 2.3) were
synthesised by SPPS (see sections 2.6.4-6). Rink Amide ChemMatrix resin was
chosen as water-compatible support and functionalised with a trialanine spacer
and a thiazolidine residue, to allow SPCL of the first peptide block 4a to the resin
(Scheme 2.1). Following unmasking of the N-terminal cysteine residue, blocks 4b
and 4c were sequentially ligated in the same fashion. Then, SNAC was carried out
for 24 h at 40 °C, followed by addition of TCEP. The reaction resulted in 97% of
cleavage of the peptide from the resin (see supplementary figure 2.1 in section
2.6.10) and afforded peptide 4 in 34% yield (not isolated, calculated via integration
of the corresponding peak at the LC/MS chromatogram recorded at 214 nm. See

supplementary figure 2.2 in section 2.6.10 for calibration curve.).
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Scheme 2.1. Synthetic scheme for the preparation of model polypeptide 4 with LC/MS
traces of the intermediates recorded at 280 nm of the analytical TFA cleavages. LC/MS
trace recorded at 214 nm of the crude cleavage mixture was obtained after incubation of
the resin with SNAC buffer for 24 h at 40 °C. a) 0.2 M K;HPQO4, 6 M GdnHCI, 0.2 M MPAA,
50 mM TCEP, pH 6.9, 16 h; b) TFA/H,0/TIS/DODT 92.5:2.5:2.5:2.5, 1 h; c) 0.4 M MeONHj,
25 mM TCEP, 40 °C, 16 h; d) i. NiCl,-6H,0 (4 eq), 0.1 M CHES, 0.1 M NaCl, 0.1 M acetone
oxyma, pH 8.6, 24 h, 40 °C; ii. 0.1 M TCEP, 30 min, 40 °C.

2.4.3 Proof of Concept: SPCL of a ubiquitin derivative using SNAC

Towards assessing the use of the SNAC-tag for the cleavage of proteins
from a solid-support, | sought to synthesise ubiquitin by SPCL.

Ubiquitin is a 8.6 kDa protein which is found “ubiquitously” in eukaryotic
cells, where carries out regulatory tasks in several processes.?? Its most well-
known function is the regulation of protein degradation: when one or more
ubiquitin molecules is enzymatically attached to a protein, the protein is delivered
to the proteosome complex, where it is degraded and recycled.®?

As a small protein whose synthesis is well established, ubiquitin is often

used as a model for the development of new synthetic procedures.*? 8486
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Figure 2.4. Sequence of ubiquitin derivative 5 (left). Ubiquitin derivative 5 was split in
three peptide blocks 5a-c (right), which are then assembled on a solid support via SPCL.

For its preparation, ubiquitin sequence was mutated by replacing Met1l
with norleucine (to avoid oxidative side-reactions at the methionine sulphur) and
Ala28 and Ala46 with cysteine residues (to provide reaction sites for NCL). Peptides
5a-c were synthesised by SPPS (see sections 2.6.7-9) and served as building blocks
for the synthesis of the target protein (Figure 2.4). Rink Amide PEGA resin was
chosen as water-compatible support and functionalised with a trialanine spacer
and a thiazolidine residue, to allow attachment of the first peptide block 5a to the
resin (Scheme 2.2). Following unmasking of the N-terminal cysteine residue,
blocks 5b and 5¢ were sequentially ligated in the same fashion. Then, SNAC was
carried out for 24 h at 40 °C, followed by addition of TCEP to afford ubiquitin

derivative 5 in 7% isolated yield.

41



5c
a,b
coys Q) cv-macysran N,
*

HoN
RS, -, S

5b
a, b
c

HoN
i e 47Lys-"5Ph 47Gly-"°Gl - Gly-Ala-Cys-(Al
o T R ) o D

*t (min)

Gly-Ala-Cys-(Ala)y{Q)

t (min)

d

calcd mass: 8611.0 Da
found mass: 8610.1 + 0.8 Da

Scheme 2.2. Synthetic scheme for the preparation of ubiquitin derivative 5 with LC/MS
traces of the intermediates recorded at 280 nm of the analytical TFA cleavages. LC/MS
trace for the cleaved product 5 was obtained after incubation of the resin with SNAC
buffer for 24 h at 40 °C, followed by HPLC purification. a) 0.2 M K,HPO4, 6 M GdmCl, 0.2
M MPAA, 50 mM TCEP, pH 6.9, 16 h (SPCL is repeated twice); b) 0.4 M MeONH,, 25 mM
TCEP, 40 °C, 16 h; c) TFA/H,O/TIS/DODT 92.5:2.5:2.5:2.5, 1 h; d) i. NiCl,:6H>0 (1 eq), 0.1
M CHES, 0.1 M NaCl, 0.1 M acetone oxyma, pH 8.6, 24 h, 40 °C; ii. 0.1 M TCEP, 30 min, 40
°C. * denotes unreacted intermediate 5b*.

One reason for the lower yield when compared to the other reported SPCL
protocols is attributed to partial conversion of 5b* to 5c¢*, as unreacted
intermediate 5b* was detected by the LC/MS of the analytical cleavage after the
ligation reaction (scheme 2.3). The decreased ligation performance, when the size
of the immobilised protein or peptide intermediate increases, is in fact a well-
known limitation of SPCL syntheses.!”> 37 44 45 Fyrthermore, after the SNAC,
cleavage was not complete, as uncleaved protein could be detected by the LC/MS
following an analytical TFA cleavage (see supplementary figure 2.3 in section
2.6.10). Interestingly, along with the uncleaved protein, product 5 was also found
(see supplementary figure 2.3 in section 2.6.10). The presence of the ubiquitin

derivative 5 in the TFA cleavage is probably due to the interaction between the
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PEG-based resin and the target compound. After the SNAC, the protein could be
extracted by the organic acid, rather than cleaved. Protein-resin interaction,
broken by TFA after total synthesis of a protein by SPCL is in fact already reported

in the literature.l’

2.5 Conclusion and Perspectives

SPCL emerges from the idea to allow NCL reaction on solid supports like
those used in SPPS, thus overcoming some of the hurdles of protein synthesis in
solution.?” As for SPPS, SPCL relies on cleavable linkers to release the desired
product from the resin, and to allow its isolation. Thus far, most of the cleavable
linkers require harsh conditions for the release of the product form the solid
support:37-3% 41 46 thjs hampers the preparation of constructs bearing labile
chemical motifs, or of proteins in their native conformations. Here, we began to
explore the suitability of the SNAC-tag®? as a linker that can be cleaved in relatively
mild conditions, without the need for chemical synthesis for its preparation and of
a cysteine residue in the target sequence. Constructs of different length were
synthesised on PEG-based resins, with or without a Rink Amide linker. In all cases,
the SNAC buffer led to the cleavage of the desired sequence from the tag-
functionalised resin. Incomplete cleavage of the ubiquitin derivative still leave
room for optimisation of the SNAC. The results suggest that the cleavage of bigger
constructs, such as compound 5, might need more SNAC iterations, or adjustment
of the number of equivalents of NiCl,. Furthermore, particular attention will be
needed to improve the release of the protein of interest from the resin, in case of
interaction with the solid support. Finally, tolerance of the SNAC towards C-
terminal amino acid residues should be explored in constructs that range from
small peptides to bigger proteins. Although | regard the addition of a C-terminal
glycine to a protein sequence as a reasonable modification, a thorough scope will
allow accessing constructs with different C-terminal residues. We envision that the
described SNAC technology will be complementary to the existing mild cleavage
techniques in enabling the preparation of peptides and proteins bearing base- and
acid-labile modifications and provide a tool for solid-phase assisted folding of

proteins and their release in a folded state.
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2.6 Experimental Section

General Methods. Solid Phase Peptide Syntheses were performed on a CEM
Liberty Blue™ Automated Microwave Peptide Synthesizer and in TELOS Filtration
Columns equipped with 20 um polyethylene frits. Reaction temperatures are
stated as heating device temperature of the synthesiser, if not otherwise stated.
Deionized water was obtained by an Elga PURELAB 8 Option system (15 MQ-cm).
Reagents obtained from commercial suppliers were used without further
purification unless otherwise stated. Protected amino acids, Rink Amide MBHA
resin, DIC, oxyma pure, piperazine, trifluoroacetic acid and triisopropylsilane (TIS)
were purchased from Fluorochem. Fmoc-MeDbz-OH was purchased from Iris
Biotech GmbH. DMF was purchased from Fisher Scientific. Fmoc-Asp(OtBu)-
(Dmb)Gly-OH, Rink Amide ProTide (LL) and CI-TCP(Cl) ProTide resins were
purchased from CEM Corporation. For HPLC mobile phase, HPLC grade CHsCN
from Fisher Scientific and trifluoroacetic acid from Fluorochem were used. For
LC/MS mobile phase, LC/MS grade water and CH3CN from Fisher Scientific and
formic acid from Fisher Scientific were used. Reagents were used without further
purification unless otherwise noted. LC/MS was performed on an Agilent 1260
Infinity Il HPLC system, equipped with an ACE 3 C18, 2.1 x 100 mm, particle size 3
um, pore size 300 A and connected to a 6120 Quadrupole MS. Preparative HPLC
was performed on a LC20-AR Shimadzu HPLC system equipped with either a Vydac
208TP C8, 22 x 250 mm, particle size 10 um, pore size 300 A or a Shim-pack GIST
C18, 20 x 150 mm, particle size 5 um, pore size 100 A and semi-preparative HPLC
was performed on an Agilent 1206 Infinity HPLC system equipped with either a
Zorbax-300SB C8, 4.6 x 150 mm, particle size 5 um, pore size 300 A or with an ACE
C18, 10.0 x 250 mm, particle size 5 um, pore size 100 A. Determinations of PEGA,
and ChemMatrix resins loading and ubiquitin derivative yield were conducted
using a ThermoFisher NanoDrop ND-ONE-W spectrophotometer. Absorbance
values were measured in 10 mm path-length cuvettes (Fisher Scientific,
#11847832). For SPPS MW cycle and method descriptions of CEM Liberty Blue™

Automated Microwave Peptide Synthesizer, see Appendix.
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2.6.1 SPPS procedure for peptide 1

Synthesis scale: 0.1 mmol. Resin: CI-TCP(CI) ProTide, loading 0.4 mmol/g — 250 mg.
DIC concentration in DMF: 1 M. HOBt concentration in DMF: 1 M. Deprotection
cocktail: 20% (v/v) piperidine in DMF + 1% (v/v) formic acid. Fmoc-amino acids in
DMF: 0.33 M. Prior to the start of the automated synthesis, the resin was swollen
in DMF for 5 min at rt and functionalised with hydrazine hydrate following the

previously reported procedure.*?

Reagent  concentration

Reagent Method
during coupling step (mM)

Fmoc-Ala-OH 5 167
Fmoc-Gly-OH 4 167
Fmoc-Trp(Boc)-OH 4 167
Fmoc-His(Trt)-OH 3 220
Fmoc-His(Trt)-OH 2 220
Fmoc-Ser(tBu)-OH 1 167
Fmoc-Gly-OH 1 167
Fmoc-Ala-OH 1 167
Fmoc-Gly-OH 1 167
Fmoc-Lys(Boc)-OH 1 167
Fmoc-Phe-OH 1 167
Fmoc-Leu-OH 1 167
Fmoc-Ala-OH 1 167

The last coupling is followed by a deprotection step, performed using 4 mL of
deprotection cocktail with MW cycle 14. Cleavage was done with 10 mL of
TFA/water/TIS (95:2.5:2.5) for 2 h. The resin was removed by filtration and the
filtrate was concentrated by N2 flow. The crude product was precipitated with cold
diethyl ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded.
The precipitate was dissolved in water + 0.1% TFA and purified by HPLC. Product
was characterised at the LC/MS (Figure 2.5).
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Figure 2.5. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated peak)
of peptide 1. Column: ACE 3 €18, 2.1 x 100 mm, 3 pm particle size, 300 A pore size;
Method: flow rate = 0.5 mL-min?, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to
43:57 over 13 min = 5:95 for 7 min.

2.6.2 SPPS procedure for polypeptide H-LFKAGCFKAGCFKGAG-NH; for

calibration curve

Synthesis scale: 0.1 mmol. Resin: Rink Amide MBHA, loading 0.49 mmol/g — 204
mg. DIC concentration in DMF: 0.5 M. Oxyma pure concentration in DMF: 1 M.
Deprotection cocktail: 20% (v/v) piperidine in DMF. Fmoc-amino acids in DMF: 0.2
M. Prior to the start of the synthesis, the resin was swollen in the reaction vessel

of the automated synthesiser using 5 mL of DMF for 5 min at rt.

Reagent  concentration

Reagent Method
during coupling step (mM)

Fmoc-Gly-OH 6 100
Fmoc-Ala-OH 6 100
Fmoc-Gly-OH 6 100
Fmoc-Lys(Boc)-OH 6 100
Fmoc-Phe-OH 6 100
Fmoc-Cys(Trt)-OH 7 100
Fmoc-Gly-OH 6 100
Fmoc-Ala-OH 6 100
Fmoc-Lys(Boc)-OH 6 100
Fmoc-Phe-OH 6 100
Fmoc-Cys(Trt)-OH 7 100
Fmoc-Gly-OH 6 100
Fmoc-Ala-OH 6 100
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Fmoc-Lys(Boc)-OH 6 100
Fmoc-Phe-OH 6 100
Fmoc-Leu-OH 6 100

The last coupling was followed by a deprotection step, performed using 4 mL of
deprotection cocktail with MW cycle 14. Cleavage was done with 10 mL of
TFA/water/TIS/DODT (92.2:2.5:5:2.5:2.5) for 2 h. The resin was removed by
filtration and the filtrate was concentrated by N; flow. The crude product was
precipitated with cold diethyl ether, centrifuged (4,000 g for 10 min) and the
supernatant was discarded. The precipitate was dissolved in water + 0.1% TFA and

purified by HPLC. Product was characterised by LC/MS (Figure 2.6).
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Figure 2.6. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated peak)
of polypeptide H-LFKAGCFKAGCFKGAG-NH.. Column: ACE 3 C18, 2.1 x 100 mm, 3 um
particle size, 300 A pore size; Method: flow rate = 0.5 mL-min~!, H,O: CHsCN, 0.1%
HCOOH, 95:5 for 2 min = 95:5 to 43:57 over 13 min —> 5:95 for 7 min.

2.6.3 SPPS procedure for peptide 4a

Synthesis scale: 0.1 mmol. Resin: CI-TCP(CI) ProTide, loading 0.4 mmol/g — 250 mg.
DIC concentration in DMF: 1 M. HOBt concentration in DMF: 1 M. Deprotection
cocktail: 20% (v/v) piperidine in DMF + 1% (v/v) formic acid. Fmoc-amino acids in
DMF: 0.33 M. Prior to the start of the automated synthesis, the resin was swollen
in DMF for 5 min at rt and functionalised with hydrazine hydrate following the

previously reported procedure.*?
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Reagent  concentration

Reagent Method
during coupling step (mM)

Fmoc-Ala-OH 5 167
Fmoc-Gly-OH 4 167
Fmoc-Trp(Boc)-OH 4 167
Fmoc-His(Trt)-OH 3 220
Fmoc-His(Trt)-OH 2 220
Fmoc-Ser(tBu)-OH 1 167
Fmoc-Gly-OH 1 167
Fmoc-Ala-OH 1 167
Fmoc-Gly-OH 1 167
Fmoc-Lys(Boc)-OH 1 167
Fmoc-Phe-OH 1 167
Fmoc-Leu-OH 1 167
Fmoc-Thz-OH 1 167

The last coupling was followed by a deprotection step, performed using 4 mL of
deprotection cocktail with MW cycle 14. Cleavage was done with 10 mL of
TFA/water/TIS (95:2.5:2.5) for 2 h. The resin was removed by filtration and the
filtrate was concentrated by N2 flow. The crude product was precipitated with cold
diethyl ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded.
The precipitate was dissolved in 0.2 M phosphate buffer, containing 6 M GdmCl
and the crude product was converted into the corresponding MPAA thioester as
previously described.?” The desired product was then isolated by HPLC. Product
was characterised at the LC/MS (Figure 2.7).
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Figure 2.7. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated peak)
of peptide 4a. Column: ACE 3 C18, 2.1 x 100 mm, 3 um particle size, 300 A pore size;
Method: flow rate = 0.5 mL-min™?, H,O: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to
43:57 over 13 min - 5:95 for 7 min.

2.6.4 SPPS procedure for peptide 4b

Synthesis scale: 0.1 mmol. Resin: CI-TCP(CI) ProTide, loading 0.4 mmol/g — 250 mg.
DIC concentration in DMF: 1 M. HOBt concentration in DMF: 1 M. Deprotection
cocktail: 20% (v/v) piperidine in DMF + 1% (v/v) formic acid. Fmoc-amino acids in
DMF: 0.33 M. Prior to the start of the automated synthesis, the resin was swollen
in DMF for 5 min at rt and functionalised with hydrazine hydrate following the

previously reported procedure.*?

Reagent  concentration

Reagent Method
during coupling step (mM)
Fmoc-Gly-OH 6 100
Fmoc-Ala-OH 6 100
Fmoc-Lys(Boc)-OH 6 100
Fmoc-Phe-OH 6 100
Fmoc-Thz-OH 7 100

The last coupling was followed by a deprotection step, performed using 4 mL of

deprotection cocktail with MW cycle 14. Cleavage was done with 10 mL of
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TFA/water/TIS (95:2.5:2.5) for 2 h. The resin was removed by filtration and the
filtrate was concentrated by N3 flow. The crude product was precipitated with cold
diethyl ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded.
The precipitate was dissolved in 0.2 M phosphate buffer, containing 6 M GdmCl
and the crude product was converted into the corresponding thiophenol thioester
as previously described.?” The desired product was then isolated by HPLC. Product

was characterised by LC/MS (Figure 2.8).
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Figure 2.8. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated peak)
of peptide 4b. Column: ACE 3 C18, 2.1 x 100 mm, 3 pm particle size, 300 A pore size;
Method: flow rate = 0.5 mL-min™?, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to
43:57 over 13 min - 5:95 for 7 min.

2.6.5 SPPS procedure for peptide 4c

Synthesis scale: 0.1 mmol. Resin: CI-TCP(CI) ProTide, loading 0.4 mmol/g — 250 mg.
DIC concentration in DMF: 1 M. HOBt concentration in DMF: 1 M. Deprotection
cocktail: 20% (v/v) piperidine in DMF + 1% (v/v) formic acid. Fmoc-amino acids in
DMF: 0.33 M. Prior to the start of the automated synthesis, the resin was swollen
in DMF for 5 min at rt and functionalised with hydrazine hydrate following the

previously reported procedure.*?
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Reagent  concentration

Reagent Method
during coupling step (mM)
Fmoc-Gly-OH 6 100
Fmoc-Ala-OH 6 100
Fmoc-Lys(Boc)-OH 6 100
Fmoc-Phe-OH 6 100
Fmoc-Leu-OH 6 100

The last coupling is followed by a deprotection step, performed using 4 mL of
deprotection cocktail with MW cycle 14. Cleavage was done with 10 mL of
TFA/water/TIS (95:2.5:2.5) for 2 h. The resin was removed by filtration and the
filtrate was concentrated by N flow. The crude product was precipitated with cold
diethyl ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded.
The precipitate was dissolved in 0.2 M phosphate buffer, containing 6 M GdmCl
and the crude product was converted into the corresponding thiophenol thioester
as previously described.*? The desired product was then isolated by HPLC. Product

was characterised by LC/MS (Figure 2.9).

mAU

300

Calcd mass 626.8 Da
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Figure 2.9. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated peak)
of peptide 4c. Column: ACE 3 C18, 2.1 x 100 mm, 3 pm particle size, 300 A pore size;
Method: flow rate = 0.5 mL-min™?, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to
43:57 over 13 min - 5:95 for 7 min.

2.6.6 SPPS procedure for peptide 5a

Synthesis scale: 0.05 mmol. Resin: Rink Amide ProTide Resin (LL), loading 0.19
mmol/g — 263 mg. HATU concentration in DMF: 0.5 M. DIPEA concentration in

NMP: 2 M. Deprotection cocktail: 20% (v/v) piperidine in DMF + 1% (v/v) formic
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acid. Fmoc-MeDbz-OH in DMF: 0.05 M. Fmoc-Asp(OtBu)-(Dmb)Gly-OH in DMF:
0.15 M. Amino acids in DMF: 0.33 M. Prior to the start of the synthesis, the resin
was swollen in the reaction vessel of the automated synthesiser using 5 mL of DMF

for 5 min at rt.

Reagent  concentration

Reagent Method
during coupling step (mM)

Fmoc-Gly-OH 20 167
Fmoc-MeDbz-OH 14 35
Fmoc-Ala-OH 20 167
Fmoc-Gly-OH 21 167
Fmoc-Trp(Boc)-OH 20 167
Fmoc-His(Trt)-OH 20 167
Fmoc-His(Trt)-OH 19 167
Fmoc-Ser(tBu)-OH 18 167
Fmoc-Gly-OH 17 167
Fmoc-Gly-OH 17 167
Fmoc-Arg(Pbf)-OH 16 167
Fmoc-Leu-OH 16 167
Fmoc-Arg(Pbf)-OH 16 167
Fmoc-Leu-OH 16 167
Fmoc-Val-OH 16 167
Fmoc-Leu-OH 16 167
Fmoc-His(Trt)-OH 16 167
Fmoc-Leu-OH 16 167
Fmoc-Thr(tBu)-OH 8 167
Fmoc-Ser(tBu)-OH 8 167
Fmoc-Glu(OtBu)-OH 8 167
Fmoc-Lys(Boc)-OH 8 167
Fmoc-GIn(Trt)-OH 8 167
Fmoc-lle-OH 8 167
Fmoc-Asn(Trt)-OH 8 167
Fmoc-Tyr(tBu)-OH 8 167
Fmoc-Asp(OtBu)-OH 8 167
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Fmoc-Ser(tBu)-OH
Fmoc-Leu-OH
Fmoc-Thr(tBu)-OH
Fmoc-Arg(Pbf)-OH
Fmoc-Asp(OtBu)-(Dmb)Gly-OH
Fmoc-Glu(OtBu)-OH
Fmoc-Leu-OH
Fmoc-GIn(Trt)-OH
Fmoc-Lys(Boc)-OH
Fmoc-Gly-OH
Boc-Thz-OH

cO 00 00

O 00 00 00 00

167
167
167
167
107
167
167
167
167
167
167

After the last coupling, the MeDbz group was activated into MeNbz by incubating

the resin with 5 equivalents of 4-nitrophenyl chloroformate in DCM (3 x 30 min),

followed by 0.5 M DIPEA in DMF (3 x 10 min). Cleavage was done with 10 mL of

TFA/water/TIS (95:2.5:2.5) for 2 h. The resin was removed by filtration and the

filtrate was concentrated by N3 flow. The crude product was precipitated with cold

diethyl ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded.

The precipitate was dissolved in water/acetonitrile (1:1) + 0.1% TFA and purified

by HPLC. Product was characterised by LC/MS (Figure 2.10).
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Figure 2.10. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated
peak) of peptide 5a. Column: ACE 3 C18, 2.1 x 100 mm, 3 um particle size, 300 A pore size;
Method: flow rate = 0.5 mL-min™?, H,O: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to

55:45 over 10 min - 5:95 for 5 min.
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2.6.7 SPPS procedure for peptide 5b

Synthesis scale: 0.05 mmol. Resin: Rink Amide ProTide Resin (LL), loading 0.19
mmol/g — 263 mg. DIC concentration in DMF: 1 M. HOBt concentration in DMF: 1
M. Deprotection cocktail: 20% (v/v) piperidine in DMF + 1% (v/v) formic acid.
Fmoc-MeDbz-OH in DMF: 0.05 M. Amino acids in DMF: 0.33 M. Prior to the start
of the synthesis, the resin was swollen in the reaction vessel of the automated

synthesiser using 5 mL of DMF for 5 min at rt.

Reagent  concentration

Reagent Method
during coupling step (mM)

Fmoc-Gly-OH 22 167
Fmoc-MeDbz-OH 22 35
Fmoc-Phe-OH 22 167
Fmoc-lle-OH 22 167
Fmoc-Leu-OH 22 167
Fmoc-Arg(Pbf)-OH 22 167
Fmoc-GIn(Trt)-OH 22 167
Fmoc-GIn(Trt)-OH 22 167
Fmoc-Asp(OtBu)-OH 22 167
Fmoc-Pro-OH 23 167
Fmoc-Pro-OH 23 167
Fmoc-lle-OH 24 167
Fmoc-Gly-OH 24 167
Fmoc-Glu(OtBu)-OH 24 167
Fmoc-Lys(Boc)-OH 24 167
Fmoc-Asp(OtBu)-OH 24 167
Fmoc-GIn(Trt)-OH 24 167
Fmoc-lle-OH 24 167
Fmoc-Lys(Boc)-OH 24 167
Boc-Thz-OH 24 167

After the last coupling, the MeDbz group was activated into MeNbz by incubating

the resin with 5 equivalents of 4-nitrophenyl chloroformate in DCM (3 x 30 min),
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followed by 0.5 M DIPEA in DMF (3 x 10 min). Cleavage was done with 10 mL of
TFA/water/TIS (95:2.5:2.5) for 2 h. The resin was removed by filtration and the
filtrate was concentrated by N; flow. The crude product was precipitated with cold
diethyl ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded.
The precipitate was dissolved in water/acetonitrile (1:1) + 0.1% TFA and purified
by HPLC. Product was characterised by LC/MS (Figure 2.11).
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Figure 2.11. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated
peak) of peptide 5b. Column: ACE 3 C18, 2.1 x 100 mm, 3 um particle size, 300 A pore size;
Method: flow rate = 0.5 mL-min?, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to
43:57 over 13 min - 5:95 for 7 min.

2.6.8 SPPS procedure for peptide 5¢

Synthesis scale: 0.05 mmol. Resin: Rink Amide ProTide Resin (LL), loading 0.19
mmol/g — 263 mg. HATU concentration in DMF: 0.5 M. DIPEA concentration in
NMP: 2 M. Deprotection cocktail: 20% (v/v) piperidine in DMF + 1% (v/v) formic
acid. Fmoc-MeDbz-OH in DMF: 0.05 M. Fmoc-amino acids in DMF: 0.33 M. Prior
to the start of the synthesis, the resin was swollen in the reaction vessel of the

automated synthesiser using 5 mL of DMF for 5 min at rt.

Reagent  concentration

Reagent Method

during coupling step (mM)
Fmoc-Gly-OH 12 167
Fmoc-MeDbz-OH 14 35
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Fmoc-Lys(Boc)-OH
Fmoc-Val-OH
Fmoc-Asn(Trt)-OH
Fmoc-Glu(OtBu)-OH
Fmoc-lle-OH
Fmoc-Thr(tBu)-OH
Fmoc-Asp(OtBu)-OH
Fmoc-Ser(tBu)-OH
Fmoc-Pro-OH
Fmoc-Glu(OtBu)-OH
Fmoc-Val-OH
Fmoc-Glu(OtBu)-OH
Fmoc-Leu-OH
Fmoc-Thr(tBu)-OH
Fmoc-lle-OH
Fmoc-Thr(tBu)-OH
Fmoc-Lys(Boc)-OH
Fmoc-Gly-OH
Fmoc-Thr(tBu)-OH
Fmoc-Leu-OH
Fmoc-Thr(tBu)-OH
Fmoc-Lys(Boc)-OH
Fmoc-Val-OH
Fmoc-Phe-OH
Fmoc-lle-OH
Fmoc-GIn(Trt)-OH
Boc-NLe-OH

After the last coupling, the MeDbz group was activated into MeNbz by incubating
the resin with 5 equivalents of 4-nitrophenyl chloroformate in DCM (3 x 30 min),
followed by 0.5 M DIPEA in DMF (3 x 10 min). Cleavage was done with 10 mL of
TFA/water/TIS (95:2.5:2.5) for 2 h. The resin was removed by filtration and the

filtrate was concentrated by N2 flow. The crude product was precipitated with cold
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diethyl ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded.
The precipitate was dissolved in water/acetonitrile (1:1) + 0.1% TFA and purified

by HPLC. Product was characterised by LC/MS (Figure 2.12).
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Figure 2.12. LC chromatogram recorded at 214 nm (+ mass spectrum of the indicated
peak) of peptide 5¢. Column: ACE 3 €18, 2.1 x 100 mm, 3 um particle size, 300 A pore size;
Method: flow rate = 0.5 mL-min™?, H,O: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to
55:45 over 10 min = 5:95 for 5 min.

2.6.9 Supplementary figures
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Supplementary figure 2.1. LC chromatogram recorded at 280 nm of TFA cleavages of
polypeptide 4 before (a) and after (b) SNAC. Percentage of cleavage is worked out by
integrating the areas of the peak corresponding to the cleaved linker and to the peptide
remained on the resin. Column: ACE 3 C18, 2.1 x 100 mm, 3 um particle size, 300 A pore
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size; Method: flow rate = 0.5 mL-min™%, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5
to 43:57 over 13 min - 5:95 for 7 min.

Intercept -6.38889 £ 97.70776
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Supplementary figure 2.2. Calibration curve for polypeptide H-LFKAGCFKAGCFKGAG-NH;.
The plot was obtained by plotting the absorbance obtained at the LC/MS of a stock
solution of H-LFKAGCFKAGCFKGAG-NH,. For each quantity point, LC/MS run was repeated
three times. The calibration curve was obtained by fitting the data points using Origin,
version 2019b, OriginLab Corporation, Northampton, MA, USA.
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Supplementary figure 2.3. LC chromatogram recorded at 214 nm of TFA cleavages after
SNAC for the synthesis of compound 5. * denotes uncleaved intermediate 5¢*, ** denotes
cleaved product 5.
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CHAPTER 3

Synthesis and biological evaluation of trimethine cyanine dye-

mitochondriolytic peptide conjugates
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CHAPTER 3 - Synthesis and biological evaluation of trimethine cyanine dye-
mitochondriolytic peptide conjugates
3.1 Abstract

With the view of increasing selectivity towards their biological target and
enabling their visualisation inside the cell, a series of mitochondriolytic peptides
were covalently linked to a trimethine cyanine dye. The cytotoxicity of the
conjugates was assessed towards a collection of cancer and non-cancer cell lines.
As envisioned, cyanine dye-containing constructs were all found to be more toxic

than their native peptide sequences towards the tested cell lines.

3.2 Introduction

Mitochondriolytic peptides. Mitochondriolytic peptides, as discussed in
the previous chapter, have been suggested to disrupt the mitochondrial
membranes, leading to leakage of mitochondrial proteins (e.g. cytochrome c) into
the cytosol.88 Once in the cytosol, these mitochondrial proteins activate caspases
and trigger the apoptosis.®% 63 89 This pathway plays an important physiological
role, as programmed cell death is often required to maintain homeostasis and to
prevent pathological conditions.*® Likewise, the apoptotic process is an important
target for cancer therapy. In fact, the biological mechanisms controlling apoptosis
are often malfunctioning in cancer cells which, consequently, become immortal.®?
Thus, as apoptosis inducers, mitochondriolytic peptides are putative candidates as
cancer therapeutics.

Peptide conjugates. However, mitochondriolytic peptides like KLA and kla
only display low cytotoxicity towards mammalian cells, which is attributed to their
low cell membrane permeability. To make them more cytotoxic and show their
potential as chemotherapeutics, KLA and kla have been conjugated to different
carriers, with the purpose of enhancing their cellular uptake.®% °2%¢ For instance,
cell-penetrating peptides (e.g. r7,%° TAT,%® TCTP°®), tumour-homing peptide RGD-
4C,%2 and the small organic mitochondrial-targeting moiety TPP®’ (Figure 3.1) have
been fused to kla. For instance, r7 conjugation to kla led to the remarkable
increase in cytotoxicity of two order of magnitude compared to unconjugated
peptide, 8 demonstrating the potential of these types of constructs for anti-cancer

treatment.
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Figure 3.1. Molecular structures of some of the carries that have been conjugated to kla
thus far. R7, TAT, TCTP and RGD-4C have been covalently linked via an amide bond to the
N-terminus of kla through a diglycyl spacer (r7, TAT, TCTP, RDG-4C) or a six-carbon chain

(TPP).
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Cyanine dyes as mitochondria-targeting carriers. While the cytotoxicity of
mitochondriolytic peptides and their conjugates has been investigated,®3 8 9296
none of the investigated constructs features both selective mitochondria-
targeting and the ability to report its subcellular localisation. A fluorescent
conjugate with preferential mitochondrial localisation would be ideal for not only
therapeutic but also diagnostic purposes. For instance, the “trackability” of such a
conjugate can provide important information on the site of the pathology, by
enabling imaging of the diseased tissue. In this way, the condition can be both

treated and monitored at the same time.®8

3.3 Aim and Objectives

Cyanine dyes are delocalised-lipophilic cations. Heptamethine cyanine
dyes were shown to localise within mitochondria and have found applications as
theranostic agents bearing the ability to deliver cargoes to the organelle of cancer
cells.6”> 23101 Degpite the great potential as anticancer therapeutics, the
mitochondria-delivery efficiency of other cyanine dyes has not been explored yet.

Here, | aimed to investigate the potential of a trimethine cyanine dye (Cy3)
as a mitochondria-delivery system, to enhance the efficacy of mitochondriolytic
peptides. The advantage of labelling a mitochondriolytic peptide with a cyanine
dye is twofold. Firstly, it should bring the peptide to its subcellular target (Figure
3.2), consequently improving its biological activity and reducing off-target side
effects. Secondly, it should enable direct visualisation of the conjugate by confocal
microscopy, so the subcellular localisation of the conjugate can be easily

determined and tracked.
Specific objectives are to:

e Synthesise the cyanine dye scaffold;

e Prepare conjugates containing a mitochondriolytic peptide and the
cyanine dye;

e Assess the cytotoxic activity of the conjugates in comparison to the parent

peptides.
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Figure 3.2. Mechanism of apoptosis induction of Cy3-conjugated peptides. Figure
template provided by smart.servier.com.

3.4 Results and discussion

3.4.1 Synthesis of the cyanine dye scaffold

To explore the theranostic potential of a trimethine cyanine dye as
mitochondria-delivery systems in anticancer therapy, Cy3-COOH (figure 3.3) was

chemically synthesised.

Cy3-COOH

Figure 3.3. Molecular structures of compounds Cy3-COOH.

This compound bears a carboxylic moiety which can be used for the
conjugation to a peptide sequence. For the synthesis of Cy3-COOH, a previously

reported synthetic pathway was followed.0?
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o Cy3-COOH

Scheme 3.1. Synthetic route for Cy3-COOH. Reagents and conditions: (a) iodomethane,
MeNQO,, 60 h, rt, 92%; (b) 6-bromohexanoic acid, MeNQO,, 16 h, rt, 54%; (c) N,N-
diphenylformamidine, pyridine, Ac,0, 16 h, 120 °C — rt, 40%.

The synthetic route of Cy3-COOH (scheme 3.1) starts with the
commercially available 2,3,3-trimethylindolenine. This molecule was reacted via
Sn2 mechanism with iodomethane. The reaction was conducted using one
equivalent of iodomethane in nitromethane; these mild conditions were sufficient
to obtain the desired 1,2,3,3-tetramethyl-3H-indol-1-ium iodide in almost
quantitative isolated yield.

Using the same conditions, the 2,3,3-trimethylindolenine was reacted
with 6-bromohexanoic acid to obtain the consequent alkylation product 1-(5-
carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium bromide in an independent
reaction.

Cy3-COOH was obtained by a one-pot reaction between the two indolium
salts and N,N-diphenylformamidine. In the first instance, 1-(5-carboxypentyl)-
2,3,3-trimethyl-3H-indol-1-ium bromide reacted at 120 °C with N,N-
diphenylformamidine in acetic anhydride, to form an hemicyanine intermediate.
At the aforementioned conditions, the intermediate is not very stable; it is indeed
important to keep short the time of this first part of the reaction, as prolonged
incubation of N,N-diphenylformamidine and 1-(5-carboxypentyl)-2,3,3-trimethyl-
3H-indol-1-ium bromide produced side products and reduced the vyield
significantly. Therefore, the reaction progress is constantly monitored by thin-
layer chromatography. As the spot corresponding to the 1-(5-carboxypentyl)-
2,3,3-trimethyl-3H-indol-1-ium bromide disappears, pyridine and 1,2,3,3-

tetramethyl-3H-indol-1-ium iodide are added to the mixture (previously allowed
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to cool down to room temperature) to react with the hemicyanine and yield the
desired compound. To minimise compound loss and shorten the purification time,
the reprecipitation and washing steps reported in the literature procedure are
skipped, and the crude mixture was concentrated in vacuo and directly purified by

silica column chromatography.

3.4.2 Solid-Phase Peptide Synthesis of mitochondriolytic peptides

As discussed earlier, peptides KLA and kla were reported to trigger
apoptosis once inside the cell. Due to their low cell permeability, they need to be
conjugated to a carrier to exhibit significant cytotoxicity,® °2°¢ but none of the
carriers employed thus far have any significance for theranostic applications. kXa
(Figure 3.5), a derivative of kla, has better mitochondria-targeting ability.®® The
rationale behind the design of kXa was to obtain a peptide more potent by
increasing its hydrophobicity but with no haemolytic activity. In fact, other
attempts of engineering mitochondriolytic peptides by increasing their
hydrophobicity but keeping their a-helical structure led to highly haemolytic
compounds. Unlike KLA and kla, peptide kXa does not exist in a helical
conformation and helical peptides are often haemolytic. kXa was found to be
more toxic than the parent sequences towards Hela cells, without showing
significant haemolytic activity which was instead observed for other similarly
engineered peptides, all displaying high degree of helicity.®? Such a feature makes
kXa an ideal candidate for theranostic applications. Therefore, KLA, kla and kXa
were chosen to be labelled with Cy3-COOH, affording conjugates Cy3-KLA, Cy3-
kla and Cy3-kXa (Figure 3.4).
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H-KLAKLAKKLAKLAK-NH, (KLA)
H-klaklakklaklak-NH, (kla)
H-kxakXakkXakxak-NH, (kXa)

H
\<N
Cy3-KLAKLAKKLAKLAK-NH, (Cy3-KLA) X=

o

Cy3-klaklakklaklak-NH, (Cy3-kla)
Cy3-kxakXakkXakxak-NH, (Cy3-kXa)

Cy5-KLAKLAKKLAKLAK-NH, (Cy5-KLA)

Figure 3.4. Peptide sequences synthesised and tested in this chapter. Lower-case letters
denote D-configuration.

Peptides and their conjugates were obtained by automated microwave-
assisted SPPS.1%3 As a solid support for the synthesis, a Rink Amide MBHA resin
was used. The loading of the employed resin was around 0.49 mmol/g, as
determined spectrophotometrically (see experimental procedure). The peptide
chains were built by using two equivalents (relative to the resin loading) of Fmoc-
protected (and side chain protected, in case of residues with reactive side chains)
amino acids. The couplings were performed with four equivalents of N, N’ -
diisopropylcarbodiimide (DIC) as a reagent activating the carboxylic functionality
of the amino acid residue to be connected to the elongating peptide chain, and
two equivalents of oxyma pure as an additive (see section 1.3.1.1 for a brief
discussion about coupling strategies in SPPS). For Cy3-labelled sequences, three
equivalents of Cy3-COOH were used in the final coupling to link the cyanine dye
scaffold to the a-amine of the N-terminal lysine residue by the same coupling
method. Finally, molecules were cleaved from the resin by treatment with TFA and

purified by reverse phase HPLC. Their purity was assessed by LC/MS analysis.
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Figure 3.5. TIC chromatograms of the crude of KLA synthesis a) before and b) after
optimising the SPPS protocol.

In the crude mixture of all syntheses, along with the major peak attributed
to the desired compound, a small peak was detected in the TIC chromatograms
from LC/MS analysis (figure 3.5a). As having a found mass of 127.7 Da difference
to the desired product, this peak was attributed to the truncated peptide
sequence which lacks a lysine residue. Moreover, it was difficult to separate this
truncated peptide from the desired product by HPLC. Therefore, the more
convenient way to obtain the pure product appeared to be the optimisation of the
SPPS protocol, aiming to bring the coupling reaction of the deleted lysine to
completion. In the first instance, the deleted lysine had to be identified amongst
the six lysine residues within the sequences. For this purpose, the synthesis of KLA
was taken as a case study. Therefore, after every lysine coupling (but the C-
terminal one), a microcleavage was carried out thus to look for any potential
deletions by LC/MS. Finally, the deleted lysine residue was found to be the N-
terminal one. Fortunately, after screening different conditions, the deletion issue
was overcome by prolonging the coupling time of the N-terminal lysine residue
without increasing the amount of reagents (figure 3.5b).

It is noteworthy that literature procedures for preparing KLA and kla used
four or more equivalents of amino acids,®® °” whereas | found two equivalents of
amino acids was sufficient to achieve the desired peptides in high yield and high
purity. This is of great relevance when p-amino acids or unnatural amino acids (i.e.
cyclohexylalanine) are employed, given their higher cost compared to naturally

occurring L-amino acids.
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3.4.3 Cell viability assay

It was envisioned that, once inside the cell, the cyanine dye-labelled
peptides would go to mitochondria, disrupt mitochondrial membranes, and
trigger apoptosis (figure 3.2). As discussed in chapter 1, the mitochondrial
membrane permeabilisation has been identified as a “point of no return” for the
cell. Therefore, initiating apoptosis by mitochondrial membrane disruption should
lead to cell death in cancer cells, in which apoptosis mechanisms are usually
deregulated.

To investigate the cytotoxicity of the new constructs, peptides KLA, kla and
kXa, their cyanine dye conjugates Cy3-KLA, Cy3-kla, Cy3-kXa, along with the
cyanine dye Cy3-COOH, will be tested towards an array of cell lines via Cell-Titer
Blue assay. For this purpose, KB, MCF-7, SK-OV-3 and HEK cells were chosen. KB
and MCF-7 cells are both human tumour cell lines. KB cells are derived from human
cervical cancer,'% while SK-OV-3 cells are derived from human ovarian cancer.
Both KB and SK-OV-3 cell lines exhibit high levels of folate receptor a on the cell
surface.’? 195106 Thjs feature is of particular relevance in anticancer applications,
as it can be exploited for selective targeting and delivery. MCF-7 is a cell line
derived from human breast cancer with low-level of folate receptor o;%’
therefore, these cells can serve as negative control for folate receptor a mediated
tumour-targeted drug delivery systems. HEK cells are non-cancer cells and were
chosen to evaluate the specificity of the tested compounds towards cancer cells.

For the Cell-Titer Blue assay, cells were seeded in a 96-multiwell plate and
then treated with a range of different concentrations of the examined compounds.
At least five different concentrations were tested for each compound. Cell viability
after 24 h of treatment was assessed for KB, MCF-7, SK-OV-3 and HEK cells by
fitting the data points via a dose-response curve to compute the ECsp values (table
3.1). Each data point represents mean value from three biological replicates (i.e.
cells split from three different passages), and each biological replicate is composed

of three technical replicates (i.e. cells split from the same passage).
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Table 3.1. The ECso values (expressed in uM) on different cell lines of different
molecules and their cyanine dye conjugates were quantified using cell viability
assays. The values in brackets represent the standard error of the curve fitting

using Origin, version 2019b, OriginLab Corporation, Northampton, MA, USA.

ECso (LM)
Compound KB SK-OV-3 MCF7 HEK
Cy3-COOH 36.5 (3.6) 8.6 (6.70) 110 (13.2) 221 (53.8)
KLA > 400 > 400 > 400 > 400
kla 331 (152) > 400 > 400 > 400
kXa 6.5 (0.5) 11.6 (2.37) 50.9 (3.0) 15.6 (2.6)
Cy3-KLA 6.7 (0.2) 11.0 (2.56) 7.37 (0.2) 44.3 (7.0)
Cy3-kla 3.5(0.1) 6.39 (0.79) 5.7 (0.7) 5.3(0.2)
Cy3-kXa 5.5(0.5) 23.0 (1.64) 11.6 (1.5) 8.2 (0.5)

The cytotoxicity of Cy3-COOH was found to be SK-OV-3 (ECso = 8.6 uM) >
KB (ECso = 36.5 uM) > MCF-7 (ECso = 109.7 uM) > HEK cells (ECsp = 217.9 + 23.4
uM). Although not very pronounced, this selectivity might be due to the higher
expression of some organic anion transporting polypeptides on the surface of
cancer cells;1%® these transporters are observed to be involved in the cellular
uptake of cyanine dyes and cyanine dye conjugates.®® 199114 KLA and kla only
displayed low cytotoxicity towards the tested cell lines, which can be attributed to
their low cell permeability, as already discussed in section 3.2. Amongst the
unlabelled peptides, kXa presented the lowest ECso. This peptide is an engineered
version of KLA and kla, designed to be more hydrophobic; it was in fact postulated
that increased hydrophobicity can lead to enhanced mitochondria-targeting
properties.®® This result, comparable with the cytotoxic data reported in the
literature,®® reinforces the concept that the hydrophobicity of amphipathic
peptides might have a positive influence in terms of mitochondriolytic ability,

without the need of an helical structure.
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In all the investigated cases, Cy3 conjugation further improved the
cytotoxicity (p < 0.01). This result can be due to the better cell permeability and
the enhanced targeting of the organelle, given the delocalised cationic nature of
the cyanine moiety along with its positive contribution to the hydrophobicity of
the constructs. In fact, these two features may concur in improving the capability
of the compounds of targeting the mitochondrial membrane, in virtue of its
structural composition and negative potential.1%®

Remarkably, when conjugated with TPP, kla was reported not to show
significant toxicity towards KB cells after 48 h of incubation in a literature study.®’
In fact, the assumption of the organic anion transporting polypeptides mediated
uptake is consistent with the better cytotoxicity of the Cy3 conjugation over TPP.
Therefore, Cy3 might be a better intracellular delivery platform than TPP in terms

of cell permeability properties.

3.4.4 Subcellular localisation and cellular uptake of folate conjugates

To gain further insights on the mechanism of action on the newly
synthesised compounds, subcellular localization of the constructs was evaluated
by Wenjing Deng, who is a researcher working in the Shenzhen Bay Laboratory of
the Gaoke Innovation Center in Shenzhen, China.

Subcellular localisation was studied via confocal microscopy: SK-OV-3 and
MCF7 cells were stained with MitoTracker Green and Hoechst 33258 (fluorescent
molecules known to localise within cell mitochondria and nucleus respectively)!®
117 and then incubated with Cy3-COOH, Cy3-KLA, Cy3-kla and Cy3-kXa. Next, the
fluorescent patterns of the tested molecules and stains were analysed to

determine colocalization within the cell.
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Figure 3.6. Confocal microscopy images of SK-OV-3 and MCF7 cells treated with Cy3-
COOH, Cy3-KLA, Cy3-kla and Cy3-kXa. Cells were treated with 10 uM of the indicated
conjugate for 10 min at 37 °C, washed, stained with 50 nM MitoTracker Green and 10
pug/ml Hoechst33258 for 10 min at 37 °C, washed and imaged at 63X. Excitation
wavelengths for Hoechst 33258, MitoTracker Green and Cy3 were set as 405, 488 and 561
nm, respectively. Pearson’s correlation coefficients of MitoTracker Green FM and Cy3
fluorescence for compounds Cy3-COOH, Cy3-KLA, Cy3-kla and Cy3-kXa in SK-OV-3 and
MCF cells are 0.75/0.64, 0.73/0.81, 0.91/0.61, and 0.78/0.63, respectively. Scale bars
denote 25 um.

As indicated in Figure 3.6, cyanine dye-labelled compounds colocalise with

MitoTracker Green, therefore confirming their mitochondrial localisation.

3.5 Conclusions and perspectives

As proposed, Cy3 enhanced the cytotoxicity of all the tested peptides.
Moreover, this screening indicated a positive correlation between hydrophobicity
and cytotoxicity, already suggested in previous studies.®® 1> Its conjugation with
the tested peptide sequences led to a clear increase in cytotoxicity and to the
expected mitochondrial localisation. Unlike the compounds previously reported in
literature, this is the first case of pro-apoptotic peptide conjugation with
fluorescent and mitochondria-targeting carriers, thus laying the foundations for a

new platform of mitochondria-targeting cancer theranostics. Following this work,
71



the possibility to enhance the selectivity of the cyanine dye labelled peptides

towards a specific cancer cell line was investigated.

3.6 Experimental section

3.6.1 Organic chemical synthesis of the cyanine scaffold

General Methods. Reactions were performed in oven dried glassware.
Reaction temperatures are stated as heating device temperature (e.g. oil bath,
shaker, etc.), if not otherwise stated. Concentrations under reduced pressure were
performed by rotary evaporation at 40 °C at the appropriated pressure, unless
otherwise noted. Deionized water was obtained by an Elga PURELAB 8 Option
system (15 MQ-cm). Reagents obtained from commercial suppliers were used
without further purification; 2,3,3-trimethyl-3H-indole, N,N’-
diphenylformamidine, acetic anhydride and pyridine dry were from Acros
Organics; methyl iodide were from Sigma—Aldrich; 6-bromohexanoic acid was
from Lancaster Synthesis; solvents were from Fisher Scientific, except
nitromethane which was from Acros Organics. They were all laboratory reagent
grade and were used without further purification unless otherwise noted. For
HPLC mobile phase, deionised water, acetonitrile HPLC grade from Fisher Scientific
and trifluoroacetic acid from Fluorochem were used. Analytical thin layer
chromatography was carried out with silica gel 60 F254 aluminium sheets from
Merck. Detection was carried out using UV light (A = 254 nm and 366 nm), followed
by immersion in permanganate staining solution with subsequent development
via careful heating with a heat gun. Flash column chromatography was performed
using silica gel (pore size 60 A, 0.040-0.063 mm, 230-400 mesh) from Sigma
Aldrich. 'H- and 3C-NMR spectra were recorded in CDCl3, DMSO-ds on Bruker

Ultrashield 400, or Ascend 500 instruments.

3.6.1.1 Synthesis of 1,2,3,3-tetramethyl-3H-indolium iodide
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Methyl iodide (496 pL, 8.0 mmol, 1.0 eq) was added to a solution of 2,3,3-
trimethyl-3H-indole (1280 pL, 8.0 mmol, 1.0 eq) in nitromethane (4.8 mL) and the
reaction mixture was stirred for 60 h at room temperature. The reaction was
cooled down to room temperature and triturated with diethyl ether (15 mL). The
precipitated was filtered off, washed with diethyl ether (50 mL) and dried under
vacuo. The title compound (2.23 g, 7.4 mmol, 92% yield) was obtained as pale-pink
solid. *H-NMR (500 MHz, DMSO-de): 6 = 7.92 (d, ) = 7.3 Hz, 1 H, ArH), 7.84 (d, J =
6.8 Hz, 1 H, ArH), 7.64 (m, 2H, ArH), 3.97 (s, 3 H), 2.76 (s, 3 H), 1.53 (s, 6 H, CH3)
ppm. HRMS (ES+): calcd. for Ci2Hi6IN [M - 1]* 174.1283; found 174.1286. The

analytical data were in accordance with the literature.'%?

3.6.1.2 Synthesis of 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indolium
bromide
Br-
/,

N+

\\PfCOOH

4

6-bromohexanoic acid (787 mg, 3.0 mmol, 1.0 eq) was added to a solution
of 2,3,3-trimethyl-3H-indole (481 uL, 3.0 mmol, 1.0 eq) in nitromethane (2 mL) and
the reaction mixture was stirred for 16 h at room temperature. The reaction is
cooled down to room temperature and triturated with diethyl ether (25 mL). The
precipitated was filtered off, washed with diethyl ether three times, and dried
under vacuo. The title compound (574 mg, 1.6 mmol, 54% yield) was obtained as
pink solid. 1H-NMR (400 MHz, DMSO-ds): & = 7.97 (m, 1 H, 7-H), 7.84 (m, 1 H, 4-H),
7.64 (m, 2 H, 5-H, 6-H), 4.45 (t, 2 H, NCH.), 2.84 (s, 3 H, 2-CH3), 2.23 (t, 2 H, COCH,),
1.85 (m, 2 H, NCH2CH2), 1.55 (m, 8 H, COCH,CH,, 3-CHs), 1.43 (m, 2 H,
NCH2CH2CH;) ppm. HRMS (ES+): calcd. for C17H2a4NO2Br [M - Br]* 274.1807; found

274.1815. The analytical data were in accordance with the literature.1%?
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3.6.1.3 Synthesis of Cy3-COOH (1-(5-carboxypentyl)-3,3-dimethyl-2-
[(1E,3Z)-3-(1,3,3-trimethyl-1,3-dihydro-2H-indol-2-ylidene)-1-propen-1-
yl]-3H-indolium iodide)

N,N’-diphenylformamidine (512 mg, 2.6 mmol, 1.2 eq) was added to a
solution of 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indolium bromide (750 mg,
2.2 mmol, 1.0 eq) in acetic anhydride (6.3 mL, 61.7 mmol, 31 eq), the reaction
mixture was heated in an oil bath at 120 °C and stirred for 30 min. The reaction
mixture was allowed to cool down to room temperature and a solution of 1,2,3,3-
tetramethyl-3H-indolium iodide (915 mg, 3.0 mmol, 1.4 eq) in dry pyridine (6.3
mL, 78.1 mmol, 36.4 eq) is added. The mixture was stirred for 16 h at room
temperature, then it was concentrated in vacuo and purified by chromatography
on silica (97:3->9:1 CH,Cl>/CH30H). The title compound (514 mg, 0.9 mmol, yield
40%) was obtained as red film. *H-NMR (CDCI3): 6= 12.05 (br. s, 1H, COzH), 8.35 (t,
Jap=Jbc= 13.4 Hz, 1 H, b-H), 7.64 (m, 2 H,4-H, 4-H), 7.45 (m, 4 H, 6-H, 7-H, 6-H, 7-
H), 7.30 (m, 2 H, 5-H, 5-H), 6.53 (d, Jap= 13.4 Hz, 1 H, a-H), 6.51 (d, Jo= 13.4 Hz, 1
H, c-H), 4.12 (t, J= 7.5 Hz, 2 H, NCHa), 3.66 (s, 3 H, NCH3),2.22 (t, J= 7.2 Hz, 2 H,
COCHa), 1.75 (m, 2 H, NCH2CH2), 1.69 (s, 12 H, 3-CHs, 3-CHs), 1.57 (m, 2 H,
COCH,CHy), 1.43 (m, 2H, NCH2CH2CH3) ppm. HRMS (ES+): calcd. for C3oH37N20:l
[M - 1]* 457.2855; found 457.2852. The analytical data were in accordance with

the literature.102
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3.6.2 Solid Phase Peptide Synthesis

General Methods. Solid Phase Peptide Syntheses (SPPSs) were performed on a
CEM Liberty Blue™ Automated Microwave Peptide Synthesizer and in TELOS
Filtration Columns equipped with 20 um polyethylene frits. Reaction
temperatures are stated as heating device temperature of the synthesiser, if not
otherwise stated. Deionized water was obtained by an Elga PURELAB 8 Option
system (15 MQ-cm). Reagents obtained from commercial suppliers were used
without further purification unless otherwise stated. Protected amino acids and
triisopropylsilane (TIS) were purchased from Cambridge Reagents. DIC, oxyma
pure, piperazine and trifluoroacetic acid were purchased from Fluorochem. DMF
was purchased from Fisher Scientific. For HPLC mobile phase, HPLC grade CHsCN
from Fisher Scientific and trifluoroacetic acid from Fluorochem were used. They
were all laboratory reagent grade and were used without further purification
unless otherwise noted. LC/MS was performed on a 1260 Infinity Il from Agilent

Technologies. Semi-preparative HPLC was performed on a 1206 Infinity from
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Agilent Technologies equipped with a Phenomenex Gemini C18, 10.0 x 250 mm,
particle size 10 um, pore size 110 A or with an ACE C18, 10.0 x 250 mm, particle
size 5 um, pore size 100 A. Determination of Rink Amide resin loading was
conducted using a ThermoFisher NanoDrop ND-ONE-W spectrophotometer.
Absorbance values were measured in 10 mm path-length cuvettes (Fisher

Scientific, #11847832).

3.6.2.1 Determination of Rink Amide resin loading

10 mg of resin were weighed into an eppendorf tube to which 800 uL of
DMF were added. After allowing the resin to swell for 15 min, 200 uL of piperidine
were added to the suspension; at this point the tube was vortexed and allowed to
stand for 15 min at room temperature. Afterwards, the tube was centrifuged and
100 pL of the supernatant were transferred to a 1 cm path-length cuvette and
diluted with 900 uL of DMF. The absorbance at 301 nm was measured versus a
blank, which was prepared with the same procedure but without the use of the
resin. The concentration c of dibenzofulvene-piperidine adduct released from the
resin was determined by applying the Lambert-Beer law ([ Abs = € c [ ], where Abs
is the absorbance value, [ is the path length (1 cm) and ¢ is the extinction
coefficient of the dibenzofulvene-piperidine adduct (7800 mL/mmol*cm, A = 301
nm)18), averaging the values resulted from three independent experiments.

Finally, the loading was worked out using the formula
Loading=cxVxd/m

Where V is the volume of solution in the cuvette, d is the dilution coefficient, and
m is the mass of the weighted resin. In the described procedure, V=1mL,d =10

and m =10 mg.
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3.6.2.2 General procedure for the synthesis of KLA, kla and kXa
KLA, * = (S)

kla, * = (R)

NH, NH,
NH, : o “ o r : 0 N . o : o " o f o]
HZN/\/\)\H/ g H 0 H \’H‘\H * H ﬁ)LH * H N NH,
o o o o o o o
NH, NH, NH,

kXa

s oN O 5
ﬁ@ﬁ;ﬁﬁr%ﬁriﬁr%ﬁrﬁ@ﬁr

The peptide chain was synthesised by SPPS on Rink Amide MBHA resin.
Each amino acid coupling step was carried out with Fmoc-protected amino acid (2
eq), DIC (4 eq), ethyl cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for
0.25 min and at 90 °C (30 W) for further 2 min. For the last lysine, the coupling was
carried out at 75 °C (155 W) for 0.5 min seconds and at 90 °C (30 W) for further 4
min. After each coupling step, the respective Fmoc protecting group was removed
by 10% Piperazine (w/v) in ethanol:NMP (1:9). After the final Fmoc deprotection,
cleavage was performed in TFA/Water/TIS 95:2.5:2.5 solution for 2 h. The resin
was removed by filtration and the filtrate was concentrated by N; flow. The crude
product was precipitated with cold diethyl ether, centrifuged (4,000 g for 10 min)
and the supernatant was discarded. The precipitate was dissolved in water and
purified by HPLC. Lyophilisation of the pure product fractions afforded the desired
compound as white powder. Desired product was characterised by LC/MS (Figure

3.7-9).
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Table 3.2 Calculated and expected molecular weight for the synthesised

compounds

Compound Calculated mw Found mw*
KLA 1523.0 1523.1+0.3

kla 1523.0 1523.0+0.2

kXa 1683.3 1683.2 £ 0.2
Cy3-KLA 1962.6 1962.6 £ 0.3
Cy3-kla 1962.6 1962.6 £ 0.2
Cy3-kXa 2122.9 2123.0+0.3

* as per manufacturer's specifications, the mass accuracy of the Agilent 6120B

Single Quadrupole instrument is = 0.1 Da.
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Figure 3.7. TIC chromatogram (+ mass spectrum at 13.181:13.509 min) of KLA. Column:
Poroshell 120 EC-C18, 2.1 x 100 mm, 4 um particle size, 120 A pore size; Method: flow rate
=0.5 mL-min™, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to 70:30 over 25 min >

5:95 for 5 min.
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Figure 3.8. TIC chromatogram (+ mass spectrum at 9.439:9.639 min) of kla. Column:
Poroshell 120 EC-C18, 2.1 x 100 mm, 4 um particle size, 120 A pore size; Method: flow rate
=0.5 mL-min™, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to 40:60 over 23 min >

5:95 for 5 min.
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Figure 3.9. TIC chromatogram (+ mass spectrum at 12.562:12.853 min) of kxa. Column:
Poroshell 120 EC-C18, 2.1 x 100 mm, 4 um particle size, 120 A pore size; Method: flow rate
=0.5 mL-min™, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to 40:60 over 23 min >

5:95 for 5 min.
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3.6.2.3 General procedure for the synthesis of cyanine dye-labelled
peptides
Cy3-KLA, * = (S)

Cy3-kla, * = (R)

NH, NH,
R T - DU N (U RN A DR TS - (O T (U TR R DO TR
N_- N N_- N_- N N_- N_-
) ) ) ) ) ) )
NH, NH, NH,

'OJLCFa
Cy3-kXa
ON L O S
(o] NH n [o] § n o E n o : n [o] E n (o] E n o § n o
HzN/\/\)\f( H/\H/KR)LH/\H/ \‘)LH/\H/ \iﬂ/\ﬂ/ \')LH/\H/ H/\n/ NH,
o o o o o (o] o
NH, NH, NH,

The peptide chain was synthesised by SPPS on Rink Amide MBHA resin.
Each amino acid coupling step was carried out with Fmoc-protected amino acid (2
eq), DIC (4 eq), ethyl cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for
0.25 min and at 90 °C (30 W) for further 2 min. For the last lysine, the coupling was
carried out at 75 °C (155 W) for 0.5 min seconds and at 90 °C (30 W) for further 4
min. After each coupling step, the respective Fmoc protecting group was removed
by 10% Piperazine (w/v) in ethanol:NMP (1:9). After the final Fmoc deprotection,
the cyanine dye scaffold was manually coupled using 3 eq of Cy3-COOH, 6 eq of
DIC, 3 eq of ethyl cyanohydroxyiminoacetate for 16 h at room temperature.
Cleavage was performed in TFA/Water/TIS 95:2.5:2.5 solution for 2 h. The resin
was removed by filtration and the filtrate was concentrated by N flow. The crude
product was precipitated with cold diethyl ether, centrifuged (4,000 g for 10 min)
and the supernatant was discarded. The precipitate was dissolved in water and

purified by HPLC. Lyophilisation of the pure product fractions afforded the desired
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compounds as red powders. Desired product was characterised by LC/MS (Figure
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Figure 3.10. TIC chromatogram (+ mass spectrum at 16.042:16.771 min) of Cy3-KLA.
Column: Poroshell 120 EC-C18, 2.1 x 100 mm, 4 um particle size, 120 A pore size; Method:
flow rate = 0.5 mL-min~, H,0: CHsCN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to 40:60 over
23 min - 5:95 for 5 min.
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Figure 3.11. TIC chromatogram (+ mass spectrum at 16.188:16.680 min) of Cy3-kla.
Column: Poroshell 120 EC-C18, 2.1 x 100 mm, 4 um particle size, 120 A pore size; Method:
flow rate = 0.5 mL-min™%, H,0: CH3CN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to 40:60 over
23 min - 5:95 for 5 min.
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Figure 3.12. TIC chromatogram (+ mass spectrum at 19.056:19.256 min) of Cy3-kXa.
Column: ACE 3 €18, 2.1 x 100 mm, 3 um particle size, 100 A pore size; Method: flow rate
=0.3 mL-min™, H,0: CHsCN, 0.1% HCOOH, 85:15 to 5:95 over 35 min - 5:95 for 2 min.

3.6.3 Biological evaluation

3.6.3.1 Cell culture

MCF-7 and HEK cells were maintained in T75 flasks at 37 °C in a 5% CO;
atmosphere in Dulbecco’s modified eagle medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS). KB and SK-OV-3 cells were maintained in T75
flasks at 37 °Cin a 5% CO; atmosphere in RPMI 1640 medium supplemented with
10% (v/v) FBS. Cells were maintained at a sub-confluent monolayer and split at 80-
85% confluency. For splitting, cells were washed with phosphate-buffered saline
(PBS), trypsinised in 1 mL of trypsin and 200 pL of the 1000 uL trypsin cell
suspension was re-suspended in a new T75 flask in 12 mL fresh medium containing

10% (v/v) FBS.
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3.6.3.2 Cell viability assay
MCF-7 and HEK cells were seeded at a density of 2 x 10* cells per well in a Corning
96-well plate and grown at 37 °C in a 5% CO; atmosphere DMEM supplemented
with 10% (v/v) FBS for 24 h. KB and SK-OV-3 cells were seeded at a density of 7 x
103 cells per well in a Corning 96-well plate and grown at 37 °C in a 5% CO>
atmosphere Roswell Park memorial institute 1640 (RPMI-1640) medium
supplemented with 10% (v/v) FBS for 24 h. Stock solutions of KLA, kla, kXa, Cy3-
KLA and Cy3-kla were obtained by dissolving the compounds in sterile deionised
water. Cy3-kXa and Cy3-COOH were dissolved in pure DMSO. The stock solutions
were diluted into the proper medium (according to the tested cell line)
supplemented with 10% FBS to the appropriate concentration, and cells in each
well were incubated with 100 pL of the solution. The solutions in each well were
then adjusted to a concentration of 1% (v/v) DMSO. After 24 h at 37 °C, 20 pL of
CellTiter-Blue® was added to each well. The plate was incubated for another 4 h at
37 °C before analysis on a Perkin Elmer Victor X plate reader (excitation 531 nm;
emission 595 nm). Each data point is calculated from three biological replicates
(i.e. cells split from three different passages), and each biological replicate is
calculated from three technical replicates (i.e. cells split from the same passage).
Value from media-only with CellTiter-Blue was set as 0% viability. This value was
then subtracted from the values from cell-only (i.e. non-treated) wells with
CellTiter-Blue in each biological replicate and set as 100% viability. For treatments
containing Cy3-COOH and cyanine dye-labelled constructs, blanks were generated
with cell-free wells containing the compounds and adding CellTiter-Blue. The
fluorescent reading for these wells was deducted from the treatment readings.

ECso values were derived by generating dose-response curves (Figure 3.13-

16) using Origin, version 2019b, OriginLab Corporation, Northampton, MA, USA.
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Figure 3.13. Cytotoxicity of tested compounds towards KB cell lines. Fitting curves are
shown as solid black lines. Dots and error bars represent the mean and the standard
deviation from a minimum of nine values resulted from three biological replicates (i.e.
cells split from three different passages); each biological replicate is calculated from three
technical replicates (i.e. cells split from the same passage).
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Figure 3.14. Cytotoxicity of tested compounds towards SK-OV-3 cell lines. Fitting curves
are shown as solid black lines. Data for compounds KLA and kla were not fitted. Dots and
error bars represent the mean and the standard deviation from a minimum of nine values
resulted from three biological replicates (i.e. cells split from three different passages);

each biological replicate is calculated from three technical replicates (i.e. cells split from
the same passage).
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Figure 3.15. Cytotoxicity of tested compounds towards MCF7 cell lines. Fitting curves are
shown as solid black lines. Dots and error bars represent the mean and the standard
deviation from a minimum of nine values resulted from three biological replicates (i.e.
cells split from three different passages); each biological replicate is calculated from three
technical replicates (i.e. cells split from the same passage).
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Figure 3.16. Cytotoxicity of tested compounds towards HEK293 cell lines. Fitting curves
are shown as solid black lines. Dots and error bars represent the mean and the standard
deviation from a minimum of nine values resulted from three biological replicates (i.e.
cells split from three different passages); each biological replicate is calculated from three
technical replicates (i.e. cells split from the same passage).

3.6.3.3 Confocal microscopy

SK-OV-3 and MCF7 were seeded at a density of 1x10° cells per well in glass
bottom culture dishes and grown at 37 °C in a 5% CO; atmosphere in medium
supplemented with 10% (v/v) FBS for 24 h. Cells were washed once with the RPMI-
1640 medium supplemented with 10% (v/v) FBS before staining. Cy3-COOH, Cy3-
KLA, Cy3-kla and Cy3-kXa were diluted into the RPMI-1640 medium
supplemented with 10% (v/v) FBS to 10 uM and then add to the culture dishes
respectively. After 10-min incubation at 37 °C, cells were washed with RPMI-1640
medium supplemented with 10% (v/v) FBS. Cells were then treated with 50 nM

MitoTracker Green FM and 10 pg/ml Hoechst 33258 pre-formulated with RPMI-
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1640 medium supplemented with 10% (v/v) FBS, and then incubated for another
10 min at 37 °C before analysis on ZEISS LSM 900 with Airyscan 2. The results were

analysed using Image J software.

3.6.3.4 Flow cytometry

SK-OV-3 and MCF7 were seeded at a density of 2x10° cells per well in 24-
well plate and grown at 37 °C in a 5% CO; atmosphere in DMEM medium
supplemented with 10% (v/v) FBS for 24 h. Cells were washed once with the RPMI-
1640 medium supplemented with 10% FBS before staining. Cy3-COOH, Cy3-KLA,
Cy3-kla and Cy3-kXa were diluted into the RPMI-1640 medium supplemented with
10% FBS to 10 uM and then add to the culture dishes. After 10-min incubation at
37 °C, cells were washed with RPMI-1640 medium supplemented with 10% FBS.
Cells were then treated with 50 nM Mitotracker Green FM and 10 pg/ml Hoechst
33258 pre-formulated with RPMI-1640 medium supplemented with 10% FBS for
another 10 min at 37 °C. Cells were washed once with PBS before trypsinization
for flow cytometry analysis on Invitrogen Attune NxT. The results were analysed

using FlowJo™ v10 Software (BD Life Sciences).

3.6.3.5 Statistical analysis

Comparison of cytotoxicity fitting curves was achieved by applying the
extra sum-of-squares F test, performed using GraphPad Prism version 9 for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.
Statistical difference between cytotoxicity values was assumed when p-value, as

output of the extra sum-of-squares F test, was found to be below 0.05.
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CHAPTER 4 - Enhancing the selectivity of Cy3-labelled mitochondriolytic peptides

towards cancer cells

4.1 Abstract

After achieving improved cytotoxicity by Cy3-conjugation, we sought to
enhance the selectivity of the cyanine dye-labelled peptides towards cancer cells
Therefore, the peptide constructs synthesised in chapter 3 are covalently labelled
with folate by SPPS. These new constructs were not found to be more toxic
towards cells known to overexpress the folate receptor-a (KB and SK-OV-3 cells),

compared to low level folate receptor-a expressing cells (MCF-7 and HEK cells).

4.2 Introduction

Receptor mediated tumour-targeted drug delivery systems are an
established and very promising tool in the field of cancer treatment.®® They are
intended to selectively target cancer tissues by exploiting the unique expression
of specific receptors on the surface of cancer cells. In this way, chemotherapeutics
are preferentially delivered to cancer cells.®°

Since its discovery as a tumour-selective ligand,”* folate has been
extensively used as a cancer cell targeting moiety in drug delivery systems.”>74 This
strategy takes advantage of the paucity or absence of the folate receptor a from
normal tissues to deliver chemotherapeutics to cancer cells via endocytosis.””

Folate (or vitamin Bo) is a key component of the one-carbon metabolism,
which provides — amongst others — the building blocks for DNA replication;*®
therefore, folate is mostly taken up by rapidly proliferating cells. In physiological
conditions, the uptake is mediated in large part by the reduced folate carrier,
which is a membrane transporter ubiquitously expressed on the cell membrane.”3
An alternative, and less exploited route for folate internalisation is the one
mediated by folate receptor a. This receptor is poorly expressed, or absent on the
basolateral membrane of the majority of healthy cells.”? On the other hand, folate
receptor a is overexpressed in many malignant cells.”> Additionally, the binding
constant of folate receptor a for folate (K¢ = 0.1 — 1 nM)’? is significantly smaller
than the one of the reduced folate carrier (Kg in the micro- and millimolar

range).'?°
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Figure 4.1. Folate receptor a-mediated endocytosis of a folic acid-conjugated drug. Figure
template provided by smart.servier.com.

By delivering chemotherapeutics to cancer cells via folate receptor a-
mediated endocytosis, the drug is covalently attached to folate by one of its two
carboxylic groups. Once approaching the cell expressing the folate receptor a on
its membrane, the conjugate interacts with the receptor, triggering the
invagination of the cell membrane.”? This event leads to the formation inside the
cell of an early endosome, within which the receptor is still anchored to the
membrane and tightly interacts with the drug conjugate. When the early
endosome evolves into a late endosome, the pH inside the organelle reaches
slightly lower values, causing conformational changes in the protein structure that
lead to the detachment of the drug conjugate from the receptor. Finally, the late
endosome merges with the lysosome, where the drug can be released, and the

recycling endosome brings the receptor back onto the cell surface (figure 4.1).72

4.3 Aim and Objectives
Although Cy3-KLA, along with the other cyanine dye labelled compounds,

shows a certain degree of selectivity towards some cancer cell lines,*?! it was still
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exhibiting a low ECso (43.6 £ 9.1 uM) when incubated with the non-cancer cell line
HEK. Therefore, these constructs need to be engineered to be more selective
towards cancer cells, so to have less non-specific toxicity. Given the ease of
conjugating small molecules to a peptide directly on a solid support (as already
proven for conjugation of various sequences to Cy3), we decided to attach a
tumour-targeting moiety, such as folate, to increase the drug uptake by cancer

cells (figure 4.2).
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Figure 4.2. Increasing selectivity towards cancer cells via folate labelling. Figure template
provided by smart.servier.com.

With the aim of generating selective anticancer theranostics, we set to
conjugate folate (referred to in the compound name as FA), through its a-
carboxylic moiety, to the e-amino group of an extra lysine added to the N-terminus
of the peptide sequence, yielding Cy3-K(FA)-KLA, Cy3-K(FA)-kla and Cy3-K(FA)-
kXa (figure 4.3). To evaluate the contribution of the Cy3-labelling on the cytotoxic
activity, compounds not bearing the cyanine scaffold were also synthesised,
where Cy3 was replaced by an acetyl group (figure 4.3). The biological activity of

these new constructs was then assessed via Cell-Titer blue assay.
Specific objectives are:

e Synthesis of folate-conjugated peptides;
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e Evaluation of their cytotoxicity and selectivity towards cancer cells

compared to the unconjugated peptides.
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Figure 4.3. Molecular structures of the compounds synthesised and tested in this chapter.

4.4 Results and discussion

4.4.1 Solid-Phase Peptide Synthesis of folate-conjugated peptides

To generate the folate conjugates depicted in Figure 4.3, an extra lysine
was added to the N-terminus sequence of compounds KLA, kla, and kXa via the
same SPPS strategy. Cy3 or an acetyl group would be coupled to the a-amino

group of the extra lysine and the folate moiety attached on the g-amino group.
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The strategy employed for this purpose requires the usage of a protecting group
for the extra lysine side chain which can be cleaved under conditions that are
orthogonal to the other protecting groups and with the linker of the resin. Here,
the side chain of the N-terminal lysine was protected with the 4-methyltrityl (Mtt)
group. This protective group is cleaved in 1% TFA (v/v) in DCM,?? a condition in
which the other commonly used protective groups (e.g., -tBu, -Boc, -Trt) and
linkers for SPPS are preserved. Once Mtt is cleaved, the e-amino group of the lysine
can be used for the coupling while still attached to the solid support.

The literature procedure for the conjugation of folate to KLA reports the
direct use of folic acid in the coupling reaction.?” When applied to the SPPS of Cy3-
K(FA)-KLA, this strategy led to the folate moiety to be coupled via either its a- or
y-carboxylic moiety, giving rise to a mixture of the a- and y-labelled isomers which

cannot be easily purified (Figure 4.4).
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Figure 4.4. TIC chromatogram of the crude of Cy3-K(FA)-KLA synthesis after coupling folic
acid to the e-amino group of the N-terminal lysine. Mass spectrum shows the same m/z
peaks for two different chromatogram peaks, indicating the formation of two folate-
labelled isomers.

To overcome this issue, Fmoc-protected glutamic acid (where the
carboxylic group in the side chain is protected as tert-butyl ester) was first coupled
to the lysine side chain. In this way, only the a-carboxylic group of the glutamic

acid would react. Fmoc deprotection of the glutamic acid residue followed by
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coupling with the pteroic acid, would yield a construct in which the folate is
conjugated with the lysine side chain with only its a-carboxylic group.

For the peptidyl backbone of the folate-labelled compounds, the synthesis
was carried out the same way as for compounds KLA, kla and kxa. For the
preparation of Cy3-K(FA)-KLA, Cy3-K(FA)-kla, Ac-K(FA)-KLA, Ac-K(FA)-kla and Ac-
K(FA)-kXa, the N-terminal lysine was then introduced as Fmoc-Lys(Mtt)-OH. For
this last residue, three equivalents of the amino acid were employed which
needed to be double coupled to the elongating peptide chain to bring the coupling
to completion. Following Fmoc cleavage, the peptidyl resin was either coupled to
Cy3-COOH (applying the same conditions used for Cy3-labelled compounds in
chapter 3) or was capped by treatment with a large excess of acetic
anhydride/pyridine. For the folate labelling, the Mtt group was cleaved via
treatment with 1% TFA. The resulted free amine was coupled with Fmoc-
Glu(OtBu)-OH. Fmoc cleavage and final coupling of the pteroic acid were followed
by a TFA cleavage and HPLC purification, thus yielding the desired compounds.

The preparation of Cy3-K(FA)-kXa proved to be more challenging. In fact,
upon Mtt deprotection and Fmoc-Glu(OtBu)-OH coupling and Fmoc deprotection,
the Mtt strategy led to the presence of a peak in the LC/MS chromatogram with a
difference of +129 m/z compared to the desired intermediate, attributable to an
extra glutamic acid residue (Figure 4.5). This is likely due to Boc deprotection
during the Mtt cleavage conditions (1% TFA in DCM). Finally, conjugate 10 was
obtained using  1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl
(ivDde) as a protecting group, which could be cleaved in 4% (v/v) hydrazine
hydrate in DMF, leading to selective labelling of one folate molecule to the

peptide.
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Figure 4.5. TIC chromatogram of the crude of synthesis for Cy3-K(FA)-kXa after coupling
and deprotection of glutamic acid to the e-amino group of the N-terminal lysine. Mass
spectrum shows the desired m/z for the mono-labelled glutamic acid intermediate (on
the left) along with the bi-labelled glutamic acid intermediate (on the right). This led to an
inseparable mixture of the desired product and bi-labelled folate side product.

4.4.2 Cell viability assay

To explore whether the conjugation of folate to the previously tested
cyanine dye-labelled peptides enhanced the cytotoxicity towards cancer over non-
cancer cells, a Cell-Titer Blue assay was performed towards KB, SK-OV-3, MCF7 and

HEK293 cells.

Table 4.1. The ECsp values (expressed in uM) on different cell lines of different
molecules and their cyanine dye conjugates were quantified using cell viability
assays. The values in brackets represent the standard error of the curve fitting

using Origin, version 2019b, OriginLab Corporation, Northampton, MA, USA.

ECso
Compound KB SK-OV-3 MCF7 HEK
Cy3-K(FA)-KLA | 38.8(6.6) 8.8 (3.7) 49.4 (4.3) 35.6 (3.4)
Cy3-K(FA)-kla 22.4(1.4) 8.0(2.2) 13.2 (5.6) 6.9 (1.8)
Cy3-K(FA)-kXa 3.4(0.7) 6.0 (1.1) 6.9 (0.9) 6.8 (1.4)
Ac-K(FA)-KLA | 242 (33.2) > 400 > 400 > 400
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Ac-K(FA)-kla | 151(38.7) | 388.4(21.3) > 400 > 400

Ac-K(FA)-kXa | 9.8(0.6) 41.5 (4.0) 26.9 (7.2) 20.4 (5.7)

As shown in Table 4.1, Cy3-K(FA)-kXa, Ac-K(FA)-KLA and Ac-K(FA)-kla, Ac-
K(FA)-kXa showed enhanced toxicity in KB, but not in SK-OV-3 cells, when
compared to MCF7 and HEK293 cells. Nonetheless, potency of Ac-K(FA)-KLA and
Ac-K(FA)-kla in cells not overexpressing folate receptor a is comparable to that of
their native peptides. Lastly, dual labelled constructs Cy3-K(FA)-KLA, Cy3-K(FA)-
kla and Cy3-K(FA)-kXa showed enhanced potency compared to the parent
sequences and folate conjugates without Cy3 (p < 0.05), although no selectivity

was observed toward KB and SK-OV-3 cells.

4.4.3 Subcellular localisation and cellular uptake of folate conjugates

To gain further insights on the mechanism of action on the newly
synthesised compounds and on the reasons why the expected selectivity could not
be achieved, subcellular localization and cellular uptake if the constructs were
evaluated by Wenjing Deng who is a researcher working in the Shenzhen Bay
Laboratory of the Gaoke Innovation Center in Shenzhen, China.

Subcellular localisation was studied via confocal microscopy: SK-OV-3 and
MCF7 cells were stained with MitoTracker Green and Hoechst33258 and then
incubated with dual-labelled compounds. Next, the fluorescent patterns of the
tested molecules and stains were analysed to determine colocalization within the

cell.
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Figure 4.6. Confocal microscopy images of SK-OV-3 and MCF7 cells treated with dual-
labelled conjugates. Cells were treated with 10 uM of the indicated conjugate for 10 min
at 37 °C, washed, stained with 50 nM MitoTracker Green and 10 pg/ml Hoechst33258 for
10 min at 37 °C, washed and imaged at 63X. Excitation wavelengths for Hoechst 33258,
MitoTracker Green and Cy3 were set as 405, 488 and 561 nm, respectively. Pearson’s
correlation coefficients of MitoTracker Green FM and Cy3 fluorescence for Cy3-K(FA)-KLA,
Cy3-K(FA)-kla and Cy3-K(FA)-kXa in SK-OV-3 and MCF cells are 0.85/0.69, 0.43/0.82, and
0.78/0.60, respectively. Scale bars denote 25 um.

Cy3-K(FA)-KLA

Cy3-K(FA)-kla

Cy3-K(FA)-kXa

Cellular uptake of Cy3-K(FA)-KLA, Cy3-K(FA)-kla and Cy3-K(FA)-kXa was
assessed via flow cytometry: SK-OV-3 and MCF7 cells were incubated with the
tested compounds and with MitoTracker Green (used as a reference), and then
analysed by the flow cytometer to output a fluorescence value generated by the

uptake of the constructs.
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Figure 4.7. Flow cytometry analysis of cyanine dye- and dual-labelled conjugates uptakes
by SK-OV-3 and MCF7 cells. Cells were treated with 10 uM of the indicated conjugate for
10 min at 37 °C, washed, stained with 50 nM MitoTracker Green for 10 min at 37 °C,
washed, trypsinized and subjected to flow cytometry analysis. Cellular uptakes are shown
as the ratios of Cy3 and MitoTracker fluorescence. Mean ratios + standard deviations are
calculated from three biological replicates and plotted in arbitrary unit (A.U.) The negative
control (-) refers to cells only stained with MitoTracker Green. Statistical analysis was
performed by applying the extra sum-of-squares F test, performed using GraphPad Prism
version 6 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.
ns = non statistically significant, * = p < 0.05.

As indicated in Figure 4.6, dual-labelled compounds colocalise with
MitoTracker Green, therefore confirming their mitochondrial localisation. Yet,
folate conjugation led to a decrease in cellular uptake, when compared to the

cyanine dye-labelled constructs discussed in chapter 3 (Figure 4.7).

4.5 Conclusions and perspectives
Folate-labelled constructs, with and without the cyanine dye scaffold, were

successfully synthesised by SPPS. Generally, folate conjugation did not result in
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the expected selectivity; moreover, it led in some cases to diminished potency
compared to the peptides labelled with Cy3-COOH only. Additionally,
notwithstanding the predicted mitochondrial localisation, Cy3-K(FA)-KLA, Cy3-
K(FA)-kla and Cy3-K(FA)-kXa performed worse in the cellular uptake experiment
compared to their analogues without the folate component.

Previously, attachment of a folate motif to the N-terminus,®” 123 124 C-
terminus!? or in the middle of peptides % has led to either enhanced selectivity
of the construct towards cells overexpressing the folate receptor a or enhanced
binding affinity to recombinant folate receptor a. It has been reported that linking
the folate via a- or y-carboxylic group does not affect the uptake efficiency.'?’
However, a different study had claimed otherwise?® and, in most of the successful
examples, the folate is connected through its y-carboxylic group.”> Many of these
constructs also bear a spacer between the folate and the cargo.’? Although the
effects of the linker length and type has not been systematically evaluated, the
steric environment around the folate fragment is known to be an important factor
for the interaction of the conjugate with the receptor.’?’” Besides, some proteins
have shown improved uptake by folate receptor a positive cells when labelled with
multiple folate molecules.'?® For future work, the attachment site, linkage, linker

and valency of the folate within the constructs will be evaluated.

4.6 Experimental procedure

4.6.1 Solid Phase Peptide Synthesis

For General Methods and determination of Rink Amide resin loading, see 3.4.2 and

3.4.2.1.

Table 4.2. Calculated and expected molecular weight for the folate conjugates

synthesised in this chapter

Compound Calculated mw Found mw*
Cy3-K(FA)-KLA 2514.2 2514.1+0.3
Cy3-K(FA)-kla 2514.2 2513.9+0.3
Cy3-K(FA)-Kxa 2674.5 2674.2+0.5
Ac-K(FA)-KLA 2116.6 2116.6 £ 0.3

Ac-K(FA)-kla 2116.6 2116.6 £0.3
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Ac-K(FA)-kXa 2276.9 2276.8+0.3

* as per manufacturer's specifications, the mass accuracy of the Agilent 6120B Single

Quadrupole instrument is + 0.1 Da.

4.6.1.1 Synthesis of Cy3-K(FA)-KLA and Cy3-K(FA)-kla

wjk¢iﬁ¢$ki¢%ééwﬁm

Y\j J\Q A[ ]\)L Cy3-K(FA)-KLA, * = (S)

Cy3-K(FA)-kla, * = (R)

The peptide chain was synthesised by SPPS on Rink Amide MBHA resin. Each amino
acid coupling step was carried out with Fmoc-protected amino acid (2 eq), DIC (4
eq), ethyl cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25 min
and at 90 °C (30 W) for further 2 min. For the penultimate lysine, the coupling was
carried out using Fmoc-Lys(Boc)-OH (2 eq), DIC (4 eq), ethyl
cyanohydroxyiminoacetate (2 eq) at 75 °C (155 W) for 0.5 min and at 90 °C (30 W)
for further 4 min. For the last lysine, the coupling was carried out using Fmoc-
Lys(Mtt)-OH (3 eq), DIC (6 eq), ethyl cyanohydroxyiminoacetate (3 eq) at 75 °C
(155 W) for 1 min and at 90 °C (30 W) for further 7 min. After each coupling step,
the respective Fmoc protecting group was removed by 10% piperazine (w/v) in
ethanol:NMP (1:9). After the final Fmoc deprotection, the peptidyl resin was
removed from the automated synthesiser and Cy3-COOH was manually coupled
using 3 eq of Cy3-COOH, 6 eq of DIC, 3 eq of ethyl cyanohydroxyiminoacetate, 16
h. For the Mtt group cleavage, the resin is treated with 1% TFA (v/v) in DCM for 2
min and then the solution is filtrated off. The procedure is repeated for 12 times.
Then, glutamic acid was coupled using 4 eq of Fmoc-Glu(OtBu)-OH, 4 eq of HBTU,
4 eq of HOBt and 8 eq of DIPEA. Deprotection of the Fmoc protecting group was
achieved by treatment with 5 mL of 20% (v/v) piperidine in DMF, for 10 min for 2
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times. For the pteroic acid coupling, 2 eq of pteroic acid were suspended in 10 mL
of DMSO and were heated up at 50 °C for 1 h. 8 eq of DIPEA and 2 eq of
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOB)
were added to the suspension which was then reacted with the peptidyl-resin for
16 h at 40 °C. The pteroic acid coupling was then repeated for further 16 h at 40 °C.
Cleavage from the resin was performed in TFA/H,O/TIS 95:2.5:2.5 solution for 2 h.
The resin was removed by filtration and the filtrate was concentrated by N flow.
The crude product was precipitated with cold diethyl ether, centrifuged (4,000 g
for 10 min) and the supernatant was discarded. The precipitate was dissolved in 2
mL of CH3CN + 0.1% TFA, diluted with 13 mL of H,O + 0.1% TFA, filtrated through
a 0.22 um syringe filter and purified by HPLC. Lyophilisation of the pure product

fractions afforded the desired compound as a red powder.
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Figure 4.8. TIC chromatogram (+ mass spectrum at 11.300:11.719 min) of Cy3-K(FA)-KLA.
Column: ACE 3 C18, 2.1 x 100 mm, 3 um particle size, 100 A pore size; Method: flow rate
=0.3 mL-min™?, H,0: CH3CN, 0.1% HCOOH, 85:15 for 2 min > 85:15 to 40:60 over 13 min
-> 5:95 for 7 min - 5:95 to 85:15 over 0.5 min = 85:15 for 7 min.
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Figure 4.9. TIC chromatogram (+ mass spectrum at 11.956:12.667 min) of Cy3-K(FA)-kla.
Column: ACE 3 €18, 2.1 x 100 mm, 3 um particle size, 100 A pore size; Method: flow rate
=0.3 mL-min™%, H,0: CH3CN, 0.1% HCOOH, 85:15 for 2 min - 85:15 to 40:60 over 13 min
- 5:95 for 7 min - 5:95 to 85:15 over 0.5 min = 85:15 for 7 min.

4.6.1.2 Synthesis of Cy3-K(FA)-kXa

Fs¢” O NH, NH, NH,

HN._O NH, NH, NH,
HOY\IH)K@L 0 Cy3-K(FA)-kXa
N

The peptide chain was synthesized by SPPS on Rink Amide MBHA resin. Each
amino acid coupling step was carried out with Fmoc-protected amino acid (2 eq),
DIC (4 eq), ethyl cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25
min and at 90 °C (30 W) for further 2 min. For the penultimate lysine, the coupling

was carried out using Fmoc-Lys(Boc)-OH (2 eq), DIC (4 eq), ethyl
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cyanohydroxyiminoacetate (2 eq) at 75 °C (155 W) for 0.5 min and at 90 °C (30 W)
for further 4 min. For the last lysine, the coupling was carried out using Fmoc-
Lys(ivDde)-OH (3 eq), DIC (6 eq), ethyl cyanohydroxyiminoacetate (3 eq) at 75 °C
(155 W) for 1 min and at 90 °C (30 W) for further 7 min. After each coupling step,
the respective Fmoc protecting group was removed by 10% piperazine (w/v) in
ethanol:NMP (1:9). After the final Fmoc deprotection, the peptidyl resin was
removed from the automated synthesizer and the trimethine cyanine dye was
manually coupled using 3 eq of compound Cy3-COOH, 6 eq of DIC, 3 eq of ethyl
cyanohydroxyiminoacetate, 16 h. For the ivDde group cleavage, the resin was
treated with 4% hydrazine hydrate (v/v) in DMF for 45 min and then the solution
filtrated off. The procedure was repeated twice. Then, glutamic acid was coupled
using 4 eq of Fmoc-Glu(OtBu)-OH, 4 eq of HBTU, 4 eq of HOBt and 8 eq of DIPEA.
Deprotection of the Fmoc protecting group was achieved by treatment with 5 mL
of 20% (v/v) piperidine in DMF, for 10 min for 2 times. For the pteroic acid
coupling, 2 eq of pteroic acid were suspended in 10 mL of DMSO and heated at 50
°C for 1 h. 8 eq of DIPEA and 2 eq of PyBOP were added to the suspension, which
was then reacted with the peptidyl-resin for 16 h at 40 °C. The pteroic acid
coupling was then repeated for further 16 h at 40 °C. Cleavage from the resin was
performed in TFA/H20/TIS 95:2.5:2.5 solution for 2 h. The resin was removed by
filtration and the filtrate concentrated by N; flow. The crude product was
precipitated with cold diethyl ether, centrifuged (4,000 g for 10 min) and the
supernatant was discarded. The precipitate was dissolved in 2 mL of CH3CN + 0.1%
TFA, diluted with 13 mL of H,0 + 0.1% TFA, filtrated through a 0.22 um syringe
filter and purified by HPLC. Lyophilization of the pure product fractions afforded

the desired compound as a red powder.
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Figure 4.10. TIC chromatogram (+ mass spectrum at 11.985:12.654 min) of Cy3-K(FA)-kXa.
Column: ACE 3 €18, 2.1 x 100 mm, 3 um particle size, 100 A pore size; Method: flow rate
=0.3 mL-min™, H,0: CHsCN, 0.1% HCOOH, 85:15 for 2 min = 85:15 to 40:60 over 13 min
- 5:95 for 7 min = 5:95 to 85:15 over 0.5 min = 85:15 for 7 min.
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4.6.1.3 General procedure for the synthesis of Ac-K(FA)-KLA, Ac-K(FA)-kla and
Ac-K(FA)-kXa
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The peptide chain was synthesised by SPPS on Rink Amide MBHA resin. Each amino
acid coupling step was carried out with Fmoc-protected amino acid (2 eq), DIC (4
eq), ethyl cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25 min
and at 90 °C (30 W) for further 2 min. For the penultimate lysine, the coupling was
carried out using Fmoc-Lys(Boc)-OH (2 eq), DIC (4 eq), ethyl
cyanohydroxyiminoacetate (2 eq) at 75 °C (155 W) for 0.5 min and at 90 °C (30 W)
for further 4 min. For the last lysine, the coupling was carried out using Fmoc-
Lys(Mtt)-OH (3 eq), DIC (6 eq), ethyl cyanohydroxyiminoacetate (3 eq) at 75 °C
(155 W) for 1 min and at 90 °C (30 W) for further 7 min. After each coupling step,
the respective Fmoc protecting group was removed by 10% Piperazine (w/v) in

ethanol:NMP (1:9). After the final Fmoc deprotection, the peptidyl-resin is
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removed from the automated synthesiser and the N-terminal amine is capped by
using acetic anhydride (50 eq) and pyridine (50 eq) in 8 mL of DMF, for 30 min for
2 times. For the Mtt group cleavage, the resin is treated with 1% TFA (v/v) in DCM
for 2 min and then the solution is filtrated off; this procedure is repeated for 12
times. Then, glutamic acid was coupled using 4 eq of Fmoc-Glu(OtBu)-OH, 4 eq of
HBTU, 4 eq of HOBt and 8 eq of DIPEA. Deprotection of the Fmoc protecting group
was achieved by treatment with 5 mL of 20% (v/v) piperidine in DMF, for 10 min
for 2 times. For the pteroic acid coupling, 2 eq of pteroic acid were suspended in
10 mL of DMSO and were heated up at 50 °C for 1 h. 8 eq of DIPEA and 2 eq of
PyBOP were added to the suspension which is then reacted with the peptidyl-resin
for 16 h, at 40 °C. The pteroic acid coupling was then repeated for further 16 h, at
40 °C. Cleavage from the resin was then performed in TFA/ H,O/TIS 95:2.5:2.5
solution for 2 h. The resin was removed by filtration and the filtrate was
concentrated by N3 flow. The crude product was precipitated with cold diethyl
ether, centrifuged (4,000 g for 10 min) and the supernatant was discarded. The
precipitate was dissolved in 2 mL of CH3CN + 0.1% TFA, diluted with 13 mL of H,0
+ 0.1% TFA, filtrated through a 0.22 um syringe filter and purified by HPLC.
Lyophilisation of the pure product fractions afforded the desired compound as a

pale-yellow powder.
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Figure 4.11. TIC chromatogram (+ mass spectrum at 13.721:13.940 min) of Ac-K(FA)-KLA.
Column: Poroshell 120 EC-C18, 2.1 x 100 mm, 4 um particle size, 120 A pore size; Method:
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flow rate = 0.5 mL-min™%, H,0: CH3CN, 0.1% HCOOH, 95:5 for 2 min = 95:5 to 40:60 over
23 min = 5:95 for 5 min.
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Figure 4.12.TIC chromatogram (+ mass spectrum at 8.684:9.012 min) of Ac-K(FA)-kla.
Column: Poroshell 120 EC-C18, 2.1 x 100 mm, 4 um particle size, 120 A pore size; Method:
flow rate = 0.5 mL-min™%, H,0: CH3CN, 0.1% HCOOH, 95:5 for 1 min - 95:5 to 45:65 over
15 min - 5:95 for 5 min.
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Figure 4.13.TIC chromatogram (+ mass spectrum at 10.097:10.735 min) of Ac-K(FA)-kXa.
Column: ACE 3 C18, 2.1 x 100 mm, 3 um particle size, 100 A pore size; Method: flow rate
=0.3 mL-min™, H,0: CHsCN, 0.1% HCOOH, 85:15 for 2 min > 85:15 to 40:60 over 13 min
- 5:95 for 7 min - 5:95 to 85:15 over 0.5 min = 85:15 for 7 min.
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4.6.2 Biological Evaluation

4.6.2.1 Cell Culture
See 3.4.3.1

4.6.2.2 Cell viability assay

MCF-7 and HEK cells were seeded at a density of 2 x 10% cells per well in a
Corning 96-well plate and grown at 37°C in a 5% CO; atmosphere DMEM
supplemented with 10% (v/v) FBS for 24 h. KB and SK-OV-3 cells were seeded at a
density of 7 x 103 cells per well in a Corning 96-well plate and grown at 37 °Cin a
5% CO; atmosphere RPMI 1640 medium supplemented with 10% (v/v) FBS for 24
h. Stock solutions of folate conjugates were obtained by dissolving the compounds
in pure DMSO. The stock solutions were diluted into the proper medium
(according to the tested cell line) supplemented with 10% FBS to the appropriate
concentration, and cells in each well were incubated with 100 pL of the solution.
The solutions in each well were then adjusted to a concentration of 1% (v/v)
DMSO. After 24 h at 37 °C, 20 uL of CellTiter-Blue® was added to each well. The
plate was incubated for another 4 h at 37 °C before analysis on a Perkin Elmer
Victor X plate reader (excitation 531 nm; emission 595 nm). Each data point is
calculated from three biological replicates (i.e. cells split from three different
passages), and each biological replicate is calculated from three technical
replicates (i.e. cells split from the same passage). Value from media-only with
CellTiter-Blue was set as 0% viability. This value was then subtracted from the
values from cell-only (i.e. non-treated) wells with CellTiter-Blue in each biological
replicate and set as 100% viability. For treatments containing cyanine dye-labelled
constructs, blanks were generated with cell-free wells containing the compounds
and adding CellTiter-Blue. The fluorescent reading for these wells was deducted
from the treatment readings.

ECso values were derived by generating dose-response curves (Figures
4.14-17) using Origin, version 2019b, OriginLab Corporation, Northampton, MA,
USA.
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Figure 4.14. Cytotoxicity of tested compounds towards KB cell lines. Fitting curves are
shown as solid black lines. Dots and error bars represent the mean and the standard
deviation from a minimum of nine values resulted from three biological replicates (i.e.
cells split from three different passages); each biological replicate is calculated from three
technical replicates (i.e. cells split from the same passage).
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Figure 4.15. Cytotoxicity of tested compounds towards SK-OV-3 cell lines. Fitting curves
are shown as solid black lines. Dots and error bars represent the mean and the standard
deviation from a minimum of nine values resulted from three biological replicates (i.e.
cells split from three different passages); each biological replicate is calculated from three
technical replicates (i.e. cells split from the same passage).
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Figure 4.16. Cytotoxicity of tested compounds towards MCF7 cell lines. Fitting curves are
shown as solid black lines. Data for Ac-K(FA)-KLA and Ac-K(FA)-kla were not fitted. Dots
and error bars represent the mean and the standard deviation from a minimum of nine
values resulted from three biological replicates (i.e. cells split from three different
passages); each biological replicate is calculated from three technical replicates (i.e. cells
split from the same passage).
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Figure 4.17. Cytotoxicity of tested compounds towards HEK293 cell lines. Fitting curves
are shown as solid black lines. Data for Ac-K(FA)-KLA were not fitted. Dots and error bars
represent the mean and the standard deviation from a minimum of nine values resulted
from three biological replicates (i.e. cells split from three different passages); each

biological replicate is calculated from three technical replicates (i.e. cells split from the
same passage).
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4.6.2.3 Confocal Microscopy

SK-OV-3 and MCF7 were seeded at a density of 1x10° cells per well in glass
bottom culture dishes and grown at 37 °C in a 5% CO; atmosphere in medium
supplemented with 10% (v/v) FBS for 24 h. Cells were washed once with the RPMI-
1640 medium supplemented with 10% (v/v) FBS before staining. Folate conjugates
were diluted into the RPMI-1640 medium supplemented with 10% (v/v) FBS to 10
UM and then add to the culture dishes respectively. After 10-min incubation at 37
°C, cells were washed with RPMI-1640 medium supplemented with 10% (v/v) FBS.
Cells were then treated with 50 nM MitoTracker Green FM and 10 pg/ml Hoechst
33258 pre-formulated with RPMI-1640 medium supplemented with 10% (v/v) FBS,
and then incubated for another 10 min at 37 °C before analysis on ZEISS LSM 900

with Airyscan 2. The results were analyzed using Image J software.

4.6.2.4 Flow cytometry

SK-OV-3 and MCF7 were seeded at a density of 2x10° cells per well in 24-
well plate and grown at 37 °C in a 5% CO; atmosphere in DMEM medium
supplemented with 10% (v/v) FBS for 24 h. Cells were washed once with the RPMI-
1640 medium supplemented with 10% FBS before staining. Folate conjugates
were diluted into the RPMI-1640 medium supplemented with 10% FBS to 10 uM
and then add to the culture dishes. After 10-min incubation at 37 °C, cells were
washed with RPMI-1640 medium supplemented with 10% FBS. Cells were then
treated with 50 nM Mitotracker Green FM and 10 pg/ml Hoechst 33258 pre-
formulated with RPMI-1640 medium supplemented with 10% FBS for another 10
min at 37 °C. Cells were washed once with PBS before trypsinization for flow
cytometry analysis on Invitrogen Attune NxT. The results were analyzed using

FlowJo™ v10 Software (BD Life Sciences).

4.6.2.5 Statistical analysis

Comparison of cytotoxicity fitting curves was achieved by applying the
extra sum-of-squares F test, performed using GraphPad Prism version 9 for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.

Statistical difference between cytotoxicity values was assumed when p-value, as
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output of the extra sum-of-squares F test, was found to be below 0.05. Statistical
analysis on the flow cytometry data was achieved by applying the unpaired two-
tailed t-test test, performed using GraphPad Prism version 9 for Windows,

GraphPad Software, La Jolla California USA, USA (https://www.graphpad.com/).
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CHAPTER 5 - Conclusions and future work

In the presented work, | developed a new method for the cleavage of
peptides and proteins from a solid support using mild conditions (chapter 2).
Although further studies are required to fully explore the potential of the new
cleavage technique, various constructs such as a short peptide, a polypeptide and
a protein were successfully released from a PEG-based resin.

Furthermore, | evaluated the biological activity of newly synthesised
proapoptotic peptides when conjugated to a mitochondria-targeting cyanine dye
(chapter 3). The peptides, the mitochondria-targeting motif and their conjugates
were successfully synthesised via SPPS. Cell viability assay results showed the
increased cytotoxicity of the conjugates compared to the native sequences, and
confocal microscopy experiments confirmed the mitochondrial localisation of the
new constructs.

Finally, the cyanine dye-conjugated peptides were chemically labelled with
a folate molecule, in an attempt to increase the selectivity towards cells
overexpressing folate receptor a (chapter 4). While the new constructs were
successfully obtained via SPPS, they did not show the expected selectivity in the
cell viability assay; interestingly, flow cytometry experiments revealed decreased
cellular uptake of the folate labelled compounds when compared to cyanine-dye
conjugates without folate. Nonetheless, folate-conjugates retained the ability to
localise within mitochondria.

Future efforts will focus on further exploring and optimising the projects
examined in this work.

As already mentioned in section 2.4, the new cleavage technique requires
additional investigations. A systematic evaluation of the cleavage conditions will
be carried out, leading to the optimisation of crucial parameters such as
temperature, pH, time, protein concentration, and salt concentrations of the
cleavage buffer. Additionally, more case studies that encompass proteins of
different size and bearing diverse modifications need to be carried out to obtain a
solid cleavage protocol.

Despite the success of the preparation of the cyanine dye-labelled
proapoptotic peptides and their increased cytotoxicity, the design of folate

conjugates requires improvement (see section 4.5). Nonetheless, the pipeline for
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the preparation and the evaluation of folate-conjugates has already been
optimised. Therefore, | am positive that new constructs with improved selectivity
towards cells overexpressing folate receptor a will be obtained soon. Next, the
pharmacokinetics profile of the optimised conjugates will be studied and
improved, thus laying the ground for their evaluation in vivo. This next phase of
the project will provide opportunities for my research group to start new

collaborations in the field of translational research.
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CHAPTER 7 - Appendix

7.1 SPPS MW cycle and method descriptions of CEM Liberty Blue™ Automated

Microwave Peptide Synthesizer

MW cycle 1

Temperature (°C) Power (W) Hold time (s)
25 0 300
50 35 600
MW cycle 2
Temperature (°C) Power (W) Hold time (s)
75 30 300
MW cycle 3
Temperature (°C) Power (W) Hold time (s)
25 0 5
80 115 20
86 70 10
90 30 120
MW cycle 4
Temperature (°C) Power (W) Hold time (s)
25 0 5
80 115 20
86 70 10
90 30 480
MW cycle 5
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Temperature (°C) Power (W) Hold time (s)
25 0 120
50 35 600

MW cycle 6
Temperature (°C) Power (W) Hold time (s)
75 30 420

MW cycle 7
Temperature (°C) Power (W) Hold time (s)
50 30 30

MW cycle 8
Temperature (°C) Power (W) Hold time (s)
50 30 180

MW cycle 9
Temperature (°C) Power (W) Hold time (s)
25 0 300

MW cycle 10
Temperature (°C) Power (W) Hold time (s)
25 0 600

MW cycle 11
Temperature (°C) Power (W) Hold time (s)
20 0 5
78 100 20
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88 60 10
MW cycle 12
Temperature (°C) Power (W) Hold time (s)
25 0 5
78 80 20
88 50 10
90 25 60
MW cycle 13
Temperature (°C) Power (W) Hold time (s)
50 60 270
Method 1
MW
Step Operation Parameters
cycle

through

1 Wash
2 Deprotection (x2)
3 Wash (x4)
4 Coupling (x2)
Wash
5
synthesiser manifold
Method 2

Step Operation

DMF volume: 4 mL --
Deprotection cocktail volume: 2 mL  9+10
DMF volume: 4 mL --

AA volume: 1.5 mL, DIC volume: 1

5
mL, HOBt volume: 0.5 mL
DMF volume: 4 mL --

MW
Parameters

cycle

1
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Wash

DMF volume: 4 mL --



2 Deprotection (x2) Deprotection cocktail volume: 2 mL  9+10
3 Wash (x4) DMF volume: 4 mL --
AA volume: 1.5 mL, DIC volume: 2
4 Coupling 5
mL, HOBt volume: 1 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 3
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  7+8
3 Wash (x4) DMF volume: 4 mL --
AA volume: 1.5 mL, DIC volume: 2
4 Coupling 5
mL, HOBt volume: 1 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 4
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  7+8
3 Wash (x4) DMF volume: 4 mL --
AA volume: 1.5 mL, DIC volume: 1
4 Coupling (x2) 5

Wash through
5
synthesiser manifold
Method 5

mL, HOBt volume: 0.5 mL

DMF volume: 4 mL
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MW

Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
AA volume: 1.5 mL, DIC volume: 1
2 Coupling (x2) 5
mL, HOBt volume: 0.5 mL
Wash through
3 DMF volume: 4 mL --
synthesiser manifold
Method 6
MW
Step Operation Parameters
cycle

1 Deprotection

3 Wash (x4)

4 Coupling

Wash through

synthesiser manifold

Method 7

Step Operation

Deprotection cocktail volume: 2 mL 12
DMF volume: 4 mL

AAvolume: 2.5 mL, DICvolume: 2 mL,

3
Oxyma pure volume: 0.5 mL
DMF volume: 4 mL

MW
Parameters

cycle

1 Deprotection

3 Wash (x4)

4 Coupling

Wash through

synthesiser manifold

Method 8

Step Operation

Deprotection cocktail volume: 2 mL 12
DMF volume: 4 mL

AA volume: 2.5 mL, DIC volume: 2 mL,

1
Oxyma pure volume: 0.5 mL
DMF volume: 4 mL

MW
Parameters

cycle
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1 Wash

DMF volume: 4 mL

2 Deprotection (x2) Deprotection cocktail volume: 2 mL 9+10
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, HATU volume:
4 Coupling (x2) 6
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 9
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  9+10
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, HATU volume:
4 Coupling (x3) 6
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 10
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  9+10
3 Wash (x4) DMF volume: 4 mL --
AA volume: 1.5 mL, HATU volume: 1
4 Coupling (x3) 6

Wash through

synthesiser manifold

mL, DIPEA volume: 0.5 mL

DMF volume: 4 mL
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Method 11

MwW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  9+10
3 Wash (x4) DMF volume: 4 mL --
AA volume: 1.5 mL, HATU volume: 1
4 Coupling 6
mL, DIPEA volume: 0.5 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 12
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL 11
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, HATU volume:
4 Coupling (x2) 6
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 13
Mw
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL 11
3 Wash (x4) DMF volume: 4 mL -
AA volume: 1.5 mL, HATU volume: 1
4 Coupling 6
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Wash through
5 DMF volume: 4 mL --
synthesiser manifold

Method 14
MW
Step Operation Parameters
cycle
1 Deprotection (x2) Deprotection cocktail volume: 2 mL 11
2 Wash (x4) DMF volume: 4 mL --

AA volume: 1 mL, HATU volume: 0.2
3 Coupling 4
mL, DIPEA volume: 0.25 mL

Wash through
4 DMF volume: 4 mL --
synthesiser manifold

Method 15
Mw
Step Operation Parameters
cycle
1 Deprotection (x2) Deprotection cocktail volume: 2 mL 9+10
2 Wash (x4) DMF volume: 4 mL --
AA volume: 1 mL, HATU volume: 0.15
3 Coupling (x3) mL, DIPEA volume: 0.25 mL, DMF 6
volume: 2 mL
Wash through
4 DMF volume: 4 mL --
synthesiser manifold
Method 16
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  7+8
3 Wash (x4) DMF volume: 4 mL --
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AA volume: 0.75 mL, HATU volume:

4 Coupling (x2) 5
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 17
MwW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL 7+8
3 Wash (x4) DMF volume: 4 mL -
AA volume: 0.75 mL, HATU volume:
4 Coupling 5
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 18
MwW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  9+10
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, HATU volume:
4 Coupling 5
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 19
MW
Step Operation Parameters
cycle

134



1 Wash

DMF volume: 4 mL

2 Deprotection (x2) Deprotection cocktail volume: 2 mL 9+10
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, HATU volume:
4 Coupling (x2) 5
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 20
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL 12
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, HATU volume:
4 Coupling (x2) 5
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 21
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL 11
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, HATU volume:
4 Coupling 5
0.5 mL, DIPEA volume: 0.25 mL
Wash through
5 DMF volume: 4 mL -

synthesiser manifold
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Method 22

MwW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL 11
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, DIC volume: 0.5
4 Coupling (x2) 3
mL, HOBt volume: 0.25 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 23
MW
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  7+8
3 Wash (x4) DMF volume: 4 mL --
AA volume: 1.5 mL, DIC volume: 1
4 Coupling 3
mL, HOBt volume: 0.5 mL
Wash through
5 DMF volume: 4 mL --
synthesiser manifold
Method 24
Mw
Step Operation Parameters
cycle
1 Wash DMF volume: 4 mL --
2 Deprotection (x2) Deprotection cocktail volume: 2 mL  7+8
3 Wash (x4) DMF volume: 4 mL --
AA volume: 0.75 mL, DIC volume: 0.5
4 Coupling (x2) 3
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mL, HOBt volume: 0.25 mL



Wash through
5 DMF volume: 4 mL --
synthesiser manifold

7.2 Publications in peer-reviewed journals

Effect of Trimethine Cyanine Dye- and Folate-Conjugation on the In Vitro Biological

Activity of Proapoptotic Peptides

D. Cardella, L. Y. P. Luk, and Y.-H. Tsai, Biomolecules, 2022, 12, 725. DOI:
10.3390/biom12050725

Cyanine dye mediated mitochondrial targeting enhanced the anti-cancer activity

of small-molecule cargos

A. R. Nodling, E. M. Mills, X. Li, D. Cardella, E. J. Sayers, S.-H. Wu, A. T. Jones, L.
Y. P. Luk, and Y.-H. Tsai, Chem. Commun., 2020, 56, 4672-4675. DOI:
10.1039/C9CC07931A

Use of an Asparaginyl Endopeptidase for Chemo-enzymatic Peptide

and Protein Labeling

S.T. M. Tang, D. Cardella, A. Lander, X. Li, J. Sdnchez; Y.-H. Tsai, L. Y. P.
Luk, Chem. Sci., 2020, 11, 5881-5888. DOI: 10.1039/D0SC02023K
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