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Abstract

Small molecule drugs are essential in the treatment and management of acute and chronic
diseases. However, they often possess disadvantages such as nonspecific interactions with
healthy cells and can suffer from loss of efficacy as pathogens or diseased cells gain drug
resistance. The approval of antibody—drug conjugates (ADCs) for cancer treatment has
highlighted targeted drug delivery as a novel therapeutic approach to overcome some of the
limitations of small molecules. Inspired by the success of ADCs, peptide—drug conjugates
(PDCs) provide an attractive and cheaper alternative for the exploration of targeted drug
delivery. In this thesis, three small molecule drugs—primaquine (PQ), camptothecin (CPT) and
vemurafenib (Vem)—are conjugated onto bioactive cell-penetrating peptides to understand if
certain drug liabilities, such as off-target toxicity or drug resistance, can be mitigated through
peptide conjugation. The exploration of PDCs in both an infectious disease context (malaria)
and a noncommunicable disease context (cancer) will highlight these emerging therapeutic

modalities as a versatile tool for targeted treatments.

Chapter One introduces PDCs as a promising tool for targeted therapy and highlights the need
for such an approach in the treatment of both infectious and noncommunicable diseases. The
different design aspects of PDCs are discussed, including the types of targeting peptides,
different linker technologies and alternative conjugation strategies. The design, synthesis and
biological evaluation of a suite of PDCs in different disease contexts will be underlined as the
key theme explored in this thesis, which is subdivided into chapters based on the identity of

the PDC drug cargo.

Chapter Two discusses the synthesis of six PQ-containing antimalarial PDCs, each with
varied design characteristics, and the subsequent biological evaluation of their killing ability
against Plasmodium parasites. The insights provided by changes in the low micromolar activity
for different PDC analogues revealed that conjugation site and linker type play an important
role in PDC potency. These first-generation conjugates highlighted PDCs as a feasible

approach to antimalarial therapy, an area that remains underexplored for this treatment type.

Chapter Three investigates the synthesis of four anticancer PDCs containing CPT, a small
molecule drug with off-target toxicity. The knowledge of the relationship between design
characteristics and potency from the previous chapter was used to inform PDC construction.
Biological evaluation of the PDCs against a melanoma cancer cell line revealed nanomolar to
low micromolar potency, albeit with toxicity against a noncancerous cell line. The non-selective
nature of the PDCs reinforced the importance of design in PDC development, including

matching drug cargo with the correct carrier molecule.



Chapter Four explores the synthesis of five Vem-containing anticancer PDCs and details their
killing ability against melanoma cell lines that are sensitive and resistant to the drug cargo. The
resulting PDCs had selective low micromolar activity against the drug-sensitive cell line.
Evaluation of peptide-linker controls containing no drug highlighted the contribution of each
PDC component to PDC activity and indicated the importance of the peptide carrier to overall
potency. One of the PDCs was also active against the drug-resistant cell line, emphasising this
approach as a feasible means to reinvigorate interest in small molecule drugs with resistance

issues.

Chapter Five summarises the above projects on antimalarial and anticancer PDCs utilising
bioactive cell-penetrating peptides. A perspective is provided on the prospects of future
generations of PDCs and how the lessons learned throughout this thesis will inform design

considerations.
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The design features of peptide—drug conjugates and their use

as targeted therapeutics



Chapter 1: The design features of peptide—drug conjugates and their use as targeted therapeutics

Introduction
Three common drug classes—small molecule, peptide and biologic—provide an array of

treatment options for many diseases. Each drug class displays distinct strengths and
limitations that dictate treatment applications (Figure 1.1). Small molecule drugs are versatile
as they are often orally bioavailable and are cost effective to produce.’ In comparison,
biologics—such as a protein or antibody—have high production costs but superior target
specificity, making them useful in disease contexts such as cancer, where small molecule
chemotherapeutics may display systemic toxicity.>® The remaining drug class, peptides, is an
important intermediary, often filling the niche between small molecule drugs and larger
biologics. The ability of peptides to interact with an intracellular target with high affinity and
specificity limits promiscuous binding, a drawback sometimes associated with small molecule
drugs."* This specificity is reminiscent of a biologic, however, in comparison, peptides
generally display less immunogenicity and have lower production costs.! Careful consideration
of peptide design is required for their use as medicines because linear peptides often have
limited membrane permeability and poor stability.® However, strategies such as peptide
stapling,® cyclisation,” N-methylation® and stabilisation of secondary structure have resulted in

peptides with improved drug-like properties.

Small molecules Peptide ) Biologics
(<500 Da) (0.5-5 kDa) ) (>5 kDa)
* Oral administration common » Good target specificity/affinity « High target specificity/
» Good membrane permeability » Low production costs possible affinity
 Low production costs  Low off-target interactions  Low off-target interactions
* Non-immunogenic » Mostly non-immunogenic « Long half-life
» Metabolic stability
» Often poor membrane « Limited tissue penetration
 Low target specificity/affinity permeability » Poor metabolic stability
« Off-target interactions possible » Poor metabolic stability » High production costs
* Resistance development possible  « Short half-life » Immunogenic
» Too small to inhibit large surface  Oral administration not always  + No oral administration
interactions available

Unity: targeted therapies
such as drug conjugates

i drug Benefits:
antibody—drug % f o o } : N
conjugate (ADC) /v ™ accumulation in -« High cell selectivity

), T~y

- diseased cell . | ow off-target interactions
+ Allows recycling of small
molecule drugs with

peptide—drug - heaitly issues e.g. toxicity

1
conjugate (PDC) ) ¢ cell

Figure 1.1. Strengths and limitations of three common drug classes—small molecules, peptides and
biologics—and how targeted therapies, such as drug conjugates, can unite the strengths of the different
drug types. Some images used in the figure were adapted from BioRender.

The benefits and drawbacks of small molecule, peptide and biologic treatments have prompted
consideration into alternative therapeutic avenues that unite the advantages of each drug type
(Figure 1.1). Targeted therapeutics, such as antibody—drug conjugates (ADCs) and peptide—

drug conjugates (PDCs), that aim to integrate the strengths of two drug classes have emerged
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as a promising alternative to traditional treatments. Drug conjugates—where a small molecule
drug is covalently attached to a targeting moiety, such as an antibody or peptide—utilise the
specificity of the targeting moiety to direct a small molecule drug to disease-causing cells within
the body (Figure 1.1).° This thesis will investigate the utility of PDCs that employ cell-
penetrating peptides as a tool to target small molecule drugs to parasites and diseased cells,
in the context of malaria and cancer treatment. In this chapter, an overview of targeted
therapies will be provided to highlight the requirement for alternate treatment strategies. With
PDC design a key theme in this thesis, the components of a PDC will be outlined, followed by

discussion of the objectives of this study.

1.1 Drug conjugates as targeted therapeutics

1.1.1 The requirement for targeted therapies
Despite the steady increase in new biologic and peptide treatments introduced into the market

over the past decade, small molecules prevail as the most common therapeutic class, likely
due to the low production costs, membrane permeability and oral administration route of many
small molecule drugs.'® In 2023, 29 of the 55 treatments approved by the U.S. Food and Drug
Administration (FDA) were small molecule drugs. The remaining FDA approved treatments
were divided between 17 biologics, 5 peptides and 4 oligonucleotides,? highlighting the

dominance of small molecules in pharmaceutical treatments.™

While small molecule drugs have been imperative in treating many diseases, they can possess
disadvantages such as nonspecific interactions with healthy cells, which may manifest as
patient side effects.* Furthermore, since many small molecule drugs have one defined target,
such as an enzyme or receptor, they can suffer from loss of efficacy as parasites, bacteria or
disease-causing cells acquire mechanisms for drug resistance.'-"® Thus, pairing such small
molecule drugs with a targeting moiety to direct the drug to disease-causing cells within the
body may help to overcome these challenges, potentially reducing off-target toxicity and
resistance development associated with the drug cargo. An additional benefit of targeted
therapeutics is that they allow for recycling and repurposing of small molecule drugs that have
already undergone considerable research and development but have issues with toxicity,
acquired resistance or are membrane impermeable. It should be noted that the strategy can
also be applied in the reverse, where a small molecule could improve the activity or overcome

the limitations of the targeting molecule.™

Several types of targeted therapies have emerged, often in the form of a prodrug that remains
inactive until it reaches the disease-causing cells, where it can then be activated to effect a

desired outcome.’ This includes drug conjugates, where a drug is attached to an antibody,'®

@ n 2023, no drug conjugates were released onto the market. In 2022, one ADC (Mirvetuximab soravtansine) was
approved,10.112
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peptide™ or self-assembling nanostructure,’ or drugs encapsulated in liposomes or
micelles.''7 Other modalities, such as monoclonal antibodies and some small molecule drugs

that have a target that is not found in healthy cells, are also inherently targeted therapeutics.

As this thesis will focus on drug conjugates, specifically ADCs and PDCs, these therapeutic
modalities will be discussed in detail in the following sections. Drug conjugates are composed
of three main components that are covalently attached—a small molecule drug, the targeting
device and a linking region (Figure 1.2). The targeting moiety is designed to recognise a
molecular target specific to the disease being treated. This allows the conjugate to be delivered
to the disease-causing cells, where the drug cargo can exert its killing mechanism of action.
The linker, the region that bridges the targeting moiety and drug payload, can be constructed
to allow for liberation of the drug under specific conditions, once inside the disease-causing

cells. A non-cleavable linker, that does not allow for drug release, is also possible.

conjugation site

/\/
) ) 7 drug
targeting moiety ‘—ﬂ linker E_ payload

antibody X non-cleavable cytotoxic

eptide cy cleavable T low efficacy
pep ‘o (drug release) (e.g. from resistance)
nanostructure o cell-impermeable

Figure 1.2. The general structure of a drug conjugate, which is composed of three main components: a
targeting molecule, linker and drug payload. The targeting molecule delivers the construct to the
disease-causing cells, where the drug payload can then kill the cells. The linking region connects the
targeting moiety and drug payload and can be strategically designed to allow for drug release under
specific conditions. Some images used in the figure were adapted from BioRender.

1.1.2 Antibody-drug conjugates (ADCs)
ADCs have paved the way for targeted therapeutics, bridging the gap between monoclonal

antibodies and cytotoxic drugs.'® However, the concept of conjugating a toxic compound to a
targeting agent is not new, but rather was originally proposed in 1913 by German scientist Paul
Ehrlich, who described such a construct as a ‘magic bullet’.'®?° Four decades later, Ehrlich’s
concept was first demonstrated with the successful construction of an ADC for leukaemia
treatment by Bernard and co-workers.?' Further advances in antibody engineering, such as
the ability to produce antibodies in animals and the development of humanised monoclonal
antibodies, were required for drug conjugates to be practical as therapeutics.?? These

advances led to the FDA approval of the first ADCs: gemtuzumab ozogamicin® (Mylotarg®) in

b Gemtuzumab ozogamicin was withdrawn from the market in 2010 due to a lack of clinical benefit, however,
gained reapproval in 2017 for lower doses of the ADC.%3
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2000 for acute myelogenous leukaemia and brentuximab vedotin (Adcetris®) in 2011 for

Hodgkin’s lymphoma.?

ADCs are uniquely suited to cancer treatment because cytotoxic chemotherapeutic drugs can
be selectively targeted to cancer cells, thereby preventing their interaction with healthy tissues.
For example, brentuximab vedotin (1.1, Figure 1.3A) contains the potent chemotherapy drug
monomethyl auristatin E (MMAE), which inhibits cell division by disrupting microtubule
formation.?*2° When administered alone, MMAE is highly cytotoxic against healthy proliferative
cells, due to its antimitotic mechanism of action. In the ADC approach, brentuximab vedotin
contains MMAE conjugated to an anti-CD30 monoclonal antibody (mAb) that recognises and
binds to a receptor that is highly expressed on the surface of lymphoma cells (Figure 1.3B).%
Following ADC internalisation through endocytosis, MMAE can be released from the antibody
via cleavage of the dipeptide linker by cathepsin B, a protease found in the lysosome.? The
released MMAE can then disrupt microtubule formation, resulting in cell apoptosis (Figure
1.3B). A detailed discussion of linkers utilised in drug conjugates and their associated cleavage

mechanisms can be found in Section 1.2.3.

maleimide
linkage to Cys cleavable dlpept/de linker

Wf%o% Uy ﬁf A e

monomethyl auristatin E (MMAE)

monoclonal
antibody H Brentuximab vedotin
1.1
(B)
—* 2. Endocytosis
1.ADC *
binding to
antigen
(v 3. Lysosomal i
e 5. Microtubule T

linker cleavage

\ # disruption
Hl o3 ~ | —
1.1 |©), U .:.:') * 6. Cell death
& » * %
n o =
N | O « * »
" 4. Release of
MMAE

Figure 1.3. (A) The structure of brentuximab vedotin (1.1), with its cleavable dipeptide linker outlined in
a light purple box. (B) General mechanism of MMAE-containing ADCs such as brentuximab vedotin.
The ADC binds to an antigen on the cell surface (for 1.1 this is the CD30 antigen), leading to endocytosis
of the complex into the cell. The lysosome degrades the ADC, and the linker is cleaved to release the
cytotoxic drug. MMAE subsequently disrupts microtubule formation, resulting in cell death. Some
images used in the figure were adapted from BioRender and Tsuchikama and An.?
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The FDA has now approved eleven ADCs° for clinical use, all on the market for the treatment
of human cancers.?>2%2” More than half of these ADCs were approved in the last five years,
highlighting targeted therapeutics as promising treatments in noncommunicable diseases such
as cancer. However, despite their success, ADC therapies come with a range of limitations
which has prompted the development of alternative drug conjugate treatments.'* The large
size and molecular weight of ADCs often results in poor tumour penetration, relying on
endocytosis for the small molecule to be delivered into the cell. Furthermore, the antibody
portion of an ADC can limit the conjugation strategies possible to install a drug and may
increase the risk for immunogenicity during treatment.'#2?® Finally, antibodies are costly to
produce, which restricts the use of ADCs in the treatment of infectious diseases, such as those
that occur in low-income countries. To overcome these limitations, peptides have been
investigated as a substitute for antibodies as targeting devices. The smaller size of peptides
leads to lower production costs—as they can be produced via cheaper synthetic or
recombinant expression methods—whilst maintaining the benefit of high target selectivity
observed with antibodies.?®

1.1.3 Peptide—drug conjugates (PDCs)

PDCs represent the next generation of targeted therapeutics, with the aim of extending such
therapies beyond cancer treatment. Consistent with ADCs, PDCs consist of three components:
a peptide as the targeting moiety, a linker region and a small molecule drug. The peptide
component can include a cell-targeting peptide (CTP), which recognises a specific target and
directs the drug to disease-causing cells, a cell-penetrating peptide (CPP) that can assist with
internalisation of the conjugate into cells, or comprise a combination of both characteristics.*
CTPs often enter the cell in a similar manner to antibodies, however, the uptake of CPPs can
occur via energy-dependent processes such as endocytosis or energy-independent
translocation routes.®' This means that the peptide scaffold can be tailored to the disease
application and does not rely on the overexpression of receptors as the only targeting
mechanism. Further information about types of peptides that can target disease-causing cells

can be found in Section 1.3.1.

Currently, only one PDC has received FDA approval and is used for treatment of
gastrointestinal, pancreatic and neuroendocrine tumours.? Approved in 2018, '’Lu-dotatate
(1.2) contains a chelated radionucleotide conjugated to a peptide that binds to the somatostatin
receptor (Figure 1.4). This receptor is overexpressed on the surface of tumour cells, allowing

for targeted delivery of cytotoxic radiation to cancer cells.®? Additionally, multiple

¢ The number of approved ADCs provided here excludes any ADCs that have been withdrawn from the market or
do not have current FDA approval (but may be approved for clinical use elsewhere).

4 Another PDC, melflufen (Pepaxto) was approved by the FDA in 2021, however, was withdrawn from the market
in the same year due to Phase 3 clinical failure.?



Chapter 1: The design features of peptide—drug conjugates and their use as targeted therapeutics

radionucleotide—peptide conjugates have been approved for imaging purposes and over 90
PDCs are in clinical trials, all for the diagnosis or treatment of various cancers.?3 While cancer
therapeutics have been a prominent area of PDC development, researchers have begun to
extend their application into the treatment of pathogens, such as viruses and bacteria,

inflammation and neurodegenerative diseases.*

) J,\NT

S~Z N
somatostatin
receptor agon/st 177Lu

pept/de J\E )]\/ ~ L2 radionucleotide

l
0
amide <‘O

I/nkage

3N/\/\ kf( f‘\ jw( ﬁ 771 y- dotatate

Figure 1.4. The structure of FDA approved PDC '"’Lu-dotatate (1.2), consisting of a peptide (octreotate)
that binds to the somatostatin receptor, which is expressed on the cancer cell surface. This allows for
targeted delivery of a radionucleotide to the cancer cells. Octreotate sequence: bD-Phe-c(Cys-Tyr-D-Trp-
Lys-Thr-Cys)-Thr.

1.2 Design features of PDCs

Design is an important aspect of PDC construction and is not as straightforward as joining all
components together. The activities and limitations of the small molecule drug, linker and
peptide must be considered to ensure that the resulting PDC provides synergy between each
component.!* It is also important to examine the structure of the peptide and drug to determine
optimal sites to connect the independent molecules, as the conjugation site and strategy must
not impede the peptide or drug from carrying out their intended mechanism of action.
Incorporation of a cleavable linker, that allows for targeted drug release from the peptide, can
be beneficial to maintain the activity of each component, however, must not result in premature
drug liberation. Other linker properties, such as length and hydrophilicity, can be varied to
enhance water solubility, improve flexibility and reduce steric hindrance between the peptide
and drug.** The following subsections will detail aspects of PDC design to showcase why it is
important to select components and conjugation strategies that complement each other for a
successful PDC approach.

1.2.1 Click chemistry as a conjugation strategy

An important aspect of a PDC approach involves how the peptide and drug components will
be covalently joined together. Click reactions, a class of modular “spring-loaded”
transformations, are rapidly becoming exemplar tools for conjugation. A transformation is
considered a click reaction if it is high yielding, wide in scope, stereospecific, generates only
inoffensive by-products and employs simple reaction conditions.?* Due to their favourable

properties, click reactions are routinely utilised to conjugate a variety of compounds together,
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including drugs, fluorescent probes and biomolecules. For PDC construction, a drug cargo can
be attached to a peptide via reaction with either proteinogenic amino acids or a bioorthogonal

functional group that has been incorporated during peptide synthesis.

Functionalisation of proteinogenic amino acids. An operationally simple method of
bioconjugation involves the late-stage modification of proteinogenic amino acids within the
peptide sequence. This is beneficial as the peptide can be synthesised using routine synthetic
or recombinant expression methods, without the requirement for additional expensive reagents
to install alternate functional groups. The most widely used amino acid for bioconjugation is
cysteine (Cys), due to the nucleophilic character of its side chain at physiological pH.*® Thiols
readily react via a selective click reaction involving a Michael-type addition, where the thiol of
a Cys side chain (1.3) can undergo conjugate addition with an N-alkyl maleimide 1.4, to form
a maleimide-thiol linkage 1.5 (Scheme 1.1A). Seven of the eleven approved anticancer ADCs
contain a maleimide-thiol linkage (e.g. see 1.1 in Figure 1.3A), showcasing the suitability of
this click reaction as a bioconjugation strategy.®®* However, the reversibility of the Michael
addition may result in premature liberation of the drug from the antibody via a retro-Michael
reaction (Scheme 1.1A). The eliminated maleimide can then react with endogenous thiols,

increasing the opportunity for off-target interactions.3®
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Scheme 1.1. Examples of bioconjugation strategies that utilise proteinogenic amino acids, including
(A) cysteine, (B) lysine and (C) tyrosine.

Lysine (Lys) is an abundant amino acid within proteins that contains a nucleophilic e-amino
side chain that can be modified under mild conditions for bioconjugation.® Reactions have to
be amine-selective due to competition from the nucleophilic Cys side chain. One example of
such a reaction is the conversion of the Lys side chain (1.6) into a thiourea moiety (1.8) using
an isothiocyanate derivative (1.7) modified to contain a cargo (Scheme 1.1B). This method has
been extensively used in the labelling of biomolecules with fluorescein isothiocyanate.®>3” The

selectivity for amine functional groups arises from the irreversible formation of a stable thiourea
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linkage, which does not occur with other nucleophiles, such as thiols. However, the routine use
of isothiocyanates as a bioconjugation tool is limited by their poor water solubility and the harsh
and toxic conditions required for their synthesis.*® The development of other reagents for Lys
modification, including iminoboronates®*4° and diazonium salts,** has improved on these

drawbacks.

It should be noted that conjugation strategies involving Cys and Lys can also entail non-click
chemistry reactions. As Cys is readily oxidised into its disulfide form, components in a drug
conjugate can be linked via a disulfide bond. Additionally, nucleophilic thiols are amenable to
a rebridged disulfide strategy. Following disulfide reduction, two thiols can be linked together
with a reactive bis-electrophile (e.g. a dibromomaleimide reagent) that contains an attached
cargo.*? For Lys, conjugation can be achieved with conventional amide bond formation, via
reaction of the amine side chain with a cargo coupling partner that contains an activated acyl
group (e.g. N-hydroxysuccinimide ester).*® Four of the approved ADCs and the only approved
PDC contain the drug attached via an amide bond—to Lys residues for the former and at the
peptide N-terminus for the latter (see Figure 1.4).222332 While amide bond formation is a
reliable conjugation method, it is not always chemoselective and may require careful protecting

group strategies to obtain drug attachment at the correct position.*

Although the majority of bioconjugation strategies involving proteinogenic amino acids target
Cys and Lys, there are a few examples of click reactions that are selective for other amino acid
side chains. For example, the phenol side chain of tyrosine (1.9) can selectively react via an
ene-type cycloaddition with phenyltriazolinediones bearing a drug cargo (1.10), to form a stable
C—N linkage (1.11) on the aromatic ring (Scheme 1.1C).**4> While providing a promising
alternative to Cys and Lys approaches, the tyrosine-click reaction is yet to gain traction as a
mainstay conjugation strategy. There is considerable value in the continued discovery of
alternative proteinogenic bioconjugation strategies to complement traditional methods,
including strategies that utilise unconventional reactivity modes of amino acids,*® or those that

allow for modification of previously untargetable residues.*”*

Conjugation via a bioorthogonal functional group. It may not always be possible to
selectively install a cargo onto proteinogenic amino acids. In the case of a peptide, especially
in a short peptide with few residues, an amino acid suitable for conjugation may not be present
in the sequence or may be essential for peptide activity or structure. For example, the available
Cys residues may be involved in disulfide bonds that are imperative for structure and rigidity
or may be important for target binding or peptide function. In these situations, a bioorthogonal
conjugation strategy, that utilises functional groups that are not present in endogenous
biomolecules, can be beneficial. Copper-catalysed azide—alkyne cycloaddition (CuAAC),

independently reported in 2002 by the groups of Sharpless*® and Meldal,* is often referred to
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as the quintessential bioorthogonal click reaction. The CUAAC reaction utilises copper(l) to
catalyse the formation of a 1,4-disubstituted 1,2,3-triazole 1.14a from a terminal alkyne 1.12
and an azide 1.13 (Scheme 1.2A). The addition of Cu(l) in the CUAAC reaction results in an
acceleration of the rate and enhancement of regioselectivity in comparison to the uncatalysed

azide—alkyne cycloaddition, originally proposed by Huisgen (Scheme 1.2B).5152

(A) Copper-catalysed azide-alkyne cycloaddition (B) Huisgen azide-alkyne cycloaddition
Ra
Cu(l N
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Scheme 1.2. (A) Azide—alkyne cycloaddition using a copper(l) catalyst, reported by Sharpless*® and
Meldal.>® One regioisomer (1.14a) is produced from this reaction. (B) Azide—alkyne cycloaddition,
originally reported by Huisgen, which gives two regioisomers (1.14a and 1.14b) as the products.>?

CUuAAC reactions are a valuable tool for bioorthogonal conjugation because the reagent
functionalities (1.12 and 1.13) are essentially absent in a biological setting and the triazole
product (1.14a) is not prone to oxidation, reduction or hydrolysis.>*>* However, Cu(l)-species
are generally toxic to organisms, hindering the in vivo use of the CUAAC reaction. Cytotoxicity
can be reduced through the addition of water-soluble Cu(l) ligands, allowing for CuAAC
reactions to be conducted in the presence of cells.>* The cytotoxicity of the Cu(l)-species is
less of an issue for PDC synthesis, as this is not conducted inside an organism, however,
requires complete removal of the catalyst prior to biological treatment. The development of
strain-promoted azide—alkyne cycloaddition (SPAAC) by Bertozzi and co-workers (Scheme
1.3A),>® which does not require the Cu(l) catalyst, has further improved the biocompatibility of

azide—alkyne cycloadditions.
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Scheme 1.3. Additional examples of bioorthogonal click reactions. (A) Strain promoted azide—alkyne
cycloaddition, including examples of cyclooctyne derivatives. DIFO: difluorocyclooctyne, BCN:
bicyclononyne, DBCO: dibenzocyclooctyne. (B) Oxime ligation. (C) Inverse electron-demand Diels—
Alder.
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The SPAAC reaction is driven by the release of ring strain from a cyclooctyne species (1.15),
eliminating the requirement for an exogenous catalyst (Scheme 1.3A). While the resulting
triazole (1.16) usually consists of two regioisomers—unless a symmetric cyclooctyne is used—
the mild, physiological conditions required for product formation have cemented this click-like
reaction as a useful strategy for bioconjugation.®>°¢ Unfortunately, the reaction kinetics of
SPAAC are relatively slow compared to CUAAC, however, the reaction rate can be improved
by functionalising the cyclooctyne. Generally, the rate can be enhanced by adding electron
withdrawing groups onto the cyclooctyne (e.g. difluorocyclooctyne, DIFO) or by increasing
cyclooctyne ring strain with fused ring systems (e.g. bicyclononyne, BCN and
dibenzocyclooctyne, DBCO, Scheme 1.3A).%¢ While such cyclooctynes can be beneficial for
the rate, the extra bulk can result in concomitant drawbacks. For example, the
dibenzoannulated DBCO alkyne can produce undesirable steric interactions and lipophilicity.>®

The ketone functional group, which is not present in proteinogenic amino acids, can be utilised
as a another bioconjugation handle via a condensation reaction.® A ketone (1.17) can react
with a nucleophile (1.18) such as an alkoxyamine (if X = O) or hydrazine (if X = NH) under
acidic conditions (pH 4-6) to form an oxime or hydrazone linkage (1.19), respectively (Scheme
1.3B). These condensation reactions have been a powerful tool for fluorescent labelling of
biomolecules, although often have slow reaction kinetics.>* In comparison, the inverse
electron-demand Diels—Alder (IEDDA) reaction is one of the fastest bioorthogonal conjugation
strategies. As first used by the Fox group,®” a tetrazine (1.21) can undergo an IEDDA
cycloaddition with either a strained alkene or alkyne (e.g. trans-cyclooctene 1.20) followed by
a retro-Diels—Alder reaction to yield a dihydropyridazine linked compound (1.22), with nitrogen
gas as the only byproduct (Scheme 1.3C). Additional bioorthogonal conjugation reactions
include the Staudinger ligation,%-%° photoclick 1,3-dipolar cycloaddition,®* cross-coupling®?63
and strain-promoted alkyne—nitrone cycloaddition.46°

1.2.2 Incorporation of bioorthogonal handles for conjugation

For a bioorthogonal click reaction to be a feasible conjugation strategy, the required functional
groups need to be incorporated into the drug and peptide components of the PDC. Many small
molecule drugs contain conventional functional groups that are amenable to further
modification, including amines, carboxylic acids and alcohols, to install bioorthogonal moieties
(Figure 1.5A). Functional groups such as aryl halides and heteroaromatic C—H bonds
represent nonconventional handles that can be exploited if conventional functional groups are
essential for activity of the drug or are not present in the structure. In comparison, unnatural
amino acids bearing bioorthogonal functional groups can be incorporated into peptides during
solid-phase peptide-synthesis (SPPS). Using CUAAC as an example, one approach is to

incorporate an alkyne into the drug cargo and an azide into the peptide. To this end, an alkyne-
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functionalised linker can be installed onto either a conventional or nonconventional handle of
the small molecule drug (Figure 1.5A). The azide functionality can be readily incorporated into

an amino acid side chain using methods described by Jiraéek and co-workers,®® allowing for

incorporation of an azide handle during SPPS (Figure 1.5B).
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Figure 1.5. (A) Conventional (green) and nonconventional (orange) functional groups on a small
molecule drug that can be used for alkyne attachment. (B) Incorporation of an azide-containing unnatural
amino acid into a peptide via SPPS. (C) The structure of sacituzumab govitecan (1.23), an ADC that
contains a bifunctional crosslinker (1.24).

It is also possible to install bioorthogonal functional groups through incorporation of a
bifunctional crosslinker (e.g. 1.24), that utilises a mixture of conjugation strategies to link the
drug and biomolecule together. Sacituzumab govitecan (1.23) is an ADC approved by the FDA
that contains an example of a bifunctional crosslinker (purple boxes, Figure 1.5C).?® One end
of 1.24 consists of an alkyne that can join the spacer region to the pH sensitive cleavable linker
via a CUAAC reaction. The other end, that reacts with the antibody, contains a maleimide for
attachment to Cys residues. Implementing the crosslinker negates the requirement for alkyne
incorporation into the antibody, while promoting increased spacing and hydrophilicity between
the drug and antibody components.®” With a wealth of bioconjugation strategies available to
link a drug and biomolecule together, one can be carefully chosen depending on the
application, the conjugation handles present within the molecules and the desired type of linker
technology.

1.2.3 Linker technologies

The linker region between the drug and biomolecule plays an important role in the function and
selectivity of a drug conjugate. To be effective, the linker needs to be stable during circulation,
have hydrophilic character to prevent aggregation and allow for efficient release of the drug
under specific conditions.'® Certain properties of the linker, such as linker length, water

solubility and cleavability can be varied to meet these requirements.
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PDC linkers are generally categorised as cleavable or non-cleavable, depending on how the
drug is released from the peptide. Cleavable linkers, that allow for targeted drug release,
exploit specific conditions at the disease-causing cells to trigger linker degradation. Such
linkers can be further characterised as enzyme-cleavable or chemically cleavable linkers,

depending on the cleavage mechanism.*®

Non-cleavable linkers. A non-cleavable linker does not contain an inbuilt chemical moiety
that can trigger targeted drug release.*® For a PDC, the drug can eventually be released from
the conjugate following proteolysis of the peptide, however, this usually leaves behind the
linker and an amino acid appended to the drug. Non-cleavable linkers offer the benefit of
plasma stability and limited premature drug liberation, often resulting in low off-target toxicity.%®
Trastuzumab emtansine (1.25) is an ADC with FDA approval that contains a non-cleavable
linker between a HER2-targeting antibody and the microtubule inhibitor mertansine (Figure
1.6). Following proteolytic degradation of the antibody portion of the ADC in the lysosome, the
mertansine-containing compounds are still able to inhibit microtubule formation, despite the
linker and attached Lys residue being connected to the drug.®® For a PDC approach, non-
cleavable linkers are simple to install so are beneficial if drug activity is maintained following
modification and peptide attachment. However, if the drug pharmacophore is irreversibly
modified by peptide attachment or the drug cannot reach its intracellular target, then a linker
that allows for traceless release of the drug from the peptide may be required.

o mertansine cl
(DM1) o

e P

4 O non-cleavable
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linkage to o NH
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Figure 1.6. The structure of trastuzumab emtansine (1.25), consisting of an anti-HER2 antibody joined
to mertansine (also known as DM1), a microtubule inhibitor. The drug and antibody are attached via a
non-cleavable linkage (purple box).

Enzyme-cleavable linkers. Abundant enzymes found in the lysosomes and endosomes of
disease-causing cells, such as cancer cells, can be exploited for intracellular drug release.”
For instance, esterases and amidases are often overexpressed in these cells, leading to a
collection of PDCs that have emerged containing a strategic amide or ester linkage, with the
aim that these enzymes will liberate the drug once at the target cell.”~"* Lysosomal proteases,
such as cathepsin B, are also often overexpressed in tumour cells and provide a logical target

for linker cleavage.™

13



Chapter 1: The design features of peptide—drug conjugates and their use as targeted therapeutics

Protease-sensitive linkers, such as the valine-citrulline (Val-Cit) dipeptide 1.26 (Figure 1.7A),"
are perhaps the most utilised cleavable linker in ADC and PDC research.'® Indeed, five of the
eleven FDA approved ADCs contain a protease-sensitive dipeptide linker, as seen in
brentuximab vedotin 1.1 (see Figure 1.3A).%2 These linkers are cleaved in the lysosome by
carboxypeptidases, such as cathepsin B, upon cell internalisation of a conjugate via

endocytosis.
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Figure 1.7. (A) The structure and mechanism of the valine-citrulline (Val-Cit) linker 1.26, a protease-
sensitive linker that is cleaved by cathepsin B in the lysosome. (B) The structure of the peptidomimetic
dipeptide linker 1.28,76 containing a cyclobutane-1,1-dicarboxamide moiety. (C) The structure of
loncastuximab tesirine 1.29, that contains a valine-alanine (Val-Ala) linker. Drug =
pyrrolobenzodiazepine dimer.

The Val-Cit sequence is usually coupled with a p-aminobenzyloxycarbonyl (PABC) moiety
(Figure 1.7A), which functions as a spacer between the dipeptide and payload, to prevent steric
hindrance from the drug interfering with the activity of cathepsin B.?? Following sequence
recognition and proteolysis on the C-terminal side of the dipeptide within 1.26 (purple highlight,
Figure 1.7A), the PABC spacer moiety 1.27 undergoes a spontaneous 1,6-elimination to
release the unmodified drug. However, despite success in the clinical setting, the plethora of
research surrounding this linker has revealed some downfalls, especially in the ADC space.
The discovery that the Val-Cit linker could be processed by a variety of cathepsins—not only
cathepsin B—which could result in off-target cleavage in normal cells, has prompted the design
of alternative peptide-based linker structures.”” The development of a peptidomimetic linker
(1.28) by Wei et al., containing a cyclobutane-1,1-dicarboxamide (cBu) moiety (purple box,
Figure 1.7B), led to improved selectivity for cathepsin B cleavage compared to the Val-Cit
linker.”® Additionally, issues with aggregation and precipitation of the Val-Cit linker have driven
research towards less hydrophobic linkers, such as the valine-alanine (Val-Ala) dipeptide,”®

which features in the recently approved ADC loncastuximab tesirine 1.29 (Figure 1.7C).”®

Chemically cleavable linkers. The intracellular chemical environment of diseased cells can

also be exploited for linker cleavage. The acidity of the lysosomal (pH 4.5-5.0) and endosomal
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compartments (pH 5.5-6.2) is a property that can be utilised for selective cleavage inside cells,
because it differs from the near neutral pH experienced by a PDC during circulation (pH 7.4).18
Acid-labile functional groups, such as a hydrazone or carbonate, provide opportune linkers for
this strategy. For instance, hydrazone linker 1.30 hydrolyses into acyl hydrazide 1.31 and
ketone 1.32 when exposed to an acid catalyst (Scheme 1.4A). In this approach, a hydrazide
or ketone appendage remains on the drug after cleavage, so works best for payloads that
contain these functional groups within their structure. For example, PDCs containing the
anticancer drug doxorubicin (1.33), a cytotoxic agent that contains a ketone moiety,
successfully provide the unmodified drug after linker hydrolysis when a hydrazone linker
strategy is used (Scheme 1.4A).8°-82 For drugs where this is not feasible, strategies that allow
for traceless release have been developed, including incorporation of a self-immolative 2-
amino-2-methylpropanoic carbamate spacer between the hydrazone and payload.®?
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Scheme 1.4. (A) Cleavage of an acid-sensitive hydrazone linker (1.30) and the structure of doxorubicin
(2.33), with conjugation handles highlighted. (B) Cleavage mechanism of a reducible disulfide linker
(1.34), involving traceless release of the drug. GSH = glutathione (y-glutamyl-cysteinyl-glycine). (C) A
Fe(l)-sensitive cleavable linker (1.38) developed by Renslo and co-workers®8 containing a
1,2,4-trioxolane moiety, featuring traceless drug release.

Variations in the plasma stability of hydrazone linkers have prevented their widespread use in
ADC and PDC research, due to concerns of increased off-target effects if premature hydrolysis
occurs.®® Nevertheless, two approved ADCs feature a hydrazone linker, both for the treatment
of haematological cancers. More recently, other acid-sensitive groups, such as acetals and
carbonates, have garnered attention as alternatives to the hydrazone linker. Sacituzumab
govitecan (1.23), displayed in Figure 1.5C, contains an acid-labile carbonate as the cleavable

functionality.®’
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The reductive environment inside cells, which arises from high levels of glutathione (GSH), is
a second property that can be exploited for linker cleavage. The intracellular concentration of
GSH (1-10 mM) is several-fold higher than the extracellular concentration (<20 uM),®”
providing an opportunity for selective drug release inside diseased cells. Disulfide containing
linkers have thus been developed, as they are susceptible to nucleophilic attack from thiols
such as GSH."® The simplest approach to a redox-sensitive linker involves incorporation of a
disulfide bond between the payload and biomolecule, resulting in release of a thiolated drug
following disulfide reduction. A self-immolative strategy that enables traceless payload release
is also possible if the drug contains an alcohol, amine or hydrazine functional group.®-° In this
approach, the free thiol (1.35) that is produced after disulfide reduction of 1.34 with GSH can
release the unmodified drug via elimination of thiirane 1.36 and carbon dioxide (red arrows) or

oxathiolanone 1.37 (green arrow) (Scheme 1.4B).

The stability of the disulfide linkage during circulation can be improved through a-methyl
substitutions. Generally, an intermediary level of substitution (e.g. one a-methyl group) is
beneficial as heavily substituted disulfides are sterically hindered and thus resistant to
reduction.®’-*2 Disulfide linkers are present in three of the FDA approved ADCs, however, the
traceless variation of this linker class is yet to be seen in a clinical setting.? It should be noted
that the conditions required for the cleavage of acid-sensitive and reduction-sensitive linkers
are not specific to diseased cells, so such linkers may be cleaved if the conjugate is able to

enter healthy cells.

Abnormal iron metabolism is another hallmark of disease-causing cells, that results in high
levels of unbound ferrous iron inside these cells compared to human plasma.®® Renslo and co-
workers utilised this property to develop a novel cleavable linker featuring an iron-labile 1,2,4-
trioxolane moiety (1.38).848% In the presence of ferrous iron, the O—O peroxide bond of 1.38 is
cleaved by a Fenton-type reaction, affording an oxygen-centred radical that ultimately leads to
the elimination of adamantane lactone (1.39) from the linker scaffold (Scheme 1.4C).
Subsequently, the resulting retro-Michael substrate 1.40 undergoes B-elimination and
decarboxylation to release the unmodified drug. The trioxolane linker has been utilised in an
ADC context but is yet to feature in a PDC.%

Ultimately, the comprehensive ensemble of conjugation strategies and linker technologies
discussed throughout this section provides evidence that design is a crucial aspect of the PDC
approach. Through the exploration of the benefits and limitations of each technique it is
apparent that no superior strategy exists. Rather, PDC design is application specific and likely
requires a systematic structure-activity relationship-style approach to determine the key

characteristics for potent and efficacious PDCs.

16



Chapter 1: The design features of peptide—drug conjugates and their use as targeted therapeutics

1.3 Peptides as a targeting moiety

1.3.1 Types of peptides that target disease-causing cells
The final component in PDC design is the peptide scaffold itself, which is of critical importance

to ensure an effective PDC strategy. Ideally, the peptide should have sufficient target
recognition, high stability during circulation, low toxicity to healthy cells and efficient cell
internalisation.®® Peptides utilised in PDCs are generally categorised as either cell-targeting

peptides (CTPs) or cell-penetrating peptides (CPPs).
Cell-targeting peptides. CTPs are peptides that have high recognition and affinity for a

specific cellular target associated with a disease, typically a cell-surface receptor.® They have
attracted considerable attention as peptide scaffolds for PDCs, due to their small size and
similar functionality to antibodies. Like an antibody, the mechanism of a CTP involves binding
to its target on the cell surface, followed by internalisation via endocytosis (i.e. similar to Figure
1.3B), making them ideal candidates for drug delivery.?® CTPs have proved to be successful
for a PDC strategy, with the FDA approved '"Lu-dotatate 1.2 (see Figure 1.4) containing a
peptide that recognises and binds to the somatostatin hormone receptor. Furthermore, many
PDCs in clinical trials contain a CTP as the peptide scaffold.?° One limitation of CTPs is that
they rely on the expression of a specific target to exert their mechanism of action, however,
techniques such as phage display can be used to discover peptides that bind to novel targets

on disease-causing cells.?8

Cell-penetrating peptides. Peptides that can traverse biological membranes, known as CPPs,
also provide an opportunity to deliver drugs into diseased cells. Most CPPs are either cationic
or amphipathic in nature, however, anionic and hydrophobic examples also exist.®® These
peptides can cross through cell membranes via either energy-independent pathways, such as
direct translocation, or energy-dependent pathways, such as endocytosis.®® While CPPs
provide a useful tool for intracellular delivery, especially for cell impermeable cargoes, their
widespread use in PDC research has been hindered by the non-specific cell entry sometimes
associated with these peptides. This limitation is mostly observed for cationic CPPs, so PDC
strategies have turned to amphipathic and anionic CPPs to improve selectivity for disease-
causing cells over healthy cells.*

1.3.2 PDIP and cGm6 are CPPs derived from host defence molecules

Platelet factor 4-derived internalisation peptide (PDIP)®” and cyclic gomesin analogue 6 (cGm®;
also known as [G1K,K8R]cGm)® are two CPPs utilised throughout this thesis in the design
and construction of antimalarial and anticancer PDCs. cGm6 is derived from an antimicrobial
peptide (AMP) and PDIP is designed from an AMP-like protein domain. AMPs are a class of
peptides with antimicrobial activity that are produced by many organisms as part of their host

defence mechanisms. The majority of AMPs are amphipathic, consisting of both cationic and

17



Chapter 1: The design features of peptide—drug conjugates and their use as targeted therapeutics

hydrophobic residues, which confers their selectivity for negatively charged microbial
membranes over the neutral membranes of healthy cells.®® In healthy cells, anionic lipids such
as phosphatidylserine (PS) are maintained in the inner leaflet of the membrane by flippase
enzymes,*® providing a distinct feature that an AMP can exploit for selective killing of
pathogens. The mechanism of many AMPs is to lyse the cell membrane, however, some can
instead cross it to gain access and inhibit specific intracellular processes.'® AMPs have been
utilised as the peptide scaffold and paired with antibiotics for antibacterial treatment,'"
however, are underexplored as the delivery tool in other disease contexts. The remainder of
this section will showcase why PDIP and cGm6 are attractive peptide scaffolds for PDCs, due

to the combination of CPP and AMP characteristics they possess.

Platelet factor 4-derived internalisation peptide (PDIP). PDIP is a peptide designed by
McMorran and co-workers from platelet factor 4 (PF4), a human defence protein.®” PF4 is a
tetrameric chemokine that is released from activated platelets in response to infection with the
malaria parasite Plasmodium falciparum and can kill the parasite by lysing its digestive
vacuole.'921%% Thijs activity is attributed to the AMP-like domain of PF4, an amphipathic
a-helical domain, that is located on the C-terminus of each monomer (black box, Figure 1.8A).
The original PDIP analogue, known as cPF4PD (1.41), is a synthetic analogue derived from
PF4, comprising a head-to-tail dimer of the a-helical domain that is cyclised via a disulfide bond
for stability, to mimic the paired AMP domains in the PF4 tetramer (Figure 1.8B and C). The
minimised peptide can selectively internalise into red blood cells (RBCs) infected with
P. falciparum and can enter without receptor binding, a requisite for entry of the parent protein.
Furthermore, it recapitulates the mechanism of killing displayed by PF4, is stable to protease

degradation and has low haemolytic activity (Figure 1.8D).%’

The a-helical domain of cPF4PD contains both hydrophobic and positively charged Lys (K)
residues (see Figure 1.8C for sequence). Since infected RBCs have increased proportions of
negatively charged PS lipids on the outer membrane leaflet compared to uninfected RBCs,'%
electrostatic interactions between the anionic membrane environment and the outward facing
Lys residues on the a-helices confers the preferential entry of cPF4PD into these cells.
Furthermore, these amphipathic helices drive the disruption of the parasite digestive vacuole

membrane, which contains negatively charged phosphatidylinositol 3-phosphate lipids.'%

The surface exposure of PS lipids is also a hallmark of cancer cells.'® Concurrent exploration
of the anticancer activity of cPF4PD revealed potency against melanoma (MM96L) and
leukaemia (K562) cell lines (Figure 1.8D), attributed to the disruption of mitochondrial
membrane function.'®” Additionally, cPF4PD has been shown to be capable of delivering cargo
into both Plasmodium-infected and cancer cells via direct translocation across the plasma

membrane, without entering or damaging healthy cells.®”.1°"1% Therefore, we postulated that
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cPF4PD could serve as the peptide partner for antimalarial and anticancer drugs, to enable
selective drug delivery. This study utilises an analogue of cPF4PD, known as PDIP (1.42),
which contains an additional glycine (Gly) residue at the N-terminus (Figure 1.8C), but retains

the same features as the original analogue.

cationic
residues

(A) _— (B)

S AMP-like disulfide

domain linkage
PF4 homotetramer cPF4PD (1.41)

D
D

(C) cPF4PD (1.41). (|:G GPLYKKIIKKLLESGGSGGAPLY KK

PDIP (1.42): G(lje GPLYKKIIKKLLESGGSGGAPLY KKII KKL ::lz.zss*
(D) PflCsy MMIBL  KB5B2 CCsy RBCHGy,
(M) CCsq (UM) (M) (pM)
PF4 06
cPF4PD 43 41 57 =100

Figure 1.8. (A) Structure of the PF4 tetramer (PDB: 1F9Q), with the C-terminal AMP-like domain
highlighted (black box). (B) Predicted structure of cPF4PD (1.41), showing the outward facing lysine
residues (white sticks). (C) Primary amino acid sequence for the cPF4PD and PDIP analogues.
Residues contributing to the a-helices are coloured green. Disulfide bonds are displayed with grey lines.
* = amidated C-terminus. (D) Summary of the activity of the cPF4PD analogue against P. falciparum
(Pf), melanoma (MM96L) and leukaemia (K562) cell lines, and haemolytic activity against RBCs.%"-1%7
ICs0 = half maximal inhibitory concentration. CCso = half maximal cytotoxicity concentration. HC1o =
concentration required for 10% lysis of RBCs.

Cyclic gomesin analogue 6 (cGm6). cGmG is a synthetic derivative of gomesin (Gm, 1.43),
a host defence peptide originally isolated from the haemocytes of the tarantula spider
Acanthoscurria gomesiana.'® Gm is an amphipathic AMP that can kill pathogens such as
bacteria, yeast and fungus. It consists of a B-hairpin structure that is stabilised by two disulfide
bonds and contains multiple positively charged arginine (R) residues (Figure 1.9A and B).
Along with antimicrobial activity, Gm has been shown to be potent against melanoma and
leukaemia cell lines (Figure 1.9C), attributed to its ability to selectively disrupt negatively

charged microbial and cancer cell membranes.% 110

Daly and co-workers produced a backbone cyclised variant of Gm (cGm, 1.44), which
improved serum stability relative to the parent peptide, whilst maintaining its anticancer activity
and low haemolytic properties (Figure 1.9A and C).""° Henriques and co-workers further

enhanced its potency by generating an analogue (cGm®6, 1.45) with an Arg replacing the
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naturally occurring Lys (residue 8) and an additional positive charge, through replacement of
a Gly residue with a Lys (residue 1) (Figure 1.9B).%® Since cGm6 has been shown to enter
cancer cells via endocytosis and direct membrane translocation mechanisms,"'" we proposed

that it would also make an ideal candidate for drug delivery.

A () Gm(1.43)  ZCRRLCYKQRCVTYCRGR®
N I S
g & cGm (1.44): [GCRRLCYKQRCVTY CRGR
I |
5 \ cGmB (1.45). [KCRRLCYRQRCVTYCRGR
Gomesin (1.43) (1.45): cIKCRRLGYRARGVTY CRCR]
A~ (C) MM96L  K562CCsxy RBCHCq
( - Cc11 CCap (uM) (M) (uM)
~_¢ Gm a7 28 >10
o — . \. cGm 29 27 >10
. e
Cé cGmé 17 21 -5

Cyclic gomesin (1.44)

Figure 1.9. (A) Structure of Gm (1.43, PDB: 1KFP) and the structure of cGm (1.44, BMRB: 17986),'°
with the disulfide bonds highlighted in yellow. (B) Primary amino acid sequence for Gm, cGm and cGm6
analogues. Disulfide bonds are displayed with grey lines. Z = pyroglutamic acid, * = amidated C-
terminus. (C) Summary of the activity of the gomesin analogues against melanoma (MM96L) and
leukaemia (K562) cell lines, and haemolytic activity against RBCs.®® CCso = half maximal cytotoxicity
concentration. HC10 = concentration required for 10% lysis of RBCs.

1.4 Aims and objectives

The overarching objective of this thesis is to design, synthesise and biologically evaluate a
suite of PDCs in different disease contexts—for the treatment of an infectious disease, malaria,
and a noncommunicable disease, cancer. Two CPP scaffolds with AMP-like characteristics
and selectivity for diseased cells—PDIP (1.42) and cGm6 (1.45)—are utilised as drug delivery
tools. As a PDC strategy, the use of AMPs as the targeting peptide remains underexplored for
both malaria and cancer treatment. In the following chapters, small libraries of PDCs are
produced with varying drugs, linkers, conjugation strategies and peptide scaffolds, to
understand how these design features influence PDC potency. Structure—activity insights are
used to optimise PDC design, which is found to be unique for each drug and peptide

combination.

The chapters are subdivided based on the identity of the PDC drug cargo, as highlighted in
Figure 1.10. Chapter 2 discusses our published proof-of-principle study for PDCs containing
primaquine (1.46), as an alternative approach for malaria treatment. Chapter 3 explores
anticancer PDIP conjugates containing the cytotoxic drug camptothecin (1.47) as the cargo.
Chapter 4 focuses on PDIP and cGm6 PDCs containing vemurafenib (1.48), an anticancer
drug with resistance issues. The relevant diseases and drugs will be further introduced at the

beginning of each chapter. Finally, chapter 5 will outline the conclusions and future outlook for
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the study, to highlight the versatility of PDCs as a targeted treatment approach and the insights

gained for the design of future conjugates.

conjugation o
site W diseased
drug — cell
~N
selective SNl
peptide-drug conjugate healthy
cell

cell-penetrating
AMP-like peptide

Chapter 3: Camptothecin PDCs

» Four anticancer PDCs, three
with nanomolar potency
noncleavable,
disulfide and dipeptide
+ Azide—alkyne cycloaddition
and cysteine conjugation
* Two analogues

0 .

Camptothecin
1.47

Disease context:

CANCER Case study: off-target toxicity
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Chapter 2: Primaquine PDCs
H

N
j/\/\NHZ

|N Primaquine
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« Six antimalarial PDCs with
low micromolar activity
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Chapter 4: Vemurafenib PDCs
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Figure 1.10. A summary of the work presented in this thesis. The overarching goal of this work is to
design and synthesise PDCs, containing cell-penetrating AMP-like peptide scaffolds, with proposed
selectivity for diseased cells (top left panel). The remaining panels highlight key aspects of studies that
explore PDCs containing primaquine 1.46 (top right panel), camptothecin 1.47 (bottom left panel) and

vemurafenib 1.48 (bottom right panel).
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Introduction

Malaria is an infectious disease that is prevalent throughout the tropical and sub-tropical areas
of Africa, Southeast Asia and South America. In 2022, there were an estimated 249 million
cases and 608 thousand deaths attributed to malaria.! The causative parasite is a unicellular
protozoan organism from the genus Plasmodium (including P. falciparum, P. vivax, P. ovale,
P. knowlesi and P. malariae species), which is transmitted between humans by an infected
female Anopheles mosquito vector. The parasite causes symptoms representative of an acute
fever, however, this can progress to a life-threatening iliness if infected red blood cells (RBCs)
become sequestered into tissues, leading to organ damage.? Infection with P. falciparum, the
deadliest Plasmodium species, is the cause of almost 90% of cases and resulting fatalities,
many of which occur in African children.® The global burden of malaria is disproportionate, with
most incidences of P. falciparum occurring in sub-Saharan Africa (Figure 2.1A) and P. vivax

occurring in Southeast Asia and South America (Figure 2.1B).
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Figure 2.1. The predicted incidence rate (cases per 1,000 people) in 2022 for (A) P. falciparum and (B)
P. vivax, the two most prevalent Plasmodium strains. Figure adapted from the Malaria Atlas Project.*

The current strategies to combat malaria involve vector control with insecticide-treated bed
nets and treatment with combination therapies.® While these measures have led to a reduction
in the number of malaria-endemic countries over the last few decades,' the emergence of
drug-resistant parasites to antimalarial therapies continues to threaten the future eradication
of malaria. Additionally, continuous temperature increases could result in the return or
introduction of malaria to other tropical or sub-tropical areas—such as northern Australia—
where the Anopheles mosquito vector is present.>® The fear of resistance to current

treatments, with no alternative therapies available, fuels the continuous development of
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antimalarial drugs and prompts the design of therapies with novel mechanisms to target the
parasite.

21 The complex life cycle of Plasmodium complicates treatment

Antimalarial drug discovery is complicated by the intricate biology of the Plasmodium parasite.”
Its life cycle consists of a combination of asexual and sexual parasite stages, with the dual
involvement of a mosquito vector and human host (Figure 2.2). Briefly, infection begins when
a parasitised female Anopheles mosquito bites a human, delivering the parasite into the
bloodstream as sporozoites (labelled A in Figure 2.2). The sporozoites invade liver cells where
they replicate asexually resulting in the release of thousands of merozoites (B).2° In P. vivax
and P. ovale infections, some parasites in the liver stage remain dormant as hypnozoites,
leading to infection relapse when the hypnozoite re-enters the life cycle (B*).® Invasion of
merozoites into RBCs enables further asexual replication, where parasites cycle through ring,
trophozoite and schizont stages, until a mature schizont ruptures and releases more
merozoites into the bloodstream (C). Some blood stage parasites instead differentiate into
male and female gametocytes (D), which form gametes when ingested by a mosquito during
a blood meal.'® Sexual reproduction occurs in the midgut of the mosquito, forming a zygote
that develops into an ookinete and further into an oocyst (E). Sporozoites rupture from the
oocyst and migrate to the salivary glands of the insect (F), completing the life cycle and

enabling transmission to a new human host during the next blood meal.”
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Figure 2.2. The life cycle of Plasmodium, consisting of stages in both a mosquito vector and a human
host. *The dormant liver stage only occurs in P. vivax and P. ovale infections. Figure adapted from
Wellcome Connecting Science."’
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Since the pathogenesis of malaria is caused by the asexual blood stage parasites (C), many
existing antimalarial treatments target these parasites. Whilst this improves patient symptoms,
it does not prevent transmission between individuals or reinfection in relapsing malaria cases.®
A drug that can eliminate all parasite stages from the body would revolutionise malaria

treatment, however, this remains a current challenge for antimalarial drug discovery.

2.2 The requirement for new antimalarials

2.2.1 Drug discovery is complicated by extensive criteria for ideal treatments
The criteria for compounds that can be used as antimalarials are constrained by the occurrence

of the disease primarily in low-income countries (Figure 2.1). Aside from exhibiting
antiplasmodial activity, an antimalarial additionally needs to be (1) affordable, (2) easy to
administer (e.g. orally available), (3) distributable without refrigeration, (4) useful as a curative
and preventative treatment, (5) effective against all stages of the parasite, (6) safe for use to
treat pregnant women and young children, (7) contain a mechanism of action that Plasmodium
cannot easily acquire resistance against and (8) be able to cross both the host and parasite
cell membranes, whilst avoiding off-target interactions within the body.>'? These extensive
requirements have made discovering the ideal antimalarial treatment difficult, accounting for
the limited number of novel drugs ready to be deployed in areas where existing treatments are
declining in effectiveness.'?

2.2.2 Plasmodium has developed resistance to most antimalarial treatments

The continual emergence of parasites resistant to antimalarial drugs has increased the
urgency for the development of new treatments. Figure 2.3A depicts the widespread resistance
throughout malaria endemic areas (South America not shown) for P. falciparum against three
existing small molecule drugs. One such therapy is chloroquine (CQ, 2.1), the first synthetic
drug to be utilised for antimalarial treatment. Initially deployed in the mid-1940s,° CQ is a
4-aminoquinoline derivative that acts by preventing the detoxification of haem—which is
released as the parasite degrades haemoglobin in its digestive vacuole—leading to a buildup
of haem and subsequent parasite death.'™ However, within a decade of its release
CQ-resistant Plasmodium strains were detected, necessitating new treatments.’® Resistance
is attributed to mutations in P. falciparum CQ resistance transporter (PfCRT), which encode a
mutant efflux pump that can prevent the accumulation of drugs in the parasite digestive
vacuole.™ CQ resistance is now widespread (Figure 2.3A), restricting use of the drug to the

treatment of P. vivax in the few regions where resistance has not yet developed.'®'®

The antifolate combination sulfadoxine—pyrimethamine (SP, 2.2 and 2.3) was introduced to
replace CQ as a first-line treatment, following a reduction in the effectiveness of CQ. However,
resistance was observed within the first year of SP release, starting in Southeast Asia and now

prominent throughout malaria endemic regions (Figure 2.3A)."° Both drugs inhibit enzymes in
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the parasite folate biosynthesis pathway—sulfadoxine targets dihydrofolate reductase (DHFR)
and pyrimethamine targets dihydropteroate synthetase (DHPS)—and as a result, resistance
to SP is often conferred by mutations in these enzymes.'® Today, SP is primarily used in

combination with artesunate in areas with SP-sensitivity.°
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Figure 2.3. (A) Distribution of the emergence of P. falciparum resistance to chloroquine (2.1),
sulfadoxine—pyrimethamine (2.2 and 2.3) and artemisinin (2.4) throughout Africa and Southeast Asia
(South America not shown). The structure of each drug is shown below the map. Figure adapted from
Haldar et al.’® (B) The structure of two artemisinin derivatives (2.5 and 2.6) and the active metabolite
dihydroartemisinin (2.7). Depicted in the grey box is a possible C4-radical that can be produced following
cleavage of the endoperoxide bridge."”

The current gold standard for malaria treatment is artemisinin (ART, 2.4), a sesquiterpene
lactone, and its semi-synthetic derivatives such as artemether 2.5 and artesunate 2.6 (Figure
2.3B). Despite the structural complexity of the ART-based therapies, the ability to generate
these compounds using expression-based technologies enables low-cost production.’® The
ART derivatives are prodrugs that are converted to the active variant dihydroartemisinin (2.7)
in the body.'® The endoperoxide bridge is responsible for the activity of ART, and is thought to

be cleaved by haem or free ferrous iron (Fe?*) inside the parasite, producing a carbon centred
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radical (2.8) that can alkylate and disrupt the function of cellular proteins required for the
parasite’s survival (grey box, Figure 2.3B)." As the ART derivatives have short elimination
half-lives (2-5 hours), they are generally paired with a longer-acting antimalarial—a strategy
termed ART-based combination therapies (ACTs)—to effectively eliminate the parasite
infection and prevent resistance development.?® Despite the implementation of the ACT
approach, resistance to ART was first observed in Cambodia in 2008, and is attributed to
mutations in the gene for the Kelch-like protein K13.'° Independently developed resistance
was also reported in 2021 in Uganda and Rwanda, where the deadliest Plasmodium species
is prevalent (Figure 2.3A).2"?2 This is concerning as there are limited alternative treatments
available for use when ART resistance becomes widespread throughout Africa. The
successive cycles of drug resistance highlight the necessity for alternative types of drugs that
employ novel methods to kill the parasite.

2.2.3 8-aminoquinoline drugs are limited by poor safety profiles

Some of the few monotherapies without widespread resistance are the 8-aminoquinoline
drugs, including primaquine (PQ, 2.9) and tafenoquine (TQ, 2.10) (Figure 2.4). The
8-aminoquinoline derivatives are the only available antimalarials that are active against the
dormant hypnozoite stage, so can be used to prevent relapsing P. vivax infections.?® Alongside
activity against liver and blood stage parasites, these drugs are also gametocytocidal, so a
single dose can be used to prevent transmission.>?* However, the widespread use of PQ and
TQ is limited due to their poor safety profile in individuals who are deficient in glucose-6-
phosphate dehydrogenase (G6PD), an enzyme involved in defence against oxidative stress in
RBCs.?32° While the mechanism of action for these drugs is not completely understood, it has
been proposed that hydrogen peroxide is produced following the administration of PQ,%
signifying that individuals with impaired oxidative defence enzymes may suffer from RBC
damage after PQ treatment. G6PD deficiency is notably prevalent in malaria endemic areas
within Africa and Southeast Asia (the average prevalence of the allele is 8.0%)?” where PQ
and TQ use would be valuable, highlighting the requirement for alternative methods for relapse

prevention in individuals with G6PD deficiency.
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Figure 2.4. The structure of the 8-aminoquinoline derivatives, primaquine (2.9) and tafenoquine (2.10).
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2.3 PDCs as an alternative modality for the treatment of malaria
To date, all approved malaria treatments have been small molecule drugs. The

aforementioned issues indicate that antimalarials may benefit from the advantages of other
drug modalities, such as peptides which are often highly selective.?®?° PDCs that pair an
antiplasmodial peptide with a small molecule drug could be a viable dual-acting treatment
alternative to the ACTs. Such PDCs could have the potential to deliver antimalarial drugs to
intracellular Plasmodium targets, to overcome the nonselective nature of small molecules such
as PQ. Analogous to ACTs, pairing two drug modalities with different mechanisms of action
could reduce the possibility for the development of drug-resistant parasites and increase the

number of parasite stages that can be targeted.

While PDCs have been widely employed for cancer applications,® infectious disease contexts
can also benefit from the target selectivity provided by a PDC approach.’' The recent
investigation of PDCs for antiviral,®? antibacterial®**3* and antifungal®®%® treatment, as well as
for diseases caused by protozoan parasites such as malaria®-3° and leishmaniasis,*® have
cemented this strategy as a promising alternative for infectious disease treatment. Previous
antimalarial PDCs, designed by Gomes and co-workers,*”* were comprised of PQ and a CQ
analogue (Cq) attached to peptides such as transportan 10 (TP10), a cell-penetrating peptide
with antiplasmodial activity, or IDR-1018 and TAT, two inactive cell-penetrating peptides
(Figure 2.5). Multiple PDCs were successfully synthesised with either non-cleavable linkers or
a cleavable disulfide linker that could release a thiolated drug. While PDCs containing the TP10
peptide were potent to parasites in the liver or blood stages, they had increased haemolytic
activity towards uninfected cells (compared to TP10), especially for the PQ-based PDCs
(Figure 2.5).%°

Drugs Linker examples Peptide examples
TP10: AGYLLGKINLKALAALAKKIL

Primaquine
(PQ) M /Sr('\} IDR-1018: VRLIVAVRIWRR

\\S/ TAT: RKKRRQRRRPPQ
alkane triazole Antimalarial PDCs by Gomes and

N NH, [0} co-workers:
N 7/ S. » TP10 scaffold gave most potent PDCs
X, Chloroquine S + PQ PDCs: potent to liver stage
analogue (Cq) o] NH, parasites but haemolytic to RBCs
cl N reducible disulfide * Cq PDCs: active against blood stage
parasites but some were haemolytic

Figure 2.5. Summary of previously reported antimalarial PDCs that were designed by Gomes and co-
workers.®’-3° Examples of the drugs, linkers and peptides incorporated into their PDC design are
provided.

We rationalised that PDIP, a CPP with antiplasmodial activity and selective entry into infected
RBCs (see Section 1.3.2),*' could be a successful carrier peptide and drug partner for
antimalarial small molecules. For the first-generation of PDIP-based antimalarial PDCs, we

sought to conjugate PQ onto PDIP, envisaging that this approach could provide three potential
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benefits compared to PQ monotherapy: (i) prevent the interaction of PQ with healthy tissues,
which could reduce off-target toxicity in individuals with G6PD deficiency, (ii) slow the
conversion of PQ into inactive byproducts (e.g. carboxyprimaquine)*? in the body, and (iii)
reduce the ability of the parasite to acquire drug resistance, as PQ and PDIP each have distinct

antiplasmodial mechanisms of action.

Accordingly, this chapter, presented as a published manuscript,*® details the design and
synthesis of PDIP-PQ PDCs and the evaluation of their activity against blood stage P.
falciparum parasites, using assays that were previously used to examine the activity of the
PDIP scaffold. As prior antimalarial PDCs indicated the importance of careful design to avoid
altering the properties of the peptide,* we aimed to explore how various design elements
affected the biological activity of the PDCs. Changes in PDC activity based on linker type and
peptide conjugation site revealed that activity is inextricably linked to PDC design and is

important for maintaining the potency of the drug and peptide against P. falciparum.
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ABSTRACT: Malaria continues to impose a global health burden.
Drug-resistant parasites have emerged to each introduced small-
molecule therapy, highlighting the need for novel treatment
approaches for the future eradication of malaria. Herein, targeted
drug delivery with peptide—drug conjugates (PDCs) was
investigated as an alternative antimalarial therapy, inspired by the
success of emerging antibody—drug conjugates utilized in cancer
treatment. A synthetic peptide derived from an innate human
defense molecule was conjugated to the antimalarial drug
primaquine (PQ) to produce PDCs with low micromolar potency
toward Plasmodium falciparum in vitro. A suite of PDCs with
different design features was developed to identify optimal
conjugation site and investigate linker length, hydrophilicity, and

antimalarial payload
(primaquine)
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targeting peptide with
antiplasmodial activity

Features:
« peptide derived from innate human
defense protein
« cleavable and non-cleavable linkers
« in vitro potency towards P. falciparum

uninfected
RBC

cleavability. Conjugation within a flexible spacer region of the peptide, with a cleavable linker to liberate the PQ cargo, was important

to retain activity of the peptide and drug.

B INTRODUCTION

Malaria is a mosquito-borne, infectious disease that is caused
by the protozoan parasite Plasmodium.' The health burden of
malaria is apparent, with an estimated 247 million cases and
619 000 deaths in 2021, mostly in African countries.” Although
malaria is a preventable and curable disease, the continual
emergence of parasites resistant to antimalarial therapies has
impacted the clinical efficacy of past and existing treatments.””
Alarmingly, resistance to artemisinin has been observed in
southeast Asia, and more recently Africa, with limited
alternative treatments currently available.’™” To date, all
approved antimalarial treatments have been small-molecule
drugs, which possess disadvantages such as off-target
interactions due to nonspecific binding.® The successive cycles
of drug resistance and the downfalls of small-molecule
therapies underscore the urgent need for new and additional
classes of drugs that employ novel methods to target and kill
Plasmodium parasites.

Peptide-based drugs are a promising and unprecedented
avenue for malaria treatment, due to their high selectivity for
specific intracellular targets.” Previously, we developed a cell-
penetrating alpha hairpin peptide from the active domain of
human platelet factor 4 (PF4)'® (Figure 1A), a protein
released by platelets in response to Plasmodium infection and
able to rapidly lyse the parasite digestive vacuole mem-
brane.''™"” This activity is attributed to the paired

© 2023 American Chemical Society

WACS Publications 1105

ampbhipathic alpha helices, located on the C-terminus of each
monomer (black box in Figure 1A). The alpha hairpin peptide,
herein referred to as platelet factor 4-derived internalization
peptide (PDIP), is a minimized, synthetic analogue derived
from PF4, comprising a head-to-tail dimer of two of the C-
terminal helices cyclized via a disulfide bond (Figure 1A). The
minimized peptide is selectively internalized into parasitized
red blood cells (RBCs) and recapitulates the activity against
Plasmodium falciparum parasites and the mechanism of killing
displayed by the parent PF4 protein.'” The cationic nature of
PDIP confers this specificity due to increased proportions of
negatively charged phosphatidylserine lipid headgroups on the
outer membrane leaflet of Plasmodium-infected, relative to
uninfected, RBCs (Figure 1A)."*

We aspired to leverage these properties of PDIP as a
targeting device to deliver small-molecule drugs directly to the
parasite and thereby prevent their interaction with healthy
tissues (Figure 1B). Inspired by the emerging success of drug
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Figure 1. (A) Design of PDIP from the PF4 homotetramer, with selectivity for Plasmodium-infected blood cells highlighted. PS:
phosphatidylserine; PI: phosphatidylinositol. PDB code: 1F9Q. (B) Proposed targeted delivery of antimalarial drugs in a PDC to infected
RBCs vs nonselective entry of an unmodified drug. (C) Characteristics varied to generate a library of PDCs including the position of the peptide
conjugation site, linker properties, and linker cleavability. (D) PQ-linker constructs used to prepare PDCs with a cleavable linkage.

conjugates in cancer therapeutics,’> including the demon-
strated ability of a PDIP analogue to deliver a cell impermeable
peptide cargo inside cancer cells,'”'” we sought to develop
peptide—drug conjugates (PDCs) as novel antimalarials. While
PDCs have been widely employed for cancer applications,®
this approach is underexplored in the context of intracellular
pathogens such as malaria.'”™*'

As a proof of concept, we aimed to produce first-generation
PDCs by conjugating the antimalarial drug primaquine (PQ)
onto PDIP. Although PQ is one of the few drugs without
clinically relevant resistance, it does not have widespread use
because it causes hemolysis in individuals who are deficient in
glucose-6-phosphate dehydrogenase (G6PD), a genetic trait
common in malaria-endemic areas.””*’ Furthermore, PQ _is
metabolized into carboxyprimaquine in the body, which does
not have any activity against the parasite.”* The proposed PDC
approach provides the potential to deliver PQ_directly to the
parasite, which could prevent its interaction with healthy
tissues and slow the conversion of PQ into inactive byproducts.

Further, the combination of the peptide and drug, each with
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distinct antiplasmodial mechanisms of action, provides the
potential to avoid the formation of drug-resistant parasites.

Herein, we report the design, synthesis, and biological
evaluation of a library of PDIP-PQ_conjugates. Various design
elements of the PDCs were probed to investigate their effect
on biological activity, including: (i) the location of the PDIP
conjugation site, (ii) the hydrophilicity of the linker between
the peptide and drug, (iii) the spacing between the peptide and
drug, and (iv) whether the linker can be cleaved to release the
drug cargo under conditions which mimic the intracellular
environment of infected RBCs (Figure 1C). This work
demonstrates that conjugation within the flexible interhelix
spacer of PDIP and incorporation of traceless cleavable
linkers—bearing either a disulfide or trioxolane moiety—are
important for maintaining the low micromolar potency of the
PQ drug cargo against P. falciparum.

B RESULTS AND DISCUSSION

Design and Synthesis of Modified Primaquine and
PDIP Analogues for Conjugation. To generate the desired
PDIP-based drug conjugates, we envisioned using azide—
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Scheme 1. Synthesis of Primaquine Analogues Modified with (A) an Alkyne Handle Containing No Cleavage Site, (B) a
Disulfide-Cleavable Linkage, and (C) a Trioxolane-Cleavable Linkage
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alkyne cycloaddition click chemistry”>™>” as an initial

conjugation strategy since it is orthogonal to the crucial
disulfide linkage within the macrocyclic PDIP scaffold.
Therefore, we focused on the design of azide-modified PDIP
analogues to provide a chemoselective moiety for conjugation
to alkyne-modified PQ analogues. Two peptides were
synthesized using automated solid-phase peptide synthesis,
positioning an azide handle either within the spacer region
between the two helices (labeled PDIP-Az 1 in Figure 1C) or
at the N-terminus (labeled [GG]PDIP-Az 2 in Figure 1C).
Preliminary studies exploring the antiplasmodial activity of
fluorescently labeled PDIP analogues identified the ideal
conjugation site within the spacer region of the peptide (1),
as this retained activity was comparable to the parent peptide
(see Supporting Information Figure S for further informa-
tion)."” In contrast, positioning of the azide handle at the
peptide N-terminus resulted in reduced activity compared to
the parent peptide (see the Supporting Information).
However, as [GG]PDIP-Az 2 was synthetically more
accessible, we were still interested in exploring PDCs derived
from this peptide scaffold.
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We next synthesized modified PQ analogues using the
primary amine as a convenient handle to attach a terminal
alkyne, in preparation for copper(l)-catalyzed azide—alkyne
cycloaddition (CuAAC) with the aim of generating non-
cleavable PDCs.**”° Modification of the primary amine of PQ
with S-hexynoic acid, propargyl-PEGl-acid, and propargyl-
PEG3-acid, aided by the coupling reagent T3P®, produced PQ
analogues S, 6, and 7, respectively (Scheme 1A). Notably, it
was envisaged that increasing the number of poly(ethylene
glycol) (PEG) units would allow us to probe the effects of
greater linker hydrophilicity and increased spacing between the
two components of the conjugate.

Although synthetically tractable, the incorporation of
noncleavable linkers into conjugates may contribute to poor
efficacy, especially if the pharmacophore of the drug is
irreversibly modified. Accordingly, PDIP-PQ_ PDCs with
cleavable linker moieties were also designed to facilitate the
release of drug cargos in a traceless manner within the infected
RBC. These consisted of either a trioxolane or disulfide-
cleavable motif situated between PQ and an alkyne handle
(Figure 1D). The first cleavable linker (3) comprises a
disulfide linkage that can be cleaved by endogenous
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Figure 2. (A) General scheme for the synthesis of antimalarial PDCs, using either CuAAC or SPAAC conditions. (B) Yields and structures of the
six PDCs. *Yield of isolated material determined by mass on a microbalance using the molecular weight of the TFA salt, assuming all basic residues

and the terminal amine are protonated.

glutathione (GSH) within infected RBCs.”**” In comparison,
the second cleavable linker (4) contains a 1,2,4-trioxolane
moiety that is labile to ferrous iron, allowing for targeted dru§
release in the heme-rich cytoplasm of infected RBCs.”"”*
Dibenzocyclooctyne (DBCO)-containing linkers 3 and 4 were
thus produced in preparation for strain-promoted azide—
alkyne cycloaddition (SPAAC), to avoid the use of copper and
excess reducing agents, which may compromise the stability of
the cleavable functionalities.

The synthesis of disulfide containing hnker 3 first involved
treatment of HOBt-activated compound 8°° with PQ, forming
carbamate 9 in 90% yield (Scheme 1B). Concurrently, the thiol
of 3-mercaptopropionic acid was protected with 4-methyltrityl
chloride, which allowed for amide formation at the carboxylic
acid with DBCO-amine, giving compound 10 (72% yield over
two steps). The methyltrityl group was next removed with a
TFA/Pr;SiH/DCM mixture to provide thiol 11, primed for
exchange with the activated disulfide 9 under mildly basic
conditions (pH 8), affording linker 3 (18% yield over two

steps).
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The synthesis of trioxolane containing linker 4 began with
the ring opening of lactone 12°° with NaOMe, which provided
primary alcohol 13 in 97% yield (Scheme 1C). Treatment of
compound 13 with p-nitrophenyl chloroformate produced
carbonate 14, which was subsequently reacted with PQ_to
install the drug via a carbamate linkage (53% yield over two
steps). Hydrolysis of the methyl ester of 15 with LiOH
produced the corresponding free acid that was then coupled to
DBCO-amine, in the presence of HATU, affording linker 4
(76% yield over two steps).

Synthesis of PDIP-PQ Conjugates and Evaluation of
Linker Cleavage. The synthesis of PDIP-PQ PDCs was
achieved using bioorthogonal click chemistry conditions.*”**
Six PDCs were generated in moderate yield (24—72%) from
the prepared drug-linker constructs, the structures of which are
displayed in Figure 2. PDCs with a noncleavable linkage were
produced by reacting modified PQ_compounds containing a
terminal alkyne with either PDIP-Az 1 or [GG]PDIP-Az 2. A
PDC with PQ_conjugated at the terminal position comprising
an alkane linker (16), as well as PDCs conjugated in the spacer
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region containing an alkane (17), PEG1 (18), or PEG3 (19)
linker, were successfully synthesized in the presence of CuSO,,
sodium ascorbate and the water-soluble ligand tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA). Alternatively,
PDCs with a cleavable linkage (20 and 21) were generated by
reacting strained cyclooctyne constructs 3 or 4 with PDIP-Az 1
in 1:1 ‘BuOH/H,0.

With PDCs 20 and 21 in hand, the in vitro fragmentation of
the disulfide and trioxolane linkers was investigated by
mimicking the intracellular conditions required for the
corresponding cleavage mechanism. Briefly, cleavage of the
disulfide linker occurs in the presence of a reducing agent (e.g,
GSH), producing a free thiol (23) that triggers release of the
unmodified drug after elimination of oxathiolanone 24 or
thiirane 25 and carbon dioxide (Figure 3A).2H3936 Cleavage of

(A) Proposed cleavage mechanisms
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H
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o
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Figure 3. (A) Proposed mechanisms to release PQ from PDIP via
self-immolative linkers. (B) Consumption of the disulfide and
trioxolane cleavable PDCs, as monitored by liquid chromatogra-
phy—mass spectrometry (LC—MS) analysis. Data points are ex-
pressed as mean =+ standard error of the mean (SEM) for three
replicates.

the trioxolane linker occurs via Fe(Il)-mediated homolysis of
the O—O peroxide bond, affording an oxygen-centered radical
that ultimately facilitates the elimination of adamantane
lactone 26 and concomitant production of ketone 27 in
place of the trioxolane ring. The unmasked ketone 27 is a
retro-Michael substrate that undergoes p-elimination and
decarboxylation to release the drug in a traceless manner
(Figure 3A).3'0’3’2’3’7

Cleavage of 20 and 21 was evaluated by treating each
conjugate in phosphate buffer with a 100-fold excess of either
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GSH or Fe(II)Cl,, res3pectively, to mimic intracellularly
relevant concentrations.””*®*” The consumption of each
conjugate was monitored by LC—MS, showing complete
depletion of the PDCs after 30 h (Figure 3B). Fragmentation
of both PDCs occurred within a time frame useful for
antimalarial treatment, with cleavage half-lives of 4—5 h (Table
1). The formation of intermediates such as thiol 23 and

Table 1. Antiplasmodial Activity and Half-Lives of Linker
Cleavage for PDIP-PQ PDCs”

compound ICyy (uM) t,/, cleavage (h)
PQ 2.07(0.16) n/a
PDIP 9.50(0.65) n/a
PDIP-Az 1 8.70(0.41) n/a
[GG]PDIP-Az 2 >32 n/a
[GG]PDIP-alk-PQ 16 22.5(0.89) n/a
PDIP-alk-PQ 17 12.9(1.2) n/a
PDIP-PEG1-PQ 18 11.3(1.1) n/a
PDIP-PEG3-PQ 19 8.81(1.3) n/a
PDIP-DBCO-SS-PQ 20 4.25(0.22) 4.5§
PDIP-DBCO-triox-PQ 21 4.68(0.11) 3.99

“ICsp and cleavage half-life values are given as mean (SEM). n/a: not
applicable.

glutathione adduct 22 was observed during the fragmentation
of the disulfide conjugate 20, and ketone 27 was observed for
the trioxolane conjugate 21. Interestingly, in the present study,
PQ was not able to be identified in the crude cleavage mixture.
However, based on extensive literature precedent demonstrat-
ing complete cleavage of these linker types under comparable
conditions,”***" it is likely that release of the free drug is
occurring despite the lack of direct detection (see Supporting
Information Figures S2 and S3 for further details).

Conjugate Design Characteristics Influence the
Antiplasmodial Activity of PDIP-PQ Conjugates. The
six PDIP-PQ_conjugates were analyzed for their ability to
inhibit the in vitro growth of P. falciparum asexual blood stage
parasites (strain 3D7) in RBCs and were compared to the
activity of the parent drug and peptide. We were encouraged to
discover that most of the PDIP-PQ PDCs retained
antiplasmodial activity similar to PDIP, with ICs, values in
the low micromolar range (Figure 4 and Table 1). Notably, the
various design elements probed provided valuable information
regarding which PDC characteristics can be modified to
improve activity.

Conjugation site was deemed to be an important design
element, since PDC 17, with PQ_conjugated between the two
helices of PDIP, was twofold more active than 16, with PQ_
conjugated at the N-terminus (Figure 4, left). Interestingly,
conjugate 16 had moderate antiplasmodial activity, despite
containing an azide-modified PDIP analogue (2) that had poor
potency. This restoration of activity may imply that the
bioactivity of the PDC is largely driven by the drug
component; hence, cell-penetrating peptide scaffolds with
low activity might also be used without compromising drug
potency. To further understand the contribution of each PDC
component on activity, we are actively exploring the suitability
of other antimalarial drugs and cell-penetrating peptides for
antimalarial PDC development.

Increasing linker hydrophilicity and length had little effect
on efficacy, with PDCs 17, 18, and 19 displaying similar
potency toward the parasite (Figure 4, middle). However,
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Figure 4. In vitro inhibition of P. falciparum growth in human RBCs by increasing concentrations of PDIP-PQ PDCs with different conjugation
sites (left), noncleavable PDCs (middle), and cleavable PDCs (right). Activity of the PDCs was compared to PQ, PDIP, and the azide-modified
peptides. Data points are expressed as mean =+ standard deviation (SD) for at least two biological replicates. The legend applies to all three graphs.

increasing the number of PEG units in the linker region activity, we have already begun to explore alternative ways to
increased the observed hemolysis of RBCs at high PDC attach PQ_to PDIP. To this end, we are developing disulfide-
concentrations (e.g,, 32 #mol and above), an unexpected result cleavable PDCs where PQ is attached to a backbone cyclized
as PEG incorporation is considered to be nontoxic.'® PDIP analogue with a single cysteine. Preliminary data suggests
Hemolysis caused by PDCs containing cell-penetrating that this approach yields similar activity to the cleavable PDCs
peptides has been previously reported,'””" reinforcing that described above (see the Supporting Information for synthesis
careful conjugate design, including discriminant use of linkers, and biological evaluation, Figure SS and Scheme S1), and
is important to maximize the therapeutic window by improving supports the notion that the conjugation strategy can be
drug efficacy without increasing harmful effects. simplified—removing the need for the incorporation of

The incorporation of a traceless cleavable linker into the bioorthogonal functionalities, such as azides—without neg-
PDCs was found to have a positive effect on conjugate activity. atively impacting potency. The conjugation site on the drug
Cleavable PDCs 20 and 21 were twofold more potent than any could also be important for conserving bioactivity; hence,
of the noncleavable PDCs and were the most active PDCs in PDCs with PDIP attached to PQ at alternative sites to the
this study, with ICy, values close to 4 yM (Figure 4, right). primary amine should be explored. Initial studies employing an
Thus, the efficacy of the PDCs seems to benefit from the O-linked PDIP-PQ PDC offered slight improvements in
release of PQ_from PDIP, bringing the ICs, value for these activity (see the Supporting Information for synthesis and
conjugates closer to PQ and corroborating prior studies in biological evaluation, Figure S5 and Scheme S1).

which noncleavable conjugates showed poor efficacy, especially
if the pharmacophore of the drug was irreversibly modified.*’ B CONCLUSIONS
The tethering of PDIP and PQ within noncleavable PDCs
(16—19) may affect the ability of each component to carry out
its respective mechanism of action, while cleavable conjugates,
in contrast, may provide more appropriate spatial and temporal
release of the drug cargo. At this stage, however, we cannot
rule out the possibility that reactive byproducts produced from
linker cleavage (eg, 25, 26, 28, Figure 3A) could form
cytotoxic adducts that lead to further parasite death and thus
better potency for PDCs 20 and 21.°%°'

Interestingly, the activity of the cleavable PDCs did not
improve the activity of PQ_itself—the component with the
lower ICs, value—indicating the lack of an additive relation-
ship between PQ and PDIP. Treatment of parasites with an
equimolar mixture of unconjugated PQ and PDIP-Az 1
resulted in similar activity to PDIP-Az 1 (see Supporting
Information, Figure S4), further confirming that PQ and PDIP
may not have cooperative mechanisms of action, at least not in
the 48 h time frame used herein to capture the expected fast-
acting mechanism of PDIP."” With activity of the co-
administered, but unconjugated PDIP-Az 1 and PQ_ mixture
seemingly dictated by the peptide component, it is possible
that the fast-acting mechanism of PDIP alters the internal-
ization or uptake of PQ, thus slightly lowering the activity
relative to PQ:41 Even without additive activity, however,
PDCs with PQ cargo might still benefit from improved
selectivity for infected RBCs, with the prospect of enhanced
safety profiles in G6PD deficient individuals a focus for follow-

In summary, we have utilized a selective cell-penetrating
peptide, PDIP, derived from an innate human defense
molecule to successfully synthesize a suite of antiplasmodial
PDCs. The different activities displayed by a library of PDIP-
PQ conjugates with varied conjugation sites and linker
characteristics highlight the importance of conjugate design
so as not to impose on the mechanism of action of the drug
and peptide components. Given the low micromolar potency
of most PDIP-containing PDCs within the study, such PDCs
present a feasible approach to antimalarial treatment and a
promising step forward for the development of therapies with
different mechanisms of killing malarial parasites compared to
existing drugs. Leveraging the ability of PDIP to selectively
deliver small-molecule drugs into infected RBCs may allow for
therapies with contraindications, such as PQ, to be repurposed
as treatment options. The PDCs may also prevent the
development of resistance by coupling a fast-acting peptide
(PDIP) with a slower-acting small-molecule drug, analogous to
the strategy provided by current artemisinin combination
therapies. This approach could also be directed toward other
antimalarial drugs that suffer from off-target toxicities or drug
resistance. Furthermore, investigating the mechanistic aspects
of antimalarial PDCs could provide insights into the design of
alternative therapies that might ultimately lessen the global
burden of malaria.

B EXPERIMENTAL PROCEDURES

up studies.

Optimization of PDC design has proven to be imperative for Materials and Methods. General chemistry procedures,
maximizing antiplasmodial efficacy. Since the site of con- including materials, methods, and instrumentation, are detailed
jugation on PDIP was found to have a profound effect on in the accompanying Supporting Information File.
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Synthesis of PQ-Alkyne Analogues. Methods for the
synthesis of noncleavable and cleavable PQ-alkyne analogues
3—7 are detailed in the Supporting Information. Associated
characterization data (NMR, mass spectrometry) is provided
for new compounds.

General Procedure for the Synthesis of PDCs 16—21.
CuAAC Conjugation. Performed according to established
methods.”> Concentrations provided are the final concen-
tration in the reaction mixture. Peptide-azide (1 or 2, 200 uM,
1.0 equiv) was dissolved in sodium phosphate buffer (100 mM,
pH = 7). The following reagents were added sequentially to
the reaction vial and magnetically stirred after each new
addition: aminoguanidine hydrochloride (S mM, 25 equiv),
dimethyl sulfoxide (DMSO) (10—20%), drug-alkyne (400 uM,
2.0 equiv), copper(Il) sulfate (100 M, 0.5 equiv) premixed
with THPTA (500 uM, 2.5 equiv), and sodium ascorbate ($
mM, 25 equiv). The conjugation mixture was stirred at room
temperature for 1—2 h. The reaction was quenched with
ethylenediamine tetraacetic acid (EDTA) (5.0 equiv) and
purified by reversed-phase semipreparative HPLC (24—45%
isolated yield). See the Supporting Information for detailed
characterization data.

SPAAC Conjugation. Peptide-azide 1 (1.0 equiv) and drug-
alkyne (3 or 4, 2.0 equiv) were dissolved in water/t-butanol
(1:1 v/v, 0.7-0.8 mM with respect to the peptide). The
mixture was stirred for 24—48 h to produce two regioisomers
that were purified by reversed-phase semipreparative HPLC
(65—72% isolated yield). See the Supporting Information for
detailed characterization data.

Linker Cleavage Studies to Monitor Drug Release. A
solution of 20 or 21 (20 M, 1.0 equiv) in phosphate buffer (1
mM, pH 7) was treated with either reduced glutathione (100
equiv) or Fe(II)Cl, (100 equiv), respectively. The solutions
were incubated at 37 °C, and aliquots were quenched at
various time intervals with either MeCN (containing 0.1%
formic acid) for tests containing 20 or EDTA (100 mM) for
tests containing 21. Samples were analyzed with reversed-
phase LCMS (10—55% MeCN over 40 min, 0.01% formic
acid) at 4 = 214 nm, and the peak corresponding to the
conjugate was integrated using LabSolutions software. The
data was then plotted on Prism (GraphPad Software) using
one-phase exponential decay.

P. falciparum Culture. P. falciparum strain 3D7 was
cultured as a 2.5% hematocrit solution by mixing O* human
RBCs (300 uL) with complete culture medium (CCM, 12
mL), composed of RPMI 1640 supplemented with 8.8 mM b-
glucose, 22 mM HEPES, 208 nM hypoxanthine, 46.1 nM
gentamicin, 2.8 mM L-glutamine (all from Sigma-Aldrich,
Castle Hill, Australia), 2.1 g/L AlbuMAX I (Thermo Fisher
Scientific, Australia), and 4.2% (v/v) O" human serum. The
RBCs and serum were provided by the Australian Red Cross
Lifeblood, obtained from anonymous blood donors (aged 18—
60 years). Cultures were maintained in 25 cm? flasks filled with
a low oxygen gas mixture (1% O,/3% CO,/96% N,) and kept
in an orbital shaking incubator at 50 rpm at 37 °C. Culture
parasitemia was maintained between 0.2 and 10% and CCM
was changed every 2—3 days.

Growth Inhibition Assays. Treatment of parasites was
conducted using solutions of each drug diluted in CCM to 5X
the highest concentration required for the assay, followed by
twofold serial dilutions. One day prior to assays, parasites were
synchronized at the ring stage by incubating in 5% (w/v) D-
sorbitol for 10 min at room temperature, followed by washing
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twice with warm red cell wash (10 mM sodium phosphate
buffer, 160 mM NaCl, pH 7.4) and adding the cells into fresh
CCM (12 mL) in a new flask. After a further 18—24 h
incubation, the enriched rings developed into synchronized
trophozoites, ready for use in the growth assays. An aliquot (10
uL) of each drug dilution and controls (10 uL CCM) were
gently mixed with the 0.2% parasite culture (40 uL) in
duplicate in a 96-well plate, to create a fivefold dilution of the
drug. Parasites were incubated with the treatments at 37 °C for
48 h in an airtight box filled with a low oxygen gas mixture (1%
0,/3% CO,/96% N,). Cells were subsequently fixed in 1%
(w/v) formaldehyde (1:3 v/v Cytofix (BD Biosciences,
Australia) diluted with phosphate-buffered saline (PBS; 137
mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,)) for at least 24 h at 4 °C.

Parasitemia levels in the fixed cells were determined using
flow cytometry. Fixed cells were washed twice with PBS
containing 1% (w/v) bovine serum albumin (BSA) and stained
with § ug/mL Hoechst 33342 (Life Technologies, Australia) in
1% BSA/PBS for at least 15 min at 4 °C. Fluorescence signals
of stained cells were measured using an LSR Fortessa cell
analyzer (BD Biosciences) with at least 200,000 events (cells)
collected per sample. Percentages of infected cells (i,
parasitemia) were identified and computed using FlowJo
software (BD Biosciences). The ICs, data was determined for
each treatment with Prism (GraphPad Software) using
nonlinear regression of a dose—response curve.
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Chapter 2: Primaquine PDCs as an alternative modality for antimalarial treatment

Concluding Remarks
The published study presented in this chapter highlights the utility of PDCs as promising

alternatives to small molecule drugs for malaria treatment and the outcomes warrant the
continued exploration of antimalarial PDCs. Through the exploration of six PQ-containing
PDCs—with three different linker types (non-cleavable, Fe(ll)-sensitive and reducible disulfide)
and two PDIP analogues—the value of using PDC design to maintain the potency of PQ and
PDIP was realised. Based on the results of this study, we have already extended our PDIP-
based PDCs to include other drug cargoes, including tafenoquine (2.10), artesunate (2.6) and
methotrexate (a DHFR inhibitor that has reported antiplasmodial activity**4%), a project led by
PhD student Caitlin Gare.*® Alternate peptide scaffolds, such as CPPs with limited or no
antiplasmodial activity, were also used in the production of PQ and artesunate PDCs.
Analogous to the study presented in this chapter, the activity of our next generation PDCs was
largely driven by the drug cargo, however, contributions from the peptide component were also
evident as a PDC containing an antiplasmodial peptide scaffold (2.11) was more potent than
PDCs comprising CPPs with limited or no intrinsic activity (2.12 and 2.13) (Figure 2.6).%¢ This
implies that PDCs with a dual mechanism of action may have an advantage over PDCs with a
single mechanism, even if potency enhancements are not realised. While some of our PDCs
induced minor haemolysis at high drug concentrations (> 32 uM), this is in contrast to
previously published PQ-containing PDCs where extensive haemolysis occurred (so no activity
data could be obtained),%®% further indicating the important role of the peptide scaffold and the
requirement for careful design to ensure the mechanisms of the drug and peptide components

are not impaired following conjugation.
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Figure 2.6. Summary of the results from our follow up study of non-cleavable PQ-containing PDCs. The
role of the peptide scaffold was examined by conjugating PQ onto three CPP scaffolds, one with
antiplasmodial activity (PDIP), one with moderate antiplasmodial activity (cR10) and one with no activity
(HRH). For the peptide sequences, the amino acid sites for drug conjugation are bolded and the
cyclisation junctions (either disulfide or amide linkage) are displayed with grey lines. * = amidated
C-terminus; r = D-arginine; X = azidoalanine; K’ = lysine side chain modified with propargyl-PEG1-acid.
Note: ICso values from this study were obtained from a 72 h high-throughput imaging assay against
blood stage parasites.*” Figure adapted from Gare et al.*®
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Since the contribution of the peptide scaffold to overall PDC activity appears to be more subtle
than the contribution from the drug cargo, future mechanistic studies should explore the role
of the peptide. This could be achieved using similar methods to those used to determine the
mechanism of action for PDIP,*" allowing for direct comparison with the PDCs. We are
interested in understanding whether PDIP-based PDCs are still able to lyse the parasite
digestive vacuole with an appended drug cargo, which can be investigated using fluorescence
imaging following treatment of RBCs infected with a P. falciparum strain that expresses a GFP-
tagged enzyme found in the digestive vacuole.*® We also aim to understand the membrane
binding properties of the PDCs by using surface plasmon resonance to analyse their
association to different lipid bilayer models representative of the membranes of the parasite
(anionic),* infected RBCs (anionic)®®®" or uninfected RBCs (neutral).5? This could provide
knowledge about whether the addition of hydrophobic drugs and linkers changes the
preferential binding of PDIP to membranes containing anionic lipid headgroups and therefore
its selectivity for infected cells. Additional insight into the membrane-disruptive properties of
the PDCs can be obtained by measuring leakage of a fluorescent molecule from vesicles

composed of lipids representative of infected or uninfected cells.

Despite the PDIP-PQ PDCs not having additive activity against blood stage parasites, they
may provide the potential benefit of enhanced safety profiles in G6PD deficient individuals. It
may be possible to gain insights into this selectivity by incubating the PDCs and relevant drug
and peptide controls with G6PD deficient RBCs and analysing the cells for markers of
haemotoxicity, such as the formation of methaemoglobin and reactive oxygen species.>® Such
experiments may require the inclusion of human liver microsomes to generate the oxidative
metabolites of PQ (via cytochrome P450 enzymes) that are proposed to be responsible for its
toxicity.?553 If obtaining G6PD deficient blood is challenging, normal RBCs could be pretreated
with a small molecule G6PD inhibitor,>* to mimic deficient RBCs. Ideally, if the PDCs are
selective, limited haemotoxicity towards G6PD deficient cells should be observed for these

treatments relative to PQ.

For the PDIP-PQ PDCs discussed in this chapter, traceless cleavable linkers capable of
releasing unmodified PQ from the peptide were determined to produce the most potent PDCs.
This indicated the importance of the amine moiety of PQ for its activity or that it cannot achieve
its intended mechanism of action while tethered to a peptide. Therefore, the exploration of
alternative cleavable linkers could be useful in the design of future triazole linked, PQ-
containing PDCs. Protease-sensitive linkers including the Val-Cit or Val-Ala dipeptide
sequences could be useful in the context of malaria, as the parasite contains several proteases
involved in haemoglobin degradation (e.g. plasmepsin and falcipain) that could potentially

cleave dipeptide linkers.%® Synthesis of the dipeptide linkers 2.15 could be achieved from
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commercially available 2.14 (Scheme 2.1A), or alternatively by construction on a solid-phase
support as recently described by Ahangarpour et al. (synthetic route not shown).%¢ The acidic
pH of the parasite digestive vacuole'* could also enable investigation of a cleavable linker that
contains an acid-labile hydrazone functional group. A possible synthetic route towards
hydrazone linker 2.18 entails the modification of PQ to contain a ketone handle (2.16) and
subsequent hydrazone formation with Boc-protected hydrazide 2.17 (Scheme 2.1B). It should
be noted that following hydrazone linker cleavage an appendage remains on the drug,® so
modifications to install a ketone moiety onto PQ should be minimal, for example by using
pyruvic acid. In our hands, synthetic efforts towards this linker have not yet been successful
due to hydrazone hydrolysis during purification with flash column chromatography or with
HPLC containing an acidic eluent. Future efforts may benefit from purification with HPLC

containing a basic eluent, such as ammonium bicarbonate.
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Scheme 2.1. Proposed synthetic pathways towards (A) protease-sensitive and (B) acid-sensitive
cleavable linkers that could be utilised in future generations of antimalarial PDCs.

To be useful as antimalarial treatment, PDIP-PQ PDCs should preferably be active against
multiple parasite life cycle stages (see ideal criteria in Section 2.2.1). In our studies, we only
examined the activity of PQ-containing PDCs on asexual blood stage parasites, however, PQ
is active on multiple life cycle stages, including liver and gametocyte forms of the parasite.
Future studies would thus benefit from the exploration of PDC activity against other parasite
stages. To this end, preliminary studies have been initiated into the killing ability of lead non-
cleavable and cleavable PDIP-PQ PDCs, along with PDIP, against gametocyte (McMorran lab,
Australian National University) and mosquito stage (Sutherland lab, London School of Hygiene

and Tropical Medicine) parasites (Figure 2.7A).
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Figure 2.7. Optimisation of PDIP-PQ PDCs required for enhanced practicality of this modality for
antimalarial treatments. (A) Exploration of the killing ability of PDIP-PQ PDCs against other parasite life
cycle stages. (B) Priorities for the design of future generations of PDIP-PQ PDCs that are more
affordable and stable.

Alongside targeting multiple parasite stages, PDIP-PQ PDCs will need to be affordable, stable
during transport and easy to administer, to be a feasible approach for malaria treatment in low-
income countries. With our proof-of-principle studies suggesting that PDCs are a viable way
to kill Plasmodium parasites, future PDC optimisation should aim to enhance their practicality
as antimalarial treatments (Figure 2.7B). Peptide scaffolds that are composed of only
proteinogenic amino acids can be produced by cheaper chemical synthesis and recombinant
expression methods, so should be prioritised in subsequent generations of PDCs. This will
require a conjugation strategy that utilises a proteinogenic amino acid. The preliminary
development of a PDC containing a backbone cyclised PDIP analogue with a single cysteine
conjugated to PQ via a disulfide bond supports the potential for more affordable future synthetic
routes. Peptide backbone macrocyclisation, which is thought to enhance stability, can be
achieved in biological systems using asparaginyl endopeptidase enzymes,®® potentially
enabling the production of cyclic PDIP analogues via biosynthetic methods. Additional cost
reductions could be achieved if drug cargoes are conjugated in a way that does not hinder
their mechanism of action, as then cleavable linkers with extensive syntheses can be avoided.
Alternatively, cargoes that are inherently cleavable can be utilised,* such as artesunate (2.6),
a prodrug that contains an ester linkage labile to esterases.*® Finally, improved stability of the
PDIP scaffold® and linkers will be important to prolong PDC stability during circulation but also
will be essential for successful storage and distribution without refrigeration. It is likely that a
non-cleavable linkage will provide better stability compared to a cleavable linker, so future
PDCs should prioritise modifications on PQ for conjugation that do not impede on its activity

when tethered to the peptide.

With many avenues for further studies, PDIP-PQ PDCs are promising alternatives to traditional
antimalarial drugs. Altogether, our initial and follow up studies on antimalarial PDCs
demonstrate that PDCs with a dual mechanism of bioactivity and targeted delivery of drugs to

infected RBCs could be a promising approach which renews interest in drugs with resistance
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or toxicity issues. The future experiments outlined in this section could provide greater

understanding of the mechanism of antimalarial PDCs and provide insight into the broader

applicability of PDCs as antimalarial drugs.
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Introduction

Drug conjugate development began as an important alternative to traditional chemotherapy
drugs for the treatment of cancer. Cancer encompasses a collection of diseases caused by
uncontrolled proliferation of cells that have acquired changes which provide an abnormal
growth advantage.’ As a result, many conventional chemotherapeutics target rapidly dividing
cells, however, this also kills healthy proliferative cells, leading to patient side effects.?
Therefore, drug conjugates are suited to cancer treatment because cytotoxic
chemotherapeutics can be directly targeted to cancer cells, thereby minimising their interaction
with healthy tissues. As many ADCs and PDCs have been developed with the aim of safely
delivering non-selective cytotoxic drug cargoes, we were interested to explore the ability of our
cell-penetrating, anticancer peptide PDIP as a delivery vehicle to potentially improve the safety

of the cytotoxic drug camptothecin.

3.1 Factors limiting the clinical use of camptothecin
Camptothecin (CPT, 3.1) is an alkaloid natural product that was originally isolated from the

bark of the Camptotheca accuminata tree.? It has a unique anticancer mechanism of action
that involves the poisoning of topoisomerase |, an enzyme that relaxes supercoiled DNA during
replication and transcription.#% Inhibition of this enzyme causes an accumulation of DNA
damage which ultimately results in cell death. Unfortunately, treatment with CPT is limited due
to severe systemic toxicity.® While the lactone moiety in the CPT E-ring is important for its
binding to topoisomerase 1,72 at physiological (and basic) pH this pharmacophore is converted
via hydrolysis into an inactive carboxylate species (3.2, Figure 3.1), which is thought to
contribute to the non-specific toxicity of CPT. Furthermore, CPT (lactone form) is insoluble in
many biologically relevant solvents. These three factors—off-target toxicity, instability of the
lactone and poor solubility—have prevented the clinical use of CPT.®

basic
conditions

acidic
conditions

3.2
inactive

Figure 3.1. The structure of camptothecin (CPT, 3.1) and the inactive carboxylate form present at
physiological pH (and basic pH). The lactone form is favoured under acidic conditions.

3.1.1 Improving the safety of camptothecin
In an effort to improve on the aforementioned limitations, many structural derivatives have

been developed, ultimately resulting in three clinically approved CPT analogues—irinotecan
(3.3), topotecan (3.4) and belotecan? (3.5) (Figure 3.2A).%'° Alternatively, utilising CPT as the

drug cargo in a drug conjugate has emerged as a viable method to enhance CPT selectivity

2 Belotecan is only approved for clinical use in South Korea.

55



Chapter 3: Camptothecin PDCs — a case study towards reducing anticancer drug toxicity

and improve its safety profile. This is exemplified by the recent approval of trastuzumab
deruxtecan 3.6 (Enhertu®) and commencement of clinical trials for raludotatug deruxtecan
(developed by Merck), both of which are ADCs that contain a CPT derivative payload (Figure
3.2B)."12 The interest in peptide targeting vehicles as an alternative to expensive antibodies
has motivated the exploration of PDCs for CPT-based therapies.'® While multiple studies of
CPT-containing PDCs have utilised cell-targeting peptides as the peptide partner, relatively

few have explored the utility of cell-penetrating peptides (CPPs).'415

(A)

Irinotecan Belotecan
3.3 3.5
(B)
o

SN N NI 0
N N N o/\f
% d 5 H H H N

o camptothecin

derivative

O (exatecan)

Trastuzumab deruxtecan
3.6 F

Figure 3.2. (A) The structures of three approved CPT derivatives. (B) The structure of trastuzumab
deruxtecan, an approved ADC containing a camptothecin derivative payload.

Previous CPT-containing PDCs with CPPs have employed cationic amphipathic peptides
including a cyclic peptide with alternating tryptophan and arginine residues ([W(WR)4K])'41
and a linear antimicrobial peptide derived from a wasp venom toxin (KM8-Aib) (Table 3.1)."®
As these scaffolds were shown to be suitable for the production of active CPT PDCs, we
postulated that the cell-penetrating peptide PDIP could also be a viable alternative scaffold to
deliver CPT to cancer cells. With the demonstrated ability of PDIP to selectively enter and kill
cells of melanoma—a deadly form of skin cancer—we explored the suitability of PDIP-CPT

PDCs as a melanoma treatment.”
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Table 3.1. Examples of cell-penetrating peptide scaffolds utilised in previous CPT-containing PDCs
within the literature.

Entry Peptide Name/Sequence Notes Ref.
1 [W(WR)«K]: « Peptide scaffold with no antitumour activity'8 El-Sayed
c[WRWRWRWRWK] « Disulfide-reducible PDC more potent than a PDC with ~ ét al- (14)

a pH-labile carbonate linker
¢ Drug conjugated onto lysine side chain

2 KM8-Aib: o Peptide scaffold with low micromolar antitumour activity ~Zhang
KLLKKNLKXLAALAKKIL* « All 8 PDCs contained a disulfide-reducible linker etal. (15)
o Peptide modified to incorporate cysteine onto the N- or

C-terminus, to allow for drug conjugation onto cysteine
side chain

c[ ] = backbone cyclised, X = 2-aminoisobutyric acid (Aib), * = C-terminal amide.

3.2 Informed PDIP-based PDC design

The design insights obtained from the PDIP-PQ PDC studies presented in Chapter 2 were
used to inform the construction of PDIP-CPT PDCs. Cleavable linkers that could release PQ
from the peptide were deemed to be important for PQ to carry out its mechanism of action,
which likely extends to any drug whose mechanism is impeded by conjugation to a peptide.
As CPT has an intranuclear enzyme target, it likely cannot localise in the nucleus while tethered
to a peptide. Furthermore, previous studies of CPT-containing PDCs with CPP scaffolds
highlighted the benefit of a disulfide-reducible cleavable linker to retain the potency of CPT
(Table 3.1).''5 The maijority of PDIP-CPT PDCs were thus designed to contain a cleavable
linker—including disulfide-reducible and protease-cleavable linkers—with one non-cleavable

PDC constructed for comparison.

The conjugation site on PDIP was also determined to be important for maintaining the activity
of PDIP-based PDCs. The PDIP analogue that contained an azide conjugation handle in the
spacer region between the two a-helices resulted in more active PDCs, compared to an
analogue with an N-terminal conjugation handle. As such, only the former azide-modified PDIP
analogue was used for CPT-containing PDCs. The promising activity observed in Chapter 2
for a PDC containing a backbone cyclised PDIP analogue that comprised a single cysteine
residue for conjugation, prompted exploration of a similar PDIP analogue in this study, in which

the drug was appended using an alternative conjugation strategy to azide—alkyne cycloaddition.

This chapter, presented as a published manuscript,'® outlines the design and synthesis of
PDIP-CPT PDCs and their subsequent biological evaluation against a melanoma cell line.
Through cytotoxicity screening, membrane permeability studies and analysis of cellular uptake,
valuable insights into the distinct roles of the peptide, linker and drug components were gained.
PDC design was established as a crucial requirement for maintaining the selective properties
of the PDIP scaffold.
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ABSTRACT

Drug targeting strategies, such as peptide-drug conjugates (PDCs), have arisen to combat the issue of off-target toxicity that
is commonly associated with chemotherapeutic small molecule drugs. Here we investigated the ability of PDCs comprising a
human protein-derived cell-penetrating peptide—platelet factor 4-derived internalization peptide (PDIP)—as a targeting strat-
egy to improve the selectivity of camptothecin (CPT), a topoisomerase I inhibitor that suffers from off-target toxicity. The intra-
nuclear target of CPT allowed exploration of PDC design features required for optimal potency. A suite of PDCs with various
structural characteristics, including alternative conjugation strategies (such as azide-alkyne cycloaddition and disulfide conju-
gation) and linker types (non-cleavable or cleavable), were synthesized and investigated for their anticancer activity. Membrane
permeability and cytotoxicity studies revealed that intact PDIP-CPT PDCs can cross membranes, and that PDCs with disulfide-
and protease-cleavable linkers liberated free CPT and killed melanoma cells with nanomolar potency. However, selectivity of
the PDIP carrier peptide for melanoma compared to noncancerous epidermal cells was not maintained for the PDCs. This study
emphasizes the distinct role of the peptide, linker, and drug for optimal PDC activity and highlights the need to carefully match
components when assembling PDCs as targeted therapies.

1 | Introduction the disease, but new therapies and treatment approaches will

be required to address increasing cancer incidence (Rizvi
Cancer poses a serious global health burden, with nearly 20 mil- et al. 2024). Many chemotherapeutic agents target rapidly di-
lion new cases and 10 million deaths worldwide in 2022—statis- viding cells, resulting in systemic toxicity against healthy pro-
tics that are expected to increase in the coming decades (Ferlay  liferative cells. This manifests as patient side effects, a hallmark
et al. 2024; TARC 2024). Surgery, chemotherapy, radiotherapy, of small molecule anticancer treatments (Hoppenz, Els-Heind],
and immunotherapy are the conventional methods for treating and Beck-Sickinger 2020).
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Camptothecin (CPT), originally isolated from the bark of the
Camptotheca accuminata tree, is an alkaloid with antitumor
activity against diverse cancer types (Botella and Rivero-
Buceta 2017; Wall et al. 1966). Its mechanism of action in-
volves inhibition of topoisomerase I, an enzyme that relaxes
supercoiled DNA during replication and transcription, lead-
ing to DNA damage and cell apoptosis (Chen and Liu 1994;
Pommier 2006). Unfortunately, the clinical use of CPT has
been hindered by off-target toxicity, poor solubility of its rigid
fused-ring system and instability of the lactone moiety—
which produces an inactive carboxylate species after hydroly-
sis at physiological pH (Botella and Rivero-Buceta 2017). With
these limitations in mind, a variety of CPT derivatives with
structural modifications have been developed over the last few
decades, ultimately resulting in three clinically approved an-
alogues—irinotecan, topotecan, and belotecan (Venditto and
Simanek 2010; Wang et al. 2023).

Recent research has examined alternative methods of improv-
ing CPT safety, for example by attaching the drug onto a cancer
cell targeting device—such as an antibody (Conilh et al. 2023)
or peptide (Fang and Wang 2022; Rizvi et al. 2024)—or by
utilizing self-assembling nanostructures (Botella and Rivero-
Buceta 2017) as drug carriers. The approval of trastuzumab
deruxtecan (Enhertu®) in 2019, an antibody-drug conju-
gate (ADC) containing a CPT derivative payload attached to
an anti-HER2 monoclonal antibody (Ogitani et al. 2016; Xu
et al. 2019), highlighted targeted drug delivery as a promis-
ing treatment approach for improving CPT safety. Although
ADCs have the advantage of reducing the side effects of cyto-
toxic drugs, they are costly to produce, can have limited tumor
penetration and can induce an immune response. Due to their
smaller size, peptide-drug conjugates (PDCs) are often able to
overcome the limitations of ADCs, while maintaining selec-
tivity for specific intracellular targets (Wang et al. 2018, 2024).
In a PDC approach, CPT has been paired with cell-penetrating
(El-Sayed et al. 2019; Zhang et al. 2023) and cell-targeting

(Fuselier et al. 2003; Henne et al. 2006; Hou et al. 2022; Moody
et al. 2004; Redko et al. 2017; Sun, Fuselier, and Coy 2004;
Zhou et al. 2020, 2021, 2022;) peptides, with continued inter-
est in the exploration of peptide scaffolds that utilize diverse
drug delivery mechanisms.

We previously designed a human protein-derived -cell-
penetrating peptide (CPP) capable of delivering cargo into
diseased cells via direct translocation across the plasma mem-
brane (Lawrence et al. 2020; Palombi et al. 2023; Philippe
et al. 2021). The peptide, platelet factor 4-derived internaliza-
tion peptide (PDIP; see Figure 1 for sequence), is a structural
mimic of the amphipathic C-terminal domain from the human
defense protein platelet factor 4. PDIP comprises an alpha-
helical hairpin structure that is cyclized via a disulfide bond.
Along with having CPP properties, it has low micromolar
anticancer activity (Lawrence et al. 2020). In melanoma and
leukemia cancer cells, this activity is attributed to disruption
and impairment of the function of mitochondrial membranes.
Furthermore, PDIP can selectively interact with and traverse
negatively charged membranes, a property conferred by the
cationic residues within its two helical domains (Lawrence
et al. 2020). The exposure of anionic phosphatidylserine (PS)
lipid headgroups on the surface of cancer cell membranes
(Vallabhapurapu et al. 2015) provides a unique opportunity
for the selective entry of a cationic CPP into cancer cells.
Comparatively, healthy cells have neutrally charged outer
membranes, due to PS lipids being maintained in the inner
leaflet by flippase enzymes (Nagata et al. 2016; Seigneuret and
Devaux 1984). Thus, a PDIP-containing PDC could provide in-
tracellular delivery of cytotoxic drugs into negatively charged
cancer cells, while preventing interaction of the drug with
healthy tissues.

PDIP has been shown to act as a tool to deliver peptide cargos
into cancer cells (Lawrence et al. 2020; Philippe et al. 2021),
but here we investigated its ability to selectively deliver a small

Peptide scaffolds

fo) conjugation

%o ‘)/ site

PDIP-CPT conjugate s

PDIP

incorporation HS
of conjugation
handles
s‘
S
PDIP-Az cPDIP
1 2

PDIP: GCGGPLYKKIIKKLLES GGSGGAPLYKKIIKKLCES*

PDIP-Az 1: GCGGPLYKKIIKKLLES GGXGGAPLYKKIIKKLCES*

cPDIP 2: c[GGSGGAPLYKKIIKKLLES GGCGGAPLYKKIIKKLLES]

Linker strategies

(o] [e]

CPT., J\/\)\

no cleavage site disulfide linker

cleavable under reducing conditions

LN NN SN

o]

CPT\O)]\
\n/\N

dipeptide linker
cleavable by cathepsin B

FIGURE1 | The proposed characteristics varied to generate a suite of PDIP-CPT PDCs, including the peptide conjugation handle and linker type

(colored pink). For cleavable linkers, the cleavage site is indicated with a dotted black line. For the peptide sequences, disulfide bonds are indicated

with a grey line and the residues in the spacer region are colored teal; c[ ] =backbone cyclized; X =azidoalanine; *amidated C-terminus.

20f 10

Chemical Biology & Drug%ign, 2025

85US017 SUOWILIOD BA1TE1D) 8[cedl|dde 8Ly Ag peusenob a2 sajole YO 8sN JO SaInJ 10} AIq1T 8UIUQ AB|IM UO (SUOIPUCD-PUE-SWSIAL0 A8 | Im Ake.q 1 pul|uo//:Sdy) SUONIPUOD pue SWs | 8U1 89S *[6202/T0/TE] Uo ArigiTauliuo A|IM ‘[10UN0D Yolesssy [BIIRBIN PUY UHESH [euotieN AQ TS00L PPAO/TTTT OT/I0p/woo A 1M Atelq jput|uo//sdny woly pepeojumoq ‘T 'S20z 'S820L1.T



molecule anticancer drug. CPT was identified as a model drug
because its potent toxicity could be used to distinguish pep-
tide versus drug cargo activity of PDCs against diseased cells,
and its intranuclear target could be used to probe the require-
ment for release of CPT from the PDC. We hypothesized that
PDIP-CPT PDCs could improve the selectivity of the small
molecule drug, and would likely require intracellular release
of CPT from PDIP to allow CPT to inhibit topoisomerase I.
Accordingly, we synthesized four PDIP-CPT PDCs, incorpo-
rating distinct conjugation strategies and the ability to liberate
the CPT drug cargo via reductive or enzymatic cleavage, with
the aim of understanding how PDC components and design
features influence biological activity, membrane permeabil-
ity, and cellular uptake. This work demonstrates that PDIP-
CPT conjugates can cross membranes and kill melanoma cells
with nanomolar potency when a traceless cleavable linker is
included in the PDC design. However, selectivity of the PDIP
carrier peptide for melanoma compared to noncancerous
cells was not maintained for the CPT-containing PDCs. The
insights provided by this study highlight the distinct roles of
the peptide, linker, and drug components and emphasize that
PDC design is crucial for a successful targeted therapeutic
approach.

2 | Results and Discussion
2.1 | Design of PDIP-CPT Conjugates

A modular strategy for PDC synthesis was utilized to probe how
specific components and design characteristics influence po-
tency. Two PDIP analogues with different conjugation handles
were proposed to understand the role of the peptide scaffold.
The sequences and schematic representations of the peptide
structures are shown in Figure 1 and they were synthesized as
previously described (Lawrence et al. 2020; Palombi et al. 2023).
The first analogue, PDIP-Az (1), is similar to the parent peptide
(PDIP) as it is cyclized via a disulfide bond. It contains an azide
handle in the spacer region between the two helices, primed
for drug conjugation via azide-alkyne cycloaddition chemistry.
The second analogue is a backbone cyclized variant containing
only proteinogenic amino acids, herein referred to as cPDIP
(2), providing a scaffold that does not require incorporation of
bioorthogonal functionalities, such as an azide. The single cys-
teine residue in the spacer region enables macrocyclization via
native chemical ligation during synthesis (Dawson et al. 1994),
while also providing a reactive handle for downstream drug
conjugation.

CPT-linker constructs were designed to contain either an
alkyne or activated disulfide moiety for PDC formation with
the two PDIP analogues. Three alternative linkers, encom-
passing the region between CPT and the peptide, were pro-
posed to identify whether CPT release is required to provide
potent PDCs (Figure 1). A non-cleavable linker is straightfor-
ward to install so is beneficial if drug and/or peptide activity is
maintained following PDC construction. However, it is possi-
ble that this irreversible modification might prevent CPT from
reaching or inhibiting topoisomerase I in the nucleus, requir-
ing a linker that allows for traceless release of CPT from PDIP.
Accordingly, two self-immolative linkers were envisioned

(Edupuganti, Tyndall, and Gamble 2021), bearing either a di-
sulfide linkage that is reducible by intracellular glutathione
(Henne et al. 2006; Kularatne et al. 2010) or a dipeptide moi-
ety that is cleavable by the protease cathepsin B (Dubowchik
et al. 2002) (Figure 1).

2.2 | Modification of CPT With Cleavable
or Non-Cleavable Linkers and PDC Synthesis

The construction of PDIP-CPT PDCs first required modifica-
tion of CPT to install the linkers and handles necessary for
conjugation to peptides 1 and 2. The hydroxyl group of CPT
was chosen as an ideal site for linker attachment because
modifications such as alkylation or acylation at this position
are accessible and have been shown to improve stability of
the lactone (Venditto and Simanek 2010; Zhao et al. 2000).
CPT was thus modified at the tertiary alcohol to install a non-
cleavable linker by reacting it with 5-hexynoic acid, in the
presence of the coupling reagent EDCeHCI, to produce 3 in
40% yield (Scheme 1A).

The synthesis of CPT with a cleavable disulfide linker began
with treatment of HOBt-activated compound 4 (Kularatne
et al. 2010) with CPT under basic conditions and in the pres-
ence of DMAP, forming carbonate 5 in 26% yield (Scheme 1B).
Compound 5 served the dual purpose of providing an acti-
vated disulfide for conjugation to thiol-containing cPDIP (2)
and a viable precursor to a second disulfide linker containing
an alkyne handle for conjugation to PDIP-Az (1). To accom-
plish the latter objective, activated disulfide 5 was reacted
with thiol-containing DBCO analogue 7, following the acidic
deprotection of methyltrityl-protected precursor 6. Disulfide
exchange under mildly basic conditions (pHS8) afforded
CPT-linker construct 8 (28% yield over two steps) (Palombi
et al. 2023).

The construction of a protease-sensitive linker first involved
installation of CPT onto commercially available Boc-Val-Cit-
PAB-PNP (9) via a carbonate linkage (Scheme 1C). Removal of
the Boc group on 10 allowed for subsequent amide formation at
the deprotected amine with propargyl-PEGI1-acid, aided by the
coupling reagent T3P®, providing alkyne-containing CPT-linker
construct 11 (46% yield over two steps).

With CPT-linker constructs in hand (3, 5, 8, and 11), four water
soluble PDCs were synthesized, the structures and yields of
which are displayed in Figure 2 (see Supporting Information
for analytical traces confirming product identity and purity).
Two of these PDCs (12, 13) were generated via a copper(I)-
catalyzed azide—alkyne cycloaddition (CuAAC) (Rostovtsev
et al. 2002; Tornee, Christensen, and Meldal 2002) reaction em-
ploying CuSO,, sodium ascorbate, and the water-soluble ligand
tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) (Hong
et al. 2009). PDC 12 contains a non-cleavable linker, formed by
reacting terminal alkyne 3 with PDIP-Az (1), and PDC 13 con-
tains a protease-sensitive linker, produced instead by reacting
linker construct 11 with PDIP-Az (1). Finally, two PDCs with a
reducible disulfide linker were prepared, with each of the PDIP
scaffold peptides. PDC 14 was generated via strain-promoted
azide—alkyne cycloaddition (SPAAC) (Agard, Prescher, and
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SCHEME 1 | Modification of CPT to produce constructs with (A) a non-cleavable linker, (B) a disulfide-cleavable linker, and (C) a cathepsin B

protease-sensitive linker.

Bertozzi 2004) between cyclooctyne 8 and PDIP-Az (1), to avoid
the use of copper and excess reducing agents—which are re-
quired for CuAAC—in the presence of the disulfide-cleavable
functionality. In an alternative approach, PDC 15 was prepared
by reacting reduced cPDIP (2) with the activated disulfide 5
allowing for disulfide exchange under mildly basic conditions

(pH8).

2.3 | Cytotoxicity and Hemolytic Activity
of PDIP-CPT Conjugates

PDIP is a membrane-active CPP that has been shown to have
low micromolar activity toward a melanoma cell line, with se-
lectivity over noncancerous skin cells (Lawrence et al. 2020).
Thus, the in vitro cytotoxicity of the four PDIP-CPT conjugates
was analyzed against melanoma (HT144) and noncancerous
(HacCaT) cell lines. Cytotoxic activity of the PDCs was com-
pared to the activity of CPT and the scaffold peptides—PDIP
and c[A]PDIP—where the latter is a desulfurized variant of
cPDIP (2) (see Supporting Information for synthetic details),
produced to prevent dimerization of cPDIP via disulfide

bonds formed between the sulfhydryl groups in physiological
solutions.

2.3.1 | CPT Release From PDCs Is Required
for Anticancer Activity

Cytotoxicity testing of the four PDCs against the HT144 mela-
noma cell line, where cells were incubated with the treatments
for 72h, revealed nanomolar or low micromolar half maximal
cytotoxicity concentration (CC,,) values for the three cleavable
PDCs13 (1.21 uM), 14 (0.44 uM), and 15 (0.36 uM) (Figure 3A,D).
In contrast, the non-cleavable PDC 12 had no activity in the
concentration range tested (16nM—2uM), supporting our hy-
pothesis that release of CPT from PDIP is required before the
drug can inhibit its intranuclear target, topoisomerase I. Finally,
treatment of the melanoma cells with an equimolar mixture of
unconjugated CPT and PDIP resulted in similar activity to CPT
itself, indicating that while PDIP does not appear to enhance the
activity of CPT, it probably does not interfere with the mecha-
nism of action of the free drug or its ability to interact with to-
poisomerase I.
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FIGURE 2 | (A) General scheme and conditions for PDC synthesis. (B) Structures and yields of the four PDCs. The yields were determined
using the molecular weight of the TFA salt, assuming all basic residues, the terminal amine (if present) and the quinoline moiety within CPT are

protonated.

2.3.2 | PDC Potency Is Cargo Driven But Non-Selective

The cleavable PDCs (13-15) had similar levels of cytotoxicity
toward the melanoma cell line as CPT alone (CC,,=0.38 uM),
especially the conjugates with disulfide linkers (14-15)
(Figure 3A,D). Comparatively, the two peptides were less potent
(PDIP CC,,=4.83uM; c[A]PDIP CC, =9.35uM), suggesting
that CPT is the main component contributing to PDC activ-
ity at sublethal peptide concentrations. To further investigate
whether the CPT cargo drives PDC potency, activity was exam-
ined following a shorter incubation time (24 h) but with the same
concentration range (16nM to 2uM) where the PDCs but not
PDIP were shown to be active after 72h incubation (Figure 3A,
Supporting Information, Figure S1). The absence of activity ob-
served for CPT and the PDCs at concentrations below the effec-
tive range for PDIP and c[A]PDIP, and at a time point (24 h) that
was too short to detect CPT toxicity (Supporting Information,
Figure S1), confirms that the observed activity of PDCs at 72h
was driven by the CPT cargo. Comparison of PDIP and c[A]
PDIP activity at concentrations up to 32uM revealed similar
activity ranges at both 24 h (Supporting Information, Figure S1)
and 72h (Figure 3A,D), which agrees with our previous obser-
vations of the rapid action of PDIP analogues against melanoma
cells (Lawrence et al. 2020).

Although displaying favorable activity against the melanoma
cell line, the cleavable PDCs (13-15) had similar toxicity against
the control, noncancerous cell line (HaCaT) at nanomolar to
low micromolar concentrations (Figure 3B,D). This was an un-
expected result because PDIP and c[A|PDIP have CC,,>32uM

toward HaCaT cells. Therefore, it is possible that the addition of a
hydrophobic drug and linker to the cationic peptide reduced the
selectivity of PDIP for the anionic membranes present in cancer
cells (see Supporting Information, Table S1, for relative hydro-
phobicity of PDIP and PDCs). However, since CPT itself is cell
permeable, we cannot rule out the possibility that the observed
toxicity resulted from gradual extracellular cleavage or degra-
dation of PDCs 13-15 before cell internalization (Balamkundu
and Liu 2023; Lei et al. 2021). Cleavable PDC 15 with the cPDIP
scaffold was the most toxic PDC (CC,,=84nM against HaCaT,
Figure 3B), suggesting that constraining the peptide via back-
bone cyclization may alter the interactions of charged and hy-
drophobic residues with membrane phospholipids required for
selective cell entry.

To determine whether the PDCs showed toxicity toward cells
with neutral membranes that were not immortalized for con-
tinuous culture, hemolysis assays were conducted with human
RBCs (Figure 3C,D). The four PDCs (12-15) and CPT did not
lyse RBCs within the same concentration range that they were
active against the cell lines (1I6nM—2uM). PDIP displayed
some hemolytic activity at the top concentration tested, with a
minimal hemolytic concentration (HC,,) of ~32uM, whereas
the control hemolytic peptide, melittin (Asthana, Yadav, and
Ghosh 2004), had a HC,, of 1.8uM and completely lysed the
RBCs at 8 uM. Nevertheless, the lack of selectivity against a non-
cancerous cell line accentuates the importance of careful conju-
gate design to ensure that overall changes in the physiochemical
properties (e.g., increased hydrophobicity) of the PDC compared
to the peptide do not affect the safety window. Preserving the
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FIGURE3 | (A)and (B) Cytotoxicity of PDCs, CPT, and peptides against cultured HT144 (melanoma) and HaCaT (noncancerous) cells, following
incubation for 72h. Cell death was measured using resazurin, with 0.1% (v/v) Triton X-100 as a control for 100% cell death. Data points are expressed

as mean + SD for at least two biological replicates. Dose response curves were fitted using [inhibitor] versus response with variable slope, Graphpad
Prism v10. (C) Hemolysis of human RBCs (0.25% v/v) following incubation with PDCs, CPT, and peptides for 72h. RBC lysis was determined by
measuring released hemoglobin, with 0.1% (v/v) Triton X-100 as a control for 100% cell lysis. Melittin was included as a membranolytic control. Data

points are expressed as mean = SD for two technical replicates. Dose response curves were fitted using [inhibitor| versus response with variable slope,

Graphpad Prism v10. (D) Half maximal cytotoxicity concentration (CC,,) and minimal hemolytic concentration (HC, ) values of PDCs, CPT, and pep-

tides. CC, values are expressed as mean (SEM). The legend applies to all three graphs. c[A]PDIP is a desulfurized variant of cPDIP 2 (see Table SI)

to prevent the presence of free thiol during assays. n.d., not determined.

selectivity of PDIP for diseased cells over noncancerous cells
after drug attachment is a high priority for future PDC design.

2.4 | Membrane Permeability and Cell Uptake
and Fate of PDIP-CPT Conjugates

Membrane permeability, cellular uptake, and intracellular liber-
ation of CPT were investigated alongside the cytotoxicity studies
to provide an understanding of how PDC design influences com-
pound internalization and potency.

2.4.1 | PDCs Are Membrane Permeable
and Remain Intact

To determine whether intact peptides and PDCs could cross
membranes, we used the parallel artificial membrane perme-
ability assay (PAMPA) to report apparent permeability (Papp)
because of passive movement through membranes, and mass
spectrometric analysis of peptides and PDCs recovered from
treated and washed HT144 cells to report on internalized com-
pounds (passive or active transport). It should be noted that the
latter method detects any sample that is associated with the har-
vested cells so can include both membrane-associated and inter-
nalized compounds. Graphical representations of each assay are
provided in Figure 4.

For the first assay, the PDCs (12-15), scaffold peptides and
CPT (4uM) were added to the apical side of PAMPA monolay-
ers and incubated for 4h. Analysis of the apical and basolat-
eral sides of the membrane using liquid chromatography-mass

spectrometry (LC-MS) revealed the Papp (movement from
apical to basolateral fractions) and % recovery (amount of re-
covered sample in combined soluble fractions) for each com-
pound (Figure 4A). PDIP, CPT, and PDCs 12 and 14 had high
permeability (Papp >2x10"%cm/s), highlighting that these
PDCs maintain membrane permeability with the CPT cargo
attached. However, both PDCs 12 and 14 had diminished re-
covery rates (58% and 33%, respectively) compared to CPT and
PDIP (>90%), suggesting that some membrane association
or compound aggregation occurred during the assay. PDC 15
was less permeable (Papp ~9x 1077 cm/s), consistent with the
lower permeability of the cyclic scaffold peptide c[A]PDIP
(Papp ~4x1077cm/s). Furthermore, PDC 15 and c[A]PDIP had
reduced recovery from the soluble fractions (40% and 34%, re-
spectively), suggesting aggregation or membrane association
during the assay. Reliable permeability data were not obtained
for PDC 13 because of poor recovery of the PDC from soluble
fractions, and degradation during the 4h PAMPA experiment.
Analysis of the degradation products revealed possible hydro-
lysis of 13 at the benzyl carbonate linkage, releasing CPT and
CO, from the dipeptide linker (see Supporting Information,
Scheme S1). Negligible degradation was observed for the other
two PDCs containing a carbonate linkage (14 and 15); these
are probably more stable as the alkyl alcohol liberated upon
carbonate hydrolysis is a poorer leaving group than the ben-
zyl alcohol liberated from PDC 13. Instability of the carbonate
linkage within CPT conjugates containing a dipeptide linker
has been previously reported (Walker et al. 2002), highlighting
the potential incompatibility of this drug-linker combination
for CPT PDCs. Considering the observed degradation of 13 in
the cell-free assay, it is also possible that extracellular degrada-
tion occurred during the cytotoxicity assays.
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FIGURE4 | (A)Membrane permeability and cellular uptake of PDCs, scaffold peptides, and CPT. Compounds were added to PAMPA wells (4 uM)
and incubated for 4h. Supernatant from apical and basolateral sides of the membrane were collected and analyzed using LC-MS. The amount in
the combined soluble fractions was compared to the starting amount to determine % recovery, and the apparent permeability (Papp) was calculated
as before (Sevin et al. 2013). Data is expressed as mean + SD from a single experiment with three technical replicates. (B) Internalization/cell mem-
brane association of PDCs 12-14 and PDIP with HT144 cells. Cells were treated with PDIP or PDCs (4uM) for 1 h, washed to remove extracellular
compound, then extracted with 75% (v/v) MeCN in mQH, O (containing 1.75% (v/v) TFA), to recover soluble peptide or PDC from precipitated cell
proteins. The relative amount of internalized peptide or PDC was determined by integrating area under the curve (AUC) for the [M + 6H]°* m/z peak
(for the intact mass) using time of flight-mass spectrometry (see Figure S2). The amount of internalized compound was compared to the AUC pres-
ent when 4uM of each analogue was added to untreated cells after addition of the extraction solution, to determine the percentage of internalized
compound. Data is expressed as mean =+ SD from a single experiment with three technical replicates for each treatment and control and was analyzed
with ANOVA (Tukey multiple comparisons; **p <0.01, *p <0.05). (C) Detection of intracellular CPT following 6 h treatment of HT144 cells with CPT
and PDCs 12 and 14. Cells were treated with CPT, 12 or 14 (4 uM) for 6 h, washed to remove extracellular compound, and the relative amount of CPT
was compared by determining AUC from targeted multiple reaction monitoring using tandem mass spectrometry (see Figure S3). Data is expressed
as mean =+ SD from a single experiment with three technical replicates for each treatment and was analyzed with ANOVA (Fisher multiple paired

comparisons; **p <0.01, *p <0.05).

Representative cleavable (13-14) and non-cleavable (12) PDCs,
along with PDIP, were next examined to understand whether
intact PDCs could be detected in HT144 cell extracts. Cells
were treated with each compound (4 uM) for 1h, followed by
mass spectrometric analysis of washed and harvested cells.
The area under the curve (AUC) values for each sample were
compared to controls (untreated cells with compounds added
post harvesting) to determine the total recovered PDC or pep-
tide (see Supporting Information, Figure S2). A 1h time point
was chosen because it has been shown that PDIP enters cells
within this time frame (Lawrence et al. 2020), and the concen-
tration used to provide adequate detection (4 uM) is within the
expected membrane-active concentration range. The amount
of recovered intact conjugate after 1h for PDCs 12 (33%), 13
(29%), and 14 (23%) was significantly greater than that of the
PDIP scaffold (9%) (Figure 4B), indicating rapid internaliza-
tion and/or cell membrane association that may be aided by
addition of the drug and linker to the peptide. This observed
increase for the PDCs in the cell-based assay was not consis-
tent with the Papp determined from PAMPA. It is possible
that active transport mechanisms contributed to PDC entry
into the HT144 cells, but it is also likely that a proportion of
the PDCs remained associated with cell membranes, which is

consistent with the lower amounts recovered from the soluble
fractions in the PAMPA experiment.

2.4.2 | Cleavable PDC 14 Releases CPT

To determine whether the CPT drug cargo is liberated from
PDCs once inside melanoma cells, the amount of intracellular
CPT was determined via tandem mass spectrometry. HT144
cells were treated with either CPT, the non-cleavable PDC 12 or
the disulfide-cleavable PDC 14 for 6h—a time point expected
to allow for some linker cleavage on the basis of our previous
work on disulfide linker fragmentation from PDIP conjugates
(Palombi et al. 2023)—followed by the detection of relative
amounts of CPT inside cells that had been washed and ex-
tracted as above (see Supporting Information, Figure S3). CPT
was observed in the extract of HT144 cells treated with the
disulfide-cleavable PDC 14 (Figure 4C), suggesting that some
intracellular cleavage had occurred within this time frame to
release CPT from the PDIP carrier. In comparison, negligible
amounts of CPT were detected for cells treated with the non-
cleavable PDC 12 (Figure 4C), indicating that the ester linkage
to the drug is not hydrolyzed during this time frame (e.g., by
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intracellular esterases), in contrast to other reported potent
non-cleavable CPT conjugates (Hou et al. 2022). Since intact 12
was observed to cross membranes and enter cells (Figure 4A,B),
the lack of activity for this PDC is likely not explained by the
PDC being unable to enter the cell but rather by the inability for
CPT to access its intranuclear target while tethered to a peptide.

Altogether, the permeability and uptake assays demonstrate
that PDCs 12 and 14 maintained the high membrane permea-
bility observed for PDIP and remained intact when inside and/
or associated with melanoma cells. It is likely that the PDCs en-
tered HT144 cells predominantly via a passive mechanism, but
a portion of these conjugates may be aggregating/associating
with the cell membrane. Association with membranes in a non-
selective manner (e.g., PAMPA) is consistent with the increased
hydrophobicity of 12 and 14 relative to PDIP (see comparative
HPLC retention times in Table S1), and their observed toxicity
toward noncancerous HaCaT cells. Although PDC 13 degraded
in the conditions of the PAMPA experiment, the intact mass
was detected in treated HT144 cell extracts, suggesting that the
conjugate did not completely degrade prior to cell entry/associ-
ation in the shorter 1h experiment. It is also possible that this
PDC—containing a linker known for its hydrophobicity (Bargh
et al. 2019; Jeffrey et al. 2006)—aggregates to a greater extent
than the other cleavable PDCs (14-15) thereby affecting the abil-
ity of intact PDC or liberated CPT to enter cells.

3 | Conclusions

In summary, a suite of CPT-containing PDCs was successfully
produced by conjugating CPT to two analogues of PDIP, a CPP
derived from the innate defense molecule human platelet factor
4. The modular PDC design strategy enabled flexible installation
of the CPT drug cargo using a collection of different conjugation
strategies (CuUAAC, SPAAC, and disulfide conjugation chemis-
try) and facilitated the synthesis of four PDCs in moderate yields.
Three synthetically accessible linker technologies were explored
including a non-cleavable alkane, a disulfide-cleavable linker,
and a cathepsin B (dipeptide)-cleavable linker. The intranuclear
target of CPT enabled comparison of the three linker types and
emphasized the crucial requirement for a cleavable linker when
peptide attachment interferes with drug localization.

The combination of CPT, PDIP, and a cleavable linker produced
PDCs with cargo driven and nanomolar activity against a mela-
noma cell line, with potency that was comparable to CPT alone.
The three cleavable PDCs did not retain the selectivity for mel-
anoma cells observed for the parent peptides, as they were toxic
to the noncancerous HaCaT cell line. However, the PDCs were
not hemolytic to human RBCs within the concentration range
where they were active against HT144 and HaCaT cell lines,
suggesting they do not exert an effect on neutral mammalian
cell membranes at the tested concentrations.

Investigation of membrane permeability and cell uptake showed
that PDIP is a highly membrane permeable peptide that can
carry CPT cargo across membranes and was a superior carrier
peptide relative to its backbone cyclic analogue, cPDIP. Despite
the high apparent permeability of PDCs 12 and 14, a degree of
aggregation/membrane association likely affected the uptake

of these PDCs into cells compared to the parent peptide. Intact
PDCs were detected in extracts of HT144 cells after treatment
for 1h, even for PDC 13 with the dipeptide linker, which showed
evidence of degradation over longer assays because of the un-
stable carbonate linkage. However, programmed drug release
under reductive conditions was confirmed with liberated CPT
observed for the disulfide-cleavable PDC 14 after 6h.

Future PDIP-CPT PDCs should explore alternative linker types
and conjugation strategies to improve PDC activity and selec-
tivity. Cleavable linkers that are acid-labile or iron(IT)-sensitive
(Goldenberg et al. 2015; Spangler et al. 2018) and conjugation
strategies such as oxime ligation (Lang and Chin 2014) are exam-
ples of alternative approaches that could be applied in the con-
text of cancer treatment. The design of subsequent PDCs should
take care to minimize hydrophobicity added to the peptide.

In conclusion, this study provided insight into the role of the pep-
tide, linker, and drug components of PDCs for potential applica-
tions as targeted cancer therapies. PDIP-CPT PDCs maintained
the high membrane permeability of the carrier PDIP peptide,
and liberation of the CPT drug cargo to access an intranuclear
target was achieved through incorporating a disulfide-cleavable
linker. However, the loss of PDC selectivity for melanoma cells
compared to the carrier PDIP peptide needs to be addressed
when designing future PDCs, especially when the cargo is a cell-
permeable, cytotoxic drug.

4 | Experimental Procedures
Detailed experimental and compound characterization data can

be found in the Supporting Information file, along with figures,
schemes, and tables.
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Concluding Remarks
The findings presented in the manuscript within this Chapter highlight the imperative nature of

PDC design. Analogous to the PDIP-PQ PDCs presented in Chapter 2, the PDIP-CPT PDCs
required a cleavable linker that could release the drug for optimal cargo-driven potency and
the superior carrier peptide was the disulfide-cyclised PDIP analogue. The utility of disulfide-
reducible and protease-sensitive cleavable linkers that are commonly employed in ADC and
PDC research was explored and detection of intracellular release of CPT was accomplished
without the requirement for labels or fluorescent tags that can alter the properties of the
conjugate. Undesired toxicity against a noncancerous control cell line emphasised the
requirement for further optimisation of PDC design to maintain the properties of the peptide
scaffold. Future exploration into the membrane binding properties of the PDIP-CPT PDCs
using surface plasmon resonance or vesicle leakage experiments, as described in Chapter 2,
could provide additional insight regarding their non-selective activity against noncancerous

cells.

It is possible that CPPs with AMP-like properties (e.g. PDIP) are less optimal targeting devices
for cytotoxic drugs such as CPT, compared to cell-targeting peptides, and may explain why
fewer literature studies utilise this type of peptide scaffold. With an AMP-like CPP, any
modification needs to maintain the overall structural (e.g. helicity), hydrophobic and
amphipathic properties of the peptide, as these are important for its membrane-selective
mechanism.?° For a cell-targeting peptide, modifications acquired from PDC construction may
have less impact on the ability of the peptide to bind to its cell-surface target, assuming that
the site required for target binding is not altered. CPT-containing PDCs developed by Zhang
et al.s illustrate that it is possible to utilise a lysine-rich AMP-like CPP as the peptide vehicle
and retain selectivity for killing of cancerous over noncancerous cell lines. We are therefore
optimistic that further optimisation of the PDIP-CPT PDC design could result in future

generations of selective PDCs.

As the linker type and conjugation strategy were important for PDC activity and selectivity,
future generations of PDIP-CPT PDCs should explore alternative linkers and conjugation
methods. An additional linker that could be examined is the iron(ll)-sensitive trioxolane linker
that was explored in Chapter 2, as it has previously been applied to both malaria and cancer
treatment contexts.?'-2> While this linker could add additional unwanted hydrophobicity to
PDIP, as did the disulfide and dipeptide linkers, it has a cleavage mechanism that is specific
for cancer cells.?> Tumour cells often have abnormal iron regulation to support rapid
proliferation, resulting in elevated unbound ferrous iron levels. In healthy cells, iron
homeostasis is tightly regulated to prevent ferrous iron from damaging cells through the

production of reactive oxygen species.?* Therefore, the trioxolane linker could help to minimise
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drug release within noncancerous cells if PDC selectivity cannot be improved, which could

reduce PDC toxicity against noncancerous cell lines.

The synthesis of a cleavable CPT-trioxolane linker (3.7) could occur using a similar reaction
sequence to the trioxolane scaffolds described by Mahajan et al.?° or Spangler et al.?! (as used
in the manuscript presented in Chapter 2). As a measure to minimise additional hydrophobicity,
a bicyclononyne (BCN) handle can be used in place of the dibenzocyclooctyne (DBCO) applied
in Chapter 2 for SPAAC conjugation. Additionally, incorporation of a hydroxylamine handle
(e.g. see 3.8) instead of an alkyne could allow for oxime ligation with a previously developed
PDIP analogue containing an acetone bridged disulfide bond (3.9).2* Such a PDC could also
provide understanding into whether alternative conjugation strategies provide better outcomes

for PDC selectivity.

(A) Proposed trioxolane linker:

_ (B) ketone handle for
R= H \ o oxime ligation
3.7 ?’\s with 3.8
(o) N A
N
o\ Y H %\

o S’\

(o] (o]
CPT\O)J\OMR H
o \<N\/\o/\/O\NH2 3.8 3.9

Figure 3.3. (A) An iron(ll)-sensitive trioxolane linker could be a viable alternative cleavable linker for
PDIP-CPT PDCs. 3.7 has an alkyne handle for SPAAC and 3.8 comprises a hydroxylamine handle for
oxime ligation. (B) Cartoon representation of a PDIP analogue that contains an acetone bridged
disulfide, which can be used for oxime conjugation.

Altogether, our efforts towards antimelanoma PDIP-CPT PDCs reinforce the requirement for
PDC design to match a drug cargo with the correct carrier peptide and linker type. The potential
for further optimisation of these PDCs as outlined in this section could result in improved PDC

selectivity in the future.
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Chapter 4: Vemurafenib PDCs — a case study for combating anticancer drug resistance

Introduction

A dual-acting PDC, comprising a peptide and drug that each have anticancer activity, could
improve outcomes against acquired drug resistance, a challenge that is often encountered
during the treatment of cancer with monotherapies.'? Melanoma is no exception, with many
patients experiencing disease relapse when tumour cells acquire mechanisms to evade drug
treatment. Melanoma occurs in pigment-producing cells called melanocytes and is often the
result of damage caused by exposure to ultraviolet light.> More than half of melanomas contain
mutations in BRAF, a kinase involved in the mitogen activated protein kinase (MAPK) pathway
that controls cell growth and division.* Mutations that lead to constituent activation of BRAF,
such as the replacement of valine with glutamic acid at codon 600 (V600E), may contribute to
uncontrolled cell growth and tumour development.® As a result, mutant BRAF is an oncoprotein

that can be targeted for melanoma treatment.

Two inhibitors of BRAF-V600E, vemurafenib (Vem, 4.1) and dabrafenib (Dab, 4.2), are
currently approved for melanoma treatment (Figure 4.1).% While these inhibitors have improved
survival outcomes for melanoma patients, many develop drug resistance within six to eight
months of starting treatment.” To address this, concurrent therapy with BRAF-V600E inhibitors
and drugs that target MEK—a kinase downstream of BRAF—has become an important part of
the melanoma treatment regimen. The current approved combination therapies include Vem
with cobimetinib (4.3) and Dab with trametinib (4.4, Figure 4.1).>° While such combinations
typically exhibit delayed resistance acquisition compared to monotherapies, resistance is often
still inevitable.® Combination therapies that instead pair two compounds with distinct killing
mechanisms may make it more difficult for melanoma cells to develop resistance, compared

to current combination therapies with drug targets in the same pathway.

Vemurafenib Dabrafenib
41 4.2

MEK inhibitors

F Y
Q@? HSspeqe;

Cobimetinib Trametinib
4.3 4.4

Figure 4.1. The structures of two BRAF-V600E inhibitors, vemurafenib (Vem, 4.1) and dabrafenib (Dab,
4.2), and the MEK inhibitors (4.3, 4.4) they are often paired with for combination therapy.
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4.1 Combining vemurafenib with anticancer peptides
Anticancer peptides represent an alternative modality that could be used alongside a BRAF

inhibitor, such as Vem (4.1), as a combination therapy. A small number of studies have
highlighted the utility of pairing Vem with a peptide, including using a peptide to facilitate the
transdermal delivery of Vem® or to resensitise resistant tumour cells to Vem treatment by
targeting signalling pathways involved in resistance.’®'? However, to the best of our
knowledge, Vem has rarely been paired with a peptide that has anticancer activity itself. We
rationalised that the anticancer peptides PDIP and cGm6 could be paired with Vem because
their membrane-active mechanisms (see Section 1.3.2) are distinct from the cell signalling
pathway targeted by the BRAF inhibitors. We opted to combine Vem with the two peptide
scaffolds in the form of PDCs, envisioning that this could also improve the poor water solubility
of the drug."” Vem (4.1) was chosen in preference to Dab (4.2) for initial PDC studies because
commercially available precursors enable modification of its drug core,™ allowing the
accessible installation of a conjugation handle onto the drug for subsequent attachment to the

peptides.

A dual-acting therapy comprising Vem and PDIP/cGm6, each with distinct anticancer killing
mechanisms, could make it harder for cancer cells to acquire resistance to both components
and may ensure that cancer cells with resistance to one compound can still be killed by the
other. We therefore aimed to understand whether Vem-containing PDCs were active against
two distinct melanoma cell lines: one that was sensitive to drug treatment and a second that
was resistant to treatment with Vem (Figure 4.2). Ensuring the anticancer peptide within
prospective PDCs can kill drug-resistant cells that will not respond to the activity of the drug
cargo will be an important factor for successful dual-acting PDCs. As a result, modifications to
the peptide during PDC construction must not affect the function or killing mechanism of the

peptide scaffold.

sensitive

drug-

resistant PDIP-Vem cGm6-Vem
PDC PDC

drug- ?@\

o=t B0

Figure 4.2. Proposed ability of PDIP-Vem and cGm6-Vem PDCs to kill melanoma cells that are sensitive
and resistant to treatment with Vem. The drug-resistant cell line is unable to be killed by Vem alone.

4.2 Prior development of a drug-resistant melanoma cell line
A melanoma cell line with acquired resistance to Dab (4.2) was previously developed in the
Henriques lab,' by continuously growing drug-sensitive cells in the presence of Dab at a

clinically relevant concentration (100 nM). Initially, slow-cycling cells can survive Dab treatment

75



Chapter 4: Vemurafenib PDCs — a case study for combating anticancer drug resistance

(known as drug-tolerant persisters) and eventually these cells evolve to have permanent drug
resistance (> 105 days), meaning they can replicate in the presence of the drug (CCso >> 1 uM)
(Figure 4.3). Notably, cGm, the parent analogue of cGm6, was able to kill the Dab-resistant
cells (CCso = 3.4 uM, Figure 4.3), providing important precedent for efficacious combination
therapies comprising similar anticancer peptides and BRAF inhibitors. Since Dab is a BRAF

inhibitor, this cell line is expected to also have inherent resistance to treatment with Vem.

Start of drug
exposure
0: Drug-naive .v I: Drug-tolerant II: Drug-tolerant proliferative Ill: Permanent
! : persisters : persisters . drug-resistant
T T T >

: ~7d ~30d ~105d

l

1

1 ﬁ o=

1 é@ﬁ

I

I Eﬁ

1
Dab: 22 nM Dab: >> 1 pM
cGm: 3.4 uM cGm: 3.4 uM

Figure 4.3. Schematic illustrating the prior development of a melanoma cell line (HT144) that was
initially sensitive to drug treatment and resulted in acquired resistance to Dab. The CCso values shown
correspond to the activity of compounds tested on the drug-naive and drug-resistant cell lines. Figure
adapted from Benfield et al.'®

This chapter, presented as a final draft of a manuscript for submission, details the synthesis of
five Vem-containing PDCs and their bioactivity against Dab-sensitive and Dab-resistant
melanoma cell lines. While prior chapters evaluated the ability of PDIP to improve the
selectivity of a small molecule drug, here we aimed to understand whether the distinct killing
mechanism of PDIP, and a second anticancer peptide cGm6, is beneficial for treatment against
melanoma cell lines with expected resistance to Vem. Contributions of the drug, linker and
peptide towards PDC bioactivity were analysed and the peptide carrier was revealed to be

important for optimal activity against both drug-sensitive and resistant cells.
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Abstract

Acquired drug resistance remains an ongoing challenge for the treatment of melanoma, a deadly form of skin
cancer. Monotherapies used for melanoma treatment such as vemurafenib and dabrafenib, which target a
mutant form of BRAF kinase, become ineffective within six months of starting treatment due to acquired
resistance. Combination therapies—which pair multiple drugs that target the same signaling pathway—for the
treatment of melanoma have emerged as a viable strategy to reduce drug resistance development, however,
further benefits could be achieved if anticancer compounds with distinct killing mechanisms are combined.
We sought to pair vemurafenib with bioactive peptides in the form of peptide—drug conjugates (PDCs) to
establish whether this combination could kill melanoma cells that were sensitive or resistant to the related drug
dabrafenib. We synthesized a suite of PDCs containing vemurafenib attached to three cell-penetrating peptides
including two anticancer peptides with selective membrane-disruptive activity and one non-disruptive peptide.
The five PDCs killed melanoma cells with improved activity relative to the free drug and were able to cross
membranes with the drug cargo attached, however, the peptide carrier impacted PDC potency and selectivity.
One peptide scaffold was determined to be the optimal partner for the drug and a PDC containing this peptide
remained active against a melanoma cell line with acquired resistance to dabrafenib, highlighting the benefit
of pairing BRAF inhibitors with a peptide that acts on a distinct cellular target.

Introduction

Skin cancers are the most diagnosed type of cancer, with over 1.5 million new cases worldwide in 2020.
Melanoma, the deadliest form of skin cancer, resulted in an estimated 57 000 fatalities in the same year.! Over
half of melanomas contain mutations in the BRAF protein, a kinase involved in the mitogen activated protein
kinase (MAPK) pathway that controls cell growth and division.>* The most common mutation occurs in codon
600, resulting in the replacement of a valine with a glutamic acid (V600E). This amino acid is in the activation
loop of BRAF, resulting in increased kinase activity and thus cell proliferation when mutated.’

The prevalence of BRAF-V600E mutants in melanoma cancers provides a tumor marker that can be exploited
for targeted drug therapy. Approval has been granted for two small molecule BRAF-V600E kinase inhibitors
for melanoma treatment: vemurafenib (Vem) and dabrafenib (Dab).* While these inhibitors have improved
survival outcomes for melanoma patients, many develop drug resistance within six to eight months of starting
monotherapy, through an array of acquired resistance mechanisms.’ Furthermore, some patients have intrinsic
resistance so do not initially respond to BRAF inhibitors.” Continued research into alternative treatment
strategies for melanoma is vital to prevent disease relapse associated with drug resistance and provide
additional treatment options for patients who do not respond to current therapies.

Reactivation of the MAPK pathway is one of the predominant routes to BRAF inhibitor resistance, for example
through mutations in other proteins involved in the signaling cascade, such as RAS or MEK, or activation of
proteins that can bypass the BRAF kinase.® One solution to address MAPK reactivation consists of concurrent
treatment with multiple inhibitors of the pathway, including the approved combination of Vem and
cobimetinib, which target BRAF and MEK, respectively.* Current combination therapies typically exhibit
delayed resistance acquisition compared to monotherapies, but resistance still occurs in many cases.*’ As an
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alternative approach, combination therapies that utilize multiple anticancer compounds with distinct killing
mechanisms—rather than targets in the same pathway—may make it more difficult for cancer cells to acquire
resistance to both drugs.® Several studies have explored alternative combination strategies to improve the
efficacy of existing BRAF kinase inhibitors, including; pairing Vem with an inhibitor that locks BRAF in an
inactive conformation,”'® conjugating Vem to a ligand that targets BRAF-V600E for proteolytic degradation, !
targeting other signaling pathways with a peptide to resensitize resistant cells to Vem therapy,*'* and
cotreatment of melanoma with Dab and an antibody—drug conjugate.'*!®

Inspired by these combination therapy approaches, we sought to couple Vem with bioactive peptides, an
approach which has been scarcely explored in the literature.'”'*!7 Bioactive peptides are a class of molecules
derived from diverse animal and plant sources and can exhibit anti-inflammatory, antimicrobial and anticancer
properties.'® Many are amphipathic, consisting of both positively charged and hydrophobic amino acids, and
are promising candidates for anticancer treatment because they have inherent selectivity for anionic cancer cell
membranes. Selectivity is conferred by electrostatic interactions between the positively charged residues of
the bioactive peptide and the surface-exposed negatively charged phosphatidylserine lipid headgroups in
cancer cell membranes, which are maintained in the inner membrane leaflet of healthy cells.'®"”

We have previously engineered anticancer peptides from naturally occurring amphipathic bioactive peptides
or protein domains. The first peptide, platelet factor 4-derived internalization peptide (PDIP),” is a structural
mimic of the bioactive C-terminal domain from the human defense protein platelet factor 4 (see Figure 1A for
sequence). PDIP comprises an a-helical hairpin structure that is cyclized via a disulfide bond. The second
peptide, [G1K,K8R]cGm?'—herein referred to as cGm6—is a cyclic analogue derived from gomesin (Gm), a
host defense peptide produced in the hemocytes of the Brazilian spider Acanthoscurria gomesiana.*** cGm6
has a B-hairpin structure that is stabilized by two disulfide bonds, with an additional cationic residue (lysine),
and an arginine replacing the naturally occurring lysine of Gm (see Figure 1A for sequence).”' Both PDIP and
cGm6 have low micromolar potency against melanoma cell lines, attributed to the targeted disruption of
membranes, including the mitochondrial membrane (PDIP) or cell membrane (cGm6).>"** Notably, the killing
mechanism of the peptides is distinct from the cell signaling pathways targeted by BRAF kinase inhibitors,
potentially making it harder for the cancer cells to acquire resistance to both the drug and peptide when used
in combination.”

(A) Peptide sequences
PDIP scaffold

#
PDIP: GCGGPLYKKIIKKLLESGGSGGAPLYKKIIKKLCES*

cGm scaffold

*
c¢Gm6: c[KCRRLCYRQRCVTYCRGR] ¥ = site for azide

* incorporation and
[R/rlcGm6: c[KCRrLCYRQrCVTYCRGr] drug conjugation

(B) Cartoons of peptides with azide handle for conjugation
N3

N3 N3 \7;

\@V Y

) 4 )
S? S>s st S>s st
s HN Id s P s
+; - HN‘(")} -

PDIP-Az (1) cGm6-Az (2) cGm6-peg4-Az (4)
[R/rlcGm6-Az (3) [R/rlcGm6-peg4-Az (5)

Figure 1. (A) Sequences of the PDIP, cGm6 and [R/r]cGm6 peptides utilized in this study. The disulfide bonds are
represented by gray lines and the amino acid site for azide incorporation and subsequent drug conjugation is indicated
with a pink star. c[ ] = backbone cyclized; * = amidated C-terminus; r = D-arginine. (B) Cartoon representation of azide-
modified PDIP, cGm6 and [R/r]cGm6 peptides. For PDIP, the azide is incorporated via substitution of the serine with an
azide modified alanine residue (azidoalanine). For cGmé6 and [R/r]cGmo6, the azide is incorporated by modifying the
lysine side chain via amide bond ligation with either a short azide handle or longer handle containing a peg4 spacer.

PDIP and ¢cGm6 are bioactive cell-penetrating peptides (CPPs), able to translocate membranes to deliver cargo
into cells.*****" Furthermore, a less potent analogue of cGm6 that replaces three L-arginine residues with
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D-arginine ([G1K,R4r,K8R,R10r,R18r]cGm), herein referred to as [R/r][cGmo6, provides a CPP that can enter
cancer cells without disrupting membranes (see Figure 1A for sequence).”’ We postulated that peptide—drug
conjugates (PDCs) that combine Vem with each of the three CPPs could improve the efficacy of Vem and have
additional benefits such as improving its poor water solubility and membrane permeability.'”**

Herein, a suite of Vem-containing PDCs utilizing the PDIP, cGm6 and [R/r]cGm6 peptides was synthesized
and evaluated for activity against melanoma cell lines that were sensitive or resistant to the related drug Dab.
Notably, the contribution of the peptide and drug components to overall PDC activity was able to be examined
with PDCs containing the non-disruptive [R/r]cGm6 peptide (i.e. limited contribution from the peptide) and
testing the PDCs against drug-resistant cells (i.e. limited contribution from the drug). This work demonstrates
that Vem-containing PDCs have improved cytotoxicity towards melanoma cells relative to the drug itself, with
the CPP scaffold having an impact on PDC activity. PDIP was found to be the optimal scaffold, resulting in
the most potent PDC against both drug-sensitive and drug-resistant cells. Overall, Vem-containing PDCs are
showcased as a viable alternative strategy for melanoma treatment.

Results and Discussion

Design and synthesis of Vem-containing PDCs

To produce a suite of Vem-containing PDCs, strain promoted azide—alkyne cycloaddition (SPAAC)* was
envisioned as a conjugation strategy, to remain orthogonal to the disulfide linkages within the PDIP and cGm
peptide scaffolds. As such, azide-containing peptides (see Figure 1B for cartoon representations) were designed
to provide a chemoselective handle for conjugation to an alkyne-modified Vem analogue. PDIP-Az (1) contains
an azide modified alanine residue within the spacer region between the two helices that was incorporated
during automated solid-phase peptide synthesis (SPPS), as previously described.***® Late-stage azide
installation was instead used to produce cGm6-Az (2) and [R/r]cGm6-Az (3). Peptides precursors were
synthesized using automated SPPS, then backbone cyclized using native chemical ligation.** Orthogonal
folding of cysteine pairs, first in 0.1 M ammonium bicarbonate then with iodine oxidation in 20% (v/v)
acetonitrile was performed to produce cGmo6 and [R/r]cGm6. Next, the azide handle was appended via an
amide bond onto the side chain of the single lysine residue within the cGmo6 and [R/r]cGm6 sequences (see
Supporting Information for further details). Since cGm6 and [R/r]cGm6 are small CPPs, we synthesized two
additional analogues, cGmo6-pegd-Az (4) and [R/rlcGm6-pegd-Az (5), containing a four-unit
poly(ethyleneglycol) (peg4) linkage between the peptide and azide (Figure 1B), to probe whether increased
spacing between PDC components is required for optimal activity of Vem and/or the peptide partner. The
additional peg4 linkage was not included for PDIP, as we have previously shown that altering linker length
does not affect activity for PDIP-containing PDCs.*

An alkyne-modified Vem analogue was designed to provide a non-cleavable linkage between the drug and
peptide following drug installation, meaning the PDCs will not have programmed release of Vem from the
peptide once inside target cells. We hypothesized that non-cleavable PDCs would not impair the activity of
Vem, if modified in a position that is not essential for its mechanism of action or binding to BRAF.
Modifications at the para position on the chlorophenyl ring of Vem are well tolerated because this part of the
phenyl ring is solvent exposed when bound to BRAF, providing an ideal position for linker attachment.''*!-*?
Including a non-cleavable linker has the additional benefit of maintaining simplicity in PDC synthesis.

To this end, a commercially available Vem precursor (6) was modified via a Suzuki-Miyaura cross-coupling
reaction to install a Boc protected p-benzylamine moiety in place of the p-chlorophenyl structure of the Vem
core (Scheme 1A)."** Removal of the Boc group produced Vem-NH, (7, 66% yield over two steps), providing
a free primary amine for further modification. Amide formation with dibenzocyclooctyne-acid (DBCO-
COOH), aided by the coupling reagent T3P®, generated Vem-DBCO (8), an alkyne modified Vem analogue
primed for peptide conjugation, in 46% yield.

With the strained alkyne Vem-DBCO (8) in hand, PDCs 10-14 were synthesized via a SPAAC reaction with
each of the azide-modified peptides (Table 1). SPAAC was utilized as a preferred conjugation tool because we
found the alternate click chemistry approach of copper-catalyzed azide—alkyne cycloaddition to be
incompatible with Vem without extensive reaction optimization.”> Five Vem-containing PDCs were
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successfully synthesized in good yield (63—88%, entries 1-5), including one PDC with the PDIP scaffold (10)
and four with the cGm scaffold. Two of the cGm PDCs (11-12) contained the cGmo6 and [R/r]cGm6 analogues
with the shorter linkage between Vem and the corresponding peptide. The remaining two PDCs (13-14)
comprised the longer peg4 linkage. Notably, all PDCs were soluble in aqueous solution, as opposed to Vem
which is insoluble in water.

Scheme 1. (A) Synthesis of a Vem analogue containing an alkyne conjugation handle. (B) Modification of DBCO-COOH
to produce DBCO-amide.
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entries 6-8

Entry Alkyne Azide Product Yield? Entry Alkyne Azide Product Yield?
1 Vem-DBCO PDIP-Az PDIP-DBCO- 81% 5 Vem-DBCO [R/rlcGm6- [R/rlcGm6-peg4- 64%
8 1 Vem 8 peg4-Az DBCO-Vem

10 5 14
2 Vem-DBCO cGm6-Az cGm6-DBCO- 87% 6 DBCO-amide PDIP-Az PDIP-DBCO- 70%
8 2 Vem 9 1 amide
1" 15
3 Vem-DBCO [R/rlcGm6- [R/rlcGm6- 88% 7 DBCO-amide cGm6-Az cGm6-DBCO- 94%
8 Az DBCO-Vem 9 2 amide
3 12 16
4 Vem-DBCO cGme6- cGm6-peg4- 63% 8 DBCO-amide [R/rlcGm6- [R/rlcGm6-DBCO- 95%
8 peg4-Az DBCO-Vem 9 Az amide
4 13 3 17

“?Isolated yields were calculated using the molecular weight of the TFA salt, assuming all basic amino acids, the terminal
amine (if present) and the 7-azaindole moiety within Vem were protonated.

Synthesis of peptide-DBCO linker controls

The requirement of a strained cyclooctyne reagent for SPAAC conjugation meant incorporation of a bulky
DBCO moiety into the PDCs. Concerned that the additional hydrophobicity provided by the linker could
influence the activity and selectivity of the peptides, especially the smaller cGm6 and [R/r]cGm6 peptides, we
sought to evaluate peptide-DBCO linker constructs as additional controls. These constructs were designed to
mimic the structure of the Vem PDCs but without the drug itself, containing only the peptide and DBCO linker
components. Towards this objective, the carboxylic acid of DBCO-COOH was converted into an amide in the
presence of ammonium bicarbonate, Boc anhydride and pyridine,*** producing DBCO-amide (9) in 79% yield
(Scheme 1B). We predicted that an amide moiety would be an inert functional group in the physiological
conditions required for subsequent biological testing.*® Finally, DBCO-amide was conjugated onto the azide
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modified PDIP, cGm6 and [R/r]cGm6 peptides via SPAAC (Table 1) to generate peptide-DBCO linker
constructs 15, 16 and 17, respectively (70-95% yields, entries 6-8).

Vem PDCs are active against drug-sensitive and drug-resistant cell lines

The in vitro cytotoxicity of the Vem PDCs (10-14) was evaluated against two melanoma cell lines and a
noncancerous epidermal cell line and compared to the activity of the parent peptides, peptide-DBCO linker
controls (15-17) and modified (Vem-NHo», 7) and unmodified Vem (Table 2). Dabrafenib (Dab) was included
as a control to distinguish between HT144, a melanoma cell line with a V60OE mutation in BRAF, that is
sensitive to Dab (and Vem) treatment, and a HT144-derived cell line (Dab-PDRC) that was previously
developed in the Henriques lab* with permanent drug-resistant cells (PDRCs) comprising acquired resistance
to Dab. As Dab and Vem are both BRAF-V600E inhibitors,>’ the Dab-resistant cells are expected to also be
resistant to Vem. Cytotoxicity against the Dab-PDRC cell line was examined to determine whether PDCs
remained active against drug-resistant cells. As the drug portion of the PDCs was expected to be inactive
against this cell line, its use also provided insight into peptide versus drug contributions to PDC activity.
HaCaT, a noncancerous cell line with wildtype BRAF, was utilized as a control to determine whether PDCs
were selective for cancerous over noncancerous cells. Each cell line was incubated with the treatments for 72 h
to determine the concentration required to inhibit the growth of 50% of cells (CCso). The ratio of CCso values
for HaCaT compared to the two melanoma cell lines was also determined to understand relative selectivity for
killing of cancer cells for each compound. Treatments with higher selectivity ratios were considered preferable.

Table 2. Cytotoxic activity of Vem-containing PDCs compared to peptides, peptide-DBCO controls, and drugs against
Dab-sensitive and resistant HT144 (melanoma) and HaCaT (noncancerous) cells.”

CCso (nM) Selectivity”

Compound CCso HaCaT/ CCso HaCaT/

HT144  Dab-PDRC’  HaCaT ' 'brygs  CCso Dab-PDRC
PDIP 45+0.1 51+03 >32 >17 >6
PDIP-DBCO-amide 15 34+£0.3 43+0.3 192+1.1 5.6 4.5
PDIP-DBCO-Vem 10 1.0£0.1 34+0.2 155+14 15.5 4.6
PDIP + Vem (unconjugated, equimolar) 5.0+0.6 n.d. n.d.
cGmb6 1.9+0.1 2.8+0.2 8.3+0.2 4.4 3.0
¢Gm6-DBCO-amide 16 9.4+1.1 104+14 275+1.9 2.9 2.6
c¢Gm6-DBCO-Vem 11 3.9+0.1 8.6+0.6 12.8+0.9 3.3 1.5
cGm6-peg4-DBCO-Vem 13 6.8+04 248+1.6 240+ 1.4 3.5 0.97
c¢Gm6 + Vem (unconjugated, equimolar) 2.8+0.2 n.d. n.d.
[R/r]cGm6 19.5+0.9 21514 > 64 >3 >3
[R/r]cGm6-DBCO-amide 17 >32 >32 >32
[R/r]ecGm6-DBCO-Vem 12 6.1+0.3 20.7+ 1.6 242 +£19 4.0 1.2
[R/r]eGm6-pegd-DBCO-Vem 14 8.7+0.8 ~24 42.5+3.3 4.9 ~1.8
Vem 105+ 1.5 no activity >> 64 >>6
Vem-NHz 7 0.33+0.03 19.8+1.3 13.1+1.5 39.7 0.66
Dab <0.008 no activity >2

@ Cells were incubated with serial dilutions of each compound for 72 h. Cell death was measured using resazurin, with 0.1% (v/v)
Triton X-100 as a control for 100% cell death. Half maximal cytotoxic concentration (CCso) values are expressed as mean + SEM and
were determined from dose response curves that were fitted using [inhibitor] vs response with variable slope (Graphpad Prism v10) for
at least three biological replicates. > Dab-PDRC is a HT144 cell line, previously developed in the Henriques lab,?® with permanent drug
resistance to the BRAF-V600E inhibitor dabrafenib (Dab) and inherent resistance to Vem. ¢ HaCaT CCsp relative to HT144 or Dab-
PDRC CCso was used to establish selectivity for killing of cancer cells over noncancerous cells. n.d. = not determined.

Cytotoxicity and selectivity of the drugs, peptides and peptide-DBCO controls

Vem (free drug) had moderate cytotoxicity against the HT144 melanoma cell line (CCsp = 10.5 pM) but had
no activity against the Dab-resistant cell line, confirming that the Dab-PDRCs are inherently resistant to Vem
treatment. Interestingly, the modified Vem analogue, Vem-NH> (7; CCso = 0.33 uM), was far more potent than
Vem against the drug-sensitive HT144 melanoma cells and was selective for HT144 cells over the
noncancerous HaCaT cells. This confirms that modifications of Vem at the para position on the phenyl ring
are not detrimental to its activity. The enhanced activity of Vem-NH; may be explained by improved solubility
(relative to Vem) due to the incorporation of an ionizable amine into the structure of Vem®® and/or improved
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binding to BRAF through additional hydrogen bonds between the benzylamine moiety of the drug and residues
within the enzyme.'' Analogous to Vem, Vem-NH, was substantially less active against Dab-resistant PDRCs
than HT144 (drug-sensitive) cells.

The three parent peptides had selective activity against HT144 that agreed with our previously reported
findings for melanoma cell lines.?**>*” cGm6 was the most potent peptide (CCso = 1.9 uM), followed by PDIP
(CCsp = 4.5 uM), then [R/r]cGmé6 as the least active peptide (CCso = 19.5 pM). All peptides retained similar
selective potency for the drug-resistant Dab-PDRCs, with the most active being cGm6 (2.8 uM), followed by
PDIP (5.1 uM), then [R/r]cGm6 (21.5 uM).

The three peptide-DBCO controls had varied activity against the HT 144 cell line. PDIP-DBCO-amide 15 had
similar potency (CCso = 3.4 uM) to PDIP itself, suggesting that the addition of the bulky DBCO moiety to the
peptide did not affect its activity. However, introducing DBCO into the peptide structure may promote
nonselective membrane binding, as 15 was more active than PDIP against HaCaT cells with the HaCaT/HT144
CCs difference reducing from > 7 to 5.6. In contrast, the DBCO-modified cGm6 and [R/r]cGm6 (16 and 17)
had reduced activity relative to their parent peptides, suggesting that these peptides did not tolerate the addition
of a bulky hydrophobic moiety to the same extent as PDIP. The same trend was also reflected in the drug-
resistant Dab-PDRC cell line.

Cytotoxicity and selectivity of the Vem PDCs

Collectively, the five Vem PDCs (10-14) had low micromolar activity against drug-sensitive HT 144 melanoma
cells and were more potent than Vem as a free drug, with CCso values ranging from 1-9 pM. As these PDCs
contain a non-cleavable linker, these results support our hypothesis that the Vem drug core can interact with
and bind to its BRAF-V600E target while tethered to a peptide, and corroborate the findings of previous studies
where Vem was modified at the same position.”!'** Here, the maintained activity of Vem with a fixed linker
between the drug and peptide contrasts our previous observations for PDIP-based PDCs containing the
anticancer drug camptothecin, where optimal activity required a cleavable linker to release the drug from the
peptide.* Interestingly, Vem-NH, (7) was substantially more potent than the five PDCs, despite the PDCs
containing this modified Vem analogue as the drug cargo. This suggests that the amine functional group—
which is converted to an amide in the PDCs—may be important in the enhanced activity of Vem-NH». The
different CPPs appeared to affect overall PDC activity, as different potencies were observed against melanoma
cells that were sensitive or resistant to the related drug Dab, despite the five PDCs containing the same drug
cargo and similar linker regions.

PDIP-based PDC. PDIP-DBCO-Vem (10) was the most potent PDC tested and had enhanced activity against
HT144 (CCso = 1.0 uM) compared to PDIP and Vem alone, or an equimolar mixture of unconjugated PDIP
and Vem (CCso = 5.0 pM). This improvement was further enhanced by PDC 10 maintaining the selective
killing observed for the parent PDIP peptide (HaCaT/HT144 CCs difference = 15.5), despite being more active
than PDIP against HaCaT (CCsp = 15.5 uM). The favorable activity of PDC 10 may be explained by improved
solubility and passage of Vem through cell membranes to access the intracellular BRAF target. PDIP-DBCO-
Vem (10) was also the most potent and selective PDC against the drug-resistant Dab-PDRC cell line, with a
CCso value (3.4 uM) representative of the activity of PDIP. These results suggest that the peptide portion of
the PDC can still kill melanoma cells when the Vem drug component is ineffective due to acquired resistance
to Dab. The activity of PDC 10 against a drug-resistant melanoma cell line accentuates the benefit of pairing
Vem with another modality that acts on a distinct cellular target.'>'*!

c¢Gmé6-based PDCs. cGm6-DBCO-Vem (11) was also a potent PDC (HT144 CCso = 3.9 uM) that retained
similar selectivity for melanoma over noncancerous HaCaT cells as the parent peptide. However, increasing
the spacing between cGm6 and Vem with a peg4 linkage reduced PDC activity against HT144 cells (CCso =
6.8 uM for PDC 13). Whilst displaying low micromolar potency that was better than Vem as a free drug, PDCs
11 and 13 were less potent than cGmo6 and further worsening of activity and selectivity was observed against
the drug-resistant Dab-PDRC cell line.

The decreased activity of the cGmo6-based PDCs compared to the parent peptide suggests that the addition of
a drug and linker affected the membrane-disruptive activity of cGm6. Peptide structure is crucial for the
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activity and function of bioactive peptides,*’ including for B-sheet containing AMPs such as ¢cGm6, where
peptides with higher amphipathicity often exhibit better antimicrobial activity,*'** which may also extend to
their anticancer activity. Appending a hydrophobic linker and drug cargo onto cGm6 may have altered the
overall amphipathicity of the peptide within the PDC, compared to the original peptide, and reduced the key
electrostatic and nonpolar interactions—between the peptide residues and cell membrane lipids—that were
required for the mechanism of the peptide.?'*’” The five-fold lower activity of cGm6-DBCO-amide 16 (CCso =
9.4 uM) compared to cGmo6 suggests that even the addition of smaller hydrophobic moieties may affect the
peptide activity. Furthermore, in contrast to PDIP, the cGm6-containing PDCs did not appear to provide a
benefit compared to coadministration of unconjugated cGm6 and Vem (HT144 CCso = 2.8 uM). Therefore, the
combination of cGm6 and Vem may benefit less from the PDC format and indeed previous in vivo studies have
indicated that cotreatment of mice with xenografted tumors using an unconjugated BRAF inhibitor and
B-hairpin peptide improved their survival compared to monotherapy.”

[R/r]eGmé6-based PDCs. The two [R/r]JcGmo6-based PDCs (12 and 14) had moderate activity against HT144
cells (CCso = 6.1 uM and 8.7 pM, respectively), despite containing the least potent peptide analogue. The
improved potency of 12 and 14 compared to [R/r]cGm6 may signify that the activity for these PDCs is driven
by the attached Vem cargo. This contrasts with the PDIP- and cGmo6-based PDCs, which appear to have
contributions from both the drug and peptide towards PDC bioactivity. Both PDCs 12 and 14 lost activity when
tested against the drug-resistant Dab-PDRC cell line, emphasizing the benefit of pairing Vem with a potent
anticancer peptide to kill cells with existing or acquired resistance to the drug cargo.

Altogether, the CPP that was paired with Vem in the PDC design was important as it influenced PDC activity
and selectivity. While the PDC containing the PDIP scaffold had favorable activity against drug-sensitive and
drug-resistant melanoma cells, the cGm scaffold did not benefit from a PDC format to the same extent. Future
iterations of cGmo6-based PDCs may require further optimization in PDC design (e.g. alternative conjugation
sites or strategies) to maintain the cell-penetrating and membrane-disruptive activity of cGm6. Additionally,
studies that evaluate whether HT 144 melanoma cells acquire resistance to Vem as a PDC cargo—compared to
as a free drug or as an unconjugated mixture with the peptide—could indicate whether PDCs are an optimal
format for combination therapy with Vem and cGm6.%* As the activity of PDCs 10-14 was better than Vem as
a free drug but not Vem-NH, (7), future Vem-containing PDCs may benefit from cleavable linkers* that can
release the cargo inside melanoma cells to retain the potency of Vem-NH,.

Vem PDCs utilize different cell internalization methods depending on the peptide carrier

We employed two assays to evaluate how the different CPPs and PDCs moved through membranes, with
compounds 10-13 chosen as representative PDCs for the assays. The parallel artificial membrane permeability
assay (PAMPA) was used to report apparent permeability (Papp) due to passive movement through membranes,
whereas mass spectrometric analysis of peptides and PDCs recovered from treated and washed HT144 cells
was used to report on cell entry (passive or active transport) and/or association of compounds with cell
membranes. Graphical representations of each assay are shown in Figure 2.

For the PAMPA experiment, the PDCs (10-13), parent peptides and modified Vem (7) were added to the apical
side of PAMPA monolayers and incubated for 4 h. Analysis of the apical and basolateral sides of the membrane
using liquid chromatography—mass spectrometry (LC-MS) determined the Papp (movement from apical to
basolateral fractions) and % recovery (amount of recovered sample in combined soluble fractions) for each
treatment. Good membrane permeability (> 1 x 10 cm/s) in this assay indicated passive movement across the
artificial membrane, and high proportions of recovered sample signified that the compound remained soluble
and did not aggregate or associate with the membrane. For the cell internalization assay, HT144 cells were
treated with the PDCs (10-13), parent peptides and modified Vem-NH, (7) (4 uM) for 1 h, followed by mass
spectrometric analysis of washed and harvested cells. The area under the curve (AUC) values for each sample
were compared to controls (untreated cells with compounds added post harvesting) to determine the total
recovered PDC or peptide.
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Membrane permeability and internalization of the parent drugs and peptides

The three parent peptides had high membrane permeability (Papp > 2 x 10° cm/s) and recovery (> 80%)
(Figure 2A), indicating passive movement across the membrane that is consistent with previous observations
for similar peptide analogues.”’*’ Intact peptides were detected in HT 144 cell extracts, with cGm6 having the
highest degree of internalization/cell association (16%), followed by [R/r]cGm6 (9%) and PDIP (8%) (Figure
2B).

Vem-NH; (7) had moderate permeability (Papp ~8 x 107 cm/s) and was more soluble than Vem (not shown),
which was too insoluble to obtain reliable permeability data at the tested concentration of 4 pM. Also,
Vem-NH, was not completely recovered from the soluble fractions (37%) after the assay, suggesting that while
the compound could passively move through the membrane, the modified drug likely aggregated during the
assay. Vem-NHo (7%) was detected in HT 144 cell extracts after 1 h incubation, but it is likely that solubility
affected cell uptake, similar to the observations from PAMPA.

Membrane permeability and internalization of the Vem PDCs

The three PDCs containing the shorter linker (10-12) had good solubility as they were readily recovered
(>99%) from the PAMPA assay (Figure 2A). cGm6-DBCO-Vem (11) had similar permeability (Papp ~2 x
10 cm/s) to its parent peptide, however, the equivalent [R/r]cGm6 and PDIP PDCs (12, 10) had minimal to
no movement through the artificial membrane. Interestingly, cGm6-peg4-DBCO-Vem (13) had reduced
recovery (59%) despite having moderate permeability (Papp ~7 x 107 cm/s). This is surprising as incorporation
of peg units into PDCs is generally considered to improve solubility.** Intact PDC was detected for all four
tested PDCs (10-13) in HT 144 cell extracts at significantly higher proportions than the corresponding parent
peptides, except for cGm6-DBCO-Vem (11) which was detected in comparable amounts to cGm6 (Figure 2B).
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Figure 2. (A) Membrane permeability of PDCs, parent peptides, and Vem-NHz. Compounds were added to PAMPA wells
(4 pM) and incubated for 4 h. Supernatant from apical and basolateral sides of the membrane were collected and analyzed
using LC-MS. The amount in the combined soluble fractions was compared to the starting amount to determine %
recovery, and the apparent permeability (Papp) was calculated as before.* Data is expressed as mean = SD from a single
experiment with three technical replicates. (B) Internalization/cell membrane association of PDCs, parent peptides, and
Vem-NH> with HT144 cells. Cells were treated with each sample (4 uM) for 1 h, washed to remove extracellular
compound, then extracted with 75% (v/v) MeCN in mQH>O (containing 1.75% (v/v) TFA), to recover soluble peptide or
PDC from precipitated cell proteins. The relative amount of internalized peptide or PDC was determined by integrating
area under the curve (AUC) for the [M+6H]®" m/z peak (for the intact mass) using time of flight-mass spectrometry. The
amount of internalized compound was compared to the AUC present when 4 uM of each analogue was added to untreated
cells after addition of the extraction solution, to determine the percentage of internalized compound. Data is expressed as
mean = SD from a single experiment with three technical replicates for each treatment and control. Each peptide subgroup
was analyzed with ANOVA (Tukey multiple comparisons; **** p < 0.0001, ** p < 0.01, ns p > 0.05). Graphical
representations of each assay type are shown in the inserts.

The permeability and uptake assays demonstrate that the cGm6 PDCs 11 and 13 can move through an artificial
membrane via a passive mechanism, similar to the peptides, so are likely able to move into HT144 cells using
a similar mechanism. However, these experiments do not rule out that alternate pathways (e.g. endocytosis)
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could also contribute to the cell entry of PDCs 11 and 13, as such pathways have been previously shown to be
utilized by ¢cGm analogues.”’” Despite these PDCs having reduced activity compared to cGm6 (Table 2), the
data depicted in Figure 2 reveals that the cGmo6-based PDCs retained the ability to traverse membranes with
the drug cargo attached, highlighting that this is likely not the cause of the decrease in activity.

The minimal permeability of the PDIP and [R/r]cGm6 PDCs (10, 12) suggests they do not cross membranes
via passive transport mechanisms. Since these PDCs were observed intact in HT144 cell extracts (Figure 2B)
and had cargo driven activity (Table 2), these PDCs likely rely on alternate cell entry routes such as active
transport pathways (e.g. endocytosis). While the higher cell-association of PDCs 10 and 12 compared to PDIP
and [R/r]cGmo6 could also occur because of increased association of the PDCs with the cell membrane, this is
not consistent with the complete recovery of these PDCs after the PAMPA assay (Figure 2). To gain a better
understanding of PDC transport mechanisms, permeability assays with Caco-2 monolayers could be used to
support transport of these PDCs via active pathways.* Finally, as the HT144 experiments utilized a 1 h
timeframe, only rapid cell entry and membrane permeation was detected so may not wholly represent what
occurs during the 72 h cytotoxicity assay.

Conclusions

In summary, we produced five synthetically tractable and high yielding PDCs by covalently attaching Vem to
three CPPs including PDIP, derived from an innate human defense molecule, cGm6, derived from a spider
defense peptide, and [R/r]cGmo6, a less potent analogue of cGm6 with maintained cell-penetrating properties.
These PDCs selectively killed HT144 melanoma cells compared to noncancer HaCaT cells, all with improved
activity relative to Vem as a free drug. Furthermore, PDC 10 remained active against and selective for a
melanoma cell line with acquired resistance to Dab, a drug with the same intracellular target as Vem.

The low micromolar activity of the PDCs highlighted that the drug portion of the conjugate was likely able to
interact with its target enzyme while tethered to a peptide via a non-cleavable DBCO linker. In comparison,
analysis of the peptide-DBCO controls revealed that altering the peptide was detrimental for cGm6 and
[R/r]cGmo6, even though changes were tolerated by PDIP. Despite having similar linkers and the same drug
cargo, differences in relative PDC activity highlighted the importance of the peptide for overall PDC potency.
PDIP-DBCO-Vem (10) was the most potent PDC with activity that was enhanced compared to the parent
peptide and drug alone or administration of the peptide and drug as an equimolar cotreatment, highlighting the
benefit of utilizing peptides to deliver BRAF-V600E inhibitors to tumor cells.'”***” This PDC was also potent
towards Dab-PDRC melanoma cells, providing proof-of-principle that PDIP-based PDCs could be promising
candidates for developing treatments against drug-resistant cells or heterogenous tumors containing a mixture
of drug-sensitive and drug-resistant melanoma cells.

The two ¢cGm6-based PDCs (11 and 13) also had potent activity against HT 144 melanoma cells, but the effects
of modifying the smaller cGm6 peptide on its activity were more pronounced compared to PDIP. This was
further evidenced by the poor activity of these PDCs against the drug-resistant Dab-PDRC cell line. The
improved activity of the two [R/rJcGmo6-based PDCs (12 and 14) relative to the inactive parent peptide
indicates that non-disruptive CPPs can be successfully used as carrier peptides,***° but they are less beneficial
than active peptides for treating drug-resistant cells. While the [R/r]cGm6-based PDCs likely have cargo driven
activity, the activity of the more potent PDIP- and cGmé6-based PDCs benefited from contributions from both
the drug and peptide.

Membrane permeability and cell internalization assays confirmed that the three CPPs can carry the Vem cargo
across membranes. The cGm6-based PDCs (11 and 13) maintained the high membrane permeability of their
parent peptide, so likely can move passively through membranes. In contrast, the PDIP- and [R/r]cGm6-based
PDCs (10 and 12) likely require active transport to deliver the Vem drug cargo into the cell. Further exploration
into passive versus active transport mechanisms would provide a better understanding of the role that different
CPPs play in delivering intact PDCs such that their drug cargoes can access intracellular targets.

Overall, combining Vem with bioactive peptides produced PDCs with improved activity relative to the free
drug, validating this strategy as a promising avenue to improving the efficacy of Vem. PDCs that pair drugs
with membrane disruptive peptides, which have distinct killing mechanisms to that of most small molecule
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chemotherapies,”® could make it difficult for cancer cells to acquire resistance. Accordingly, further exploration
of this promising therapeutic modality with alternative drugs and bioactive peptides is an exciting future
direction.
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Concluding Remarks
The study presented in this chapter illustrates that PDCs which combine anticancer peptides

and Vem are a promising approach to reinvigorating Vem for melanoma treatment. The
exploration of five Vem-containing PDCs—which had improved activity against a drug-
sensitive cell line relative to the free drug—highlighted that the drug cargo remained active
without the requirement of a cleavable linker, in contrast to the PDCs described in Chapters 2
and 3. However, the PDCs were substantially less potent than the modified Vem analogue
(Vem-NH) that was used in the PDC design, accentuating that the amine could have an
important role in the enhanced activity of this analogue or that binding affinity to its enzyme
target is reduced with the attached peptide. Incorporation of cleavable linkers (see Section
1.2.3) into the PDC design is therefore an essential avenue for future work to understand if

PDC activity can match or exceed the potency of Vem-NH..

The peptide carrier also had an important contribution to PDC potency. While PDIP remained
active and selective when incorporated into a PDC, the cGm6 and [R/rjcGm6 peptides did not
tolerate alterations to their structure. The favourable activity of the PDIP-based PDC against a
Dab-resistant melanoma cell line emphasises PDCs as a valuable strategy for improving the
efficacy of Vem, alongside other approaches that pair Vem with a peptide for the treatment of
drug-resistant cells.'®-'2 Furthermore, it showcases the ability of PDIP to be used as both a
tool for selective drug delivery (e.g. Chapter 2) or as an anticancer partner to a drug in a dual-

acting treatment (this Chapter).

While the same benefits were not observed for the cGm6-based PDCs, we are optimistic that
future optimisation of the design of these PDCs could retain the potent activity of the cGm6
peptide within the PDC. The reduced activity of the cGm6-linker control and cGm6-based
PDCs compared to the peptide indicate the requirement for conjugation and linker strategies
that minimise hydrophobicity. Therefore, conjugation approaches that do not require the
hydrophobic DBCO linker moiety should be prioritised. For example, conjugation via an amide
bond could instead be utilised by coupling a modified drug-linker construct containing an
activated acyl group (4.5) directly onto the lysine side chain of cGm6 to form PDC 4.6 (Figure
4.4).

(o} lysine o

o) ) conjugation ~ Vem 0
NM + HN slgql o LoEaTn N
v iker e, S

P
0 HN sl 2
SAct AvA ~SS%s
4.5 4.6

Figure 4.4. Proposed alternative conjugation strategy to minimise added hydrophobicity to the peptide,
involving amide bond formation with the lysine side chain of cGm6. An example of an activating acyl
group for 4.5 is an N-hydroxysuccinimide ester.

Going forward, it is vital to understand whether the PDC modality is an optimal format for Vem

combination therapy, especially for the cGm6-based PDCs. While cotreatment with an
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unconjugated mixture of peptide and Vem is operationally simpler, in our study we saw the
benefit of tethering Vem to a peptide carrier through improved water solubility and cell entry
compared to Vem or Vem-NH;,. However, the true utility of Vem-containing PDCs will be
realised if it is more difficult for melanoma cells to acquire resistance to Vem as a PDC cargo,
in comparison to as a free drug or as an unconjugated cotreatment with the peptide. As such,
future work should examine the effects of the long-term treatment of melanoma cells with Vem-
containing PDCs, which can be achieved using a similar experimental procedure to that
displayed in Figure 4.3.7%'6 Here, the peptide may serve to prevent the development of Vem-
resistant cells by eliminating the drug-tolerant persisters that are not able to be killed by the
drug cargo. Studies conducted by Henriques and co-workers'® have exemplified that a similar
membrane-active anticancer peptide, also developed from a host defence peptide (tachyplesin
),'" is able to kill drug-tolerant persister cells. Furthermore, melanoma cell lines did not develop
resistance to this peptide, despite continuous exposure during growth, providing insight that
the distinct killing mechanism provided by membrane-active peptides could help to prevent

resistance development against Vem-containing PDCs.

Altogether, pairing Vem with bioactive cell-penetrating peptides provided PDCs with low
micromolar activity against drug-sensitive melanoma cells. However, only the PDIP-based
PDC was effective at killing cells with acquired resistance to Dab, a drug with the same
intracellular target as Vem. The future experiments outlined in this section aim to optimise PDC
potency, especially for the cGm6-based PDCs, so the benefits of coupling Vem with an
anticancer peptide can be realised. Overall, the Vem-containing PDCs explored within this
chapter are showcased as an alternative strategy to improve the efficacy of Vem and the
promising outcomes warrant the continued exploration of these PDCs as combination

therapies for melanoma treatment.
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Conclusions
The three manuscripts presented in this thesis showcase PDCs containing bioactive cell-

penetrating peptides (CPPs)—including PDIP and cGm6—for use as targeted treatments in
two different disease contexts, malaria and cancer. To demonstrate the utility of a PDC
approach comprising our bioactive peptides, three drugs—primaquine (PQ), camptothecin
(CPT) and vemurafenib (Vem)—each with toxicity or resistance issues, were explored as the
PDC cargo. Small libraries of PDCs with varying linkers, conjugation strategies and peptide
scaffolds were produced with each drug cargo, to understand how certain design features

influenced PDC potency.

Chapter Two explored whether PQ, an antimalarial drug with limited widespread use due to
off-target toxicity in some individuals, could be successfully conjugated onto an antiplasmodial
peptide. Six PDIP-PQ PDCs were synthesised, comprising three linker types (non-cleavable,
Fe(ll)-sensitive and reducible disulfide) and two PDIP analogues with different conjugation
positions on the peptide (Figure 5.1)." Analysis of PDC activity against Plasmodium parasites
in the asexual blood stages revealed PDCs with low micromolar and cargo-driven potency,
that required the incorporation of a cleavable linker and a PDIP analogue with an internal
conjugation site in the PDC design for optimal activity (gold boxes, Figure 5.1). Furthermore,
follow-up studies highlighted the important contribution of the antiplasmodial peptide (PDIP) to

overall PDC activity, validating the use of PDCs with a dual mechanism of bioactivity.?

Linkers

H 0 s
o N N~ PDIP o o
- i s i £
H n=N N N (o)
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Figure 5.1. In Chapter 2, six PDIP-PQ PDCs were synthesised and biologically evaluated against blood
stage Plasmodium parasites. The design features modified are displayed in the dotted grey boxes and
those that provided optimal PDC potency are indicated with a gold box.

Although this proof-of-concept study did not result in PDCs with enhanced activity relative to
PQ, the prospect of improved safety profiles in G6PD deficient individuals warrants future
exploration into their selectivity. Additional studies into the role of the peptide in PDC activity
and whether these PDCs are potent against other parasite stages are required to cement these

treatments as feasible alternatives to traditional antimalarial therapies.

Chapter Three investigated whether the safety of CPT, a non-selective chemotherapy drug,

could be improved by conjugation to a peptide carrier, PDIP. Based on the design—activity
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knowledge gained from the previous chapter, four PDIP-CPT PDCs were synthesised,
comprising three linker types (non-cleavable, reducible disulfide and cathepsin B-sensitive
dipeptide) and two PDIP analogues with different conjugation handles (Figure 5.2).% Evaluation
of PDC bioactivity against a melanoma cell line revealed cargo-driven potency in the
nanomolar to low micromolar range, with a cleavable linker essential in the PDC design for
maximal potency (gold boxes, Figure 5.2). Membrane permeability and cell internalisation
studies revealed that intact PDCs could passively cross membranes and highlighted that the
disulfide-cyclised PDIP analogue (gold box, Figure 5.2) was a superior carrier peptide relative

to the backbone cyclic PDIP analogue.

Linkers Peptides
°_oo
Q non-cleavable N3
Eales ‘| Hk PDIP AO)J\A)\ linker S‘s
o o disulfide-
PDF:g-é:PT o /& J\ cyclised
s /(o)]\o/\/s\s)\ 0o N” Cit—Val-}
« Four anticancer PDCs 1 H HS
* Nanomolar activity disulfide-reducible _sensiti
protease-sensitive backbone-
* Cell permeable PDCs cleavable linker cleavable linker 2)?0“;”:

Figure 5.2. In Chapter 3, four PDIP-CPT PDCs were synthesised and biologically evaluated against a
melanoma cell line. The design features modified are displayed in the dotted grey boxes and those that
provided optimal PDC potency and function are indicated with a gold box.

The loss of selectivity of these PDCs for melanoma cells compared to the parent PDIP peptide
needs to be addressed in the design of ensuing generations of PDIP-CPT PDCs. Future PDCs
should explore alternative linkers and conjugation strategies that minimise additional
hydrophobicity appended onto the peptide to maintain the crucial amphipathic properties of the
peptide carrier. The insight obtained into PDC design in this chapter reinforced how it is crucial

to match a drug cargo with an appropriate carrier peptide and linker type.

Chapter Four examined whether Vem, an antimelanoma drug with solubility and acquired
resistance issues, would benefit from conjugation to peptides with distinct anticancer
mechanisms. Five non-cleavable Vem-containing PDCs were synthesised with three different
CPP carriers, two with anticancer activity (PDIP and cGm6) and one with poor anticancer
activity ([R/rlcGm®) (Figure 5.3). Evaluation of PDC activity against a drug-sensitive melanoma
cell line highlighted that the PDCs had low micromolar activity that was enhanced relative to
Vem treatment alone. Furthermore, PDIP (gold box, Figure 5.3) was identified as the optimal
peptide partner as the PDIP-based PDC was the most potent and was also able to Kill
melanoma cells that had acquired resistance to dabrafenib, a drug with the same enzyme
target as Vem. Membrane permeability and cell internalisation studies validated that the
peptides could carry the Vem cargo across membranes, however, the PDCs appeared to

utilise different modes of cell entry (e.g. active versus passive entry).
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Peptide carrier

N\:N s:'s
o N
. Vem PDCs O \ o PDIP
4 (anticancer peptide)
Five anticancer PDCs ¥/, v PDIP-based PDC plus two
that were more potent able to selectively kill PDCs with S{s &
than Vem drug-resistant cells a peg4 °Scs
spacer here
drug- drug-  cGm6
sensitive resistant (anticancer peptide)
melanoma melanoma [RIrlcGmé
(poor anticancer
activity)

Figure 5.3. In Chapter 4, five Vem-containing PDCs were synthesised and biologically evaluated against
dabrafenib-sensitive and resistant melanoma cell lines. The three peptide carriers utilised are displayed
in the dotted grey box and the optimal scaffold is indicated with a gold box.

The use of dual-acting PDCs was illustrated as a promising alternative for the treatment of
resistant melanoma cells, however, future optimisation of PDCs containing the cGm6 peptide
is required for the same benefits to be observed as PDCs containing the PDIP peptide. Further
exploration into whether melanoma cells can acquire resistance to these PDCs is essential to
determine if a PDC modality is optimal for combination therapy compared to the

coadministration of a drug and peptide.

Overall, the three projects presented in this thesis emphasise the importance of design to
produce PDCs with potent bioactivity. Regardless of the disease context, design optimisation
was imperative to maintain the function and properties of the drug cargo and peptide carrier,
to ensure that each component could successfully undertake its mechanism of action while
conjugated together. The conjugation site on the drug/peptide and linker type needed to be
considered consistently throughout the three projects. Ultimately, optimal design was found to
be unique for each drug and peptide combination, demonstrating the importance of PDC

structure optimisation.

Outlook
Targeted therapeutics such as PDCs continue to serve as valuable alternatives to traditional

small molecule treatments. Throughout this thesis, three drugs were incorporated into a PDC
modality to integrate the benefits of selectivity and a distinct killing mechanism provided by
bioactive CPPs that are derived from host defence molecules. The PDIP and cGm6 peptides
studied were found to be useful peptide partners to the drugs in most contexts, however,
modifications to their overall structure and physiochemical properties—factors that are
important for the correct function and activity of bioactive CPPs—had a detrimental effect in
some circumstances.* Therefore, investigation into how the structure and membrane

selectivity of the peptides is altered following drug conjugation is vital to understand how to
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prevent this in the design of future generations of PDIP- and cGm6-based PDCs. For example,
structural information could be acquired with circular dichroism and may provide understanding
about how peptide secondary structure changes with an attached linker and drug.® Membrane
selectivity insights could be obtained by examining the binding affinity of the PDCs to different
lipid bilayer models, representative of either diseased or healthy cells, and comparing this to

the affinity of the parent peptides.®

With the proof-of-principle studies presented in this thesis highlighting the ability to synthesise
PDIP- and cGm6-based PDCs that have potent activity, we next aim to understand what
happens to these PDCs during treatment, to gain insight into their mechanism of action. The
preliminary mechanistic studies regarding membrane permeability and cell entry that have
already been explored can be expanded to further investigate the role of the peptide in PDC
activity. For example, assessing the membrane-disruptive activity of the PDCs could indicate
the contribution of the peptide to PDC activity.” Fluorescent imaging would also be a useful
tool to understand PDC localisation inside cells and can be used to further probe linker

cleavage in a biological context.®

Future analysis of the in vivo activity of the PDIP- and cGm6-based PDCs will be important to
determine their feasibility as treatments. It is possible that the stability of PDCs during
circulation will be a challenge, as seen with many therapeutic peptides, meaning PDC stability
should be explored prior to in vivo testing.® If stability is not optimal, future generations of PDCs
could employ known methods of improving peptide stability, such as peptide lipidation.
Lipidation is often used to prevent the clearance of peptide drugs during circulation by
promoting the binding of albumin and thereby restricting the access of proteases to the
peptide.'® Additional strategies regarding the improvement of these PDCs for feasible
therapeutic application, including efforts towards affordable production for use as malaria

treatments, were discussed in Chapter 2.

Ultimately, the promising outcomes of the PDCs disclosed in this thesis and the multiple
avenues for future PDC optimisation highlight the capability of PDIP and cGm6 to be effective
peptide partners to selected small molecule drugs. Through the exploration of PDCs containing
these peptide scaffolds in both malaria and cancer contexts, they are showcased as versatile
tools for both targeted treatments and dual-acting therapies. Furthermore, the utility of the
PDIP and cGm6 peptides in multiple disease contexts prompts the future exploration of PDCs
containing these peptides in alternate treatment scenarios, such as bacterial and viral
infections.! Given that design optimisation is vital for potent PDCs, we hope that the collective
insights from these studies will serve to accelerate the future development and synthesis of

PDCs containing bioactive cell-penetrating peptides.
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Chapter 5: Conclusions and outlook
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Supplementary Figures

100 -
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Figure S1. In vitro inhibition of P. falciparum growth in human RBCs by increasing concentrations of Alexa
Fluor 488 (A488) PDCs comprising different conjugation strategies, compared to the parent PDIP peptide.
Data points are expressed as mean + SD for at least two biological replicates. ICso values are given as mean
(SEM). Note: PDIP-A488 oxime (S1) contains Alexa Fluor 488 conjugated to PDIP via an oxime ligation to

an acetone linkage between the two cysteines, see prior work for further peptide and synthesis details (PDIP
was formerly known as cPF4DP).!

t=0 PDIP-DBCO-SS-PQ
10 to 55% MeCN over 40 min

(20)

glutathione
20 adduct of 20
t=6h 23
22 N K
t=24h 22

23
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Figure S2. Consumption of PDIP-DBCO-SS-PQ (20) over 24 hours by disulfide reduction. Fragmentation of
the PDC was monitored using analytical reverse-phase LCMS (10 to 55% MeCN over 40 min, A = 214 nm).
Glutathione adduct 22 (see Figure 3A for structure) was observed to form within 6 hours followed by depletion
of all starting PDC by 24 hours. Free primaquine (PQ) was not observed under these conditions, however, thiol
modified primaquine 23 was observed within 6 hours. The glutathione adduct of PDC 20 is thought to be
formed by reaction of glutathione with the disulfide of PDIP, leaving the disulfide linker intact. In cases where
both 20 and the glutathione adduct of 20 were present, both peaks were accounted for in the integration of the
PDC, as presented in Figure 3B.
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Figure S3. A) Consumption of PDIP-DBCO-triox-PQ (21) over 24 hours by treatment with FeCl,.
Fragmentation of the PDC was monitored using analytical reverse-phase LCMS (10 to 55% MeCN over
40 min, A =214 nm). Ketone intermediate 27 (see Figure 3A for structure) was observed to form within 6 hours
followed by depletion of all starting PDC and intermediates by 24 hours. Free primaquine was not observed
under these conditions. B) Consumption of linker PQ-triox-DBCO (4) over 19 hours by treatment with FeCl,.
Fragmentation of the drug-linker construct was monitored using analytical reverse-phase LCMS (5 to 95%
MeCN over 8 min, A =214 nm). After 3 hours, 4 had converted into the corresponding retro-Michael substrate
(analogous to ketone intermediate 27). Primaquine (PQ) was only observed as a small peak at 19 hours, at
which point the starting drug-linker construct and all other intermediates had been consumed.
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Figure S4. In vitro inhibition of P. falciparum growth in human RBCs by increasing concentrations of an
equimolar mixture of unconjugated PQ and PDIP-Az, compared to PQ, PDIP and PDIP-Az 1. Data points are
expressed as mean + SD for at least two biological replicates. ICsy values are given as mean (SEM).
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Figure S5. In vitro inhibition of P. falciparum growth in human RBCs by increasing concentrations of a
cleavable disulfide PDC containing a backbone cyclized peptide (S5) and a non-cleavable O-modified PQ
PDC (S4). Data points are expressed as mean = SD for at least two biological replicates. ICso values are given
as mean (SEM). Note: for detailed peptide sequence information, see Table S1, p. 6.
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Scheme S1. Synthesis of A) PDIP-O-PQ and B) cPDIP-SS-PQ conjugates.

A) Synthesis of PDIP-O-PQ

T HBr P
2[H;P0,] N (48% wiw aq.) 2[HBr] N Boc,0, Ets
R
HZN\/\/I\ _ Ar, reflux HZN\/\)\N DCM \/\)\

” o 110 °C, 24 h N OH N, rt,18h
e S6 2% DMF
Br X
K,CO, l N,, réo/m h
(]
N=N\
N PDIP-Az 1 N N
X CuSO,, THPTA 2 [TFA] | N|
o Na ascorbate N TFA/DCM [TFAl
PQ” aminoguanidine HZN\/\)\ 10:90 viv /:
sa ¢ “buffer/DMSO N o/\ “t.in Boc N o/\
iz rt,1-2h 85%
41% s9 s8
B) Synthesis of cPDIP-SS-PQ Q. sS10
(NH,HCO,

primaquine (pH 8)/MeCN

0
N=N j\ O Et;N, DMAP )ol\ @ 2:1 viv PQ\NJI\O/\/S\S
N_ A SNy, DCM PQ_ A SNy, rt,1h H
®/ 0~ "o 7N rt, 16 h N" "o TN 48%
8 90% 9 s5

Table S1. Peptide sequences and properties of PDIP analogues.

Peptide Sequence MW (Da)* 1,}?1 (s]z?li')’
PDIP GCGGPLYKKIIKKLLESGGSGGAPLYKKIIKKLCES* 3775.6 4801.8
PDIP-Az 1 GCGGPLYKKIIKKLLESGGXGGAPLYKKIIKKLCES* 3800.6 4826.8
[GG]PDIP-Az 2 | xGGGCQAPLYKKIIKKLLESGGSGGAPLYKKIIKKLCES* | 4057.9 5084.1
cPDIP S10 c[GGCGGAPLYKKIIKKLAKSGAQAPLYKKIIKKLLES] 3796.7 4822.9
c[A]PDIP® ¢[GGAGGAPLYKKIIKKLAKSGAQAPLYKKIIKKLLES] 3764.7 4790.9

X = azidoalanine

x = azidoacetic acid

* denotes an amidated C-terminus

* Oxidized molecular weight is provided for PDIP, PDIP-Az and [GG]PDIP-Az

® TFA salt molecular weight includes the mass of TFA counterions resulting from protonation of basic residues
and the N-terminal amine during HPLC purification with acidic eluent (0.1% TFA)

¢ A desulfurized variant of cPDIP was employed in growth inhibition assays to prevent the presence of a free

thiol during assays.
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General Chemistry Procedures

'H and *C{'H} NMR spectra were recorded on a Bruker AVANCE spectrometer (400/700 MHz) at
298 K, in the solvents specified. CDCl; was treated with K2COj3(s) and 4 A molecular sieves prior to
use. For 'TH NMR and 3C NMR spectra, signals arising from the residual protio-form and deutero-
form of the solvent, respectively, were used as an internal reference. These correspond to du 7.26 and
8¢ 77.16 for CDCl3, 8y 1.94 and 8¢ 1.32 for CD3;CN and 8y 3.31 and 8¢ 49.00 for CD;OD. 'H NMR
data were recorded as follows: chemical shift (8) [multiplicity, coupling constant(s) J (Hz), relative
integral] where multiplicity was defined as: s = singlet; d = doublet; t = triplet; m = multiplet or

combinations of the above. Coupling constants are quoted to the nearest 0.1 Hz.

Low-resolution mass spectrometry (LRMS) was carried out using positive or negative electrospray
ionisation (ESI) on a Waters LCT ToF Premier XE or Agilent 6120 Single Quadrupole mass
spectrometer. High-resolution mass spectrometry (HRMS) was carried out using positive ESI on a
Waters Synapt G2-Si mass spectrometer. Infrared (IR) spectra were performed on a Perkin-Elmer
UATR Two spectrometer as a solid and analyzed using Essential FTIR software. Preparative high-
performance liquid chromatography (HPLC) was performed on a Waters 600 Controller with a
Waters 717 plus Autosampler and a Waters 2996 Photodiode Array Detector running Empower Pro
Empower 3 software. Liquid chromatography mass spectrometry (LCMS) was performed on an
Agilent 6120 Single Quadrupole mass spectrometer with an Agilent 1260 HPLC component, using
an Agilent Poroshell C18 column, or a Shimadzu LCMS-2050 mass spectrometer with a Shimadzu
LC40Dx3 UHPLC system, using either a Shimadzu Shim-pack XR-ODS III column or an Agilent
Zorbax SB-C18 column. Analytical HPLC was performed on an Agilent 1100 Analytical HPLC with
an Agilent Zorbax SB-C18 column. Linear gradients of water (solvent A) and MeCN (solvent B)
were used for LCMS, preparative and analytical HPLC with eluents containing 0.1% TFA for HPLC,
0.1% formic acid for LCMS or 0.01% formic acid for UHPLC. When specified, dry solvents were

obtained from a Glass Contour solvent purification system.

Peptide and PDC masses for yields were determined on a Mettler Toledo UMX2 microbalance to
0.001 mg accuracy. Azide containing PDIP analogues were synthesized either by published
protocols!? (PDIP was formerly known as cPF4PD) or manufactured by Wuxi AppTec (see Table S1
for sequences). Fmoc-azido-alanine was manufactured by Combi-Blocks, other amino acids by GL
Biochem or AK Scientific, and PEG-alkynes from Ambeed and BroadPharm. All other chemicals
were purchased from major suppliers. Syntheses for cleavable linkers were based off reported

methods.>©
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General procedure: T3P® coupling for amide bond formation

HzN_Rz
j\ T3P®, DIEA _ R j’\
HO R1 DCM or DMF 2\N R1
rt., 16 h H

A magnetically stirred mixture of amine (1.0 equiv.), carboxylic acid (1.0 equiv.) and DIEA
(6.0 equiv.) in DCM or DMF (0.05-0.1 M) maintained under an atmosphere of nitrogen was treated
with T3P® (50% in EtOAc, 1.5 equiv.). The mixture was stirred at room temperature for 16 h.

Reaction work-up and purification were conducted using either of the following methods:

Method A: The mixture was diluted with DCM (50 mL) and washed sequentially with saturated
aqueous NaHCO3 (10 mL) and brine (10 mL). The organic phase was dried (Na>SOs), filtered and
concentrated under reduced pressure to give a crude product that was subjected to purification by

flash column chromatography under the solvent conditions specified to afford the desired product.

Method B: The mixture was diluted in MeCN/H>O and subjected to purification by reverse-phase
semi-preparative HPLC using the specified gradient to afford the desired product.

PQ-alkyne 5 (N-(4-((6-methoxyquinolin-8-yl)amino)pentyl) hex-5-ynamide)
a Synthesized ding to th 1 d 110 1
o H ) J\/\/ yn eSI.ZG ac'cor 1n'g 0 . e general procedure on a um(.)
Y\/\H scale using primaquine bisphosphate (50 mg) and 5-hexynoic
N
L 5 acid (12 uL) in DCM (2 mL). Purified according to method A
(3% methanol/DCM) to afford 5 (16 mg, 40%) as a dark-brown oil.

H NMR: (400 MHz, CDCls) § 8.51 (dd, J = 4.2, 1.7 Hz, 1H), 7.91 (dd, J = 8.3, 1.7 Hz, 1H), 7.28
(dd, J=8.3,4.2 Hz, 1H), 6.32 (d, J= 2.5 Hz, 1H), 6.27 (d, J= 2.5 Hz, 1H), 6.03 — 5.95 (m, 1H), 5.82
—5.73 (m, 1H), 3.86 (s, 3H), 3.65 — 3.54 (m, 1H), 3.32 — 3.15 (m, 2H), 2.25 — 2.16 (m, 4H), 1.95 (t,
J=2.7Hz, 1H), 1.85— 1.74 (m, 2H), 1.73 — 1.54 (m, 4H), 1.27 (d, J = 6.4 Hz, 3H).ppm; 3C NMR:
(101 MHz, CDCL3) & 171.9, 159.2, 144.7, 144.2, 135.2, 134.6, 129.7, 121.7, 96.7, 91.6, 83.4, 69.0,
55.0,47.7, 39.3, 34.9, 33.8, 26.1, 24.0, 20.5, 17.6 ppm; HRMS: (ESI+) m/z found 354.2188, caled
for Co1HasN30, [M+H]* 354.2176; IR: 3290, 2935, 2118, 1645, 1615, 1519 cm.

PQ-PEGI-alkyne 6 (N-(4-((6-methoxyquinolin-8-yl)amino)pentyl)-3-(prop-2-yn-1-yloxy)propan

amide)

H o Synthesized according to the general procedure on a 78 umol
O N N)J\/\o/\\ . . . .
H N scale using primaquine bisphosphate (36 mg) and propargyl-
N
) ® PEGI-acid (10 mg) in DCM (1 mL). Purified according to
method B (50 to 85% MeCN over 20 min) to afford 6 (7.1 mg, 18%) as a yellow oil (TFA salt).
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TH NMR: (400 MHz, CD5CN) § 8.67 (dd, J = 4.8, 1.6 Hz, 1H), 8.38 (dd, J = 8.4, 1.6 Hz, 1H), 7.60
(dd, J= 8.4, 4.8 Hz, 1H), 6.71 — 6.63 (m, 1H), 6.59 (br s, 1H), 6.53 — 6.46 (m, 1H), 5.96 (br s, 1H),
4.09 (d, J= 2.4 Hz, 2H), 3.89 (s, 3H), 3.76 — 3.64 (m, 3H), 3.26 — 3.11 (m, 2H), 2.67 (t, J= 2.4 Hz,
1H), 2.35 (t,J= 6.1 Hz, 2H), 1.78 — 1.51 (m, 4H), 1.26 (d, /= 6.3 Hz, 3H) ppm; 1*C NMR: (101 MHz,
CD:CN) & 171.8, 161.5, 143.6, 142.7, 141.0, 132.3, 131.0, 122.9, 100.9, 94.1, 80.8, 75.7, 66.9, 58.6,
56.3,49.2, 39.8, 37.2, 34.1, 26.9, 20.4; HRMS: (ESI+) m/z found 370.2135, caled for Ca1HasN3O3
[M+H]" 370.2123; found 392.1949, caled for Ca1Ha7N3O3Na [M+Na]* 392.1944; IR: 3300, 2937,
2118, 1647, 1597 cm'.

PQ-PEG3-alkyne 7  (N-(4-((6-methoxyquinolin-8-yl)amino)pentyl)-3-(2-(2-(prop-2-yn-1-yloxy)
ethoxy)ethoxy)propanamide)

H o Synthesized according to the general procedure on a 50 umol
O NWN\N o N ) . . .
H , Y scale using primaquine bisphosphate (23 mg) and propargyl-
N
) ! PEG3-acid (11 mg) in DMF (0.7 mL). Purified according to
method B (50 to 85% MeCN over 20 min) to afford 7 (3.4 mg, 12%) as a yellow oil (TFA salt).

TH NMR: (700 MHz, CDCls) one N-H not observed & 8.81 (dd, J = 4.9, 1.6 Hz, 1H), 8.32 (dd,
J=28.4,1.6 Hz, 1H), 7.57 (dd, J = 8.4, 4.9 Hz, 1H), 6.66 (br s, 1H), 6.51 — 6.48 (m, 2H), 4.17 (d,
J=2.4Hz, 2H), 3.93 (s, 3H), 3.71 (t, /= 5.8 Hz, 2H), 3.67 — 3.60 (m, 9H), 3.33 — 3.24 (m, 2H), 2.48
(t, J = 5.8 Hz, 2H), 2.42 (t, J = 2.4 Hz, 1H), 1.83 — 1.62 (m, 4H), 1.32 (d, J = 6.4 Hz, 3H) ppm;
I3C NMR: (176 MHz, CDCl3) § 172.2, 161.2, 142.3, 141.0, 140.5, 131.8, 129.1, 121.4, 101.1, 92.9,
79.7, 74.8, 70.4 (2C), 70.3, 69.2, 67.4, 58.5, 55.7, 48.7, 39.4, 36.9, 33.5, 26.2, 20.0 ppm; HRMS:
(ESI+) m/z found 458.2658, calcd for CosH3eN3Os [M+H]" 458.2650; found 480.2480, calcd for
C2sH3sN30OsNa [M+Na]* 480.2469, IR: 3213, 2921, 2113, 1651, 1520 cm™.

PQ-0-alkyne (S9) synthesis

| |
HBr
2 [HB
N (48% wiw aq.) HBr1 N
H N\/\)\ ——— > H N\/\)\
2 N o~ 2 N OH

Ar, reflux
H 110°C, 24 h H
96% S6

PQ bisphosphate (1.038 g, 2.28 mmol, 1.0 equiv.) was combined with aqueous hydrobromic acid
(4 mL, 48% w/w, 73.7 mmol, 32 equiv.) at reflux under an atmosphere of argon for 24 h. Remaining
hydrobromic acid was evaporated under a stream of nitrogen and gases quenched by scrubbing with
ammonium bicarbonate. The orange crude product was purified with flash column chromatography

(1:5 v/v methanol/DCM) and afforded the product S6 (0.889 g, 96%) as a bright orange oil (HBr salt).
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'"H NMR: (400 MHz, CD30OD) O-H, N-H, and exchangeable Ar C—H not observed & 8.81 — 8.65
(m, 2H), 7.86 (dd, J = 8.5, 5.3 Hz, 1H), 6.85 (s, 1H), 3.89 — 3.75 (m, 1H), 3.11 — 2.92 (m, 2H), 2.06
—1.74 (m, 4H), 1.40 (d, J = 6.3 Hz, 3H) ppm; *C NMR: (101 MHz, CD30D) 8 161.1, 145.6, 140.7,
139.6, 133.9, 125.7, 122.7, 106.2, 101.4, 50.6, 40.7, 33.7, 25.3, 19.9 ppm; HRMS: (ESI+) m/z found
246.1613, calcd for C1aH20N30 [M+H]" 246.1606; IR: 3321, 3023, 2969, 2924, 1594, 1578, 1451,

1440 cm™.
| X
2 [HBr] N \/\)\
B0020 Et3N
HZN\/\)\

oH pom
Na, rt, 18 h
42%
Compound S6 (0.555 g, 1.36 mmol, 1.0 equiv.) in DCM (5 mL) was combined with Boc anhydride
(0.590 g, 2.70 mmol, 2.0 equiv.) and triethylamine (0.631 mL, 4.53 mmol, 3.3 equiv.), and stirred
under an atmosphere of nitrogen for 18 h. The crude mixture was concentrated under reduced pressure

and purified with flash column chromatography (1:5 to 1:0 v/v ethyl acetate/PS), to afford S7
(0.198 g, 42%) as a bright orange oil.

'H NMR: (400 MHz, CD30D) Exchangeable Ar C—H, O-H and N-Hs not observed & 8.63 (dd,
J=4.8,1.5Hz, 1H), 8.43 (d,/=8.3 Hz, 1H), 7.64 (dd, /= 8.5, 4.8 Hz, 1H), 6.74 (s, 1H), 3.78 — 3.68
(m, 1H), 3.14 — 3.01 (m, 2H), 1.84 — 1.55 (m, 4H), 1.41 (s, 9H), 1.34 (d, J = 6.4 Hz, 3H) ppm;
I3C NMR: (101 MHz, CD30D) & 158.3, 158.2, 146.4, 144.6, 135.7, 135.6, 131.9, 122.8, 98.4, 96.2,
79.8, 49.0 (from 2D), 41.3, 34.9, 28.8 (3C), 27.6, 20.8 ppm; HRMS: (ESI+) m/z found 346.2137,
calcd for C19H2sN303 [M+H]" 346.2131; IR: 3317, 2972, 2933, 1688, 1522 cm’".

[ ] N|\ [TFA]
>r \/\)\ A XO\H/N\/\)\N o/\

DMF
Np, rt., 16 h
6%

Compound S7 (0.198 g, 0.574 mmol, 1.0 equiv.) was stirred with potassium carbonate (0.086 g,
0.622 mmol, 1.1 equiv.) in DMF (5 mL) for 30 min under an atmosphere of nitrogen. Propargyl
bromide (43.5 pL, 0.574 mmol, 1.0 equiv.) was added and the reaction continued for 16 h. The
mixture was diluted in DCM (30 mL) and washed with water (30 mL). The aqueous layer was
extracted with DCM (2 x 30 mL), and the combined organic layers washed with brine (1 x 20 mL),

lithium chloride (10 mL, 1 M), dried with magnesium sulfate and concentrated under reduced

" Fast exchange of proton at C5 position of PQ has previously been noted in NMR studies. '’
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pressure. The crude residue was purified by preparative HPLC (30 to 90% MeCN over 30 min), to
afford S8 (15.9 mg, 6%) as an orange oil (TFA salt).

TH NMR: (400 MHz, CDCls) one N-H not observed § 8.92 (dd, J=5.1, 1.6 Hz, 1H), 8.43 (dd, J = 8.4,
1.6 Hz, 1H), 7.64 (dd, J = 8.4, 5.0 Hz, 1H), 6.63 (d, J = 2.4 Hz, 1H), 6.58 (d, J = 2.4 Hz, 1H), 4.82
(d,J=2.4Hz, 2H),4.67 (brs, 1H), 3.67 —3.58 (m, 1H), 3.17—3.12 (m, 2H), 2.61 (t,J = 2.4 Hz, 1H),
1.85 — 1.55 (m, 4H), 1.42 (s, 9H), 1.32 (d, J = 6.4 Hz, 3H) ppm; 3C NMR: (101 MHz, CDCls) §
159.3, 156.3, 142.4, 142.0, 140.4, 131.8, 128.0, 121.4, 101.7, 94.3, 79.2, 77.9, 76.6, 56.2, 49.0, 40.6,
33.3,28.5 (3C), 26.8, 19.8 ppm; HRMS: (ESI+) m/z found 384.2288, calcd for C22H30N303 [M+H]"
384.2287; IR: 3378, 3311, 2974, 2933, 2870, 2122, 1694, 1514 cm.

A

TFA/DCM 2[TFA] N'

| = [TFA]
N
H\/\)\ 10:90 v/iv \/\)\
o_ _N — » HyN
>( bl N ™\ rt, 1h N "N
o sg H 85% H s9

Compound S8 (15.9 mg, 33.1 pmol, 1.0 equiv.) was stirred with TFA/DCM (2 mL, 1:9 v/v) for 1 h.
The solution was concentrated under a stream of nitrogen and then purified by flash column
chromatography (1:10 to 1:5 v/v methanol/DCM) to afford S9 (14.4 mg, 85%) as a brown oil (TFA
salt).

'H NMR: (400 MHz, CDCls) & 8.52 (dd, J = 4.3, 1.6 Hz, 1H), 7.92 (dd, J = 8.3, 1.6 Hz, 1H), 7.68
(brs, 2H), 7.28 (dd, J = 8.2, 4.3 Hz, 1H), 6.42 (s, 1H), 6.30 (d, J = 2.5 Hz, 1H), 5.95 (br s, 1H), 4.74
(d,J=2.4 Hz, 2H), 3.59 — 3.48 (m, 1H), 2.87 (t, J= 7.1 Hz, 2H), 2.55 (t,J = 2.4 Hz, 1H), 1.79 — 1.49
(m, 4H), 1.21 (d, J = 6.3 Hz, 3H) ppm; 3C NMR: (101 MHz, CDCl3) 8 157.5, 144.8, 144.7, 135.7,
135.1, 129.8, 122.1, 97.6, 93.7, 78.7, 75.8, 55.9, 47.9, 40.1, 33.3, 24.3, 20.1 ppm; HRMS: (ESI+)
m/z found 284.1765, calcd for C17H22N3O [M+H]" 284.1763; IR: 3287, 2966, 2931, 2123, 1673,
1517 cm™!,

Disulfide linker (3) synthesis

o 1) Mtt-Cl o o Q
DCM, r.t,, 16 h
> Mtt
HS/\AOH 2) DBCO-NH2 \S/\)LN/\)LN
T3P , DIEA

DCM, r.t, 16 h
72% (2 steps) O
A magnetically stirred solution of 4-methyltrityl chloride (14 mg, 50 umol, 1.0 equiv.) in DCM

(0.5 mL) maintained under an atmosphere of nitrogen was treated with 3-mercaptopropionic acid

(4.4 uL, 50 umol, 1.0 equiv.). The resulting bright yellow mixture was stirred at room temperature
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overnight for 16 h. The mixture was concentrated under a stream of nitrogen and the crude material

obtained was used without further purification.
LRMS: (ESI-) m/z found 361.1, calcd for C23H2102S [M—H] 361.1.

Subsequent amide bond formation was conducted according to the T3P® coupling general procedure
on a 40 pmol scale using DBCO-NH: (11 mg, 1.0 equiv.) and the crude Mtt-protected
3-mercaptopropionic acid (1.3 equiv.) in DCM (0.5 mL). Purified according to method A (3%
methanol/DCM) to afford 10 (18 mg, 72% over two steps) as a clear oil.

'H NMR: (400 MHz, CDCl3) § 7.66 (d, J= 7.5 Hz, 1H), 7.47 — 7.27 (m, 15H), 7.26 — 7.15 (m, 4H),
7.09 (d, J= 8.0 Hz, 2H), 5.87 (t, J= 6.2 Hz, 1H), 5.04 (d, J= 14.0 Hz, 1H), 3.64 (d, J = 14.0 Hz, 1H),
3.38 —3.29 (m, 1H), 3.17 — 3.07 (m, 1H), 2.56 — 2.45 (m, 2H), 2.44 — 2.34 (m, 1H), 2.31 (s, 3H), 1.98
—1.81 (m, 2H), 1.80 — 1.70 (m, 1H) ppm; 3C NMR: (101 MHz, CDCl3) § 172.3, 170.9, 151.1, 148.2,
145.1,141.9, 136.4, 132.1, 129.8 (4C), 129.7 (2C), 129.3, 128.8 (2C), 128.8, 128.5 (2C), 128.1, 128.0
(4C), 128.0, 127.3, 126.8 (2C), 125.8, 123.1, 122.7, 114.9, 107.8, 66.6, 55.7, 35.6, 35.2, 34.8, 28.0,
21.1 ppm; HRMS: (ESI+) m/z found 643.2394, calcd for C41H36N202SNa [M+Na]* 643.2390.

=z
N_N O primaquine |
)J\ _Et:N, DMAP Y\A 7SN
DCM
rt., 16 h
90%

A magnetically stirred mixture of carbonate 8 (36 mg, 0.10 mmol, 1.0 equiv.) and primaquine
bisphosphate (55 mg, 0.12 mmol, 1.2 equiv.) in DCM (5 mL) maintained under an atmosphere of
nitrogen was treated with DIEA (35 pL, 0.20 mmol, 2.0 equiv.). The mixture was stirred at room
temperature for 16 h, then concentrated under a stream of nitrogen and purified by reverse-phase
preparative HPLC (40 to 90% MeCN over 20 min) to afford 9 (44 mg, 90%) as an orange oil (TFA
salt).

TH NMR: (400 MHz, CDCI3) one N-H not observed § 8.96 — 8.83 (m, 1H), 8.69 — 8.39 (m, 2H), 8.02
—7.48 (m, 4H), 6.64 — 6.55 (m, 2H), 5.17 (br s, 1H), 4.26 (t,J= 6.0 Hz, 2H), 3.95 (s, 3H), 3.69 —3.59
(m, 1H), 3.24 —3.11 (m, 2H), 3.05 (t, /= 6.0 Hz, 2H), 1.85 - 1.57 (m, 4H), 1.37 — 1.27 (m, 3H) ppm;
I3C NMR: (101 MHz, CDCIl3) peaks associated with compound 9 reported' & 161.9, 161.2, 160.9,
156.4, 144.1, 140.7, 138.6, 132.5, 125.9, 121.2, 117.3, 114.4, 111.6, 103.3, 93.6, 62.5, 55.9, 49.2,
41.0, 38.4, 33.1, 26.4, 19.6 ppm; HRMS: (ESI+) m/z found 473.1679, calcd for C23H29N403S2
[M+H]"473.1676.

i Note: Compound 9 gradually decomposes in solution to form a mercaptopyridine adduct (substitution of a proton on
the aminoquinoline backbone of PQ), as indicated by the emergence of additional peaks in the '*C NMR spectrum.
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1) TFA/'Pr;SiH/DCM

o} o Q 1:5:44 viviv H (o} o fo) Q
Mtt\s/\)J\N/\)LN | | r-th:;’(; min__ -0 NY\/\u)j\o/\/s\s/\)J\N/\)LN | |
H H
NH4)HCO,/ N
10 O I\flec?\l) 2:3 viv U 3 O

rt,1.5h
18% (2 steps)

Compound 10 (8 mg, 13 umol, 1.0 equiv.) was suspended in a mixture of TFA/Pr3SiH/DCM (1:5:44
v/v/v, 0.6 mL total) and magnetically stirred at room temperature for 30 min. The mixture was
concentrated under a stream of nitrogen and the resulting residue was redissolved in argon purged
MeCN (1.5 mL). This solution was transferred to a flask containing 9 (8 mg, 17 pmol, 1.3 equiv.),
followed by the addition of an argon purged 200 mM ammonium bicarbonate solution (pH 8, 1 mL).
The mixture was magnetically stirred at room temperature for 1.5 h, then concentrated under a stream
of nitrogen. Purification with reverse-phase semi-preparative HPLC (40 to 90% MeCN over 20 min,
5 mL/min, containing 0.1% TFA) followed by further purification with reverse-phase analytical
HPLC (20 to 80% MeCN over 30 min, 1 mL/min, containing 0.1% formic acid) afforded 3 (1.6 mg,

18%) as a yellow oil (formic acid salt).

TH NMR: (700 MHz, CDCls) one N-H not observed, isolated with an unknown impurity 8 9.03 — 8.98
(m, 1H), 8.52 (dd, J=4.2, 1.6 Hz, 1H), 7.98 — 7.87 (m, 2H), 7.55 (apparent t, /= 7.1 Hz, 1H), 7.48
(apparent t, J = 7.4 Hz, 1H), 7.44 — 7.27 (m, 5SH), 6.67 — 6.57 (m, 1H), 6.36 — 6.24 (m, 2H), 5.43 —
5.36 (m, 1H), 5.15 — 5.11 (m, 2H), 4.32 — 4.19 (m, 2H), 3.91 — 3.84 (m, 3H), 3.83 — 3.77 (m, 2H),
3.65 —3.56 (m, 1H), 3.40 — 3.29 (m, 2H), 3.24 — 3.14 (m, 2H), 2.98 (t, J = 7.4 Hz, 2H), 2.93 — 2.86
(m, 2H), 2.57 (t,J= 7.5 Hz, 2H), 1.75 — 1.61 (m, 4H), 1.28 (d, J = 6.4 Hz, 3H) ppm; HRMS: (ESI+)
m/z found 726.2783, calcd for C39H4aNsOsS> [M+H]" 726.2778.

UPLC trace:

A =280 nm
5% to 95% MeCN over 8 min
Rt =6.4 min

1 2 3 4 5 6 7 8
Retention time (min)
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Trioxolane linker (4) synthesis

NaOMe (18 mg, 0.34 mmol, 1.0 equiv.) was suspended in methanol (0.7 mL) under an atmosphere
of nitrogen and cooled to 0 °C (ice bath). This NaOMe solution was added dropwise to a flask
containing lactone 123 (0.10 g, 0.34 mmol, 1.0 equiv.) and the mixture was magnetically stirred in an
ice bath for 1.5 h. The reaction was neutralized with the addition of 1M HCI, diluted with DCM
(10 mL) and washed with brine (10 mL). The organic phase was dried (Na;SOs), filtered and
concentrated under reduced pressure to afford 13 (0.11 g, 97%) as a clear oil, which was used without

further purification.

TH NMR: (400 MHz, CDCls) O-H not observed 8 3.87 —3.73 (m, 2H), 3.69 (s, 3H), 2.53 — 2.38 (m,
2H), 2.27 — 2.07 (m, 2H), 2.06 — 1.67 (m, 16H) ppm; 1*C NMR: (101 MHz, CDCl3) § 173.5, 112.7,
110.7, 58.6, 51.9, 37.7, 36.7, 36.4, 36.4, 35.1, 34.9, 34.9, 34.9, 31.0, 28.8, 26.8, 26.4 ppm; HRMS:
(ESI+) m/z found 349.1629, calcd for Ci17H2606Na [M+Na]* 349.1622.

9o NO,
m)J\o
0\ pyridine H o 0\
o ©° DCM, 0 °C, 45 min o 0
(o} 2 2 b (o] N (o]
Ho/\></\n/ - L NJ\O/\></\H/ -
o 2) primaquine H o
13 DIEA, DMAP N 15
DMF/DCM, r.t., 16 h . |

53% (2 steps)

A magnetically stirred mixture of alcohol 13 (38 mg, 0.12 mmol, 1.0 equiv.) and pyridine (14 pL,
0.17 mmol, 1.5 equiv.) in DCM (1.5 mL) maintained under an atmosphere of nitrogen was cooled to
0 °C (ice bath). p-nitrophenylchloroformate (46 mg, 0.24 mmol, 2.0 equiv.) was added and the
mixture stirred in an ice bath for 45 min. The reaction mixture was concentrated and subjected to
purification by flash column chromatography (15% EtOAc/petroleum spirits) to afford carbonate 14
(45 mg) as a yellow oil. The product was isolated with an impurity (p-nitrophenol) but was used

without further purification, owing to its instability.

TH NMR: (400 MHz, CDCl3) & 8.31 — 8.25 (m, 2H), 7.42 — 7.36 (m, 2H), 4.43 (t, J = 6.8 Hz, 2H),
3.69 (s, 3H), 2.57 — 2.41 (m, 2H), 2.31 — 2.08 (m, 4H), 2.04 — 1.67 (m, 14H) ppm; LRMS: (ESI+)
m/z found 514.2, caled for C24H20NOjoNa [M+Na]" 514.2.

A magnetically stirred solution of carbonate 14 (45 mg, 1.0 equiv.) and primaquine bisphosphate

(77 mg, 0.17 mmol, 1.5 equiv.) maintained under an atmosphere of nitrogen in DCM (0.5 mL) and
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DMF (0.5 mL) was treated with DIEA (81 pL, 0.46 mmol, 4.0 equiv.) and DMAP (9 mg, 0.07 mmol,
0.6 equiv.). The mixture was stirred at room temperature for 16 h, then concentrated to remove DCM
and subjected to purification by reverse-phase semi-preparative HPLC (40 to 90% MeCN over
20 min) to afford 15 (45 mg, 53% over two steps) as an orange oil (TFA salt).

TH NMR: (700 MHz, CDCl3) one N-H not observed & 8.94 (d, J = 5.3 Hz, 1H), 8.50 (dd, J = 8.5,
1.5 Hz, 1H), 7.69 (dd, J = 8.5, 5.3 Hz, 1H), 6.59 (d, J = 2.4 Hz, 1H), 6.57 (d, J = 2.4 Hz, 1H), 4.99
(s, 1H), 4.16 (t, J = 6.7 Hz, 2H), 3.95 (s, 3H), 3.68 — 3.62 (m, 4H), 3.24 — 3.17 (m, 2H), 2.54 — 2.37
(m, 2H), 2.24 — 1.55 (m, 22H), 1.32 (d, J = 6.3 Hz, 3H) ppm; *C NMR: (176 MHz, CDCl3) § 173.7,
161.8, 156.7, 143.6, 141.1, 139.1, 132.5, 126.5, 121.2, 112.5, 109.4, 102.9, 93.4, 60.6, 55.9, 51.9,
49.1, 40.9, 36.8, 36.5, 36.4, 35.4, 35.1, 34.9 (2C), 34.7, 33.1, 30.9, 28.8, 26.9, 26.6, 26.5, 19.7 ppm;
HRMS: (ESI+) m/z found 612.3284, calcd for C33HssN3Os [M+H]" 612.3279.

Q 1) aq. LiOH Q Q
o THF o
j\ o b rt,30h o j\ ¢ H Il
(o] . N N
~N 7~ N o/\x/\n/
PQ 0/\></\n/ 2) DBCO-NH, W/\/\H \/\n/
15 (o) HATU, DMAP, DIEA
DMF/DCM |
NS

rt., 18 h
76% (2 steps)

A magnetically stirred solution of methyl ester 15 (22 mg, 30 umol, 1.0 equiv.) in THF (3 mL) was
treated with a 1 M solution of LiOH in water (0.39 mL, 0.39 mmol, 13 equiv.). The mixture was
stirred at room temperature for 30 h, then diluted in DCM (10 mL) and water (10 mL). The pH of the
aqueous layer was decreased (pH ~4) with 1 M HCI and the product extracted with DCM (3 x 5 mL).
The combined organic layers were washed with brine (10 mL), dried (NaxSOs), filtered and
concentrated under reduced pressure to afford the corresponding carboxylic acid compound (19 mg)

as a yellow oil, which was used without further purification.
HRMS: (ESI+) m/z found 598.3145, calcd for C32H44N30g [M+H]" 598.3129.

A magnetically stirred solution of the aforementioned carboxylic acid (19 mg, 1.0 equiv.),
DBCO-NH2 (9.1 mg, 33 umol, 1.1 equiv.) and HATU (48 mg, 0.14 mmol, 4.6 equiv.) maintained
under an atmosphere of nitrogen in DCM (0.4 mL) and DMF (0.4 mL) was treated with DIEA (52 pL,
0.30 mmol, 10 equiv.) and DMAP (2 mg, 16 umol, 0.5 equiv.). The mixture was stirred at room
temperature for 18 h, then concentrated to remove DCM and subjected to purification by reverse-
phase semi-preparative HPLC (40 to 90% MeCN over 20 min) to afford 4 (22 mg, 76% over two
steps) as an orange oil (TFA salt).

TH NMR: (700 MHz, CDCls) one N-H not observed & 8.94 —8.87 (m, 1H), 8.50 (d, J = 8.4 Hz, 1H),
7.70 — 7.66 (m, 1H), 7.66 — 7.62 (m, 1H), 7.43 — 7.35 (m, 4H), 7.34 — 7.30 (m, 2H), 7.29 — 7.27 (m,
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1H), 6.61 — 6.59 (m, 1H), 6.59 — 6.56 (m, 1H), 6.45 (d, J = 14.1 Hz, 1H), 5.38 (br s, 1H), 5.12 (d,
J=14.0 Hz, 1H), 4.20 — 4.12 (m, 2H), 3.94 (s, 3H), 3.71 (d, J = 14.0 Hz, 1H), 3.66 — 3.60 (m, 1H),
3.38 —3.28 (m, 1H), 3.22 — 3.13 (m, 3H), 2.51 — 2.41 (m, 1H), 2.22 — 2.16 (m, 2H), 2.12 — 1.56 (m,
23H), 1.31 (d, J = 6.3 Hz, 3H) ppm; HRMS: (ESI+) m/z found 856.4294, calcd for CsoHssNsOs

[M+H]" 856.4280.

UPLC trace:
A =280 nm
5% to 95% MeCN over 8 min
Rt =7.4 min

Purity = 95%

| L

1 2 3 4 5 6 7 8
Retention time (min)

Synthesis of cPDIP (S10) and c[A]PDIP
Preparation and loading of 2-CI-Trt-NHNH resin

2-chlorotrityl chloride resin (1.0 g, 1.0 equiv., substitution = 1.4 mmol/g) was swollen in dry DCM
for 30 min, followed by washing with DCM (5 x 5 mL) and DMF (5 x 5 mL). The resin was treated
twice with hydrazine monohydrate (5% in DMF v/v, 4 mL) and agitated at room temperature for 45
min each time. The resin was washed with DMF (5 x 5 mL), DCM (5 x 5 mL) and DMF (5 x 5 mL)
and unreacted resin sites were capped with MeOH/DMF (1:4 v/v) for 1 h. A solution of Fmoc-Gly-
OH (1.7 g, 5.6 mmol, 4.0 equiv.), PyBOP (2.9 g, 5.6 mmol, 4.0 equiv.) and DIEA (1.95mL,
11.2 mmol, 8.0 equiv.) in DMF (5 mL) was added to the resin and agitated at room temperature for
18 h. The resin was washed with DMF (5 x 5 mL) and DCM (5 x 5 mL) and dried under vacuum for
2 h.

Quantification of loading efficiency

The loading efficiency was quantified by measuring the removal of the Fmoc protecting group with
20% piperidine/DMF. Three samples of dry Fmoc-Gly loaded resin (5-10 mg) were weighed into
Eppendorf tubes. Each sample was swelled in DMF (800 uL) for 15 min, followed by the addition of
piperidine (200 pL) and agitation for 15 min. Aliquots from each sample (30 pL) were diluted in
DMF (3 mL) in a quartz cuvette and the UV absorbance of the piperidine-fulvene adduct was
measured (A =301 nm, £ = 7800 M"! cm!) to quantify the amount of amino acid loaded onto the resin.

The loading efficiency of the three replicates was averaged to determine a resin substitution for the
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Fmoc-Gly loaded hydrazine resin (0.816 mmol/g). The theoretical maximum for the reported yield

of synthesized peptide is based on the 0.816 mmol/g substitution from the resin loading.
General iterative peptide assembly (Fmoc-SPPS)

cPDIP (S10, see Table S1 for sequence) was synthesized on a 0.2 mmol scale using automated solid

phase peptide synthesis (SPPS) according to the following protocols:

Deprotection: The resin was treated with 20% piperidine/DMF (3 mL, 2 x 5 min) and washed with
DMF (5 x 5 mL).

General amino acid coupling: A solution of Fmoc-amino acid (4.0 equiv.), Oxyma® (4.0 equiv.) and
N,N'-diisopropylcarbodiimide (DIC, 4.0 equiv.) in DMF (final concentration 0.15 M) was added to
the resin. The resin was heated under microwave conditions (50 °C) for 30 min before washing with

DMF (5 x 5 mL). Each coupling was repeated two times.

Capping: A solution of acetic anhydride/DMF (1:4 v/v) and DIEA (8 equiv.) was added to the resin
and agitated for 10 min. The resin was washed with DMF (5 x 5 mL).

Cleavage: A mixture of TFA/Pr3SiH/H20 (95:2.5:2.5 v/v/v) was added to the resin. After 2 hours,
the resin was washed with TFA (3 x 2 mL) and DCM (3 x 2 mL). The combined cleavage solution
and TFA and DCM washes were concentrated under a stream of No. The residue was treated with
cold Et2O (15 mL) to precipitate the peptide. The precipitate was centrifuged to form a pellet, the
Et,0 was removed, and the pellet redissolved in MeCN/H>O (containing 0.1% TFA), filtered and
purified by reverse-phase preparative HPLC.

Backbone cyclization

The semi-purified linear peptide bearing an N-terminal cysteine residue and a C-terminal acyl
hydrazide (14 mg, 1.0 equiv., containing 60% peptide impurity (~5.6 mg of linear peptide)) was
subjected to backbone cyclization using intramolecular native chemical ligation.” The linear peptide
hydrazide was prepared as a 1 mM solution in ligation buffer A (6.0 M Gn-HCI, pH 3.0) with a
suspension of MPAA (200 equiv.). Acetyl acetone (2.0 equiv., 0.5 M stock solution in H,O) was
added and the resulting mixture was shaken for 2 h, followed by a 2-fold dilution with ligation buffer
B (6.0 M Gn-HCI, 0.2 M NaH>POy4, pH 8.8) containing TCEP (50 equiv.). The pH was adjusted to
7.0 with 1 M NaOH and shaken for 18 h before LCMS was used to confirm the formation of the
cyclic product. The sample was diluted with MeCN/H»O, acidified with 1 M HCI and purified by
reverse-phase semi-preparative HPLC (25 to 40% MeCN over 40 minutes) to afford S10 as a white
solid (2.9 mg, 5.4% based on initial resin loading).
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A=210 nm
5% to 65% MeCN over 20 min
Rt =13.6 min

4 6 8 10 12 14 16 18 20 22

Retention time (min)
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Desulfurization of S10

Stock solutions of reduced glutathione (GSH, 40 mM) and VA-044 (200 mM) were prepared in water
and a stock solution of TCEP (0.5 M) was prepared in buffer (pH 6.5) containing Gn-HCI (6.0 M)
and NaH>PO4 (0.1 M). Each stock solution was sparged with argon for 5 min prior to use. The cyclic
peptide (4.3 mg, 1.1 umol, 1.0 equiv.) was dissolved in degassed water (7.5 mM) and GSH (20 uL),
VA-044 (20 uL) and TCEP (100 pL) were added sequentially to the mixture. The headspace of the
reaction vessel was purged with argon, the vial was sealed and heated at 70 °C for 5 h. The sample
was diluted with water (containing 0.1% TFA) and purified by reverse-phase semi-preparative HPLC
(25 to 40% MeCN over 40 minutes) to afford c[A]PDIP as a white solid (2.3 mg, 54%).

A=210 nm
5% to 65% MeCN over 20 min
Rt =13.9 min
J L SN

4 6 8 10 12 14 16 18 20 22
Retention time (min)
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General procedure: CuAAC conjugation

CUSO4
THPTA
Na ascorbate

R/\ + N3 peptide aminoguanidine R/\EN\\N

buffer/DMSO
rt, 1-2h 16419 \_

5,6or7 1or2 peptide

Following a procedure adapted from Hong and co-workers.® All reagent stock solutions were
prepared in water, unless otherwise specified, to the following concentrations: aminoguanidine
hydrochloride 100 mM, copper(Il) sulfate 20 mM, tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA) 50 mM, sodium ascorbate 100 mM (freshly prepared), ethylenediaminetetraacetic acid
(EDTA) 100 mM and drug-alkyne (5, 6, 7) 20 mM (in DMSO).

Peptide-azide (1 or 2, 1.0 equiv.) was dissolved in 100 mM sodium phosphate buffer (prepared by
mixing 100 mM Na;HPOs with 100 mM NaH>PO4 until pH = 7) to produce a final peptide
concentration of 200 uM (based on total reaction volume including reagents to be added). An aliquot
of DMSO was included to make the conjugation reaction mixture 10-20% organic/80-90% aqueous
by volume, depending on solubility of the drug-alkyne used. The following reagents were then added
sequentially to the reaction vial and magnetically stirred after each new addition: aminoguanidine
hydrochloride (5 mM", 25 equiv.), drug-alkyne (400 uM, 2.0 equiv.), copper(Il) sulfate (100 uM, 0.5
equiv.) pre-mixed with THPTA (500 uM, 2.5 equiv.), and sodium ascorbate (5 mM, 25 equiv.). The
conjugation mixture was magnetically stirred at room temperature for 1 — 2 h. The reaction was
quenched with EDTA (5.0 equiv.) and purified by reverse-phase semi-preparative HPLC. Reported
yields were determined by weight on a microbalance and were calculated using the mass of the TFA

salt of the product (assuming all basic residues and the N-terminal amine are protonated).

i Concentration of each component refers to the final concentration in the reaction mixture
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[GG]PDIP-alkane-PQ (16)

Prepared with [GG]PDIP-Az 2 and primaquine-alkyne 5 on a 0.51 pmol scale (2.6 mg peptide) and
10% DMS0O/90% aqueous conjugation conditions. Purification with semi-preparative HPLC (30 to
50% MeCN over 40 minutes) yielded 16 (1.25 mg, 45%) as a light-yellow solid.

A =280 nm

5% to 95% MeCN over 5 min
Rt = 4.3 min

Purity = 96%

N

0 2 4 6 8
Retention time (min)

100 -

2= +6 4411.4 Da

80—

631.1

c0-
40- § z=+5
- o

20—

— 11038
N
[}
+
S

T T r T r T r T
400 €00 800 1000 1200 1400 1600 1800 miz

PDIP-alkane-PQ (17)

Prepared with PDIP-Az 1 and primaquine-alkyne 5 on a 0.68 umol scale (3.3 mg peptide) and 10%
DMSO0/90% aqueous conjugation conditions. Purification with semi-preparative HPLC (30 to 60%
MeCN over 40 minutes) yielded 17 (1.57 mg, 43%) as a light-yellow solid.
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A =280 nm
5% to 65% MeCN over 30 min
Rt =19.8 min

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

R 7 4154.1D
- & z=+6 . a
80—
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i .
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] z=+7 5
- @©
B 3
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PDIP-PEGI1-PQ (18)

Prepared with PDIP-Az 1 and primaquine-PEG1-alkyne 6 on a 0.89 umol scale (4.3 mg peptide) and
10% DMSO/90% aqueous conjugation conditions. Purification with semi-preparative HPLC (20 to
65% MeCN over 40 minutes) yielded 18 (1.81 mg, 38%) as a light-yellow solid.

A =280 nm
5% to 65% MeCN over 30 min
Rt =19.6 min

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)
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PDIP-PEG3-PQ (19)

Prepared with PDIP-Az 1 and primaquine-PEG3-alkyne 7 on a 0.85 umol scale (4.1 mg peptide) and
10% DMSO/90% aqueous conjugation conditions. Purification with semi-preparative HPLC (10 to
50% MeCN over 40 minutes) yielded 19 (1.10 mg, 24%) as a light-yellow solid.

A =280 nm
5% to 65% MeCN over 30 min
Rt =19.7 min
. )

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

-
100 ;
i t 5= 4258.2 Da
i 3 z=+6
80— @
i z=+7
Eﬂ_
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. o Z 5
] &
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20— ] [ "]
- i - 8
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PDIP-O-PQ (S4)

Prepared with PDIP-Az 1 and primaquine-O-alkyne S9 on a 0.44 pmol scale (2.1 mg peptide) and

10% DMSO/90% aqueous conjugation conditions. Purification with semi-preparative HPLC (20 to

50% MeCN over 40 minutes) yielded S4 (0.96 mg, 41%) as a light-yellow solid.

A=210 nm
5% to 65% MeCN over 30 min
Rt =18.7 min

3 656 7 9 11 13 16 17 19 21 23 25 27 29 31
Retention time (min)
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General procedure: SPAAC conjugation

O H,O/'BuOH
. 1 1viv \‘
H \\ + Nsvpephde
R N N rt., 24-48 h R
\ﬂ/ \/\L]/ O \/\n/ peptlde T \/\n/
3or4 1 20 21

T
1800 m/z

Q -
O

Following a procedure adapted from Lau et al.:* PDIP-Az 1 (1.0 equiv.) and drug-alkyne (3 or 4, 2.0

equiv.) were dissolved in water/¢-butanol (1:1 v/v, 0.7-0.8 mM with respect to the peptide). The

mixture was stirred for 24 — 48 h to produce two regioisomers that were purified by reverse-phase

semi-preparative HPLC. Reported yields were determined by weight on a microbalance and were

calculated using the mass of the TFA salt of the product (assuming all basic residues and the

N-terminal amine are protonated).
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PDIP-DBCO-SS-PQ (20)
Prepared with PDIP-Az 1 and PQ-SS-DBCO 3 on a 0.31 pmol scale (1.5 mg peptide). Purification
with semi-preparative HPLC (20 to 65% MeCN over 40 minutes) yielded 20 (1.15 mg, 65%) as a

light-yellow solid. The two regioisomers were collected together.

A =280 nm
5% to 65% MeCN over 30 min
Rt =22.1 (peak 1) and 22.3 (peak 2) min

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

100 — ;
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80—
! ©
: S
80— © o
1 z=+7 8§z=+5
40—
1 ©
q o o
20- B v zz=+4
i g
0; e ILLL Loaldl (I L.
T —r T T —r r —r (-
250 500 750 1000 1250 1500 1750 miz

PDIP-DBCO-trioxolane-PQ (21)

Prepared with PDIP3-Az 1 and PQ-triox-DBCO 4 on a 0.87 pmol scale (4.2 mg peptide). Purification
with semi-preparative HPLC (20 to 65% MeCN over 40 minutes) yielded 21 (3.64 mg, 72%) as a

light-yellow solid. The two regioisomers were collected together.
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A =230 nm
5% to 65% MeCN over 30 min
Rt = 24.3 (peak 1) and 24.6 (peak 2) min

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

100 -
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cPDIP-SS-PQ (S5) synthesis

(NH,)HCO,
_ (pH 8)/MeCN j\
0 . PQ. s
ra_ s x> |+ s peptide $t1 ‘1”;: N 07" peptide
\u 0/\/ \S N Ly
9 $10 S5

Following a procedure adapted from Zhou et al.:* ¢cPDIP S10 (3.2 mg, 0.66 umol, 1.0 equiv.) was
dissolved in argon purged H>O (2 mL). This solution was transferred to a flask containing 9 (0.8 mg,
1.7 pmol, 2.5 equiv.) in argon purged MeCN (2 mL), followed by the addition of an argon purged
200 mM ammonium bicarbonate solution (pH 8, 2 mL). The mixture was magnetically stirred at room
temperature for 1 h, then concentrated under a stream of nitrogen and purified by reverse-phase semi-

preparative HPLC (25 to 50% MeCN over 40 min) to afford S5 (1.7 mg, 48%) as a light-yellow solid.
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A =280 nm
5% to 65% MeCN over 20 min
Rt =15.4 min
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Cleavage studies to monitor drug release

A solution of 20 or 21 (20 uM, 1.0 equiv.) in phosphate buffer (1 mM, pH 7) was treated with either
reduced glutathione (100 equiv.) or Fe(I[)Cl> (100 equiv.), respectively. The solutions were incubated
at 37 °C and aliquots were quenched at various time intervals with either MeCN (containing 0.1%
formic acid) for tests containing 20 or EDTA (100 mM) for tests containing 21. Samples were
analyzed with reverse-phase LCMS (10 to 55% MeCN over 40 minutes, 0.01% formic acid) at
A =214 nm and the peak corresponding to the conjugate was integrated using LabSolutions software.

The data were then plotted on Prism (GraphPad Software) using one phase exponential decay.

Plasmodium falciparum culturing

P. falciparum strain 3D7 was cultured as a 2.5% haematocrit solution by mixing O human RBCs
(300 pL) with complete culture medium (CCM, 12 mL), comprised of RPMI 1640 supplemented
with 8.8 mM D-glucose, 22 mM HEPES, 208 nM hypoxanthine, 46.1 nM gentamicin, 2.8 mM
L-glutamine (all from Sigma-Aldrich, Castle Hill, Australia), 2.1 g/ AlbuMAX® I (ThermoFisher
Scientific, Australia) and 4.2% (v/v) O human serum. The RBCs and serum were provided by the
Australian Red Cross Lifeblood, obtained from anonymous blood donors (aged 18-60 years). Cultures

were maintained in 25 cm? flasks filled with a low oxygen gas mixture (1%02/3%C02/96%N>) and
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kept in an orbital shaking incubator at 50 rpm at 37 °C. Culture parasitaemia was maintained between

0.2% and 10% and CCM was changed every 2-3 days.

Growth inhibition assays

Stock solutions of drug treatments were prepared in water (e.g., | mM). Treatment of parasites was
conducted using solutions of each drug diluted in CCM to 5x the highest concentration required for
the assay, followed by 2-fold serial dilutions. One day prior to assays, parasites were synchronized at
the ring stage by incubating in 5% (w/v) D-sorbitol for 10 minutes at room temperature, followed by
washing twice with warm red cell wash (10 mM sodium phosphate buffer, 160 mM NaCl, pH 7.4)
and adding the cells into fresh CCM (12 mL) in a new flask. After a further 18-24 h incubation, the
enriched rings developed into synchronized trophozoites, ready for use in the growth assays. An
aliquot (10 pL) of each drug dilution and controls (10 pL CCM) were gently mixed with the 0.2%
parasite culture (40 pL) in duplicate in a 96-well plate, to create a 5-fold dilution of the drug. Parasites
were incubated with the treatments at 37 °C for 48 h in an airtight box filled with a low oxygen gas
mixture (1%02/3%C02/96%N>). Cells were subsequently fixed in 1% (w/v) formaldehyde (1:3 v/v
Cytofix™ (BD Biosciences, Australia) diluted with phosphate buffered saline (PBS; 137 mM NaCl,
2.7 mM KCI, 10 mM Na,HPO4, 1.8 mM KH>POQOy4)) for at least 24 h at 4 °C.

Parasitemia levels in the fixed cells were determined using flow cytometry. Fixed cells were washed
twice with PBS containing 1% (w/v) bovine serum albumin (BSA) and stained with 5 pg/mL Hoechst
33342 (Life Technologies, Australia) in 1% BSA/PBS for at least 15 minutes at 4 °C. Fluorescence
signals of stained cells were measured using a LSR Fortessa cell analyzer (BD Biosciences) with at
least 200,000 events (cells) collected per sample. Percentages of infected cells (i.e., parasitaemia)
were identified and computed using FlowJo software (BD Biosciences). Percentage parasite growth

inhibition was determined from parasitaemia counts using the formula:

. o treatment parasitaemia
Parasite growth inhibition (%) = 100 — (

———— % 100)
untreated parasnaemla

The 1Cso data was determined for each treatment with Prism (GraphPad Software) using nonlinear

regression of a dose-response curve.

S27
127



9¢'T
8¢'T
LS°T
0L'T
9T
8.'T
08'T
18T
€8'T =

¥6'T
S6'T
S6'T

/1T
N

LT~
0£'E —
85°E ~
19¢”/

— Fooz |

— ot
—  F/0€

98¢

LL°S

a.m/

9¢'9
29|
g9

ce9 v.

€10ad 9¢’s

H and BC{'H} NMR

LCL
8L
6L
0€L
68°L

06’2
Hm.h\
e6’L
05’8
05’8
1S9°8
~19°8

400 MHz '"H NMR in CDC

Y

— - Fego |

— - 060 |
10'T

e — i

— T0'T

_ LIL 860 |

- J 1ot |

— ——— E00T [

=z

9.0

11.5 11.0 10.5 10.0 9.5

128

f1 (ppm)



9'/T ~
S'0C ~
0'bC —
19z
8'€E ~
6'v€ "
€'6E

LYy —

069G —

069 —

clOUJ C LL

101 MHz '3C NMR in CDCl,

P'eE8 —

9'T6 —
£96 —

LT —
L'6CT ~
9PET \
seET

ThPT ~
LT

68T —

6'TLT —

40 30

50

70

80

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

210




NOEAD +6°T

400 MHz '"H NMR in CD,CN

SC'T
9C'T
SS'T
SL'T

PeC
SE¢C
LE°C
£9°C
£9°C
89°¢
TTE~
SCeE~
L9°E

€LLEN
68°'¢ ~
60’

60’

N e—————

JUUA A LA UMY L

107 |

=680 |

oz |

Bpoe t

0T'€
=66'T

Mm ™M
S ® S
- O

1071

00T

=00'T |

T T T T T
8.5

11,5 11.0 10.5 10.0 9.5

4.5

8.0

1.5

2.0

2.5

3.0

3.5

4.0

55 5.0
f1 (ppm)

6.0

6.5

7.0

7.5

9.0

130



poz”
6'97 ~
T'be

N.Nm/

865\

A
€95\
9'8G ~

699 —
L'SL—

808 —

T'v6 —

6°00T —

151 MHz 3C NMR in CD,CN

6221 —
0'TET ~
45l
0 THT
LTHT ~
oep1”/

S'T9T —

@
i
N
i

|

70 60

80

T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

210




T€'T
T
v9'T —
181

TH'2
Nw.mw
T
[b'T
b2
8bC
oze
1e°€
19°€
29°€
[9°€
L€
1€
s
€6'c
oT'b
[T

6b°9
059
059
059
999/

€0ad 9t’s

QG / 1

=

700 MHz 'H NMR in CDCl,4

LS,
yA“Wi4
857,

ce'8
ce'8
€e's
€e'8
18'8
18'8
18°8
18'8

Ll

7.5

=ire |
Tm.m I

9°0

0°'¢

wao.m .

oT6

2507 |

= PT°€

H\.Nm.H

Fo'c

480 |

/60

460 |

00T |

11.5 11.0 10.5 10.0 9.5

6.0

8.0

25 2.0 15

3.0

3.5

4.0

4.5

5.0

5.5

6.5

7.0

8.5

9.0

132

f1 (ppm)



0oz’
2°97 ~
€€
8'9¢
¢.mmM

L8y
VAN
9'8G ~
¥'L9
2’69
m.om;/

¥0L ,

J 7
€DAd T'LL \

176 MHz '3C NMR in CDCl,4

L6,
6°¢6 —

T°'TOT —

PIcT —

T°6CT ~
8'TET —
SOvT \
O°'TvT —~
144! /

19T —

LT —

70 60 50

80

T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

210




*grease

*H,0

/7

S S

€10as 9z’

400 MHz '"H NMR in CDCl,

Vradi
62,

se'/

167
LE°L ]
v
v
b/
b/ ]
59/
19

E 260

3.0

4.0

4.5

6.0

8.0

9.0

11.5 11.0 10.5 10.0 9.5

0.5

20 15 1.0

2.5

3.5

5.0

5.5

6.5

7.0

7.5

8.5

134

f1 (ppm)



L'SS —

999 —

101 MHz '3C NMR in CDCl,

N
H
10

20

50 30

70

T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

T
210

135



659
099

299

400 MHz '"H NMR in CDCl,

[
0L,
|VAVA

[4AVA
€L,
VA A

€59'8
€59'8
SS'8
SS9'8
88’8
68’8
068
06’8

Fez |

wNN.v L

LT

0¢ |

Fs60 i

Fare

Foet |

Frso |

oy AN

—98°'T

—SET

neR

11.5 11.0 10.5 10.0 9.5

9.0

136

f1 (ppm)



o.mﬂk\
v'9C —
H.mm/

o.:u/
N.mvk\

6'GS —
m.mo)/

9'€6 —
€eor —

9111~
bHTT w
ey,
R

6'5¢17
G'TET ~
9'8€T

L70bT M
T'bhT ~

P9ST A\
6°09T
N.ﬁwﬂww
6'T9T

101 MHz '3C NMR in CDCl,

50 30

70

80

T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100

—
210

137

f1 (ppm)



€1Dad 9c’L

700 MHz 'H NMR in CDCl,4

8¢C'1 1
6C'T 1
957C"
L57C 1
85771
VA N
88°C 1
68'C 1
¢6'C
L6°C
86°¢
66°C
6T’¢
€ee
12983
09°¢
L8°E
88°¢C
1P

*grease

H,0
%

unknown
impurity*

unknown
*Impurity

Y
&y
(Y —
€T's
PT°S
8¢'S
LC9
1€9
€e9
199

s

6C'L
6C'L
0€'L
0€'L
1€/
1€/

—_—

v,
Tv'L
[4 44
[4 44
&L
8v'L
05/
yS'L
SS'L
98°L
06’2
16
vm.m%

56/
258
258 ]
mm.i
€58

ooi
106

' MM@@JMLMMK

()
W

(o}

(0]
ONS\S/\)LN/\)J\N

H

gt

_0

=96'C |

Frev |

oSt

e

H/NM.N r

H/om.H
part

H\.wm.ﬁ L

F16'¢C

Fure b

o081

Fes0

10.0

10.5

0.5

40 35 3.0 25 2.0 1.5 1.0

6.0 55 50 45

f1 (ppm)

90 85 80 75 70 6.5

9.5

11.0

11.5

138



€nad 9L —

400 MHz '"H NMR in CDCl,

OH

i

¢9'91

zadl

H\. €0'¢

= 00°€

k2ol

T T T T T T T T T T T T T T T T T T T T T T T T T
85 8.0 6.5 50 45 3.0 25 20 1.0

11.5 11.0 10.5 10.0 9.5

0.0

0.5

6.0

7.0

9.0

-0.5

1.5

3.5

4.0

5.5

7.5

139

f1 (ppm)



101 MHz '3C NMR in CDCl,

LN N N
N — 0 N O OOWNIT T 0 OO
i — N mm oo memonmnmommaAaNANN
$ 7 e e e
(0
OH
[0
0

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)



*grease

€1Das 9z’s

400 MHz '"H NMR in CDCl,

9¢'L
LEL
8¢,
6g'L
6€'L
ov'L
9¢'8
LT'8
LT'8
6C'8
6C'8
0€'8

NO,

p-nitrophenol

Fgez]

F ooz

Fve1

E 06T

2.5

11.5 11.0 10.5 10.0 9.5

6.0

9.0

0.5

1.5 1.0

2.0

40 35 3.0

4.5

5.0

5.5

6.5

7.0

7.5

8.0

8.5

141

f1 (ppm)



LS9
hm.@/
659
099

€10dd 9L \

700 MHz 'H NMR in CDCl,4

897
69°L
69°L
0L,
6+'8
6+'8
0s'8
15°8
€6'8
+6'8

ZI

= 06C|

yac

Fre

Fozz|
R 1o}

v €8'C

v [4

F st

96'0

60|

EFeoT1|

00T

E oot

1.0

3.0

6.0

9.0

11.5 11.0 10.5 10.0 9.5

0.0 -0.5
142

0.5

1.5

2.0

2.5

40 3.5

4.5

5.0

5.5

6.5

7.0

7.5

8.0

8.5

f1 (ppm)



L'61
5'9¢
9'9¢
6'9¢
8'8¢
6'0¢
T'€e
L'PE
6'vE
T°S€
1219
P9t
S'9¢ V
8'9¢
6'0v
T'6v —
6'1S
6'G6S
909 —

oaST L

Pe6e —

6°C0T
60T ~.
SCIT ~

a4 o
G971 —
GTET
T'6€T

T'THT A\
9 ¢PT ~

L79ST —
8 19T —

LELT —

176 MHz '3C NMR in CDCl,4

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

210

143



¥v'9
o0\
8597
099

€Das 9L

700 MHz 'H NMR in CDCl,4

(CL
8¢,
1€,
(454
e€eL
S€L
6€'L
V'L
1A
S9°L
89,
89,
05’8
1S9°8
06'8

= 10€|

To.mm |

Fot|

F oot

8L'¢CT
A 160

660
£ ool

= G/'C

H\. 68T

= €60

F s

¥9°0 |
me 06'0
880 |

£€8°0|
M 81
19°€

16°0
Wm 260

/80

= 060

6.0

9.0

11.5 11.0 10.5 10.0 9.5

1.5 1.0

2.0

2.5

40 35 3.0

4.5

7.0 6.5 55 5.0

7.5

8.0

8.5

144

f1 (ppm)



6€' T\
W17
LLT~
(8T —
66’17

00°¢
No.mw
¥0'€E

.

|

*methanol

aosad 1€

8L7E\
8E T
98¢

OdH 90°'S —

400 MHz '"H NMR in CD,0D

589 —

OH

H,N

L

F68¢

Froz

Fs60 |

E00°'T

60T

T T T T
9.0 8.5

11.5 11.0 10.5 10.0 9.5

145

f1 (ppm)



101 MHz 3C NMR in CD,;0D D

™ onN YR NN N

— N oS o m N O — ok N N m o

0 T F MO m NN o o =] | S ™ Tollle)
[ N7 \ [ \ | | [

I\

N
HZN\V//\\//l\

N OH

H

S6

T T T T T T~ T T T T~ T T T~ T T T "~ T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm) 146



eet
PE'T

51T
09'T -7

o/

e |

4% 54

aosad 1€

TLE
E.mx
9L°€

J Fes1 .

Fre0 t

400 MHz '"H NMR in CD;0D

H88%

vL9—

9L
€9/
¥9°L
S9°'/
'8
PP 8\
29'8
€9'8
¥9'8
¥9'8

e

|IJ Feeo |

e

— Wmm.m
81°6
T? |

mJ Feso |

T T T T T
8.5

11,5 11.0 10.5 10.0 9.5

9.0

147

f1 (ppm)



101 MHz 3C NMR in CD,;0D
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400 MHz, 101 MHz HSQC NMR
Spectrum of S7 (recorded in CD;0D)
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Supplementary Figures
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Figure S1. Cytotoxicity of PDCs, CPT, and peptides against HT144 cultured melanoma cells, following
incubation for 24 h. Cell death was measured using resazurin, with 0.1% (v/v) Triton X-100 as a control for
100% cell death. Data points are expressed as mean + SD for at least two biological replicates. CCs values are
expressed as mean (SEM). Note: CPT-dipeptide-PDIP was not included in this study. c[A]PDIP is a
desulfurized variant of cPDIP 2 (see Table S1) to prevent the presence of free thiol during assays.

/" "PDIP

B o)J\o o o
[ :L N\([)]/'\H)j\/\o/\N(/::N/\

P§ 13 4664.56 Da

HOAQ ° 4 Y A
'
S

+ H o
X
HN" N 1 4290.21 Da

exp [M+H]* = 349.1 exp [M+5H]* = 859.0, [M+4H]** = 1073.6, [M+3H]** = 1431.1
obs [M+H]* = 349.1 obs [M+5H]%* = 859.0, [M+4H]** = 1073.5, [M+3H]** = 1431.0

Scheme S1. Proposed degradation of PDC 13 observed in the cell-free environment for PAMPA. Hydrolysis
of the carbonate functional group and subsequent decarboxylation releases CPT, CO,, and alcohol containing
S1. The m/z values obtained from LC—MS analysis in support of this breakdown pathway are shown underneath
each product.
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Figure S2. Representative MS extracted ion chromatograms for PDCs 12-14 and PDIP following extraction
of treated and control HT 144 cells. Samples and controls were analyzed using a Qstar elite TOF-MS with a 2%
gradient containing 0.1% (v/v) formic acid in H,O against 0.1% (v/v) formic acid in 90% (v/v) MeCN/H,O.
The area under the curve (AUC) for the [M+6H]®" m/z peak for each compound was determined using Sciex
MultiQuant software.

12 T CPT MRM Q1 349.0, Q3 305.2 =114 T AUC 268279
AUC 21009 ;

o=y

(D

EEEERERRENENIS

“ICPT T AUC 137333

Figure §3. Representative extracted ion chromatograms for CPT using targeted multiple reaction monitoring
(MRM), following treatment of HT144 cells with PDCs 12 and 14, or CPT for 6 h. Samples were analyzed
using a Sciex QTRAP® 6500+ MS coupled to an Exion UPLC system. Scans were performed with low
resolution in quadrupole 1 (Q1) and unit resolution in quadrupole 3 (Q3), with the following MRM parameters:
Q1 (m/z) 349.0, Q3 305.2, collision energy 40, and declustering potential 80. The area under the curve (AUC)
for CPT was determined for each sample using Sciex MultiQuant software.
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Table S1. Sequences/structures and properties of PDIP peptide analogues and PDCs.

Charge

Peptide or Sequence or structure MW MW (Da) at pH RT

PDC q (Da)*  TFA salt’ . Ec (min)?

PDIP GCGGPLYKKIIKKLLESGGSGGAPLYKKITIKKLCES* 3775.6 4801.8 9 14.8

PDIP-Az 1 GCGGPLYKKIIKKLLESGGXGGAPLYKKIIKKLCES* 3800.6 4826.8 9 16.8

cPDIP 2 ¢ [GGCGGAPLYKKIIKKLLESGGSGGAPLYKKIIKKLLES] 3898.8 48109 8 18.1

c[A]PDIPe ¢ [GGAGGAPLYKKIIKKLLESGGSGGAPLYKKIIKKLLES] 3866.7 4778 .9 8 18.0

CPT-alk- 0 NN

PDIP 12 cpr\ow p— 42431 5383.3 9 18.8

CPT\ Jj\

CPT-

dipeptide- \r(\" —\Pmp 4664.6  5804.8 9 19.1

PDIP 13

CPT-S5- 212 (oo

DBCO- 4615.6 5755.8 9 D

PDIP 14 cPT” \ﬂ/ s \/\Ir \/\[r \—PDIP regio-

isomers)

posmon of other regioisomer

CPT-SS-

<PDIP 15 cpr\o)l\o/\/s\s/\cpmp 4349.2 53754 8 21.1

X = azidoalanine

* denotes an amidated C-terminus

c[ ] = backbone cyclized

* Molecular weight was calculated from the contributions of amino acids, linker, and drug components, using
ChemDraw v23. For peptides and PDCs containing a cyclic disulfide, the oxidized molecular weight is
provided.

® Calculated TFA salt molecular weight includes the mass of TFA counterions resulting from protonation of
basic residues and the N-terminal amine (if present) within the peptides (for peptides and PDCs), and
protonation of the quinoline moiety within CPT (for PDCs), after HPLC purification with acidic eluent (0.1%
TFA). The molecular weight assumes no salt-bridge formation between amino acids.

¢ The calculated charge of each compound at pH 7.4 (physiological pH similar to assay conditions), assuming
no salt-bridge formation between amino acids.

4 Retention time (RT) was determined using analytical reverse-phase HPLC with a gradient of 5% to 65%
MeCN (0.1% TFA) over 30 min. More hydrophobic compounds have a longer RT.

¢ A desulfurized variant of cPDIP was employed in cytotoxicity assays to prevent the presence of a free thiol
during assays.
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General Chemistry Procedures

'H and *C{'H} NMR spectra were recorded on a Bruker AVANCE spectrometer (400/800 MHz) at
298 K, in the solvents specified. CDCIl3 was treated with K2CO3(s) and 4 A molecular sieves prior to
use. For '"H NMR and *C NMR spectra, signals arising from the residual protio-form and deutero-
form of the solvent, respectively, were used as an internal reference. These correspond to ou 7.26 and
dc 77.16 for CDCls, and 8u 3.31 and 8¢ 49.00 for CD3OD. 'H NMR data are recorded as follows:
chemical shift () [multiplicity, coupling constant(s) J (Hz), relative integral] where multiplicity is
defined as: s = singlet; d = doublet; t = triplet; m = multiplet or combinations of the above. Coupling

constants are quoted to the nearest 0.1 Hz.

High-resolution mass spectrometry (HRMS) was carried out using positive ESI on a Waters Synapt
G2-Si mass spectrometer. Preparative high-performance liquid chromatography (HPLC) was
performed on a Waters 600 Controller with a Waters 717 plus Autosampler and a Waters 2996
Photodiode Array Detector running Empower Pro Empower 3 software. Liquid chromatography—
mass spectrometry (LC—MS) was performed a Shimadzu LCMS-2050 mass spectrometer with a
Shimadzu LC40Dx3 UHPLC system. Analytical HPLC was performed on an Agilent 1100 Analytical
HPLC with an Agilent Zorbax SB-C18 column or a Shimadzu LCMS-2020 instrument with a
Phenomenex 5 um C18 /300 A / 150 x 2 mm LC column. Linear gradients of water (solvent A) and
MeCN (solvent B) were used for LC-MS, preparative and analytical HPLC with solvents containing
0.1% TFA for HPLC or 0.01% formic acid for LC-MS. Any deviations from the above are specified
in the corresponding protocol. Dry solvents were obtained from a Glass Contour solvent purification

system.

Peptide and PDC masses for yields were determined on a Mettler Toledo UMX2 microbalance to
0.001 mg accuracy. PDIP (formerly known as cPF4PD), cPDIP and ¢c[A]PDIP were synthesized using
published protocols;'> PDIP-Az was manufactured by Wuxi AppTec or Mimotopes. Fmoc-azido-
alanine and Boc-Val-Cit-PAB-PNP were manufactured by Combi-Blocks, other amino acids were
purchased from GL Biochem or AK Scientific, PEG1-alkyne from BroadPharm and VA-044 from
Fujifilm Wako Chemicals.

CPT-alkyne (3) synthesis

o o
)j\/\///
~OH  HO
7 EDC-HCI, DIEA
DMAP
DCM
rt, 16 h

40%
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Following a procedure adapted from Li ez al.:* A magnetically stirred mixture of camptothecin (CPT)
(50 mg, 0.14 mmol, 1.0 equiv.), 5-hexynoic acid (40 pL, 0.36 mmol, 2.5 equiv.) and DIEA (125 pL,
0.724 mmol, 3.0 equiv.) in DCM (2 mL) maintained under an atmosphere of nitrogen was treated
with EDC-HCI (69 mg, 0.36 mmol, 2.5 equiv.) and DMAP (8.5 mg, 70 umol, 0.5 equiv.). The mixture
was stirred at room temperature for 16 h. The mixture was diluted with chloroform (30 mL) and the
organic phase was washed sequentially with saturated aqueous NaHCO3 (10 mL) and brine (10 mL).
The organic phase was dried (Na2SOa4), filtered and concentrated under reduced pressure to give a
crude product that was subjected to purification by reverse-phase semi-preparative HPLC (40 to 90%
MeCN over 20 min) to afford 3 (31 mg, 40%) as a bright-yellow solid (TFA salt).

'TH NMR: (400 MHz, CDCl3) & 8.44 (s, 1H), 8.26 (d, J = 8.2 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.90
—7.82 (m, 1H), 7.74 — 7.65 (m, 1H), 7.29 (s, 1H), 5.69 (d, J = 17.2 Hz, 1H), 5.41 (d, J = 17.2 Hz,
1H), 5.35-5.29 (m, 2H), 2.76 — 2.56 (m, 2H), 2.36 — 2.23 (m, 3H), 2.21 — 2.09 (m, 1H), 2.02 (t, J =
2.6 Hz, 1H), 1.93 — 1.83 (m, 2H), 0.99 (t, J = 7.5 Hz, 3H) ppm; *C NMR: (101 MHz, CDCl3) §
172.3,167.6,157.5,152.4,148.9, 146.3, 146.3,131.5, 131.0, 129.6, 128.6, 128.4, 128.4, 128.3, 120.4,
96.5, 83.2, 76.0, 69.6, 67.2, 50.1, 32.6, 32.0, 23.3, 17.8, 7.7 ppm; HRMS: (ESI+) m/z observed
465.1428, calculated for C26H22N205Na [M+Na]" 465.1421.

Disulfide linkers (5 and 8) synthesis

N=
"‘f j\ /| camptothecin /l
N SN
®/ N T L N DIEA, DMAP W
DCM
4 rt, 16 h

26%

A magnetically stirred mixture of CPT (25 mg, 72 umol, 1.0 equiv.) and carbonate 4° (37 mg,
0.11 mmol, 1.5 equiv.) in DCM (5 mL) maintained under an atmosphere of nitrogen was treated with
DIEA (35 uL, 0.20 mmol, 2.8 equiv.) and DMAP (2.2 mg, 18 pmol, 0.25 equiv.). The mixture was
stirred at room temperature for 16 h, then concentrated under a stream of nitrogen and purified by
reverse-phase semi-preparative HPLC (40 to 70% MeCN over 20 min) to afford 5 (15 mg, 26%) as a
yellow solid (2 x TFA salt).

'TH NMR: (400 MHz, CDCl3) 6 8.61 — 8.56 (m, 1H), 8.47 (s, 1H), 8.27 (d, J = 8.6 Hz, 1H), 8.00 —
7.91 (m, 3H), 7.90 — 7.84 (m, 1H), 7.75 — 7.68 (m, 1H), 7.42 (s, 1H), 7.33 — 7.27 (m, 1H), 5.70 (d, J
=17.3 Hz, 1H), 5.40 (d, J=17.3 Hz, 1H), 5.37 — 5.32 (m, 2H), 4.40 — 4.27 (m, 2H), 3.11 (t, /= 6.3
Hz, 2H), 2.33 — 2.10 (m, 2H), 1.02 (t, J = 7.5 Hz, 3H) ppm; 3*C NMR: (101 MHz, CDCI3) § 167.3,
158.9, 157.6, 153.5, 151.8, 148.4, 147.0, 146.5, 146.1, 140.7, 132.2, 131.5, 129.1, 128.7, 128.6, 128.5
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(2C), 122.2, 122.1, 120.5, 97.5, 78.2, 67.0, 66.2, 50.5, 37.6, 32.0, 7.7 ppm; HRMS: (ESI+) m/z
observed 562.1104, calculated for C28H24N306S2 [M+H]" 562.1101.

(1) TFA/'Pr;SiH/IDCM
[} o) Q 1:10:89 viviv
Mtt‘s/\)J\N/\)LN rt., 30 min
H Il )5
6 (NH HCO,/
MeCN 2:3 viv
rt,1h
28% (2 steps)

Compound 6° (3.7 mg, 6.0 umol, 1.5 equiv.) was suspended in a mixture of TFA/Pr;SiH/DCM
(1:10:89 v/v/v, 0.5 mL total) and magnetically stirred at room temperature for 30 min. The mixture
was concentrated under a stream of nitrogen and the resulting residue was redissolved in argon purged
MeCN (1.5 mL). This solution was transferred to a flask containing 5 (TFA salt, 3.0 mg, 3.8 umol,
1.0 equiv.), followed by the addition of an argon purged aqueous ammonium bicarbonate solution
(200 mM, pH 8, 1 mL). The mixture was magnetically stirred at room temperature for 1 h, then
concentrated under a stream of nitrogen. Purification with reverse-phase semi-preparative HPLC (40

to 95% MeCN over 20 min) afforded 8 (1.0 mg, 28% over two steps) as a yellow solid (TFA salt).

'TH NMR: (400 MHz, CDCl3) 6 8.45 — 8.41 (m, 1H), 8.27 — 8.22 (m, 1H), 7.98 — 7.93 (m, 1H), 7.87
—17.82 (m, 1H), 7.72 — 7.61 (m, 2H), 7.44 — 7.27 (m, 8H), 6.47 — 6.39 (m, 1H), 5.70 (apparent dd, J
=17.3,2.4 Hz, 1H), 5.39 (d, /= 17.3 Hz, 1H), 5.34 - 5.30 (m, 2H), 5.10 (d, /= 13.9 Hz, 1H), 4.44 —
4.29 (m, 2H), 3.66 (apparent dd, J = 13.9, 4.0 Hz, 1H), 3.39 — 3.26 (m, 2H), 2.91 (t, J = 6.7 Hz, 2H),
2.82 -2.76 (m, 2H), 2.52 — 2.38 (m, 3H), 2.34 — 2.09 (m, 2H), 2.02 — 1.91 (m, 1H), 1.01 (t,/=7.4
Hz, 3H) ppm; HRMS: (ESI+) m/z observed 815.2216, calculated for CasH3oN4OsS2 [M+H]"
815.2204.

A=214 nm
5% to 95% MeCN over 3 min
Rt = 3.1 min

1 1.5 2 25 3 3.5 4 4.5 5
Retention time (min)
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Dipeptide linker (11) synthesis

iy
N
@ O/\©\ q H H camptothecin
N \H/\NHBOC DIEA, DMAP
o o H DMF/DCM
rt, 16 h
NO, JU 13%

A magnetically stirred mixture of Boc-Val-Cit-PAB-PNP (9, 40 mg, 62 umol, 1.0 equiv.) and CPT
(30 mg, 86 umol, 1.4 equiv.) in DMF (0.75 mL) and DCM (0.75 mL) maintained under an
atmosphere of nitrogen was treated with DIEA (22 pL, 0.25 mmol, 4.0 equiv.) and DMAP (1.9 mg,
16 pmol, 0.25 equiv.). The mixture was stirred at room temperature for 16 h, then concentrated under
a stream of nitrogen and purified by reverse-phase semi-preparative HPLC (40 to 90% MeCN over
20 min) to afford 10 (7.9 mg, 13%) as a light-yellow solid (TFA salt).

TH NMR: (800 MHz, CDCI3) four N-Hs not observed & 8.98 (br s, 1H), 8.41 (s, 1H), 8.23 (d, J=8.5
Hz, 1H), 7.94 (d, /= 8.5 Hz, 1H), 7.85 (apparent t, J= 7.4 Hz, 1H), 7.68 (apparent t, /= 7.4 Hz, 1H),
7.50 —7.41 (m, 2H), 7.41 — 7.34 (m, 2H), 7.25 - 7.19 (m, 2H), 5.65 (d, J=16.7 Hz, 1H), 5.36 (d, J =
16.7 Hz, 1H), 5.28 (s, 2H), 5.10 (d, J = 12.4 Hz, 1H), 4.95 (d, /= 12.4 Hz, 1H), 4.64 — 4.53 (m, 1H),
4.00 —3.90 (m, 1H), 3.25 — 3.08 (m, 2H), 2.28 — 2.21 (m, 1H), 2.17 — 2.06 (m, 2H), 1.95 — 1.83 (m,
1H), 1.76 — 1.64 (m, 1H), 1.60 — 1.50 (m, 2H), 1.40 (s, 9H), 1.00 — 0.90 (m, 9H) ppm; *C NMR:
(201 MHz, CDCIl3) one carbon signal not observed (or overlapping with another signal) & 173.3,
170.3,167.9,161.3, 157.5,156.7,153.7, 152.0, 148.7, 146.5, 146.2, 138.0, 131.8, 131.2, 130.8, 129.5,
129.3 (2C), 128.6, 128.4, 128.4, 120.4 (2C), 120.2, 96.8, 81.0, 78.1, 70.3, 67.2, 60.8, 53.6, 50.3, 39.8
(assigned from 'H-'3C HSQC), 32.0, 30.6, 29.3, 28.4 (3C), 25.7, 19.4, 18.1, 7.7 ppm; HRMS: (ESI+)
m/z observed 854.3729, calculated for Ca4Hs2N7011 [M+H]" 854.3719.

(1) TEA/IDCM

CPT )J\ 1:1viv CPT\ )j\

0°C,1h

(2) Prg-PEG1.COOH
?/ \ﬂ/\NHB“ T3P®, DIEA \H/\N

DMF
rt,19h
46% (2 steps)

Compound 10 (TFA salt, 4.9 mg, 5.1 pmol, 1.0 equiv.) was suspended in a mixture of TFA/DCM (1:1
v/v, 0.2 mL total) and magnetically stirred at 0 °C (ice bath) for 1 h, after which the mixture was
concentrated under a stream of nitrogen followed by vacuum. The resulting residue was redissolved
in DMF (0.5 mL) and treated with propargyl-PEG1-acid (1.3 mg, 10 umol, 2.0 equiv.), T3P® (50%
in EtOAc, 9.7 uL, 15 pmol, 3.0 equiv.) and DIEA (6.0 uL, 31 umol, 6.0 equiv.). The mixture was
magnetically stirred at room temperature for 16 h, after which additional propargyl-PEG1-acid
(1.3 mg), T3P® (9.7 uL) and DIEA (6.0 uL) were added to the reaction. The mixture was stirred at
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room temperature for a further 3 h, then concentrated under a stream of nitrogen and subjected to
purification by reverse-phase semi-preparative HPLC (35 to 75% MeCN over 20 min) to afford 11
(2.3 mg, 46% over two steps) as a light-yellow solid (TFA salt).

'TH NMR: (800 MHz, CD30D) six N-Hs not observed & 8.59 (s, 1H), 8.15 (d, J = 8.3 Hz, 1H), 8.08
—8.02 (m, 1H), 7.91 — 7.85 (m, 1H), 7.72 (apparent t, /= 7.1 Hz, 1H), 7.48 (d, J= 8.2 Hz, 2H), 7.35
(s, 1H), 7.27 (d, J= 8.2 Hz, 2H), 5.62 (d, /= 16.4 Hz, 1H), 5.47 (d, /= 16.4 Hz, 1H), 5.32 — 5.22 (m,
2H), 5.14 — 5.05 (m, 2H), 4.44 — 4.40 (m, 1H), 4.22 — 4.18 (m, 1H), 4.13 (t, J = 2.4 Hz, 2H), 3.81 —
3.75 (m, 2H), 3.23 —3.16 (m, 1H), 3.12 - 3.07 (m, 1H), 2.82 (t,J = 2.4 Hz, 1H), 2.59 — 2.53 (m, 2H),
2.28 —2.22 (m, 1H), 2.21 — 2.15 (m, 1H), 2.13 — 2.08 (m, 1H), 1.86 — 1.80 (m, 1H), 1.71 — 1.64 (m,
1H), 1.60 — 1.48 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H), 0.97 (t, J = 7.2 Hz, 6H) ppm; *C NMR: (201
MHz, CD3OD) 6 174.2, 173.8, 172.1, 169.4, 162.4, 158.9, 154.9, 153.3, 149.6, 148.0, 147.8, 140.0,
133.3,132.0,131.9, 130.8, 130.2 (2C), 130.0, 129.9, 129.7, 129.2, 121.0 (2C), 120.9, 97.6, 80.4, 79.5,
76.1, 71.3, 67.8, 67.0, 60.6, 58.9, 54.8, 51.6, 40.4 (assigned from 'H-'*C HSQC), 37.2, 32.2, 31.7,
30.4,27.8,19.8, 18.7, 8.0 ppm; HRMS: (ESI+) m/z observed 864.3568, calculated for C4sHsoN7011
[M+H]" 864.3563.

Synthesis and purification of cPDIP (2) and c[A]PDIP
Assembly and backbone cyclization of cPDIP

Following a previously reported procedure from Lawrence et al.:* cPDIP was synthesized as a linear
peptide hydrazide on Fmoc-NHNH-chlorotrityl resin”® using standard automated Fmoc solid-phase
chemistry (Symphony, Protein Technologies Inc). The peptide hydrazide was deprotected and cleaved
from the resin using a mixture of TFA/H20/"Pr3SiH (95:2.5:2.5 v/v/v) and collected by precipitating
with ice-cold ether. The crude peptide was subsequently purified by reverse-phase preparative HPLC
using a Shimadzu system and Phenomenex Gemini C18 column with a gradient of solvent B (90%

MeCN/water, 0.05% TFA v/v) against solvent A (water, 0.05% TFA v/v).

The lyophilized linear peptide hydrazide—bearing an N-terminal cysteine residue—was backbone
cyclized via intramolecular native chemical ligation.” To convert the C-terminal hydrazide to a
thioester, the peptide (1.0 equiv.) was prepared as a 3 mM solution in Gn-HCI (6 M, pH <3), with
4-mercaptophenylacetic acid (200 mM) and acetyl acetone (9 mM, 3.0 equiv.),'!° and stirred at room
temperature for 4 h. Head-to-tail cyclization was achieved by diluting the reaction to produce a
0.5 mM peptide solution in Gn-HCI (6 M), NaH2PO4 (100 mM) and TCEP (50 mM). The mixture
was adjusted to pH 7 and stirred overnight at room temperature. The cyclized peptide was purified

by reverse-phase preparative HPLC as above.
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A=214 nm
110 61% MeCN (containing 10%
water) over 30 mins

Rt =19.6 min
Purity >95%
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Desulfurization of cPDIP

cPDIP (2) was treated with TCEP (0.25 M), Gn-HCI (3 M), NaH2PO4 (50 mM), reduced glutathione
(10 mM) and VA-044 (50 mM). The mixture was adjusted to pH 6.5, purged with argon, and
incubated overnight at 65 °C."! The cyclized peptide was purified by reverse-phase preparative HPLC

as above.
A=214 nm
110 61% MeCN (containing 10%
water) over 30 mins
Rt =19.8 min
Purity >95%
e U N
5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
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Inten.(x1,000,000)
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General procedure: CuAAC conjugation

CuSO,
THPTA
Na ascorbate

R\ + Ny _PDIP amlnoguanldme; R/\[N‘\N

buffer/DMSO N

3orM 1 rt,3-5h 12,13 \pp

Following a procedure adapted from Hong et al.:'? All reagent stock solutions were prepared in water,
unless otherwise specified, to the following concentrations: aminoguanidine hydrochloride 100 mM,
copper(Il) sulfate 20 mM, tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) 50 mM, sodium
ascorbate 100 mM (freshly prepared), ethylenediaminetetraacetic acid (EDTA) 100 mM and drug-
alkyne (3 or 11) 20 mM (in DMSO).

PDIP-Az (1, 1.0 equiv.) was dissolved in 100 mM sodium phosphate buffer (prepared by mixing
100 mM Na2HPO4 with 100 mM NaH2POs until pH = 7) to produce a final peptide concentration of
200 uM (based on total reaction volume including reagents to be added). An aliquot of DMSO was
included to make the conjugation reaction mixture 20% organic/80% aqueous by volume. The
following reagents were then added sequentially to the reaction vial and magnetically stirred after
each new addition: aminoguanidine hydrochloride (5 mM', 25 equiv.), drug-alkyne (400 uM,
2.0 equiv.), copper(Il) sulfate (100 uM, 0.5 equiv.) pre-mixed with THPTA (500 uM, 2.5 equiv.), and
sodium ascorbate (5 mM, 25 equiv.). The conjugation mixture was magnetically stirred at room
temperature for 3 — 5 h. The reaction was quenched with EDTA (5.0 equiv.) and purified by reverse-
phase semi-preparative HPLC. Reported yields were determined by weight on a microbalance and
were calculated using the mass of the TFA salt of the product (assuming all basic residues, the

N-terminal amine and the quinoline moiety within CPT are protonated).
CPT-alk-PDIP (12)

Prepared with PDIP-Az 1 and CPT-alkyne 3 on a 0.44 pmol scale (2.1 mg peptide). Purification with
semi-preparative HPLC (20 to 50% MeCN over 40 min) yielded 12 (0.60 mg, 26%) as a light-yellow
solid.

i Concentration of each component refers to the final concentration in the reaction mixture
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A=210 nm

5% to 65% MeCN over 30 min
Rt = 18.8 min

Purity = 92%

Inten.(x1,000,000)
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CPT-dipeptide-PDIP (13)

Prepared with PDIP-Az 1 and CPT-dipeptide-PEG1-alkyne 11 on a 0.31 umol scale (1.5 mg peptide).
Purification with semi-preparative HPLC (30 to 50% MeCN over 40 min) yielded 13 (0.73 mg, 40%)

as a light-yellow solid.

A=210 nm
5% to 65% MeCN over 30 min
Rt =19.1 min
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CPT-SS-DBCO-PDIP (14) synthesis
PDIP
O H,0/'BuOH O Q r
1:1 viv N,
\\ + No_POIP : H N H
N~ R N/ R hjl

R\ﬂ/n\/\n/N O rt, 48 h

1

R =CPT-SS

Following a procedure adapted from Lau et al.:'* PDIP-Az 1 (3.8 mg, 0.79 umol, 1.0 equiv.) and
CPT-SS-DBCO 8 (1.0 mg, 1.2 umol, 1.6 equiv.) were dissolved in water/t-butanol (1:1 v/v, 1 mL

total). The mixture was stirred for 48 h to produce two regioisomers that were purified by reverse-

phase semi-preparative HPLC (30 to 60% MeCN over 40 min) to afford 14 (2.48 mg, 55% for the

combined regioisomers) as a light-yellow solid. Reported yield was determined by weight on a

microbalance and was calculated using the mass of the TFA salt of the product (assuming all basic

residues, the N-terminal amine and the quinoline moiety within CPT are protonated).

A=210 nm

5% to 65% MeCN over 30 min
Rt =20.9 (peak 1) and 21.2

(peak 2) min
Purity = 98%

e ———
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CPT-SS-cPDIP (15) synthesis

(NH)HCO,
_ (PH 8)/MeCN j\
o) . CPT. s
cer. L s Q + HS__cPDIP fi3 ‘1”; ~07 0NN cpoip
\0 0/\/ \s N Ly
5 2 15

Following a procedure adapted from Zhou et al.:'* ¢cPDIP 2 (2.9 mg, 0.60 umol, 1.0 equiv.) was
dissolved in argon purged H20 (1 mL). This solution was transferred to a flask containing 5 (0.8 mg,
1.2 pmol, 2.0 equiv.) in argon purged MeCN (1.5 mL), followed by the dropwise addition of an argon
purged aqueous ammonium bicarbonate solution (200 mM, pH S8, 1 mL). The mixture was
magnetically stirred at room temperature for 1 h, then purified by reverse-phase semi-preparative
HPLC (25 to 50% MeCN over 40 min) to afford 15 (1.22 mg, 38%) as a light-yellow solid. Reported
yield was determined by weight on a microbalance and was calculated using the mass of the TFA salt

of the product (assuming all basic residues and the quinoline moiety within CPT are protonated).

A=210 nm

5% to 65% MeCN over 30 min
Rt=21.1 min

Purity = 96%
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Cell culture

HaCaT cells were grown in DMEM medium and HT144 cells were grown in RPMI medium
supplemented with 2 mM L-glutamine and 10 mM sodium pyruvate. Media were supplemented with
10% (v/v) fetal bovine serum, 100 units/mL of penicillin and 100 mg/mL of streptomycin. Flasks of
cultured cells were maintained in a humidified incubator (37 °C, 5% CO2) and passaged every 2—3

days to maintain cultures between 20-90% confluence. Cell line identity was verified by comparing
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STR profiles of the cell lines against database entries from the DSMZ-German collection of

microorganisms and cell cultures, GmBH https://celldive.dsmz.de/str/browse.

STR Alleles
Marker
HT144 HaCaT

D5S818 11,13 12
D13S317 11,12 10,12
D7S820 11 9,11
D16S539 12,13 9,12
vWA 16,18 16,17
THO1 9 9.3
Amel XY X
TPOX 8,11 11,12
CSF1PO 12 9,11

Cell toxicity

Toxicity to the HT144 and HaCaT cell lines was tested following peptide treatment by measuring the
metabolism of resazurin into fluorescent resorufin. The assays were performed with 5000 cells/well
(96-well plate) in serum free media. Cells were incubated with serially diluted peptides, PDCs or
drugs for 72 h or 24 h (37 °C, 5% COz). PBS and 0.1% (v/v) Triton X-100 were included as controls
for 0% and 100% toxicity. Resazurin was added at 0.02% (w/v) final concentration 2 h prior to the
assay end point. Fluorescence (Aex = 560 nm, Aem = 585 nm) was measured using a Tecan infinite
M1000Pro multiplate reader. Percentage cytotoxicity was calculated relative to 0% and 100% controls.
Dose-response curves were fitted and CCso values were determined using [inhibitor] vs response with
four parameters with the top constrained to 100% (GraphPad Prism version 10.0.2). Data was

collected as three biological replicates, with experiments conducted on different days.

Red blood cell (RBC) lysis

Human RBCs and serum were obtained from healthy volunteers via the Red Cross Lifeblood,
Brisbane, Australia. RBCs were washed three times with PBS and stored in culture medium (RPMI
supplemented with 2 mM L-glutamine, 10 mM sodium pyruvate, 2 g/L D-glucose, 52 nM gentamicin,
2.5 g/L Albumax II and 5% human serum). For the lysis assay, RBCs were plated in 96-well plates at
0.25% (v/v) hematocrit in culture medium. Serially diluted compounds were added to the wells,
alongside controls including PBS (0% lysis) and 0.1% (v/v) Triton X-100 (100% lysis). The
membrane disruptive peptide melittin'® was also included, starting at 8 uM. The plates were incubated
for 72 h (37 °C, 5% COz), then were centrifuged (800 x g, 5 min), before the supernatant was
transferred to a new plate. RBC lysis was determined by measuring released hemoglobin at 405 nm
using a Tecan infinite M1000Pro multiplate reader. Percentage of lysed RBC was calculated relative

to 0% and 100% controls. Data was collected from two technical replicates.
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Parallel artificial membrane permeability assay (PAMPA)

PAMPA was performed according to the manufacturer instructions for the BD Gentest pre-coated
PAMPA plate system (BD Biosciences), as previously described. !¢ Briefly, peptides and PDCs (4 uM
in PBS) were added to the apical side of PAMPA wells and incubated for 4 h at 37 °C, 5% COz with
95% humidity. Soluble fractions were recovered from the apical and basolateral sides, and compound
concentration was quantified using a Shimadzu LCMS-2020 instrument with a Phenomenex 5 pm
C18/300 A /150 x 2 mm LC column. Data was collected from three technical replicates for each
compound. The % recovery was determined from (combined from apical and basolateral fractions)
relative to the starting concentration:

(CAXVA-I—CBXVB)X

100
Co XV,

Recovery rate: R (%) =

where Ca and Cs are the apical and basolateral concentrations (uM), Va and Vs are the apical and
basolateral volumes (mL), and Co is the initial concentration (uM).

7

The apparent permeability coefficient (Papp) was calculated using the following equations'’ and

where A is the membrane surface area (cm?):

Cp
—ln(l_c_e) (CAXVA+CBXVB)
Papp (¢cm/s) = 1 1 Ce = Vy+Vp
A X|+7) Xti
(VA VB) ime(s)

Compound internalization/association with HT144 cells

HT144 cells (5000 cells/well, 96-well plate) were incubated in serum free media with each treatment
(final concentration 4 uM) for 1 h (37 °C, 5% COz). Media was removed from treated cells, which
were washed with PBS, then lysed with ice cold 75% (v/v) MeCN in mQH20 (containing 1.75% (v/v)
TFA) before being transferred to tubes containing PBS (10 puL). Untreated cells were used as controls
and were processed in the same way before being transferred to tubes containing an aliquot of each
treatment (10 pL, final concentration 4 uM). Cells were incubated for 10 mins at 0 °C (ice),
centrifuged (21,000 x g, 4 °C, 20 min) and the supernatant was analyzed using a Qstar elite TOF-MS
with a 2% gradient containing 0.1% (v/v) formic acid in H20 against 0.1% (v/v) formic acid in 90%
(v/v) MeCN/ H20. The [M+6H]®" m/z peak for each compound was identified using Sciex Analyst
software, and area under the curve (AUC) was determined for the exact mass using Sciex MultiQuant
software. The percentage of internalized peptide was determined from: treated sample AUC / (average
of (PBS controls + post-added compound) AUC) x 100% for each peptide analogue. Data was

collected from three technical replicates for each treatment and control.

S17
172



CPT detection inside HT144 cells

HT144 cells were plated and treated with 4 uM of CPT-alk-PDIP (12), CPT-SS-DBCO-PDIP (14), or
CPT, then washed and extracted as above. The recovered supernatant was analyzed using a Sciex
QTRAP® 6500+ MS coupled to an Exion UPLC system, with modifications to previously reported
quantification methods.'® Quantification experiments were performed using a Phenomenex Kinetex
C18 UPLC column (100 x 2.1 mm, 1.7 pm) at constant temperature of 40 °C or 60 °C using a linear
acetonitrile gradient at a flow rate of 0.4 mL min'. The source setting of electrospray voltage was set
at 5500 V, temperature at 600 °C. Targeted multiple reaction monitoring (MRM) scans were
performed with low resolution in quadrupole 1 (Q1) and unit resolution in quadrupole 3 (Q3), with
the following MRM parameters: Q1 (m/z) 349.0, Q3 305.2, collision energy 40, and declustering
potential 80. Sciex MultiQuant software was used to integrate the AUC for three technical replicates

of each compound.
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General Chemistry Procedures

'H and *C{'H} NMR spectra were recorded on a Bruker AVANCE spectrometer (400/800 MHz) at
298 K, in the solvents specified. CDCIl3 was treated with K2CO3(s) and 4 A molecular sieves prior to
use. For '"H NMR and *C NMR spectra, signals arising from the residual protio-form and deutero-
form of the solvent, respectively, were used as an internal reference. These correspond to ou 7.26 and
dc 77.16 for CDCls, and 8u 2.50 and 8¢ 39.52 for ds-DMSO. 'H NMR data are recorded as follows:
chemical shift (6) [multiplicity, coupling constant(s) J (Hz), relative integral] where multiplicity is
defined as: s = singlet; d = doublet; t = triplet; m = multiplet or combinations of the above. Coupling

constants are quoted to the nearest 0.1 Hz.

High-resolution mass spectrometry (HRMS) was conducted using positive ESI on a Waters Synapt
G2-Si mass spectrometer. Preparative high-performance liquid chromatography (HPLC) was
performed on a Waters 600 Controller with a Waters 717 plus Autosampler and a Waters 2996
Photodiode Array Detector running Empower Pro Empower 3 software. Liquid chromatography—
mass spectrometry (LC—MS) was performed a Shimadzu LCMS-2050 mass spectrometer with a
Shimadzu LC40Dx3 UHPLC system. Analytical HPLC was performed on an Agilent 1100 Analytical
HPLC with an Agilent Zorbax SB-C18 column or a Shimadzu LCMS-2020 instrument with a
Phenomenex 5 um C18 /300 A / 150 x 2 mm LC column. Linear gradients of water (solvent A) and
MeCN (solvent B) were used for LC-MS, preparative and analytical HPLC with solvents containing
0.1% TFA for HPLC or 0.01% formic acid for LC-MS. Any deviations from the above are specified
in the corresponding protocols. Dry solvents were obtained from a Glass Contour solvent purification

system.

Peptide and PDC masses for yields were determined on a Mettler Toledo UMX2 microbalance to
0.001 mg accuracy. PDIP (formerly known as cPF4PD) was synthesized using published protocols!
and PDIP-Az was manufactured by Wuxi AppTec or Mimotopes. Fmoc-azido-alanine and DBCO-
COOH were manufactured by Combi-Blocks and other amino acids were purchased from GL

Biochem or AK Scientific.
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Vem-NH: (7) synthesis

1) NHBoc
(pin)B—Q—/

10 mol% Pd(dppf)Cl,
F Na,CO; (aq.)
(o] MeCN

(o) 150 °C, 6 h (o)
1l Br —mMM 1]

Z 2)1:4vv TFAIDCM /" 7N
N rt, 1h o

66% (2 steps)

Following a procedure adapted from Mikula et al.:* Compound 6 (60 mg, 0.13 mmol, 1.0 equiv.) and
4-(N-Boc-amino)phenylboronic acid pinacol ester (65 mg, 0.20 mmol, 1.5 equiv.) were placed in a
sealed tube and suspended in acetonitrile (1 mL) and an aqueous Na>COs3 solution (2 M, 0.3 mL, 4.5
equiv.). The mixture was degassed with argon for 5 min, followed by the addition of Pd(dppf)Cl2
(9.6 mg, 13 umol, 0.1 equiv.). The tube was sealed and heated at 150 °C for 6 h, then the resulting
dark-red mixture was poured into water (20 mL) and extracted with ethyl acetate (3 x 10 mL). The
organic phase was washed with brine (10 mL), dried (Na2SO4) and concentrated under reduced
pressure. The crude residue was dissolved in DCM (2 mL) and TFA (0.5 mL) was added slowly before
the mixture was magnetically stirred at room temperature for 1 h. The mixture was then concentrated
under a stream of nitrogen and subjected to purification by flash column chromatography (10% v/v

ammonia saturated methanol/DCM) to afford 7 (41 mg, 66% over two steps) as a beige solid.

A small portion of the product (13 mg) was further purified by reverse-phase semi-preparative HPLC
(20 to 50% MeCN over 20 min) to afford a white solid used for biological testing (9.9 mg recovered,
TFA salt, see purity trace below).

TH NMR: (800 MHz, ds-DMSO) three N-H not observed & 8.74 (d, J= 2.2 Hz, 1H), 8.67 (br s, 1H),
8.26 (s, 1H), 7.84 (d, J=7.8 Hz, 2H), 7.64 — 7.56 (m, 3H), 7.28 (apparent t, J = 8.7 Hz, 1H), 6.55 (s,
1H), 4.12 (s, 2H), 3.16 — 3.09 (m, 2H), 1.79 — 1.69 (m, 2H), 0.96 (t, J= 7.4 Hz, 3H) ppm; *C NMR:
(201 MHz, ds-DMSO) 6 180.8, 156.0 (dd, Jcr =247.6, 6.7 Hz), 152.4 (dd, Jcr = 250.1, 8.7 Hz), 149.0,
144.1, 139.1, 138.3, 133.6, 130.9, 129.7 (2C), 128.8 (d, Jcr = 9.4 Hz), 127.3 (2C), 127.1, 122.1 (d,
Jor =13.9 Hz), 118.1 (t, Jer = 23.8 Hz), 117.5, 115.7, 112.4 (d, Jcr = 22.9 Hz), 53.4, 42.1, 16.9, 12.6
ppm; HRMS: (ESI+) m/z observed 507.1273, calculated for C24H22F2N4O3SNa [M+Na]* 507.1280.
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A=210 nm

5% to 95% MeCN over 30 min
Rt =12.6 min

Purity = 97%

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

Vem-DBCO (8) synthesis

DBCO-COOH
NH; T3p® DIEA
—_—

DMF
rt, 18 h
46%

A magnetically stirred mixture of compound 7 (30 mg, 62 umol, 1.0 equiv.) and DBCO-COOH
(28 mg, 93 umol, 1.5 equiv.) in DMF (0.7 mL) was treated with T3P® (50% in EtOAc, 79 uL,
0.12 mmol, 2.0 equiv.) and DIEA (43 pL, 0.25 mmol, 4.0 equiv.). The mixture was magnetically
stirred at room temperature for 18 h, then concentrated under a stream of nitrogen and subjected to
purification by flash column chromatography (0-2.5% v/v methanol/DCM) to afford 8 (22 mg, 46%)
as a light-yellow solid.

'TH NMR: (800 MHz, CDCl3) one N-H not observed & 11.67 (br s, 1H), 8.73 (br s, 1H), 8.05 (br s,
1H), 7.95 (s, 1H), 7.79 (apparent td, J = 8.4, 5.3 Hz, 1H), 7.70 (d, J= 7.9 Hz, 1H), 7.56 (d, J=17.3
Hz, 1H), 7.49 — 7.44 (m, 1H), 7.43 — 7.40 (m, 2H), 7.39 — 7.33 (m, 3H), 7.23 (d, J=7.7 Hz, 2H), 7.18
(d,J=7.3 Hz, 1H), 7.12 (apparent t, J = 8.4 Hz, 1H), 7.08 — 7.01 (m, 2H), 5.14 (d, /= 14.1 Hz, 1H),
4.45 —4.34 (m, 2H), 3.71 (d, /= 14.1 Hz, 1H), 3.14 — 3.10 (m, 3H), 2.68 — 2.63 (m, 1H), 2.31 (dt, J
=15.2,5.1 Hz, 1H), 1.97 — 1.88 (m, 3H), 1.05 (t,J= 7.4 Hz, 3H) ppm; 3C NMR: (201 MHz, CDCls)
peaks for major conformer reported & 180.8, 173.5, 172.3, 156.7 (dd, Jcr = 249.0, 6.8 Hz), 150.3 (dd,
Jcr = 248.4, 8.1 Hz), 151.1, 148.3, 148.2, 143.8, 137.9, 137.6, 136.7, 132.6, 132.1, 129.7, 129.5,
129.2 (2C), 129.1, 128.7, 127.8, 127.7, 127.6 (2C), 127.3, 125.9 (2 overlapping Cs, see 'H-'*C
HSQC?), 123.6, 122.6, 122.0 (dd, Jcr = 13.8, 3.7 Hz), 118.8 (t, Jcr = 23.5 Hz), 118.6, 117.0, 114.4,

2 One of the overlapping signals corresponds to a carbon in the difluorobenzene ring. Fluorine splitting could therefore
not be determined for this carbon signal.
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112.8 (dd, Jcr = 22.8, 3.6 Hz), 108.1, 56.1, 54.5, 43.7, 31.2, 29.9, 17.4, 13.0 ppm; HRMS: (ESI+)
m/z observed 794.2213, calculated for C43H35F2NsOsSNa [M+Na]™ 794.2219.

DBCO-amide (9) synthesis

O NH4HCO3;, Boc,0 O
pyridine
e () e, 2 ()
ioxane
HOJ\/T O rt, 18 h HZNM O

79% 9 ©

Following a procedure adapted from Sayers et al.:> A magnetically stirred mixture of DBCO-COOH
(31 mg, 0.10 mmol, 1.0 equiv.) in dioxane (0.5 mL) was treated with NHsHCO3 (12 mg, 0.15 mmol,
1.5 equiv.), pyridine (18 pL, 0.22 mmol, 2.2 equiv.) and Boc20 (26 mg, 0.12 mmol, 1.2 equiv.). The
mixture was magnetically stirred at room temperature for 18 h, then concentrated under a stream of
nitrogen. The resulting residue was redissolved in ethyl acetate (10 mL) and washed sequentially with
saturated aqueous NH4ClI (2 x 10 mL), saturated aqueous NaHCO3 (10 mL) and brine (10 mL). The
organic phase was dried (Na2SO4) and concentrated under reduced pressure to afford 9 (24 mg, 79%)

as an off-white solid, that was used without further purification.

'"H NMR: (400 MHz, ds-DMS0) & 7.71 — 7.66 (m, 1H), 7.62 (apparent dd, J= 7.3, 1.6 Hz, 1H), 7.54
—7.42 (m, 3H), 7.41 — 7.26 (m, 3H), 7.16 (br s, 1H), 6.62 (br s, 1H), 5.03 (d, /= 14.0 Hz, 1H), 3.61
(d, J=14.0 Hz, 1H), 2.61 — 2.51 (m, 1H), 2.27 — 2.15 (m, 1H), 2.03 — 1.92 (m, 1H), 1.81 — 1.70 (m,
1H) ppm; *C NMR: (101 MHz, ds-DMSO) 8 173.2, 171.2, 151.6, 148.5, 132.4, 129.7, 128.9, 128.1,
128.0, 127.7, 126.8, 125.2, 122.6, 121.4, 114.2, 108.2, 54.9, 30.1, 29.6 ppm; HRMS: (ESI+) m/z
observed 327.1111, calculated for C19H16N202Na [M+Na]" 327.1104.

¢Gm6 and [R/r]cGmé6 synthesis
cGmo6 and [R/r]cGmo6 (see Figure 1A for cyclic sequences) were first synthesized as the linear peptide,
followed by backbone cyclization with native chemical ligation* and orthogonal folding of the
disulfide pairs. The two cysteine residues at position 5 and 10 (see sequences below) were protected
with an Acm group to allow for orthogonal oxidation of the disulfide bonds. The sequences of the
linear peptides were as follows:

1 5 10 15
Linear cGmo6: CRRLXYRQRXVTYCRGRK-NHNH,
Linear [R/r]cGm6: CRrLXYRQrXVTYCRGrK-NHNH,
Where X = Cys(Acm), -NHNH:2 = C-terminal hydrazide and r = D-Arg
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General iterative peptide assembly

The linear peptides were assembled using automated Fmoc solid phase synthesis (Symphony, Protein

Technologies Inc), according to the following protocols:

Preparation of 2-CI-Trt-NHNH: resin: 2-chlorotrityl chloride resin was swollen in DCM then washed
with DCM (5 x 5 mL) and DMF (5 x 5 mL). The resin was manually treated twice with Fmoc-
hydrazide (Chem Impex) as a solution in DMF (5% in DMF, 2 mL) for 45 min each time, then washed
with DMF (5 x 5 mL). Following deprotection of the hydrazide (see below protocol) to produce the
hydrazine resin, peptide synthesis commenced with lysine (position 18), to generate a precursor with

an N-terminal cysteine (position 1).

Deprotection: The resin was treated with 20% piperidine/DMF (3 mL, 2 x 5 min) then washed with
DMF (5 x 5 mL).

General amino acid coupling: A solution of Fmoc-amino acid (4.0 equiv.), Oxyma® (4.0 equiv.) and
N,N'-diisopropylcarbodiimide (DIC, 4.0 equiv.) in DMF (final concentration 0.15 M) was added to
the resin. The resin was heated under microwave conditions (50 °C) for 30 min before washing with

DMF (5 x 5 mL).

Capping: A solution of acetic anhydride/DMF (1:4 v/v) and DIEA (8 equiv.) was added to the resin
and agitated for 10 min. The resin was then washed with DMF (5 x 5 mL).

Cleavage: A mixture of TFA/Pr3SiH/H20 (95:2.5:2.5 v/v/v) was added to the resin and shaken at
room temperature. After 2.5 hours, the resin was washed with TFA (3 x 2 mL) and DCM (3 x 2 mL).
The combined cleavage solution and TFA and DCM washes were filtered and concentrated under
reduced pressure. The residue was treated with cold Et2O (15 mL) to precipitate the peptide. The
precipitate was centrifuged to form a pellet, the Et2O was removed, and the pellet redissolved in
MeCN/H20 (containing 0.05% TFA), filtered and purified by reverse-phase preparative HPLC (10 to
50% solvent B over 40 minutes, where B is 90% v/v MeCN in water with 0.05% v/v TFA).

Backbone cyclization

The semi-purified linear peptide bearing an N-terminal cysteine (C2) residue and a C-terminal acyl
hydrazide (K1) was subjected to backbone cyclization using intramolecular native chemical ligation.’
The linear peptide hydrazide was prepared as a 1 mM solution in ligation buffer A (6.0 M Gn-HClI,
pH 3.0) with a suspension of MPAA (200 equiv.). Acetyl acetone (3.0 equiv., 10% in H20) was added,
and the resulting mixture was stirred for 4 h at room temperature, followed by a 6-fold dilution with
ligation buffer B (6.0 M Gn-HCI, 0.2 M NaH2POs, pH 8.8) containing TCEP (50 equiv.). The pH was
adjusted to 7.0 with 5 M NaOH and the reaction was stirred for 18 h. The sample was diluted with
MeCN/H20 (containing 0.05% TFA), acidified with 1 M HCI (until pH < 5), filtered and purified by
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reverse-phase semi-preparative HPLC (10 to 50% solvent B over 40 minutes, where B is 90% v/v

MeCN in water with 0.05% v/v TFA).
Orthogonal disulfide formation

The backbone cyclized peptide was dissolved in MeCN/H20 (1 mL) and added slowly to an aqueous
solution of NH4HCOs3 (0.1 M) until the peptide was diluted to a concentration of 0.5 mg/mL. The
resulting mixture was stirred for 18 h at room temperature, then acidified with 1 M HCI (until pH < 5),

filtered and purified by reverse-phase semi-preparative HPLC, as above.

The purified peptide was redissolved in MeCN/H20 (0.5 mg/mL) and the solution was degassed with
N2 (5 min). Excess iodine was added to glacial acetic acid (brown color) and the resulting mixture
added dropwise to the peptide solution until a yellow color was observed. The N2 line was removed
from the vessel, which was capped and wrapped in foil to protect the solution from light. The mixture
was stirred for 2 h at room temperature, then diluted in H2O (containing 0.05% TFA), filtered and
purified by reverse-phase semi-preparative HPLC, as above. Purity and correct mass of cGm6 and
[R/r]lcGm6 were confirmed using a Shimadzu LC-MS 2020 instrument with a Phenomenex 5 pum
C18 /300 A /150 x 2 mm LC column (1 to 60% solvent B over 30 minutes, where B is 90% v/v
MeCN in water with 0.05% v/v formic acid).

cGmé6

A=214 nm

1% to 60% MeCN (containing 10%
water) over 30 min

Rt =10.2 min

K‘
~¢v—’—'_‘ -
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[R/rlcGm6

A =214 nm

1% to 60% MeCN (containing 10%
water) over 30 min

Rt = 8.2 min

Purity = 98%

. A e

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Retention time (min)

Inten. (x10,000)
0] 1140.1
5.0 z - +2 22988 Da
4.0
3.04 —
- 4;— +5 2= +4 1207.2
: 1378.1
R 2pe I R | L i TR
0.

T T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 mz

Azide modification of cGm peptides

c¢Gm6 and [R/r]cGm6 were modified via amide bond formation to install an azide conjugation handle
at the single lysine residue. cGm6 or [R/r]cGm6 (1 mM, 1 equiv.) was dissolved in aqueous sodium
bicarbonate (0.1 M, pH 8.2) and treated with azidoacetic acid NHS ester or azido-peg4-NHS ester
(2 equiv.) and DIEA (5 equiv.). The mixture was sonicated to dissolve any insoluble material then
incubated for 18 h at room temperature, followed by purification with reverse-phase semi-preparative
HPLC (15 to 40% solvent B over 50 minutes, where B is 90% v/v MeCN in water with 0.05% v/v
TFA). The azide-modified peptides (2-4) were used semi-pure (~90-95% purity) in subsequent
conjugation reactions as they were not being tested on cells. Product formation was confirmed by

mass spectrometry (ESI+, see Table S1).

Table S1. Mass spectrometry data for the azide modified cGm peptides.

LRMS (ESI+)
Peptide
Observed (m/z) Calculated (m/z)

cGm6-Az 2 1191.8 [M+2H]*, 794.8 [M+3H]** 1191.9 [M+2H]*, 795.0 [M+3H]**
[R/r]cGm6-Az 3 1191.7 [M+2H]*, 794.9 [M+3H]** 1191.9 [M+2H]*, 795.0 [M+3H]**
cGm6-peg4-Az 4 1287.2 [M+2H]*, 858.6 [M+3H]*",  1287.0 [M+2H]*", 858.4 [M+3H]*",

643.9 [M+4H]*" 644.0 [M+4H]*
[R/r]cGm6-pegd-Az 5 1286.8 [M+2H]*", 858.3 [M+3H]*",  1287.0 [M+2H]*", 858.4 [M+3H]*,

644.0 [M+4H]*" 644.0 [M+4H]*
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General procedure: SPAAC conjugation

o an Von
H,0/'BuOH
o + N eptide —2— 3
J\/\WN \\ 3~ PeP rt, Tt 480 M M
RHN
o O peptlde

8or9 1-5 R = Vem-CH, (10-14) 10-17
=H (15-17)
Following a procedure adapted from Lau ef al.:® Peptide-azide (1-5, 1.0 equiv.) and drug-alkyne (8
or 9, 2.0 equiv.) were dissolved in water/t-butanol (0.7-0.8 mM with respect to the peptide). The
mixture was stirred for 48 h to produce two regioisomers that were purified by reverse-phase semi-
preparative HPLC. Reported yields were determined by weight on a microbalance and were
calculated using the mass of the TFA salt of the product (assuming all basic residues, the N-terminal

amine and the 7-azaindole moiety within Vem are protonated).
PDIP-DBCO-Vem (10)

Prepared with PDIP-Az (1) and Vem-DBCO (8) on a 0.31 umol scale (1.5 mg peptide) in 4:5 v/v
water/¢-butanol. Purification with semi-preparative HPLC (20 to 50% MeCN over 40 minutes)
yielded 10 (1.44 mg, 81%) as a white solid. The two regioisomers were collected together.

A=210 nm
5% to 65% MeCN over 30 min
Rt = 20.3 (peak 1) and 20.6 (peak 2) min
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PDIP-DBCO-amide (15)

Prepared with PDIP-Az (1) and DBCO-amide (9) on a 0.31 umol scale (1.5 mg peptide) in 4:5 v/v
water/t-butanol. Purification with semi-preparative HPLC (20 to 50% MeCN over 40 minutes)
yielded 15 (1.12 mg, 70%) as a white solid. The two regioisomers were collected together.

A=210 nm
5% to 65% MeCN over 30 min

Rt = 18.3 (peak 1) and 18.6 (peak 2) min
Purity = 95%

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

Inten.(x100,000)

] 821780
6.04
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1.0
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00 ooy 5192600y L 844500 1012670 1153010 1347.890 1642440 407850,
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¢Gm6-DBCO-Vem (11)

Prepared with cGm6-Az (2) and Vem-DBCO (8) on a 0.16 pmol scale (0.5 mg peptide) in 1:2 v/v
water/t-butanol. Purification with semi-preparative HPLC (10 to 50% MeCN over 40 minutes)

yielded 11 (0.56 mg, 87%) as a white solid. The two overlapping regioisomers were collected together.

A=210 nm
5% to 50% MeCN over 30 min
Rt =21.9 min

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)
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Inten.(x10,000)
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[R/r]cGm6-DBCO-Vem (12)

Prepared with [R/r]cGmo6-Az (3) and Vem-DBCO (8) on a 0.16 umol scale (0.5 mg peptide) in 1:2
v/v water/t-butanol. Purification with semi-preparative HPLC (10 to 50% MeCN over 40 minutes)

yielded 12 (0.57 mg, 88%) as a white solid. The two overlapping regioisomers were collected together.

A=210 nm
5% to 50% MeCN over 30 min
Rt =22.5 min

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

Inten.(x10,000)
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30]
20]
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cGmo6-peg4-DBCO-Vem (13)

Prepared with cGm6-peg4-Az (4) and Vem-DBCO (8) on a 0.15 pmol scale (0.5 mg peptide) in 1:1
v/v water/t-butanol. Purification with semi-preparative HPLC (10 to 50% MeCN over 40 minutes)
yielded 13 (0.40 mg, 63%) as a white solid. The two regioisomers were collected together.
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A=210nm }
5% to 50% MeCN over 30 min

Rt =22.2 (peak 1) and 22.4 (peak 2) min
Purity = 97%
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Prepared with [R/r]cGm6-peg4-Az (5) and Vem-DBCO (8) on a 0.15 pumol scale (0.5 mg peptide) in

1:1 v/v water/t-butanol. Purification with semi-preparative HPLC (10 to 50% MeCN over 40 minutes)

yielded 14 (0.41 mg, 64%) as a white solid. The two regioisomers were collected together.

A=210 nm
5% to 50% MeCN over 30 min
Rt =22.3 (peak 1) and 22.5 (peak 2) min
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cGm6-DBCO-amide (16)

Prepared with cGm6-Az (2) and DBCO-amide (9) on a 0.23 umol scale (0.7 mg peptide) in 3:4 v/v
water/t-butanol. Purification with semi-preparative HPLC (10 to 50% MeCN over 40 minutes)
yielded 16 (0.72 mg, 94%) as a white solid. The two regioisomers were collected together.

A=210 nm

5% to 50% MeCN over 30 min

Rt =15.8 (peak 1) and 16.0 (peak 2) min
Purity = 98%

1 I
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[R/r]cGm6-DBCO-amide (17)

Prepared with [R/r]cGm6-Az (3) and DBCO-amide (9) on a 0.26 umol scale (0.8 mg peptide) in 3:4
v/v water/t-butanol. Purification with semi-preparative HPLC (10 to 50% MeCN over 40 minutes)

yielded 17 (0.84 mg, 95%) as a white solid. The two regioisomers were collected together.

A=210 nm
5% to 50% MeCN over 30 min
Rt = 15.3 (peak 1) and 15.5 (peak 2) min

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)
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Cell lines and cultures

HT144 is a melanoma cell line that has mutated BRAF (V600E variant) and is sensitive to Vem and
dabrafenib (Dab) treatment (both BRAF-V600E inhibitors). Dab-PDRC is a HT144 cell line with
permanent drug resistance to Dab, that was previously generated in the Henriques lab by continuously
culturing the cells in the presence of sublethal concentrations of Dab.” HaCaT is a noncancerous

epidermal cell line with wildtype BRAF, so was used as a control.

HaCaT cells were grown in DMEM medium and HT144 and Dab-PDRC cells were grown in RPMI
medium supplemented with 2 mM L-glutamine and 10 mM sodium pyruvate. For all cells, the culture
media was supplemented with 10% (v/v) fetal bovine serum, 100 units/mL of penicillin and
100 mg/mL of streptomycin. Dab (100 nM) was included in the culture media for Dab-PDRC cells
to maintain drug resistance. Flasks of cultured cells were maintained in a humidified incubator (37 °C,
5% CO2) and passaged every 2—-3 days to maintain cultures between 20-90% confluence. Cell line

identity was verified by comparing STR profiles of the cell lines against database entries from the

DSMZ-German collection of microorganisms and cell cultures, GmBH
https://celldive.dsmz.de/str/browse.
STR Alleles
Marker
HT144 HaCaT
D5S818 11,13 12
D13S317 11,12 10,12
D7S820 11 9,11
D16S539 12,13 9,12
vWA 16,18 16,17
THO1 9 9.3
Amel XY X
TPOX 8,11 11,12
CSFI1PO 12 9,11

Cell toxicity

Toxicity to the HT144, Dab-PDRC and HaCaT cell lines was tested following peptide treatment by
measuring the metabolism of resazurin into fluorescent resorufin. The assays were performed with
5000 cells/well (96-well plate) in serum free media. Cells were incubated with serially diluted

peptides, PDCs or drugs for 72 h (37 °C, 5% CO2). Dab was not added to the culture media for
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Dab-PDRC cells during cell toxicity assays. PBS and 0.1% (v/v) Triton X-100 were included as
controls for 0% and 100% toxicity. Resazurin was added at 0.02% (w/v) final concentration 2 h prior
to the assay end point. Fluorescence (Aex = 560 nm, Aem = 585 nm) was measured using a Tecan infinite
M1000Pro multiplate reader. Percentage cytotoxicity was calculated relative to 0% and 100% controls.
Dose-response curves were fitted and CCso values were determined using [inhibitor] vs response with
four parameters with the top constrained to 100% (GraphPad Prism version 10.0.2). Data was

collected as three biological replicates, with experiments conducted on different days.

Unless otherwise indicated, dose response curves were obtained for treatments between 0.25 —32 pM
for both HT144 and Dab-PDRC cell lines and 0.5 — 64 uM for HaCaT. Deviations include cGm6
(0.13 - 16 uM HT144/Dab-PDRC cell lines), Vem (0.5 — 64 uM HT144/Dab-PDRC cell lines), Dab
(0.008 — 1 uM HT144, 0.016 — 2 uM HaCaT), PDIP, cGm6, Vem-NH: and peptide-DBCO controls
15-17 (0.25 — 32 uM HacCaT).

Parallel artificial membrane permeability assay (PAMPA)

PAMPA was performed according to the manufacturer instructions for the BD Gentest pre-coated
PAMPA plate system (BD Biosciences), as previously described.® Briefly, peptides and PDCs (4 uM
in PBS) were added to the apical side of PAMPA wells and incubated for 4 h at 37 °C, 5% CO:z with
95% humidity. Soluble fractions were recovered from the apical and basolateral sides, and compound
concentration was quantified using a Shimadzu LCMS-2020 instrument with a Phenomenex 5 pm
C18/300 A /150 x 2 mm LC column. Data was collected from three technical replicates for each
compound. The % recovery was determined from the combined apical and basolateral fractions

relative to the starting concentration:

(CAXVA-I—CBXVB)X

100
Co XV,

Recovery rate: R (%) =

where Ca and Cs are the apical and basolateral concentrations (uM), Va and Vs are the apical and

basolateral volumes (mL), and Co is the initial concentration (uM).

The apparent permeability coefficient (Papp) was calculated using the following equations’ and

where A is the membrane surface area (cm?):

_ (CaXVy+Cp X Vp)
e Vi+ Vg

Cp
“In(1-¢)

A X (VLA + %) X time(s)

Papp (cm/s) =
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Compound internalization/association with HT144 cells

HT144 cells (5000 cells/well, 96-well plate) were incubated in serum free media with each treatment
(final concentration 4 uM) for 1 h (37 °C, 5% CO2). Media was removed from treated cells, which
were washed with PBS, then lysed with ice cold 75% (v/v) MeCN in mQH20 (containing 1.75% (v/v)
TFA) before being transferred to tubes containing PBS (10 puL). Untreated cells were used as controls
and were processed in the same way before being transferred to tubes containing an aliquot of each
treatment (10 pL, final concentration 4 uM). Cells were incubated for 10 mins at 0 °C (ice),
centrifuged (21,000 x g, 4 °C, 20 min) and the supernatant was analyzed using a Qstar elite TOF-MS
with a 2% gradient containing 0.1% (v/v) formic acid in H20 against 0.1% (v/v) formic acid in 90%
(v/v) MeCN/ H20. The [M+6H]* m/z peak for each compound was identified using Sciex Analyst
software, and area under the curve (AUC) was determined for the exact mass using Sciex MultiQuant
software. The percentage of internalized peptide/PDC was determined from: treated sample AUC /
(average of (PBS controls + post-added compound) AUC) x 100% for each peptide/PDC. Data was

collected from three technical replicates for each treatment and control.
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