Molecular grafting can generate bioactivities within the cyclic peptide PDP-23
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Abstract

The stability of cyclic peptides, coupled with their structural diversity and ability to host an
extensive range of bioactivities, make them promising leads for the development of new drugs.
PawS-Derived Peptide-23 (PDP-23) is a head-to-tail macrocyclic peptide with two disulfide
bonds produced in plant seeds. Its unusual fold comprises two B-hairpins connected by hinges
that allow the structure to adapt to different environments. In water two PDP-23 molecules
form a compact intertwined dimer that buries hydrophobic residues, whereas in membrane
mimicking conditions it adopts an open monomeric form that expose them. Here we investigate
PDP-23 as a novel scaffold for the grafting of bioactive epitopes and conjugation of small
molecules. To explore the plasticity of PDP-23 we introduced the bioactive loop of sunflower
trypsin inhbitor-1 (SFTI-1) or an integrin binding RGD motif into either of the B-hairpins.
Solution NMR spectroscopy revealed that although the variants were unable to dimerise, the
structural features of both the graft and scaffold were retained. SFTI-1 hybrid variants showed
trypsin inhibitory activity. PDP-23 has previously been used as a cell permeable drug scaffold
targeting drug-resistant cancer cells by inhibiting the drug efflux pump P-glycoprotein and
restoring their sensitivity to chemotherapeutic. Introducing the RGD motif into such PDP-23
conjugates significantly improve their potency, suggesting that the RGD sequence targets the
peptide to the membrane of cancer cells and improve cell uptake. In conclusion, this study
highlights PDP-23 as a stable and versatile scaffold for molecular grafting of bioactivities and
targeted delivery of pharmaceutical payloads.
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Currently used drugs can generally be split into two major classes based on size; small molecule
drugs with typical molecular weight of <500 Da and larger biologics typically >5000 Da.
Peptides, containing fewer than 50 amino acids, fill a space between biologics and small
molecules, and are able to incorporate benefits from each category.!:? They can create a range
of intermolecular contacts that allow for more selective interactions than small molecules but
retain advantages over biologics in terms of cell and tissue permeability. Since the discovery
of insulin as the first therapeutic peptide in 1921 the field has seen tremendous progress, with
more than 80 peptide drugs approved for use around the world.?  The structural and functional
diversity of cyclic peptides make them particularly interesting leads for the development of
more effective and stable drugs. Features such as disulfide bonds and a cyclic backbone serve
as cross-links that stabilize the structure of peptides, preventing chemical and biological
breakdown. Consequently, cyclic peptide research has become an increasingly important

area of drug design.*®

Numerous studies have highlighted the clinical potential of natural product macrocycles and
their synthetic derivatives over the past decades. Disulfide-rich macrocyclic peptides have been
shown to be amenable to molecular grafting.” The term “grafting” in this context refers to the
process of inserting a small peptide epitope with desirable activity into a framework to provide
it with increased stability and properties. Many macrocyclic peptides from plants have been
used as grafting scaffolds. Kalata B1 from the Mdbius subfamily of cyclotides was the first
engineered cyclotide,® and has, among other things, been grafted with a peptide epitope
involved in VEGF-A antagonism to generate antiangiogenic activity against VEGFR2 as a
potential cancer therapy.” Another scaffold frequently used for peptide engineering is
sunflower trypsin inhibitor-1 (SFTI-1), which comprises 14 amino acids with one disulfide
bond and a cyclic backbone. SFTI-1 is naturally a potent trypsin inhibitor, which was
discovered in seeds of the common sunflower Helianthus annuus.'® SFTI-1 has been used as a
stable framework for grafting bioactive peptides, for sequence mutagenesis to alter protease
inhibitor selectivity, and as a model peptide for evaluating peptidomimetic motifs and platform
technologies.!! From the perspective of therapeutic potential SFTI-1 has been explored in the
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areas of autoimmune disease, chronic inflammatory disorders,'* cancer,!® cardiovascular,'®

and obesity.!”

SFTI-1 is the prototypic member of the Paws-Derived Peptide (PDP) family, which currently

has 24 members, all produced in seeds from the Asteraceae family. Genetically they are



encoded as inserts in seed storage albumins that are post-translationally excised and cyclized
during the processing of the albumin preprotein.!® The most recently discovered members,
PDP-23 and PDP-24, are unique in that they are twice the size of SFTI-1 and comprise two
disulfide bonds.!”! NMR spectroscopy studies have shown that PDP-23 adopts a dimeric
structure in which each monomer comprise two hairpins that come together in a square-prism
shape enclosing a substantial hydrophobic core.!” In the presence of organic co-solvents PDP-
23 dissociates into well-defined “V’-shaped monomeric forms, while in membrane mimicking
micelles it opens up fully to expose a hydrophobic patch to the membrane environment.
Furthermore, PDP-23 can internalize into cells, and has been shown to act as an inhibitor of P-
glycoprotein (P-gp) after conjugation of a rhodamine analogue that is a known substrate of this
drug exporter. Importantly, this inhibition of P-gp can restore sensitivity of resistant cancer
cells towards common chemotherapeutics.'® PDP-24 is unable to form a dimeric structure, but
adopts a similar structure to PDP-23 in organic co-solvent, highlighting that these types or
PDPs share the common feature of stable hairpins linked by flexible hinges that are able to

rearrange their relative positions.?’

Currently, increased attention has been focused on the usefulness of peptides as a targeted

ligand for the effective treatment and diagnosis of cancer cells.??4

r The expression of several
molecular receptors on the endothelial cell surface in tumor blood vessels, can be used to
distinguish them from the vasculature of other normal cells and tissues.?> The tripeptide
arginine-glycine-aspartic acid (Arg-Gly-Asp or RGD), an integrin binding motif, was
discovered to be the minimal cell-recognizable sequence in numerous blood and extracellular
matrix proteins in the 1980s.26 Peptide ligands containing RGD triad can be conformationally
tuned to be selective for different integrins, with the avf3 integrin receptor variant being a
primary target as many tumor-associated cells that expressing this receptor.?> Specific delivery

of chemotherapeutics to malignant tissues increase the efficacy of cytotoxic components and

limit the peripheral toxicity.

The unique structural, biopharmaceutical properties, ultrastability, and diverse design
possibilities make it likely that the cyclic disulfide-rich peptides will play an even more
important role in the future, and this research aims to explore opportunities for drug discovery
using the novel PDP-23. We hypothesised that PDP-23 is an ideal peptide scaffold for protein
engineering because of its high resistance to thermal, enzymatic, and chemical degradation,

coupled with its unique ability to adopt different structures in different environments.



Therefore, we investigated the ability of PDP-23 to host different epitopes to infer biological
activities. We show the PDP-23 scaffold can tolerate SFTI-1 and RGD grafts and accommodate

both trypsin inhibition and protein-protein interaction activities.

Methodology

Peptide synthesis, cyclisation, folding and purification

PDP-23 analogues were synthesized on 2-chlorotrityl chloride resin at a 0.5 mmole scale by
Fmoc-based solid phase peptide synthesis using a CS336X automated peptide synthesizer
(CSBio, CA, USA). Peptides were synthesized starting with Gly1 to generate a C-terminal Gly
for cyclisation. Glyl was therefore protected with 2,4-dimethoxybenzyl to minimize the risk
of isoaspartamide formation due to the next residue being and Asp. After peptide assembly the
N-terminal Fmoc group was removed by adding 20% piperidine in dimethylformamide (DMF).
Upon completion of synthesis, the peptide was cleaved from resin with 1% trifluoroacetic acid
(TFA) in dichloromethane (DCM) to maintain sidechain protection of amino acids. Acetonitrile
(ACN) was added and the solution was rotary evaporated to remove the DCM and TFA before

lyophilisation.

The peptide, at a concentration of 2 mM in DMF, was then cyclized by adding 1 eq. of 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU), followed by DIPEA (10 eq.). The reaction was monitored by
electrospray mass spectrometry (ESI-MS) over 6 h by dilution of a sample of the cyclization
mixture in 50:50 ACN/H>O prior to direct injection. After cyclisation the peptide was extracted
from the DMF using phase extraction with DCM. ACN was added to the DCM/peptide solution
prior to rotary-evaporation of the DCM followed by lyophilization.

Deprotection of sidechains was conducted by addition of 50 mL of a solution containing
TFA, triisopropylsilane (TIPS), 3,6-dioxa-1,8-octanedithiol (DODT) and water (92:5: 2.5: 2.5:
2.5). After 2 h stirring, the TFA was evaporated via rotary-evaporation and the peptide
precipitated from the solution using cold diethyl ether. The precipitated peptide was filtered
and re-dissolved in a solution of ACN/H:0O (50:50) before lyophilization. Crude peptide was
purified via reverse phase high performance liquid chromatography (RP-HPLC) using buffer
A (0.05% TFA in water) and buffer B (90% ACN, 0.05% TFA in water) at a gradient of 1%/min
on a preparative C18 column (300 A, 10 pm, 21.20 mm i.d x 250 mm, Phenomenex).
Electrospray ionization mass spectrometry (ESI-MS) was used to confirm the molecular mass

of the peptide.



Disulfide bond formation between cysteine residues in all PDPs was achieved using
regioselective disulfide bond formation with acetamidomethyl (ACM) and trityl (Trt)-
protected Cys residues protected cysteine residues. The formation of the first disulfide bond,
between cysteines liberated from their Trt protecting groups during general sidechain
deprotection was formed by dissolving the peptide in 0.1 M ammonium bicarbonate at a
concentration of 0.25 mg/ml with 2 mM reduced glutathione, pH 8.3, and stirring for 24 h.
After this buffer A was added as well as drops of TFA to decrease the pH to 6 prior to further
purification using a semi-preparative C18 column (300 A, 5 pm, 10 mm i.d. x 250 mm, Vydac)
with a 1% gradient of buffer A and buffer B and a flow rate of 8 mL/min.

The removal of the ACM protecting groups and formation of the second disulfide bond was
conducted via iodolysis in buffer A at a concentration of 0.25 mg/mL. A pre-prepared solution
of 0.1 M iodine in buffer A/buffer B (50:50) was added to the peptide solution until a noticeable
color change from clear to orange was achieved. This solution was then stirred under nitrogen
in a dark environment for 2 h, prior to quenching with ascorbic acid. Final purification was
conducted using the above method, and purity was determined using RP-HPLC with a C18
analytical column (300 A, 5 um, 2.1 mm i.d. x 150 mm, Vydac). Electrospray lonization Mass
Spectrometry (ESI-MS) confirmed the molecular mass of the fully oxidized peptides.
Analytical RP-HPLC and MS data for final peptides are provided as Supporting Information
(Figures 1-3).

NMR spectroscopy

To monitor structural changes of the scaffold and the conformation of the introduced epitopes
structural studies were performed using solution NMR spectroscopy. For NMR studies peptide
samples were made up with ~1 mg peptide in a 500 pL solution of either (90:10) HO/D-O or
H>O/D,0O/CD3CN (70:10:20) at pH ~ 3.5. NMR data were recorded at 700 or 900 MHz on
Bruker Avance III spectrometers equipped with cryo-probes. A range of spectra were recorded,
including 1D 'H, 2D 'H-'H TOCSY (Total Correlation Spectroscopy) with a mixing time of
80 ms, and 'H-'H NOESY (Nuclear Overhauser Spectroscopy) with a mixing time of 200 ms,
which allowed complete 'H resonance assignment using sequential assignment strategies.?’> 2
Data were referenced to the solvent signal (4.77 ppm for H>O in aqueous samples and 2.031

ppm for residual protons in samples containing CD3CN). Secondary 'H Ho chemical shifts

were calculated using established random coil shifts.?’



Trypsin inhibition assays

Inhibition of trypsin was tested using established assays as described.?® Synthetic peptides were
dissolved and assayed for inhibitory activity in a buffer composed of 50 mM Tris-HCI (pH 7.8)
and 20 mM calcium chloride for 15 min at 37 °C. Serially diluted peptide stock (5 puL) was
added to 20 pL of a 25 pug/mL solution of trypsin from bovine pancreas (Sigma-Aldrich) to
generate final concentrations ranging from 0.01 to 1 uM. Then 1 mM N-a-benzoyl-l-arginine-
p-nitroanilide substrate (Sigma-Aldrich) was added to initiate the reaction and incubated for 30
min at 37 °C. All reactions were performed in triplicate, and soybean Bowman—Birk inhibitor
(Sigma-Aldrich) was used as a positive control. The trypsin activity of reaction wells with no
inhibitor/peptide present was designated as 100%, and the inhibitory activity of synthetic
peptides was determined in relation to the no-inhibitor controls. After the incubation time, the
reaction was stopped by adding 25 pL of 30% (v/v) acetic acid and the absorbance was

measured at 410 nm.

Cell culture and cell cytotoxicity assays

The HeLa cervical cancer cell line was used to evaluate the toxicity of the grafted peptide
analogues. The cells were cultured in Eagle's minimum essential medium, supplemented with
10% fetal bovine serum (FBS) and 50 U/mL of penicillin and 50 mg/mL streptomycin. The
cells were incubated in a humidified atmosphere containing 5% CO> at 37 °C. The cell toxicity
of the RGD grafted PDP-23 analogues were evaluated by 3-(4,5,-dimethyl-2-thazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay as described previously.>!.

Peptide labelling

The conjugation of 5/6-carboxy-tetramethyl-rhodamine to the PDP-23 D28K analogue and
RGD grafted PDP-23 D28K was conducted by dissolving of ~5 mg, of the peptide in 0.1 M
sodium phosphate at a concentration of 1 mg/mL adjusted to pH 8.75. Then a pre-prepared
solution containing 10 molar equivalents of NHS-5/6-carboxy-tetramethyl-rhodamine at a
concentration of 10 mg/mL in DMSO was added to the peptide solution and stirred overnight
at room temperature protecting from light. The conjugation solution was diluted 10-fold prior
to repurifying the peptide-drug conjugate by using RP-HPLC. Analytical RP-HPLC and MS
data for the PDP-23-5/6-carboxy-tetramethyl-rhodamine and the grafted PDP-23-5/6-carboxy-
tetramethyl-rhodamine (RGD and RGDAH) are provided as Supporting Information (Figures
4-5).

Cell culture and daunorubicin sensitivity assays



Daunorubicin and verapamil were dissolved in DMSO and then were diluted in the Dulbecco's
Modified Eagle Medium (DMEM) medium to make working stocks, with the final solvent
concentration <1%. The RGD grafted analogues of PDP-23-5/6-carboxy-tetramethyl-
rhodamine were reconstituted in DMEM to a concentration of 30 M, which was further diluted

to produce working stocks.

KB-3-1 (sensitive) and KB-V-1 (resistant) cells were grown in DMEM medium, supplemented
with 10% FCS, and 100 pg/mL penicillin/streptomycin at 37 °C with 5% COx. Cells were
seeded in a 96-well plate at a density of 10,000 cells per well in 100 pL of DMEM medium
and incubated overnight at 37 °C. Then, the cells treated with PDP-23-RGD grafted analogues-
rhodamine conjugate at concentrations of 1, 5, 10 or 30 uM supplemented with 1 pM
daunorubicin. for 24 h. Cells were additionally treated with positive controls of 30 uM
verapamil supplemented with 1 uM daunorubicin, as well as daunorubicin 1 uM alone.
Untreated cells, as well as cells treated with 30 uM verapamil only, were included as negative

controls.

Toxicity was assessed using the CyQuant NF Proliferation assay according to manufacturer’s
protocol (CyQuant NF Proliferation assay kit). After incubation, medium was removed, and
cells incubated with the DNA-binding fluorescent dye reagent (CyQuant NF Proliferation assay
kit) in Hank’s Balanced Salt Solution for 30 min at 37 °C. Fluorescence was measured at 485

ex/520 em. Data were normalized to the untreated control.



Results and Discussion

Peptide Design: Targeting trypsin and avf; integrin by grafting into PDP-23

The structural tolerance of substitutions in the PDP-23 framework was first investigated by
grafting of the bioactive loop of SFTI. The conformation of this loop is similar to the loops at
both ends of PDP-23 in that it is restrained by a disulfide bond that stabilizes a (-hairpin.
Consequently, we chose to retain the PDP-23 disulfide bridged core but replaced either the
Trp*-His>-His®-Ser’ or the Ala!>-Asp!'®-Phe!’-Pro'®-Trp!°-Pro?’-Leu?!-Gly?*-His*}-GIn?*
segments of PDP-23 with the trypsin inhibitory sequence Thr-Lys-Ser-Ile-Pro-Pro-Ile from
SFTI-1 (Figure 1). By lining up the disulfide of SFTI-1 with either disulfide of PDP-23, all of

19, 32

which adopt a right handed staple conformation, we expected that the correct shape of the

bioactive loop could be retained, thereby introducing trypsin inhibitory activity to PDP-23.

Furthermore, the concept of using PDP-23 as drug scaffold was evaluated by inserting an Arg-
Gly-Asp (RGD) sequence into loop 1 of PDP-23. RGD sequences are among the most studied

short sequences that mediate protein-protein interactions,** 34

and have been widely used in
proof-of-concept sequences for molecular grafting.®> 3¢ Specific targeting of avps integrin is a
promising approach for targeted cancer therapy given that its over expression on many cancer
cells.’”- 38 Here we chose to either insert the RGD segment between His®>-His® or replacing His®
with RGD, resulting in a seven or six residue loop, respectively (Figure 1). The altered loop
length may affect the conformation of the RGD segment, potentially influencing integrin

binding.



C
Peptide Amino acid sequence and disulfide bonds
[ | [ \
PDP23 GFC; W HH S CgVPSGTC,ADFPWPLGHQCy;FPD
PDP23-SFTl-loop1 GFC;TKSIPPIC;4VPSGTCi;ADFPWPLGHQC,FPD

PDP23-SFTI-Loop2
PDP23-RGDAH GFCsWHR GD SCioVPSGTCy ADFPWPLGHQ Co; FPD
PDP23-RGD
Figure 1. Grafting of bioactive sequences into PDP-23. (A) Structure of PDP-23 illustrating the two
hairpins and the insertion of the bioactive loop of SFTI-1. (B) Structure of PDP-23 illustrating the

insertion of the RGD epitope in loop 1. (C) Sequences of PDP-23 and analogues designed and
characterized in this study.

Peptide synthesis and NMR spectroscopy

Solid-phase Fmoc chemistry, cyclization in solution, and oxidization by regioselective
disulfide formation were used to synthesize PDP-23 and analogues. Each peptide was purified
by RP-HPLC and the ratio of their mass to charge (m/z) confirmed by ESI-MS, showing that
the incorporation of the SFTI-1 or RGD sequences can easily be achieved using our synthetic
methodology. To determine whether the structural characteristics of the scaffold are maintained
in the grafted peptides, structural characterization of the grafted peptides were carried out
solution NMR spectroscopy. Initially, data for all peptides were recorded in water, conditions
under which native PDP-23 is dimeric. Strikingly all variants, showed poor quality NMR data,
with very broad resonance lines, suggesting significant aggregation. This finding suggests the
grafts destabilize the dimer and the peptide exist in interconverting structural forms in solution.
This is consistent with what was observed for PDP-24 in water. Despite only five amino acid

substitutions relative to PDP-23, PDP-24 is not able to adopt a well-defined dimer,?° possibly



because it lacks one amino acid in the hinge region between the -sheets, preventing them from
lining up appropriately. We then rerecorded all data in the presence of 20% ACN and, as for
PDP-24, this significantly improved the quality of data, with all analogues giving sharp lines
and good resonance dispersion suggesting a structured fold. Notably downfield shifted Ha
resonances were observed as expected for (-sheet containing peptides. Two dimensional
TOCSY and NOESY data were recorded and allowed complete resonance assignment of the
peptide backbone and most side chains. To compare the structural features of the analogues
with native PDP-23 and native SFTI-1 we determined the secondary Ho chemical shifts, which
are highly sensitive to secondary structure.?’

The secondary Ha chemical shifts of SFTI and RGD grafted PDP-23 (Figure 2) show the
structural features of the scaffold are closely retained, with the trends and magnitudes of the
secondary shifts matching native PDP-23 in the regions that have not been modified. Moreover,
the secondary shifts of the SFTI-1 graft sequence itself closely matches that of native SFTI-1,
including the large positive values of the cysteine residues at positions 3 and 11 in the loop 1
graft and positions 14 and 22 in the loop 2 graft. Some differences are seen around the ‘hinge’
regions between the two hairpins. Most notably at position 31 in the loop 1 variant and at

positions 9 and 25 in the loop 2 variant.

The close similarities in structures of the grafted peptides to the original scaffold molecule
PDP-23 highlight its potential for grafting. Notably, the seven-residue epitope (T K STP P I)
is completely different in both composition and length from that of the native scaffold. The
grafted epitope when inserted in PDP-23-SFTI-loop 1 extends the native loop (W H H S)
whereas the grafted epitope in PDP-23-SFTI-Loop?2 is shorter than the native loop (ADFP W
P L G H Q). Thus, the PDP-23 scaffold can accommodate significant variation while retaining
the well-defined fold in both loops. A previous study suggested sequence composition has a
larger impact on the fold of grafted cyclotides rather than length of the grafts.’® Here we chose
a bioactive loop that has inherent stability given the disulfide bond support is retained. It would

be interesting to explore PDP-23 using more dynamic grafts.
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Figure 2. NMR structural analysis of native PDP23 and SFTI grafted analogues.

Ha secondary chemical shifts of SFTI grafted PDP-23 in loop 1 (A) and SFTI grafted PDP-23
in loop 2 (B) compared with native PDP-23 (presented in light blue color) and native SFTI-1.
(green color).

The obtained NMR spectra for the RGD grafted peptides were of even higher quality with
excellent line shape and dispersion, closely matching the data for native PDP-23. Sequential
assignment using the TOCSY and NOESY NMR data was straight forward indicating a well-

defined structure and the secondary shift analysis, presented in Figure 3, revealed essentially



identical chemical shifts for both RGD-containing PDP-23 analogues and native PDP-23. The
native PDP-23 scaffold adopts well-defined 3D structure characterized by two anti-parallel -
sheets, each cross-braced by a single disulfide bond, and several well-defined turns. The fold
is stabilized by a large number of hydrogen bonds and the cyclic backbone. Based on the Ha
secondary chemical the RGD grafted PDP-23 analogues retained identical structural features,

with differences only observed around the insertion of the RGD sequence.
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Figure 3. NMR structural analysis of native PDP-23 and RGD grafted analogues.

Ha secondary chemical shifts of RGD grafted PDP-23 analogues compared with native PDP-
23. Residues 6, 7 and 8 are the inserted RGD. The second part of the native sequence has been
aligned such that His6 is shown at position 9, given the insertion is between His5 and His6.
The large negative secondary shift seen for His5 and His6 in native PDP-23 is related to the
type I’ B-turn adopted by this segment, not present with an RGD insertion.

Trypsin inhibition activity

The native PDP-23 and the SFTI grafted peptide analogues (loop 1 and loop 2) were tested for
trypsin inhibition and compared to a Bowman-Birk trypsin inhibitor (BBI) from soybean
(Figure 4). As expected, based on the NMR data, which suggested that the conformation of the
bioactive loop of SFTI-1 was retained in our grafted variant, both analogues inhibited trypsin
with an ICso of ~0.8 uM. In contrast, no inhibition was observed for native PDP-23, consistent
with its lack of a suitable Arg or Lys residue able to target the trypsin active site. The results

confirmed that PDP-23 can accept larger grafts targeting enzyme activity. Given there was no



significant difference between the variants’ activity, both loops are amenable to modifications.
Interestingly, both SFTI-1 grafted peptides are less potent compared to the BBI trypsin
inhibitor, and indeed to native SFTI-1, which is the smallest and most potent inhibitors of the
BBI family.!? In addition to the covalent cyclisation of the backbone in SFTI-1 and the disulfide
bond, an extensive hydrogen bond network has been proposed as essential for maintaining full
activity. However, it is possible to remove either the cyclic backbone®? or disulfide bond*® in
SFTI-1 without conferring a substantial loss of activity. Given the NMR chemical shift analysis
showing that the bioactive epitopes in the grafted variants are essentially identical to native
SFTI-1,>> we propose that these structural features have all been retained, thus the likely
explanation for the reduced activity is that steric hindrance from the second loop in PDP-23 is

preventing an efficient interaction with trypsin.

1004

—— Soybean Bowman-Birk inhibitor

—— PDP23

—- PDP23-SFTI-Loop1
PDP23-SFTI-Loop2

% trypsin inhibition

Peptide concentration (uM)

Figure 4. Inhibition of bovine trypsin by PDP-23 and SFTI grafted PDP-23.

Trypsin activity was determined in the presence of PDP23-SFTI loopl, and PDP23-
SFTI loopl at a range of concentrations from 0.01 to 1 uM. Soybean Bowman—Birk inhibitor
was used as a positive control.

Due to the lack of trypsin in plants, it has been speculated that the potent trypsin inhibitor SFTI-
1 evolved to protect against insects.*! The majority of PDPs, including PDP-23, do not share
this bioactivity, but they may still be involved in plant defense in a yet to be discovered
capacity. Many proteases are attractive therapeutic targets and SFTI-1 and larger cyclic plant
protease inhibitors such as MCoTI-1I have been shown to be versatile scaffolds for specific
targeting of these enzymes. This include the serine proteases B-tryptase and human leukocyte

elastase (HLE) for the treatment of inflammatory and allergic disorders*? and the of foot-and-

mouth-disease virus (FMDV) 3C protease.** Although it is encouraging to see that PDP-23 is



able to host large functional grafts, for targeting of proteases scaffolds that are already native

inhibitors may be more effective, due to PDP-23s more complex tertiary fold.

RGD grafted PDP-23-rhodamine conjugate toxicity and daunorubicin sensitivity

PDP-23 was considered a scaffold for drug development due to its stability, lack of toxicity,
and capacity to enter cells.! Prior to the RGD grafted PDP-23-rhodamine conjugate toxicity
and daunorubicin sensitivity determination study, a cytotoxicity study was performed to screen
the cytotoxicity of the grafted peptides at different concentrations using an MTT assay. No
peptide variant showed any significant toxicity again the human HeLa cell line culture

(Supporting Information Figure 6).

In our previous study PDP-23 D28K-rhodamine was shown to sensitize the cell line KB V-1,
which is otherwise highly resistant to chemotherapeutics.!® The resistance is due to that KB-
V-1, unlike its parent cell line KB-3-1, overexpresses the drug efflux pump P-gp, thereby
minimizing intracellular concentrations of toxic drug. The dye 5/6-carboxy-tetramethyl-
rhodamine is also a substrate of P-gp, but when attached to PDP-23 is too large to be pumped
out of the cell, consequently acting as a P-gp inhibitor. Thus, when dosed together with
chemotherapeutics the conjugate is able to reverse resistance back to the levels of KB-3-1.
Here, we tested the two analogues of RGD grafted PDP-23 as D28K-rhodamine conjugates for
inhibition of P-gp by exposing it in combination with the well characterized chemotherapeutic,
and known substrate of P-gp, daunorubicin. None of the analogues had any significant effect
on the sensitive KB-3-1 cells when dosed in combination with daunorubicin (Figure 5). In
contrast, both RGD grafted PDP-23 D28K-rhodamine conjugates in combination with
daunorubicin induced significantly increased cell death in the resistant cells (KB-V-1).
Comparison between RGD grafted PDP-23 variants and PDP-23 revealed that the grafted
conjugates could significantly increase the cell death at lower concentration (10 pM), whereas
the PDP-23 conjugate significantly increased the cell death only at the high dose (30 uM).
Despite the similarity of the structure for both analogues observed in NMR data analysis, the
analogue in which the RGD sequence was inserted between the His5-His6 residues in loop 1,
rather than replacing His6, showed significantly higher potency at the lowest dose (p>0.05).
These findings are consistent with what was observed for the classical P-gp inhibitor
verapamil.** RGD-binding integrins are highly expressed in a variety of cancer cells, where
they play a critical role in pathophysiological processes that are important for the development

of cancer. Peptides containing RGD sequences have been widely used as a molecular vector



that targets the tumor-associated cells expressing avPs receptors with to deliver the
chemotherapeutics to the malignant tissues.?> 4> The conformation of the RGD motif strongly
influence integrin binding, and the difference in activity between the two RGD grafted variants
is likely due to a conformational difference modulating the strength of interaction. Binding to
integrins will increase the concentration at the cell membrane and consequently, as a result of

endocytosis, the intracellular concentration leading to the observed increase in activity.

Despite the advancement in therapies employed for cancer treatments, chemotherapy remains
the most widely used cancer treatment option today. The invasion and spread of cancers caused
by drug resistance account for over 90% of chemotherapy failures.*® The important role of P-
gp in multidrug resistance is well established,** and KB-V-1 cells are commonly used as
models for this type of resistance.!” 47 Typically, the strategy using peptides as carriers by
conjugating to small molecule drugs is focused on overcoming common small molecule issues,
including poor solubility, metabolism, and off-target effects due to unfavorable distribution.
Preclinical and clinical studies have been conducted for peptide—drug conjugates such as
gonadotropin-releasing hormone conjugated to doxorubicin for the treatment of ovarian and
endometrial cancers,*® paclitaxel-angiopep-2 conjugate for the treatment of glioblastoma, lung
and ovarian cancers® as well as radiolabeled somatostatin analogs, like [DOTA,
Tyr3Joctreotide and [DOTA, Tyr3]octreotate treatment modality for somatostatin receptor-
positive tumors for targeted radiotherapy.’® Consistent with the results of this study, it has
shown a paclitaxel-angiopep-2 conjugate allows paclitaxel to cross the blood—brain barrier
entering the brain to a greater extent than paclitaxel and importantly prevents efflux by P-gp

expressed on the blood-brain barrier.*’
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Figure 5. Cell toxicity and daunorubicin sensitivity determination.

Comparison of toxicity of a single concentration of daunorubicin (1 pM) in sensitive KB-3-1
(A) and resistant KB-V-1 (B) cells, in the presence or absence of the PDP-23 and RGD grafted
PDP-23-rhodamine conjugates. Controls for P-gp inhibition include 30 pM verapamil
supplemented with 1 uM daunorubicin and daunorubicin alone. Untreated cells and cells
treated with verapamil alone were included as negative controls. (C) Comparison of grafted
PDPs and PDP-23 in KB-V-1 cells.

Conclusion

In this study we investigated how tolerant the PDP-23 scaffold is for molecular grafting and
whether it can be used to host bioactive epitopes mediating enzyme inhibition (SFTI-1) and
protein-protein interactions (RGD). All variants were readily assembled, cyclized and folded
using chemical synthesis. The quality of NMR data recorded in water were poor, with broad
lines suggesting partial aggregation and intermediate conformational exchange. We attribute
this to the grafts destabilizing the dimer formed by native PDP-23 in aqueous conditions.
However, addition of 20% ACN improved the data, allowing full assignment and comparison
to native PDP-23, which under these conditions adopts a highly structured monomer. The
similarities in chemical shifts of the grafted analogues to both the native PDP-23 and, where
relevant, native SFTI indicate that the structure of both the scaffold and the graft were fully
retained. Both SFTI grafted PDP-23 variants demonstrated trypsin inhibition activity not seen
for native PDP-23. Furthermore, PDP-23 grafted with RGD was investigated as a potential
scaffold for targeted delivery of small molecule therapeutics. The RGD grafted PDP-23-
rhodamine conjugate did not significantly increase cell death in the daunorubicin-sensitive KB-
3-1 cells in the presence of daunorubicin. However, the addition of RGD-grafted PDP-23 D28K
-rhodamine in conjunction with daunorubicin significantly increased cell death in the highly
resistant cell line KB V-1 in a dose-dependent manner, indicating the restoration of
chemotherapy sensitivity by inhibition of the efflux pump P-gp. Importantly, this effect was
significantly enhanced compared to native PDP-23 lacking the RGD sequence, suggesting the
ability to bind to integrin receptors in KB-V-1 cells leads to an increase in cell uptake and
increased intracellular concentration. This study demonstrates the application of PDP-23 as a

drug scaffold for chemotherapeutics targeting drug-resistant cancer cells.

In conclusion, this study highlights that PDP-23 can provide a versatile scaffold for grafting
bioactive sequences of multiple lengths and at multiple positions. Given the ability of PDP-23
to adopt different conformations under different conditions and penetrate cells, this type of

scaffold might offer significant advantages over other commonly used rigid variants.
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