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Site-selective modification of peptides and proteins has resulted in the development of a host of novel
tools for the study of cellular systems or the synthesis of enhanced biotherapeutics. There is a need for
useful methodologies that enable site-selective modification of native peptides or proteins, which is even
more prevalent when modification of the biomolecule with multiple payloads is desired. Herein, we
report the development of a novel dual functional divinylpyrimidine (dfDVP) platform that enables robust
and modular modification of peptides, antibody fragments and antibodies. These biomacromolecules
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could be easily functionalised with a range of functional payloads (e.g. fluorescent dyes, cytotoxic war-
heads or cell-penetrating tags). Importantly, the dual functionalised peptides and antibodies demon-
strated exquisite bioactivity in a range of in vitro cellular assays, showcasing the enhanced utility of these
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Introduction

The modification of proteins can be leveraged for a variety of
tasks such as the study of cellular processes or the generation
of bioconjugate therapeutics.””” To an even greater extent, dual
modification of peptides or proteins can provide valuable tools
to aid in these investigations.®>* Incorporation of multiple pay-
loads can take on many formats; such as attachment of Forster
resonance energy transfer (FRET) pairs, half-life extension
strategies of protein/peptide-drug conjugates, increased cellu-
lar permeability of peptide-based drugs/imaging agents or
macromolecular theranostics. Dual modification can typically
be achieved in two ways: (1) modification of two different
amino acids with separate payloads, or (2) use of a single
linker with orthogonal reactive handles to introduce the dis-
tinct functionality.” While this can be relatively straightforward
in short peptides, site-selective dual modification of large pro-
teins can be challenging.®
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Peptide drugs are attractive candidates for the perturbation
of cellular protein-protein interactions (PPIs) due to their
large binding surface area. However, linear peptides typically
suffer from poor circulatory stability and cell permeability,
thus limiting their therapeutic potential.”® The use of a linker
to macrocyclise the peptide can improve these characteristics
and the overall pharmacological profile of the peptide drug.
Furthermore, the linker can be used to modify the physical
properties of the peptide (e.g. solubility, permeability) or can
be used to attach functional payloads (e.g. drugs, fluorescent
dyes).”'® Peptide macrocyclisation linkers that facilitate dual
modification with these tags would enable further develop-
ment of peptide drugs and probes.

Similarly, antibody-drug conjugates (ADCs) are a class of
targeted bioconjugate therapeutics that have witnessed enor-
mous interest in recent years due to their ability to selectively
deliver highly potent cytotoxic agents to specific cell types."*
Eight ADCs have now obtained approval by the Food and Drug
Administration (FDA) for the treatment of a range of solid and
haematological cancers."”> While three of the approved ADCs
with high drug loading are (nearly) homogeneous, the straight-
forward synthesis of homogeneous ADCs with low drug-to-
antibody ratio (DAR), especially with uneven numbers, is more
challenging.”® The synthesis of homogeneous ADCs is desir-
able as they typically display more robust and reliable pharma-
cokinetic profiles than the corresponding heterogeneous ADC
mixtures.'”'® Furthermore, conjugation strategies that gene-
rate homogenous ADCs should also produce a conjugate with

This journal is © The Royal Society of Chemistry 2020
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high levels of plasma stability to ensure that premature release
of the cytotoxic payload in circulation does not occur and
cause off-target side effects."®

A number of strategies that enable site-selective and stable
dual modification of peptides or antibodies with different pay-
loads have been reported.'”* Alabi and co-workers have devel-
oped elegant strategies that use both antibody engineering
and enzymatic modification strategies to introduce two
different payloads onto antibodies.>**> These efforts have
enabled the masking of the inherent hydrophobicity of cyto-
toxic warheads with polyethylene glycol (PEG) chains or the
incorporation of FRET pairs for studying trafficking and
metabolism of the bioconjugates. In another approach,
Levengood and co-workers used orthogonal cysteine protecting
groups to generate ADCs containing two different auristatin
cytotoxins.?® Similarly, Kumar et al. developed a heterotrifunc-
tional maleimide reagent that enabled the modification of
antibodies containing engineered cysteine residues with both
auristatin and pyrrolobenzodiazepine dimer payloads.?”

Cysteine bridging technologies have emerged as a highly
useful strategy, both in the synthesis of macrocyclic peptides
and ADCs.”**! These methodologies focus on the use of a bis-
reactive linker that selectively cross-links the free thiols of
cysteine side chains. Exemplary work by Caddick, Chudasama
and co-workers using pyridazinedione reagents has demon-
strated the potential of this approach to effectively generate
homogeneous and stable dual functional antibody
bioconjugates.**** Therefore, the development of technologies
that allow the simple construction of complex dual functional
antibodies is an area of immense interest.

Previous Work
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Fig. 1 Schematic overview of previous work using divinylpyrimidine or
divinyltriazine reagents for peptide or protein modification and the dual
functional divinylpyrimidine (dfDVP) technology described in this work.
In the first step, the dfDVP reagent cross-links two proteinogenic
cysteine residues to selectively conjugate one payload, which is followed
by a bioorthogonal click reaction to attach the second payload.
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We have previously reported the used of divinylpyrimidine
(DVP) reagents for the site-selective synthesis of exceptionally
stable ADCs, and divinyltriazine reagents to synthesise functio-
nalised macrocyclic peptides.**> Herein, we report the devel-
opment of a novel dual functional DVP (dfDVP) reagent that
can be universally applied to the modification of peptides or
antibodies/antibody fragments (Fig. 1). The dfDVP reagent can
be easily synthesised using a combination of solid- and solu-
tion-phase chemistry. Cross-linking of cysteines in a range of
biomolecules was then achieved and several functional moi-
eties were conjugated in a controlled and site-selective fashion.
Furthermore, the dual functional bioconjugates exhibited
remarkable biological activity in numerous in vitro assays.

Results and discussion
Linker design and synthesis

In commencing this work, we envisaged a general reagent that
would facilitate modular modification of any peptide or
protein containing neighbouring cysteine residues. As such
dfDVP 1 was designed, hypothesising that a strategy resem-
bling solid phase peptide synthesis could be used to easily
assemble this scaffold (Fig. 2). This strategy would minimise
purification and handling of complex and hydrophilic mole-
cules in organic solvent. The dfDVP reagent was designed to
contain a fluorescent dye (fluorescein), from reaction with flu-
orescein isothiocyanate (FITC) and an alkyne-containing
amino acid (propargyl glycine), both of which could be
inserted during on-resin synthesis. The alkyne could sub-

1) Resin cleavage to give amine 2 N N
2) Amide coupling with DVP 3
0,
’ O
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N ﬁo N NH.
Fb/ K} Y\H :

o > O 2
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NHFmoc

Fig. 2 Retrosynthetic analysis of the solid- and solution-phase strategy
for the synthesis of the dfDVP reagent 1.
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sequently be used to conjugate a range of azide-functionalised
payloads via click chemistry.>® Accordingly, fluorescein-con-
taining amine 2 was synthesised on-resin following a standard
Fmoc-protecting group strategy, and a condensation between
the amine side chain of lysine and the isothiocyanate of FITC
(ESI Scheme S1}). Upon cleavage from the Rink amide resin,
amide coupling between DVP 3 (see ESI} for synthetic details)
and amine 2 was achieved in good yield to generate the
desired dfDVP linker 1. Furthermore, although fluorescein was
attached in this case, it would also be feasible to attach other
payloads on-resin using this strategy.

Peptide modification and biological evaluation

With dfDVP 1 in hand, investigations into its cysteine bridging
and dual modification capabilities commenced. First, with the
aim of generating a peptide modality with enhanced biological
properties, dfDVP modification of a short oligopeptide was
undertaken. The p53-targeting peptide Pep-p53 has previously
been reported*® and as such, was synthesised and reacted with
dfDVP 1 in a mixture of sodium phosphate buffer (NaPi, 95%
v/v) and DMF (5% v/v) for 1 hour at room temperature
(Fig. 3a). Macrocyclisation proceeded efficiently to generate the
stapled peptide Pep-FITC. Pleasingly, the stapled peptide was
the only reaction product observed by HPLC and LCMS ana-
lysis, with none of the bis-alkylated species observed. Next, to
aid the cell permeability of the fluorescent peptide, a copper-
catalysed azide-alkyne cycloaddition (CuAAC) was used to
attach the azide-modified tri-arginine cell-penetrating tag Nj3-
RRR to the stapled peptide.’” The CuAAC reaction proceeded
smoothly and dual functionalised peptide Pep-FITC-RRR was
obtained following HPLC purification. Having synthesised
peptides with or without a cell-penetrating tag, we next wanted
to investigate the permeability of the different peptides. The
incorporation of the fluorescein moiety onto both peptides
enabled the use of confocal microscopy to conduct this ana-
lysis. Accordingly, human osteosarcoma cells (U20S) were
treated with Pep-FITC (25 pM) and Pep-FITC-RRR at 37 °C.
Cells were fixed after 0.5, 1 and 3 hours incubation and
imaged via confocal microscopy. Pleasingly, we observed
uptake of the dual functionalised stapled peptide, Pep-
FITC-RRR at all time points, whereas no internalisation was
detected for the mono functionalised stapled peptide Pep-
FITC (Fig. 3b and ESI Fig. S6T). These results demonstrate the
potential of our dfDVP methodology to simultaneously label
and impart cell-permeability to otherwise non cell-permeable
peptides.

Antibody fragment modification

We next aimed to demonstrate the dual modification potential
on larger polypeptides. The fragment, antigen-binding (Fab)
arm of an antibody contains a single disulfide that covalently
links the two polypeptide chains. Trastuzumab is an anti-
HER2 IgG; antibody that is clinically used to treat HER2-posi-
tive breast cancer and comprises the antibody component
in marketed ADCs, Kadcyla® and Enhertu®. The Fab of
trastuzumab has also been studied in its own right as both a
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Fig. 3 (a) Macrocyclisation of the Pep-p53 with dfDVP 1, followed by
CuAAC to conjugate the cell-penetrating tag N3-RRR. HPLC and MS
traces for the reaction products are shown in addition to the mass-to-
charge ratio ions observed. (b) Confocal microscopy images obtained
after treatment of U20S cells with Pep-FITC and Pep-FITC-RRR.
Additional confocal microscopy images with Pep-FITC-RRR can be
found in Fig. S6.t

therapeutic agent and a delivery molecule in targeted thera-
peutics.”*”® It was proposed that modification of this Fab with
both a fluorescent dye and a cytotoxic warhead would generate
a valuable theranostic agent.’ Trastuzumab Fab was generated
by sequential digestions with pepsin and papain and sub-
sequently treated with tris(2-carboxyethyl)phosphine hydro-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Dual modification of trastuzumab Fab. (a) Reaction of reduced trastuzumab Fab with dfDVP 1, followed by click attachment of (b) azido-
sulfate-MMAE 4. LCMS analysis of (c) trastuzumab Fab, (d) Fab-FITC and (e) Fab-FITC-MMAE. (f) SDS-PAGE analysis of the dual modification. MW:
molecular weight ladder, 1: non-reduced Fab, 2: reduced Fab, 3: Fab-FITC Coomassie stain, 4: Fab-FITC-MMAE Coomassie stain, 5: Fab-FITC fluor-
escence, 6: Fab-FITC-MMAE fluorescence. Lanes 3—6 were run under reducing conditions. TBS = Tris buffered saline (Tris HCl 25 mM pH 8, NaCl

25 mM, EDTA 0.5 mM pH 8).

chloride (TCEP) to reduce the single interchain disulfide
(Fig. 4a, c, f and ESI Fig. S17). The reduced protein was then
reacted with dfDVP 1 (10 equiv.) for 1 hour at 37 °C. LCMS,
SDS-PAGE and UV-vis analysis revealed >95% conversion to
afford the desired conjugate, Fab-FITC (Fig. 4d, f and ESI
Fig. S2%). To attach a drug molecule to the alkyne-functiona-
lised antibody fragment, an azido-monomethyl auristatin E
(MMAE) molecule was required. MMAE is a commonly used
anti-mitotic drug in ADC therapeutics due to its sub-nano-
molar cytotoxicity against a range of cancer types.** Due to the
complexity of the dual functional linker, it was hypothesised
that cleavage of the drug from the linker would be required for
cytotoxicity.*® We have recently reported the utility of sulfatase-
cleavable linkers in MMAE-containing ADCs, and deemed this
to be an appropriate cleavable group.*’ Accordingly, azide-
sulfate-MMAE 4 was prepared (Fig. 4b, see ESIt for synthetic
details) and reacted with Fab-FITC in the presence of
CuS0O,-5H,0, THPTA and sodium ascorbate. Analysis of the
reaction via LCMS suggested excellent conversion to the bis-
functionalised antibody fragment, Fab-FITC-MMAE (Fig. 4e, f
and ESI Fig. S37). This cysteine bridging and subsequent
CuAAC reaction demonstrated the utility of the dfDVP platform
to modify complex biomolecules, with both modification steps
proceeding efficiently.

Antibody modification and biological evaluation

We next sought to modify an 1gG antibody using this method,
to obtain a fluorescent ADC bioconjugate with potential utility
for simultaneous imaging and treatment of malignancies. IgG,
antibodies contain four interchain disulfides that can be easily
reduced to produce four sites for the cross-linking of cysteine
residues. As such, trastuzumab was reduced with TCEP and

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Dual modification of trastuzumab. (a) Reaction of reduced tras-
tuzumab with dfDVP 1, followed by click attachment of azido-sulfate-
MMAE 4. (b) SDS-PAGE analysis of the dual modification. MW: molecular
weight ladder, 1: non-reduced trastuzumab, 2: reduced trastuzumab, 3:
Tras-FITC Coomassie stain, 4: Tras-FITC-MMAE Coomassie stain, 5:
Tras-FITC fluorescence, 6: Tras-FITC-MMAE fluorescence. Lanes 3-6
were run under reducing conditions. (c) UV-vis spectrum of trastuzu-
mab, Tras-FITC and Tras-FITC-MMAE. TBS = Tris buffered saline.

subsequently treated with dfDVP 1 (10 equiv. per disulfide) for
2 hours at 37 °C (Fig. 5a). Pleasingly, 90-95% conversion from
the unreacted heavy and light chains to the bridged species
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Fab-FITC was observed by LCMS, SDS-PAGE and UV-vis ana-
lysis (Fig. 5b, ¢ and ESI Fig. S4t). Similar to our previous obser-
vations with mono functional DVP reagents, the half-antibody
species, formed through intrachain -cross-linking of the
cysteines in the hinge region of the heavy chains was observed
to be the major reaction product.>® Despite this non-native
rebridging, the full antibody remains intact due to non-
covalent interactions and such ADCs remain biologically
active.?"****> The fluorescent antibody Tras-FITC was then
reacted with azido-sulfate-MMAE 4 in the presence of
CuS0,-5H,0, THPTA and sodium ascorbate for 6 hours at
37 °C. Analysis of the reaction via LCMS revealed conversion to
the fluorescent ADC Tras-FITC-MMAE with a DAR of approxi-
mately 3.0 (Fig. 5b, ¢ and ESI Fig. S5f). Despite screening
several reaction conditions, obtaining a DAR >3 could not be
achieved. We postulate that the size of the linkers being
attached allows attachment of one drug molecule in the hinge
region of each antibody; however, conjugation of a second
cytotoxin is prohibited due to the large size of the linker-pay-
loads already conjugated. However, under all of the conditions
tested, a controlled DAR of 3 was consistently achieved and we
postulated that this drug loading would be sufficient to
achieve potent and selective cytotoxicity.

To investigate the biological activity of the trastuzumab con-
jugates, their cytotoxicity was initially evaluated. Both trastuzu-
mab and Tras-FITC showed little effect on the viability of
SKBR3 (HER2-positive) or MCF7 (HER2-negative) cell lines
(Fig. 6a and b). In contrast, Tras-FITC-MMAE demonstrated
exquisite dose-dependent cytotoxicity against SKBR3 cells,
while having little effect on MCF7 cells (Fig. 6a and b). MMAE
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has previously been shown to have sub-nanomolar toxicity
against both cell lines.** This result highlights that modifi-
cation of the antibody with a fluorescent dye does not cause a
cytotoxic effect and that the cytotoxicity observed for Tras-
FITC-MMAE generated by the conjugated MMAE.
Furthermore, this suggests that attachment of the fluorescent
dye does not impede cleavage of MMAE from the antibody.
Finally, to demonstrate the imaging capabilities of our bis-

was

functionalised antibody, a microscopy-based cell selectivity
and internalisation assay was conducted. First, SKBR3 and
MCF?7 cells were treated with Tras-FITC or Tras-FITC-MMAE for
1 hour at 4 °C. Incubation at this temperature allows receptor
binding but not internalisation.® The cells were then exten-
sively washed to remove any unbound antibody and sub-
sequently imaged using wide-field microscopy to ascertain the
binding selectivity of the different antibody conjugates in both
cell lines. Pleasingly, labelling was observed on the surface of
SKBR3 cells for both Tras-FITC and Tras-FITC-MMAE (Fig. 6c).
In contrast, no labelling of MCF7 cells was detected under the
same treatment conditions (Fig. 6e). Finally, after incubation
for 1 hour at 4 °C and washing to remove unbound antibodies,
SKBR3 cells were incubated at 37 °C for 1 hour to enable recep-
tor-antibody internalisation. Imaging of the cells via wide-field
microscopy again suggested that internalisation had begun
after this incubation period (Fig. 6d). This collective data
demonstrates the exquisite cell-selective cytotoxicity and cell
imaging potential of the dfDVP bis-functionalised trastuzumab
conjugates. Moreover, the dfDVP platform enables the attach-
ment of multiple payloads to antibodies without causing a
negative effect on the activity of the antibody or either payload.
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Fig. 6 Biological evaluation of dfDVP modified trastuzumab. Cytotoxicity of the trastuzumab conjugates in (a) SKBR3 cells and (b) MCF7 cells.
Widefield microscopy analysis of the antibody conjugates (c) in SKBR3 cells after 1 hour at 4 °C and (d) after a subsequent hour at 37 °C, and (e) in
MCF7 cells for 1 hour at 4 °C. DAPI was used to stain nuclei and phalloidin-594 was used to stain actin.
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Conclusions

The primary objective of this work was to obtain a universal
methodology to enable the dual functionalisation of a range of
bis-cysteine-containing biomolecules. The dfDVP platform
incorporates a tractable method of introducing complex func-
tionality onto a biomolecule through two efficient and selective
bioconjugation reactions. The dfDVP reagent 1 utilised in this
work was routinely synthesised through an elegant combi-
nation of solid- and solution-phase chemistry and could be
used to robustly modify oligopeptides, antibody fragments and
IgGs with several different payloads. Furthermore, the syn-
thesised bioconjugates demonstrated excellent bioactivity, as
determined through a series of in vitro biological assays. This
technology represents a novel technique that enables rapid
construction of highly complex bioconjugates for the study or
perturbation of biological systems.
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