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Methods for residue-selective and stable modification of canonical amino acids enable the installation of
distinct functionality which can aid in the interrogation of biological processes or the generation of new
therapeutic modalities. Herein, we report an extensive investigation of reactivity and stability profiles for
a series of vinylheteroarene motifs. Studies on small molecule and protein substrates identified an
optimum vinylheteroarene scaffold for selective cysteine modification. Utilisation of this lead linker to

modify a number of protein substrates with various functionalities, including the synthesis of
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Accepted 28th May 2021 a homogeneous, stable and biologically active antibody—drug conjugate (ADC) was then achieved. The
reagent was also efficient in labelling proteome-wide cysteines in cell lysates. The efficiency and

DOI: 10.1039/d1sc02722k selectivity of these reagents as well as the stability of the products makes them suitable for the
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Introduction

The chemical modification of proteins has a crucial role in
enabling the interrogation of biology and providing improved
medication. However, the controlled modification of these
highly complex macromolecules remains challenging. To
preserve the native structure and function of meta-stable
proteins, mild reaction conditions are required."” Further-
more, site-selective modification is often desirable, meaning
that the transformation must be chemo- and regioselective for
a target residue. Despite these challenges, a toolbox of reagents
has been developed for the modification of proteinogenic
amino acids: lysine,® cysteine, tryptophan,® methionine,>®
tyrosine,”® histidine® and the N-'*'* and C-terminus' can now
be functionalised with varying levels of success.

Cysteine modification is particularly attractive due to its high
nucleophilicity under biocompatible conditions, solvent acces-
sibility, and low natural abundance. In addition to the well-
established a-halo  acetamides, several  cysteine-
modification methodologies have been reported in recent
years which selectively modify cysteine residues in a range of
protein substrates. These reagents include bromomaleimides,*®
bromopyridazinediones,”** unsaturated carbonyls,**
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vinylsulfones, vinyl-pyridines and -pyridiniums,* and
unsaturated phosphonamidates;**** an excellent dedicated
review has been published on cysteine modification reagents.*
Despite these new developments, in the field of biotherapeutic
development, maleimide reagents remain most widely used due
to their remarkable conjugation efficiency.®® For instance,
antibody-drug conjugates (ADCs) are an emerging class of
bioconjugate therapeutics, facilitating the targeted delivery of
highly toxic payloads to target cells. ADCs comprise a tumour-
specific monoclonal antibody attached to a potent cytotoxic
drug via an appropriate linker. Indeed, six of the nine Food and
Drug Administration (FDA)-approved ADCs are synthesised via
maleimide modification of cysteine residues. Despite the utility
of the maleimide linker, the product thiosuccinimide linkage
has demonstrated poor stability caused by de-conjugation
reactions. Instability of the protein-payload linkage can
greatly affect the pharmacological properties of biotherapeutics
such as ADCs, given that premature release of cytotoxic
payloads can decrease its targeted delivery and cause off-target
toxicity.**** To address this, modified maleimide reagents have
been developed to increase the stability of the bioconjugate.®**”
One approach involves the use of self-hydrolysing maleimides
which catalyse hydrolytic opening of the thiosuccinimide ring,
thus reducing its susceptibility towards E;cB-type
elimination.**?°

Despite these significant advances, new methods to predic-
tively generate stable cysteine bioconjugates are still required.
We have previously reported divinylpyrimidine and divinyl-
triazine reagents for cysteine cross-linking.**-*” While stable and
functional modification of proteins or peptides could be ach-
ieved with these reagents, they are only useful when two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Use of maleimides, divinylpyrimidines and vinylheteroarenes for
post-translational protein modification.

proximal cysteine residues are present in the protein of interest.
To expand the scope and generality of this scaffold, it was
envisioned that monovinylheteroarene reagents would enable
efficient and selective modification of single cysteine residues,
regardless of spatial arrangement.”® Herein, a comprehensive
comparison of a library of monovinylheteroarenes was con-
ducted, culminating in the selective and stable modification of
numerous protein substrates (Fig. 1).

Results and discussion

Reactivity of vinylheteroarenes towards biological
nucleophiles

It was hypothesised that variable heteroarene ring electronics
would greatly affect reactivity, with increasing electron defi-
ciency increasing the rate of cysteine addition into the vinyl
group. However, increased electrophilicity may also cause
increased reactivity towards other proteinogenic nucleophiles
(e.g- lysine, N-terminus). It was therefore deemed imperative to
measure the rate of reaction of vinylheteroarenes with differing
electronic characteristics with a range of proteinogenic nucle-
ophiles. To begin investigations, vinyl-pyridine 1, -pyrimidine 2,
-triazine 3 and -tetrazine 4 *** were synthesised from
commercially available starting materials (refer to ESIT); these
model linkers all contain an amino functionality for further
functionalisation.

Vinylheteroarenes 1, 2, 3, and 4 (10 mM) were incubated with
an equimolar quantity of Boc-Cys-OMe in a mixture of sodium
phosphate (NaPi, pH 8, 50 mM in D,0) and CD;0D, and the
reaction progress was monitored via "H NMR spectroscopy (ESI
Section 27). Kinetic analysis revealed that vinylpyrimidine 2 and
vinyltriazine 3 were the most reactive, displaying second order
rate constants of 0.375 M~ ' s and 3.10 M " s~ , respectively
(Fig. S2 and S37). Pleasingly, >95% conversion was observed in
20 minutes for 2 and 10 minutes for 3 when 10 mM vinyl-
heteroarene solutions were incubated with stoichiometric Boc-
Cys-OMe; this represents good kinetics for bioconjugation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For comparison, traceless Staudinger ligations and strain-
promoted alkyne-azide cycloadditions have rate constants of
only 107> M~' 57" and 107> M~ ' s7%, respectively, and yet are
widely used for protein modification.*® With this in mind, the
reaction on vinylpyrimidine and vinyltriazine scaffolds was
deemed sufficiently fast for cysteine modification. In contrast,
the significantly lower measured rate constant for vinylpyridine
1(4.91 x 10> M~ s7') was considered too low to be an effec-
tive bioconjugation method (Fig. S11). Surprisingly, no reaction
with the vinyl group was observed upon treatment of vinyl-
tetrazine 4 with Boc-Cys-OMe. Instead, a second set of vinyl
peaks were observed in the "H NMR spectra (Fig. S71), sugges-
tive of direct nucleophilic attack on the tetrazine ring - a previ-
ously documented type of reactivity.>**> As such, vinyltetrazines
were also discounted from further studies.

Further investigations were conducted using 2 as a model
substrate. Vinylpyrimidine 2 reacted with Boc-Cys-OMe over
a range of biologically relevant pHs, with second order rate
constants of 0.510, 0.636 and 0.851 M~ ' s~ " at pH 7, 6 and 5,
respectively (ESI Section 2.57). Furthermore, when more
dilute NaPi (pH 8; 50 mM, 25 mM or 10 mM) was used as the
reaction medium, a reduction of the second order rate
constants was observed (ESI Section 2.67). These data suggest
that vinylhetereoarenes react with cysteines via general base
catalysis.

To ascertain the selectivity of these linkers for cysteines over
other protein nucleophiles, vinylheteroarenes 1, 2 and 3 were
incubated with either Boc-Lys-OMe or H-Ala-NH, (representa-
tive of the protein N-terminus) under the same conditions used
in the reactions with Boc-Cys-OMe (i.e. 10 mM vinylheteroarene,
10 mM amino acid, NaPi (pH 8, 50 mM), CD;0D; refer to ESI
Sections 2.3 and 2.4t). Pleasingly, no reactivity was observed
between vinylpyridine 1 and vinylpyrimidine 2 with Boc-Lys-

Table 1 The second order rate constants for the reaction of vinyl-
pyridine 1, vinylpyrimidine 2, vinyltriazine 3, and vinyltetrazine 4 with
Boc-Cys-OMe, Boc-Lys-OMe or H-Ala-NH,. Average of two repli-
cates; error bars represent standard deviation of the mean

1 equivalent Boc-Cys-OMe, Ny
Boc-Lys-OMe, or H-Ala-NH,
NaPi-d (pH 8, 50 mM)/CD30D
25°C

Second order rate constants (k,), x10 > M ' s !

Linker Boc-Cys-OMe  Boc-Lys-OMe H-Ala-NH,
Vinylpyridine 1 4.91 + 0.01 0“ 0“
Vinylpyrimidine 2~ 375 + 30 o¢ o*
Vinyltriazine 3 3100 + 30 0.323 £+ 0.006 0.944 £ 0.090
Vinyltetrazine 4 n/a® — —

“ No reaction observed. ” Significant side reaction observed.
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OMe or H-Ala-NH, after monitoring overnight. Gratifyingly, the
minimal reactivity that was observed between vinyltriazine 3
with the N-nucleophiles translates to >3200-fold selectivity for
cysteine. This represents a significant improvement versus
maleimides - the state-of-the-art linker for cysteine modifica-
tion — which are known to react with both cysteine and lysine
residues®** (Table 1).

Stability of vinylheteroarene-thiol conjugates

Given the favourable reaction rates and cysteine selectivity
observed for both vinylpyrimidine and vinyltriazine scaffolds,
our attention turned towards determining the stability of the
corresponding linker-cysteine conjugates. It was proposed that
using a fluorinated thiol would enable the use of "’F NMR to
monitor the rate of decomposition, given the quantitative
nature and high sensitivity of this technique. Thus, conjugates
5, 6 and 7 were synthesised by reacting difluorobenzyl
mercaptan with vinylheteroarenes 2 and 3, and N-methyl-
maleimide, respectively.

To measure the stability of the linker-thiol conjugates under
physiologically relevant conditions, thioethers 5, 6 and 7
(15 mM) in a pH 7.4 solution were incubated with an excess of 1-
thioglycerol at 37 °C (ESI Section 37). 1-Thioglycerol was added
to mimic biological thiols such as glutathione or human serum
albumin and would trap any reactive species formed as a result
of conjugate decomposition. Analysis by '°F NMR revealed that
pyrimidinyl thioether 5 and triazinyl thioether 6 were excep-
tionally stable over the ten-day monitoring period with <5%
decomposition observed (ESI Sections 3.2 and 3.31). In contrast,
the maleimide-derived conjugate 7 was unstable under these
conditions, with approximately 60% starting material remain-
ing after ten days incubation (ESI Section 3.41). These results
suggest that both vinyl-pyrimidine and -triazine scaffolds have
the desired stability profile required for widespread bio-
therapeutic development (Fig. 2).
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Fig.2 Stability comparison of pyrimidine 5, triazine 6, and succinimide
7in NaPi (pH 7.4, 50 mM) and CDsCN, in the presence of 1-thioglycerol
(150 mM). Average of two replicates; error bars represent standard
deviation of the mean.
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Vinylheteroarenes for residue-specific protein labelling

Having quantitatively evaluated the reactivity and stability of
the vinylheteroarene scaffolds in small molecule assays, atten-
tion turned to investigating if these favourable results could be
translated onto cysteine-containing proteins. Human serum
albumin (HSA) is the most abundant protein found in plasma,
which has also been utilised as a biomacromolecular delivery
system in protein-drug conjugates.’®* Among the 35 cysteines
encoded in the HSA peptide sequence, 34 are present as disul-
fide bonds; one cysteine (Cys34) is found unpaired. Thus, HSA
was deemed to be an ideal substrate to commence protein
modification investigations. Since commercially available HSA
was found to be partially capped with cysteine through a disul-
fide bond, they were first treated with dithiothreitol (DTT) to
reveal the uncapped protein (ESI Section 4.1%), which was
subsequently used for bioconjugation studies.

To determine the reactivity of vinylpyrimidine 2 with HSA,
extensive screening of reaction conditions was carried out.
Pleasingly, >95% conversion to HSA-2 was observed by LCMS
analysis upon treatment of HSA with 20 equivalents of 2 at 37 °C
for 2 h in a trisaminomethane buffer (Tris-HCI, pH 8, 50 mM)
containing 5% DMSO (v/v; see Table S51 for optimisation).
Given these encouraging results, we were eager to evaluate the
generality of this methodology by modifying HSA with a range
of functional moieties. Using optimised bioconjugation condi-
tions, HSA was reacted with vinylpyrimidine reagents bearing
an alkyne biorthogonal handle 8, a nitrobenzoxadiazole (NBD)
fluorophore 9, and a biotin tag 10, yielding the corresponding
bioconjugates HSA-8, HSA-9, HSA-10, respectively, all in >95%
conversion by LCMS analysis (Fig. S37-S397).

The reactivity of vinyltriazine 3 with HSA was also investi-
gated. After extensive screening of reaction conditions (see
Table S671 for optimisation), it was found that treatment of HSA
with vinyltriazine 3 (20 molar equivalents) for 1 h at 37 °C, in
phosphate-buffered saline (PBS, x1, pH 7.3) containing 5%
DMSO (v/v) produced the desired bioconjugate HSA-3 with
>95% conversion by LCMS analysis (Fig. S401). However,
subsequent attempts to modify HSA with alkyne-bearing vinyl-
triazine 11 generated a mixture of unmodified, singly modified
and doubly modified protein, perhaps due to reaction with
another nucleophilic site, e.g. the N-terminus. These data
suggest that the vinylpyrimidine scaffolds have the best
combination of reactivity, selectivity and stability for general
widespread use in protein modification (Fig. 3).

Modification of cysteine-engineered antibodies and biological
evaluation of antibody-drug conjugates

Encouraged by the positive properties observed for vinyl-
pyrimidine reagents, we turned our attention towards generating
a homogeneous and functional ADC using these linkers. One
approach for generating ADCs uses antibodies engineered with
additional surface-exposed cysteines, which allows conjugation
of cytotoxic payloads to produce highly homogeneous ADCs with
a defined modification site and drug-to-antibody ratio.’” Anti-
bodies targeting the extracellular domain of the HER2 receptor
tyrosine kinase have demonstrated immense clinical benefit for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Modification of human serum albumin (HSA) using vinylpyrim
functional units including alkyne reactive handle, fluorophore and bio

many years, particularly for the treatment of HER2-positive
breast cancer.”® Several ADCs targeting HER2 have also under-
gone development with Kadcyla®*® and Enhertu®® obtaining
FDA approval. The utility of our linkers was evaluated using an
anti-HER2 IgG1 antibody mAb; which has a cysteine insertion
after position 239 in each heavy chain.” The biological activity of
ADCs generated using this antibody have been demonstrated
previously in vitro and in in vivo mouse xenografts.**

To modify mAb, with a variety of payloads, this antibody was
first subjected to a reduction-partial reoxidation protocol to
unmask the free thiols of the inserted cysteine residues,* whilst
maintaining the intra- and inter-chain disulfides (ESI Section

idine and vinyltriazine linkers. The modification of HSA with a variety of
tin was successfully achieved.

5.1%). Next, the partially reduced antibody was treated with 20
equivalents of vinylpyrimidine 2 (ie. 10 equivalents per
cysteine) in Tris-HCI buffer (pH 8, 50 mM) for 4 hours at 37 °C.
Analysis of the reaction via LCMS revealed >95% conversion to
the desired conjugate mAb,-2 (Fig. S431). Pleasingly, modifica-
tion was only observed on the heavy chains, where the engi-
neered cysteines are located. Crucially, no modification was
observed on the light chains, highlighting the excellent che-
moselectivity of vinylpyrimidines for cysteines. Using analogous
reaction conditions, the alkyne-modified bioconjugate mAb,-8
was generated with >95% conversion by reaction of partially
reduced mAb, with vinylpyrimidine 8 (Fig. 4 and S44t).

2(20eq), ‘ 8 (50 eq.),
s s ; : HS SH ' Tri s s
o ® Tris-HCI (pH 8, 50 mM), ! ' Tris-HCI (pH 8, 50 mM), o 0
5% DMSO (v/v), ? ' 5% DMSO (v/v),
37°C,4h , L 37°C,4h
mAb,-2 Anti-HER2 IgG1 with ! mAb,-8
...................... , HC cysteine insertion frme e
‘ N NHy| i (uncapped form) H H A 1
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no modification Expected: 49405 no modification Expected: 49531
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Fig. 4 The modification of mAb; with linker 2 and 8. The samples were deglycosylated and reduced prior to LCMS analysis.
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With a reactive alkyne handle installed on mAb,, its ability to
be modified with functional payloads was investigated (ESI
Sections 5.4 to 5.67). First, azido-biotin 12 was reacted in the
presence of CuSO,-5H,0, tris(3-hydroxypropyltriazolylmethyl)
amine (THPTA) and sodium ascorbate, with LCMS analysis
revealing >95% conversion to the desired conjugate mAb;-8-12
(Fig. S45%). Similarly, mAb, was reacted with Alexa Fluor 488
azide 13, yielding a fluorophore-to-antibody ratio of 1.9 via UV-
vis analysis, indicating a near-complete conversion to the
desired mAb,;-8-13. Furthermore, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of
mAb,-8-13 displayed fluorescence for the heavy chains only,
demonstrating modifications to be located on the heavy chains,
consistent with mass spectrometry analysis (ESI Section 5.77).
The successful synthesis of mAb,-8-12 and mAb,-8-13 demon-
strate that the alkyne-bearing vinylpyrimidine linker is
compatible with on-protein copper-catalysed azide-alkyne
cycloaddition (CuAAC) reactions.

With these promising results in hand, we proceeded to
synthesise an ADC using this linker system. Thus, an appro-
priate azide-modified cytotoxic warhead was required. Mono-
methyl auristatin E (MMAE) is an anti-mitotic drug with sub-
nanomolar potency, commonly used in ADC research. It was
thought that incorporation of a cleavable moiety to enable

YZ
@° @

mAb,-8-12 (from 12), mAb4-8-13 (from 13), or
mAb,-8-14 (from 14)
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Fig. 5 (a) On-protein copper catalysed azide—alkyne cycloaddition
(CuAACQ) reactions to functionalise alkynyl antibody mAb;-8. This
antibody was successfully modified with biotin 12, Alexa Fluor 488
fluorophore 13 and arylsulfate-MMAE 14. (b) Deconvoluted mass
spectrum of mAb;-8-12 heavy chain. (c) Deconvoluted mass spectrum
of mAb;-8-14 heavy chain. Species with 46 878 Da correspond to light
chain dimer. (d) UV-vis spectrum of unmodified mAb;, mAb;-8, and
mAb,-8-13. Bioconjugate mAb;-8-13 displayed a fluorophore-to-
antibody ratio of 1.9.
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Fig. 6 The in vitro evaluation of ADC mAb;-8-14 in HER2-positive
cells (SKBR3) and HER2-negative cells (MCF7). Viability data shows the
mean of three independent experiments and error bars represent
standard error of the mean.

release of unmodified MMAE from the antibody would achieve
optimal cytotoxicity.®> We recently reported the use of sulfatase-

cleavable linkers for use in MMAE-containing ADCs.*
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lodoacetamide — - — — — — — +

60 |
50

b [8]/uM O 1 10 50 100 200 400 400
lodoacetamide — - - = - = = &
e o g P — e P—
begmes 48 Z x4 o~
150 8 S z
" - e e
6 z=

40

30

s s AN S = oty S

25
20

A TR B . — i i i, S

Fig. 7 SDS-PAGE analysis of MCF7 cell lysate labelling studies. Cell
lysates were first labelled with varying concentrations of probe 8, and
further modified with Alexa Fluor 488 azide 13 via a CuAAC reaction.
For cysteine blocking studies, cell lysates were first pre-incubated with
iodoacetamide. (a) In-gel fluorescence of cell lysates. (b) Coomassie
staining of cell lysates. All lanes were prepared under reducing
conditions. Molecular weight ladder in kDa. Refer to ESI Section 87 for
further details.
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Accordingly, MMAE-arylsulfate-azide 14 was synthesised and
subsequently reacted with alkynyl antibody mAb,-8 in the
presence of CuSO,-5H,0, THPTA and sodium ascorbate, with
LCMS analysis revealing >95% conversion to the desired ADC
mAb,-8-14 (Fig. 5 and S461).

The in vitro cytotoxicity of the anti-HER2 ADC was then
evaluated by incubation in HER2-positive SKBR3 cells and
HER2-negative MCF7 cells (ESI Section 77). Pleasingly, potent
dose-dependent cytotoxicity was observed in SKBR3 cells. This
demonstrates that the vinylpyrimidine linker does not nega-
tively affect the antibody's biological processes in terms of
receptor specificity, binding or internalisation. In contrast, the
ADC had little effect on the viability of the HER2-negative MCF7
cells at the concentrations tested. These in vitro studies high-
light the potential of the vinylpyrimidine platform to generate
clinically relevant biotherapeutics (Fig. 6).

Labelling of cysteine-containing proteins in cell lysate

With the chemoselective modification of cysteine residues vali-
dated in isolated protein and antibody systems, we wanted to
explore the linker's potential to probe the presence of proteome-
wide cysteine residues. Accordingly, MCF7 cell lysates (at 1 mg
mL~") were treated with varying concentrations of vinyl-
pyrimidine probe 8 (0 to 400 uM) at rt for 2 h. The alkyne-tagged
lysates were then labelled with Alexa Fluor 488 azide 13 in the
presence of CuSO,-5H,0, THPTA and sodium ascorbate (ESI
Section 8.21). The Alexa Fluor 488-labelled proteins were

a Days of incubation
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separated via SDS-PAGE followed by visualisation by in-gel fluo-
rescence scanning, which revealed concentration-dependent
labelling of lysates (Fig. 7). Crucially, when MCF7 cell lysates
were pre-treated with iodoacetamide before incubating with
probe 8, no labelling was observed. This further supports that
vinylpyrimidine 8 react with cysteine residues with exceptional
chemoselectivity. These studies demonstrate that vinyl-
pyrimidine linkers can successfully label lysates, and offers
a complementary approach to methods found in literature.®**

Plasma stability

Finally, to determine the stability of bioconjugates in human
plasma, the plasma stability of the vinylpyrimidine bio-
conjugates was determined, and compared to those synthesised
using maleimide bioconjugation. It was anticipated that the
synthesis of antibody-fluorophore conjugates would enable
qualitative analysis of the stability profiles of the different scaf-
folds using SDS-PAGE. First, the interchain disulfides of the
native anti-HER2 antibody trastuzumab mAb, were reduced with
tris(2-carboxyethyl)phosphine (TCEP) hydrochloride to reveal
eight reactive thiols. Then, the reduced antibody was reacted
with vinylpyrimidine 8 or maleimide 15 to generate the corre-
sponding alkynyl antibodies. Finally, the resulting alkynes were
subjected to CuUAAC with Alexa Fluor 488 azide 13 in the presence
of CuSO,-5H,0, THPTA and sodium ascorbate, yielding anti-
body-fluorophore conjugates mAb,-8-13 and mAb,-15-13, with
a fluorophore-antibody ratio of 6.0 and 5.8, respectively (see ESI

mAbz
813 0 2 4 6

N_ _N.
1 o i R
S 4 ~N
@ “s-@ mAb,-8-13
O-s+ ~s-0 Fluorophore-to-antibody ratio 6.0
O-s+ rs-0O
[e]
Trastuzumab-fluorophore O = N—R
conjugates
mADb,-8-13 and mAb,-15-13 (]
mAb,-15-13

Days of incubation c
6
2.0 —— mAb,
g —— mADb,8-13
& 15 —— mADb15-13
©
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2
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-3
©
T
@
2 0.5-
]
£
E
g 0.0 Nt :
400 600 800

Wavelength/nm

Fluorophore-to-antibody ratio 5.8

Fig. 8 Determination of plasma stability by SDS-PAGE for (a) mAb,-8-13 and (b) mAb,-15-13, which are bioconjugates synthesised by reduction
of interchain disulfides of native trastuzumab mAb,, followed by bioconjugation with linker 8 or 15, respectively, and functionalisation with Alexa
Fluor 488 13. In-gel fluorescence analysis displays no transfer of fluorescence for vinylpyrimidine-derived conjugate mAb,-8-13. In contrast,
fluorescence transfer to serum proteins (indicated by the beige box) was observed for maleimide-derived mAb,-15-13. All lanes were prepared
under reducing conditions. (c) UV-vis spectra for mAb,, mAb,-8-13, and mAb,-15-13.
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Sections 6.2 to 6.5t for full synthetic procedure). The trastuzu-
mab-fluorophore conjugates mAb,-8-13 and mAb,-15-13 were
then incubated in human plasma at 37 °C for eight days (ESI
Section 6.61). Analysis by SDS-PAGE revealed that maleimide
conjugate mAb,-15-13 over time formed a new fluorescence band
at ~67 kDa. This corresponds to the product formed from linker
deconjugation followed by interception with serum albumin, in
accordance with previous reports.®® In contrast, no transfer of
fluorescence to any of the plasma proteins was observed for the
vinylpyrimidine analogue mAb,-8-13 over the eight-day moni-
toring period. These plasma stability data confirm the exquisite
stability of vinylpyrimidine conjugates. Further stability studies
were conducted in human serum, which also demonstrated the
superior stability of vinylpyrimidine conjugates over maleimide
conjugates (Fig. S521 and 8).

Conclusion

In this work, a series of vinylheteroarene scaffolds were explored
for cysteine modification. Through several small molecule
reactivity, chemoselectivity and stability assays, vinylpyrimidine
reagents emerged as the most promising candidates for selective
modification of proteinogenic cysteine residues. Vinyl-
pyrimidine reagents demonstrated rapid reactivity and chemo-
selectivity towards cysteines, and the resulting conjugates were
exceptionally stable under physiologically relevant conditions.
These reagents were then elaborated to modify cysteine residues
in protein substrates, culminating in the synthesis of a homo-
geneous ADC. Biological assays revealed the modified proteins
retain their biological function, demonstrated by cell-specific
cytotoxicity. Utilising the linker's cysteine selective reactivity,
the linkers were used as a probe for proteinogenic cysteine
residues in cell lysates. Finally, the bioconjugates exhibited
superior stability in human plasma compared to the widely used
maleimide reagents. The advantageous properties and synthetic
accessibility of the vinylheteroarene scaffold lends itself toward
widespread usage, both in the development of biological probes
and next generation biotherapeutics.

Author contributions

Research was conceived by all authors. Experiments were
designed and performed by HS and SJW. Cell lysate preparation
and in vitro cytotoxicity studies were conducted by SJW and JSC.
Compound 14 was prepared by JDB. Antibodies used in this
study were provided by JSP. The manuscript was written and
proofread by all authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful for assistance from Duncan J. Howe and Andrew
Mason for analytical support; Andrew J. Counsell for assistance
with chemical synthesis and for helpful discussions; and Danya

9066 | Chem. Sci, 2021, 12, 9060-9068

View Article Online

Edge Article

Cheeseman for assistance with cell lysate preparation. H. S.
thanks Trinity College Cambridge for a studentship. J. D. B.
acknowledges an iCASE studentship from GlaxoSmithKline/
EPSRC. D. R. S. acknowledges support from the EPSRC (EP/
P020291/1) and Royal Society (Wolfson Research Merit
Award). The Spring Laboratory acknowledges support from the
EPSRC, BBSRC, MRC and Royal Society.

References

1E. A Hoyt, P. M. S. D. Cal, B. L. Oliveira and
G. J. L. Bernardes, Nat. Rev. Chem., 2019, 3, 147.

2 T. Tamura and I. Hamachi, J. Am. Chem. Soc., 2019, 141,
2782.

3 M. ]J. Matos, B. L. Oliveira, N. Martinez-Saez, A. Guerreiro,
P. M. S. D. Cal, J. Bertoldo, M. Maneiro, E. Perkins,
J. Howard, M. J. Deery, et al., J. Am. Chem. Soc., 2018, 140,
4004.

4'Y. Seki, T. Ishiyama, D. Sasaki, J. Abe, Y. Sohma, K. Oisaki
and M. Kanai, J. Am. Chem. Soc., 2016, 138, 10798.

5 S. Lin, X. Yang, S. Jia, A. M. Weeks, M. Hornsby, P. S. Lee,
R. V. Nichiporuk, A. T. Iavarone, J. A. Wells, F. D. Toste,
et al., Science, 2017, 355, 597.

6 M. T. Taylor, J. E. Nelson, M. G. Suero and M. J. Gaunt,
Nature, 2018, 562, 563.

7 H. Ban, J. Gavrilyuk and C. F. Barbas, J. Am. Chem. Soc., 2010,
132, 1523.

8 S. Sato, K. Nakamura and H. Nakamura, ACS Chem. Biol.,
2015, 10, 2633.

9 S. Jia, D. He and C. J. Chang, J. Am. Chem. Soc., 2019, 141,
7294.

10 J. I. Macdonald, H. K. Munch, T. Moore and M. B. Francis,
Nat. Chem. Biol., 2015, 11, 326.

11 D. Chen, M. M. Disotuar, X. Xiong, Y. Wang and
D. H. C. Chou, Chem. Sci., 2017, 8, 2717.

12 S. Bloom, C. Liu, D. K. Koélmel, J. X. Qiao, Y. Zhang,
M. A. Poss, W. R. Ewing and D. W. C. Macmillan, Nat.
Chem., 2018, 10, 205.

13 G. C. Kemp, A. C. Tiberghien, N. V. Patel, F. D'Hooge,
S. M. Nilapwar, L. R. Adams, S. Corbett, D. G. Williams,
J. A. Hartley and P. W. Howard, Bioorg. Med. Chem. Lett.,
2017, 27, 1154.

14 S. C. Alley, D. R. Benjamin, S. C. Jeffrey, N. M. Okeley,
D. L. Meyer, R. J. Sanderson and P. D. Senter, Bioconjugate
Chem., 2008, 19, 759.

15 S. Puthenveetil, F. Loganzo, H. He, K. Dirico, M. Green,
J. Teske, S. Musto, T. Clark, B. Rago, F. Koehn, et al,
Bioconjugate Chem., 2016, 27, 1880.

16 M. E. B. Smith, F. F. Schumacher, C. P. Ryan, L. M. Tedaldi,
D. Papaioannou, G. Waksman, S. Caddick and J. R. Baker, J.
Am. Chem. Soc., 2010, 132, 1960.

17 V. Chudasama, M. E. B. Smith, F. F. Schumacher,
D. Papaioannou, G. Waksman, J. R. Baker and S. Caddick,
Chem. Commun., 2011, 47, 8781.

18 A. Maruani, M. E. B. Smith, E. Miranda, K. A. Chester,
V. Chudasama and S. Caddick, Nat. Commun., 2015, 6, 1.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02722k

Open Access Article. Published on 07 2021. Downloaded on 01/08/25 00:28:40.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

19 B. Bernardim, P. M. S. D. Cal, M. J. Matos, B. L. Oliveira,
N. Martinez-Saéz, 1. S. Albuquerque, E. Perkins, F. Corzana,
A. C. B. Burtoloso, G. Jiménez-Osés, et al., Nat. Commun.,
2016, 7, 13128.

20 Y. Zhang, X. Zhou, Y. Xie, M. M. Greenberg, Z. Xi and
C. Zhou, J. Am. Chem. Soc., 2017, 139, 6146.

21 J.Yu, X. Yang, Y. Sun and Z. Yin, Angew. Chem., Int. Ed., 2018,
57, 11598.

22 J. Morales-Sanfrutos, J. Lopez-Jaramillo, M. Ortega-Mufoz,
A. Megia-Fernandez, F. Perez-Balderas, F. Hernandez-
Mateo and F. Santoyo-Gonzalez, Org. Biomol. Chem., 2010,
8, 667.

23 J. Morales-Sanfrutos, F. J. Lopez-Jaramillo, F. Hernandez-
Mateo and F. Santoyo-Gonzalez, J. Org. Chem., 2010, 75,
4039.

24 E. Gil de Montes, E. Jiménez-Moreno, B. L. Oliveira,
C. D. Navo, P. M. S. D. Cal, G. Jiménez-Osés, 1. Robina,
A. J. Moreno-Vargas and G. J. L. Bernardes, Chem. Sci.,
2019, 10, 4515.

25 E. Gil de Montes, A. Istrate, C. D. Navo, E. Jiménez-Moreno,
E. A. Hoyt, F. Corzana, I. Robina, G. Jiménez-Osé¢s,
A. J. Moreno-Vargas and G. J. L. Bernardes, Angew. Chem.,
Int. Ed., 2020, 132, 6255.

26 A. G. Watts, T. Kantner and A. B. Mackenzie, W02010/
070300, 2010.

27 A. D. Baxter, C. M. Birchall, D. J. Mansell, J. H. Mysliwy and
J. Thirlway, W0O2016/067021, 2016.

28 R. Sebastiano, A. Citterio, M. Lapadula and P. G. Righetti,
Rapid Commun. Mass Spectrom., 2003, 17, 2380.

29 M. J. Matos, C. D. Navo, T. Hakala, X. Ferhati, A. Guerreiro,
D. Hartmann, B. Bernardim, K. L. Saar, I. Companoén,
F. Corzana, et al., Angew. Chem., Int. Ed., 2019, 58, 6640.

30 M. Kasper, M. Glanz, A. Stengl, M. Penkert, S. Klenk,
T. Sauer, D. Schumacher, J. Helma, E. Krause,
M. C. Cardoso, et al., Angew. Chem., Int. Ed., 2019, 58, 11625.

31 M. A. Kasper, A. Stengl, P. Ochtrop, M. Gerlach, T. Stoschek,
D. Schumacher, J. Helma, M. Penkert, E. Krause,
H. Leonhardt, et al., Angew. Chem., Int. Ed., 2019, 58, 11631.

32 P. Ochtrop and C. P. R. Hackenberger, Curr. Opin. Chem.
Biol., 2020, 58, 28.

33 S. J. Walsh, J. D. Bargh, F. M. Dannheim, A. R. Hanby,
H. Seki, A. J. Counsell, X. Ou, E. Fowler, N. Ashman,
Y. Takada, et al., Chem. Soc. Rev., 2021, 50, 1305.

34 B. Q. Shen, K. Xu, L. Liu, H. Raab, S. Bhakta, M. Kenrick,
K. L. Parsons-Reponte, J. Tien, S. F. Yu, E. Mai, et al., Nat.
Biotechnol., 2012, 30, 184.

35 L. N. Tumey, M. Charati, T. He, E. Sousa, D. Ma, X. Han,
T. Clark, J. Casavant, F. Loganzo, F. Barletta, et al,
Bioconjugate Chem., 2014, 25, 1871.

36 P. A. Szijj, C. Bahou and V. Chudasama, Drug Discovery
Today: Technol., 2018, 30, 27.

37 J. M. J. M. Ravasco, H. Faustino, A. Trindade and
P. M. P. Gois, Chem.-Eur. J., 2019, 25, 43.

38 R. P. Lyon, J. R. Setter, T. D. Bovee, S. O. Doronina,
J. H. Hunter, M. E. Anderson, C. L. Balasubramanian,
S. M. Duniho, C. 1. Leiske, F. Li, et al.,, Nat. Biotechnol.,
2014, 32, 1059.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

39 R. ]J. Christie, R. Fleming, B. Bezabeh, R. Woods, S. Mao,
J. Harper, A. Joseph, Q. Wang, Z. Q. Xu, H. Wu, et al., J.
Controlled Release, 2015, 220, 660.

40 S. J. Walsh, S. Omarjee, W. R. J. D. Galloway, T. T.-L. Kwan,
H. F. Sore, J. S. Parker, M. Hyvonen, J. S. Carroll and
D. R. Spring, Chem. Sci., 2019, 10, 694.

41 N. S. Robertson, S. J. Walsh, E. Fowler, M. Yoshida, S. Rowe,
Y. Wu, H. Sore, J. Parker and D. R. Spring, Chem. Commun.,
2019, 55, 9499.

42 J. D. Bargh, S. ]J. Walsh, A. Isidro-Llobet, S. Omarjee,
J. S. Carroll and D. R. Spring, Chem. Sci., 2020, 11, 2375.

43 S. J. Walsh, ]. Iegre, H. Seki, J. D. Bargh, H. F. Sore,
J. S. Parker, J. S. Carroll and D. R. Spring, Org. Biomol.
Chem., 2020, 18, 4224.

44 A. J. Counsell, S. J. Walsh, N. S. Robertson, H. F. Sore and
D. R. Spring, Org. Biomol. Chem., 2020, 18, 4739.

45 J. Charoenpattarapreeda, S. J. Walsh, J. S. Carroll and
D. R. Spring, Angew. Chem., Int. Ed., 2020, 59, 23045.

46 J. D. Bargh, S. J. Walsh, N. Ashman, A. Isidro-Llobet,
J. S. Carroll and D. R. Spring, Chem. Commun., 2021, 57,
3457.

47 ].S. Parker, H. F. Sore, D. R. Spring and S. J. Walsh, WO 2020/
025108, 2020.

48 Z. Novak, B. Bostai, M. Csékei, K. Lorincz and A. Kotschy,
Heterocycles, 2003, 60, 2653.

49 A. M. Bender, T. C. Chopko, T. M. Bridges and
C. W. Lindsley, Org. Lett., 2017, 19, 5693.

50 K. Lang and J. W. Chin, ACS Chem. Biol., 2014, 9, 16.

51 D. N. Kamber, Y. Liang, R. J. Blizzard, F. Liu, R. A. Mehl],
K. N. Houk and ]J. A. Prescher, J. Am. Chem. Soc., 2015, 137,
8388.

52 B. J. Umlauf, K. A. Mix, V. A. Grosskopf, R. T. Raines and
E. V. Shusta, Bioconjugate Chem., 2018, 29, 1605.

53 C. F. Brewer and ]. P. Riehm, Anal. Biochem., 1967, 18, 248.

54 M. A. Kasper, M. Glanz, A. Stengl, M. Penkert, S. Klenk,
T. Sauer, D. Schumacher, ]J. Helma, E. Krause,
M. C. Cardoso, et al., Angew. Chem., Int. Ed., 2019, 58, 11625.

55 J. Vaclavik, R. Zschoche, I. Klimankova, V. Matousek,
P. Beier, D. Hilvert and A. Togni, Chem.-Eur. J., 2017, 23,
6490.

56 A. Wall, K. Nicholls, M. B. Caspersen, S. Skrivergaard,
K. A. Howard, K. Karu, V. Chudasama and J. R. Baker, Org.
Biomol. Chem., 2019, 17, 7870.

57 J. R. Junutula, H. Raab, S. Clark, S. Bhakta, D. D. Leipold,
S. Weir, Y. Chen, M. Simpson, S. P. Tsai, M. S. Dennis,
et al., Nat. Biotechnol., 2008, 26, 925.

58 K. McKeage and C. M. Perry, Drugs, 2002, 209-243.

59 A. Ballantyne and S. Dhillon, Drugs, 2013, 73, 755.

60 S. J. Keam, Drugs, 2020, 501-508.

61 N. Dimasi, R. Fleming, H. Zhong, B. Bezabeh, K. Kinneer,
R. ]J. Christie, C. Fazenbaker, H. Wu and C. Gao, Mol.
Pharm., 2017, 14, 1501.

62 J. D. Bargh, A. Isidro-Llobet, J. S. Parker and D. R. Spring,
Chem. Soc. Rev., 2019, 48, 4361.

63 B. K. Hansen, C. J. Loveridge, S. Thyssen, G. J. Wormer,
A. D. Nielsen, ]. Palmfeldt, M. Johannsen
T. B. Poulsen, Angew. Chem., Int. Ed., 2019, 58, 3533.

and

Chem. Sci., 2021, 12, 9060-9068 | 9067


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02722k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 07 2021. Downloaded on 01/08/25 00:28:40.

(cc)

Chemical Science

64 B. Bernardim, L. Dunsmore, H. Li, B. Hocking, R. Nunez-
Franco, C. D. Navo, G. Jiménez-Osés, A. C. B. Burtoloso,
G. J. L. Bernardes and G. J. L. Bernardes, Bioconjugate
Chem., 2020, 31, 1604.

9068 | Chem. Sci., 2021, 12, 9060-9068

View Article Online

Edge Article

65 S. Kolodych, O. Koniev, Z. Baatarkhuu, J. Y. Bonnefoy,
F. Debaene, S. Cianférani, A. Van Dorsselaer and
A. Wagner, Bioconjugate Chem., 2015, 26, 197.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02722k

	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k

	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k
	Rapid and robust cysteine bioconjugation with vinylheteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc02722k


