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Due to its efficiency, selectivity and biocompatibility, the thiol-ene
coupling has demonstrated its potential for protein labelling. Here,
we report the electrochemical thiol-ene activation to capture
protein—protein binding events. In situ electrochemical generation
of Fe(n) was used as the first example of an electrochemically gen-
erated thiol—ene protein—protein labelling reaction.

Introduction

The thiol-ene coupling, first described in 1905, comprises the
coupling of a carbon-carbon double bond and a thiol to form
a thioether."” The specificity of this reaction for thiol moieties
and mild reaction conditions makes it particularly well-suited
for the labelling of thiols present in free cysteine residues in
proteins. The low relative abundance of cysteine residues leads
to them being attractive targets for labelling assays, as they
make up approximately 2% of residues within the human pro-
teome, with many located in the active site of proteins.® As
such, the thiol-ene reaction has been utilised for site-specific
protein labelling with both proteins and small molecule
tags.” Furthermore, this strategy has been shown to capture
protein—protein binding events in which an alkene on one
protein is brought into close proximity to a free cysteine
residue on its binding partner.® This approach has been
recently advanced through the use of a photochemically-trig-
gerable synthetic process. Control of the timing of the binding
has the potential to not only improve the selective detection of
active enzymes but to also enable the development of time-
resolved kinetic assays.

As a controlling mechanism, electrochemistry has been
employed in a range of bioanalytical systems. As an example,
the use of electrochemiluminescence (ECL) has led to the
development of high sensitivity immunoassays, which are
capable of outperforming traditional ELISA systems.” These
ECL-immmunoassays utilise the ability to turn the lumines-
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Electrochemically-generated ferricyanide enables
thiol—ene capture of protein—protein binding
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cent signal ‘on’ and ‘off’ to improve the systems background-
to-noise ratio. However, beyond analysis, electrochemistry has
played a significant role in chemical synthesis for over a
century.®® This approach enables precise modulation of reac-
tion conditions through adjustment of the electrode potential,
mild reaction conditions, scalability, and in situ generation of
reactive intermediates,'”"" thus making electrochemistry an
attractive field for biological applications. Within chemical
biology, the use of electrochemistry has been previously
reported in bioconjugation reactions, with site-specific label-
ling of residues like tyrosine or tryptophan.”'*'* More
broadly, the use of thiol-ene chemistry has found wide use in
organic chemistry, where the reaction is routinely undertaken
with both thermal and photochemical radical initiators.'*'®
Given that the reaction proceeds via the oxidation of the thiol
to the corresponding thiyl radical, electrochemistry would
appear to be ideally suited to bring about the reaction.
However, reports of the use of electrochemistry to initiate the
thiol-ene reaction are surprisingly sparse in the literature. In
an electrochemistry context, it appears that the thiol-ene reac-
tion conditions need to be markedly altered for significant
yields to be attained, often avoiding the hydrogen abstraction
propagation step. For example, the work by Lei et al.'® required
further oxidation of the carbon radical intermediate and
addition of a nucleophile to trap the electrochemically-gener-
ated carbocation intermediate. Redox initiation of the thiol-
ene reaction seems to often favour the formation of the di-
sulfide product as opposed to the thioether.'” Li et al.'® have
partially circumvented this issue by electrochemically utilising
a thin-layer cell so that the disulfide product can be reduced
and recycled. However, in the present work, we demonstrate
how the use of a sterically-hindered thiol group allows this di-
sulfide formation to be essentially blocked, ensuring the thiol-
ene reaction is able to proceed even under mild redox
initiation conditions and can be triggered electrochemically.

A model system consisting of a C-terminally modified ubi-
quitin, bearing an alkene, and the cysteine-containing deubi-
quitinating enzyme OTUB1 (Ovarian Tumor Domain-
Containing Ubiquitin Aldehyde-Binding Protein 1) have been
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chosen for this proof-of-principle study. Ubiquitin activity-
based probes (ABPs) are well-established chemical tools to
label active deubiquitinases (DUBs), utilising ubiquitin as a
recognition motif for precise positioning of a reactive
“warhead” in the DUB active site. Substitution of the scissile
ubiquitin C-terminal isopeptide bond with a reactive moiety
enables covalent capture of the catalytic cysteine thiol."*>°
Warhead variation has been previously studied and optimised
for optimal alighment with the active-site thiol.>* Probe 1,
bearing an alkene warhead, was previously shown to form a
covalent adduct with target DUBs upon photochemical and
redox activation. Furthermore, a C91S active site point mutant
of OTUBL1 showed no significant adduct formation with probe
1, demonstrating the selective labelling of the active site thiol
of OTUB1 by probe 1."”** Based on analogy of probe 1 with
previous ubiquitin probe generations, we propose that covalent
capture of the deubiquitinating enzyme active site cysteine
occurs at the C2 position of probe 1 (Fig. 1).>* Ubiquitination
is a fundamental post-translational modification that regulates
protein function, localisation, and degradation within the
cell.>***> Removal of ubiquitin is mediated by DUBs, a family
of about 100 proteins classified into seven subfamilies, six of
which function as cysteine proteases.*®*” Dysregulation of
DUB activity has been associated with pathological conditions,
including cancer,”**° neurodegenerative diseases,”® and
inflammatory disorders.*' More specifically, OTUB1 has been
linked to several cancer types, including lung cancer, ovarian
cancer and breast cancer.’>* Ubiquitin-based probes have
proven to be powerful tools for investigating DUB function,
taking advantage of their active-site cysteine for selective
labelling.***® Herein, we report the use of electrochemically-
generated ferricyanide in the activation of thiol-ene coupling
between alkene-bearing ubiquitin probe 1 and the DUB
OTUB1 (Fig. 1). Potassium ferricyanide was selected as the
chemical initiator. This species is a weak inorganic oxidising
agent and is known to be able to oxidise free thiols.’” This
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Fig. 1 Proposed mechanism for the activation of thiol—ene in the label-
ling of deubiquitinases, with in situ electrochemical generation of Fe().
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proof-of-concept work demonstrates how the protein binding
event can be triggered electrochemically and has future poten-
tial to be applied in automated systems, comparable to those
used in ECL-immunoassays. However, here in contrast to the
ECL-immunoassay strategy, instead of using a voltage differ-
ence as a highly sensitive method to transduce an analytical
signal, the present work demonstrates that, in principle,
electrochemical initiation can be used to synthetically trigger
covalent capture of a protein-protein binding event.

Results and discussion

This work starts by evidencing that ferricyanide can be used to
effectively initiate the covalent capture of a protein-protein
binding event through a thio-ene reaction process.
Subsequent to this, the work moves to demonstrate how a sim-
plified two-electrode setup can be used to effectively generate
the required oxidising agent in situ and initiate protein-
protein binding.

The protein binding event chosen was an alkene-functiona-
lized ubiquitin-probe with a hemagglutinin (HA) tag
(HA-""7°Ub-alkene probe 1) and the deubiquitinating enzyme
OTUBL. Probe 1 bears an alkene group in place of the native
scissile isopeptide bond at the C-terminus of ubiquitin, posi-
tioning the alkene in close proximity to the DUB active-site
thiol upon protein-protein binding (Fig. 1).° Previous work
with probe 1 has shown that labelling activation can be carried
out using UV- and visible light-dependent initiators, and
chemical initiators, such as manganese(u) acetate. The use of
chemical initiators enables thiol-ene coupling in protein
systems in which the alkene and the thiol are brought into
close proximity. Similar redox initiation in small molecule
models with no induced proximity was previously demon-
strated to favour disulfide formation.!” However, in the case of
protein—protein binding, this disulfide bond formation
becomes sterically blocked, enabling the thiol-ene reaction to
proceed, even under conditions where for small molecule
systems, the resulting product is the disulfide as opposed to
the thioether.

First, to ascertain the capacity of potassium ferricyanide to
trigger thiol-ene labelling between probe 1 and OTUB1, the
proteins were incubated for 1 hour with potassium ferricya-
nide and separately with potassium ferrocyanide, to provide a
direct comparison. Here, the cyanide complex has been
selected for use on the basis of stability of the ligands, ensur-
ing that the likely dominant pathway for interaction is via elec-
tron transfer as opposed to, for example, binding of a thiol to
the iron centre. The stability constants for ferro- and ferricya-
nide are reported to be logk = 35.4 and 43.6 respectively,*®
indicating that only trace quantities of the non-complexed iron
species are expected to be present in the solution. On the basis
of the proposed mechanism for redox thiol-ene activation (SI
Fig. S1), it was expected that only potassium ferricyanide (Fe*")
would be capable of initiating this reaction. A photo-initiated
thiol-ene reaction using a mixture of 2,2-dimethoxy-2-phenyla-

This journal is © The Royal Society of Chemistry 2026
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cetophenone (DPAP) and methoxyacetophenone (MAP) was
used as positive control for the experiment (Fig. 2, lane 4) and
a sample with no initiator was used as negative control (Fig. 2,
lane 3). Following SDS-PAGE analysis and Western Blot visual-
isation, labelling was observed with potassium ferricyanide
(Fig. 2, lane 5), through formation of a new band with a mole-
cular weight corresponding to the expected OTUB1-Probe 1
covalent adduct (Fig. 2, blue arrow), while unreacted probe 1
was observed at a lower molecular weight (Fig. 2, white arrow).
Due to protein denaturation prior to gel loading, only covalent
protein—probe adducts can be observed. As expected, potass-
ium ferrocyanide did not activate the coupling between probe
1 and OTUB1 (Fig. 2, lane 6). This lack of coupling in the pres-
ence of the ferrocyanide reflects the inability of the species to
oxidise the thiol substrate and create a covalent adduct.

To optimise potassium ferricyanide as a thiol-ene chemical
initiator, probe 1 and OTUB1 were incubated with potassium
ferricyanide at different incubation times and labelling was
analysed with SDS-PAGE and visualised using anti-HA Western
Blot (Fig. 3). Different incubation times were analysed and it
was observed that, after 5 minutes of incubation, OTUB1 label-
ling displayed an intensity comparable with the positive
control (Fig. 3, lane 4 vs. 6). Longer incubation times improved
labelling intensity and optimal incubation time was deter-
mined to be 60 minutes (Fig. 3, lane 9). The result obtained is
similar to previous assays with manganese(im) acetate, a redox
initiator previously used in this thiol-ene coupling."”

Following time optimisation, we next turned our attention
to optimisation of concentrations of potassium ferricyanide
(Fig. 4). Once again, OTUBL1 labelling was successful, with all
concentrations over 50 uM rendering significant labelling
(Fig. 4, lanes 7-10). Furthermore, similar labelling intensities
were accomplished with 50 pM of potassium ferricyanide and
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Fig. 2 Comparative analysis of Fe(i) and Fe(i) in the thiol-ene labelling
of OTUBL1 (1 pg) with probe 1 (2 pg). Assay visualised by anti-HA Western
Blotting. Samples were incubated for 90 min at 37 °C, prior to initiator
addition. A mixture of DPAP and MAP was used as positive control (lane
4). Potassium ferricyanide (500 pM) and potassium ferrocyanide
(500 pM) were added to lanes 5 and 6, respectively, which were incu-
bated at 37 °C for 60 min.
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Fig. 3 Incubation time optimisation for the labelling of OTUBL1 (1 pg)
with probe 1 (2 pg), using Fe(i) as chemical initiator. Assay visualised by
anti-HA Western Blotting. Samples were incubated for 90 min at 37 °C,
prior to initiator addition. A mixture of DPAP and MAP was used as posi-
tive control (lane 4). Potassium ferricyanide (500 uM) was added to lanes
5-10, which were incubated at 37 °C for varying periods of time.
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Fig. 4 Optimisation of Fe(i) concentration for the thiol-ene labelling
of OTUBL1 (1 pg) with probe 1 (2 pg). Assay visualised by anti-HA Western
Blotting. Samples were incubated for 90 min at 37 °C, prior to initiator
addition. A mixture of DPAP and MAP was used as positive control (lane
4). Varying concentrations of potassium ferricyanide were added to
lanes 5-10, which were incubated at 37 °C for 60 min.

500 uM of DPAP/MAP (the positive control) (Fig. 4, lanes 4 vs.
7), albeit with a longer incubation time, which attests the
efficiency of redox initiation in triggering this thiol-ene coup-
ling. Optimal potassium ferricyanide concentrations were
determined to range between 250 uM and 1 mM (Fig. 4, lanes
8-10).

Following confirmation of potassium ferricyanide’s suit-
ability as a thiol-ene redox initiator for protein labelling, an
electrochemical setup for the in situ conversion of ferrocyanide
into ferricyanide, in solution with probe 1 and OTUB1, was
developed. A schematic of this experimental set up is also
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shown in Fig. 1. Considering the small volumes required for
this assay, a two-electrode set-up was optimised for the in situ
conversion of Fe(u) into Fe(u) (SI section 2). In this setup, a
platinum wire counter electrode was used. Platinum is a good
electrocatalytic material for both hydrogen evolution and
oxygen reduction. Hence, given the buffering capacity of the
solution, it is assumed that the counter electrode reaction will
correspond to the formation of either hydrogen, or the
reduction of oxygen to water, both of these irreversible reaction
processes are unlikely to interfere with the ferricyanide
product formed at the working substrate. Furthermore, due to
the used cell geometry and timescale of the electrolysis, the
working and counter electrodes are not in diffusional contact
during the course of the electrosynthesis. Consequently, the
amount of Fe(u) generated in the system can be simply and
accurately determined by measuring the current passed
through the system. Herein, for the reported electrochemically-
generated concentrations of ferricyanide, it is assumed that
the process occurs with complete faradaic efficiency, hence the
reported values likely represent a marginal over-estimation of
the total produced Fe(um) concentration. However, under this
assumption, the amount of charge required for generation of
an initial concentration of Fe(u) of 500 pM was calculated
using Faraday’s law and the known sample volume (150 pC,
see Table S1 for more details) and samples were incubated at
different incubation times with electrochemically-generated Fe
(m) (SI Fig. S3). Though this first preliminary assay lacked
efficiency, labelling was still observed after 30, 60 and 90 min
of incubation. Pleasingly, apart from demonstrating that thiol-
ene protein labelling is possible using electrochemical
initiation, the optimal incubation time for this assay was
lowered to 30 min. Following this result, a new assay was envi-
sioned to further optimise the use of electrochemically-gener-
ated ferricyanide in OTUBI labelling. The extent of electrolysis
at the working electrode was varied, with control of the total
charge passed. The experimental oxidative charge was in the
range of 7.5 to 1500 pC, leading to the controlled generation of
ferricyanide concentrations between 2.5 and 500 pM (SI
Table S1). Following Fe(in) in situ generation with probe 1 and
OTUBI, the system was further incubated with the electroche-
mically-converted initiator for 30 min (Fig. 5). Protein labelling
was observed above background levels at concentrations 25 pM
and 50 pM (Fig. 5, Lanes 7 and 8). The optimal concentration
was deemed to be 50 pM. Unlike previous assays with ferricya-
nide, higher concentrations (250 uM and 500 pM) did not
afford stronger labelling. However, the lack of protein labelling
at higher concentrations of generated ferricyanide may be
explained by altered initial Fe(u) concentrations used in the
electrochemical cell (1 mM vs. 10 mM). To generate the higher
ferricyanide concentrations, higher initial concentrations of
ferrocyanide were used to ensure significant Fe(u) production
over a reasonable time during electrolysis. The interfacial reac-
tion for the conversion of Fe(u) to Fe(ui) is controlled by both
the mass-transport of the material to the electrode interface
and the concentration of the reagent (Fe(u)); consequently, for
these higher Fe(u) concentrations (250 pM and 500 pM), solu-

90 | Org. Biomol. Chem., 2026, 24, 87-92

View Article Online

Organic & Biomolecular Chemistry

Converted

o g K;Fe(CN M

g \§ & ?‘Q 3Fe(CN)g (kM)

> ° ,){;'@ "/‘I
@ AR SN
S S £, S o

K
T T LT VKo PSS

56 —
43 —
34 —

- e [ e
17_‘ 'i T T R1 T
11

1 2 3 4 5 6 7 8 9 10
Fig. 5 Optimisation of concentration of electrochemically-generated
Fe(m) for the thiol-ene labelling of OTUB1 (1 pg) with probe 1 (2 pg).
Assay visualised by anti-HA Western Blotting. Samples were incubated
for 90 min at 37 °C, prior to initiator addition. A mixture of DPAP and
MAP was used as positive control (lane 4). Lanes 5-10 were treated with
potassium ferrocyanide (Lanes 5-8: 1 mM; Lanes 9-10: 10 mM) and
sodium chloride (50 mM). Varying charges were applied to generate

concentrations of ferricyanide 2.5-500 yM. Lanes 5-10 were then incu-
bated at 37 °C for 30 min.

tions initially containing 10 mM Fe(u) were used and hence,
after electrochemical conversion, a higher concentration of
non-converted Fe(u) species remained in solution. The pres-
ence of higher concentrations of the reduced species will lead
to a decrease in the thermodynamic driving force for the solu-
tion phase reaction involving the ferricyanide oxidation of the
thiolate to the thiyl radical. Assuming that this initial oxi-
dation of the thiol is to some extent under thermodynamic
control then this change in the driving force for the hom-
ogenous reaction as a function of the ratio of the Fe(u) to Fe(u)
will be described by the Nernst equation. Hence, for the
250 pM and 500 pM experiments, the ratio of the Fe(u) to Fe(u)
concentrations is the same as the 25 pM and 50 pM experi-
ments. This result tentatively indicates that the redox initiation
of the thiol-ene reaction is sensitive to the solution phase
redox potential (i.e. the ratio of the reduced and oxidised
species) and not simply the total concentration of the Fe(i) in
the solution. This decrease in the labelling at higher concen-
trations, also provides indirect evidence that the counter elec-
trode reaction is not influential in initiating the protein/
protein binding. Still, significant protein labelling was
observed at lower concentrations, suggesting that though
higher concentrations may be advantageous, they are not
required. A concentration of generated Fe(u) of 50 puM is
enough to trigger thiol-ene protein labelling. This result
shows that it is possible to electrochemically-generate a thiol-
ene initiator in situ and that this process can be used in thiol-
ene protein labelling, requiring low concentrations of initiator
and lowering the required incubation time.

This journal is © The Royal Society of Chemistry 2026
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Conclusions

We have demonstrated that in situ electrochemical generation
of ferricyanide can be used in thiol-ene protein labelling to co-
valently capture protein-protein binding events. To the best of
our knowledge, this is the first time a redox initiator was elec-
trochemically-generated in situ to activate thiol-ene labelling
between two proteins. This technique holds potential appli-
cation in the development of automated immunoassays based
on triggering protein-protein adduct formation, not using a
UV light source but via the occurrence of an electrochemical
reaction. Further, this is one of the first examples where the
thiol-ene chemistry can be initiated electrochemically using a
redox mediator and without recourse to the use of nucleophilic
additives or significant alteration of the chemical conditions.
Potassium ferricyanide is an efficient chemical initiator for
thiol-ene labelling of OTUB1, which likely reflects the fact that
formation of the disulfide product is essentially completely
blocked. Potassium ferrocyanide was also tested and no
protein labelling was observed; this null result is important in
evidencing that the presence of the ferricyanide leads to
covalent bond formation between the proteins. Following
these findings, an electrochemical setup was developed for
this system, with adaptations for the small volumes used in
the labelling assay. Electrochemical conversion of ferrocyanide
into ferricyanide was calculated to generate precise Fe(m) con-
centrations and these were used to initiate thiol-ene
coupling between probe 1 and OTUBL. In situ electrochemical
generation of the Fe(m) initiator resulted in protein
labelling, at low concentrations and lower incubation times
than those required in the corresponding chemical assays.
This exciting proof-of-concept study paves the way for further
exploration of the potential of thiol-ene labelling in electro-
chemical settings.
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