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Thiol-thiol cross-clicking using bromo-ynone
reagents
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Thiols are used in many click reactions, and are also excellent platforms for
biomolecular click or bioconjugation reactions. The direct cross-coupling of
two thiols is an attractive biomimetic concept for click chemistry, but leads to
statistical mixtures of homo- and heterodimers. Here, we introduce a novel
class of thiol-click reagents, bromo-ynones, where the kinetic differentiation
between the first and second thiol addition onto these reagents facilitates a
stepwise one-pot cross-clicking of two distinct thiols in aqueous media, with-
out the need for intermediate isolation or purification. The two thiols are
linked through a single carbon atom, mimicking a disulfide bridge. We
demonstrate the use of bromo-ynones in the synthesis of various cross-
coupled thiols, including small molecule drugs, fluorophores, carbohydrates,
peptides and proteins, including an example of a protein-protein heterodimer.
The resulting adducts are robust under physiological conditions and by judi-
cious choiceof thebromo-ynone reagent, the adducts canbe stable even in the
presence of excess free thiols.

Click chemistry has propelled the creative power of organic synthesis
beyond the realm of chemical laboratories, and into the hands of a
much wider range of scientists1–6. A few good reactions have thus
boosted the technical toolbox of many modern researchers. Alkynes
and azides have taken a leading role in click chemistry, as they are
common functional groups with a mild and chemoselective reactivity
profile7–9. A good argument can be made in favor of thiols (or mer-
captans) as the third most prominent functional group in click chem-
istry, used in thiol-ene10–12, thiol-yne13–15, and thiol-X click
chemistries16–18. Moreover, due to the widespread (yet specific)
occurrence of thiols in biomolecules, thiols have a primary place in the
development of biomolecular click reactions (or bioconjugation
reactions), with the thiol-maleimide click reaction as a prime example.
Thiol-selective click chemistries are still heavily researched19–23. Next to
reaction kinetics and selectivity, also the stability profile of the
resulting adducts is an important point of attention24–28.

The classical oxidative coupling of two thiol-functional molecules
can be regarded as a click-like reaction, due to the mildness of the
oxidation method that is required and due to the excellent selectivity
with which thiol-functions can be coupled in the presence of a wide
range of other reactive functions. However, the biomimetic disulfide-
forming reaction of two thiols falls short of two important click
chemistry criteria. First, the disulfide linkages are relatively labile and
show limited stability under physiological conditions29,30. Second, and
more importantly, for intermolecular thiol-thiol coupling, disulfide
formation lacks selectivity and generates statistical mixtures of homo-
and heterodimers. This can be avoided by employing one of the thiols
in large excess and by performing a purification of intermediates and
final products31–33. Both of these drawbacks prevent the widespread
use of thiol-thiol clicking, and are also intrinsic in many other thiol-
thiol coupling reactions. The most well-known example in this regard
is Baker’s dibromomaleimide reagent34 (Fig. 1a). These next-generation
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maleimides can be used tomake thiol-thiol homodimers or to rebridge
intramolecular disulfides after their reductive cleavage, but the
adducts show lability to excess thiols, and the preparation of hetero-
dimers is not readily achievable under stoichiometric conditions35,36.
More recently, Hackenberger reported the use of vinyl phosphonite
ester as a reactive linchpin to cross-couple two thiols, although this
requires activation of one of the thiols as a reactive disulfide37 (Fig. 1b).
Similarly, Poulsen introduced oxSTEF reagents as a click reagent for
thiol-thiol coupling with just one carbon in between the two thiols
(Fig. 1c). However, for heterocouplings, a multistep work-around is
required that also requires chromatography38. Our owngroup recently
reported a thiol-thiol coupling strategy using simple phenylpropynone
reagents based on consecutive thiol-yne and thiol-ene Michael addi-
tions (Fig. 1d). These showed excellent chemoselectivity in the for-
mation of symmetrical dithioacetals and for the rebridging of cyclic
disulfide peptides. The thiol exchange reaction can be blocked by a
chemoselective reduction of the ketone39. However, we were not able
to control the selective formation of heterodimers under stoichio-
metric conditions, despite the fact that we observed a clear kinetic
difference between the first and second thiol addition step. We were
then intrigued by the recent report of Loh, in which similar 3-silyl-
substituted propynone reagents were found to undergo selective
mono-addition of thiols, resulting in stable adducts40.

In this work, we report that 3-bromo-1-phenyl-propynone
reagents (or bromo-ynones, BYO) allow access to stabilized ketene-
dithioacetals (KDTA), with control over the first and second addition
step (Fig. 1f). To our considerable surprise, the substitution of the
bromide proceeds much faster than the targeted thiol-yne click reac-
tion, giving clean conversion to a thio-ynone (TYO) intermediate. This
undergoes a second addition of a thiol following the typical thia-
Michael-yne pathway. The TYO can be isolated, but we can also report
that these steps can be performed in sequence in a buffered aqueous
medium, resulting in the direct cross-coupling (or cross-clicking) of
two consecutively added thiols, including carbohydrates, peptides and
proteins, without the need for excess reagents or purification steps.

Results and discussion
Study of homodimer synthesis
The BYO reagent 1was found to be soluble and hydrolytically stable for
several days in 1:1 mixtures of aqueous phosphate buffer and acetoni-
trile, as well as various other water-miscible organic solvents (see

Supplementary Section 2). Upon treatment of BYO 1 with one equiva-
lent of N-acetyl-O-methyl cysteine, we observed the very rapid forma-
tion of amono adduct. Instead of the expected thia-Michael adduct with
a remaining reactive bromide, we isolated only the thio-ynone (TYO)
substitution product 2 (Fig. 2a), possibly indicating a direct substitution
pathway rather than the expected Michael addition/elimination
pathway41. When the stoichiometry of 1 and the thiol was well con-
trolled, no trace of a double adduct 3 could be observed, indicating a
much slower second addition. However, in our studies of reactions of
BYO 1 with two equivalents of thiol (Fig. 2b), we found that the for-
mation of the bis-adduct 3was also very fast, albeitmore pHdependent.
At lower pH (6.5), unreacted TYO 2 could still be observed after 20min.
Nevertheless, at pH 8.0, the thiol-thiol conjugation could be achieved in
quantitative yieldwithin 5min at room temperature, indicating very fast
kinetics of both bond forming steps. The chemoselectivity of the pro-
cess was monitored by a competition reaction in which 2 equivalents of
N-acetyl-O-methyl cysteine and two equivalents of Nα-acetyl-O-methyl-
lysine were treated with BYO 1. The adduct 3 formed quantitatively
within minutes and even after 48h at room temperature, no other
product than the ketene-dithioacetal (KDTA) 3 could be observed (see
Supplementary Section 2), showing both the selective formation and
stability of the formed thiol-thiol conjugate 2. A range of other func-
tional thiols showed broad functional group tolerance and orthogon-
ality of the methodology (see KDTA 4–10). For the glutathione dimer
10, the reaction proceeded exclusively on the thiols. The reagent 1 was
also found to be very useful in the rebridging of several cyclic disulfide
peptides, which all showed near-quantitative formation of the cyclic
KDTA peptides (see Fig. 2c and Supplementary Section 6).

The above findings compare well with our previous study of thiol-
thiol homodimer formation with phenylpropynone (see Fig. 1d), as
those reagents required 30–60min of incubation at 40 °C to achieve
full dithioacetal formation39.

Stability studies and stability improvement
The formed KDTA adducts can still be seen as reactive Michael
acceptors andmay be reactive towards nucleophilic species over time.
We thus investigated the robustness of the formedKDTAmoiety under
different conditions (Fig. 3a). The methylthiol-homodimer 11 was
selected for this study, as any release of free thiol would also be
effectively irreversible due to its volatile nature. Nevertheless, this
KDTA 11 was found to be completely stable in buffer:acetonitrile over
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several days, with no formation of hydrolysis products at pH 8. This
KDTA 11 also largely survived treatment with an excess of the common
disulfide cleavage reagent TCEP (tris-(2-carboxyethyl)phosphine).
Treatment of 11with anexcess of L-cysteine showed clear evidenceof a
slow but gradual thiol exchange reaction, where only about 70% of the
KDTA remained after 3 days of incubation at room temperature, with
the clear formation of heterodimers. This slow exchange with thiols is
an important factor for possible bioconjugation applications and was
thus also monitored and quantified for the KDTA 4, using glutathione
as a competitive thiol. Exposed to five equivalents of GSH under near-
physiological conditions, our dithioacetal 4 exhibited gradual thiol
exchange, again over the course of days, with clear formation ofmixed
dithioacetals and the release of the original thiols over time (see
Supplementary Section 4). This phenomenon is well known for other
thiol-bioconjugation methods (see Fig. 1) and is generally seen as a
drawback, especially if it cannot be controlled24–28.

In order to benchmark the stability profile of our thiol-thiol
adducts, we prepared the corresponding dithiomaleimide 13 from N-
acetyl-cysteamine and Baker’s dibromomaleimide 1234,35, and sub-
mitted this to the same thiol exchange conditions (Fig. 3b). Here, a
much more rapid thiol exchange was observed, giving near statistical
exchange within only 30min at room temperature. Thus, the BYO-
based thiol-thiol cross-linking can be said to be more robust towards
physiological conditions.

As the electron-withdrawing nature of the carbonyl moiety will
likely affect the rate at which the ketenedithioacetal can exchangewith
free thiols, we also decided to investigate the bromo-propynamide
reagent 14 (Fig. 3c). As expected, this reagent showed a slightly slower
thiol-thiol coupling rate in the forward conjugation reaction, but still a
complete coupling was achieved within 1 hour at room temperature.

Likewise, the resulting ketene dithioacetal 15 showed an attenuated
reactivity towards glutathione incubation, with more than 90% of the
homodimer persisting after three days of exposure to excess glu-
tathione. This shows that an interesting trade-off in reactivity can be
achievedwith these reagents, and that the physiological stability of the
adducts can be rationally designed by judicious choice of the BYO
reagents.

Finally, given our experience in using triazolinediones as versatile
reagents and as bioconjugation reagents, we briefly explored the
reactivity of a ketene dithioacetal with triazolinediones42–44. As
expected for a conjugated olefin44, the phenyl-triazolinedione reagent
(PTAD 16) quickly reacted with the push-pull substituted alkene in
adduct 11 (Fig. 3d). This reaction established an interesting post-
modification protocol for our bioconjugation method. Moreover, we
found that the resulting adductwas strongly inactivated towards thiol-
substitution reactions in our standard glutathione incubation proto-
col. This points to yet another strategywithwhich the reversiblenature
of the adduct can be controlled. The donating effect of the nitrogen
lone pair onto the KDTA is indeed expected to make 17 a less elec-
trophilic Michael acceptor. Moreover, at physiological pH, the urazole
N-H in adduct 17 is expected to be fully ionized (pKa(NH) = 4.7-5.8)45,
likely offering electrostatic protection of the adduct, a rationale that
we were further able to confirm through experiment (see SI, sections
4.11 and 11.1.3).

Thiol-thiol cross-clicking
The established bromo-ynone thiol conjugation methodology already
shows great potential as a click chemistry tool. However, the distinct
reaction rates of the very fast first and second thiol couplings, and the
observed resistance towards further thiol exchange of the resulting
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adducts, prompted us to investigate the potential of these reagents to
simply cross-click two different thiols, by their sequential addition in
stoichiometric amount to a BYO reagent (Fig. 4).

We found that the thiol-BYO click reaction proceeds very
smoothly, and that the expected TYO products could be isolated in
high yield and purity, with no need for chromatographic purification.
The successful formation of the thiocoumarin TYO 22 illustrates that
aromatic thiols are also viable substrates in this click reaction. The
ferrocene-thiol-BYO adduct 25 was isolated in lower yield, which was
attributed to the low solubility of the thiol. Sufficiently hydrophobic
TYO products could be obtained in pure form by simple liquid-liquid
extraction, affording bench stable TYOs. The glutathione-derived TYO
23 could be stored in solution for a few days and then used as such in a
second coupling step (vide infra).

In a next step, we investigated the coupling of different functional
thiols unto the pre-prepared TYO products (Fig. 4b). We were deligh-
ted to find that the expected KDTA heteroadducts were generally
obtained in high yield and purity, as judged by both NMR and LC-MS
analysis. As expected, the adductswereobtained asmixtures of E and Z
diastereomers (ratios vary from 6:4 to 8:2, see Supplementary Sec-
tions 8 and 9). Qualitatively and quantitatively the same results were
obtained when the TYO intermediate was not isolated by extraction
and a second equivalent of a different thiol was just added in the initial
reaction medium (Fig. 4c). However, care must be taken here to con-
trol the pH of the buffer, as the first step generates one equivalent of
hydrobromic acid. This can decrease the pH and lead to a retardation
of the second addition (see Fig. 2b). Using this one-pot protocol, we
successfully biotinylated two mono-thiol-functional peptides (see 36
and 37).

Thiol-functional protein conjugation study
Having demonstrated the successful cross-clicking of various thiol-
functional (bio)molecules, we next turned our attention to protein

conjugation studies. As a simple model protein, we used a single
cysteine-containing Alphabody sequence (namedMB23). Alphabodies
are designed antiparallel triple helix coiled-coil protein scaffolds that
can be engineered as artificial antibodies against various extra-or
intracellular protein targets of therapeutic value46. The recombinant
MB23 Alphabody contains a single surface-exposed cysteine residue
and is thus an ideal model protein for cysteine based bioconjugation,
as we have previously demonstrated42,47. We first prepared a DMEQ-
fluorophore-derived thiol (see Supplementary Section 7), which was
clicked with BYO to afford the fluorophore-TYO reagent 42. The iso-
lated TYO reagent was added in excess to Alphabody MB23 (Fig. 5a).
After one hour at room temperature, full conversion of the Alphabody
was observed. This experiment was repeated successfully with 6 other
of the previouslypreparedTYO reagents (also see Fig. 4a). Theprotein-
TYO click reactions proceeded quite slowly, so that a ten-fold excess of
the TYO reagent needed to be used to ensure swift cysteine-
conjugation. In order to circumvent this issue (even though dialysis
can remove the excess TYO), we changed around the order of the click
reactions (Fig. 5b). By carefully controlling the stoichiometry of both
the BYO reagent 1 and the Alphabody MB23, we managed to click the
protein under stoichiometric conditions, now taking advantage of the
higher reaction rate of the first thiol click to ensure full protein con-
jugation. Care needs be taken not to add an excess of the BYO reagent
in this step, as otherwise side reactions can be observed, which do not
at all occur in the reverse addition protocol. Next, the protein-derived
TYO reagent can be clicked with just one equivalent of a second thiol
(in this case a biotin-derived thiol). There is a striking rate difference
between protein and small molecule thiols, which could be attributed
to steric or diffusion -factors. Taking advantage of this observed
intrinsic rate difference between the macromolecular and small
molecule thiol reaction partners, we then conducted an experiment in
which the Alphabody and the cysteamine derived biotin amide arefirst
mixed in equimolar amounts and then treated with exactly one
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equivalent of the BYO reagent 1 (Fig. 5c). To our surprise, this afforded
the same coupling efficiency as in the previous sequential cross-click
experiment with the same substrates. Thus, a remarkable self-sorting
behavior of the thiol compounds is demonstrated in this cross-click
reaction.

The resulting protein-biotin KDTA conjugate was subjected to
incubation with 100 equivalents of glutathione (Fig. 5d). This resulted
in quite fast thiol exchange, faster than in our model studies (cf Fig. 3).
However, when the same adduct was prepared using bromo-
propynamide (BYA) reagent 14, the cross-click conjugation was also
successful (see Supplementary Section 10) and the resulting conjugate
was significantly more stable, as most of it survived a treatment with
100 equivalents of glutathione for several days.

With the biotin-conjugated Alphabody in hand, we also demon-
strated a possible application of the remaining reactivity of the BYO-
derived KDTA-adducts. Using magnetic streptavidin coated beads, an
affinity pull down experiment was conducted on the MB23-biotin
conjugate. Treatment with a solution of glutathione afforded a very
mild way to elute MB23 from the beads (Fig. 5e).

Finally,wewereable to showefficient protein-protein conjugation
with BYO 1 (Fig. 5f). MB23 was first reacted with 1 equiv of 1 for 15min,
followed by addition of the recombinantly expressed anti-EGFR
nanobody EgA1 with an encoded additional C-terminal cysteine resi-
due (EgA1-nb-Cys)48. The EgA1 nanobody and its conjugates are of

therapeutic interest as it prevents dimerization of the EGFR receptor.
Its efficient chemical conjugation with another Cys-functional protein,
through a single carbon atom as a linker, showcases the potential of
ourmethod to recombinatorily generate protein-protein constructs in
a fully site-selective manner from native proteins and with complete
selectivity for the heterodimer, as demonstrated by LC-MS and SDS-
PAGE analysis (see Figs. S148 and S159).

Methodological benchmarking and diversification
The forward reaction kinetics of BYO 1 and thiols in buffer/acetonitrile
at room temperature proceeds very rapidly within the initial seconds
ofmixing the two reagents. In a head-to-headcompetition experiment,
we showed that 1 clearly outcompetes maleimides for N-acetyl-O-
methyl-cysteine conjugation (Fig. 6a). The second addition of a thiol to
TYO, although finished within minutes at pH 8, was shown to be con-
siderably slower by a similar competition experiment (Fig. 6b). The
observed product ratios indicate almost two orders of magnitude
difference in reaction rate between the first and second addition. A
more quantitative analysis was possible via UV-VIS measurements of
the relevant absorbances (see Supplementary section 3, Figs. S23-
S30)49. This provided a second order rate constant of 1780M-1.s-1

(Fig. S27), compared to the literature value of 1300M-1s-1 for the related
reaction of phenylmaleimide50. For the second addition step, a second
order rate constant of 135M-1s-1 was determined (Fig. S29). The decay
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curves for the reaction between 1 and 2 equiv of N-Ac-O-Me-Cys,
measured at 0.05mM, showed a first reaction half life of about one
second for the first addition and a reaction half life of about 80 sec-
onds for the second addition (Fig. S30). A comparison of the reactivity
of dibromo-maleimide 12 and bromo-phenylpropynone 1 also proved
to be instructive (Fig. 6c). The ratio of formation of thiol adducts to
both reagentswas verycomparable (54:46basedon internal standard),
but while the bromo-ynone 1 gave exclusivemono-addition to the TYO
2, the dibromomaleimide 12 already gave comparable amounts of the
mono- and bis-thiol conjugated products. Again, the unique kinetic
discrimination of the first and second thiol additions with BYO can be
clearly observed here.

Thiols are partially deprotonated at pH 7–8, while amines are
mostly protonated (and H-bonded) and thus non-nucleophilic within
this pH range, which explains the lack of reactivity of amines (such as
lysines) in competition with thiols towards Michael acceptors in buf-
fered media. Even though we showed that lysines are not competitive
with thiols for the first nor the second thiol-click reaction on BYO 1 (cf
Fig. 2b), we investigated the reactivity of different amines onto TYO
20. Reasoning that benzylic amines and especially anilines have a
considerably lower pKaH-value than alkyl amines, we expected that
their more abundant unprotonated amine could lead to a more pro-
minent aza-Michael type reactivity, thus allowing thiol-amine cross-
clicking. Two proof-of-principle experiments indeed showed a very
promising outcome for the further development of BYO reagents for
this purpose (Fig. 6d). Even though the amine addition was still rela-
tively slow (requiring 24 h at room temperature), the resulting hetero-
adducts 44 and 45 were obtained in high yield and high purity, and -

moreover – as single diastereomers. Competition experiments with N-
Ac-O-Me-Lys confirmed our earlier rationale that more basic amines
are actually less reactive in buffered media (Fig. 6e). Furthermore, we
conducted a wide range of intermolecular competition experiments,
where all natural amino acid side chains and the nucleophile types
from Fig. 6 were reacted head-to-head with N-Ac-O-Me-cysteine (See
Supplementary Section 2.4). Only one nucleophile, the unnatural
p-anisidine showed competitive formation of an aza-Michael adduct in
aqueous buffer, whereas all other competition experiments showed
exclusive formation of thiol-adducts.

One limitation of the BYO-click methodology that was encoun-
tered in our study is related to thiols that also have a nucleophilic
group in their beta-position. A swift second intramolecular Michael
addition occurs here, and prevents the addition of second thiol.
Reaction of cysteine with 1 gave thiazoline 46, even when an excess of
cysteine is used (Fig. 6f). This reactivitymotif opens options for further
click-like reactions of BYOs with various mild bis-nucleophiles. One
example was found in the slow but high yielding reaction between 1
and catechol, giving a relatively robust ketene acetal adduct 47.

In summary, we have uncovered a relatively straightforward
reagent class for click conjugation and click cross-conjugation of thiol-
functional molecules. We have shown the utility of the method for
small molecule, peptide and protein couplings under fully stoichio-
metric conditions. We have also shown that the methodology com-
pares favorably to existing methods for thiol clicking and thiol
bioconjugation reactions12,34–39,51–53. The click chemistry platform
shows remarkable ability to tuneboth the forward and reversekinetics,
and opens up interesting possibilities in click chemistry, including the

Fig. 5 | Protein conjugation studies. Single cysteine bioconjugation with pre-
clicked thio-ynones (a), selective conversion of cysteine into electrophilic con-
jugation site (b), one-pot cross-conjugation with a one-to-one hetero-thiol mixture
(c), glutathione stability studies of conjugated Alphabodies (d), magnetic

streptavidin beads pulldown followed by glutathione-triggered release (e), one-pot
alphabody-nanobody cross-click with all reagents at 0.1mM and by consecutive
adding of BYO 1 and then nanobody EgA1-nb-Cys to a solution of MB23 (f).
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direct cross-conjugation of two native proteins in a fully site-selective
and heteroselective manner. We expect the method will find good use
in a wide range of applications, some of which are under current
investigation in our laboratories.

Methods
General procedure for thiol-thiol cross-clicking with BYO 1 to
form a KDTA heterodimer
3-Bromo-1-phenyl-2-propyn-1-one 1 (BYO) (50 µmol, 1 equiv.) was
placed in a 25ml flask and was dissolved in 3ml acetonitrile and 3ml
phosphate buffer (0.1M, pH 8). A stock solution of the first thiol
containing small molecule (50 µmol in 2mL of pH 8 phosphate buffer/
MeCN, 1:1, 1 equiv.) was added dropwise at room temperature over
2min. The resulting mixture was stirred for 15min at room tempera-
ture. Afterwards, the second thiol containing small molecule (50 µmol,
1 equiv.) was added in a single portion (with no need to make a prior
solution) and the resulting mixture was stirred for another 15min at
room temperature. The mixture was extracted three times with 10mL
ethyl acetate, and the combined organic layers were washed with a
saturated aqueous sodiumbicarbonate solution, dried over anhydrous
sodium sulfate, filtered over a plug of cottonwool and concentrated in
vacuo to afford the KDTA heterodimer. For reactions performed with
lower concentrations of thiols (e.g. for protein conjugation), reaction
timeswere extended for the second coupling step (see Supplementary
Information).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data relating to the materials and methods, optimization and control
studies, experimental procedures, HPLC spectra, UV-spectra, NMR

spectra, and mass spectrometry are available in the Supplementary
Information. All data are available from the corresponding author
upon request.
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