
The Nitrile Bis-Thiol Bioconjugation Reaction
Mikesh Patel, Nafsika Forte, Charlie R. Bishop, Michael J. Porter, Matthew Dagwell, Kersti Karu,
Vijay Chudasama,* and James R. Baker*

Cite This: https://doi.org/10.1021/jacs.3c08762 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Electron-poor aryl nitriles are promising reagents
for bioconjugation due to their high electrophilicity and selectivity
for reaction with thiols, albeit generally in a reversible manner. A
transient species has previously been observed in such reactions,
involving the addition of two thiols to the nitrile functional group,
forming a tetrahedral amino dithioacetal (ADTA). In this work, the
reaction of heteroaryl nitriles with bis-thiols is explored in an
attempt to generate stable ADTAs, which could facilitate new
bioconjugation protocols. By use of a 1,2-dithiol, or the
incorporation of an electrophilic trap into the aryl nitrile design,
the formation of stable products is achieved. The resultant “nitrile
bis-thiol” (NBT) reaction is then explored in the context of protein
modification, specifically to carry out antibody conjugation. By addition of these nitriles to the reduced disulfide bond of an antibody
fragment, it is shown that, depending on the reagent design, cysteine-to-lysine transfer or disulfide bridged NBT products can be
generated. Both represent site-selective conjugates and are shown to be stable when challenged with glutathione under physiological
conditions and upon incubation in serum. Furthermore, the NBT reaction is tested in the more challenging context of a full
antibody, and all four disulfide bonds are effectively modified by these new one-carbon bridging reagents. Overall, this reaction of
heteroaryl-nitriles with bis-thiols is shown to be highly efficient and versatile, of tunable reversibility, and offers enticing prospects as
a new addition to the toolbox of biocompatible “click”-type reactions.

■ INTRODUCTION
Nitriles contain a highly polarized triple bond and, as such, are
soft electrophiles exhibiting preferential reactivity with thiols
over other nucleophiles. This reaction results in the reversible
formation of thioimidates, and has been employed extensively in
covalent inhibitors targeting active-site cysteine residues.1 When
electron-poor nitriles are considered, these thioimidates are also
susceptible to nucleophilic substitution reactions. For example,
Powner and co-workers have implicated the reaction of α-
amidonitriles with thiols in prebiotic catalytic peptide ligation,
via the formation of thioimidates and their subsequent reaction
with amines.2,3 An intramolecular version of this S,N-transfer
reactivity has also been exploited by Bertozzi and co-workers,
who developed an 11-amino acid peptide tag that served to
optimize the efficiency of transfer of a nitrile reagent from a
cysteine to a lysine.4 Notably, when 1,2-amino thiols are
employed, the result is cyclization to form stable thiazolines.5−7

Known as the nitrile-aminothiol (NAT), or 2-cyanobenzothia-
zole (CBT), click reaction, it has been widely utilized in
applications ranging from selective labeling of N-terminal
cysteine residues in peptides and proteins5 to in situ nanoparticle
formation8 and nanostructure formation in living cells.9 This
reaction can also be found in nature, in the synthesis of firefly
luciferin.10

Recently Bayley and co-workers utilized a protein nanoreactor
to study the NAT click, and the reaction of nitriles with a
selection of simple thiols, enabling detailed kinetic analyses.11

Intriguingly, they identified an additional reaction pathway
involving the successive addition of two thiols to nitriles to form
a transient tetrahedral product. This species, referred to here as
an amino dithioacetal (ADTA), was found to be approximately
80-fold shorter lived than the thioimidate intermediate. In this
project, we were motivated to explore whether such amino
dithioacetals could be isolated as stable species and thus if a
nitrile bis-thiol (NBT) bioconjugation reaction could be
developed. A particular motivation was whether this reaction
could be an effective strategy for the site-selective construction
of antibody conjugates.

Antibody conjugates combine the exquisite targeting ability of
antibodies with the diverse functionality of small molecules to
generate a variety of constructs. Examples include antibody drug
conjugates (ADCs),12,13 radio-immunoconjugates,14 antibody
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nanoparticle conjugates15 and targeted imaging agents.16 With
such systems, it has been identified that site-selective
modification strategies result in superior conjugates, including
exhibiting improved in vivo properties.17 While a number of
strategies are being applied for the construction of site-selective
ADCs,18 such as engineering antibodies suitable for single
cysteine or enzymatic conjugation, the targeting of disulfide
bonds with bridging reagents represents a particularly appealing
option with the advantage of being able to conjugate antibodies
taken directly “off-the-shelf”.19 These bridging reagents over-
come the limitations associated with modifying each cysteine
residue of a reduced cystine separately, which results in a loss of
this structurally stabilizing motif. It also allows a controlled
conjugation stoichiometry of one attachment per disulfide. A
range of reagents have been developed to effect this bridging of
disulfides in antibodies, including next generation maleimides
(NGMs),20−22 pyridazinediones (PDs),23−25 bis-sulfones,26,27

divinylpyrimidines,28,29 divinyltriazines,30 arylenedipropiolo-
nitriles,31 and diethynyl phosphinates.32 Recently an example
of a one-carbon bridging reagent was also described, referred to
as an oxSTEF motif, via two conjugate addition−elimination
mechanisms.33 Such linkers are desirable as they minimize the
imposed distance extension between the two sulfur atoms. While
this is unlikely to be of significance in large, structurally stable
motifs such as antibodies, this is still a favorable design feature
and may have greater significance when applied in the context of
more structurally sensitive peptides or proteins. We envisaged
that an NBT reaction could be an intriguing alternative
approach to accessing one-carbon disulfide bridged bioconju-
gates. We were also interested in the prospects of this reaction
more generally, as it would represent a unique mechanism for
linking two thiols, and controlling the dynamic nature of the
nitrile-thiol chemistry would be a key challenge.

■ RESULTS AND DISCUSSION
To test the viability of the NBT reaction, we selected 2-
cyanopyrimidine 1 as the model electron deficient aryl nitrile, as
it had been reported to react rapidly with cysteine8,34 and would
be a readily modifiable structure. 1,2-Ethanedithiol was used as
the bis-thiol, as it was hypothesized that 5-membered ring
formation would be favorable and may afford an isolable
product. Indeed, carrying out this reaction under buffered
aqueous conditions (pH 7.4) rapidly generated the desired
ADTA 2 (Figure 1A), in 91% isolated yield. A similar outcome
was observed when a water-soluble, nonpungent 1,2-dithiol
(2,3-dimercapto-1-propanesulfonic acid, DMPS) was em-
ployed, which allowed a convenient in situ NMR rate analysis
(see Supporting Information (SI) S49). A second-order rate
constant of 0.08 ± 0.01 M−1 s−1 was determined, which places
the NBT reaction as comparable with other biorthogonal
reactions35 (such as strain-promoted alkyne−azide click,

SPAAC) and will be readily tunable by reagent design (e.g.,
incorporating an electron-withdrawing p-amide group already
affords a ∼4-fold acceleration, see SI S49). ADTA 2 was found
to be stable in buffer (PBS 7.4, 22 °C) overnight, as well as upon
addition of stoichiometric equivalents of ethanethiol (see SI
Figures S1 and S2). The reaction was found to be highly
selective for bis-thiols, with only unstable thioimidate species
observed upon addition of monothiols; and a competition
reaction yielded ADTA 2 as the sole product (Figure 1A). This
confirmed the dynamic nature of the initial thioimidate
formation and the “trapping” of the ADTA species via the
dithiol cyclization step.

Trialling the NBT reaction of 2-cyanopyrimidine 1 with 1,3-
propanedithiol revealed that the 6-membered ADTA was
formed in an analogous manner by in situ NMR analysis.
Intriguingly, upon isolation, while this ADTA is observed as the
only product in D2O it forms a 1:2.6 mixture with thioimidates
in CD3CN (S7). This is consistent with it being a more dynamic
example of the NBT reaction, with water playing a role in
stabilizing the ADTA. Indeed, addition of the 1,2- and 1,3-
dithiols together led to complete selectivity for the 5-membered
ADTA (even with 5 equiv of the 1,3-dithiol, see SI Figure S3).
DFT calculations supported this outcome, indicating that the
five-membered ring product 2 had a free energy 23 kJ mol−1

lower than that of the thioimidate arising from addition of one of
the two SH groups to nitrile 1. By contrast, the corresponding
free energy difference for the six-membered ADTA was only 16
kJ mol−1 lower. Notably, due to the dynamic nature of the NBT
reaction, formation of ADTA 2 could be reversed by the
addition of the rapid thiol capping reagent N-methyl maleimide.
This resulted in complete regeneration of the pyrimidine nitrile
in just 2 h (see SI Figure S4). This indicates the potential for
EDT-related nitrile protecting groups, and indeed broadly in
other applications where reversible click-chemistries are
employed.36−38

This initial study revealed 1,2-dithiols as a special-case to
enable an NBT reaction, due to the formation of a 5-membered
ring. To facilitate NBT reactions more widely, we envisaged
another class of nitrile reagents, which would incorporate an
electrophilic trap for the amino group formed in the ADTA
intermediate. Pyrazine bis-nitrile 3 was identified as a
convenient example due to its symmetry, and as the second
nitrile could serve to facilitate an intramolecular cyclization
(Figure 1B). Indeed, reaction of pyrazine 3 with a bis- or
monothiol afforded ADTAs 4 and 5 in very high isolated yields,
confirming that the reversible nature of the reaction can be
overcome by use of an electrophilic trap within the molecular
design.

Attention then shifted to exploring the application of such aryl
nitriles in antibody conjugation. We hypothesized that upon
reaction with bis-thiols generated from disulfide reduction,

Figure 1. Initial examples of the nitrile bisthiol (NBT) reaction to afford isolable amino dithioacetals (ADTAs). (A) Use of 1,2-ethanedithiol to form a
stable, cyclic ADTA. (B) A cascade reaction is observed with pyrazine bis-nitrile, in which the ADTA amine is trapped by the second nitrile.
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ADTA intermediates would be formed. In the absence of the
electrophilic trap, these would likely be transient intermediates
and would interconvert with thioimidates, offering the prospect
of their subsequent reaction with nearby lysine residues to form
site-selective cysteine-to-lysine transfer (CLT) conjugates
(similar to that observed with thioesters39). Alternatively in
the presence of the second electrophilic group stable NBT
conjugates could be formed, which would represent a new one-
carbon disulfide bridging strategy.

To test these hypotheses, we utilized the Fab fragment of Her-
2 targeting breast cancer drug trastuzumab. This Fab contains a
single disulfide, allowing clear analysis of the outcomes of the
bioconjugation, while also containing 26 lysine residues which
would challenge the selectivity of the methods. Treatment of the
Fab fragment with 2-cyanopyrimidine 1 (100 equiv, pH 7.4 for 1
h, RT) led to no reaction, confirming the absence of background
lysine reactivity. Reduction of the Fab disulfide with TCEP
generated two free cysteines (FabRED) which upon addition of
the 2-cyanopyrimidine 1, or its azido analogue 6 primed for
functionalization, led to an observed bioconjugation reaction to
give a distribution with 1, 2, and 3 attachments as the major
products (Figure 2). Addition of Ellman’s reagent led to
reformation of the disulfide bond in these conjugates, revealing
that they were not modifications on the cysteines but rather
amidines (e.g., 7) formed on proximal lysine residues by rapid
CLT. This is consistent with previous work showing
thioimidates undergo S,N-transfer,2−4 and suggests that any
amino dithioacetal formation is reversible as anticipated.
Trypsin digest, followed by MS/MS, confirmed that attachment
had indeed taken place on proximal lysines (heavy chain K136,
K221 and K225, and light chain K190, see SI S46). This is
consistent with that observed previously for CLT using
thioesters, with the exception of K190.39

This lysine transfer is notably remarkably efficient (pH 7.4 for
1 h, RT), given that on an engineered peptide the CLT required
up to 40 h to achieve 35−41% conversion,4 indicating that the

structured Fab and amino-group proximity afforded a greater
acceleration to the transfer reaction. We continued to investigate
the impact of the reaction conditions and reagent design on the
CLT outcome. For example, the reaction with pyrimidine 1 (100
equiv., pH 7.4, RT) was analyzed at 15 min, 30 min, and 1 h, with
the average loading increasing in each case, and a final loading of
∼1.8 (calculation by LCMS, which assumes that the conjugates
ionize to a similar degree). This demonstrated that the
distribution of conjugates could be controlled to achieve a
higher loading as desired. However, despite trialling various
conditions (e.g., pH, temp, and equiv) it was not possible to
obtain a completely homogeneous conjugate, as a statistical
distribution was always obtained. This is presumably due to the
reversible nature of the thioimidate formation coupled with
efficient transfer to the different proximal lysines. Intriguingly,
unlike the thioesters, the aryl nitrile reagents do not appear to
undergo any competing hydrolysis. For example, stoichiometric
addition of 1 (2 equiv., pH 7.4 for 24 h, RT) resulted in
quantitative conversion to afford a distribution of products with
an average loading of ∼1.9, indicating that the reagent is not
hydrolytically labile (see SI Figure S10). The effect of reagent
reactivity was also explored, with more electron-poor hetero-
aromatics, such as a p-trifluoromethyl pyrimidine nitrile or a
dimethyl-1,2,4-triazine nitrile, also undergoing effective CLT,
showing a similar loading under the same reaction conditions
(SI Figures S41 and S42).

Attachment of fluorescein-PEG-BCN by a strain-promoted
azide−alkyne click (SPAAC) generated functional Fab con-
jugate 8. While the amount of 2-loaded species appears to
decrease by LCMS, this is likely due to the significant mass
differences impacting on the accuracy of LCMS quantification,
as UV/vis confirmed the average loading remained at ∼1.5. The
2-cyanopyrimidine conjugate was shown, by LCMS analyses
(see SI Figures S36 and S40), to be stable for at least 24 h in
blood concentrations of glutathione (5 μM, pH 7.4, 37 °C) and
endosomal concentrations of glutathione (5 mM glutathione,

Figure 2. Cysteine-to-lysine transfer (CLT) with aryl nitrile (6) (A) general optimized scheme for CLT followed by SPAAC to generate functional
conjugates, LC = Light chain, HC = Heavy chain (B) SDS-PAGE analysis: (M) molecular marker, (1) native Fab, (2) reduced Fab, (3) nitrile CLT (1
h), (4) after DTNB disulfide reoxidation, (5) fluorescent imaging of conjugate 8. (C) ELISA data for Fab CLT conjugate S7.
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pH 6.5, 37 °C).40 These conjugates also demonstrated full
retention of binding activity to HER2, confirmed via ELISA
analysis. Fab conjugate 8 showed no evidence of fluorophore
transfer by SDS-PAGE analysis when incubated in serum for 37
°C, 5 days (see SI Figure S45).

In order to generate NBT antibody conjugates, we next
trialled trapping aryl-nitrile designs. Treatment of the reduced
Fab with pyrazine bis-nitrile 3 resulted in the rapid formation of
a one-carbon disulfide bridged species (Figure 3). The resultant
bridge was found to be stable to addition of both 2-
mercaptoethanol and cysteine (100 equiv, pH 7.4 for 2 h at 37
°C). Initial efforts to functionalize this pyrazine core led to bis-
alkyne 9, albeit this reagent was synthesized in low yield
presumed to be due to instability caused by the presence of
acidic benzylic hydrogens present on the benzylic bromide
precursor. Despite this, pyrazine 9 was carried forward and
demonstrated effective antibody conjugation (SI Figure S18).
However, subsequent CuAAC functionalization led to cleavage
of the conjugate and the restoration of the native disulfide bond
to afford unmodified Fab (see SI Figure S19). Small molecule
studies utilizing 5 disclosed a sensitivity to high concentrations
of CuSO4, with the hypothesized mechanism of release akin to
that of copper mediated deprotection of thiazolidine deriva-
tives.41

To overcome the issue of poor synthesis yield of the reagent
and instability, a quinoxaline-nitrile analogue S4 was readily
accessed, in 2 steps from 3,4-diaminobenzoic acid (see SI),
which contained a pendant alkyne. The quinoxaline core proved
to be more stable, demonstrating effective antibody conjugation
and successful subsequent CuAAC functionalization with an
optimized quantity of CuSO4 (5 equiv). The reasoning behind
the greater copper stability of the quinoxaline analogue is not yet
fully understood and will be further explored along with the
enticing prospect of high concentration metal ion triggered

release for the controlled triggered cleavage of pyrazine bis-
nitrile NBT conjugates. Alternatively, azide functionalized
quinoxaline analogue 12 enabled antibody conjugation followed
by SPAAC attachment of fluorescein, conveniently affording the
final fluorescent conjugate 14. As with CLT conjugates, the
bridged species was also found to be stable under physiological
conditions (serum and early endosomal conditions tested, as
described above, see SI Figures S34 and S38) while
demonstrating full retention of binding activity to HER2. A
range of other pyrazine analogues were trialled to explore the
scope of this cascade reaction and indicated significant
diversification of design and properties proved viable. For
example, bis-ester 10 was found to be a more reactive version
(see SI Figure S21), with the conjugation in this case being
reversible by addition of cysteine (100 equiv, pH 7.4 for 3 h at 37
°C). Incorporation of a thioester in reagent 11 successfully led to
an analogous amide NBT conjugate 13, demonstrating that this
cascade reaction is not limited to bis-nitriles.

Due to the dynamic mechanism of the NBT reaction, it was
hypothesized that these disulfide bridging reagents may be
tolerant to the presence of competing monothiols. This may
provide evidence that the NBT reaction could be employed in
the selective labeling of bis-thiol containing proteins in more
complex biological mixtures. Indeed, a competition reaction
between the peptidic monothiol glutathione and the reduced
Fab at a 3:1 ratio, with 1.2 equiv of the bis-nitrile quinoxaline S3,
yielded the fully rebridged species (see SI Figure S32). This can
be compared with an equivalent reaction using N-methyl
maleimide which led to minimal protein labeling, as the
maleimide preferentially reacts with the glutathione (see SI
Figure S31).

The NBT reaction was trialled on the more complex system of
trastuzumab, a full IgG1 antibody which contains 4 interchain
disulfide bonds. Quinoxaline bis-nitrile 12 was able to efficiently

Figure 3. (A) Site-selective disulfide rebridging with a library of bis-nitrile reagents. (B) SDS-PAGE analysis: (M) molecular marker, (1) native Fab,
(2) reduced Fab, (3) Fab bridge with 3, (4) Fab bridge with 12, (5) Fab bridge with 11, (6) fluorescent imaging of conjugate 14. (C) ELISA data for
the Fab conjugate S8.
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rebridge all 4 disulfide bonds, then undergo SPAAC to yield the
final conjugate 15 (Figure 4). As for other disulfide bridging
reagents, two regioisomers are formed due to disulfide
scrambling in the hinge region,22,28 as observed by the half an
tibody along with the full antibody conjugate in denaturing
LCMS and SDS-PAGE analyses. Finally, to demonstrate
applicability to other protein classes, thioredoxin, a bis-thiol
containing enzyme, was modified effectively (see SI Figure S44)
with the pyrazine bis-nitrile 3 (10 equiv, pH 8.0, 2.5 h),
indicating prospective applications of such reagents in selective
covalent inhibition of such enzymes.

■ CONCLUSIONS
In conclusion, we have demonstrated that electron-deficient aryl
nitriles undergo efficient reactions with bis-thiols to form amino
dithioacetals, which can be trapped as isolable products. By use
of a 1,2-dithiol, pyrimidine nitriles can be captured in near-
quantitative yields due to the favored formation of a 5-
membered ADTA, even in the presence of other competing
thiols. Alternatively, by incorporating an adjacent electrophilic
trap within the aryl nitrile reagent, a cascade reaction results,
capturing the ADTA product as a stable species. Challenging
these reactions to the site-selective modification of antibodies,
we report that bis-thiols generated from the reduction of
interchain disulfide bonds are able to react with aryl nitriles to
generate valuable site-selective conjugates. In the case of the
pyrimidine nitriles, the transient ADTA intermediate is not
observed; instead, an efficient S,N-transfer pathway is followed,
to generate proximity labeled lysine conjugates. Alternatively, by
use of the heteroaromatic bis-nitrile species, one-carbon
disulfide bridged NBT conjugates are accessed. Both these
lysine and disulfide bridged antibody conjugates are shown to be
robustly stable to physiological thiols (e.g., glutathione) and
represent new reagent classes for site-selective antibody
conjugation. More generally, the NBT reaction represents a
new biorthogonal click reaction which could offer diverse new
opportunities. The dynamic nature of the mechanism differ-
entiates it from the related nitrile amino thiol (NAT), and this is
likely to prove extremely tunable by the choice of the bisthiol
and electron-poor nitrile. Applications can be envisaged
stretching from highly selective biorthogonal reactions in
complex biological media (e.g., for selective protein labeling
and pull-down assays) to reversible surface functionalization,
and new dynamic materials.
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