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Protein Modification

Quaternization of Vinyl/Alkynyl Pyridine Enables Ultrafast CysteineSelective Protein Modification and Charge Modulation
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Abstract: Quaternized vinyl- and alkynyl-pyridine reagents
were shown to react in an ultrafast and selective manner with
several cysteine-tagged proteins at near-stoichiometric quantities. We have demonstrated that this method can effectively
create a homogenous antibody–drug conjugate that features
a precise drug-to-antibody ratio of 2, which was stable in
human plasma and retained its specificity towards Her2 + cells.
Finally, the developed warhead introduces a + 1 charge to the
overall net charge of the protein, which enabled us to show that
the electrophoretic mobility of the protein may be tuned
through the simple attachment of a quaternized vinyl pyridinium reagent at the cysteine residues. We anticipate the
generalized use of quaternized vinyl- and alkynyl-pyridine
reagents not only for bioconjugation, but also as warheads for
covalent inhibition and as tools to profile cysteine reactivity.

Chemical

site-selective modification offers a means to
diversify the function and properties of the protein.[1] For
example, by using the targeting capabilities of an antibody, it
is possible to covalently attach a very potent drug to the
antibody through a precise chemical reaction to shuttle this
drug to a specific tissue.[2] The toolbox of reactions for protein
modification has expanded significantly in the last decade.[3]
Of these, reactions that target proteinogenic amino acids
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seem particularly suitable to modify native proteins in the test
tube. Lysine,[4] methionine,[5] tryptophan,[6] and the N-[7] and
the C-terminus[8] may now be targeted by using a variety of
approaches. However, cysteine[9] remains perhaps the residue
of choice to produce functional and, in particular, clinically
useful protein conjugates, namely antibody–drug conjugates
(ADCs). This choice is a result of the high nucleophilicity of
the sulfhydryl side-chain combined with the low abundance of
free cysteine residues, since many cysteines are paired as
structural disulfides. Thus, many research groups have
focused on developing efficient methods to chemoselectively
modify cysteine-tagged proteins. For example, electrophiles,
such as carbonylacrylic acid reagents for Michael addition,[10]
arylation reactions based on transition metals,[11] or a selective
amino acid sequence,[12] or conjugate additions at dehydroalanine[13] formed from cysteine or thiol-yne reactions using
cyclooctynes[14] have been developed. Each of these methods
has relative advantages and disadvantages, but a method
based on the simple attachment of a warhead-like structure
whose utility would go beyond bioconjugation and for
example be used to tune protein pharmacokinetics, through
changes in the overall net charge of a protein, or be used to
design cysteine covalent inhibitors is missing from the current
toolbox.
Herein, we report the computational chemistry assisted
discovery of quaternization of the nitrogen of vinyl- and
alkynyl pyridines to convert otherwise non-reactive reagents
into ultrafast and chemoselective cysteine-modifying
reagents. The utility of these reagents was demonstrated for
bioconjugation and for modulation of electrophoretic mobility through charge incorporation by using microfluidics.
Based on computational predictions, we identified promising alkenes and alkynes through modelling the nucleophilic
addition reaction between a simple thiolate or an amine with
various electrophiles. As a result of the lower pKa of solventexposed thiols relative to amines, it is expected that at neutral
or slightly basic pH a larger proportion of thiols would be
deprotonated. Activation free energies (DG*) for the corresponding addition reactions were predicted by using quantum
mechanical calculations (Figure 1 a and b). 2-Vinyl- and 2ethynyl pyridines (compounds 1 and 3) were calculated to be
poorly reactive toward thiolates (DG* > 24 kcal mol@1) and
unreactive toward primary amines (DG* > 31 kcal mol@1).
However, when quaternized, the resulting N-methylpyridinium derivatives were calculated to be exceedingly reactive
towards nucleophilic addition, with dramatically decreased
activation free energies. For instance, 2-vinyl- and 2-ethynylpyridiniums 2 and 4 were calculated to be more than a billion
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