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a b s t r a c t

The modification and functionalization of peptides is of great significance in modern biotechnology and

drug development. Here we report a highly reactive Michael-type warhead for the covalently modification

of cysteine on peptide and protein. By installing a vinyl group onto a methionine residue of peptide,

the produced vinyl sulfonium can be efficiently nucleophilic added by appropriate cysteine residue of

this peptide, and thus yield a cyclized peptide. This peptide cyclization strategy was proven to exhibit

improved cell penetration and good stability. Moreover, a peptide ligand bearing vinyl sulfonium could

covalently bind to the cysteine in the target protein, indicating the potential of vinyl sulfonium as a novel

warhead for developing covalent peptide inhibitor.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

We constructed a novel vinyl-sulfonium tethered peptide with

dual functional application. Cyclization with improved cellular up-

take and good stability could be developed by thio-Michael-type

addition reaction involving a cysteine residue in the peptide. More-

over, the vinyl-sulfonium in peptide could alkylate the thiol in cys-

teine residues of proteins of interest via the Michael-type addition,

which may be a potential strategy for covalent peptide inhibitor

design.

Peptide drugs overcome the weak binding affinity of small

molecule and low bioavailability of bio-molecule drugs, which have

broad application prospects [1]. However, linear peptides have a

poor performance due to the variability of configuration and low

activity [2-5]. Therefore, peptide modification is important to en-

hance peptide activity. Currently, the general strategies for improv-

ing the activity of peptide contain cyclization, covalent inhibition

and so on [6,7]. Peptide cyclization strategies have been proven to

improve their biophysical properties, including stability, cell per-
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meability and target binding affinity [8,9]. Peptide covalent strate-

gies safeguard the reaction specificity and efficacy of the pep-

tide inhibitor toward its target [6,10-13]. Nevertheless, most of the

cyclization and covalent methods are involved with non-natural

amino acid, which may difficult to synthesize and may be bio-

logically incompatible [14-24]. Hence, developing a novel peptide

modification with multiple potential based on natural amino acid

is of great significance.

Sulfonium is a type of active functional groups that are com-

monly found in organisms, where S-adenosylmethionine (SAM) is

the most important methyl donor for biological methylation re-

actions (nucleotide, protein, lipid and other biological molecules,

etc.), playing an important role in the post translational modifi-

cation [25]. Currently, there have developed several peptide mod-

ification methods based on sulfonium, which show a broad ap-

plication prospect [26,27]. Deming’s research took the lead in

realizing the functionalization of methionine (Met) [28]. Previ-

ously, we developed a general peptide macrocyclization strategy

that involves selective methionine dialkylation/dealkylation pro-

cess (Scheme 1a) [29,30]. The methionine bis-alkylation of peptide

showed time-dependent dealkylation under reductive conditions

[29]. The cysteine-methionine bis-alkylation could generate a cyclic

peptide with an on-tether sulfonium warhead, which may further

https://doi.org/10.1016/j.cclet.2021.09.071
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Scheme 1. (a) Our previous report of chemo-selective methionine bis-alkylation

and cysteine-methionine bis-alkylation through Nucleophilic substitution reaction.

(b) Schematic presentation of sulfonium tethered peptide macrocyclization and

proximity-promoted protein ligation through Michael-type addition reaction. .

Scheme 2. Cyclization of peptides by vinyl sulfonium.

undergo proximity promoted Cys-substitution with the available

Cys-in the vicinity of the binding pocket of proteins of interest

(POI) [30]. Moreover, Bernardes’s team reported an ultrafast Cys-

reactive reagent, vinyl/alkynyl pyridinium, as an excellent strategy

for protein modification [31]. Inspired by the unique reactivity of

the sulfonium center and the combination of peptide cyclization

and the installation of a selectively reacting moiety in one sim-

ple design, we attempted to introduce a vinyl sulfonium center to

generate a novel warhead for peptide and protein modification. We

found the formed vinyl sulfonium center could trigger a very facile

thio-Michael-type addition under physiological conditions. When

peptide contains a cysteine, cyclization with improved cellular up-

take and good stability would occur by thio-Michael-type addi-

tion reaction involving a cysteine residue in the peptide. Whereas

a free vinyl-sulfonium in peptide could alkylate the thiol in cys-

teine residues of POI via the Michael-type addition, which may

be a potential strategy for the design of covalent peptide inhibitor

(Scheme 1b).

The synthesis of vinyl sulfonium requires dehydrohalo-

genation after alkylation with a haloethyl reagent (Scheme 2).

Thus, we examined different haloethyl reagent, including 2-

bromoethyl trifluoromethanesulphonate, 1,2-dibromoethane

and 1,2-diiodoethane, and peptide sequence in this section

(Scheme 2). Obviously, peptide I-a showed the highest conver-

sion of cyclization, suggesting 2-bromoethyl trifluoromethane-

sulphonate is the optimal substrate (Table 1). Besids, we analyzed

the conversion of cyclized peptides with different ring size

([i, i+1], [i, i+2], [i, i+3], [i, i+4], [i, i+7]) and found that

Table 1

Seven different peptides were tested for functional residue tolerance.

Entry Peptides Reagents Time (h) Product Conversion (%)

I-a Ac-CAAAM-NH2 a 10 3 82

I-b Ac-CAAAM-NH2 b 48 3 13

I-c Ac-CAAAM-NH2 c 36 3 35

II-a Ac-CAEAM-NH2 a 10 3e 75

III-a Ac-CAKAM-NH2 a 10 3k 78

IV-a Ac-CASAM-NH2 a 10 3s 62

V-a Ac-CAYAM-NH2 a 10 3y 65

Fig. 1. (a) The kinetic study between vinyl sulfonium 4 and Ac-Cys-OH. The ob-

served second-order rate constants kobs were derived from the slope of a linearly-

fitted plot of the inverse of the Cys-concentration (1/[E]) versus time. (b) Struc-

ture of the transition state of the model reaction between vinyl sulfonium 4 and

ethanethiol by computer-assisted calculation.

only the peptides constrained as [i, i+4] format has the higher

conversion rate than others. Therefore, we chose the [i, i+4] ring

size for later research. To verify the amino acid residues tolerance

of this method, more sequence comprising glutamic acid (Glu),

lysine (Lys), serine (Ser) and tyrosine (Tyr), were utilized as mod-

els for the study (Scheme 2). Most of the peptides were cyclized

with moderate to high conversion (62%−78%) (Table 1). This result

indicated that cyclization method of vinyl sulfonium would be

suitable for the construction of complex cyclic peptides. Next, we

applied the reaction between vinyl sulfonium of tetrahydrothio-

phene and ethyl mercaptan to optimize the condition, especially

base. To validate the reactivity of vinyl sulfonium, a reaction

between stoichiometric amounts of Ac-Cys-OH (10mmol/L) and

vinyl sulfonium 4 (20mmol/L) was conducted and monitored

by 1H NMR spectroscopy in Na3PO4 buffer (20mmol/L) in D2O

(Fig. 1a, Fig. S1 in Supporting information for additional detail).

The reaction was complete within 10min, and an ultrafast kinetic

constant (kobs ∼ 116.5 L mol−1 s−1) was observed, suggesting the

high reactivity of vinyl sulfonium with Cys-side chain, and thus

motivated its application in native protein modification. This result

was been further validated by computational calculation of the

model reaction between vinyl sulfonium 4 and ethanethiol, which

was consistent with its high reactivity with Cys-side chain (Fig. 1b

and Fig. S2 in Supporting information). In addition, the circular

dichroism (CD) spectroscopy showed that the chiral center in

cyclic peptide had little effect on the peptide’s secondary structure

(Fig. S3 in Supporting information).
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Next, we investigated the changes in the biophysical proper-

ties of cyclic peptides constructed by this method. Previous studies

have demonstrated that the methionine alkylation was easily re-

versible using appropriate reductants under mild conditions (PBS,

pH 7.4, 37 °C) [28-30]. Here we studied the reduction of vinyl

sulfonium cyclic peptides by 2-mercaptopyridine. The LC analy-

sis clearly revealed that the relatively little reduction of cyclic

sulfonium tethered peptides (1mmol/L) with 2-mercaptopyridine,

indicating its relatively reductive stability under strong reduc-

ing environment (Fig. S4 in Supporting information). PDZ�RGS3 is

a commonly used model protein for sulfonium tethered peptide

(PDZ�RGS3 denotes the PDZ domain of PDZ-RGS3) [30]. To further

investigate the stability of cyclic peptide, we constructed two cyclic

peptide ligands with different cyclization sites for PDZ�RGS3 as

shown in Fig. S5a (Supporting information). In our previous work,

when the cysteine-methionine bis-alkylation cyclized peptide lig-

and selectively recognizes its protein target with a proximate cys-

teine, a rapid nucleophilic substitution could occur between the

protein Cys-and the sulfonium center on the peptide to form a

conjugate. Whereas in this work, when vinyl sulfonium was in-

troduced into peptide and cyclized through addition reaction, the

thiol of cysteine in proteins hardly open the sulfonium ring and

form a covalent conjugation, despite the vicinity induced by ligand

(Fig. S5b in Supporting information). Moreover, we used more pro-

teins containing free Cys-residues (BCL2, BCL-XL, MgrA) to confirm

the results (Fig. S5c in Supporting informaiton). The cyclized pep-

tide hardly covalently conjugated to the cysteine in the proteins.

The activity of alkyl linker generated in the peptides cyclized by

vinyl sulfonium was milder than the activity of benzyl linker gen-

erated in peptides cyclized by bis-alkylation nucleophilic substi-

tution, leading to the relative stability of vinyl sulfonium cyclized

peptides.

Peptide drugs with excellent cell-penetration ability are a key

prerequisite for their efficacy. To test whether our cyclization strat-

egy could improve cell penetration of peptide, we explored the

changes in cell penetration between vinyl sulfonium cyclic pep-

tides and linear peptides using TAT peptide as a model (Fig. 2a).

HeLa cells were treated with 10 μmol/L FAM-labeled peptide, cul-

tured at 37 °C for 8h, and then incubated with 0.05% trypan blue

before flow cytometric analysis. Compared with linear peptides,

vinyl sulfonium cyclic peptides showed a significant increase in

cell-penetration (Fig. 2b). Confocal microscopy images are consis-

tent with those measured by flow cytometry (Fig. 2c), the results

confirm that the significantly improved penetrating ability of the

cyclic peptides. Besides, the results of a cyclic peptide with only

three arginine residues were also elucidated the similar cell per-

meability (Fig. S6 in Supporting information), indicating a signif-

icant improvement of cell permeability by sulfonium tethering.

Taken together, these data demonstrate that peptides constructed

with vinyl sulfonium method showed good stability and enhanced

cellular uptake.

To further explore the potential of this methodology, we at-

tempted to investigate whether the vinyl sulfonium in peptide

could be used as a novel warhead for alkylating the thiol in

cysteine residues of POI via the Michael-type addition. Using

PDZ�RGS3 peptide ligands as a model, we synthesized three pep-

tides with different methionine substitution sites and used 2-

bromoethyl trifluoromethanesulphonate to generate vinyl sulfo-

nium warhead (Fig. 3a). We explored the conjugation between

peptides and PDZ�RGS3 protein. Peptides PDM1 to PDM3 were re-

acted with PDZ�RGS3 in PBS (protein/peptide 20/100 μmol/L, 37 °C)
for 12h and then analyzed by SDS-PAGE. All the three peptides

showed covalent conjugation whereas the different sites of vinyl

sulfonium salt had a limited effect for the conjugation (Fig. 3b).

We then chose PDM2 peptide as a model to examine the re-

action kinetics and stoichiometric study between peptides and

Fig. 2. (a) The sequence of FAM-labeled TAT peptide, FAM-labeled TAT Linear pep-

tide and FAM-labeled TAT-Cyclo peptide. (b) The histogram of cellular uptakes in

HeLa cells treated with 10 μmol/L FAM-labeled peptides for 8h using flow cytome-

try. All cells were incubated with 0.05% trypan blue for 3min before further anal-

ysis. (c) Confocal microscopy analysis of cellular uptakes of the cyclic and linear

peptides in HeLa cells. The cells were imaged using laser scanning confocal micro-

scope with a 60×oil objective. Scar bar: 10 μm.

Fig. 3. (a) The sequences of peptide PDM1, PDM2, and PDM3. (b) The covalent

conjugation between peptides and PDZ�RGS3 (protein/peptide 20/100 μmol/L, PBS,

pH 7.4, 12h). (c) Stoichiometric study of peptide PDM2 from 0.5 equivalent to 5.0

equivalent incubating with PDZ�RGS3 for 12h. The samples were analyzed by SDS-

PAGE gels and stained with Coomassie (CBB). (d) Reaction kinetic study of peptide

PDM2 with PDZ�RGS3 (protein/peptide 20/100 μmol/L, pH 7.4) for 0, 0.5, 1.0, 2.0, 4.0,

6.0, 8.0, 10.0, 12.0. The covalent ligation reacted in a time-dependent manner. The

covalent conjugates were indicated with green arrowheads. (e) The mass analysis of

peptide-PDZ�RGS3 conjugation, original MS data shown in Supporting information.
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PDZ�RGS3. The results showed PDM2 peptide moderately conju-

gated PDZ�RGS3 in a dose- and time-dependent manner (Figs. 3c

and d), which indicated the potential of vinyl sulfonium in peptide

covalent inhibitors development.

In summary, we report a highly reactive vinyl sulfonium war-

head with dual functional application through the thio-Michael-

type addition reaction (intramolecularly or intermolecularly) under

physiological conditions using natural amino acid. Cyclization with

improved cellular uptake and good stability could be triggered by

addition between intramolecular Cys-and vinyl sulfonium. Further-

more, the vinyl-sulfonium installed peptide could intermolecularly

alkylate the thiol in cysteine residues of POI via the Michael-type

addition, showing the possibilities for the design of covalent pep-

tide drug. This facile, efficient and biocompatible reaction could

substantially expand the chemical toolbox of peptide modification

and design of covalent inhibitor. With further undergoing stud-

ies, we believed that this new vinyl sulfonium warhead could play

more roles in biological applications.
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