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A B S T R A C T   

Peptides can be used as effective molecular tool for covalent modification of proteins and play important roles in 
ligand directed covalent modification. Tyr-selective protein modifications exert a profound impact on protein 
functionality. Here, we developed a general strategy that involves nucleophilic addition of alkyne for tyrosine 
modification. The terminal alkyne of propargyl sulfonium is motivated by the sulfonium center to react with 
phenolic hydroxyl. This approach provides a straightforward method for tyrosine modification due to its high 
yield in aqueous solution at physiological temperature. In addition, cyclic peptides could be obtained via 
adjusting pH to 8.0 from peptides consisting of tyrosine and methionine modified by propargyl bromide, and the 
resulting cyclic peptides are proved to have better stability, excellent 2-mercaptopyridine resistance and 
improved cellular uptakes. Furthermore, molecules made from the propargylated sulfonium have the potential to 
be used as warheads against tyrosine containing biomolecules. Collectively, we develop a direct and uncom
plicated technique for modifying tyrosine residues, the strategy concerned can be widely utilized to construct 
stable peptides and biomolecules imaging.   

1. Introduction 

Peptides provide us with useful protein-protein interactions (PPI) 
modulators. Though the peptides could be very selective PPI modula
tors, poor penetration inside the tissues and poor biostability hinders 
their usage as therapeutic agents [1–5]. An increasing number of studies 
have focused on the development of cyclic peptides during the last 
decade. These stabilized peptides provide us with useful molecular tools 
to study the receptors in living cells [6–9], many of which are untar
getable with traditional small molecules. Moreover, peptides are nor
mally much smaller than biomolecules (e.g. large enzymes, proteins or 
antibodies), and they can easily fulfill the need for therapeutics with 
high specificity and low toxicity [10–13]. However, peptides are sus
ceptible to enzymatic degradation and difficult to across cell mem
branes. Some advances have been made in the past years to overcome 

these drawbacks, for example, constructing cyclic peptides [14–19], 
replacing L-AA (amino acids) with D-AA [20,21], modifying the termi
nal of peptides and so on [22–25]. 

Tyrosine (Tyr) is a relatively low-abundant amino acid, comprising 
only about 3.0% of the primary protein sequence [26]. However, due to 
the amphiphilic nature of its phenolic functional groups, it is moderately 
exposed on the surface of proteins. These surface-exposed tyrosines play 
important roles in protein function by serving as targets for 
post-translational modifications such as phosphorylation and as key 
initiators for enzyme-substrate or protein-protein interactions (PPIs). 
Thus, Tyr-selective PTMs, might exert a profound impact on protein 
functionality. 

Cyclization of peptide is one of the most important approaches to 
improve the stability and cellular uptakes of the peptides since the 
systematical Met alkylation of Deming’s group [27]. Li’s group has made 
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lots of development on sulfonium tethered peptides [18,19,28]. The 
sulfonium tethered peptides are of great interest due to the gentle and 
selective reactivity of the sulfonium center. What’s more, it’s recently 
reported that a facile thiol-yne type reaction could be triggered by the 
sulfonium center and the propargylated sulfonium may be used as 
robust and versatile probes to target cysteines containing biomolecules 
[29]. 

In this work, we demonstrated that the propargylated sulfonium 
could also react with phenolic hydroxyl of tyrosine. The nucleophilic 
addition owns a high yield in aqueous solution at physiological tem
perature. Cyclic peptides could be obtained via adjusting pH to 8.0 from 
peptides consisting of tyrosine and methionine modified by propargyl 
bromide, and the resulting cyclic peptides are provided with better 
stability, fine 2-mercaptopyridine resistance and improved cellular up
takes. We believe the strategy concerned with sulfonium can be widely 
utilized to construct stable peptides and biomolecules imaging. 

2. Materials and methods 

2.1. Chemicals 

Chemical reagents, such as Fmoc-protected amino acids, MBHA 
resins used for SPPS (solid-phase peptide synthesis), and other chemical 
reagents were all purchased from commercial suppliers (Huizhou Deep 
chemical technology co. LTD, Tianjin Yongda Chemical Reagent Com
pany J&K Co. Ltd., Tianjin Damao Chemical Reagent Factory, GL Bio
chem (Shanghai) Ltd. and Shenzhen Tenglong Logistics Co.). 

2.2. Peptides preparation 

The peptides are pretared based on the standard Fmoc-based solid 
phase peptide synthesis (SPPS) by former protocols showed below. 
MBHA resin (loading capacity: 0.64 mmol/g) were firstly swelled with 
DMF for 30mins, then use 50% (vol/vol) morpholine in DMF to depro
tect the –Fmoc group from MBHA resin for 30min × 2. After washed 
with DCM and DMF for 6 times, secondly, amino acid coupling mixture 
(-Fmoc protected amino acids (5.0 equiv), HCTU (4.9 equiv) and DIPEA 
(10.0 equiv)) was added and coupling for 3 h with DMF as solution. Then 
washed with DCM and DMF for 6 times, and add 50% (vol/vol) mor
pholine in DMF to deprotect the –Fmoc group for next amino acid 
coupling. 

After coupled the last amino acid on MBHA resins and deprotected 
the –Fmoc group on the terminal amino acid, a coupling mixture (a 
solution of DMF dissolved with TPE-COOH (CAS:197153-87-0) 1.2 
equiv; PyBOP 3.0 equiv; HOBt 3.0 equiv; NMM 8.0 equiv) was added 
and reacted for 12 h. Then washed with DCM and methanol for 6 times, 
and dried by blowing nitrogen. The AIE peptides have prepared and 
waiting for purification. 

Then resins were mixed with a mixture (TFA/H2O/TIS (95/2.5/2.5)) 
and shaked for 2 h at room temperature to cut off the peptides on MBHA 
resins. The mixture was dried by blowing nitrogen and precipitated by 
Hexane/Et2O (1:1 in volume) at 4 ◦C. Finally, the sediment was dis
solved by 40% (vol/vol) acetonitrile/water and purified by HPLC with 
UV detection at 220 nm and 280 nm. Finally, peptides were dissolved in 
1% HCOOH solution with 4–5 mg 1, 2-Bis(bromomethyl)benzene and 
put on a shaker for 12 h at room temperature. Then this reaction solution 
could be directly purified by HPLC and identified by LC-MS. 

2.3. Cell line and cell culture 

Human cervix cancer cell line, HeLa (ATCC® CCL-2™) were cultured 
in DMEM medium (Gibco) with addition of 10% (v/v) FBS (Gibco) and 
PS (100 μg/mL, Gibco). They were all cultured with Dulbecco’s modified 
Eagle’s (Gibco) dish at 37 ◦C, 5% CO2 conditions. 

2.4. NMR 

1H, 13C{1H} NMR data and 2D NMR data were recorded on a Bruker 
AVANCE III 400 MHz spectrometer. For these experiments, the com
pounds were dissolved in D2O (or DMSO-d6, CD3CN). All of the NMR 
spectra were processed by Mestre Nova 12.0 software. 

2.5. Flow cytometry 

HeLa cells were seeded in 24-well dishes for 24 h in DMEM medium 
with 10% FBS containing 5% CO2 at 37 ◦C. The plates were incubated 
with 5 μM FAM-labeled peptides in DMEM medium for 4 h at 37 ◦C. 
After washing with media, the cells were washed with PBS and resus
pended in PBS. Cellular fluorescence was analyzed using a BD FACS
Calibur flow cytometer (Becton Dickinson) and CFlow plus. 

2.6. Confocal microscopy 

HeLa cells were cultured with DMEM with 10% FBS (v/v) in a hu
midified incubator containing 5% CO2 at 37 ◦C. Then, cells were incu
bated with 5 μM FAM-labeled peptides in DMEM medium for 4 h at 
37 ◦C. Cells were washed three times with PBS and then fixed with 4% 
(wt/v) formaldehyde in PBS for 3 min. They were then washed three 
times with PBS and stained with DAPI (4′,6-diamidino-2-phenylindole) 
for 10 min. The coverslips were mounted onto slides and visualized by a 
confocal laser scanning microscope (Nikon A1R). 

2.7. HPLC purifications 

HPLC Method B. Kromasil C18 column, 5 μm, 4.6 × 250 mm2 
(Kromasil 100-5-C18.), flow rate 0.8 mL/min, solvent A 0.1% TFA +
water, solvent B 100% acetonitrile, gradient (A:B) 90:10 (0− 3 min) to 
40:60 (35 min) to 2:98 (40 min). 

2.8. Statistical analysis 

All data analysis was performed using Prism (GraphPad). Bar graphs 
represent means ± SEM. as indicated. 

3. Results 

3.1. Nucleophilic addition of alkyne motivated by sulfonium for 
modification 

We first compared the yields of the intermolecular reactions of 
tyrosine or cysteine with tetrahydrothiophenyl sulfonium under 
different conditions. Molecule 1c could be easily synthesized by the 
mixture of same amount of tetrahydrothiophene and propargyl bromide 
in aqueous solution (Fig. 1A). Ac-WC-NH2 (1b) was utilized to measure 
the concentration via NanoDrop. The phenolic hydroxy added at the β 
position in consideration of that the two alkene protons are on the same 
carbon atom, which is suggested by the 1H NMR and heteronuclear 
singular quantum correlation (HSQC) (Fig. 1B). Interestingly, tyrosine 
exhibits a strong temperature and pH dependence. The reaction yields of 
1a and 1c (10eq) were 61.6%, 78.5% in (NH4)2CO3 aqueous solution at 
37 ◦C, pH7.4 or 24 ◦C, pH8.0, respectively. The yield increased to 91.8% 
when pH reached 8.0 and temperature up to 37 ◦C. In contrast, 1b 
reacted almost completely with 1c(10eq) at 24 ◦C and pH7.4 (99%). 

Then we found that 1a reacted with 1c more mildly, only 69.9% after 
250min under 37 ◦C, pH8.0, contrast sharply with 1b, which was almost 
completely transformed within 50min (Fig. 1C). Inspired by this result, 
competitive experiment was performed by putting equal molar of 1a, 
1b, and 1c into (NH4)2CO3 aqueous solution at 37 ◦C. It’s logical that 1a 
did not react with 1c, while 1b reacted with a yield of 79.1% at pH 7.4 
and 91.5% at pH 8.0 (Fig. 1D). The yield of the competitive experiment 
was similar to that of 1a reacting with 1c (10eq), indicating that 
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propargylated sulfonium had higher reaction activity torwards thiol 
group of cystine than phenolic hydroxyl group of tyrosine. These results 
imply that the side reaction of the sulfonium center can be controlled by 
adjusting pH, temperature, concentration and time. While, reaction of 
tyrosine with propargylated sulfonium can be induced under higher 
temperature. 

3.2. Cyclization of peptide based on the reactivity of propargylated 
sulfonium with tyrosine 

We tried to prepare cyclic peptides by utilizing the reactivity of 
propargylated sulfonium with tyrosine. Ac-YM-NH2 (2a) was synthe
sized by solid-phase peptide synthesis and cut by 95% TFA, 2.5% water 
and 2.5% TIPS shear solution. Methionine was modified with propargyl 
bromide in 1:1 water/acetonitrile solution (acidized by 1% formic acid) 
for 12 h 2a was separated by HPLC. After lyophilization, it was dissolved 
in water. Then we adjusted pH to 8.0, 2b was separated with a yield of 
78.5% (Fig. 2A, C). Just like intermolecular reaction of 1a and 1c, The 
phenolic hydroxy of 2a added at the β position because the two alkene 
protons are on the same carbon atom, which is supported by the 1H NMR 
and HSQC (Fig. 2B). Then, we investigated ring size tolerance by 
inserting different number of alanine between tyrosine and methionine. 
The highest yield 82.8% of 2d was obtained when there are two inserted 
alanines, and all yields were higher than 50% (Fig. 2C). 

3.3. The stability of cyclic peptide under alkaline conditions 

The sulfonium center is generally stable under acidic conditions. We 
investigated the pH stability of 1d under alkaline conditions. It was 
found that 1d remained stable with pH up to 9.0. However, when the pH 
reached 10.0, 1d was completely degraded within 12 h (Fig. 3A). The 
sulfonium center might be reduced by some reducing agents. We tested 
the stability of the cyclic peptide 2b (1 mM) in the presence of 2-mer
captopyridine(10 mM) and GSH (10 mM) in pH 7.4 PBS at 37 ◦C. After 
48 h, remaining percent was 33.5% and 90.6% in 2-mercaptopyridine 
and GSH respectively, indicating that this cyclic peptide has good sta
bility in 2-mercaptopyridine and GSH, implying that the sulfonium 
center can also be used as a warhead to target the cysteine residues 
within the proteins (Fig. 3B). 

3.4. Cyclic peptide exhibits increased cellular uptake 

The peptides’ therapeutic application is usually limited by the poor 
cellular uptakes. The peptide stablilaztion could increase the pharma
ceutical properties based on previous researches in our gourp. For the 
purpose of detecting the cyclic peptides cellular permeability, HeLa cells 
were treated with 10 μM FAM-labeled peptides 4a or 4b for 4 h, and 
FACS analysis was performed after cells were carefully washed three 
times by PBS and incubated with 0.05% trypan blue. The results 
demostrated that cyclic peptides 4b exhibited significantly increased 

Fig. 1. Nucleophilic addition of alkyne motivated by sulfonium for modification. (A) Reaction between the tyrosine and sulfonium. Reaction time: 12 h. (B) 1H NMR 
and HSQC spectra of 1d (400 MHz in D2O). (C) Reaction speed of 1a or 1b with 1c in pH 8.0 (NH4)2CO3 aqueous solution at 37 ◦C. (D) Competitive experiment of 
equal molar of 1a, 1b, and 1c. Entry 1,2 and entry 3,4 represent two competitive experiments, respectively. 
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cellular uptakes compared to linear peptides 4a (Fig. 4A–B), which was 
also indicated by confocal microscopy images of HeLa cells (Fig. 4C). 

Finally,we blocked the cysteines (incubated with 10eq N-Ethyl
maleimide in PBS at 37 ◦C for 1 h) and lysines (incubated with 10eq 
sulfo-NHS-Acetate in PBS at 37 ◦C for 1 h, kept in dark) of proteins. And 
then 5eq propargylated FAM-M-NH2 was added into PBS solution 
(pH8.0) containing 5 μM Bcl-xl, HDAC, or SND1 proteins at 37 ◦C for 24 
h.All three kinds of proteins were successfully labeled by the small 
molecule probe (Fig. 4D and E), which proved that this probe could be 
used for the covalent labeling of tyrosines of proteins. 

4. Discussion 

Protein-protein interactions(PPIs)play an important role in a variety 
of life processes and cell signaling pathways. Complex and fine protein- 
protein interaction networks maintain the homeostasis of the whole life 
process. Targeting protein-protein interaction is a promising therapeutic 

method. Peptides are intermediate between macromolecules and small 
molecules, and own the potential to inhibit protein-protein interactions 
inside and outside living cells. Synthetic peptides can increase their 
diversity by adding unnatural side chains or other chemical modifica
tions. In addition to acting directly on the target as an inhibitor, peptides 
can also be used as an effective molecular tool for covalent modification 
of proteins and play an important role in ligand directed covalent 
modification [6–9]. 

One of the approaches delineated in the present investigation for the 
synthesis of Tyr-linked cyclic peptides bears resemblance to the method 
recently described in the literature [30–32], namely, the stable peptide 
approach for targeted Tyr modification. In contrast to the aforemen
tioned approaches, the modification strategy exhibits a straightforward 
architecture, facile synthesis, and is conducted in an aqueous medium, 
rendering the reaction conditions more amenable to the physiological 
milieu. In addition, based on the empirical findings, the modification 
approach has the ability to substantially augment the membrane 

Fig. 2. (A) General view of cyclization of 2a. (B) 1H NMR and HSQC spectra of 2b (400 MHz in D2O). (C) Different peptides were constructed for ring size tolerance.  

Fig. 3. (A) Stability of 1d under different pH. (B) Dealkylation of the peptide 2b (1 mM) in the presence of 2-mercaptopyridine (10 mM) or GSH (10 mM) in PBS (pH 
7.4) at 37 ◦C for 48 h. 
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Fig. 4. (A) General structure of cyclic peptide 4b and linear peptide 4a. (B) Cyclic peptide 4b showed better cell permeability in HeLa cells. RFI: relative fluorescence 
intensity (C) Confocal microscopy analysis of HeLa cells after incubation with cyclic peptides. (D) Structure of propargylated FAM-M-NH2。 (E) FAM-M-NH2 (25 μM) 
were incubated with Bcl-xl (5 μM), HDAC (5 μM), and SND1 (μM) in PBS (pH 8.0) at 37 ◦C for 24 h. 
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translocation efficacy of peptides. 
In this study, we extended the reaction activity of propargylated 

sulfonium and utilized it to construct cyclic peptide via tyrosine and 
propargylated methionine with high yield, well 2-mercaptopyridine 
stability, good GSH resistance and improved cellular uptakes. The 
small molecule fluorescent probe propargylated FAM-M-NH2 developed 
by this method can also covalently label tyrosines of proteins. Taken 
together, the strategy concerned with sulfonium can be widely utilized 
to construct stable peptides and biomolecules imaging. 
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