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Abstract

A new method for cysteine-lysine crosslinking in peptides and proteins using palladium oxidative 

addition complexes is presented. First, a biarylphosphine-supported palladium reagent is used to 

transfer an aryl group bearing an O-phenyl carbamate substituent to a cysteine residue. Next, this 

carbamate undergoes chemoselective acyl substitution by a proximal lysine to form a crosslink. 

The linkage so formed is stable towards acid, base, oxygen and external thiol nucleophiles. This 

method was applied to crosslink cysteine with nearby lysines in sortase A*. Furthermore, we used 

this method for the intermolecular crosslinking between a peptide and a protein based on the p53-

MDM2 interaction. These studies demonstrate the potential for palladium-mediated methods to 

serve as a platform for the development of future crosslinking techniques for peptides and proteins 

with natural amino acid residues.

Graphical Abstract

INTRODUCTION

Intra- and intermolecular crosslinking of peptides and proteins have been recognized as an 

important strategy to control protein conformations, enhance protein stability, study protein-

protein interactions, and improve pharmacological properties. For example, disulfide bonds 

formed between two cysteine side chains serve as a part of natural protein’s secondary or 
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tertiary structures, providing the essential framework for protein function and/or stability.1 

However, these naturally occurring crosslinking processes are significantly limited. As a 

consequence, chemists have developed numerous synthetic crosslinking methodologies2 that 

can link specific side chains in peptides3–7 and proteins8,9 for engineering their structures 

and properties.

Our groups have been interested in applying transition-metal-mediated cross-coupling 

strategies towards the modification of complex biomolecules.7e,7f,10 Recently, we reported 

that aryldialkylphosphine-based palladium oxidative addition complexes are able to mediate 

cysteine- or lysine-selective arylations.7f,10a Furthermore, bis-palladium complexes have 

been applied to prepare stapled peptides through the construction of intramolecular cysteine-

cysteine and lysine-lysine linkages.7e,7f In order to expand the generality of transition-metal-

mediated intra- and intermolecular protein crosslinking technology, we envisioned the use of 

a palladium oxidative addition complex bearing an appropriate electrophilic functional 

group. This bifunctional reagent could react with unprotected peptides or proteins through 

palladium-mediated cysteine-arylation,10a after which the bound electrophilic group could 

react with a proximal nucleophilic residue to furnish the desired crosslink. The main 

challenges associated with this strategy include avoiding hydrolysis of the bioconjugation 

handle prior to the crosslinking step and achieving chemo- and site-selectivity. Therefore, 

we anticipated that judicious choice of the electrophilic functional group would be required 

to achieve the desired transformation with a high level of selectivity.

O-aryl carbamates are mild electrophiles, which react with amines under basic conditions to 

form stable urea adducts. Recently, Schultz and co-workers reported an elegant new protein 

crosslinking method involving incorporation of noncanonical amino acids with side chains 

bearing an aryl carbamate.9 They demonstrated the efficient crosslinking formation between 

the aryl carbamate and the proximal lysine residues within proteins. Despite its utility, a 

limitation of this approach is that it requires the incorporation of an unnatural amino acid 

into each individual protein of interest.11 To compliment the Schultz technique, we aimed to 

develop a direct method to incorporate the O-aryl carbamate functional group at specific 

natural amino acid sites in unprotected peptides and proteins to form protein crosslinked 

connections. Specifically, we envisioned using a palladium complex bearing a phenyl 

carbamate group as a cysteine-lysine crosslinking method at natural amino acid residues to 

form a linker with stable S-aryl and urea attachments (Figure 1). In analogy to our previous 

work,10a we expected that the SH group of a cysteine would displace an appropriate leaving 

group (X) on Pd. The ensuing reductive elimination would provide the S-arylated 

intermediate. Subsequent nucleophilic attack by a proximal lysine residue would provide the 

crosslinked peptide or protein (Figure 1a). In addition, the same strategy could be used for 

intermolecular crosslinking between two biomolecules (Figure 1b).

RESULTS AND DISCUSSION

The palladium oxidative addition complex 1 bearing a phenyl carbamate can be prepared 

from phenyl N-(4-bromophenyl)carbamate in high yield, using our previously reported 

protocol with tBuBrettPhos as the ligand (Scheme 1).10a,12 This phenyl carbamate transfer 
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reagent is a solid that is stable in the air, and may be stored at 4°C for at least 5 months 

without detectable decomposition.13

We first examined the use of 1 for the intramolecular cysteine-lysine crosslinking in a model 

peptide 2, which also contained a variety of other nucleophilic amino acid residues such as 

tyrosine, serine, arginine, histidine and glutamine which possess nucleophilic groups on 

their side chains (Figure 2). In the presence of 1 (11 μM, 1.1 equiv) in 50 mM pH 8.5 

HEPES buffer in water/DMSO (95:5) solvent at 37° C for 24 hours,14 the substrate 2 (10 

μM) was converted to the desired intramolecular crosslinked product 3. The reaction 

outcome was characterized by liquid chromatography-ESI-QTOF mass spectrometry (LC-

MS). We observed the complete disappearance of 2, accompanied by the appearance of a 

new major peak corresponding to the loss of phenol and formation of a urea crosslinked 

product 3 (Figure 2). A small amount of the in-situ hydrolysis cysteine-arylation product 4 
was detected.

As confirmation of the chemoselectivity of this reaction, we mutated the lysine in peptide 2 
to leucine (Figure 3). Under identical conditions as above, crosslinking was not observed. 

Instead, despite the presence of numerous nucleophilic residues, only hydrolysis of the 

carbamate derived from cysteine S-arylation was observed by LC-MS analysis. This 

suggests crosslinking occurs selectively between cysteine and lysine residues in peptide 2 
using 1.

We next varied the distance between the lysine and cysteine residues to adjust the size of the 

newly formed macrocycle. Analogs of peptide 2, in which the relative position of cysteine 

and lysine residues ranged from i,i+1 to i,i+11, were prepared. When treated with the 

palladium complex 1 under the standard conditions, good-excellent yields of product were 

observed in all cases (Figure 4).

A high degree of stability of the linker and the macrocyclic peptide is key for any practical 

crosslinking methodology. Thus, we investigated the stability of the cysteine-lysine 

crosslinked peptide 3 under a number of conditions (Figure 5). When conjugate 3 (100 μM) 

was subjected to basic (500 μM K2CO3)15, acidic (10 mM HCl) or oxidative (open air) 

conditions, LC-MS analysis showed that no degradation had occurred after 24 hours. 

Additionally, no reaction of 3 was observed in the presence of the external nucleophile 

glutathione (500 μM) in Tris buffer (100 mM) at pH 7.5 over the same period of time.

This palladium-mediated methodology was next applied to the intramolecular crosslinking 

within a protein (Figure 6). Engineered sortase A (SrtA*, 7) containing one cysteine and 18 

lysine residues was chosen,16 in order to investigate the site-selectivity of the crosslinking. 

The X-ray crystal structure (PDB ID 2KID) of wild type SrtA shows that Cys(184) is close 

to Lys(134), Lys(162) and Lys(198) (Figure S1). Thus, we would expect that crosslinking 

between cysteine and these residues would be most probable. The reaction of SrtA* (7) with 

1 under the standard reaction conditions was conducted and the resulting reaction mixture 

was analysed by LC-MS. As expected, the disappearance of the peak corresponding to the 

SrtA* (7) with a mass of 19,214.5 Da was observed. This was accompanied by the 

appearance of a new peak corresponding to a mass of 19,331.7 Da, consistent with the 
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formation of an S-aryl and urea linkage to produce the desired product 8. To confirm the 

crosslinking site, the reaction mixture was subjected to trypsin and the resultant mixture was 

analysed by the LC-MS/MS (See the Supporting Information for details). The MS/MS 

fragmentation of the products (Figure S2) indicated that crosslinks had occurred between 

Cys(184) and either Lys(162) or Lys(198), in approximately equal proportion.

Our method was also used to form an intermolecular crosslinking between a peptide and an 

interacting protein. MDM2 protein (9) is known to bind to the peptide pDIQ with high 

affinity (Figure 7a).17 We carried out the crosslinking process in two separate steps. An 

advantage of this approach is that the product of the first step can be stored and used over a 

period of time. First, pDIQ analog 10 was prepared with the leucine residue mutated to 

cysteine (Figure 7a). To incorporate a phenyl carbamate group into the peptide substrate 10, 

we carried out the arylation reaction of 10 (50 μM) with the palladium oxidative addition 

complex 1 (55 μM, 1.1 equivalents, relative to 10) with 100 mM pH 7.5 phosphate buffer in 

water/DMSO (95:5) co-solvent at room temperature for 10 minutes. This yielded the desired 

arylation product 11 with complete conversion of 10 (Figure 7b). The product 11 was 

purified by a reverse phase HPLC to provide the pure product. Notably, even though it 

contains a free N-terminal amine, 11 does not undergo macrocyclization in acidic media 

during HPLC purification and can be stored in water at 500 μM in the freezer for at least 

three months.

The crosslinking reaction between the conjugate 11 and MDM2 (9) was carried out. MDM2 

(9) contains one cysteine and 9 lysine residues (Figure 8). The reaction of 9 (5 μM) and 10 

equivalents of 11 (50 μM) in pH 8.5 HEPES buffer produced the mono-crosslinked product 

12 (Figure 8a). In the deconvoluted mass spectra from LC-MS analysis, the original mass 

peak corresponding to 9 at 14,568.0 Da entirely disappeared and a single new peak at 

16,236.7 Da emerged, consistent with the loss of phenol and formation of a urea crosslink in 

the desired product 12. Notably, multiply crosslinked products were not observed. The LC-

MS analysis also showed that the conjugate 11 underwent intramolecular cyclization 

between the phenyl carbamate and its terminal amine to form the corresponding macrocyclic 

peptide. We note that although we only see product from the addition of one equivalent of 11 
to 9, we cannot say whether only one crosslinked species is formed. To demonstrate the 

observed selectivity in the crosslinking reaction of MDM2 (9) is not derived from the 

competing cyclization of 11, we added an additional 10 equivalents of 11 to the reaction 

mixture and waited for another 24 hours. Only a trace amount of the double-crosslinked 

product was observed (Figure S3), highlighting the crosslinking reaction is primarily 

mediated by the protein-peptide interaction.

Given the efficient crosslinking reaction between 9 and 11, we wondered whether the 

reaction was MDM2 (9) selective if carried out in a mixture of proteins (Figure 8b). To this 

end, 10 equivalents of the arylated pDIQ analog 11 (50 μM) and a mixture of three proteins, 

MDM2 (9, 5 μM), the C-terminal domain of HIV-1 capsid assembly polyprotein (CCA, 13, 

5 μM), which contains 6 lysines, and SrtA* (7, 5 μM), which contains 18 lysines, were 

incubated. Analysis by LC-MS indicated that the mono-crosslinked MDM2 (12) had been 
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formed (94% conversion determined by LC-MS) leaving CCA (13) and SrtA* (7) 

unmodified (Figure 8b).

In order to probe the relationship between binding affinity of the substrate peptide and the 

rate of intermolecular crosslinking with MDM2 (9), a second arylated MDM2 binder analog 

14 was prepared (See the Supporting Information for the details) and its reaction with 

MDM2 (9) was examined (Figure 9). Peptides 11 and 14 were derived from pDIQ (IC50 = 8 

nM) and pDI6N (IC50 = 400 nM) respectively, which have different binding affinities toward 

9.17 Indeed, the more tightly binding pDIQ analog 11 provided a higher conversion at every 

time point (1, 3, 6 and 9 hours) compared to that of the arylated pDI6N analog 14 (Figure 9).

CONCLUSION

In summary, we have developed a new protocol for peptide and protein crosslinking at 

natural amino acid residues using palladium oxidative addition complexes. This method 

involves the palladium-mediated arylation of cysteine residues to incorporate an O-phenyl 

carbamate group into peptides or proteins, followed by acyl substitution by proximal lysine 

residues. Compared to other cysteine-lysine crosslinking reagents such as N-

hydroxysuccinimide(NHS)-maleimide, NHS-pyridyldithiol or NHS-haloacetyl crosslinkers, 

the palladium oxidative complex 1 shows potential advantages in high linker stability and 

minimal hydrolysis side reactions. The method was successfully applied to intramolecular 

crosslinking of SrtA* (7) and intermolecular crosslinking between interacting MDM2 (9) 

and pDIQ analog 11 with excellent protein-selectivity. These studies demonstrate the 

potential for palladium oxidative addition complexes to serve as new reagents for protein 

crosslinking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Strategy for palladium-mediated peptide and protein crosslinking.
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Figure 2. 
Selective intramolecular peptide crosslinking using the palladium oxidative addition 

complex 1. (a) Palladium complex 1-mediated intramolecular crosslinking of model peptide 

2. (b) LC-MS analysis of starting material and the reaction mixture. The mass spectra for 

peptide 2 and 3 are shown as insets.
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Figure 3. 
Chemoselectivity of palladium complex 1-mediated peptide crosslinking is confirmed by 

mutation study. (a) Even in the presence of nucleophilic residues, no crosslink was formed in 

lysine-t0-leucine mutated model peptide 5 using the palladium complex 1, indicating 

crosslinking occurs between cysteine and lysine residues. (b) LC-MS analysis of starting 

material and the reaction mixture. The mass spectra for peptide 5 and 6 are shown as insets.
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Figure 4. 
Palladium oxidative addition complex 1 enables highly efficient cysteine-lysine crosslinking 

to form macrocycles with different sizes. (a) Tuning the size of the macrocycles. (b) Yield 

summary for the macrocyclization scan. Yield of the desired products were determined by 

LC-MS. See the Supporting Information for the details.
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Figure 5. 
Chemical stability of the intramolecular crosslinked peptide 3 (100 μM) under (a) basic (500 

μM K2CO3) condition; (b) acidic (10 mM HCl) condition; (c) oxidative conditions (air) in 

Tris buffer (100 mM, pH 7.5) and (d) in the presence of glutathione (500 μM) in Tris buffer 

(100 mM, pH 7.5). LC-MS analysis indicated that little or no decomposition had occurred 

after 24 hours.
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Figure 6. 
SrtA* (7) was crosslinked intramolecularly by the palladium complex 1. The deconvoluted 

mass spectra for the whole protein peak from LC-MS analysis of the starting material and 

crude reaction mixture are shown.
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Figure 7. 
Preparation of MDM2 binding peptide analog 11 bearing a phenyl carbamate. (a) X-ray 

crystal structure of MDM2-pDIQ complex (PDB ID: 3JZS) and design of pDIQ analog 10 
for cysteine arylation. (b) The palladium-mediated cysteine arylation of 10. LC-MS analysis 

showed full conversion of 10 to form the desired product 11.
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Figure 8. 
Protein-selective intermolecular crosslinking between a peptide and an interacting protein. 

(a) Intermolecular crosslinking of MDM2 (9) with the arylated pDIQ binder analog 11. The 

deconvoluted mass spectra for the whole protein peak from LC-MS analysis of the crude 

reaction mixture showed no multiple crosslinked products. (b) Protein-selective 

intermolecular crosslinking of MDM2 (9) in a protein mixture. Only MDM2 (9) was 

modified as indicated by the LC-MS analysis.
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Figure 9. 
The efficiency of intermolecular crosslinking of MDM2 is mediated by peptide binding 

affinity. (a) MDM2 (9) was reacted with two analogs 11 and 14 derived from two MDM2 

binding peptides of different affinities. (b) Summary of MDM2 conversion at different time 

points.
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Scheme 1. 
Synthesis of the Palladium Oxidative Addition Complex 1, which Bears a Phenyl 

Carbamate.
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