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ABSTRACT: Multicyclic peptides are appealing candidates for peptide-based drug discovery. While various methods are developed 

for peptide cyclization, few allow multi-cyclization of native peptides. Herein we report a novel crosslinker DCA-RMR1, which 

elicits facile bicyclization of native peptides via N-terminus-Cys-Cys crosslinking. The bicyclization is fast, affords quantitative 

conversion and tolerates various side chain functionalities. Importantly, the resulting diazaborine linkage, while stable at neutral pH, 

can readily reverse upon mild acidification to give pH-responsive peptides.

Multicyclic peptides have shown promise in peptide-based 

drug discovery and as a toolkit in chemical biology.1 The 

greater conformational rigidity and metabolic stability make 

multicyclic peptides appealing candidates for peptide-based 

drug development.2 An increasing number of multicyclic pep-

tides are found to show antibody-like affinity and specificity for 

challenging protein targets such as protein-protein interactions.3 

Importantly, selected multicyclic peptides have shown remark-

able oral availability, which presents an enormous advantage 

over antibody-based therapeutics.4 Although there are various 

methods developed for peptide cyclization, few methods exist 

for multi-cyclization of native peptides.5 Furthermore, facile 

multi-cyclization of native peptides is highly desirable for con-

structing genetically encoded peptide libraries to streamline 

molecular discovery.6  

Cyclization of native peptides calls for efficient and 

chemoselective conjugation of protein nucleophiles.7 Not sur-

prisingly, known examples of native peptide cyclization largely 

rely on Cys-Cys crosslinking due to the superior nucleophilicity 

of the thiol group (Figure 1a).8 Biocompatible and chemoselec-

tive reactions for other protein nucleophiles remain scarce.9 We 

recently reported a novel lysine conjugation, in which a syn-

thetic warhead, RMR1, exclusively reacts with a primary amine 

to give a diazaborine hydrate.10 Furthermore, RMR1 was found 

to react with an unhindered amine such as a lysine side chain 

over the alpha-amine of the N-terminus (Figure 1b). However, 

we report herein that RMR1 can react with N-terminal amine 

efficiently in an intramolecular setting to give cyclic peptides. 

In particular, when conjugated with a Cys-Cys crosslinker, 

RMR1 elicits N-terminus-Cys-Cys crosslinking to render bicy-

clization of native peptides with quantitative yields (Figure 1c). 

 

Figure 1: Native peptide bicyclization. (a) Cysteine mediated bi-

cyclization of native peptide in aqueous conditions (b) Diazaborine 

chemistry for targeting amines (c) Present work on diazaborine me-

diated bicyclization on native peptides. 

RMR1 conjugates with primary amines to give diazaborines 

via an imine intermediate. This conjugation mechanism affords 

exclusive selectivity to amines and full autonomous reversibil-

ity, with the conjugate dissociating over the time scale of 

hours.10 In contrast, salicylaldehyde and 2-formyl/acetyl-phe-

nylboronic acid (2-FPBA/2-APBA), which are also known to 

reversibly conjugate with amines, give imine conjugates of 
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much lower kinetic stability. Consistent with the kinetic stabil-

ity of the diazaborines, RMR1 binds amines with at least 10 

times greater thermodynamic propensity in comparison to sa-

licylaldehyde or APBA.10,11 These attributes of the diazaborine 

chemistry motivated us to investigate its use for peptide cycliza-

tion. To this end, we designed a bifunctional molecule DCA-

RMR1 (Figure 1c), which derivatizes RMR1 with 1,3-dichloro-

acetone (DCA), a moiety commonly used for Cys-Cys cross-

linking.12 Note that DCA reacts with Cys with a rate of 0.1-1 M-

1s-1 (reference 13), while the RMR1-amine conjugation is >10 

times slower (k2: ~10-2 M-1s-1, reference 10). We envisioned that 

this hierarchical reactivity will ensure quick Cys-Cys crosslink-

ing followed by RMR1 conjugation to proximal amines.  

 

Scheme 1: Synthesis of DCA-RMR1 

 

 

Figure 2: DCA-RMR1 elicited peptide bicyclization. (a) Bicy-

clization reaction using DCA-RMR1 on P1 (X = G) and P2 (X = 

A). (b) and (c) LC traces of P1 and P2 bicyclization over time (rec-

orded with absorption at 280 nm). # and *** denotes linear peptide 

and DCA-RMR1, respectively. * represents the desired bicyclic 

product and ## denotes the disulfide-cyclized peptide. 

The synthesis of DCA-RMR1 is summarized in Scheme 1 

with more details given in the ESI (Scheme S1-S4). With DCA-

RMR1 in hand, we first investigated its potential to elicit pep-

tide bicyclization using a CX6C peptide (CPFPSAWC) revealed 

from our earlier sortase inhibition studies.12 A Gly residue was 

installed onto the N-terminus of this peptide (Figure 2a) as the 

glycine amine is known to conjugate with RMR1 efficiently.10 

The resulting peptide P1 was incubated with DCA-RMR1 in 

PBS (pH ~8) and the bicyclization reaction was monitored via 

LC-MS. Satisfyingly, clean conjugation and efficient bicycliza-

tion was observed after 3 hr incubation, giving 90% of the bi-

cyclic product (Figure 2b, S2). It is important to note that the 

10% peptide remaining was found to be disulfide-cyclized. In 

that sense, the diazaborine-mediated bicyclization is quantita-

tive as no monocyclic peptide was observed. We further syn-

thesized the peptide P2, which carries an N-terminal Ala. P2 

also underwent quantitative bicyclization despite the reduced 

propensity of RMR1 to bind hindered amines (Figure 2c, S3-4). 

In contrast, the N-acetylated P2 just afforded a Cys-Cys cross-

linked monocyclic peptide (Figure S5), consistent with the N-

terminus mediated bicyclization of P2. The kinetic profiles of 

bicyclization were recorded by monitoring the UV-vis absorp-

tion of the diazaborine conjugate, which fits nicely to a single 

exponential equation (Figure S6). The curve fitting gives a t1/2 

of 21.7 and 27.6 min for P1 and P2 respectively. 

Motivated by the promise of bicyclic peptide libraries for in-

hibitor discovery,14 We investigated the applicability of our 

DCA-RMR1 mediated cyclization to diverse peptide se-

quences. Specifically, we synthesized a series of peptides (Fig-

ure 3), which harbor a varied N-terminal residue as well as var-

ied ring sizes of cyclization. All peptides were incubated with 

DCA-RMR1 at 100 µM concentration (PBS, pH ~8). The effi-

ciency and kinetics of bicyclization were respectively measured 

using LC-MS and UV-vis absorption. The LC-MS results (Fig-

ure 3a-c, S8-12) revealed efficient bicyclization for all peptides 

with an N-terminal Gly or Ala (P3, P4-G/A, and P5-G/A), re-

gardless of the resulting ring sizes or the exact peptide se-

quences. Furthermore, all these peptides exhibited comparable 

kinetics of bicyclization, although the P4-A and P5-A appeared 

to be slighter slower (by a factor of 2) than P4/5-G. We then 

expanded our investigation of the N-terminal residue effect on 

bicyclization using additional P4/5-X peptides. Interestingly, 

while most N-terminal residues elicited efficient bicyclization 

(Figure 3g), an N-terminal Thr caused some erosion of bicy-

clization efficiency, particularly within the P5 peptide series. It 

is important to note that, in all reactions, the only side products 

observed are the monocyclic peptides with unreacted RMR1 

and the disulfide-cyclized peptides at low percentages (Figure 

3d-e, S13-14). This less favorable bicyclization of P5-T is pre-

sumably due to the steric hindrance of the β-branched side chain 

of Thr as well as the expanded ring of the RMR1-N-terminus 

cyclization.   

The RMR1-amine conjugation is fully and autonomously re-

versible with the diazaborine dissociation happening on the 

time scale of hours.10 To assess the implications of this reversi-

bility in biological milieu, we first tested the stability of di-

azaborine-cyclized peptides in the presence of lysine as poten-

tial competitors. Specifically, we mixed the bicyclized P2 with 

lysine at 10 mM and 100 mM respectively. The lysine-triggered 

peptide uncyclization was recorded using LC-MS analysis, 

which revealed negligible uncyclization induced by 10 mM ly-

sine over 27 h incubation. Even at 100 mM, lysine only resulted 

in ~20% uncyclization with ~80 % bicyclic peptide remaining 

(Figure S16). These results suggest the diazaborine-cyclized 

peptides are quite resistant to the attack of endogenous amines. 

This robust stability is perhaps not surprising given the intra-

molecular nature of the diazaborine-mediated cyclization. 



 

 

Figure 3: Bicyclization of diverse peptide sequences. (a-c) LC traces (absorption at 280 nm) of the bicyclization reaction of P3, P4-G, and 

P5-A respectively. (d) and (e) LC traces (absorption at 280 nm) of selected bicyclized P4 and P5 peptides. * Represents the desired bicyclized 

peptides. Whereas # and *** denote the linear peptide and DCA-RMR1 (starting materials) respectively. ## and ** denote a corresponding 

disulfide-cyclized peptide monocyclic (RMR1 unreacted) peptide, respectively. (f) Kinetic parameters of the bicyclization reaction on vari-

ous peptides. (g) N-terminal residue effect on bicyclization. All the bicyclization reactions were carried out at 100 µM conc. of both peptide 

and DCA-RMR1 in 1× PBS, pH 8.

 
Figure 4: pH dependent bicyclization of DCA-RMR1 cyclized P2. 

(a) A schematic illustration. (b) pH dependent bicyclization effi-

ciency determined via LC-MS analysis. (c) Kinetic profile of bicy-

cle to monocycle transformation upon acidification (1× PBS, pH 3) 

recorded by monitoring the diazaborine absorbance (425 nm).  All 

the experiments were set up with 100 µM of peptide. 

Although resistant to lysine competition, we found that the 

diazaborine-mediated cyclization could be readily reversed 

upon acidification. To this end, we first examined the pH de-

pendence of RMR1-lysine conjugation using 1H-NMR. Specif-

ically, the 1H-NMR signature of a 10 mM RMR1-lysine mixture 

was recorded under varied pH’s (Figure S17). The results 

clearly show that lower pH triggered dissociation of the di-

azaborine conjugate. Such pH tunable properties have found 

wide use in the development of smart peptides for drug delivery 

and nanotechnological applicatioins.15,16 This prospect moti-

vated us to further explore the pH dependence of the DCA-

RMR1 mediated peptide bicyclization (Figure 4a). While the 

Cys-Cys crosslinking by DCA is irreversible, the diazaborine-

bicyclized peptides can be reversed back to its monocyclic 

forms. To study this monocycle-bicycle transition, we incu-

bated the bicyclized P2 in buffers of varied pH and determined 

the extent of bicyclic peptide remaining using LC-MS. Con-

sistent with the pH dependence of the RMR1-lysine conjuga-

tion, the diazaborine-bicyclized peptide appeared as the domi-

nant species in neutral and basic pH, while the monocyclic pep-

tide was found to be the major product under acidic conditions 

(Figure 4b, S18). Quantitative analysis of the monocycle-bicy-

cle conversion revealed a mid-point of transition around pH 6, 

which is quite relevant to the local environment of endosomes, 

lysosomes as well as selected tumor tissues. The kinetics of the 

uncyclization at acidic pH was measured by dissolving the bi-

cyclic P2 in a pH 3 buffer and monitoring the UV-Vis absorb-

ance at 425 nm over time. Fitting the kinetic profile to a single 

exponential equation yielded a t1/2 of 81.9 ± 1.0 min, which is an 

order of magnitude faster than the diazaborine dissociation at 

neutral conditions (Figure 4c).10 

In conclusion, we report herein a facile peptide bicyclization 

strategy, in which a trifunctional crosslinker DCA-RMR1 elic-

its efficient N-terminus-Cys-Cys crosslinking under physiolog-

ical conditions. Note that having lysines in the peptide sequence 

can complicate the bicyclization due to their competition 

against the N-terminus. This method furnishes near quantitative 

bicyclization for diverse peptide sequences and tolerates vari-

ous side chain functionalities on native peptides. The peptide 

bicycles feature a novel and rigid diazaborine crosslink, which 

results from the reversible conjugation of RMR1 with the N-

terminal amine of the peptides. Although reversible, the di-

azaborine linkage exhibits robust stability under neutral and 

basic conditions, showing strong resistance to the attack of en-

dogenous amines. However, the diazaborine-mediated cycliza-

tion can be readily reversed upon mild acidification, giving rise 

to a new strategy of designing pH-responsive peptides for bio-

logical applications.     
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