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Abstract

As a rich source of therapeutic agents, peptide natural products usually adopt a cyclic or 

multicyclic scaffold that minimizes structural flexibility to favor target binding. Inspired by nature, 

chemists have been interested in developing synthetic cyclic and multicyclic peptides that serve as 

biological probes and potential therapeutics. Herein we describe a novel strategy for peptide 

cyclization, in which intramolecular iminoboronate formation allows spontaneous cyclization 

under physiologic conditions to yield monocyclic and bicyclic peptides. Importantly the 

iminoboronate-based cyclization can be rapidly reversed in response to multiple stimuli, including 

pH, oxidation and small molecules. This highly versatile strategy for peptide cyclization should 

find applications in many areas of chemical biology.
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Cyclic peptides are considered as privileged scaffolds because cyclization reduces 

conformational entropy and preorganizes key functional groups for target binding. This is 

nicely illustrated by the large number of peptide natural products that serve as therapeutic 

agents, including the immunosuppressant cyclosporine and the antibiotic of last resort 

daptomycin.1,2 Recently much attention has been paid to synthetic cyclic peptides designed 

to resemble the structure and function of their natural counterparts.3,4 A number of strategies 

have been introduced for the synthesis of cyclic and bicyclic peptides, including thioether 

formation,5,6 azide-alkyne click chemistry,7,8 olefin metathesis,9,10 KAHA ligation,11 C-H 

activation stapling,12 as well as formation of disulfide bonds and macrolactams.13 These 

strategies have enabled the preparation of cyclic and bicyclic peptide libraries, screening of 

which has yielded an impressive array of biological probes and potential therapeutics.3,13,14

“Smart” peptides that can turn on or off their activity in response to biological stimuli are 

desirable for a wide range of applications.15,16 For example, they may serve as reporters of 

local environment or enable targeted drug delivery. Except the disulfide chemistry,17 the 

peptide cyclization strategies known to date forge permanent linkages, hence unable to sense 

and respond to physiologic stimuli. Herein, we describe responsive peptide cyclization via 

spontaneous and reversible formation of intramolecular iminoboronates. Iminoboronates 

refer to structures where an imine nitrogen forms a dative bond with an adjacent boronic 

acid (Fig. 1a, b). The dative bond provides thermodynamic stabilization to the imine 

product. Recent publications from several groups including our own have shown that 

intermolecular iminoboronate formation is rapidly reversible under physiologic conditions 

with dissociation constants in the low mM range.18–22 We postulated that intramolecular 
iminoboronate formation should allow spontaneous and highly efficient cyclization of 

peptides. Importantly, cyclic peptides with iminoboronate linkages should be able to 

linearize in response to physiologic stimuli, therefore allowing facile control of their 

functions.

To test our hypothesis, we have developed an efficient synthesis for the unnatural amino acid 

AB3 (Fig. 1a, Fig. S1, SI), which shows improved propensity for lysine conjugation than 

AB1, a similar amino acid previously reported by our group (Fig. S2, SI). We envisioned 

that peptides incorporating an AB3-Lys pair should readily cyclize via formation of an 

intramolecular iminoboronate (Fig. 1b). Towards this end, we have synthesized a panel of 

peptides that display an AB3-Lys pair in various contexts (Fig. 1c). Characterization by UV-

vis, NMR spectroscopy and mass spectrometry clearly demonstrated formation of 

intramolecular iminoboronates for peptides P1–P9 (Fig. S3–13, SI). Taking P2 as an 

example, at pH 7.4, the sodium adduct of the cyclic peptide was clearly seen in mass-spec 

analysis, while only the linear precursor was observed at pH 4.0 (Fig. S6, SI). In 1H-NMR, 

with pH increase from 4.0 to 7.4, the acetyl –CH3 peak shifted from 2.6 to 2.4 ppm and the 

aromatic protons of AB3 displayed a more clustered pattern (Fig. 1d). Similar peak shifts 

were observed for intermolecular iminoboronate formation between AB3 and lysine (Fig. 

S4, SI). Further evidence of peptide cyclization was obtained from the 2D 1H-NMR data of 

P4 (Fig. 1e, Fig. S18–21, SI). At pH 7.8, the ROESY spectrum revealed a number of inter-

residue cross peaks including Lys-α(H)↔Ac-CH3 (strong), Lys-β(H)↔Ac-CH3(medium) 

and Lys-α(H)↔Ac-CH3(weak), which disappeared upon acidification.
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We note that cyclization of P2 afforded two new singlets (5:1 in ratio) at ~2.4 ppm, 

indicating a pair of stable conformational isomers of the iminoboronate product. 

Quantification with NMR showed that P2 cyclization proceeded to ~85% completion at pH 

7.4. Interestingly, the extent of cyclization appeared insensitive to the AB3-to-Lys distance 

up to five amino acids (P1–5, Fig. 1c) and dropped to 53% for P6, in which AB3 and Lys are 

separated by nine amino acids. In addition to the Ala-rich peptides, we have also synthesized 

P7-9 that incorporate a variety of polar residues. All three peptides showed high cyclization 

efficiency suggesting the iminoboronate-based cyclization can be applied to various peptide 

sequences. Interestingly, no cyclization was observed for P10 (Fig. S14, SI), where AB3 and 

lysine are positioned at i and i+2 positions. This lack of cyclization is presumably due to the 

ring strain of cyclic product. Similarly, no cyclization was observed when an AB1 residue 

was placed adjacent to a lysine in peptide sequences.22 Finally, the negative control peptide 

P11 (Fig. S15, SI), which presents a deborylated residue (AB4, Fig. 1a), showed no 

cyclization as expected due to the unfavorable imine formation in absence of the stabilizing 

boronic acid.

We envisioned that installing two AB3-Lys pairs could elicit double cyclization to give 

bicyclic peptides. To avoid potential regioisomers of crosslinking, we intentionally placed an 

AB3 and a lysine at i and i+2 positions (Fig. 2a), which should prevent crosslinking of these 

two residues according to what we learned with P10. The peptides P12 and P13 were 

characterized by using 1H-NMR, 11B-NMR and mass spectrometry, which collectively 

support double cyclization as predicted. Specifically, mass-spec analysis of P12 revealed the 

molecular ion and the sodiated adduct of the bicyclic product at pH 7.4 (Fig. 2b). In contrast, 

only the linear precursor was observed at pH 4.0 (Fig. S16, SI). A series of peaks observed 

in our mass-spec data correspond to the bicyclic peptide losing one or more water 

molecules, which is commonly seen for compounds presenting boronic acids.21 Similar 

results were obtained for P13 in mass-spec analysis (Fig. S17, SI). Further, the 11B-NMR 

spectrum of P12 in neutral buffer exhibits a peak at ~8 ppm, as expected for the partly anioic 

boron in iminoboronates (Fig. 2d). In contrast, an unconjugated AB3 residue displays 11B 

resonances at ~30 ppm (Fig. 2c). The disappearance of the 30 ppm peak at neutral pH 

indicates complete bicyclization of the peptide. Although less straightforward to analyze, 

the 1H-NMR data (Fig. S16–17, SI) did show clustering of the AB3 aromatic peaks upon pH 

change from 4.0 to 7.4, which is a signature of iminoboronate formation of AB3 as shown in 

Fig. 1d.

To assess the potential of the iminoboronate-cyclized peptides for biological applications, 

we first investigated the stability of the cyclic peptides in the presence of various 

biomolecules. Interestingly, we found that the peptide cyclization was not affected by small 

molecules like lysine (30 mM), glucose (5 mM) and glutathione (GSH, 5 mM) (Fig. S22, 

SI). Nor was it affected by model proteins or simply blood serum (Fig. S23–24, SI). The 

robust stability presumably originates from the intramolecularity of the peptide cyclization, 

which enjoys great thermodynamic advantage.

While stable at neutral conditions, the iminoboronate-based peptide cyclization is very 

sensitive to pH. To better understand the pH dependence, we performed a pH titration 

experiment with P4 cyclization quantified by 1H-NMR. The peptide was found to be >98% 
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cyclized at pHs above 8 and the cyclization efficiency drops rapidly with acidification (Fig. 

3a, Fig. S25, SI). Plotting the cyclization percentage against pH gives a sigmoidal curve with 

a mid-point of transition at pH 6.8. This makes the iminoboronate chemistry promising for 

applications in solid tumors, where mild acidification often occurs due to the high rate of 

metabolism.23,24

It is well documented that aryl boronic acids can be oxidized by biologically generated 

oxidants (O=NOO−, O2
•, H2O2).25,26 We assessed the response of an iminoboronate-

cyclized peptide (AF488-P8) to oxidation. Surprisingly, incubation of AF488-P8 with H2O2 

at biologically relevant concentrations (200 μM) resulted in no oxidation even after 24 hours 

(Fig. S26, SI). In contrast, unsubstituted phenyl boronic acid was oxidized in a few minutes. 

The much reduced propensity of the iminoboronate for oxidation is presumably due to the 

B-N dative bond, which protects the boronic acid against oxidation. Interestingly, the 

iminoboronate linkage in AF488-P8 was found to be very sensitive to peroxynitrite, which at 

20 μM concentration converted the boronic acid moiety into a phenol in less than 10 min. 

Due to loss of the dative bond, the iminoboronate oxidation resulted in rapid linearization of 

the cyclic peptide as confirmed by LC-MS analysis (Fig. 3b, Fig. S27, SI).

In addition to pH and oxidation, the iminoboronate-cyclized peptides show rapid response to 

α-nucleophiles, which we recently found to react with 2-acetylphenylboronic acid (the side 

chain of AB3) at neutral pH to form oximes and hydrazones.27 The oxime/hydrazone 

formation is reversible and exhibits more favorable thermodynamic equilibrium with Kd 

values in the low micromolar to nanomolar range. We envisioned that iminoboronate-

cyclized pepitdes, although stable to endogenous nucleophiles like amines and thiols, could 

be readily linearized by the addition of α-nucleophiles. Indeed, treating AF488-P7 at neutral 

pH with phenylhydrazine (11 μM) resulted in complete linearization of the cyclic peptide in 

less than 10 min according to LC-MS analysis (Fig. 3c, Fig. S28, SI). Similar results were 

observed when a cyclic peptide was mixed with aminoxy hexanoic acid (AOHA, Fig. S22, 

SI).

To further probe the potential of the iminoboronate-cyclized peptides for biological 

applications, we tested an iminoboronate-cyclized RGD peptide against SKOV3 cells, an 

ovarian cancer cell line known to overexpress the αvβ3 integrin (Fig. 4).28 Specifically we 

synthesized the peptide P9 that presents an RGDf (f: D-Phe) motif flanked by an AB3-Lys 

pair. The RGDf motif elicits potent and selective binding to the αvβ3 integrin when placed 

in an appropriate cyclic scaffold.28 According to 1H-NMR and mass-spec analyses (Fig. 

S13, SI), the peptide P9 cyclizes to 85% at neutral pH and is completely linear at pH 4.0. We 

postulated that P9 in cyclic forms should be able to bind SKOV3 cells, and the cell binding 

should be readily controllable with pH modulation or with exogenous small molecule 

modulators.

A commercially available, head–to-tail cyclized peptide P14 (cyclo-(RGDfC)) was used as a 

positive control. The SKOV3 cells were incubated with the AF488-labeled P14 and P9, at 

pH 7.4 and pH 6.0 respectively. As expected, the positive control P14 elicited strong staining 

of the SKOV3 cells at both pH (Fig. 4a, c). Interestingly, P9 at pH 7.4 afforded equally 

strong, if not stronger fluorescence staining of the cells (Fig. 4b), suggesting the 
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iminoboronate-based cyclization fully supports the integrin binding of the RGDf motif. In 

contrast, at pH 6.0, the AF488-labeled P9 yielded little staining of the cells, presumably due 

to the acid-triggered linearization of the peptide. Consistently, linearization of AF488-P9 

with phenylhydrazine abolished the peptide’s propensity to stain SKOV3 cells as well. 

These results nicely demonstrate the biological applicability of the iminoboronate-based 

cyclic peptides, as well as their versatility in responding to both endogenous and exogenous 

stimuli.

As described above, intramolecular iminoboronate formation allows peptide cyclization in a 

reversible manner. Finally we show that the iminoboronate linkage could be trapped via 

reduction of the imine to give permanently cyclized product (Fig. 5). Indeed, when a 

fluorophore-labeled peptide AF488-P8 was treated with sodium cyanoborohydride 

(NaCNBH3), a clean conversion (>95%) was obtained within 20 min according to LC-MS 

analysis (Fig. 5b, Fig. S29, SI). The clean reduction was further confirmed by 1H-NMR (Fig. 

S30, SI), which showed a dramatic shift of the acetyl –CH3 peak. Further, two sets of peaks 

were observed for the easily identifiable protons, indicating that the reduced product exists 

as a pair of diastereomers. The reduction strategy applies to bicyclic peptides as well: 

treating AF488-P13 resulted in a clean product with both iminoboronate linkages reduced 

(Fig. 5c, Fig. S29, SI).

To summarize, this contribution describes the use of iminoboronate chemistry for peptide 

cyclization. Specifically we have developed a synthetic amino acid AB3, which, when 

incorporated into a peptide, readily conjugates an adjacent lysine to give cyclic and bicyclic 

peptides with iminoboronate linkages. We note that several papers exist in literature 

documenting peptide cyclization via formation of intramolecular imines.29–31 This unusual 

mechanism of peptide cyclization originates from the conformational rigidity of the linear 

precursor and is extremely sensitive to the amino acid composition of the peptides.30 This is 

perhaps not surprising given the unfavorable thermodynamic equilibrium of imine formation 

in aqueous media. In contrast to simple imines, iminoboronates enjoy much greater 

thermodynamic stability due to stabilization by the dative bond. At neutral pH, the 

iminoboronate-cyclized peptides display surprisingly robust stability against commonly seen 

biomolecules. Excitingly, despite the robustness in biological milieu, the iminoboronate-

mediated cyclization can be readily reversed with acidification, oxidation, and addition of 

exogenous small molecule modulators. We believe the quick response to multiple stimuli 

will make the iminoboronate cyclization strategy useful for a wide range of applications in 

biotechnology.
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Refer to Web version on PubMed Central for supplementary material.
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Fig.1. 
Iminoboronate-mediated peptide cyclization. a) Structure of the unnatural amino acids 

designed for iminoboronate chemistry; b) illustration of the iminoboronate-based peptide 

cyclization; c) peptide sequences and their cyclization efficiency at pH 7.4; % cyclization 

was determined by 1H-NMR with peptides at 0.5 mM, which is significantly lower than the 

Kd values of intermolecular iminoboronate formation (Figure S2). d) 1H-NMR spectra of P2 

illustrating the pH-dependent cyclization; e) ROESY spectrum of P4 showing NOEs 

between AB3 and Lys.
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Fig.2. 
Iminoboronate-mediated peptide bicyclization. a) Peptide sequences designed for 

bicyclization; b) mass spectrum of P12 at pH 7.4; c) 11B-NMR spectrum of P12 at pH 4.0; 

d) 11B-NMR spectrum of P12 at pH 7.4. The truncated peaks at 20 ppm are from boric acid 

used as internal reference. The characterization data of P13 are included in Fig. S17, SI.
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Fig. 3. 
Iminoboronate-cyclized peptides responding to various stimuli. a) pH titration curves 

showcasing the sharp pH sensitivity of the iminoboronate-mediated peptide cyclization; b) 

LC chromatograms demonstrating the quick oxidation of AF488-P8 by peroxynitrite; c) LC 

traces showing linearization of AF488-P8 by phenylhydrazine.
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Fig. 4. 
Integrin binding of an iminoboronate-cyclized peptide. The images shown are phase contrast 

(top), fluorescence (middle) and overlay (bottom) respectively. a) AF488-P14 at pH 7.4; b) 

AF488-P9 at pH 7.4; c) AF488-P14 at pH 6.0; d) AF488-P9 at pH 6.0; e) AF488-P9L, a 

phenylhydrazine conjugate of AF488-P9 at pH 7.4. All peptides were used at 10 μM 

concentration for the cell binding studies. Scale bar: 20 μm.
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Fig. 5. 
Iminoboronate reduction yielding permanently cyclized peptides. a) Schematic illustration 

of the iminoboronate reduction to give irreversible peptide cyclization; b) LC 

chromatograms of AF488-P8 before (top) and after (bottom) reduction; c) LC 

chromatograms of AF488-P13 before (top) and after reduction (bottom) reduction.
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