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Abstract

We describe the dynamic and chemoselective conjugation between 2-formylphenylboronic acid (2-

FPBA) and L-2,3-diaminopropionic acid (L-Dap) yielding an imidazolidino boronate (IzB) 

complex. The IzB complex formation readily proceeds in biological milieu with little interference 

by common biomolecules except cysteine. We demonstrate the potential of this reversible 

conjugation for biological applications by creating “smart” peptides that specifically respond to 

cysteine in complex biological media. Specifically, the design and characterization of a 

fluorogenic sensor of cysteine is described.

Graphical Abstrct

Reversible conjugation reactions that readily proceed in biological media are rapidly gaining 

attention, not only in dynamic combinatorial chemistry,1 but also in ligand design to target 

biomolecules.2 The dynamic formation of boronate esters3–5 has been extensively 

investigated in the design of molecular probes for proteins, nucleic acids and carbohydrates 

and has given rise to the anticancer drug bortezomib.6 Similarly, the reversible Michael 

addition of thiols has been devised to enable covalent kinase inhibitors,7,8 and more recently 

sub-stoichiometric sensors of glutathione.9 Exploiting the reactivity of the amino groups in 

biomolecules, we and others have demonstrated the use of iminoboronate chemistry (Figure 

1A) to facilitate binding to proteins and lipids.10–12 Collectively these examples showcase 

the power of reversible covalent binding mechanisms in molecular recognition.

This contribution describes a new dynamic conjugation reaction, in which 2-

formylphenylboronic acid (2-FPBA) reversibly conjugates with 1,2-diamines to give 
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imidazolidino boronates (IzB). As a part of our studies of iminoboronate formation of amino 

acids, we recently reported the fast and chemoselective conjugation between 2-FPBA and 

cysteines.13 This conjugation proceeds via an iminoboronate intermediate to give a 

thiazolidino boronate (TzB) complex (Figure 1B). In comparison to the corresponding 

thiazolidine, a TzB complex enjoys greater thermodynamic stability due to formation of the 

N-B dative bond. Similar findings were independently reported by the Gois group around 

the same time.14 Herein, we show that L-2,3-diaminopropionic acid (L-Dap) reacts with 2-

FPBA via an analogous mechanism to give an IzB complex (Figure 1C). Interestingly, we 

found the IzB complex formation shows distinct thermodynamic and kinetic properties in 

comparison to the TzB analogue.

The IzB complex of 2-FPBA and L-Dap was confirmed by X-ray crystallography (Figure 

2A, Figure S1). X-ray analysis of the crystals obtained from a water/methanol mixture at pH 

7.4 revealed a fused multicyclic structure, featuring an imidazolidine ring that forms an N-B 

dative bond with the boronic acid moiety. Furthermore, mixed anhydride formation between 

the -COOH of L-Dap and the boronic acid affords an additional ring in crystal structure of 

the IzB complex. Not surprisingly, the IzB crystal structure displays a high degree of 

analogy to that of the TzB complex formed between 2-FPBA and cysteine.13

The IzB complex formation was further characterized via NMR spectroscopy. Mixing 2-

FPBA and L-Dap at 10 mM concentration resulted in quick and complete disappearance of 

the aldehyde peak of 2-FPBA at 9.8 ppm. Instead, a pair of new peaks emerged at 5.75 and 

5.85 ppm, which is indicative of imidazolidine formation. The ratio of the two peaks varies 

with high pH favoring the peak at 5.75 ppm and low pH favoring the 5.85 ppm peak (Figure 

2B). Similar to the TzB complex, we assign the dominant species at low pH (5.85 ppm peak) 

to be the mixed anhydride as revealed by the crystal structure, yet the 5.75 ppm peak 

corresponds to the hydrolysis (open) product of the mixed anhydride under slightly basic 

conditions. Different from TzB, an open IzB complex could in principle exist as two isomers 

with the α- and β-amine forming N-B dative bond respectively. It is challenging to 

determine the relative abundance of the isomers which are likely in quick equilibrium to give 

a single set of 1H-NMR peaks as seen in Figure 2B (pH 10).

We note that the IzB complex formation is not limited to L-Dap, but rather applies to 1,2-

diamines in general (Figure S2). Further analysis of the IzB formation revealed that the 

conjugation between 2-FPBA and L-Dap is rapidly reversible. Conveniently, 2-FPBA 

exhibits a characteristic absorption maximum at 254 nm, which drops substantially upon IzB 

formation. By monitoring the absorption change, we performed a dilution experiment to 

probe the dissociation kinetics. Upon 16.7x dilution of an IzB stock (1 mM), the dissociation 

reached equilibrium in less than 30 s as indicated by the plateau of absorption at 254 nm 

(Figure 2C). Fitting the relaxation curve yielded a relaxation time constant of 6.7 ± 0.3 s, 

which agrees nicely with the relaxation time constant extracted from the kinetic studies of 

the forward reaction (Figure S3). With the reversibility established, we performed an 

equilibrium titration experiment (Figure 2D), which yielded a Kd value of 100 (± 8) μM. The 

Kd value, in combination with the relaxation time constant, allowed calculation of the 

forward and backward reaction rate constants, which turn out to be 0.82 × 103 M−1 s−1 and 

0.082 s−1, respectively. The boronic acid-mediated fast conjugation (forward reaction) is 
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comparable to that of TzB formation, as well as the boronic acid-accelerated conjugation 

reactions of α-nucleophiles.15–18 However, the dissociation of the IzB complex is much 

faster than the TzB analogue. While the IzB complex dissociates over seconds upon dilution 

to 60 μM, the dissociation of the TzB complex is not observed even at 10 μM, which is the 

detection limit of the UV based analysis. Nevertheless, the TzB complex was found to 

exchange with an N-terminal cysteine bearing peptide over 1–2 hours,13 which suggests the 

TzB dissociation is much slower than IzB.

Similar to the TzB formation, we anticipate the IzB complex formation to show little 

interference from abundant biomolecules. Indeed, the addition of 10 equivalents of glucose, 

serine, lysine, and glutathione resulted in little change of the IzB signature peaks (Figure 3). 

Not surprisingly, the addition of cysteine does cause the dissociation of the IzB complex via 

competitive TzB formation. Specifically, the addition of 1 equivalent of cysteine (1 mM) 

converted 82% of the IzB complex to the TzB complex. Taking the Kd value of IzB 

formation as a reference, the competitive formation of the IzB and TzB complexes allowed 

estimation of the Kd value for TzB formation to be 4.6 μM. The low Kd value is consistent 

with the complete conjugation of 2-FPBA and cysteine even at low micromolar 

concentrations.13

The bioorthogonal IzB formation and its facile exchange with cysteine makes it suitable for 

developing “smart” peptides that sense and respond to cysteine, this important amino acid 

that plays various roles in biology. For example, abnormal levels of cysteine concentration 

are associated with many diseases including coronary heart disease.19 Furthermore, the 

IzB/TzB exchange should apply to important cysteine derivatives including proteins with N-

terminal cysteines, as well as bacillithiol, the redox regulator of Staphylococcus aureus.20 

“Smart” peptides21–23 have been developed to sense enzymes, pH or redox potential and 

have shown applications in imaging, hydrogel formation and targeted drug delivery. 

However, few examples describe peptides that respond to specific small molecule 

metabolites in complex biological milieu. Herein, we describe two different designs of 

cysteine-responsive peptides. First, installing an N-terminal L-Dap residue together with a 2-

FPBA motif yields a cyclic peptide that readily linearizes upon cysteine exposure (Figure 

4A). The peptide KL21 was synthesized as a proof-of-concept example and examined for 

cyclization using 1H-NMR (Figure S4). Under strongly acidic conditions (pH < 2), the 

peptide exists in the linear form with the signature aldehyde peak observed at 9.8 ppm. 

When the pH is raised above 5.9, the peptide is fully cyclized as suggested by the complete 

disappearance of the aldehyde peak and the appearance of the signature peak of IzB complex 

at 5.8 ppm. Consistent with the bioorthogonality of the IzB formation, the cyclic KL21 

exhibits remarkable stability under neutral conditions: the 1H-NMR signature of the peptide 

remains essentially unchanged with the addition of serine, glucose, lysine or glutathione 

(Figure S5). We then examined the response of KL21 to cysteine via a titration experiment 

(Figure 4C). As expected, the addition of cysteine caused the decrease of the IzB signature 

peak at 5.8 ppm and the concurrent appearance of the TzB signature peaks at 6.0 and 6.2 

ppm. Quantitative analysis based on the integrated peak areas yields an EC50 of 2.0 mM 

(Figure S6). The cysteine-induced peptide linearization encounters little interference by 

complex biological media: when prepared in solutions with 10% fetal bovine serum (FBS), 
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KL21 gave a titration curve essentially identical to that obtained without FBS (Figure S7), 

which nicely showcases the bioorthogonality of the IzB/TzB exchange.

As both the IzB and TzB formation is reversible, we anticipated that KL21 should be able to 

respond to the dynamic changes of free cysteine concentration in complex biological media. 

As a proof-of-concept demonstration, we recorded the 1H-NMR spectra of the KL21/

cysteine/FBS mixture over time. The overlaid spectra show gradual decrease of the TzB 

peaks and regeneration of the IzB cyclized peptide as a result of cysteine oxidation (Figure 

S8).

To better facilitate cysteine analysis in complex biological milieu, we sought to develop 

fluorogenic reporters of cysteine using the IzB/TzB exchange. Disappointingly, 

incorporating a fluorophore-quencher pair into KL21 failed to give fluorogenic responses to 

cysteine titration (Figure S9), likely due to insufficient fluorophore-quencher separation even 

in the linear form of the peptide. Alternatively, we explored IzB-mediated bimolecular 

association to develop fluorogenic sensors (Figure 4B). The peptides KL22 and KL23 were 

synthesized to display two copies of L-Dap and 2-FPBA residue respectively. Furthermore, 

KL22 was labeled with a fluorescein and KL23 was labeled with a dabcyl quencher (Figure 

S10). The bivalent display of 2-FPBA and L-Dap is expected to give specific and high 

affinity association of the two peptides. Indeed, a titration experiment monitored by 

fluorescence quenching (Figure S10) revealed that KL22 associates with KL23 at sub-μM 

concentrations (Kd: 0.3 μM). At such low concentrations, KL22–23 association would not be 

possible with a single IzB linkage. Instead, they must associate with two IzB linkages to give 

a cyclic complex. As expected, the KL22–23 complex dissociates with addition of cysteine, 

leading to strong fluorescence emission (Figure 4D). Fitting the titration curve yields an 

EC50 value of 0.2 mM, which nicely falls into the physiological concentration range of 

cysteine.24 The fluorogenic response is highly specific to cysteine: no fluorescence increase 

was observed with the addition of glutathione, glucose, serine, or lysine (Figure 4D). 

Excitingly, similar fluorogenic response to cysteine titration was observed even with the 

presence of 10% FBS (Figure S11).

To conclude, this contribution describes the dynamic conjugation between 2-FPBA and L-

Dap leading to the formation of an IzB complex. The IzB conjugation is rapidly reversible 

under physiologic conditions with an apparent Kd of ~100 μM. Importantly, the IzB 

formation is chemoselective showing little interference by abundant biomolecules except 

cysteine. The L-Dap and 2-FPBA combination, when incorporated into peptides, elicits 

spontaneous and rapid formation of cyclic peptides in either unimolecular or bimolecular 

fashion. The IzB cyclized peptides display robust stability in blood serum, yet are able to 

detect free cysteine and report the dynamic change of cysteine concentrations. A number of 

fluorescence sensors of cysteine have been documented in literature.24–27 These previously 

reported sensors detect cysteine via irreversible conjugation of cysteine to fluorophore-

derived aldehydes. Most of these conjugation reactions are kinetically slow and often require 

the use of acidic conditions. In contrast, the IzB/TzB exchange proceeds rapidly under 

physiological pH. More importantly, the IzB cyclized peptides react with cysteine in a 

reversible manner. Reversible, thermodynamically controlled sensors of analytes have been 
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scarce in literature,9,28 however they are desirable as they can be used to monitor the 

dynamic changes of the analyte in real time.

Although the unimolecularly cyclized peptide failed to give fluorogenic sensors of cysteine, 

we believe the cysteine-mediated decyclization will enable design of functional molecules in 

various applications. Furthermore, the dynamic exchange between IzB and TzB should be 

applicable not only to cysteine, but also to proteins with N-terminal cysteines, as well as 

small molecules that display 1,2-aminothiol functionalities such as bacillithiol found in 

bacterial pathogens.20 Our ongoing research is extending the IzB/TzB chemistry to detect 

these important biomolecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reversible conjugation chemistry of 2-formylphenylboronic acid.
A) Iminoboronate formation; B) TzB complex formation; C) IzB complex formation.
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Figure 2. Characterization of an IzB complex formation by 2-FPBA and L-Dap.
A) Stick representation of the crystal structure of the IzB complex. Crystals were obtained 

from a methanol/water mixture at pH 7.4. C: green; N: blue; O: red; B: wheat; H: white. B) 
1H-NMR spectra showing IzB conjugation at varied pH. The colored * denotes the proton of 

the same color in the structures. The samples were prepared with 10 mM reactants in 

phosphate buffers of varied pH. C) Dissociative relaxation kinetics of the IzB complex. The 

sample was prepared at 1 mM and diluted 16.7 times for kinetic measurement. D) Titration 

(binding) curve of 2-FPBA with L-Dap, analysis of which yields the Kd value. 2-FPBA was 

used at 50 μM concentration.
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Figure 3. 1H-NMR analysis of the bioorthogonality of the IzB conjugation.
The 1H-NMR signature of the IzB complex remains unchanged with the addition of 

common metabolites except cysteine. * and * asterisks denote the signature peaks of IzB and 

TzB respectively.
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Figure 4. IzB cyclized peptides that respond to cysteine.
A) Scheme of cysteine responsive KL21 peptide linearization. B) Scheme of dual peptide 

fluorescence assay for cysteine detection. F represents the fluorophore (fluorescein) and Q 

represents the quencher (dabcyl). The full structure and synthesis is given in the Supporting 

Information. C) 1H-NMR spectra of the KL21 with increasing concentrations of cysteine 

revealing the IzB and TzB exchange. * and * denote the signature peaks of IzB and TzB 

respectively. D) Small molecule titration with quenched dual peptide IzB complex (0.1 μM 

KL22 + 1 μM KL23) measuring fluorescence intensity.
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