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A general probe designed to induce a cascading sequence of 
reactions on a target protein was efficiently synthesized. The 
cascading reaction sequence involved (i) ligand-directed 10 

azaelectrocyclization with lysine, and (ii) the autooxidation-
induced release of a fluorescence quencher from the labeled 
protein. The probe was linked to a cyclic RGDyK peptide to 
enable the selective visualization of integrin αVβ3 on the 
surfaces of live cells. 15 

Introduction 
A variety of novel chemical methods have been recently 
combined with biological techniques to achieve protein labeling. 
Successful examples include the Cu(I)-mediated Huisgen [3+2] 
cycloaddition,1 Staudinger ligation,2 and the strain-promoted 20 

Cu(I)-free Huisgen cycloadditon3 involving an azide that has 
been genetically, metabolically, or enzymatically introduced at a 
desired position within a protein or on a cell surface. Variants of 
the Cu(I)-free reaction,4 e.g., the tetrazine/norbornene D-A 
reaction4a-f and the base- or photo-induced nitrile 25 

imine/norbornene cycloaddition reaction,4g-i have been examined 
in an effort to improve the reactivity, chemo-orthogonal, and bio-
orthogonal profiles. Chemical methods in which a protein-
specific ligand is used to directly introduce a probe molecule 
have been investigated by Hamachi and co-workers.5 Their 30 

methods were successfully applied to the fluorescence labeling of 
proteins in cells, tissues, and living mice.6 

 Independently of these efforts, we have been investigating a 
lysine-based protocol for labeling peptides, proteins, and living 
cell surfaces (Scheme 1).7,8 The labeling reaction involves Schiff 35 

base formation and a subsequent rapid 6π-azaelectrocyclization.9 
The 1,2-dihydropyridine products are then spontaneously 
oxidized in aqueous media, which accelerates the hydrolysis of 
the ester and provides a zwitterion as the amino modification 
product. This method was used to efficiently and selectively 40 

introduce DOTA (1,4,7,10-tetraazacyclodecane-1,4,7,10-
tetraacetic acid) or fluorescent groups (substituents at R1, see 
Scheme 1) onto the lysine residues through a reaction with the 
unsaturated aldehyde probes 1 at very low concentrations (~10–8 
M) within a short period of time (10–30 min) at room 45 

temperature. This electrocyclization protocol was used to enable 

the successful visualization of receptor-mediated accumulation, 
circulatory residence, and trafficking of glycoproteins and/or 
lymphocytes via PET and non-invasive fluorescence imaging.7,8 
 50 

 
 
Scheme 1 Cascading reaction involving 6π-azaelectrocyclization, 
autooxidation, and hydrolysis. 
 55 

 The site-selective and non-destructive modification of target 
proteins has been achieved by directing reactive groups to a 
specific site using a small molecule ligand of the protein (Scheme 
2a).10 After the selective azaelectrocyclization of the probe 2 with 
the target lysine in human serum albumin (HSA), the ligand 60 

connected to the ester linkage was then spontaneously cleaved 
from the conjugated albumin. This ligand-directed approach may 
be applied to the selective and noninvasive labeling of target 
proteins in cell lysates, on cell surfaces, or even in living animals. 
The selective labeling of a target protein in a mixture of 65 

biomolecules, e.g., using fluorescence reporter groups, usually 
yields poor fluorescence contrast between the labeled protein and 
the unreacted probes. The development of labeling probes that 
are fluorescently silent by default (“caged” fluorescence) but are 
“switched on” when they selectively react with the target proteins 70 

would go a long way toward removing the unlabeled background 
fluorescence signal.6b,11 
 We therefore incorporated a fluorescence quenching system 
into an unsaturated aldehyde probe 3 (Scheme 2b),12 which could 
be unlocked only after an azaelectrocyclization-induced 75 

cascading reaction had proceeded in the presence of the target 
lysine. The coumarin moiety, which functioned as both a ligand 
of serum albumin and as a “caged” fluorescence reporter group, 
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was introduced at the left terminus of the probe 3, and DABCYL 
(4-[4-(dimethylamino)phenylazo]benzoic acid) was loaded via an 
ester linkage. The structural arrangement shown in 3 achieved 
efficient quenching of the coumarin fluorescence by DABCYL so 
that the probe 3 itself was non-fluorescent. Incubation of albumin 5 

with the probe 3 selectively labeled the lysine moieties proximal 
to the ligand-binding site, and the subsequent autooxidation and 
hydrolysis reactions released the DABCYL quencher to 
selectively recover the coumarin fluorescence within the albumin. 
Although probe 3 blocked the protein-binding site after labeling 10 

(this technique could be characterized as invasive protein 
labeling), this strategy enabled the sensitive detection of the 
target albumin, even in a mixture of several proteins and peptides, 
by achieving a high fluorescence contrast. 
 15 

 
 
Scheme 2 Two previously reported ligand-directed strategies for protein 
labeling. (a) Lysine-selective and noninvasive fluorescence labeling. (b) 
Lysine-selective and invasive “switched on” labeling. 20 

 
 We envisioned that the simultaneous introduction of bioactive 
peptide- or glycan-based ligands bound to a fluorescence 
quencher and to probe 3 through an ester linkage could permit the 
“switched on” labeling and imaging of receptors in live systems, 25 

e.g., on the surfaces of live cells or in live animals. Here, we 
report a general route to the preparation of fluorescence “switch 
on” probes that can conveniently bind to a variety of amine-
containing ligands during the last stage of synthesis through a 
combination of azaelectrocyclization and the strain-promoted 30 

click reactions. As a model case, the cyclic RGDyK peptide 
integrin αVβ3 ligand was loaded onto a new “switched on” probe, 
and the integrin αVβ3 was used to label live RAW264.7 cells 
(mouse leukemic monocyte macrophage cells). The cells were 
then selectively visualized through a cascading sequence of 35 

ligand-directed azaelectrocyclization and autooxidation-induced 
fluorescence recovery. 

Results and discussion 
 The application of the fluorescence “switched on” probes to 
imaging of various proteins in biological systems required that 40 

the synthetic route be general and practical, and that a variety of 
protein-selective ligands, i.e., peptides, could be installed during 
the last stages of synthesis. The introduction of complex and 
often hydrophilic molecules, e.g., peptides or glycans, to the 
relatively unstable (E)-3-alkoxycarbonyl-5-phenyl-2,4-dienal (see 45 

structure 3 in Scheme 2) through an appropriate ester linkage 
similar to that used to link the coumarin fluorophore and 
DABCYL quencher was not trivial. The conventional thiol-based 
or photo-induced ligation conditions led to the decomposition, 
polymerization, or isomerization of the (E)-carbonyl-2,4-dienal 50 

system. The dienals themselves were not appropriate substrates 
for the amide coupling reaction due to a rapid 
azaelectrocyclization reaction that occurred upon exposure to the 
free amino groups in the linker and/or the dienal molecules. 
 55 
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Scheme 3 One-pot sequence involving ligand functionalization with 
DIBO (1st step), loading onto a fluorescently “caged” probe (2nd step), and 
ligand-directed azaelectrocyclization and oxidation-induced fluorescence 60 

recovery (3rd step). 
 
 We eventually hit upon the idea that the unsaturated aldehydes 
with an azide functionality, such as 6 (Scheme 3), could be 
coupled to the acetylene-functionalized ligands 5 via a strain-65 

promoted click reaction3 during the last stage of synthesis. 
Previous investigations13 indicated that the strain-promoted click 
reaction was chemoselective toward the azides and strained 
acetylenes and did not destroy the dienal system. In this work, 
dibenzocyclooctyne (DIBO), developed by Boons and co-70 

workers,3e was used as the strained acetylene because this 
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acetylene displays a relatively high reactivity and is readily 
prepared from a simple starting material. 
 We also envisioned that various bioactive ligands, e.g., 
peptides, could be readily functionalized with the strained 
acetylene, DIBO, by submitting the DIBO aldehyde 4 to a rapid 5 

azaelectrocyclization reaction with lysine amino groups (Scheme 
3). The last two steps of the probe synthesis, i.e., peptide 
functionalization with DIBO (from 4 to 5) and coupling to the 
azide-aldehyde (5 + 6), and the subsequent ligand-directed 
“switched on” labeling of the target proteins, could all be handled 10 

in a one-pot process without isolating the unstable and complex 
intermediates. The synthetic route shown in Scheme 3 is 
applicable to a variety of peptides and other amine-containing 
ligands, once the DIBO-aldehyde 4 and azide-aldehyde 6 has 
been prepared as the two key intermediates of the probe synthesis. 15 

 Throughout this study, we focused on the use of an RGD 
peptide as an αVβ3-integrin ligand. αVβ3-Integrin is a cell 
adhesion molecule and is highly expressed on endothelial and 
tumor cells. The cyclic RGDyK peptide (see the structure shown 
in Scheme 5) is used as a strong integrin agonists in breast, brain, 20 

and lung cancer models.7b,14 This peptide presents an attractive 
model ligand for the selective imaging of cell surface integrin 
molecules via the fluorescence “switched on” strategy. 
 The synthesis of both intermediates 4 and 6 was carried out 
from the Boc-protected amines 8 and 11, which were previously 25 

synthesized through a key Stille coupling step (Scheme 4).7a,10 
Thus, the Boc and THP protecting groups of 8 were 

simultaneously removed by treatment with 6 M HCl in methanol. 
The resulting amino group was selectively acylated by DIBO 9 
activated by the p-nitrophenylcarbonate to yield the alcohol 10 in 30 

43% yield over two steps. Oxidation with the Dess Martin 
periodinane in CH2Cl2 for 20 min gave one of the key 
intermediates, the DIBO-aldehyde 4. 
 The two Boc protecting groups in 11 were simultaneously 
removed by treatment with 20% TFA in CH2Cl2 to give the 35 

unstable diamine. The more reactive aliphatic amine at the C3 
ester group was selectively reacted with the in situ–generated 
pentafluorophenyl ester of the DABCYL-azide acid 12 to provide 
13 in a 52% yield in two steps. The remaining anilino nitrogen 
group in 13 was acylated with 7-diethylaminocoumarin-3-40 

carboxylic acid in the presence of HATU and triethylamine in 
DMF to provide the coupling product 14 in a 79% yield. TBDPS 
deprotection was then achieved in a 47% yield by reaction with 
TBAF buffered with acetic acid in THF. Finally, the allylic 
alcohol was oxidized by the Dess Martin periodinane to afford 45 

the azide-aldehyde 6 as the second intermediate. The relatively 
unstable aldehyde 6, the structure of which was confirmed by the 
presence of the characteristic 1H NMR and MS signatures, was 
then immediately used in a strain-releasing click reaction with the 
acetylene-functionalized cRGDyK ligands to enable the labeling 50 

experiments (vide infra). 
  
 

 

 55 

 
Scheme 4 Synthesis of the DIBO- and azide-containing unsaturated ester aldehydes. HATU: O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 
hexafluorophosphate; TBAF: tetra-n-butylammonium fluoride. 
 
 Prior to performing the one-pot synthesis, “click” ligand 60 

loading, and cell surface “switched on” imaging studies, the 
efficiency of the cascade process involving the 
azaelectrocyclization and autooxidation-induced fluorescence 
recovery steps was determined using the azide-aldehyde 6 (Fig. 
1). As designed, the fluorescence spectroscopic analysis of 6 65 

(concentration of 6: 1.0 × 10–6 M, 10% MeOH in PBS) detected a 

fluorescence signal intensity that was 10% of the fluorescence 
intensity due to the 7-diethylaminocoumarin carboxylic acid 
moiety at 480 nm (excitation at 420 nm) as a result of efficient 
quenching. The quenching resulted from fluorescence resonance 70 

energy transfer (FRET) between the two proximal dyes in 6 (Fig. 
1a). Incubation at 25 °C of probe 6 with the n-octylamine (used 
as a model compound for lysine) resulted in a rapid two-fold 
increase in the coumarin fluorescence over 60 min (Fig. 1b). No 
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significant increase in fluorescence was observed in the absence 
of the amine (Fig. 1c), indicating that the DABCYL quencher had 
been released from the coumarin-modified octylamine through 
the azaelectrocyclization-initiated autooxidation and hydrolysis 
reactions. The formation of the zwitterion product was confirmed 5 

by MALDI-TOF-MS analysis (m/z = 570.3 (theoretical; 570.3 for 
C34H40N3O5 (M+H)+); thus, the amino group could be sensitively 
detected using the new “switched on” probe. Because the 1,2-
dihydropyridine could be rapidly oxidized and hydrolyzed during 
ionization by FAB, CI, ESI, and MALDI, an MS-based time-10 

course analysis of the 1,2-dyhydropyridine formation, oxidation, 
and hydrolysis processes was not possible, as reported 
previously.12  
 

 15 
 
Fig. 1 Monitoring the azaelectrocyclization-induced fluorescence 
recovery (10% MeOH in PBS, rt). (a) Comparison of the fluorescence 
intensities of the azide-aldehyde 6 and the 7-diethylaminocoumarin 
carboxylic acid. Time-course fluorescence spectra of 6 (b) in the presence 20 

of n-octylamine, and (c) in the absence of n-octylamine. 
 
 The promising fluorescence results led to an examination of 

the one-pot sequence of ligand-directed “switched on” labeling 
reactions, including (1) peptide modification by the strained 25 

acetylene, (2) “click” ligand loading of the probe 6, and (3) 
selective fluorescence “switched on” imaging of the integrins 
expressed on the cell surfaces (Scheme 5). The lysine amino 
group in the cyclic RGDyK peptide initially reacted with an 
equimolar amount of the DIBO-aldehyde 4 at room temperature. 30 

The peptide ligand was functionalized with the strained acetylene 
in quantitative yield over 30 min, as judging from the TLC and 
MS analysis. The reaction mixture was then directly treated with 
the azide-aldehyde 6 at 55 °C for 5 min, providing the desired 
RGDyK-loaded aldehyde 7 in approximately 50% yield based on 35 

the direct MS analysis of the reaction mixtures (Supplementary 
Information). 7 was found to decompose under either prolonged 
reaction times (in an attempt to improve the conversion to 7) or 
HPLC purification. The decomposition reaction resulted from the 
instability of the densely functionalized dienal moiety in 7. 40 

Nevertheless, the cell surface reaction of the azide-aldehyde 6 
was much slower than the reaction involving the integrin ligand 
in 7 (vide infra), and the mixture could be used directly in 
labeling experiments. 
 45 

 
 
Scheme 5 One-pot DIBO functionalization of the cyclic RGDyK ligand 
via (1) azaelectrocyclization and (2) loading onto a “switched on” probe 
by means of a strain-promoted click reaction. 50 

 
 Thus, the one-pot solution of the probe 7, as prepared in 
Scheme 5, was diluted to a concentration of 1 × 10–5 M in PBS 
(containing 0.05% DMSO) and was applied directly to 
RAW264.7 cells, which express high levels of αVβ3-integrin on 55 

the cell surfaces, and Hep3B cells, which express lower levels of 
αVβ3-integrin. The cells were cultured on glass cover slips (2 × 
105/50 µL) to facilitate imaging. Control experiments, in which 
the cells were treated with the azide-aldehyde 6 without the 
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cyclic RGDyK ligand, were performed under identical conditions. 
After treatment with the probes, the live cells were immediately 
analyzed (within 1 min)15 by confocal microscopy. 
 The green fluorescence derived from the coumarin fluorophore 
was clearly observed on the RAW264.7 cells treated with probe 7 5 

(Fig. 2a, middle panel), whereas no significant fluorescence was 
detected in the control cells treated with the azide-aldehyde 6 
(Fig. 2a, left panel). Fluorescence intensity (averaged at each 
cell) was 5.7 times higher for the cells treated by the probe 7, 
than those treated by the control 6. The fluorescence signals on 10 

the Hep3B cells treated with probes 6 or 7 were indistinguishable 
(Fig. 2b). These results indicated that the selective “switched on” 
labeling of the cell surface αVβ3-integrin was efficiently achieved 
through the strong RGD–integrin interaction. The results were 
further supported by treating the RAW264.7 cells with probe 7 in 15 

the presence of an excess of the acetylated RGDyK peptide (1 × 
10–4 M). The fluorescence intensity was significantly reduced by 
the presence of the competitive inhibitor (Fig. 2a, right panel). 
Despite repeated trials, the fluorescently labeled αVβ3-integrin 

could not be detected by SDS-PAGE analysis of the 7-treated 20 

RAW264.7 cell lysate, presumably due to the presence of small 
amounts of the αVβ3-integrin and/or instabilities in the 7-integrin 
conjugates during the lysis procedure. The data shown in Fig. 2 
suggested that the selective fluorescence recovery on the 
RAW264.7 cells was derived from the integrin-selective 25 

“switched on” labeling procedure. 
     The cell morphologies were not observed to vary during the 
labeling process. Thus, the “switched on” imaging of live cell 
surfaces under mild conditions, i.e., an exposure time of less than 
1 min at 37 °C, did not detectably affect the cell viability. Figure 30 

2a suggested that not all fluorescent probes appeared to be 
present on the cell surfaces. The azaelectrocyclization reaction 
with the unsaturated aldehydes proceeded smoothly at the lysine 
amino groups of the αVβ3-integrin on the cell surface, and it is 
possible that the labeled integrin was rapidly endocytosed within 35 

the experimental timeframe, as has been observed previously.8,13 
 

 

 
Fig. 2 Optical microscopy images of RAW264.7 and Hep3B cells treated with the fluorescence “switched on” probes 6 and 7. The bars indicate 20 µm. 40 

(a) RAW264.7 cells treated with the probes 6 (left panel), 7 (middle panel), and 6 in the presence of the NAc-cyclic RGDyK peptide (right panel). (b) 
Hep3B cells treated with 6 (left panel) and 7 (middle panel). 
 

Conclusions 
 In conclusion, we established a method for preparing a general 45 

“switched on” labeling probe for the detection of target proteins 
using a fluorescence quenching system. A variety of amine-
containing high-affinity ligands of target proteins, e.g., peptides 
or oligosaccharides, may be readily loaded onto the fluorescently 
“caged” probe 6 via azaelectrocyclization and a strain-releasing 50 

click reaction. The method was demonstrated using the cyclic 
RGDyK peptide as an integrin αVβ3 ligand loaded onto the 
“switched on” probe. The cell surface αVβ3-integrins were 
selectively imaged after carrying out a cascading sequence of 
ligand-directed azaelectrocyclization and autooxidation-induced 55 

fluorescence recovery reactions in the presence of the cells. 
Although many fluorogenic protocols have been combined with 
biological techniques in the past, purely chemical methods that 
employ novel reactivity strategies are quite rare.5,6 The results 
described here are applicable to the efficient imaging of target 60 

proteins in cell lysates or on live cell surfaces without the need 
for isolation and/or washing procedures. Direct labeling in living 

animals could enable in vivo molecular imaging immediately 
following injection of the probe. These studies are currently in 
progress in our laboratory. 65 
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