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Substituted meso-Vinyl-BODIPY as Thiol-Selective Fluorogenic 
Probes for Sensing Unfolded Proteins in the Endoplasmic 
Reticulum 

Huiying Mu,a Koji Miki,*a Takuya Kubo,b Koji Otsuka,b and Kouichi Ohe*a 

A new type of thiol probes (VBs) based on the meso-vinyl-BODIPY 

scaffold was developed. The monochloro-substituted VB1Cl is 

applicable for sensing small-molecule thiols and unfolded proteins 

with high selectivity and large fluorescence enhancement. The 

good organelle specificity of VB1Cl enables its utility for sensitively 

reporting the protein unfolding under ER stress in living cells. 

Biological thiols including small molecular thiols, such as 

glutathione (GSH) and cysteine (Cys), and thiol-containing 

proteins participate in diverse physiological and pathological 

processes within a cell.1 Alterations in the levels of small thiols 

and the irreversible overoxidation of Cys on proteins under 

oxidative stress are known to be associated with many human 

diseases, such as inflammatory diseases, Alzheimer’s, and 

cancers.2 Therefore, monitoring cellular thiol levels and 

selectively labeling protein Cys by fluorescence imaging should 

provide insight into the molecular mechanisms of the involved 

physiopathological processes.3 

Fluorogenic probes that have an ‘off’ state and can ‘turn-on’ 

fluorescence upon reaction with analytes, are attractive for 

sensitive detection and high-contrast bioimaging.4 Thiol-

reactive fluorescent probes have been extensively developed by 

exploiting diverse chemical reactions, such as thiol–disulfide 

exchange, maleimide–thiol addition, and thiol alkylation by 

iodoacetamide.3a,3c,5 Maleimide-based probes are the most 

representative examples for thiol-selective bioconjugation and 

detection.6 Keillor et al. have reported a series of dimaleimide-

based probes which allow specific and fluorogenic labeling of 

proteins that are genetically fused with a peptide tag.7 Very 

recently, Hong et al. demonstrated the use of maleimide-

functionalized tetraphenylethene (TPE) and its derivatives to 

sense the protein unfolding process in the endoplasmic 

reticulum (ER) of living cells.8 Protein folding in the ER is quality 

controlled by cellular proteostasis.9 Failure in proper protein 

folding can lead to a loss of protein function and the cytotoxic 

accumulation of unfolded proteins causes ER stress, which is 

associated with cell apoptosis and neurodegenerative disorders, 

such as Alzheimer’s disease and Parkinson’s disease.10 

Fluorogenic TPE derivatives could label the exposed Cys thiols 

upon protein unfolding, which are buried inside protein 

structures under the normal conditions. However, the short 

excitation wavelength (~400 nm) of TPE fluorophore may cause 

damages on biological specimens after long-term irradiation, 

and its broad emission (500–750 nm) could be readily 

overlapped with those of fluorescent markers during the multi-

color imaging. Moreover, the maleimide-based probes suffer 

from common limitations of compromised chemoselectivity to 

thiols and decreased stability of the maleimide-thiol adduct 

under relatively basic conditions, especially at pH > 8.11 

Herein, we report a new type of thiol-reactive fluorogenic 

probes, referred to as VBs, derived from meso-vinyl-BODIPY (Fig. 

1). The electron deficiency of the BODIPY core and the high 

nucleophilicity of the mercapto group enable the selective and 

fluorogenic addition reaction of thiols to the vinyl group, in a 

wide pH range (5–10). After the incorporating of electron-

withdrawing groups at the BODIPY core, the monochloro-

substituted VB1Cl, is applicable for sensing small-molecule 

thiols and labeling unfolded proteins with high selectivity and 

sensitivity. In living cell imaging, VB1Cl exhibited good organelle 

specificity in lysosomes and the ER. Furthermore, the potential 

utility of VB1Cl for detecting unfolded proteins under ER stress 

in living cells was demonstrated.  
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Fig. 1 Substituted meso-vinyl BODIPY (VBs) as thiol-selective fluorogenic probes 

for small thiol sensing and unfolded proteins labelling, prepared from meso-

methyl-BODIPY (MB). 
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The vinyl product VB was prepared from meso-methyl-

BODIPY MB) through a stepwise synthetic route (Scheme S1, 

ESI†).12 In an effort to increase the electrophilicity of VB, the 

electron-withdrawing chloro groups were introduced to the 

pyrrole ring of BODIPY core to yield VB1Cl and VB2Cl. The 

structure of VB1Cl was further identified by X-ray 

crystallography (Fig. S1 and Tab. S1, ESI†). With the probes VBs 

in hand, we then firstly investigated the photophysical 

properties. VBs exhibited extremely weak fluorescence with 

low fluorescence quantum yield (<0.006) in ethanol (Tab. S2, 

ESI†). The absorption and fluorescence maxima of chloro-

substituted probes VB1Cl and VB2Cl were slightly bathochromic 

shifted compared with VB, which is because the substitution 

with chloride at C2 and C6 position of BODIPY core decrease the 

HOMO–LUMO energy gap.13 Similar with the conventional 

tetramethyl-BODIPY dyes, VBs showed narrow absorption and 

fluorescence bands, which is ideal for multi-color imaging. The 

reaction of VBs with thiols was examined using a model reaction, 

in which the non-fluorescent VB was transformed to a highly 

fluorescent adduct through the addition of a thiol to the β-

carbon of the meso-vinyl group. The structures were confirmed 

by NMR and HR-MS analyses (Fig. S2, ESI†). We next 

investigated the response of VBs to biorelevant thiols by 

spectroscopic measurements. Upon the addition of Cys to the 

solutions of VB1Cl and VB2Cl, remarkable fluorogenic response 

was observed over time (Fig. 2a). After 1 h incubation, 232- and 

41-fold fluorescence enhancements were detected for VB1Cl 

and VB2Cl, respectively, which were much higher than that of 

VB (Fig. S3, ESI†). This result highlighted the increased reactivity 

of the meso-vinyl group upon incorporation of electron-

withdrawing groups at the BODIPY core. The more electron-

deficient VB2Cl weakened the turn-on fluorescence increment 

due to its relatively high fluorescence background. Therefore, 

probe VB1Cl was selected for further applications. 

To gain insight into the selectivity of VB1Cl, the fluorescence 

response toward various amino acids was examined (Fig. 2b). 

Among the amino acids tested, only Cys, GSH, and 

homocysteine (Hcy), which contain mercapto groups, induced 

significant changes in the fluorescence of VB1Cl, highlighting 

the probe’s high selectivity toward biothiols over other 

biological nucleophiles such as hydroxy and amino groups. 

Furthermore, the spectroscopic titration of VB1Cl toward small 

molecular biothiols was conducted (Fig. S4–S6, ESI†). Upon the 

addition of Cys, the fluorescence intensity of VB1Cl at 525 nm 

increased markedly, in a Cys-concentration-dependent manner, 

with a good linear correlation in the range 0–100 μM (Fig. 2d), 

while the absorption spectra remained unchanged (Fig. 2c). The 

effect of pH on the fluorescence response of VB1Cl to amino 

acids was also investigated (Fig. S7, ESI†). VB1Cl displayed good 

stability and exhibited weak fluorescence in the pH range 5–10, 

in which the response of VB1Cl to Cys could be activated (Fig. 

S7a, ESI†). It is important to note that VB1Cl displayed high 

chemoselectivity to thiols even under basic conditions at pH 9.8, 

without any response to lysine up to 24 h (Fig. S7b and S7c, ESI†). 

This property is relevant advantage of our VBs over the 

conventional maleimide-based thiol probes.11b,14 To evaluate 

the stability of VB1Cl and its thiol-adduct under basic conditions, 

the VB1Cl-GSH adduct was isolated by HPLC (Fig. S8a, ESI†). The 

time-dependent fluorescence of VB1Cl and VB1Cl-GSH were 

measured in a buffer solution at pH 9.8 (Fig. S8b, ESI†). The 

thiol-adduct remained intact after 24 h incubation, relying on its 

extremely high stability, which is superior to the maleimide-

based probes.15 The other adducts of VB1Cl with the Cys and 

Hcy were characterized by liquid chromatography-tandem mass 

spectrometer (LC-MS/MS) and HR-MS (Fig. S9, ESI†). Density 

function theory (DFT) calculations on VB1Cl and its thiol adduct 

at the B3LYP/6-31G(d) level supported the structural change of 

VB1Cl by an addition reaction, resulted in the turn-on 

fluorescence behavior (Fig. S10, ESI†). This result is in good 

accordance with the findings of previous studies on BODIPY 

having unsaturated and saturated functionalities at the meso 

position.12a  

We then explored the utility of VB1Cl for detecting the 

unfolded proteins by fluorogenic labeling of the exposed Cys 

residues upon protein unfolding. Initially, β-lactoglobulin 

LGB),10 which contains five buried thiols, was used as a model 

protein (~18 kDa) for the in-tube experiments. After the 

incubation of VB1Cl with LGB for 1 h, negligible fluorescence 

was observed (Fig. 3a and 3b). LGB could be denatured by urea 

in a concentration-dependent manner which was characterized 

by the decreased signals at 286 and 293 nm in near-UV circular 

dichroism (CD) spectroscopy (Fig. S11, ESI†).16 Treatment of 

unfolded LGB with VB1Cl gave bright fluorescence with a 

maximum 468-fold enhancement. Pretreatment with N-

ethylmaleimide (NEM), a thiol-quenching reagent, completely 

suppressed the fluorescence enhancement (Fig. 3a and 3b). 

Indications were therefore, that VB1Cl could selectively label 

unfolded proteins through the exposed Cys residues. The 

covalent conjugation of VB1Cl with unfolded LGB was also 

identified by quadrupole Time-of-Flight LC-MS/MS (Fig. S12, 

ESI†). Moreover, the fluorogenic response of VB1Cl was linearly 

correlated with the concentration of the unfolded LGB in the 

range 0–250 μM (Fig. 3c). In agreement with the CD 

measurements, the fluorescence of VB1Cl was changed in a 

urea-concentration-dependent manner. The urea 

Fig 2 (a) Time-dependent normalized fluorescence enhancement (FLprobe-Cys/FLprobe) of 

VBs in presence or absence of Cys (1 mM) in PBS (pH 7.2, 0.1 M)/MeCN (1/1, v/v). VB 

and VB1Cl: at 525 nm; VB2Cl: at 543 nm. (b) Selectivity of VB1Cl toward a variety of 

amino acids (1 mM) after 1 h incubation. (c) Absorption and (d) fluorescence spectra of 

VB1Cl upon treatment of Cys (0–1 mM). Insert: calibration curve of fluorescence 

intensity at 525 nm vs Cys (0–100 μM). Incubation time: 1 h. Dye: 5 µM. λex = 480 nm. 

(a) (b)

(c) (d)

0

1

2

3

4

5

6

C
o

n
tr

o
l

C
ys

H
cy

G
SH A
la

G
ln

G
lu

G
ly

H
is

Le
u

Ly
s

M
e

t

Se
r

Th
r

Ty
r

V
al

FL
 in

te
n

si
ty

 a
t 

5
2

5
 n

m
 (

×1
0

4
)

0

2

4

6

490 540 590 640 690 740 790

FL
 in

te
n

si
ty

 (
×1

0
4
)

Wavelength (nm)

0

0.1

0.2

0.3

400 450 500 550 600 650 700

A
b

so
rb

an
ce

Wavelength (nm)

R² = 0.991

0

2000

4000

6000

8000

0 40 80 120

FI
 a

t 
5

2
5

 n
m

Concentration of Cys (μM)

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120

N
o

rm
al

iz
ed

 F
L 

e
n

h
an

ce
m

en
t 

Incubation time (min)

VB

VB1Cl

VB2Cl



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

concentration for 50% of fluorescence enhancement of VB1Cl 

([Urea]1/2=4.0 M) was consistent with the reported value 

([Urea]1/2=4.3 M) that denatured 50% of LGB molecules (Figure 

3d).17a These results indicate that VB1Cl could sensitively detect 

the degree of protein unfolding by fluorescence output.  

The excellent thiol response of VB1Cl encouraged us to apply 

it in living cell systems. The cytotoxicity of VB1Cl was first 

assessed via MTT assays (Fig. S14a, ESI†). The viability of HeLa 

cells remained unchanged after incubation with VB1Cl (up to 10 

µM) for 24 h. Next, living cell imaging was performed with 

confocal laser scanning microscopy (CLSM). After the incubation 

of HeLa cells with VB1Cl at 37 °C for 1 h, VB1Cl penetrated the 

membranes and stained the cells with bright fluorescence from 

an emission channel (Fig. 4). When cells were pretreated with 

NEM before the VB1Cl staining, the intracellular fluorescence 

was substantially reduced. This indicated that the bright 

fluorescence stems from the selective reaction of VB1Cl with 

endogenous thiols, such as GSH and protein Cys residues. 

During the course of the cell imaging experiment, we found that 

VB1Cl seemed to have a particular imaging pattern inside cells 

(Fig. 5). We assumed that the hydrophobic VB1Cl (cLogP = 4.75) 

may favor its accumulation in the cellular membrane system. 

Indeed, VB1Cl was moderately colocalized with ER-Tracker Red 

with a Pearson’s correlation coefficient (PCC) value of 0.45 (Fig. 

5a). In contrast, the costaining of VB1Cl with MitoTracker Deep 

Red showed a low correlation (PCC = 0.03, Fig. S16, ESI†). By 

staining HeLa cells with VB1Cl, punctate signals were also 

observed at the perinuclear region and they were well merged 

with LysoTracker Deep Red (PCC = 0.71, Fig. 5b). These results 

indicated that VB1Cl could detect cellular thiols with organelle-

specificity ability in lysosomes and the ER. After the staining of 

living cells, cold methanol fixation was applied for the 

precipitation of cellular proteins by removing small molecules. 

Interestingly, the punctate pattern was significantly diminished 

while the ER labeling remained and dominated, showing a high 

colocalization with ER-Tracker Red (PCC = 0.93, Fig. 5c and 5d). 

In contrast, control molecule MB bearing an unreactive methyl 

group at the meso position could not label any proteins in cells 

(Fig. S17, ESI†). The results of living cell imaging of organelle-

specific VB1Cl suggest that detection of the punctate signals is 

probably due to the reaction with small-molecule thiols, such as 

GSH and digested proteins, in lysosomes and that proteins 

should be labeled in the ER through a stable covalent bond. 

Relying on the good organelle-specificity of VB1Cl, we finally 

used the probe to monitor the protein unfolding process 

occurring in the ER of living cells using CLSM imaging (Fig. 6). 

The ER stress was pharmacologically induced by antibiotic 

active tunicamycin10c,17 and proteasome inhibitor MG132,18 

which can cause an accumulation of unfolded proteins in the ER 

and inhibit proteasomal degradation of the unfolded proteins, 

respectively. Compared with the untreated cells, significantly 

increased fluorescence from the green channel in the ER was 

observed in the tunicamycin- or MG132-pretreated cells. The 

results demonstrate that VB1Cl indeed has the potential to 

label unfolded proteins under stimulation conditions that mimic 

proteostasis imbalance in living cells. 

In conclusion, we developed a new type of thiol-reactive 

fluorogenic probes, VBs, derived from meso-vinyl-BODIPY. 

Relying on the electron-deficient nature of the BODIPY core, the 

Fig. 5 Representative confocal images of living HeLa cells treated with 5 µM of VB1Cl for 

1 h and (a) ER-Tracker Red (1 µM) or (b) LysoTracker Deep Red (50 nM) for 15 min. (c) 

Confocal images of HeLa cells costained with VB1Cl and ER-Tracker Red, followed by 

methanol fixation. (d) Fluorescence intensity profiles of two kinds of emissions in the 

interested linear region across HeLa cells in the merged figure of (c). Scale bar: 20 μm 

or 5 μm. Colocalization areas are in yellow. Conditions: for VB1Cl, λex= 488 nm, λem = 

490–540 nm. For LysoTracker Deep Red, λex= 633 nm, λem = 640–720 nm. For ER-Tracker 

Red, λex = 561 nm, λem = 565–640 nm. 

Fig. 4 Confocal fluorescence images of cellular thiols by VB1Cl in living HeLa cells. Top: 

incubated with VB1Cl (5 µM) for 1 h; bottom: pretreated with NEM (2 mM) for 30 min 

and treated with VB1Cl for 1 h. λex = 488 nm, λem = 490–540 nm. Scale bar: 20 µm. 

Fig. 3 (a) Fluorescence spectra of VB1Cl (5 µM) treated with folded/unfolded LGB for 1 

h with/without by 4 mM NEM. Protein denaturant: 6 M urea in PBS (pH 7.2, 0.1 M); LGB: 

250 µM. (b) Fluorescence kinetic traces of Figure 3a. (c) Fluorescence titration of VB1Cl 

(5 µM) with unfolded LGB (0–250 µM). Inset: calibration curve of fluorescence intensity 

at 525 nm vs unfolded LGB. (d) Fluorescence intensity of VB1Cl reacted with 250 µM LGB 

denatured by urea (0–8 M). λex = 480 nm.  
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vinyl group could react with thiols in a Michael addition manner. 

The incorporation of chloride further facilitated the addition 

reaction. The optimized probe VB1Cl exhibited a remarkable 

fluorogenic response (>200-fold) with small-molecule thiols and 

unfolded proteins. When coupled with fluorescence microscopy 

imaging, VB1Cl is applicable for detecting cellular thiols with 

excellent organelle specificity in lysosomes and the ER. 

Furthermore, the utility of VB1Cl for sensitively reporting the 

protein unfolded process occurring in the ER of living cells under 

imbalanced proteostasis was demonstrated. Compared with 

the conventional maleimide-based probes, VB1Cl has obvious 

advantages in chemoselectivity to thiols and stability of the thiol 

adduct under basic conditions. 
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