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Ionic dyes that distribute across membranes according to elec- 
trical potential have proven valuable as fluorescent indica- 
tors of mitochondrial energetics in living cells. Applications 
have been limited, however, as potential-dependent stain- 
ing is lost during cell fixation. We have produced a mem- 
brane potential indicator whose potential-dependent distri- 
bution can be made permanent, to enable correlation of 
membrane potential with cytochemical information from 
immunofluorescence. A carbocyanine dye was derivatized 
with a photoreactive nitrophenylazide moiety so that irradi- 
ation would induce nonspecific, covalent attachment to 
nearby molecules. Photo-induced cross-linking was observed 
in paper chromatography, when irradiation caused immobili- 
zation of the dye. The new dye, named PhoCy (photofixa- 
ble cyanine), showed specific staining of mitochrondria in 

Introduction 
Potential-sensitive fluorescent dyes have been valuable for study- 
ing membrane potential in living cells and tissues (1-4). Mitochon- 
drial potential has been studied in individual living cells (1-5), using 
dyes that reflect membrane potential through charge-sensitive par- 
titioning of dye across membranes (5,b).  For example, the mem- 
brane-permeant cationic probes (e.g.. cyanines, safranin, and Ja- 
nus green) are accumulated to a modest degree in the cytoplasm 
of hyperpolarized living cells, but they are significantly deposited 
within mitochondria owing to the large negative mitochondrial 
membrane potential. The distribution of probe can be visualized 
and quantified with imaging microscopes and can be monitored 
in time after perturbation of cells with various pharmacological re- 
agents. These probes enable visualization of potential changes, but 
unfortunately potential-dependent staining is lost during cell fixa- 
tion. To investigate relationships between membrane potential and 
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living Swiss 3T3 fibroblasts. When living cells were stained, 
irradiated, and f t ed  with formaldehyde, mitochondrial stain-  
ing was retained owing to cross-linking with mitochondrial 
components. Omission of irradiation eliminated mitochon- 
drial staining in fiied cells. Labeling, irradiation, and fixa- 
tion procedures were optimized to produce bright specific 
staining with minimal background. The indicator’s sensi- 
tivity to mitochondrial potential was demonstrated by treat- 
ing cells with 2,4-dinitrophenol, an uncoupler of mitochon- 
drial electron transport, which decreased mitochondrial 
staining in living cells and in the corresponding Fued speci- 
mens. ( J  Hisrochem Cyrochem 4k631-634, 1993) 
KEY WORDS: Mitochondria; Potential; Photoreactive; Cross-linking; 
Cyanine; Nitrophenylazide; Immunofluorescence; Living cell. 

various structural properties that can be visualized with the use 
of fluorescent antibodies, a method must be developed to “lock 
in” the potential-dependent staining intensity obtained with the 
potential sensitive probes. We report here the synthesis and appli- 
cation of a new fluorescent indicator of mitochondrial potential 
whose potential-dependent staining is retained in fixed specimens. 

The indicator was produced by covalently coupling a photoreac- 
tive nitrophenylazide moiety (7) to a dye that senses potential 
through charge-dependent partitioning into mitochondrial mem- 
branes. Irradiation of living cells stained with the dye led to cova- 
lent cross-linking of the dye to components of the mitochondria. 
Therefore, after fixation, mitochondrial staining was retained and 
reflected the potential at the time of irradiation. The indicator 
preserves, in the fixed sample, a “snapshot” of mitochondrial poten- 
tial which can be correlated with cell morphology using immuno- 
staining or other techniques made accessible through cell fixation. 

Materials and Methods 
Organic Synthesis. Dyes have been named using a system of code num- 

bers that encompasses all dyes from ongoing programs in the Waggoner 
laboratory (8). The dye synthesis is shown in Figure 1. All reagents and 
materials for synthesis were purchased from Aldrich Chemical (Milwau- 
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Figure 1. Synthesis of Cy3.500. (a) HCI, 
CH30H; (b) CH30CHO; (c) CH3I; (d) pyri- 
dine, CH(OEt)3; (e) HCI, CH3OH; (f) 4-fluoro- 
3-nitrophenylazide, NEt3. 

kee, WI). Flash-column chromatography was performed using 60 230-400- 
mesh silica gel. Silica gel TLC plates were obtained from Analtech (New- 
ark, DE). Absorbance spectra were obtained on a Hewlett-Packard 8452 
diode array spectrophotometer, and we are grateful to the mass spectrome- 
try facility of the University of Pittsburgh for providing mass spectral anal- 
yses. Proton NMR spectra were recorded on an IBM 300 FT-NMR. Chemi- 
cal shifts are in parts per million relative to internal tetramethylsilane 
standard. Abbreviations used in NMR assignments are: s, singlet; d, dou- 
blet; t,  triplet; q. quartet; m, multiplet; b, broad; Hz, Hertz. 

3,3-Dimethyl-2-methylene-5 -aminomethylindoline (II) . 3,3 -dimethyl- 
2-methylene-5-(phthallimidomethyl)indoline (8) (I) (2 g, 6.3 mmol) (starting 
materials: 2,3,3-trimethylindolenine, Aldrich catalogue T7,680-5; N-(bro- 
momethyl)phthalimide, Aldrich catalog 25,261-1) was dissolved in 50 ml 
2:1 concentrated HC1:methanol and refluxed under nitrogen for 19 hr. Af- 
ter cooling to room temperature under nitrogen, water was added and the 
reaction mixture was extracted with dichloromethane. The aqueous extract 
was brought to pH 10 with ammonium hydroxide and extracted with ethyl 
acetate. The ethyl acetate was stirred over sodium sulfate, filtered, and evapo- 
rated under reduced pressure to yield 3,3-dimethyI-2-methylene-S-amino- 
methylindoline as a viscous oil (50% yield): PMR (CDCI3) 7.46, d, 1H 
(8 Hz); 7.26, s, 1H; 7.20, d, lH(8  Hz); 3.88, s, 2H; 2.25, s, 3H; 1.28, s, 6H. 

3,3-Dimethyl-2-methylene-5-(N-formyl)aminomethylindoline (III). 3,3- 
Dimethyl-2-methylene-5-aminomethylindoline (11) (1.9 g, 10 mmol) was 
dissolved in 150 ml methyl formate (Aldrich catalogue 17,667-2) inflame- 
dried glassware and refluxed under nitrogen for 22  hr. Undissolved I1 went 
into solution after several hours of reflux. Evaporation of the reaction mix- 
ture under reduced pressure produced a nearly quantitative yield of 3,3- 
dimethyl-2-methylene-~-(N-formyl)aminomethylindoline as a viscous oil. 
PMR (CDC13) 8.28, s, 1H; 7.48, d, 1H (8 Hz); 7.23, S ,  1H; 7.18, d, 1H 
(8 Hz); 4.52, d, 2H (6 Hz); 2.28, s, 3H; 1.29, S, 6H. 

1,3,3-Trimethyl-2-methylene-5-(N-formyl)aminomethylindoline 
(IV). 3,3-Dimethyl-2-methylene-5-(N-formyl)aminomethylindoline (111) 
(2.2 g, 11 mmol) was dissolved in iodomethane (9 g, 63 mmol) (Aldrich 
catalogue 1-850-7). The solution was heated on a steam bath in a sealed 

tube for 6 hr and kept sealed at room temperature for an additional 20 hr. 
The tube was opened and the reaction mixture evaporated to dryness with 
a steam bath. Residual solid was dissolved in methanol, transferred from 
the tube, evaporated, triturated with ether, and dried. The resulting solid 
was 1,3,3 -trimethyl-2 methylene- 5 -(N-formyl)aminomethylindoline (>90% 
yield). PMR(DMSO-d6) 8.18, s, 1H; 7.86, d, lH(8 Hz); 7.69, s, 1H; 7.49, 
d, 1H (8 Hz); 4.42, d, 2H (6 Hz); 3.95, s, 3H; 2.75, s, 3H; 1.51, s, 6H. 

Dye Cy3.498. This procedure was based on previously described methods 
(9). 1,3,3-Tr~ethyl-2-methylene- 5-(N-formyl)aminomethylindoline (N) (1.5 
g, 4.4 mmol) was dissolved in 15 ml dry pyridine, and maintained at 100°C 
under nitrogen. With vigorous stirring, triethylorthoformate (685 mg, 4.6 
mmol) (Aldrich catalogue 30,405-0) was added in five portions over 1 hr 
and the solution was brought to reflux. After 3-hr reflux, additional triethylor- 
thoformate (890 mg, 6 mmol) was added and reflux was continued for 2 hr. 
Product formation was followed by monitoring the uv absorbance of solu- 
tion aliquots. The reaction mixture was cooled and ether was added to precipi- 
tate the solid red dye Cy3.498, which was collected by vacuum filtration 
and dried under reduced pressure (>90% yield). PMR (DMSO-d6) 8.30, 
t. 1H (14 Hz); 8.16, s, 2H; 7.53, s, 2H; 7.42, d, 2H (8 Hz); 7.36, d, 2H 
(8 Hz); 6.44, d, 2H (8 Hz); 4.38, d, 4H (14 Hz); 3.65, s, 6H; 1.68, S ,  12H. 

Dye Cy3.49 (Dihydrochloride Salt). Dye Cy3.498 (1.5 g, 2.6 mmol) 
was deprotected using the procedure of Dhawan and Southwick (10). It 
was dissolved in 65 ml 5:60 concentrated HC1:methanol and stirred at room 
temperature for 12 hr. Absolute ethanol (400 ml) was added, and the solu- 
tion was evaporated, triturated with ether, and dried to produce solid red 
dye 3.499 (40% yield). This dye was sometimes recrystallized from iso- 
propanol/ether. PMR (DMSO-d,) 8.32, t, 1H (14 Hz); 7.82, s, 2H; 7.57. d, 
2H (8 Hz); 7.50, d, 2H (8 Hz); 6.50, d, 2H (14 Hz); 4.09, b, 4H; 3.71, s. 
6H; 1.70, s, 12H. 

PhoCy. Dye Cy3.499 dihydrochloride (107 mg, 0.2 mmo1)was dissolved 
in 20 ml ethanol. Triethylamine (114 mg, 1.1 mmol) (Aldrich catalogue 
23,962-3) was added, causing the starting material to dissolve fully. The 
reaction vessel was covered with foil to exclude light and 4-fluoro-3- 
nitrophenylazide (600 mg, 3.2 mmol) was added. The solution was stirred 
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Figure 2 Mitochondrial staining in a Swiss 3T3 fibroblast fixed with formaldehyde When irradiation was omitted and images were processed identically to the 
one shown here, no fluorescence was visible Bar = 5 pm 

under nitrogen at 40'C for 5 5  hr, then cooled and eluted through a plug 
of silica gel with 9:l dichloromethane:methanol to remove polar impuri- 
ties. which remained adsorbed to the silica. The eluant was evaporated to 
yield solid red PhoCy, which was dried under reduced pressure. All manipu- 
lations were performed at the lowest possible light level. The dye was some- 
times purified using silica flash chromatography, eluting with 9 7 3  dichloro- 
methane:methanol. The reaction and column could be monitored with silica 
thin-layer chromatography, using 9:l dich1oromethane:methanol. PMR 
(CDCI3) 8.4, complex overlapping multiplets, 5H; 7.0-7.5, complex over- 
lapping multiplets, 8H; 6.85. d ,  2H (14 Hz); 4.62, d ,  4H (7 Hz); 3.81, s, 
6H; 1.71. s. 12H; FAB MS molecular ion = 739; absorbance 1,, = 556 
nm; E = 130,000 M-'. 

Paper Chromatography. PhoCy was spotted on strips of filter paper and 
eluted with methanol. Irradiation was performed for 3 and 8 min using 
a 6-W hand-held w lamp (Cole Parmer 9815 Series; mercury vapor 254 
nm) held within 2 cm of the paper. 

Cell Culture and Preparation. Buffers and other chemicals were ob- 
tained from Sigma (St Louis, MO) unless otherwise noted. Swiss 3T3 mu- 
rine fibroblast cells (CCL92) (American Type Culture Collection; Rockville, 
MD) were maintained in DME (Dulbecco's modified Eagle's medium), 
(Gibco; Grand Island. NY), pH 7.4, containing 2 mglml penicillin, 0.05 

mg/ml streptomycin, and 10% calf serum. Cells were subcultured every 
3-4 days by trypsinization using 0.05% trypsin and 0.02% EMA in a Ca- 
and Mg-free saline solution (Gibco). All cell cultures were incubated in 
a humidified 5 %  CO2 environment at 37'C. Cell passage number ranged 
from 122-126. 

To obtain well-spread single cells, 5 x lo4 cells were plated onto 22- 
mm2 coverslips in 60-mm culture dishes in DME containing 0.2% calf se- 
rum (serum-deprivation medium). Cultures were typically serum-deprived 
for 2 days and then processed for mitochondrial staining. 

Cell Staining and Imaging. Serum-deprived 3T3 cells were incubated 
in 100 nM PhoCy in Hanks' balanced salt solution (Gibco) for 14 min at 
37°C. rinsed briefly three times in dye-free serum-deprivation medium, 
and then irradiated for 2 min in this dye-free medium (depth of medium 
2 mm). For treatment with 2.4-dinitrophenol, cells were incubated in Hanks' 
balanced salt solution containing 3 mM 2,4-dinitrophenol and 100 nM P h d y  
for 8 min after incubation with dye alone. A 200-W mercury arc lamp (HBO 
200) was used. held 50 cm from a mirror directly over the cells. The mirror 
reflected light into the culture dishes, whose lids were removed during ir- 
radiation. After irradiation, cells were fixed as described previously (11) in 
2% formaldehyde in Hanks' cytoskeletal stabilizing buffer for 10 min (pH 
6.1,37"C), rinsed three times ( 5  min each). and mounted in Gelvatol mount- 
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ing medium (Monsanto; Springfield, MA) containing 30% glycerol with 
1% N-propyl gallate added as an anti-bleaching agent. Images were ob- 
tained at x 100 magnification with a fluorescence microscope equipped 
with a cooled CCD camera. Fluorescence excitation and emission were car- 
ried out through 30-nm bandpass filters with transmission maxima at 530 
nm and 580 nm, respectively. All images were background subtracted and 
histogram stretched (12), and those used for Figure 2 were sharpened (12) 
before photography of the video image. 

Results 
The new indicator was made by combining the well-characterized 
photoreactive nitrophenylazide moiety ( 7 )  with a carbocyanine 
fluorophore that has been successfully applied in many studies as 
an indicator of mitochondrial potential (1-3,5,6). The influence 
of hydrophobic side chains on the selectivity and potential sensi- 
tivity of this class of indicators has been previously studied (6). This 
work led us to construct the dye with methyl side chains rather than 
longer alkyl groups to offset the addition of non-polar nitro- 
phenylazide groups. Protection and deprotection steps increased 
the length of the synthesis shown in Figure 1, but it was superior 
in yield to a shorter route in which the phthallimide compound 
I was simply quaternized, converted to dye, and deprotected to pro- 
duce Cy3.499. The cross-linking capability of the indicator was 
demonstrated with paper chromatography. When eluted in the dark, 
the indicator moved with the solvent front in methanol, but ir- 
radiation immobilized it at the origin. 

Incubation of Swiss 3T3 fibroblasts in medium containing the 
indicator produced specific staining of mitochondria with mini- 
mal fluorescent background. Preservation of this staining pattern 
after fixation required careful optimization of irradiation times. 
Brief irradiation led to fixed specimens in which faint nonspecific 
staining was the predominant feature. With excess irradiation, 
fluorescence of the sample was diminished owing to bleaching of 
the dye. 

Formaldehyde fixation was superior to fixation with methanol, 
acetone, or glutaraldehyde in preserving both mitochondrial fluores- 
cence and cell morphology. Permeabilization with Triton X-100 be- 
fore fixation decreased mitochondrial staining, as expected. 

The sensitivity of cyanines such as PhoCy to membrane poten- 
tial is well established (6). We tested this property in the new indi- 
cator by labeling living cells with medium containing both indica- 
tor and 2,4-dinitrophenol, an uncoupler of electron transport (13). 
The decoupler reduced mitochondrial staining in living cells and 
led to a parallel reduction in the staining of fixed cells. Qualitative 
observations indicated that the effect was dose dependent. 

ily synthesized using common methods and simple apparatus. It 
combines the properties of a well-characterized family of potential 
sensitive dyes (1-3,5,6) and a photoreactive moiety often used in 
previous applications, especially photoaffinity labeling ( 7 ) .  The in- 
dicator retains the practical advantages of its components, includ- 
ing bright and photostable fluorescence readily visualized in liv- 
ing cells, and efficient photocross-linking with broad specificity (7) .  

The new indicator enables selective fixation of potential- 
dependent staining present at a given time in a living cell. We be- 
lieve it should prove particularly useful in correlating potential with 
cell morphology studied with immunostaining. 
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