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ABSTRACT: Presented are the results of studies with 29 posi- 
tively charged cyanine dyes that fluorimetrically respond to va- 
linomycin-induced changes in the membrane potentials of red 
blood cell and phospholipid vesicle suspensions. Several of the 
dyes exhibit fluorescence changes in excess of 80% upon mem- 
brane hyperpolarization (inside becomes negative). The fluo- 
rescence response of the dyes is shown to result from potential- 
dependent partition of dye molecules between the cells and the 

extracellular medium. Cell hyperpolarization results in uptake 
of the dye molecules by the cells, while depolarization results in 
release of dye. The emission from cell-associated dye becomes 
significantly quenched as the amount of cell-associated dye in- 
creases. We present evidence that suggests that the quenching 
of cell-associated dye is due to formation of dye aggregates, 
which have reduced fluorescence. 

T h e  successful use of fluorescent probes that noncovalently 
interact with membranes to study membrane potentials in in- 
tact cell preparations has been reported for the squid giant 
axon (Cohen et al., 1974; Davila et al.,  1973; Cohen, 1973; Ta- 
saki et al.,  1972; Conti et al., 1971) and the leech segmental 
ganglion (Salzberg et al.,  1974). Membrane potentials in 
human and Amphiuma red blood cells (Hoffman and Laris, 
1974) and in synaptosome preparations (Goldring and Blaus- 
tein, 1974) have also been investigated using oxacarbocyanine 
dyes. These results suggest that nondestructive fluorescent 
probes may become useful tools for monitoring membrane po- 
tentials in small cells, organelles, and vesicle preparations that 
cannot be penetrated or are damaged by penetration with mi- 

comparable conditions from the distribution of chloride a t  
Donnan equilibrium. 

An understanding of the molecular mechanisms by which 
different fluorescent probes sense membrane potential is im- 
portant, for several reasons. Such knowledge will be useful for 
designing probes that are more sensitive to potential changes 
and less harmful to the membranes. Information concerning 
the mechanism is likely to be useful for assessing the meaning 
of fluorescence changes observed with different kinds of biolog- 
ical membranes and for relating the amount of fluorescence or 
the emission wavelength to the true membrane potential. It is 
also possible that knowledge of the potential sensing mecha- 
nism of the probes will make the probes useful for investigating 

croelectrodes. the molecular structure and dynamics of excitable membranes. 
In experiments with human and Amphiuma red blood cells, With these thoughts in mind, we have focused our attention 

Hoffman and Laris (1974) demonstrated that the fluorescence on the cyanine dyes and have examined the relative potential 
of 3,3’-dihexyloxacarbocyanine (henceforth, diO-C6-(3))] sensing capabilities of structurally modified members of this 
added to stirred suspension of cells changes its fluorescence by class of dyes. We have done this by adding the dyes to red 
as much as 50% when a large hyperpolarization of the cell is in- blood cell preparations and measuring fluorescence changes 
duced by valinomycin. In these fluorescence experiments, hy- that result when the red cell potentials are altered with the use 
perpolarization of the cell was always accompanied by a de- of valinomycin (Hoffman and Laris, 1974). We have studied 
crease in fluorescence, and depolarization produced an increase changes in the spectral properties with changing membrane po- 
in fluorescence. With both human and Amphiuma ceIls the flu- tential of several cyanine dyes when they are  associated with 
orescence changed in proportion to the membrane potential the red cells and with phospholipid vesicles. The partitioning of 
calculated from the constant field equation, and with Amphi- dye between the red cells and the medium external to the cells 
uma cells the fluorescence change was also in proportion to the was also investigated as a function of dye structure, dye con- 
potentials measured with microelectrodes. Furthermore, esti- centration, and membrane potential. 
mates of the membrane potential from the fluorescence mea- We found that the fluorescence changes result primarily 
surements were in agreement with the values calculated for from a potential-dependent partition of dye between the red 

cells and the suspension medium, and we suggest several possi- 
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ble mechanisms to explain the potential-dependent partition. 
Finally we demonstrate that the fluorescence quenching of cell- 
associated dye is dependent upon the quantity of dye associated 
with the cell and is probably due to the formation of dye aggre- 
gates with reduced fluorescence. 

Methods 

Preparation of Normal Human Red Blood Cells. Blood was 
drawn into heparin (0.15 mg/ml) from normal young male 
adults and was centrifuged a t  10,OOOg for 2 min a t  4’. The 
serum and buffy coat were removed by aspiration and the red 
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diO-C2-(5) 

diO-C2-(7) 

diI-C2-(3) 

diI-C,-(5) 

diI-C?-(7) 

diS-C?-( 3) 

diS-C?-(5) 

diS-C?-(7) 

460.33 

4a6 ,36  

512.40 

512.49 

53a ,53  

564.57 

492 ,45  

518.49 

544.53 

HzO 
EtOH 
OctOH 

EtOH 
OctOH 
H20 
EtOH 
OctOH 
HnO 
EtOH 
OctOH 

EtOH 
OctOH 

EtOH 
OctOH 

EtOH 
OctOH 

EtOH 
OctOH 
Lutidine 
H20 
EtOH 
OctOH 

HzO 

H?O 

H?O 

H?O 

H?O 

478 

488 
483 

5 74 
579.5 
586 
676 

6-90 5 
540 
546 
551 
636 
639 
645 5 
735 
74 1 
747 
551 
557 
563 
643 
652 
658 

747 
758 
767 

684 

142 
149 
140 
212 
237 
229 
185 
220 
162 
133 
133 
127 
190 
200 
192 
198 
240 
216 
138 
161 
158 
194 
249 
233 

212 
203 

496 
499 
504 
597 
604 
61 0 
701 
714 
720 
556 
563 
567 5 
657 
664 
668 
756 
768 
774 5 
568 
575 
579 
666 
675 
682 
688 

786 
792 

0 24 
0 35 
1 1  
2 0  
2 8  
3 0  
2 0  
3 6  
2 4  
0 13 
0 29 
0 90 

1 7  
2 3  
0 68 
1 5  
1 2  
0 21 
0 32 
0 81 
1 8  
2 6  
2 6  

o a9 

1 3  
1 0  

S 

MS 

U 

S 

S 

S 

S 

MS 

U 

' The extinction values for dyes in water are subject to some error because of the tendency of the dyes to  form dimers in water 
even a t  low concentrations. Uncorrected for  instrument sensitivity variation with wavelength, but within 3 nm of corrected value. 
C F r c , l i l n s  is the number of photons emitted in a narrow bandwidth a t  the emission maximum per photon absorbed, relative t o  a stan- 
dard merocyanine dye, 5-j [3-ethyl-2H-benzoxazolylidene]-2-butenylidene~ -1,3-diethyl-2-thiobarbituric acid. These values are cor- 
rected for excitation lamp intensity, monochrometer characteristics, and photomultiplier sensitivity (see Methods). ' S = stable, 
decomposition <2  %; MS = moderately stable, 2 % < decomposition < 5 %; U = unstable, decomposition >25 %. The per cent 
decomposition represents the fraction of absorbance a t  X3~,,1T':l* that disappears after 1 hr irradiation under standard conditions (see 
Methods) , 

cells were washed three times, each time with a five-volume so- 
lution containing 153 mM KCI and 17 mM trishydroxymethyl- 
aminomethane chloride (hereafter called KC1-Tris medium) a t  
pH 7.4. The cells were suspended in KC1-Tris (pH 7.4) at a 
hematocrit of 50% and kept on ice until use that same day. 

Preparation of Potassium-Depleted Red Blood Cells. The 
cationic composition of human red blood cells was altered to 
form low potassium containing cells by using the PCMBS @- 
chloroniercuribenzenesulfonic acid) method of Garrahan and 
Rega ( 1  967) as modified by Sachs ( 1  972). Cellular K and Na 
concentrations were determined on appropriately diluted 
packed cells by flame photometry with lithium as an internal 
standard. The total cellular concentrations were held constant 
by replacing K with either Na or choline chloride (see Hoff- 
rnm and Laris, 1974). 

Preparation of Phosphatidylcholine-Cholesterol Vesicles. 
Egg phosphatidylcholine was prepared by the method of Sin- 
gleton et al. (1965), and stored i n  chloroform a t  -20". The 
cholesterol was obtained from Eastman Chemicals (Primary 
Standard). In  brief, the appropriate mixture of phosphatidyl- 
choline and cholesterol was coated on the walls of a conical 
centrifuge tube and the chloroform solvent was removed under 

vacuum. One milliliter of 153 mM KCI-Tris was added per 4 
mg of lipid and the mixture was sonicated for 3 min a t  0 - 1 0 O  
using the microtip of a Branson sonifier Model W 140 a t  power 
setting 3. A 15-11 aliquot of the stock vesicle suspension formed 
above was added to 3 ml of NaCI-Tris solution containing 0.75 
fig of dye for the absorption and fluorescence experiments. 

Spectroscopic Measurements. Absorption spectra were ob- 
tained with either a Cary 14 or a Cary 15 spectrophotometer. 
Fluorescence measurements were performed with a Hitachi 
Perkin-Elmer MPF-3 spectrofluorimeter equipped with a 
Hamamatsu R-446 photomultiplier tube. A correction curve 
for the relative photon intensity exciting the sample as a func- 
tion of wavelength was obtained with a YSI-Kettering Model 
65 radiometer. The correction curve for emission monochrome- 
ter and photomultiplier tube sensitivity as a function of wave- 
length was obtained using an EG&G, Inc., standard lamp. The 
determinations of emission maxima and relative fluorescence 
intensities quoted in Table I were carried out  with dilute dye 
samples exciting on a short-wavelength shoulder of the main 
absorption band. The absorbance of the sample a t  the have- 
length of excitation was always less than 0.05. Although the 
emission maximum wavelengths quoted are uncorrected for in- 
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strument sensitivity, they are within 3 nm of the corrected 
value. The relative fluorescence intensities are corrected for the 
intensity of exciting light and sensitivity of the detection sys- 
tem. Although all of the dyes tested were soluble in ethanol and 
octanol, a number had a tendency to stick to the cuvet faces 
when dissolved in aqueous solutions. To account for this loss 
when determining extinction coefficients and relative fluores- 
cence intensities, the aqueous contents of the cuvet were re- 
moved and ethanol was added to extract and measure the dye 
that had adsorbed to the cuvet. 

Fluorescence Measurements on Intact Cells. The fluores- 
cence experiments were performed with intact cell suspensions 
stirred magnetically with a glass fly inside a standard 1-cm 
path-length quartz fluorescence cuvet. All recordings were 
made with the excitation and emission slits set a t  6 nm. The 
temperature was maintained constant a t  23' by water circulat- 
ing through the cuvet holder of the spectrofluorimeter. A 3-ml 
volume of suspension medium (NaCI-Tris, KCI-Tris, or com- 
binations of the two) was added to the cuvet and after the tem- 
perature equilibrated, 10 pl of cells a t  a hematocrit of 50% in 
KCI-Tris was added to the stirred suspension medium to make 
a final hematocrit of 0.17%. The dye was added directly to the 
cell suspension from a stock ethanol solution while emission in- 
tensity (with time) was recorded. The excitation and emission 
wavelengths used for each dye are shown in Table 11. Vali- 
nomycin (Sigma or Calbiochem) dissolved in ethanol (0.33 
mg/ml of EtOH) was added directly to the cell suspension 
while stirring. The final concentration of valinomycin was 1.0 
X M unless noted otherwise. The ethanol concentrations 
in the cell suspensions were generally 0.5% and never exceeded 
1 .O%. 

Measurement of Dye Partition between Cells and Medium. 
Determination of the relative molar distribution of the dye, 
diS-C,-(5) (see Results for structure), between the red cells 
and the extracellular suspension medium necessitated the de- 
velopment of a procedure to measure the quantity of cell-asso- 
ciated dye coincident with equilibrium fluorescence measure- 
ments on the cell suspension. Because this dye and several of 
the other cyanines are notorious for their affinity for glass sur- 
faces-in particular the quartz faces of the fluorescence cuvet 
and laboratory glassware-an indirect approach to the experi- 
mental determination of cell-associated dye was found most 
satisfactory. In  these experiments, fluorescence measurements 
with the dye on intact cells in suspension were performed as de- 
scribed above. The corresponding quantity of dye associated 
with the cells during the fluorescence measurements on the sus- 
pension was obtained by subtracting from the total quantity of 
dye initially added to the suspension the experimentally deter- 
mined values for the quantity of dye in the aqueous medium 
(extracellular) and the quantity of dye adsorbed to the surfaces 
of the cuvet. The concentration of dye in the extracellular me- 
dium was determined by centrifuging the suspension in the flu- 
orescence cuvet to remove the cells from the optical path of the 
fluorimeter. The cuvet was centrifuged for 2 min a t  2400 rpm 
in an International Clinical Centrifuge (Model CL) with the 
bottom of the cuvet held I O  cm from the rotor axis by a Plexi- 
glas adapter fitted into the swinging bucket. The fluorescence 
intensity a t  670 nm of the cell-free supernatant was compared 
to a standard curve, plotting emission intensity (at 670 nm) vs. 
dye concentration for diS-C3-(5) in aqueous medium to obtain 
the quantity of dye in the medium. To determine the quantity 
of dye adsorbed to the cuvet surface the cells were resuspended 
in the medium by magnetic stirring, the suspension was com- 
pletely removed from the cuvet by aspiration, and the dry cuvet 
was extracted for 15 min with stirred 3 ml of butanol. The fluo- 

rescence intensity a t  670 nm of the butanol extract was com- 
pared with a standard curve, plotting emission intensity (670 
nm) vs. dye concentration in butanol, to obtain the quantity of 
dye adhered to the surfaces of the cuvet. A second 3-ml butanol 
extraction of the cuvet established that the first 15-min extrac- 
tion was 97-98% complete. 

Determination of Hemolytic Activity of the Dyes. Each dye 
tested for hemolytic activity was added to a separate stirred 
suspension of 0.17% fresh human red cells in 3 ml of NaCI- 
Tris (pH 7.4).  The final dye concentration was always 6.1 X 
IO-' M and the final ethanol concentration was always less 
than 0.5%. Control samples were prepared by adding 0.5% eth- 
anol to the cell suspension with no dye. Samples containing dye 
and controls were incubated a t  23' with gentle stirring for 15 
min, and then centrifuged a t  10,OOOg a t  4' for 2 min. The ab- 
sorbance of the supernatant was measured a t  the 410-nm Soret 
band of hemoglobin. A reference sample with 100% hemolysis 
was obtained by lightly sonicating a 3-ml suspension of 0.17% 
red cells until the suspension was clear. This sample was then 
centrifuged a t  15,OOOg for 20 min and the absorbance of the 
supernatant a t  410 nm was obtained from a sevenfold dilution. 

24Na and 42K Fluxes. Simultaneous measurements of the in- 
ward rate constants for N a  and K in human red cells were 
made with 24NaC1 and 42KC1 (both isotopes obtained from In- 
ternational Chemical and Nuclear Corp.) by use of the method 
of Sachs and Welt (1967) as described by Hoffman and Lark 
(1974). The cells were a t  0.33% suspension in a medium con- 
taining 148 mM NaCI, 5 mM KCI, 17 mM Tris-C1 (pH 7.5), 
and 1 X M ouabain in the presence and absence of 2.9 X 

M dye. Measurements of the outward rate constant for K 
in human cells were made with 42K by the method of Hoffman 
(1962) adapted for use with intact cells. The cells were first 
loaded with 42K during incubation of human cells in a medium 
which contained 148 mM NaCl + 5 mM KC1 + 17 mM Tris-C1 
(pH 7.5) a t  37' for 2-3 hr. After incubation the cells were 
washed five times in ice-cold tracer-free media. After the final 
centrifugation aliquots of the packed cells were added to flasks 
under various conditions as indicated. 

35SU4 Efflux. Human red blood cells were washed four to 
five times with a solution containing 93 mM Na2S04 and 20 
mM Tris adjusted to pH 7.5 with H2SO4 (Na2SOd-Tris2S04 
medium). The cells were then equilibrated during a 4-hr incu- 
bation a t  37' in Na2S04-Tris2S04 medium containing a trac- 
er quantity of carrier-free 35S04 in aqueous solution (obtained 
from Amersham Searle Corp.) and a trace of chloramphenicol. 
The hematocrit during equilibration was approximately 10%. 
After equilibration, the cells were washed five times a t  0' with 
tracer-free Na2S04-Tris2S04 medium. The packed cells were 
then suspended a t  0.3% hematocrit in tracer-free SO4 media a t  
either 22 or 37'. Immediately after mixing (zero time) and a t  
20-min intervals (up to 180 min), aliquots of the cell suspen- 
sions were removed and centrifuged. A portion of the superna- 
tant fluid was then mixed with Triton X-100-toluene fluor and 
the radioactivity determined by liquid scintillation counting. 
From the rate of 35S04 appearance in the supernatant the out- 
ward rate constant was calculated by the method described by 
Gardos et al. ( 1969). 

Dye Photosensitivity Measurements. Ethanol solutions of 
the dyes were irradiated in a I-cm absorption cuvet placed 9 
cm from the filament of a 75-W clear glass tungsten light bulb. 
A heat filter was placed between the sample and the light and 
the dye solution temperatures remained near 30'. The optical 
density of the solutions tested was generally 0.8. The relative 
decomposition of dye was determined by measuring the absorb- 
ance of the sample after 1-hr irradiation. 
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TABLE 11:  Cyanine Dyes: Per Cent Change with Valinomycin." 

Dye Concn 
( X  10-7 M) c2 

~~ 

Dye 

diO-C,-(3) 
X E ~ ~  = 470 nm 

XE,,, = 500 nm 

diS-C,-(3) 
X E ~ ~  = 520 nm 

XE~?. = 595 nm 

diO-C, -( 5 )  
= 560 nni 
= 600 nm 

diS-C,-(5) 
X E ~ ~  = 622 nm 
XE],, = 670 nm 

3 05 

6 1  

12 2 

18 3 

24 4 

30 5 
36 6 
48 8 

3 05 

6 1  

12 2 

18 3 
24 4 
30 5 
36 6 
48 8 

3 05 
6 1  
9 15 

12 2 
18 3 
24 4 
30 5 

3 05 
6 1  
9 15 

12 2 
18 3 

Slow 
increase 

Slow 
increase 

Slow 
increase 

Slow 
increase 

Slow 
increase 

0 
-8 
- 12 

Slow 
increase 

Slow 
increase 

Slow 
increase 

0 
- 10 
-12 

- 19 
- 45 
-57 5 
- 56 
-53 
- 48 

-42 5 
- 67 
- 82 
- 82 
- 82 
- 79 

Ca 

Slow 
increase 

Slow 
increase 

Slow 
increase 

0 

-5  

-17 
- 25 

~~ 

Slow 
increase 
- 25 

- 46 

- 49 
- 52 
- 58 
- 58 

- 5 3 . 5  
- 63 
- 67 
- 68 
- 63 
- 63 
- 64 
- 66 
- 75 
- 78 
- 83 
- 86 

c4 C5 c6 c7 CS 

Fast Fast 
increase increase 

0 -8 

-16 - 39 

- 29 - 46 

- 30 - 37 

-31 - 36 
- 29 

Fast 0 

0 - 40 
increase 

- 47 - 54 

- 58 
- 67 - 60 
- 72 
- 7 3  
- 76 - 60 
-60 .5  - 45 
- 61 - 67 
- 63 - 67 
- 57 b 
- 52 b 

b 
- 47 
- 64 - 55 
- 75 - 74 
- 80 - 77 
- 85 b 
- 86 b 

0 

- 30 

- 50 

- 56 

- 52 

-51 

b 

0 

- 32 

- 47 

- 33 

-25 

0 
0 

- 26 
- 50 
- 50 
- 50 
0 

_____ _- _ _  _ _  ._ 

dlI-C,-(3) diI-Cs-(5) diI-C2-(7) dIO-C2-(7) 
Final Concn X I  xc = 515, = 600, = 690, h~~~ = 640, 
tx 10-7 a1) \bin = 560 XE,], = 660 XE~~, = 760 XE~,, = 700 

3 05 Small - 44 - 59 - 79 
6 1  - 24 - 56 - 74 - 80 
9 15 -33 - 61 

12 2 - 37 - 68 - 77 -81 
18 3 - 38 - 70 - 76 - 79 
24 4 - 38 -71 - 74 - 76 
30 5 - 37 - 72 - 73 
46 6 - 72 

__ __ _~ ___ _ - _ _ -  _ _ _  

-6  

- 20 

- 31 

- 34 

-23 

b 
b 

-6  

-16 

-17 

- 4 . 5  

-2 
b 

-4 

- 17 

- 24 

- 14 

b 

b 

-6 

- 24 

- 19 

-12 

-5  
b 

-85 
- 88 
- 88 

~~ ~ 

Changes in fluorescence (in per cent) recorded after the addition of valinomycin to  cell suspensions equilibrated with cyanine 
dyes in K-free medium. Each dye was added in ethanol (final ethanol concentration <0.5 %) to  0 . 1 7 z  suspensions of normal red 
cells in 153 mM NaCl plus 17 mhi Tris (pH 7.4) a t  23". Final dye concentrations are given in the tables. The fluorescence was re- 
corded a t  the wavelengths of excitation and emission given in the tables and after a steady level of fluorescence was observed 
(approximately 3-5 min) valinomycin was added a t  a final concentration of 1.0 X M. The resulting change in fluorescence 
was recorded and expressed a t  a per cent of the level of fluorescence observed prior to  the addition of valinomycin. Indicates an  
unstable response, characterized by a fluorescence decrease after the addition of valinomycin, followed by a gradual increase in 
fluorescence to  the level observed prior to  the addition of valinomycin to  the suspension. 
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Dye Syntheses. The cyanine dyes were synthesized from ei- 
ther 2-methylbenzothiazole, 2-methylbenzoxazole, or 2,3,3-tri- 
methylindolenine; triethyl orthoformate, 1,3,3-trimethoxypro- 
pene, or 1 -aniline-5-anilopenta- 1,3-diene hydrochloride; and 
the appropriate alkyl iodide or alkyl sulfonate according to 
general procedures described in a review by Hamer (1964) and 
references therein. With the exception of the ethyl derivatives, 
the synthesis and properties of most of the dyes used in this 
work are not in the literature. The details of the synthetic pro- 
cedures for a trimethine dye, a pentamethine dye, and a hep- 
tamethine dye are described below as examples. 

3,3'-Dihexylthiocarbocyanine Iodide, diS-C6-(3) .  The 2- 
methylbenzothiazole (7.5 g, 50 mmol) and I-iodohexane (12.7 
g, 60 mmol) were heated together at 130' for 2 days. The solid 
was filtered, washed well with ether, and recrystallized from 
methanol-ether solution to give 12.5 g of 3-hexyl-2-methylben- 
zothiazolium iodide, mp 115-1 17'. 

The 3-hexyl-2-methylbenzothiazolium iodide (3.6 g, 10 
mmol) and triethyl orthoformate (5 g, 30 mmol) in 20 ml of 
pyridine were refluxed for 2 hr and poured into 100 ml of cold 
water. The tar which separated was recrystallized from ethanol 
to give 2.1 g of pure dye in large greenish prisms, mp 198- 
200°. 
3,3'-Dipropyloxadicarbocyanine Iodide, d i o - c 3 - ( 5 ) .  The 

2-methylbenzoxazole (13.3 g, 0.1 mol) and 1-iodopropane (20 
g, 0.12 mol) were refluxed for IO hr. The solid was collected 
and washed with ether to give 19 g of 3-propyl-2-ethylbenzoxa- 
zolium iodide, mp 194-197'. 

The propyl-2-methylbenzoxazolium iodide (3 g, IO mmol) 
and 1,3,3-trimethoxypropene (3 g, 22 mmol) in 40 ml of pyri- 
dine were refluxed for 15 min. At the end a hot solution con- 
taining 10 g of potassium iodide in 30 ml of water was added 
and the whole solution was stirred for another IO min. The 
crystals which formed the next day were collected and recrys- 
tallized from acetone to give 1.5 g of pure dye in crystals with 
blue luster, mp 233-234'. 

3,3'-Dipropylindotricarbocyanine Iodide, dil-C3-( 7). The 
2,3,3-trimethylindolenine (4.8 g, 30 mmol) and 1 -iodopropane 
(8.5 g, 50 mmol) were refluxed for 4 hr. The solid was collect- 
ed, washed with ether, and recrystallized from methanol-ether 
solution to give 6.6 g of 1 -propyl-2,3,3-trimethylpseudoindol- 
ium iodide, mp 150-15lo. 

The above quaternary salt (3.3 g, 10 mmol), 1-anilino-5-ani- 
lopenta-1,3-diene hydrochloride (1.45 g, 5 mmol), and 1 g of 
anhydrous sodium acetate in 30 ml of acetic anhydride were re- 
fluxed for 1 hr and poured into a hot solution containing IO g 
of potassium iodide in 30 ml of water. The crude dye which had 
precipitated after chilling was collected, yield 1.8 g. The crude 
dye was recrystallized from an ethanol-petroleum ether solu- 
tion to give I g of pure dye as red-brown crystals, mp 170- 
173'. 

When chromatographed on Eastman Chromatogram silica 
gel thin-layer sheets with several different solvent systems, 
each dye showed a single visible spot. Iodine staining revealed 
no additional spots. 

The melting points of the cyanine dyes used in this study are 
listed in Table 111. 

Results 

Dye Structure and Spectral Properties. For this paper 29 
members of the cyanine class of dyes (Hamer,  1964) were ex- 
amined for their possible usefulness as probes of membrane po- 
tential. The general structure of these dyes is 

TABLE III: Melting Points of the Cyanine Dyes. 

Recrystallization 
X n Solvent MP ("C) 

0 
0 
0 
0 
0 
0 
0 
S 
S 

S 
S 
S 
S 
S 
I 

0 
0 
0 
0 
0 

S 
S 
S 
S 
S 
I 

0 
0 
S 
S 
I 
I 

a. Carbocyanine Dyes, diX-C,-(3) 
2 MeOH 272-273 

283-284 
4 MeOH 233-234 
3 MeOH 

5 MeOH 214-215 
6 EtOH 222-224 
7 EtOH 194-197 

201-203 
2 EtOH 252-253 
3 Dimethylformamide- 283-284 

8 EtOH 

cc14 
4 CHCla-CCla 278-280 
5 EtOH 213-214 
6 EtOH 198-200 

216-217 7 EtOH 
8 EtOH 222-223 
5 EtOH-ether 163-1 65 

b. Dicarbocyanine Dyes, diX-C,-(5) 
2 MeOH 231-232 
3 Acetone 233-234 
4 Acetone 21 7-2 18 
5 Acetone-ether 172-175 
6 Acetone-petroleum 165-1 68 

ether 
2 MeOH 241-243 
3 MeOH 248-249 
4 MeOH 225-228 
5 EtOH 208-210 
6 EtOH 144-145 
3 

c. Tricarbocyanine Dyes, diX-C,-(7) 
2 EtOH-ether 160-161 
3 EtOH-ether 144-145 
2 MeOH 221-222 
3 MeOH 172-174 
2 EtOH-petroleum ether 175-177 

MeOH-ether 226-229 

3 EtOH-petroleum ether 170-173 

where Y = 0, S ,  or (CH3)C(CH3); n varies from 2 to 18; m is 
1 ,  2, or 3; and the counterion is iodide. The shorthand notation 
we have adopted for these dyes is diY-C,-(Zm + I ) ,  where 
diY indicates the particular heterocyclic nucleus of the sym- 
metric dye, C, gives the number of carbon atoms in the alkyl 
chains attached to the nitrogen atom of each nucleus, and the 
value in parentheses is the number of methine (-CH=) 
groups bridging the two nuclei. When the nucleus is an indo- 
lenine, Y = (CH3)C(CH+I. 

The absorption and emission properties of the dyes with 
ethyl groups on the nuclei (C2- derivatives) together with the 
photostability of the dyes are shown in Table I .  The dyes with n 
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FIGURE 1 :  Characteristic changes in fluorescence intensity with time 
of  diS-C,-(j) (6.1 X IO-' M )  in  a 0.17% suspension of normal human 
red cells in NaCI-Tris medium (pH 7.4)  and in mixtures where KCI- 
Tris was substituted for NaC1-Tris to give the [KO+] values listed in  
the figure. [Kc+] = 152 mmol/l. of cell H2O. Dye and valinomycin 
(final concentration. 1.0 X IO-(' M) were added where indicated. This 
figure presents the tracings of actual recordings obtained in a single ex- 
pcriment that have been normalized to the same steady level of fluores- 
cence prior to the addition of valinomycin. Fluorescence was recorded 
at 670 nm wi th  excitation at  622 nm. 

greater than 2 are not listed in this table because their spectral 
properties are essentially the same as the ethyl derivatives. A 
number of observations can be made from the data in Table I .  
First. the wavelengths of maximum absorption (Xabsmax) and 
emission (XF~,~,) of the different dyes range over more than 
300 nni and depend on both Y and the number of methine 
groups in the bridge between the nuclei. Xahsma\ and X F ~ ~ ~ ~ ~  in- 
crease as Y is changed from 0 to I and from I to S, and when 
the methine bridge is lengthened from 3 to 5 and from 5 to 7 
carbon atoms. Second, the extinction coefficients for all the 
dyes are large, greater than I O 5 ,  with the pentamethines and 
heptainethines having values about 50% larger than the tri- 
methine dyes. The relative fluorescence intensity a t  the emis- 
sion maximum, F,,lmaxx, is higher by a factor of 10 for the 
penta- and heptarnethine dyes as compared with the trimethine 
djes.  The higher fluorescence efficiencies of the dyes that emit 
a t  longer wavelengths is desirable for membrane experiments 
because many vacuum photocathodes (but not photodiodes) 
become much less sensitive a t  longer wavelengths. Although 
the F',,In''lX values in Table I are not the quantum yields for the 
dyes, the values are expected to be roughly proportional to the 
quantum yields because the emission peak shapes and widths a t  
half-maximum of the dyes are similar on a wavenumber scale. 
Since the quantum yields in methanol of diO-C?-(3) and diO- 
C 2 - ( 5 )  are 0.04 and 0.49, respectively (courtesy of D. Hessel- 
tine, Eastman Kodak), the trimethine dyes in Table I probably 
have quantum yields in ethanol between 0.02 and 0.06, and the 
penta- and heptamethine dyes probably have quantum yields 
between 0.3 and 0.8. Thus the dyes listed, and particularly the 
penta- and heptamethine dyes, are very efficient absorbers and 
emitters of photons. 

A third observation concerns the solvent sensitivity of the 
spectral properties of the dyes in Table 1. Both the absorption 
2nd emission maxima of each of the dyes shifts to the red be- 
tueen I O  and 20 nm in going from water to a relatively nonpo- 
lar solvent. octanol. The emission intensity of the cyanine dyes 
is not as sensitive to changes in solvent as other fluorescent 
molecules. such as ANS-, has been found to be (Weber and 
Laurence. 1954; Stryer, 1965). F,,, for the cyanine dyes stud- 

ied increases by approximately 50-100% in going from water 
to ethanol. In  going from ethanol to octanol, F,,, increases by 
a factor of 3 for the trimethine dyes, remains nearly constant 
for the pentamethine dyes, and decreases slightly for the hep- 
tamethine dyes. Generally speaking, the cyanine dyes are 1.5--4 
times more fluorescent in organic alcohols than in water. 

Finally, the tri- and pentamethine cyanine dyes in ethanol 
are moderately stable in the presence of high intensity irradia- 
tion in the region of their absorption maximums. The hepta- 
methine dyes are much less stable, but bubbling the ethanol so- 
lution with Nz reduced the rate of photodecomposition by more 
than half. The dyes with the indolenine nucleus are the rnost 
stable of the dyes for any constant methine bridge length. 

Dependence of diS-C3-(5) Fluorescence on Red Cell Mem- 
brane Potential. The membrane potential of red blood cells a t  
23' can be expected to obey the constant field eq 1 (Goldman, 
1943; Hodgkin and Katz, 1949), adapted for use with red cells 
a t  23' (see Hoffman and Laris, 1974) 

where [K]o and [Cl]o are the K+ and CI- concentrations i n  the 
medium; [K], and [CI], are the K+ and Cl-- concentrations in 
the cell water; and 01 = P K / P C I  is the ratio of the permeability 
constants of K+  and CI-. In the normal cell PCI is estimated to 
be about 100 times greater than P K  (Hunter. 1971) and, pro- 
vided that CI- is distributed passively, the resting membrane 
potential should be equivalent to the chloride equilibrium po- 
tential. Since chloride is distributed in accordance with a Don- 
nan equilibrium, the membrane potential of a red cell is calcu- 
lated to be, under normal conditions, about -8 mV. inside neg- 
ative. Hoffman and Lark (1974) using diO-C,-(3) and diS- 
C3-( 5 )  have fluorimetrically estimated the resting potential to 
be between -5 and -9 mV. 

Addition of valinomycin, a cyclic antibiotic known to selec- 
tively transport potassium across membranes (Harris and 
Pressman, 1967; Andreoli et al., 1967; Tosteson e f  al . .  1967), 
to a suspension of red cells will greatly increase PI<. 'Thus Vhl 

will move from -8 mV toward the K +  equilibrium potential 
when valinomycin is added. By altering the K+ concentration 
of the medium, while maintaining N a  plus K, and therefore the 
total osmolarity constant, V v ,  can be altered over a wide range 
when valinomycin is added. For example, the largest hyperpo- 
larization (the inside of the cell becomes more negative) is ob- 
tained by adding valinomycin to normal cells suspended in a 
K+-free medium ( 1  53 mM NaC1). IJsing an CY value of 3 (FIoff- 
man and Laris. 1974) and the experimentally measured con- 
centrations [K], = 153 mmol/l. of cell 1 4 2 0 ,  [Cl]o = 153 
mmol/l. of cell H20, and [Cl], = 117 mmoljl. of cell H20, Cihf 

after addition of valinomycin to cells in a potassium free medi- 
um is expected to be around -40 mV. The maximum depolar- 
ization of normal cells is obtained when the cells are suspended 
i n  153 m v  KCI and is expected to be I - 3  to f 5  niV. I t  should 
be noted that these calculated potentials are only approximate 
since considerable uncertainty is associated with ci (Hoffman 
and Laris, 1974) especially since CY may not be an independent 
variable. Thus, the extremes of P.M accessible with valinomycin 
could be twice the values just calculated. 

Most of the dyes listed in 'Table I and their longer chained 
derivatives show changes in fluorescence i f  they are added to a 
stirred suspension of red blood cells and the potential across the 
cell membrane is modified by addition of valinomycin. An ex- 
ample of the changes that can be observed is shown i l l  Figure I .  
I n  this figure the fluorescence of 6.1 X lo-'' \I diS-C3-(5), 
added to normal red cells in four different suspension media, is 
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monitored with time. Within three minutes of the time that the 
dye is added to the suspension the fluorescence a t  670 nm de- 
creases to a steady intensity, which is assigned a relative value 
of 1 .O. After this time a new membrane potential is established 
across the cell membrane, by addition of valinomycin. The flu- 
orescence rapidly attains a new value. It is clear from Figure 1 
that when the cells are depolarized in 153 mM KCI-Tris the 
fluorescence increases. As the cells are hyperpolarized in low 
K+ media the fluorescence decreases. This is the same result 
observed for diO-C6-(3) by Hoffman and La rk  (1974). 

It should also be mentioned that K+-depleted red cells (see 
Methods) which contain only 2 mM K show increases in diS- 
C3-(5) fluorescence as large as 200% when these cells are sus- 
pended in 153 mM KCI-Tris and valinomycin is added. When 
the K+ concentration of the medium in this circumstance is 
lowered, the cell should depolarize as anticipated on the basis 
of the constant field equation (eq I ) .  As expected, the size of 
the fluorescence change decreased as the magnitude of the de- 
polarization decreased. 

Dye Survey. Table I 1  presents the fluorescence responses of 
structurally related cyanine dyes to the same degree of hyper- 
polarization of the red cell membrane as induced by valinomy- 
cin. The maximal degree of hyperpolarization is established by 
the addition of valinomycin ( 1  .O X M) to normal cells sus- 
pended in K-free medium. This survey serves two purposes. It 
provides data indicating which dye structures are most respon- 
sive ( i .e . ,  show largest changes in fluorescence intensity) to al- 
terations in membrane potential, and are, therefore, most likely 
to be of use in monitoring membrane potentials. The survey 
also provides clues to the mechanism(s) by which such dyes re- 
spond to membrane potential. In  particular, by comparing the 
response of analogous structures with modifications in either 
the “Y-group” or the length of the methine bridge of the chro- 
mophore, the importance of the chromophore structure in the 
response of the dye to membrane potential can be evaluated. 
The table also compares dyes with the same chromophore but 
with different alkyl chain lengths. Since this alteration does not 
affect the electronic properties of the chromophore, the impor- 
tance of the membrane affinity of the dye, which is expected to 
be strongly affected by the hydrocarbon chain length, can also 
be evaluated. 

From the data of Table 11, it is apparent that the ability to 
respond to membrane potential is common to a t  least 9 differ- 
ent chromophore structures (Y = 0, I, and S; m = 1, 2, and 3) 
of the cyanine class of dyes. It is also apparent that for each of 
the basic chromophore structures the fluorescence response to 
cell hyperpolarization strongly depends upon both the length of 
the alkyl chain attached to the chromophore as well as upon 
the concentration a t  which the dye is added to the cell suspen- 
sion. In  general, it can be seen that dyes with longer alkyl 
chains exhibit maximal fluorescence changes a t  lower dye con- 
centrations than their short-chain analogs. It is interesting to 
note that a t  low concentrations, the trimethine dyes (diY-C,- 
(3)) show an increase in fluorescence with cell hyperpolariza- 
tion when the alkyl chain is 2 or 3 carbons long. With these 
structures, however, as n becomes larger the increase in fluo- 
rescence is no longer observed and the usual decrease with cell 
hyperpolarization is exhibited. As n becomes even larger (long 
alkyl chains) the magnitude of the fluorescence change begins 
to diminish. This trend is most apparent with diO-C,-(3) a t  
18.3 X IO-’ M. The observations suggest that the mechanism 
responsible for the fluorescence change may depend partly on 
the partition of dye between the membrane and the extracellu- 
lar medium, because increasing the alkyl chain length, as we 
shall show later, increases the ratio of cell-associated dye to 

dye in the medium. It is also likely that the total amount of dye 
associated with the cells is an important feature of the mecha- 
nism of the fluorescence change since the magnitude of the 
change is concentration dependent. In support of this conclu- 
sion is the observation that in  experiments with the dyes using 
suspensions containing 0.33% red cells instead of the usual 
0.17% suspension the concentrations of dye necessary for opti- 
mum fluorescence responses was found to approximately dou- 
ble. 

Solely on the basis of the magnitude of fluorescence change 
that can be elicited with hyperpolarization, many of the dyes 
surveyed in Table I1 can be considered as possibly useful 
probes of membrane potential. The dyes diS-C2-( 5 ) ,  diS-C3- 
( 5 ) ,  and diS-C4-(5), however, are exceptional, showing fluores- 
cence changes in excess of 80% under the appropriate condi- 
tions. Although fluorescence responses of this magnitude were 
observed with the heptamethine diS-C2-(7) (see Table I I ) ,  its 
instability in  aqueous solution severely limits its potential use- 
fulness. 

The time required for the fluorescence change to be com- 
pleted after hyperpolarization was found to depend strongly 
upon the length of the alkyl chain attached to the dye. In  gen- 
eral, the longer the alkyl chain the faster the change in fluores- 
cence. For the dyes diS-C,-(5), the times in seconds for half 
the total fluorescence change to take place were C2 = 30, C3  = 
8, Cq = 6, CS - 4, and c6 < 2. The estimated time for vali- 
nomycin mixing was 1-2 sec. The time courses of fluorescence 
changes of other cyanine dyes depended, in a similar manner, 
upon alkyl chain length. 

Hemolytic Activity. If a probe is to be useful for measuring 
membrane potentials it is desirable that it not damage the 
membrane or alter normal ion fluxes. W e  have assayed the he- 
molytic effects of the dyes incubated for 15 min with normal 
red cells in suspension a t  23’. Table IV shows the percent of 
total cell hemoglobin that is released from cells incubated with 
the dyes (dye concentration, 6.1 X IO-’ M with a 0.17% red 
cell suspension) as determined by the hemoglobin content of 
the supernatant after centrifugation of the cell suspension (see 
Methods). The hemolysis of cells incubated with all of the C2 
and C3 dye structures did not exceed the extent of hemolysis 
detected in the control (dye free) samples, suggesting that the 
lytic effects of these dyes upon the membrane is negligible. The 
diS-C,-(3) and diO-C,-(3) dyes showed little membrane dam- 
age (hemolysis less than 1%) up through the Cs structure. 
Some dyes, for example diS-C5-(5) and other dyes which are 
underlined, were very hemolytic. The greater hemolytic activi- 
ty often observed to occur a t  intermediate alkyl chain lengths 
for dyes with the same chromophore is not understood. Never- 
theless, the data were reproducible within f5% in assays per- 
formed i n  three separate experiments. In  order to reduce the 
likelihood of contaminants in the dye samples, attempts were 
made to assure the purity of these dyes by multiple solvent re- 
crystallizations and sometimes column chromatography. Since 
we do not know the mechanism by which these dyes disrupt the 
membrane, we cannot speculate about the apparently specific 
interaction that changes so abruptly with alkyl chain length to 
produce hemolysis. 

Investigation of t i l?  Potential-Sensitive Fluorochrome diS- 
C3-(5). The dye diS-<’2-(5) has been shown to exhibit a sub- 
stantially large ana ,onably fast fluorescence change in re- 
sponse to changes V I  membrane potential when the dye is 
added a t  relativel? hw concentrations to cell suspensions 
(Table 11). Its absor; 3n and emission maxima are far into the 
red region of the spectrum, away from the major hemoglobin 
absorption bands, and the dye has been shown to be negligibly 
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S l M S  e t  a l .  

T \ R L E  I \  : Per Cent of Total Cell Hemolysis'' 

Dye C? 

dlO-C, - ( 5 )  0 82 

~ - - -  

dIO-C,-(3) 0 67 

d10-Cn-(7) 
diI-C,>-(3) 
diI-C,-(5) 
dII-C,-(7) 
diS-C,-(3) 0 55 
dlS-C, - ( 5 )  0 40 
diS-C,,-(7) I) 79 

~ 

'' Per cent of total cell heniolqsii after 

_ _ _ _ _  - ~~- - -  - _~ 

CS C C c6 Ci CB 
- _ _ _ _  _~ - 

0 27 0 33 0 39 0 73 3 9  3 15 
0 60 1 0 I 45 5 5  
1 - 7  

0 90 
1 4  
0 24 0 41 0 77 4 8  0 79 0 53 
0 29 1 9  12 7 2 5  0 93 0 95 

0 95 

Controls (no dye): 0 5 * 0 2 %  
.. ________ - - ~ . .. - 

15-min incubation at 23" with cyanine dyes a t  a concentration of 6.1 X lo-' M. Data 
obtained from normal human red i,ells suspcndecl at 0.17% in 153 i i i ~  NaCILl7 mbt Tris (pH 7.4) with 0.5% ethanol. For  each 
basic chromophore structure. per cent heniolqsis after 15 min is presented as a function of the length of the alkyl chain substituent 
(C>,). Control suspensions of cells incithated as above hut with no dye show 0.5  (+0.2)% hemolysis. See Methods for experi- 
mental procedure. 

T W L E  \ '  diS-C3-(5): Effect on Ion F l t n  
_ -  _ _ _ _ _ _ _  _ _  ~- 

XI,'' (hr I )  %?orc (min-I) 

Fxpt 22 - 37 22 37" 22 22 22" 37" 
Okgnh (hr-l) O ~ K '  (hr-l) _ _ _ _ _ - ~  

' h \ , ' ( h r  ) 

_ ~ _ 

N o  dye 0 0077 z '1 0032 0 0409 I 0 0447 2 0 0416 !L 0 0166 =k 0 0029 0 047 

With dye 0 0054 0 0049 f 0 0087 . 0 0360 & 0 0458 + 0 0224 + 0 0032 0 054 
0 0019 0 0003 0 0101 0 0019 0 0011 0 0005 

0 Cl008 0 001 8 0 0049 0 0039 0 0020 0 0008 
(single expt) 

._ - _ _ _ _  _ _ _  
'' Simultaneous measurements of inward rate constant5 for Na  and K, using z?Na and 4*K, into human red blood cells in medium 

containing 148 mil NaCI. 5 m\i KCI, 17 mu Tris (pH 7 5 ) .  and 1 x IO-.' 1.1 ouabain in the presence and absence of 6 1 X lo-' M 

dis-C - ( 5 )  Measurements made okt'r a 30-1nin period ( 5  and 35 min) at 22', and in separate experiments, a t  37" (see Methods). 
I Simultaneous measurements of oiituard rate constmt5 for Na and K, obtained under conditions described in footnote a (see 
Methods) Measurements of the oiituard rate constant for 504, using ?>SOr for human red cells suspended in 93 mM Na2S04-20 
ni\i Tris (pH 7 5 )  in the presence and absence of 6 1 X I O  \I  diS-C1-(5) Cells were previously loaded with N a 5 0 4  and a tracer 
quantity of carrier-free 0 (see Methods). Measurements were made at  five points over a n  180-min period in separate experi- 
ments at  22 and 37- (see Methods) 

lytic when incubated with cells under the conditions cniployed 
during fluorescence measurements. Further investigation of the 
effects of this dye upon the normal ion fluxes across the cell 
membrane confirmed that the dye alters the normal physiologi- 
c :~]  parameters of the membrane t o  a negligible extent at the 
concentrations employed i n  these experiments (Table V). The 
remainder of this paper w i l l  be concerned with investigations of 
the nature of the interaction of this potential-Yensitivc probe 
v.ith the red cells. 

Potential Dependence of the C'ell-Mediuni Purtitioning of' 
d i S - C l - ( 5 ) ,  As part of an effort t o  determine the mechanism 
underlying the  fluorescence change observed when these cells 
are hyperpolarized u e  have investigated in detail the emission 
spectra of the diS-C3-(5) suspended with normal cells i n  :i K -  
free medium. Figure 2a shous the emission spectra ( w i t h  exci- 
tii[ion at 622 nrn) of the total cell suspension before and after 
the additioti of kalinomqcin. Thc dashed line is an emission 
monochrometer scan o f t h e  red ce!l suspension prior to the ad- 
dition of dqe. and gives an indication of the contribution of 
scattered light to the results. Addition of valinomycin to this 
dye-free cell suspension was found not to alter the cell-scatter- 

3332 B I O ( ' f I F \ I I Y T R \ ' .  \ 0 1  1 3 .  C O  1 6 .  1'1'4 

ing spectrum. It can be seen from the figure that dye in equilib- 
rium with the cell suspension before the addition of valinomy- 
cin exhibits a moderately broad emission peak with maximum 
at  670 nm. When valinomycin is added to the suspension, the 
emission spectrum changes markedly, with the maximum shift- 
ing 16 nm to the red, and decreasing in intensity by a factor of 
4. Because of the significant red shifting of the emission peak, 
it  is apparent that the magnitude of fluorescence change ob- 
served when monitoring membrane potential with this probe 
will depend upon the selection of emission wavelength. For ex- 
ample, fluorescence monitored at  700 nm decreases only 40% 
%pith the addition of valinomycin to the cell suspension, but an 
80% change is recorded at  670 nm. The red shifting of the 
cmission peak, concomitant with a fourfold decrease in ernis- 
sion intensity, indicates that the molecular environment of at 
least some of the chromophores has been altered as the cells 
are hyperpolarized. To further explore this possibility, we de- 
signed a procedure to separate the emission spectra of Figure 
2a into emission spectra due to fluorescence of cell-associated 
dye and emission spectra due to nonbound dye in the extracel- 
lular medium. 
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Figure 2b shows the fluorescence contributions from the un- 
bound dye in the medium, in the absence and presence of vali- 
nomycin, and from the dye associated with the cells, in the ab- 
sence and presence of valinomycin. The fluorescence contribu- 
tion of unbound dye was obtained by centrifuging the cells to 
the bottom of the fluorescence cuvet (see Methods) and ob- 
taining the emission spectrum of the cell-free supernatant. The 
emission spectrum that is due only to cell-associated dye (dot- 
ted spectra, Figure 2b) was obtained by correcting the corre- 
sponding fluorescence spectrum of the total suspension (Figure 
2a) for light scattering, and then subtracting from this correct- 
ed spectrum the component of fluorescence due to the unbound 
dye in the medium. 

In resolving the emission spectrum of dye in the cell suspen- 
sion into the components representing dye in the medium (su- 
pernatant) and the calculated cell-associated fraction, it was 
essential for us to consider how the presence of red cells might 
alter the shapes of the dye spectra. Absorption and scattering 
of excitation and emitted light by particulate species in suspen- 
sion can, in  many cases, change the shape and intensity of an 
emission spectrum. We have measured the absorbance of a 
lightly sonicated 0.17% red cell suspension to be approximately 
0.02 at 622 nm, the wavelength at which we excite diS-C3-(5) 
in these experiments. Therefore, the presence of hemoglobin 
alone does not significantly interfere with emission measure- 
ments employing red-absorbing dyes such as diS-Cy(5) that 
can be excited above 620 nm. The effects of cell scattering are 
more difficult to assess. We attempted to investigate the extent 
of scattering interference with our measurements by determin- 
ing the scattering component introduced by the presence of 
cells with a dye exhibiting the identical absorption and emis- 
sion properties as diS-C3-(5), but which does not bind to the 
cells. The dye, diS-C3S03--(5), which has high water solubili- 
ty (see structure below), was added at different concentrations 

to K-free medium. The emission spectrum of this dye solution 
was recorded with excitation at 622 nm for each of several dif- 
ferent dye concentrations, prior to the addition of red cells to 
the solutions to give 0.17% cell suspensions. After three min- 
utes of mixing, the emission spectra of the cell suspensions was 
recorded. The cells were then centrifuged to the bottom of the 
cuvet to permit measurement of the fluorescence from the cell- 
free supernatant. For each concentration of dye employed (3 X 
IO-' to 3 X M )  the emission spectrum of the dye in the 
medium before the addition of cells was found to be identical 
with the emission spectrum of the cell-free supernatant ob- 
tained after incubation with the cells, confirming that the dye 
does not bind to the cells. Furthermore, subtraction of the cell- 
scattering spectrum (dashed line in Figure 2a) from the emis- 
sion spectra obtained from the red cell suspensions at each of 
the dye concentrations employed produced spectra that were 
identical to the spectra obtained from this dye (emission from 
640 to 720 nm) in cell-free medium. Hence we are confident 
that we have accurately determined the spectra for the un- 
bound and cell-associated components of diS-C3-( 5 )  shown in 
Figure 2b. 

It is clear from Figure 2b that most of the fluorescence de- 
tected from the cell suspension before the addition of valinomy- 
cin is due to dye in the aqueous medium. However, we have 

w a r a i e n g t h ,  n a n o m e t e r s  

FIGURE 2: (a) Fluorescence emission spectra of suspensions of diS- 
C3-(5) with red cells in  NaC1-Tris (pH 7.4). Upper solid-line trace was 
obtained 3 min after mixing of the dye (6.1 X IO- '  M) with  the 0.17% 
suspension of red cells. Also shown in this figure is the trace of the 
emission spectrum obtained 2 min after the addition of valinomycin 
(final concentration, I X M )  to the suspension of cells with dye. 
The dashed line is a trace of cell scattering obtained from the cell sus- 
pension before the addition of dye. Excitation is a t  622 nm. (b)  The 
aqueous (solid-line traces) and cell-associated (dotted-line traces) com- 
ponents of the dye emission spectra presented in part a .  The solid-line 
traces were obtained from the cell-free supernatants obtained from 
centrifugation of the cell suspensions with dye (or dye + valinomycin) 
as described in Methods. The dotted-line traces present the calculated 
emission from cell-associated dye in the presence and absence of vali- 
nomycin. See text for explanation. 

found that quantity of dye in the aqueous medium (not bound 
to cells) represents less than half of the total quantity of dye in 
the suspension. In twelve experiments in  which 1 pg of dye was 
added to the cell suspension, we determined by extraction (see 
Methods) that 53 (f4)% of the total dye in suspension was as- 
sociated with the cells, 47 (f4)% in the extracellular medium. 
Although as much as 10% of the dye was found to adhere to 
the surfaces of the cuvet, the ratio of cell-associated dye to dye 
in the medium remained remarkably constant throughout the 
twelve experiments. Thus we have determined that prior to hy- 
perpolarization the 53% of the dye in suspension that is associ- 
ated with the cells contributes only 18% of the fluorescence a t  
670 nm. And, although less than half (47%) of the dye is in the 
medium, it accounts for 82% of the total fluorescence recorded 
at that wavelength. 

After the addition of valinomycin to red cells equilibrated 
with the diS-C3-(5) in K-free medium, the emission spectrum 
of the suspension exhibited a 16-nm red shift with a fourfold 
decrease in fluorescence at the emission maximum (Figure 2a). 
From the resolved spectra shown in Figure 2b it is clear that 
the fluorescence changes of the suspension are mostly due to a 
tenfold decrease in the quantity of free dye in the medium. 
Under these conditions, the fluorescence from dye associated 
with the cells (shown by the dotted spectra in  Figure 2b) is 
found to decrease by a factor of '/3, even though the percentage 
of dye associated with the cells determined by extraction in- 
creases from 53 ( f 4 ) %  before hyperpolarization to 9 7 ( f  I ) %  
after the addition of valinomycin. It is important to note that 
the cell-associated components of fluorescence determined both 
prior to and after the addition of valinomycin exhibit the same 
emission maximum a t  688 nm, a red shift of over 20 nm from 
the dye's emission peak in aqueous medium. 

I f  the potential-dependent fluorescence changes shown in 
Figure 1 are due to a potential-dependent partition of dye be- 
tween the cells and medium, as is suggested by experiments in- 
volving maximal hyperpolarization of the cells in K-free medi- 
um, then the relative percentages of dye distributed between 
the cells and extracellular medium ought to depend in a pre- 
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TABLE V I :  Partition of diS-C:-(5) as a Function of [KOi]." 

Cell-Associated Dye ( %) Dye in Medium ( %) 
(mv) N o  Val With Val No Val With Val 

.- [Kn'l - .  

._ .~~~~ ~ 
. ~ ~ - -~ ~. ~ 

0 5 3 i 5  9 7 & 1  4 7 = 5  3 - 1  
51 5 5 i 3  7 0 i 2  4 5 i 3  3 0 i 2  

102 5 2 = 2  5 3 - 4  4 8 i 2  4 7 i - 4  
153 4 2 i 2  2 8 i 3  5 8 i 2  7 2 i 3  

a Influence of the extracellular potassium concentration 
[K,,'] o n  the binding of diS-C:,-(5) to  normal cells in suspension 
prior to  and after the addition of valinomycin. The amounts 
of cell-associated dye and nonbound dye (in the medium) 
are expressed as  a per cent of the total dye in  the suspension. 
The data were obtained with normal cells suspended to 0.17% 
a t  23 O in medium containing potassium a t  concentrations of 
0-153 mM. [KO+] = 0 refers to  medium containing 153 mbi 
NaCl-17 mM Tris (pH 7.4). K C l  was substituted for NaCl t o  
obtain the potassium concentrations given in the table. In  
each experiment. 1 pg (1.83 pmol) of dye was added in  ethanol 
(final ethanol concentration, 0.5 %) t o  3 ml of stirred cell sus- 
pension in a standard fluorescence cuvet and mixed for 4 min. 
Determinations of the cell-associated and nonbound fractions 
of dqe were made according to  the procedures given under 
Methods. The  experiments were then repeated with cell sus- 
pensions prepared as described above but with the addition of 
valinomycin (final concentration, 1 .0 X 

_ _ _ - - . ~ ~ ~  - ~ -~ 

X I ) .  

dictable way on the size of the potential change elicited by the 
addition of valinomycin. Table VI shows the partitioning of 
diS-Ci-( 5 ) ,  with and without valinomycin, with suspensions of 
cells in medium containing the same series of KO+ concentra- 
tions used to generate Figure 1. It can be seen that before the 
addition of valinomycin, the partition of the dye shows only a 
small dependence on KO+. This is reasonable, since for normal 
cells, where P K  is about 100 times smaller than P c ~ ,  the con- 
stant field equation predicts that the membrane potential is rel- 
atively insensitive to KO+'. Upon the addition of valinomycin 
the amount of dye taken up by the cells changes proportionally 
with the size of the potential (and fluorescence) change gener- 
ated i n  the cells, which are suspended in media of different Kf 
concentration. The uptake of dye by cells is maximal under 
conditions eliciting the largest fluorescence decrease (maximal 
hyperpolarization in K-free medium), and diminishes propor- 
tionally as K O  increases. When the cells are suspended in 153 
mM KCI, dye is actually released from the cells upon the addi- 
tion of valinomycin. Thus we conclude that there is a poten- 
tial-dependent partition of diS-C3-(5) between cells and medi- 
u m .  The dye is released from cells upon depolarization and 
taken u p  by cells upon hyperpolarization. 

We have futher examined the uptake of diS-C3-(5) by hy- 
perpolarized red cells in K-free medium and have found that 
the fraction of dye associated with the cells remains approxi- 
mately constant over a tenfold range (3.05 X IO-' to 30.5 X 
IO-'  M )  of total dye concentration in the suspension. Figure 3 
is a double-reciprocal plot of the quantities of cell-associated 
dye vs. unbound dye i n  the medium. The apparent dye/cell dis- 
sociation constant, K,, can be obtained from the slope assum- 
ing that the data can be represented by the Klotz equation 
(Weber and Young, 1964; Klotz, 1947): 1 / u  = l /K ,D + l /n ,  
where u = dye associated with the cells (in pg), D = pg of dye 
i n  the medium ( k g / 3  ml of medium), and n is a constant. The 
apparent K ,  value determined from this plot in the absence of 
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F I G U R E  3: Double-reciprocal plot of the quantity of dye associated 
wi th  t h e  cells against the quantity of (unbound) dye in the extracellular 
medium. Data were obtained from 0.17% suspensions of normal cell 
suspended with diS-C3-(5) (final concentrations from 3.05 to 30.5 X 
IO-' M )  in  NaC1-Tris medium and from cells suspended wi th  dye plus 
valinomycin ( 1  .O X M) in NaCI-Tris medium. Solid lines repre- 
sent least-squares fits of the two sets of data. Double data points a re  
represented by the symbol 0. See text for details. 

valinomycin is 14 times the K ,  value obtained when the cells 
are hyperpolarized. This change in the dissociation constant 
demonstrates the striking increase in the affinity of the red cell 
for the dye upon hyperpolarization. Since the data fall approxi- 
mately on straight lines, we infer that the affinity of dye for 
cell binding sites remains essentially constant over a t  least a 
tenfold dye concentration range. 

Since other members of the diS-C,-( 5 )  homologous series 
show large fluorescence decreases with maximal hyperpolariza- 
tion (Table I I ) ,  it is not surprising to find that they also show 
changes in cell-medium partitioning with hyperpolarization. 
Table VI1 shows the percentages of each dye associated with 
the cells and with the medium, before and after addition of val- 
inomycin. In each case the dye is taken up by the cells upon hy- 
perpolarization with the dye concentration of the water phase 
decreasing by a factor of ten. As we would predict, simply on  
the basis of expected water/hydrocarbon solvent solubility, and 
assuming the dyes associate with membrane hydrocarbon, the 
dyes with longer alkyl chains partition more toward the cells, 
before hyperpolarization as well as after hyperpolarization. 

Quenching of Cell-Associated Dye Fluorescence. Figure 2b 
demonstrates that i n  absence of valinomycin the diS-C3-(5) 
molecules associated with the cells are less fluorescent a t  670 
nm than the dye molecules in the medium. It is also apparent 
that when the cells have been maximally hyperpolarized, the 
fluorescence of cell-associated dye is even further diminished. 

A quantitative measure of the apparent quenching of cell- 
associated dye fluorescence is given by the factor Qi .  We de- 
fine QX as the ratio of the fluorescence intensity, a t  wavelength 
A, of a unit quantity of dye associated with the cells (of a 0.1796 
red cell suspension) to the fluorescence intensity of the same 
amount of dye in 3 ml of cell-free medium. Q i  becomes less 
than 1.0 as cell associated dye is quenched relative to its fluo- 
rescence in water, regardless of the quenching mechanism. For 
the experimental results presented in Figure 2b, (3670 is calcu- 
lated to be 0.20 for the cells in suspension before the addition 
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TABLE VII: Cell Partition of Cyanines diS-C,-(5>." 
- 

Dye 
diS- % Dye Bound to  Cells % Dye in Medium 

Cn45) 
n = No Val With Val No Val With Val 

2 3 2 f 3  91 i 1 6 8 i 3  9 1 1  
3 5 3 i 4  97 i 1 4 7 f 4  3 z t l  
4 7 1 1 1  9 7 . 5  f 0 . 5  29 i 1 2 . 5  f 0 . 5  
5 82 + 0 . 5  9 8 . 5  f 0 . 5  18 f 0 . 5  1 . 5  i 0 . 5  
6 9 5 . 5  & 0 . 3  9 9 . 8  i 0 . 1  4 . 5  f 0 . 3  0 . 2  i 0 .1  

a The binding of structural analogs of diS-C3-(5) to  nor- 
mal cells in K+-free suspension with and without valinomycin. 
The amounts of cell-associated dye and dye in the medium 
are expressed as a per cent of the total dye in suspension. The 
data were obtained with normal cells suspended to  0 . 1 7 z  a t  
23" in medium containing 153 mM NaC1-17 mM Tris (pH 7.4). 
In each experiment, 1.83 pmol of dye was added in ethanol 
(final ethanol concentration, 0.5%) t o  stirred 3-ml cell sus- 
pensions in  standard fluorescence cuvet and mixed for 4 min. 
Determinations of the cell-associated and nonbound frac- 
tions of dye were made according to  the procedures given un- 
der Methods. Experiments were also conducted for cell sus- 
pensions prepared as above but with the addition of valinomy- 
cin (final concentration, 1.0 x 10-5 M). 

of valinomycin. A significant part of the apparent quenching of 
cell-associated dye fluorescence at 670 nm before valinomycin 
addition is due to a red shift of dye fluorescence to a new maxi- 
mum of 688 nm. But the red shift cannot totally account for 
the quenching a t  670 mm. Even a t  the red shifted emission 
maximum, the fluorescence intensity of cell-associated dye is 
less than the maximum intensity of the dye in water. Hence, 
there is a mechanism for fluorescence quenching before vali- 
nomycin addition that is not associated with the red shift. 

After the addition of valinomycin to the red cell suspension 
(Figure 2b, maximum hyperpolarization), Q670va' is calculated 
to be only 0.08. The change in Q 6 7 0  with cell hyperpolarization 
reflects the fact that the emission from cells is less intense after 
the addition of valinomycin (cJ the dotted line spectra of Fig- 
ure 2b), even though the quantity of dye associated with the 
cells has increased by a factor of nearly 2 (Table VI). Since the 
emission maximum of cell-associated dye remains a t  688 nm 
after valinomycin addition, it is apparent that the dye mole- 
cules associated with the cells become even less fluorescent 
after hyperpolarization as a result of a quenching mechanism 
that does not depend on a red shift. 

The question arises whether the increased quenching ob- 
served is directly related to the change in membrane potential, 
or is rather a consequence of the increased dye content of the 
cells after hyperpolarization. In order to resolve this question, 
we have investigated the change in Q 6 7 0  as a function of the 
number of micrograms of dye associated with the cells. In three 
sets of experiments, dye was added in different amounts to 
0.17% cell suspensions to give dye concentrations in the total 
suspension ranging from 3.05 X to 15.3 X M. After 
4 min of mixing, the e 6 7 0  and the quantity of cell-associated 
dye were determined for each trial by the methods discussed 
earlier. The experiments were conducted with normal cells sus- 
pended under four conditions: cells in K-free medium without 
and with valinomycin, and cells in 51 mM K without and with 
valinomycin. Figure 4 presents plots of e 6 7 0  vs. micrograms of 

N O  V81 m Y 0 KO 51 mY 

- W i t h  Val v KO 51 m u  

y g  c o l l - 8 a 8 0 c I a I o d  d y e  

FIGURE 4: The change in Q670 as a function of the number of micro- 
grams of dye associated with the cells. e670  is a factor that quantita- 
tively describes the apparent quenching (relative to an emission of 1 .O 
for dye in aqueous medium) of cell-associated dye. Data obtained from 
experiments with normal red cells (0.17% suspensions) suspended with 
diS-C3-(5) (dye concentrations from 3.05 to 30.5 X IO-' M) under 
four different conditions: in NaC1-Tris medium without valinomycin 
(0); in medium of 51 mM K+, 102 mM Na+ without valinomycin (0): 
in NaCI-Tris medium with valinomycin (0) ;  and in medium of 51 mM 
K+-102 mM Na+ with valinomycin (v). See text for an explanation. 

cell-associated dye for each of the four experimental condi- 
tions. 

If one assumes that the presence of dye does not significantly 
alter the membrane potential, it is clear from the data of Fig- 
ure 4 that the quenching of the fluorescence of cell-associated 
dye is directly related to the quantity of dye associated with 
the cell. When the concentration of dye in the cell is low, Q 6 7 0  

approaches or even exceeds the reference (nonassociated) value 
of 1 .O. As the concentration of dye in the cell increases, the flu- 
orescence per molecule of dye drops sharply, Q 6 7 0  approaching 
zero. Furthermore, the quenching of fluorescence as a function 
of the quantity of cell-associated dye is almost the same for 
each of the four experimental conditions. However, the data 
obtained from cells under conditions of hyperpolarization (see 
solid curve, Figure 4) show slightly greater quenching a t  each 
dye content as compared with the data from cells in the ab- 
sence of valinomycin (see dotted curve, Figure 4). In other 
words, independent of changes in the dye content of the cells, 
hyperpolarization of the membrane seems to diminish the fluo- 
rescence of cell-associated dye. This is especially apparent 
when the quantity of dye associated with the cells is less than 
0.4 p g .  

Formation of Dye Aggregates That Do Not Fluoresce at 
670 nm. From the results we have presented to this point, we 
have been able to relate the fluorescence changes observed with 
the dye in cell suspensions to a potential-dependent distribution 
of the dye between the cells and extracellular medium. But be- 
yond an indication that cell-associated dye is observed to show 
red-shifted and highly diminished fluorescence (with quench- 
ing dependent on the quantity of cell-associated dye), we have 
yet to offer a molecular mechanism to account for the differ- 
ences in fluorescence observed for cell-associated and non- 
bound dye. In  fact, it is worthwhile to note an apparent dis- 
crepancy between our observations on the fluorescence of these 
dyes in association with cells and our earlier data on the spec- 
tral behavior of these dyes in organic solvents (Table I ) .  Note 
that in octanol, diS-C2-(5) shows a highly (22 nm) red-shifted 
fluorescence relative to its aqueous emission. Qualitatively, this 
is quite similar to the 20-nm red shift we have observed for the 
association of diS-C3-(5) with the cells (Figure 2). But from 
the data of Table I, the dye shows nearly a 50% increase in the 
intensity of its emission on going from an aqueous environment 
to that of octanol. 
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F I G U R E  5 :  Absorption spectra for diS-C3-(5) obtained at various dye concentrations in NaCI-Tris medium at 23'. Dye was added in ethanol (final 
EtOH concentration, 0.5%) to a I-cm path-length quartz cuvet containing I ml of NaCI-Tris medium (pH 7.4) to give the dye concentrations indi- 
cated in the figure. Spectra were scanned I min after mixing of dye. 

The fact that diS-C3-(5) in association with the cells shows 
significantly diminished fluorescence relative to its emission in 
aqueous medium is a somewhat surprising result if  one assumes 
that diS-C3-( 5 )  is associating with the hydrocarbon regions of 
the red cell membrane in a manner similar to the amphiphilic 
fluorochrome ANS-. With the addition of cells to ANS- in 
aqueous medium. the emission from this molecule is observed 

1 I I 1 I 
1 2 3 4 5 

Mlnutos  a f t o r  a d d l t i o n  o f  v o i i c l o s  

FIGURE 6: Fluorescence intensity as a function of time recorded for a 
suspension of KCI-filled phosphatidylcholine-cholesterol (3: I )  vesicles 
(formed by light sonication in KCI-Tris medium, see Methods) sus- 
pended wi th  diS-C3-(5) in KaCI-Tris medium. Suspension contains 20 
wg of lipid/ml. Dye was added to lipid suspension at  time 0 (final dye 
concentration. 4.6 X IO-' M ) .  Valinomycin was added where indicat- 
ed. Emission is at 670 nm with excitation of 622 nm.  Fluorescence is i n  
a rb i t ra ry  units.  

to greatly increase in intensity along with a distinct shift i n  the 
emission maximum upon binding to the membrane (Rubalcava 
et al., 1969; Fortes and Hoffman, 1971). This change i n  ANS- 
fluorescence on binding to the membrane is quite similar to the 
emission changes observed when ANS- is removed from water 
and placed in a hydrocarbon solvent such as octanol (Stryer, 
1968). diS-C3-(5), by its 22-nm red shift on association with 
the cells, also appears to be in or near the hydrocarbon regions 
of the membrane. But instead of showing increased fluores- 
cence as one would expect from its enhanced emission in octa- 
nol, the dye appears to be significantly quenched. 

Accordingly, we have sought other explanations for the 
quenching of cell-bound dye fluorescence. It has been reported 
that a number of cyanine dyes with increased concentration i n  
aqueous solutions, in association with silver bromide crystals 
and biological macromolecules, and in dye-octadecane mono- 
layers, undergo aggregation to form dimers and multimers 
(West and Pearce, 1965; Kay et al. ,  1964; Biicher and Kiihn. 
1970; West and Carroll, 1951). Quantum mechanical and ex- 
tended dipole calculations assuming appropriate geometries of 
the aggregates have given absorption wavelengths which are in 
good agreement with experimental findings (Czikklely et al..  
1970). Figure 5 shows absorption spectra of diS-C3-(5) ob- 
tained i n  aqueous solutions a t  increasing dye concentration. 
Note that a t  0.9 X M concentration, the monomer absorp- 
tion peak a t  643 nm is observed. With increasing concentration 
of dye, two new absorption peaks become evident: a blue-shift- 
ed peak a t  583 nm, corresponding to the dimer absorption 
(West and Pearce, 1965), and a peak beyond 700 nm due to 
the existence of higher order aggregates and commonly rc- 
ferred to as the J band (Sheppard, 1942). Note also that with 
increasing concentration, the peak intensity at 643 nm is in- 
creasingly diminished relative to the absorption peaks for  the 
dimer and multimer species. We also obtained the corrected 
excitation spectrum (emitting a t  670 nm) of 10 X I O w h  M diS- 
C3-(5) i n  an aqueous solution. Although Figure 5 shows that 
dye solution a t  this concentration contains dimers and higher 
order aggregates, the excitation spectrum is nearly superimpo- 
sable on the monomer absorption spectrum. This gives indica- 
tion that the dimers are essentially nonfluorescent a t  670 nm. 
Since the formation of nonfluorescent (a t  670 n m )  multirneric 

3326 B I O C H E M I S T R Y ,  V O L .  1 3 ,  N O .  1 6 ,  1 9 7 4  



C Y A N I N E  D Y E S  A S  M E M B R A N E  P O T E N T I A L  P R O B E S  

aggregates of dye is a concentration-dependent phenomenon, 
we were led to explore the possibility that the concentration- 
dependent quenching of dye associated with the red cells might 
be related to a process of dye aggregation. 

Because light scattering from red cell suspensions makes 
small changes in the dye absorption spectrum difficult to mea- 
sure, we turned our attention to mixed phosphatidylcholine- 
cholesterol (3:l) vesicle preparations which can be used as a 
model for the red blood cell system and which scatter far less 
light. 

A stock suspension of vesicles containing K+ was formed by 
coating a test tube with lipid, adding 153 mM KC1 and 17 mM 
Tris, and lightly sonicating the mixture for 2 min. A 15-pl ali- 
quot of the vesicle stock suspension was added to 3 ml of 153 
mM NaCI-17 mM Tris along with 0.75 pg of diS-C3-(5). Emis- 
sion was monitored a t  670 nm with excitation at 622 nm. Sev- 
eral minutes after the addition of the dye the fluorescence in- 
tensity became constant and valinomycin was added to hyper- 
polarize the vesicles. Figure 6 presents the recording obtained 
from a single such experiment. Note the rapid 80% decrease in 
fluorescence a t  670 nm that is observed after the addition of 
valinomycin. Emission spectra obtained before and after the 
addition of valinomycin (not shown) revealed a red shift of 
emission to 686 nm after hyperpolarization. The fluorescence 
intensity of the hyperpolarized vesicles remained essentially 
constant for longer than 10 min.* In experiments where the ex- 
ternal concentration of K+ was increased by substituting KCl 
for NaCl in the medium, the size of the fluorescence change 
observed after the addition of valinomycin was correspondingly 
smaller. N o  change in fluorescence was observed when vali- 
nomycin was added to the vesicles suspended in 153 mM KCI- 
Tris. Therefore we assume that when the vesicles are hyperpo- 
larized, the magnitude of the fluorescence change is propor- 
tional to the size of the valinomycin-induced potential change, 
as was seen in the red cell system. 

The absorption spectra shown in Figure 7 were obtained 
from lipid-cholesterol vesicles under the same conditions em- 
ployed during the fluorescence studies depicted in Figure 6. 
The absorption spectrum of diS-C3-(5) in 153 mM NaC1-17 
mM Tris was obtained 2 rnin after the addition of dye. The 
total absorbance continued to slowly decrease, probably be- 
cause of adsorption of the dye to the cuvet surfaces. Despite 
this slow decline in total absorbance, the shape of the spectrum 
was observed to remain the same for more than 10 min. When 
vesicles were added to the dye solution, the absorption spec- 
trum changed very rapidly for the first 30 sec and then de- 
creased in absorbance very slowly over time. The spectrum of 
dye with the vesicles in Figure 7 was obtained 1 min after the 
addition of the vesicles to the dye solution and was observed to 
remain qualitatively the same for more than 10 min. The third 
absorption spectrum shown in Figure 7 was obtained 1 min 

* I f  cholesterol was omitted from the vesicle preparation, the fluores- 
cence response to valinomycin-induced hyperpolarizations did not re- 
main constant, but tended to rise to the fluorescence intensity observed 
before the addition of valinomycin to the suspension. This instability 
may be due to the fact that the vesicles formed without cholesterol may 
be more permeable to Na+ or CI- (Papahadjopoulous and Watkins, 
1967; Papahadjopoulos et ai., 1972), or that the dye can cross through 
the membrane and act as an anion carrier. On the other hand, when 
the cholesterol content of the vesicles is increased to 50% of the total 
lipid content, no fluorescence change was observed upon the addition of 
valinomycin to the vesicle suspension in 153 mM NaCI. This phenome- 
non could be explained by the fact that valinomycin is a less efficient 
carrier in high-cholesterol vesicles (DeGier et al.. 1970). It is also pos- 
sible that the dye cannot permeate the membranes of vesicles that are 
high in  cholesterol, and therefore cannot sense the potential across the 
membrane. 

IO 
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FIGURE 7: Absorption spectra obtained from diS-C3-(5) with KCI- 
filled lipid-cholesterol vesicles under the same conditions described for 
the fluorescence measurements of Figure 6 (see legend, Figure 6). The 
solid line is a tracing of a spectrum obtained 90 sec after the addition 
of diS-C3-(5) to 3 ml of NaCI-Tris medium in a 1-cm path-length 
quartz cuvet (final dye concentration, 4.6 X lo-’ M). A spectrum rep- 
resented by a dashed-line tracing was obtained 3 min after the addition 
of the vesicles to the dye solution to give a suspension of 20 fig of lipid/ 
ml. The dotted line is the spectrum obtained 2 rnin after the addition of 
valinomycin to the suspension of lipid with dye. The absorbance of 
each sample was measured against a reference cell containing a sus- 
pension of the identical composition of the sample cell, but with no dye 
present. 

after the addition of valinomycin to the vesicle suspension with 
dye. Although no substantial change in the absorption spec- 
trum had been recorded when the vesicles were added to the 
dye, the addition of valinomycin to the vesicle suspension 
caused a pronounced change in the shape of the dye absorption 
spectrum. As can be seen in the figure, the hyperpolarization of 
the vesicles with the addition of valinomycin results in the ap- 
pearance of a new dye absorption peak to the red of 700 nrn. 
This broad absorption peak appears similar to the J band that 
was observed (Figure 5 )  when diS-C3-(5) was dissolved in 
aqueous medium at concentrations above M. It appears, 
then, that with the vesicle suspension, aggregation of the dye 
takes place upon hyperpolarization. Presumably, the aggrega- 
tion results from uptake of the dye by the vesicles in a manner 
similar to that observed for red blood cells. 

Thus a plausible explanation for the quenching mechanism 
after hyperpolarization is the formation of dimers and higher 
order aggregates of dye that are nonfluorescent a t  670 nm as 
the concentration of vesicle (or, cell) associated dye increases. 
We do not know where the aggregates of dye are formed; 
whether, for instance, on the surface of the membrane, in the 
interior regions of the membrane, in the aqueous interior of the 
vesicles, or in various combinations of these. 
Discussion 

Sensitivity of fluorescence to red cell membrane potential is 
common to a number of related cyanine dyes. Nine different 
chromophore structures we tested showed decreases in fluores- 
cence greater than 50% with maximal cell hyperpolarization. 
But the sensitivity of each chromophore depended on the 
length of the hydrocarbon chains attached to the chromophore 
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and the concentration a t  which the dye was used. One of the 
dyes, diS-C3-( 5 ) ,  shows an exceptionally large fluorescence 
change (-80%) with hyperpolarization and was found to mini- 
mally alter membrane transport parameters such as ion fluxes 
and hemolytic activity. Therefore, we are interested in investi- 
gating the mechanism for the fluorescence change observed 
with the use of this dye. 

We have found that the fluorescence changes of diS-C3-( 5 )  
with membrane potential are related to two phenomena. First, 
the partitioning of dye between the cells and the external medi- 
um depends on the cell potential. Dye is taken up by the cells 
upon hyperpolarization and released upon depolarization. For 
example, with maximal hyperpolarization, a tenfold decrease 
of dye concentration in the medium is observed. Levin et al. 
(1968) and Nasonov (1959) have shown that the binding of 
Heliogen Blue and Neutral Red to nerves changed'when the 
nerve was stimulated to give trains of action potentials. These 
binding changes may be similar to the potential-dependent 
changes described here. Second, cell-associated dye is signifi- 
cantly less fluorescent than the dye in the medium and the de- 
gree of quenching is dependent on the amount of dye associ- 
ated with the cells. For example, before hyperpolarization cell- 
associated dye is '/sth as fluorescent as dye in the medium. But 
after maximal hyperpolarization the amount of dye associated 
with the cells is nearly doubled (because of dye uptake from 
the medium) and the fluorescence of cell-associated dye is 
found to be only '/12th of its relative intensity in the medium. 
We would expect, from our knowledge of the quenching of cell- 
associated dye, that upon depolarization the fluorescence in- 
crease observed a t  670 nm results because the dye is ejected 
from the cells into the medium where it is more fluorescent, 
and also because the dye that remains associated with the cells 
is now relatively more fluorescent, since the cells are partially 
depleted of dye content. 

Mixed phospholipid-cholesterol vesicles containing high po- 
tassium concentrations and suspended in a low potassium me- 
dium containing diS-C3-(5) show large decreases in fluores- 
cence upon valinomycin addition. They also exhibit a red-shift- 
ed emission maximum to 686 nm, similar to the shift in emis- 
$ion maxima seen with the red cell preparations. It is not un-  
reasonable, then, to expect that the very similar fluorescence 
changes, which take place under identical ionic conditions in 
both vesicle and red cell suspension, results from a similar in- 
teraction of the dye with the lipid bilayers of both systems. For 
this reason, we have used the vesicle preparation as a model for 
the red cell and have obtained information about dye interac- 
tion with the vesicles which may be useful for understanding 
the interaction of dye with the red cells. From absorption spec- 
troscopic studies on the vesicle preparation we have found evi- 
dence of dimer and higher order aggregate formation upon hy- 
perpolarization of the vesicles. The multimers, which absorb in 
the J band above 700 nm, do not contribute to fluorescence a t  
670 nm. The dimers, which absorb in the region of excitation 
(622 nm), are not fluorescent, as judged by the shape of the ex- 
citation spectrum of an aqueous solution of monomers, dimers 
and higher order aggregates. Most likely, then, the decrease in 
diS-C3-(5) fluorescence at 670 nm upon hyperpolarization of 
the vesicles is due to uptake of dye by the vesicles with the fol- 
lowing results. Some of the dye associated with hyperpolarized 
vesicles is probably in a hydrocarbon environment since the 
emission is red shifted. The fluorescence of the rest of the vesi- 
cle-associated dye is quenched because it has formed nonfluo- 
rescent aggregates due, most likely, to increased dye content. 

I f  the mechanism for the fluorescence change of diS-C3-(5) 
is the same for the vesicles and the red cells, then the dye is 

probably also forming nonfluorescent aggregates in the red 
cells when the cell-associated dye content becomes high. Cer- 
tainly, the increase in fluorescence quenching of red cell-associ- 
ated dye with increasing dye content is consistent with the 
usual concentration dependence of aggregate formation. A few 
rough calculations also support the contention that aggregation 
of dye may be taking place in the cells. If it is assumed that the 
dye is bound noncovalently to the outside surface of the mem- 
brane, 0.5 r g  of dye per 4 X lo7 cells (a typical experiment be- 
fore hyperpolarization with a 0.17% cell suspension) assuming 
a surface area of 130 p2/cell results in  a surface density of one 
dye molecule per 1000 A2. The dimensions of a diS-C3-(5) 
molecule obtained from a space-filling molecular model are 20 
X 8 X 4 A. Hence, there is enough dye associated with the cells 
to cover 10-20% of the external membrane surface of a red cell 
prior to hyperpolarization and 20-40% after maximal hyperpo- 
larization results in a doubling of cell-associated dye. Of 
course, it is possible that only certain regions of the membrane 
surface are available as dye binding sites. This would increase 
the surface concentration of dye in these regions and further 
increase the likelihood of dye aggregation. It is conceivable 
that the negatively charged sialic acid residues could stabilize 
the adsorption of a large amount of positively charged dye to 
the outer membrane surface. We consider this situation unlike- 
ly, however, because no change in the total fluorescence of the 
dye with the cells is observed after neuraminidase treatment to 
remove the sialic residues. 
On the other hand, if  it is assumed that all the dye is accu- 

mulated in the cytoplasm of the cell, the concentration of dye 
i n  the intracellular fluids would be 2 X M before vali- 
nomycin addition and 4 X M after maximal hyperpolari- 
zation. These concentrations are 20-40 times larger than those 
used to generate the absorption spectrum of an aqueous solu- 
tion of dimers and multimers (Figure 5). It is likely, therefore, 
that nearly all the accumulated dye in the cytoplasm would be 
in an aggregated form. At this time we have not experimentally 
determined the location of the dye binding sites within the red 
cell, and since we do not know whether the dye permeates the 
membrane we cannot estimate accurate surface or internal 
concentrations of dye. It is clear, however, that there is suffi- 
cient dye associated with the cells to produce aggregation and 
account for the quenching of cell-associated fluorescence. 

A major question yet to be answered is how the dye "senses" 
the membrane potential and partitions between the cells and 
the medium according to the potential. Several possible mecha- 
nisms come to mind. 

( 1 )  Suppose the dye associates only with the external half of 
the membrane. Perhaps it is most reasonable to expect the dye, 
which bears a single positive charge, to interact with the nega- 
tively charged phospholipid head groups near the surface. The 
dye would then have to sense structural changes, such as reori- 
entations of surface dipoles or changes in the surface potential 
that may take place with changing trans-membrane potential. 
The result would be the alteration of the number of binding 
sites on the membrane surface. Or, the dye might sense the 
part of the trans-membrane electrical potential change that oc- 
curs near the outer surface of the membrane. The altered po- 
tential energy of the charged dye at the surface of the mem- 
brane (relative to its potential energy in the external medium) 
would shift the equilibrium partition of dye between the cell 
and the medium. In either case, it is unlikely that the dye can 
experience the entire electrical field across the membrane be- 
cause the largest part of the electrical potential drop will be 
across the hydrocarbon region of the membrane (Lauger and 
Neumcke, 1973). 
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(2) If the hydrocarbon regions of the membrane are accessi- 
ble to the dye, it is possible that changes in membrane potential 
may change the solubility of the dye in these regions. Electro- 
strictive effects (White, 1970, and references therein) a t  high 
potentials might “squeeze” the dye from the membrane. It 
should be remarked that this mechanism seems unlikely be- 
cause the dyes have been found to be insoluble in hydrocarbons 
such as decane, benzene, and ether, and are  therefore unlikely 
to be soluble in the hydrocarbon interior of the membrane. 
Furthermore, according to this model, dye would be 
“squeezed” into the external medium when the potential goes 
above or below the zero potential. In other words, contrary to 
what we have observed, both depolarization and hyperpolariza- 
tion of the membrane should result in increased dye content in 
the medium (dissociation of dye from the cell membrane) and 
more intense fluorescence. 

(3) One might assume the dye is capable of passing through 
the membrane. According to this model, when the inside elec- 
trical potential is negative relative to the outside, the positively 
charged dye is accumulated in the intracellular space in an ag- 
gregated form, or complexes with negatively charged macro- 
molecules such as hemoglobin. The relative concentrations of 
free monomeric dye inside and outside the cell should be in ac- 
cordance with the equilibrium distribution of permeant ions. 
Upon depolarization of the cell, the aggregates and complexes 
of dye are broken down as the dye is expelled to the extracellu- 
lar space. 

It would not be surprising to find that the dyes can move 
through the membrane because the positive charge of the fluo- 
rochrome is distributed over the chromophore structure, which 
has two symmetric charge resonance forms. The fact that the 
major charge is delocalized should reduce the free-energy in- 
crease entailed in moving the dye from the polar medium into 
the hydrocarbon interior of the membrane. 

(4) A model can also be devised in which the dye in the ex- 
tracellular medium is in equilibrium with the interfaces a t  both 
sides of the membrane, but in which there is only a small accu- 
mulation of dye within the intracellular space. Figure 8a (simi- 
lar to the potential energy profile for a positive hydrophobic ion 
presented by Lauger and Neumcke, 1973) depicts the electro- 
chemical potential energy ( W) of dye in a membrane with a -7 
mV electrical potential. When the cell is hyperpolarized (to 
-40 mV), the potential profile of the dye in the membrane 
changes to the form represented in Figure 8b. The dye would 
be expected to move from the medium to the inner membrane 
surface, where, owing to increased surface concentration, 
aggregation would take place and the fluorescence quenched. 
If the membrane were depolarized, the dye on the inner mem- 
brane surface would be expelled across the membrane and into 
the medium; fluorescence would increase. 

We feel that model 4 is the most probable mechanism for the 
potential-dependent partition of diS-C3-(5) between cells and 
the medium. In view of the high concentration of dye associ- 
ated with the cells it may be necessary to include some of the 
features of model 3, which allows for accumulation of dye in- 
tracellularly. It should be mentioned that the other dyes listed 
in Table I1 that show potential-dependent fluorescence changes 
similar to diS-C3-(5), probably respond to the potential by the 
same mechanism. The amount of dye remaining in the super- 
natant after hyperpolarization and centrifugation is observed 
to decrease by more than 50% for each dye whose fluorescence 
in cell suspension is observed to decrease by more than 50%. 
Although these dyes show potential-dependent uptake, we have 
not examined their aggregation or fluorescence quenching be- 
havior in the cell preparation. 

OUTSIDE INSIDE 

FIGURE 8: A hypothetical potential profile for the interaction of diS- 
C345) with a lipid bilayer membrane. The relative electrochemical po- 
tential energy, W, of the dye is the ordinate. Crosshatched marks rep- 
resent the relative concentrations of dye in the membrane and outside 
of the membrane. The electrical potential difference between the two 
sides of the membrane changes linearly across the hydrocarbon region 
of the membrane in this model. 
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Contribution of Carotenoids to the Optical Activity of 
Human Serum Low-Density Lipoprotein? 

G. Chi Chen and John P. Kane* 

ABSTRACT: Low-density lipoprotein (LDL) (1.024- 1.045 g/ 
cm3) was prepared by ultracentrifugal flotation from serum of 
subjects on diets of varying carotenoid content. Absorption, 
circular dichroism (CD), and optical rotatory dispersion 
(ORD) spectra were measured at  2, 25, and 37". LDL from 
subjects receiving a P-carotene-enriched diet has a marked in- 
crease in absorbance between 350 and 550 nm attributable to 
carotenoids. In the same region, LDL exhibits multiple C D  
bands, which appear below 37" and which increase in intensity 
with decreasing temperature. The corresponding O R D  of ca- 

T h e  optical activity of human serum low-density lipoprotein 
(LDL)'  has been studied extensively. Most of the published 
studies of optical rotatory dispersion (ORD) and circular di- 
chroism (CD) are confined to the ultraviolet region (Scanu and 
Hirz, 1968; Gotto et al., 1968; Dearborn and Wetlaufer, 
1969). However, Gotto et al. (1968) reported that the plot of 
their data of the O R D  of LDL a t  room temperature according 
to the Drude equation was nonlinear and obeyed the Moffitt- 
Yang equation only over a narrow wavelength interval (300- 
425 nm). Kobozev and Troitskii (1967) observed that LDL 
showed temperature-dependent optical rotations at  four wave- 
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' Abbreviations used are: LDL, low-density lipoprotein; ORD, opti- 
cal rotatory dispersion; CD, circular dichroism; apoLDL. the protein 
moiety of  LDL. 

rotenoid-poor LDL is monotonic at  all three temperatures, 
whereas that of carotenoid-rich LDL shows multiple Cotton ef- 
fects below 37". However, the O R D  becomes monotonic after 
subtraction of the contribution due to carotenoids using the 
Kronig-Kramers transform for C D  to ORD. Since the magni- 
tudes of the C D  bands increase with enrichment of p-carotene. 
which itself lacks optical asymmetry, the observed optical ac- 
tivity of carotenoids appears to be induced by environmental 
constraint in  the lipoprotein complex. 

lengths (405, 435, 546, 579 nm) in the visible region. Since 
LDL contains carotenoids (Oncley et al., 1950; Krinsky et al., 
1958) which absorb light between 250 and 550 nm, these com- 
pounds could contribute to optical activity in the visible and 
near-ultraviolet regions. In this work, we have shown that the 
carotenoids in  LDL exhibit optical activity which is tempera- 
ture dependent. This optical activity is the basis of nonlinearity 
of data for LDL plotted according to the Drude equation for 
LDL between 300 and 600 nm. This optical activity also com- 
plicates the interpretation of data using the Moffitt-Yang 
equation for determination of the content of helix in the protein 
moiety of LDL (apoLDL). The appearance of optical activity 
attributable to the symmetrical molecule, p-carotene, at  low 
temperature demonstrates temperature-dependent environ- 
mental constraint upon that compound within the lipoprotein 
complex. 

Materials and Methods 

Preparation of LDL. Serum was obtained from normal fast- 
ing male subjects on diets of varying carotenoid content and 
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