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Summary. The interaction of the potential-sensitive extrinsic probe oxonol VI with 
beef heart submitochondrial particles has been investigated under time resolved and equilib- 
rium conditions. The time course of the probe absorption spectrum red shift induced 
by ATP or NADH injection into a suspension of submitochondrial particles in a dye 
solution is biphasic, consisting of a faster process described by a second-order rate law 
with k2~3 x 105 M -1 sec -1. For the ATP pulse experiments, the slower process follows 
first-order kinetics with kl ~0.3 sec -*. In oxygen pulse experiments to an anaerobic dye- 
particle system, the slower process is not significantly developed due to rapid depletion 
of the oxygen, but the faster process follows second-order kinetics with the same rate 
constant as for the ATP and NADH cases. Evidence for permeation of the submitochondrial 
particle membrane by oxonol VI has been obtained; the slower process is interpretable 
as describing the permeation of the membrane bilayer. The results of the time-resolved 
work are consistent with a mechanism involving a redistribution of the dye from the 
bulk phase to the particle membrane. The value of the second-order rate constant for 
passive binding of the dye to submitochondrial particles is not compatible with a mechanism 
proposed to explain the microsecond probe response times in bilayer and excitable mem- 
brane experiments nor are such rapid signals observed in the oxonol VI-submitochondrial 
particle system. 

The use of extrinsic probes in the study of biological membrane 
phenomena has received considerable impetus from the discovery of 
several related classes of dyes that are potential sensitive. These probes 
usually fall into the cyanine, merocyanine, or oxonol class of dyes. Dyes 
of the preceding three types consist of two ring structures joined by 
a conjugated carbon chain. Since the wavelength of maximum absorption 
increases with the length of the carbon chain, it has been possible to 
synthesize probes the spectral absorption and emission spectra of which 
do not significantly overlap the principle bands of intrinsic pigments 
of biological membranes. The visible absorption band of these dyes is 
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usually quite intense, enabling the use of micromolar concentrations 
of these probes in membrane studies, thereby minimally perturbing the 
system under investigation. Most but not all of these probes are fluores- 
cent which, in addition to providing additional sensitivity to conventional 
membrane suspension work, makes possible work on nontransmitting 
samples, such as intact organs by the use of surface fluorimetry (Chance, 
Mayevsky & Smith, 1976). 

It is often possible to markedly alter the magnitude of the spectral 
responses of these probes to membrane energization by modifying substit- 
uent groups of the molecule which are not part of the optical chromo- 
phore but which control such factors as charge and membrane binding 
affinity. Using the giant axon from the squid, Loligo peali, Cohen et al. 

(1974) and Ross et al. (1977) have screened a large number of dyes 
and have identified a number of promising potential-sensitive probes 
which have been systematically improved based on the criterion of in- 
creased signal to noise ratio in experiments involving the application 
of potential gradients across the axon membrane by means of microelec- 
trodes. 

In a number of cases it has been possible to calibrate the spectral 
response of certain cyanine dyes such as diS-C3-5 using valinomycin- 
induced diffusion potentials in the system under investigation. Using 
this approach, Laris, Bahr and Chaffee (1975) have measured the mem- 
brane potential in mitochondria, Hoffman and Laris (1974) and Sims 
et al. (1974) have measured the resting potential in the red cell, and 
Renthal and Lanyi (1976) have obtained the potential in Halobacter ium 

halobium. Reviews on the design and use of extrinsic probes of membrane 
potential in a number of systems have appeared by Waggoner (1976) 
and by Cohen and Salzberg (1978). Waggoner, Wang and Tolles (1977) 
have also investigated the mechanism of the rapid response of certain 
cyanines and oxonols to a train of voltage pulses applied across a black 
lipid membrane. The dye merocyanine 540 has been employed by Salama 
and Morad (1976) as a probe of the action potential in the heart. 

Studies (Chance et al., 1974; Chance & Baltscheffsky, 1975) in our 
laboratory have been focused on a homologous series of oxonol dyes 
derived from the oxonol V probe, the structural, spectral properties, 
and energy-linked spectral changes of which have been described by 
Smith et al. (1976). Transient increases in the probe response are induced 
by agents such as NH3 (Smith & Chance, 1976) and nigericin (Bash- 
ford & Thayer, 1977) which are known to abolish the ApH component 
of the electrochemical gradient. These findings indicate that these oxonols 



R R 

257 

OX-Vr, R= CHaCH2CH 3 

Fig. l. The structure of the neutral form of oxonol VI. At pH values used in this work, 
the dye is a symmetrical anion since the pK of the hydroxyl proton is approximately 4 

are sensitive to AT' only, which is increased as ApH is abolished in 
order to maintain the electrochemical gradient constant. 

The derivative of oxonol V in which the phenyl groups bound to 
the isoxazolone rings have been replaced by propyl sidechains, oxonol 
VI 1, has proved to give much larger spectral shifts than any of the 
other members of our series in membrane preparations, such as photosyn- 
thetic bacteria chromatophores  and submitochondrial  particles in which 
the internal volume of the vesicle is positive with respect to the external 
phase. Oxonol VI has been used by Bashford and Thayer  (1977) in 
a double probe experiment in which 9-aminoacridine was used as the 

probe of ApH, to obtain the value of the electrochemical gradient under 
equilibrium or steady-state conditions in submitochondrial  particles. 

In this communicat ion,  the kinetics of oxonol VI spectral changes 
in submitochondrial  particles have been studied, and the implications 
of the findings for the mechanism by which the energy-linked spectral 
changes occur in this system are considered. The structure of the neutral 
form of oxonol VI is shown in Fig. 1. It should be borne in mind, 

however, that the dye is a symmetrical anion at physiological pH since 
the pK for the dissociation of the hydroxyl proton is approximately 
four (Smith e t  al.,  1976), and the resulting charge is delocalized over 
the conjugated system of the molecule. 

Materials and Methods 

Submitochondrial particles were prepared by the procedure described by Hansen and 
Smith (1964) which is only briefly outlined here. Heavy beef heart mitochondria were 

1 Abbreviations used. ANS: 1-analino-8-naphthalene sulfonate; ATP: adenosine 5'- 
triphospbate, disodium salt, from equine muscle; CCCP: carbonyl cyanide m-chlorophenyl 
hydrazone ; HEPES : N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; NADH:/Lnico- 
tinamideadenine dinucleotide; Oxonol VI: bis [3-propyl-5-oxoisoxazol-4-yl]pentamethineox- 
onol. 
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suspended at approximately 20 mg/ml protein in an incubation mixture consisting of 0.25 M 
sucrose, 10mM K-HEPES at pH 7.5, l mM MgC12, 1 mM ATP, and 1 mM succinate. 
The suspension was stored frozen overnight and then thawed, and the mitochondria were 
isolated by centrifugation. The mitochondria were then resuspended at approximately 20 mg/ 
ml protein in the medium described above with the following exceptions: the MgC12 concen- 
tration was increased to 5 raM, and 10 mM MnC12 was included in the mixture. The resulting 
mitochondrial suspension was sonicated at approximately 50 W by using a model W 185 
Heat Systems Ultrasonics, Inc., cell disrupter for 3540 sec. The submitochondrial particles 
were pelleted by ultracentrifugation of the supernatant obtained fl'om an initial centrifuga- 
tion to remove mitochondrial debris. The resulting preparation exhibits respiratory control, 

The oxonol VI dye was synthesized by suitably modifying the procedure described 
by Smith et al. (1976) for the oxonol V probe. Relevant analytical data supporting the 
structure shown in Fig. 1 for the dye are given by Bashford et al. (1978b). 

Sucrose, MgC12, MnC12, and K2SO4 were obtained from J.T. Baker Chemical Co. 
and were of reagent grade purity. All other compounds were purchased from Sigma Chem- 
ical Co. Experimental conditions are described in the appropriate figure captions. 

Scanned absorption spectrum measurements were made using a Hitachi-Perkin Elmer 
model 356 spectrophotometer in the split beam mode. Rapid mixing experiments were 
carred out using a Johnson Foundation Model E (Chance, 1973) rapid mixing device 
with an 80:1 mixing ratio adapted to a Johnson Foundation 200 Hz time-sharing double 
beam spectrometer equipped with 500-mm Bausch and Lomb monochromators, The detec- 
tor output was displayed on a type 564 Tektronix storage oscilloscope and a model 165 
Perkin Elmer strip chart recorder as required. See Results for details. The titrations used 
in equilibrium binding investigations were monitored by a Beckman model UV 5270 spec- 
trometer. 

Results and Data Analyses 

The  o b s e r v a t i o n  of  a red shift  in the a b s o r p t i o n  s p e c t r u m  of  o x o n o l  

VI  w h e n  ei ther  pass ive  b ind ing  ( B a s h f o r d  e t a l . ,  1978b) or  subs t ra t e  

c o n s u m p t i o n  by s u b m i t o c h o n d r i a l  par t ic les  suspended  in dye so lu t ion  

occurs  (Fig. 2) was  used  as the basis  for  m o n i t o r i n g  the  t ime  course  

o f  the  spec t ra l  changes  to be descr ibed  in this section.  F luo re scence  

changes  cou ld  in pr inc ip le  have  been  used  for  this p u r p o s e ;  the sense 

as well as the  m a g n i t u d e  of  the emiss ion  in tens i ty  change ,  however ,  

are func t ions  of  dye - to -pa r t i c l e  ra t io ,  which  in the expe r imen t s  to  be  

descr ibed  is an  e x p e r i m e n t a l  var iable .  The  changes  in t r a n s m i s s i o n  are 

thus  m o r e  easily in te rpre ted .  The  a p p a r e n t  isosbest ic  po in t  at  603 n m  

(Fig. 2) p r o v i d e d  a conven i en t  reference ,  while the large change  at  630 n m  

was  used as the m e a s u r i n g  po in t  in the doub l e  b e a m  t r a n s m i s s i o n  exper i -  

ments .  

T w o  basic  types  o f  r ap id  mix ing  expe r imen t s  are r e p o r t e d  in this 

c o m m u n i c a t i o n .  The  first  and  by  far  the s impler  to ana lyze  is the  pass ive  

b ind ing  e x p e r i m e n t  in which  the m a j o r  syr inge of  the r ap id  mix ing  device 

con ta in s  dye so lu t ion  mixed  wi th  s u b m i t o c h o n d r i a l  par t ic les  via the mi-  

n o r  syringe.  The  t ime  course  of  the pass ive  b ind ing  process  was  suffi- 
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Fig. 2. The absorption spectrum of oxonol VI as the free dye, as slightly red shifted 
when the dye is bound to the submitochondrial particle membrane, the large red shift 
induced by ATP energization of the particles, and the complete reversal of the red shift 
by addition of the uncoupler CCCP. Medium: 0.25 M sucrose, 5 nan Na-HEPES at pH 7.5; 
concentrations: 1.2 gM oxonol VI, 0.25 mg/ml ATP-Mg § +-Mn ++ submitochondrial parti- 

cle protein, 1.7 mM ATP-MgC12, 5 gM CCCP 
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Fig. 3. (A): The time course of the red shift measured as the difference in transmission 
at 603~530 nm caused by passive binding of oxonol VI to submitochondrial particles. 
Medium: 25 mM K2SO4, 10 mM K-HEPES at pH 7.5, 0.25 u sucrose. Concentrations: 15 gM 
oxonol VI, 3 gM CCCP, 0.09 mg/ml submitochondrial particle protein; time constant: 3 msec. 
(B): A diagram illustrating the determination of the apparent first-order rate constant 
from the oscilloscope trace using Eqs. (1) and (2). In this experiment kapp= 150 sec  - 1  

The flow velocity trace is in the upper portion of the diagram, and the lower trace is 
the time course of the optical signal�9 See text for details 

c ien t ly  r a p i d  t h a t  the  resul ts  c o u l d  be a n a l y z e d  in t e rms  o f  the  c o n t i n u o u s  

f low case  ( C h a n c e ,  1973) s ince the  s ignal  r e a c h e d  a p l a t e a u  be fo re  the  

f low t h r o u g h  the  o b s e r v a t i o n  t u b e  ceased.  A typ ica l  p h o t o g r a p h  o f  an  

o sc i l l o scope  r e c o r d  o f  a pass ive  b i n d i n g  e x p e r i m e n t  is p re sen te  d in 
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Fig. 3a. The  a p p a r e n t  f i r s t -order  ra te  cons tan t  kapp is given by (Chance,  

1973) 
k~pp =(2.3/tin) log (Dz/D~). (1) 

The  d isp lacements  Da and  D 2 are def ined in Fig. 3b;  tm is re la ted to 

t I which is ob t a ined  f r o m  the f low veloci ty  t race (Fig. 3 b) by 

t,. = ( v / v . )  (2)  

where  V is the vo lume  f rom the poin t  o f  obse rva t ion  to tha t  o f  mixing 

and  V~ is the vo lume  d ischarged  in t ime tf. These  character is t ic  vo lumes  

mus t  be de t e rmined  for  the par t i cu la r  mixing device in use. Since the 

rate  cons t an t  for  the second-o rde r  b inding process  was to be de te rmined ,  

the subrn i tochondr ia l  par t ic le  c o n c e n t r a t i o n  was adjus ted  such that  the 

dye would  be the reac tan t  in excess. U n d e r  these condi t ions ,  the ap p a ren t  

f i r s t -order  ra te  cons t an t  is re la ted  to the second-o rde r  ra te  cons tan t  by 

kapp • k2nd ~D (3) 

where  Yo is the c o n c e n t r a t i o n  o f  the reac tan t  in excess, which in this 

case is the oxono l  VI dye. A plot  of  kap p vs. J (n  will thus  be a straight  
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Fig. 4. A plot of the apparent first-order rate constant kap p vs. dye concentration for 
the passive binding of oxonol VI to submitochondrial particles with the dye in excess. 
The second-order rate constant is obtained from the slope of the line as described by 
Eq. (3) in the text. Experimental conditions are given in the caption to Fig. 3a. The value 
of the second-order rate constant is given in Table 1. Data taken in the absence (e) 
and presence of 3 gM CCCP (A) fall on the same line, indicating the lack of endogenous 

substrate in the submitochondrial preparation 
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line the slope of which gives k2n d. Such a plot for the passive binding 

experiment in which the submitochondrial  particle concentration was 

held constant and that of the dye varied is presented in Fig. 4. The 

value of the second-order rate constant is presented in Table 1. 

In the second type of rapid mixing experiment, the major syringe 

of the rapid mixing device contained submitochondrial  particles 

suspended in oxonol VI dye solution in which the passive binding process 

had reached equilibrium. That the latter process was complete could 

be easily ascertained by simply discharging the contents of the major 

syringe through the observation tube with the minor syringe empty and 

the valve connecting the minor syringe to the mixing chamber closed. 

A fiat line was obtained, indicating that no passive binding was in prog- 

ress. 
After equilibrium was reached, various substrates or oxygen were 

mixed with the submitochondrial  particle-oxonol VI suspension via the 

minor syringe under a number of conditions, some of them of  a control 

nature, to be described subsequently. The time course of the spectral 

shift caused by substrate or oxygen addition was such that only a negligi- 

ble optical change occurred during the time of flow, i.e., the stopped 

flow case was applicable for data analysis. 

Initial substrate pulse experiments were carried out with NADH.  

The time course of the resulting signal for a typical experiment is shown 

in Fig. 5a. The analysis of these data are illustrated in Fig, 5b. Since 

on a log scale the data at long time was reasonably linear with time, 

Table 1. Summary of rate constants characterizing the kinetics of oxonol VI in submitochon- 
drial particles 

Remarks Rate constants 

Passive binding, dye in excess 
Oxygen pulse 
Decay of oxygen pulse-induced dye response 
NADH, faster process 
ATP pulse, faster process 
ATP pulse, slower process 
ATP pulse, faster process, K2SO4 absent 
ATP pulse, slower process, K2SO4 absent 

9.53(•215 ~sec 1 
2.40(_+0.40)x105M ~ sec -1 
0.218 (+0.001) sec -1 
2.70 (•215 105 M -1 sec 
3.10 ( _+ 0.20) xlOSM lsec-1 
0.33 (+0.04) sec 1 
2.46 (_+ 0.20) x 105 M- 1 sec- 1 
0.55 (_+0.15) sec 

Medium except as noted: 0.25 M sucrose, 25 mM K2SO4, 10 mM K-HEPES, pH 7.6. 
For the second order rate constants, the concentration unit refers to oxonol VI concentra- 
tion; the numbers in parantheses are the standard errors in the values of the rate constants 
derived from fits by linear regression. The mean values and standard deviation are reported 

for the slower process observed in the ATP pulse experiments. 



262 J.C. Smith and B. Chance 

! 

<[ 

lOOj_l o o o o 

IO 

I I 
2OOmsec 

(sec) 
0 ,24 0.47 0,71 0.94 1.18 1.41 1.65 

I0 20  50  4 0  50 60 70 

t (mm) 

T 
AA=O.I 

I 

[B 

Fig. 5, (A): A photograph of an oscilloscope record of the time course of the oxonol 
V[ red shift induced by a NADH pulse to submitochondrial particle suspension in the 
dye solution. The scope was allowed to sweep repeatedly until no further change was 
observed. The displacement at the latter time was taken as Ajo. Medium: 025 M sucrose, 
10 mM K-HEPES at pH 7.6, 25 mM U z S O  4. Concentrations: 15 #M oxonol VI, 0.3 mg/ml 
submitochondrial particle protein, 0.1 M NADH (initital concentration), (B): The graphical 
procedure used to extract the apparent first-order rate constant for the faster process 
by subtracting the estimated contribution of the slower process from the experimental data 

at selected time intervals. See text for details 
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Fig. 6. Plots of the apparent first-order rate constants as a function of oxonol VI concentra- 
tion: o, NADH pulse faster process, 0.15 mg/ml protein; o, oxygen pulse, faster process, 
0.47 rag/m1 protein; A, ATP pulse, faster process, [], ATP pulse, slower process, 0.30 mg/ml 
submitochondrial particle protein. Values of the rate constants are collected in Table 1 

the line through the latter points was extrapolated to the ordinate. The 

amplitude of the extrapolated line was subtracted from the experimentally 

observed amplitude at selected time intervals in which curvature was 

present in the plot of the data. The resulting differences are plotted 

as the line of steeper slope in Fig. 5b. The preceding procedure was 

adequate for extracting an apparent first-order rate constant for the 

faster process from the experimental data. The apparent first-order rate 

constant for the faster process was plotted as a function of dye concentra- 

tion as shown in Fig. 6. The plot is linear with dye concentration over 

a range of concentration values, then the plot breaks and becomes inde- 

pendent of dye concentration. This behavior is consistent with a second- 

order process and will be discussed further in this section. The second- 

order rate constant value for the N A D H  pulse experiments is given 

in Table 1. 

Although the procedure described above was adequate for obtaining 

a rate constant for the faster process, the rate constants for the slower 

process could not be accurately determined primarily due to a lack of 

data at longer time. If, however, the time scale of the oscilloscope was 

compressed to accommodate the slower process, the details of the faster 
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one would be obscured. In order to gather data over extended periods 

of time without losing information on faster events, a strip chart recorder 

was connected to the detector system in addition to the usual storage 

oscilloscope. The recorder chart drive was switched on prior to mixing, 

and the substrate pulse experiments were repeated with ATP. Since the 

time scales of the oscilloscope trace and the recorder overlapped at 

time periods slightly longer than 1 sec, a scale correction factor could 

be obtained from the ratio of the measured amplitudes of the two traces 

at a convenient point in time. It was necessary to select a time longer 

than 1 sec since the latter value is the approximate rise time of the 

recorder. After the data was adjusted to a common amplitude scale, 

it was stored in the memory of a Digital Equipment Corporat ion PDP 10 

computer and fitted to a function of the form 

A(t)= ~ A~[1-exp(-k,t)]. (4) 
n = l - 3  

The data for the ATP pulse experiments were satisfactorily fitted using 

two exponential terms, n = 2 in Eq (4). Extending the fit to three exponen- 

tials did not significantly alter the rate constants obtained from the 

two-exponential fit, indicating that the faster and slower processes were 

adequately resolved by the two-term fit. Furthermore,  the rate constant 

k3 varied in apparent random fashion and was some two to three orders 

of magnitude smaller than k2 and hence is negligible. A typical oscillo- 

scope trace, strip chart recorder trace, computer fit to the ATP pulse 

data, and a decomposed log plot are shown in Fig. 7a-d,  respectively. 

The apparent first-order rate constant for the faster process was a linear 

function of  the dye concentration. 2 The second-order rate constant ob- 

tained from the slope of the concentration dependence of the apparent 

first-order rate constant was essentially equal to that  obtained from 

the N A D H  pulse experiments. The numerical value is given in Table 1 

and the plot of  kapp VS. dye concentration is included in Fig. 6. 

The breaks in the plots of  Fig. 6 at which the slope becomes zero 

are a consequence of the breakdown of the pseudo first-order condition 

2 The apparent first-order rate constant for the faster process observed in NADH 
pulse work also varied linearly with membrane concentration under conditions in which 
the submitochondrial particles were the reactant in excess. The second=order rate constant 
was roughly 2 sec-1 (mg protein/ml)-1. The binding stoichiometry for the faster process 
can be computed from the ratio of the second-order rate constants with the dye and 
membrane respectively in excess; the value is approximately 7 nmol oxonol VI/mg protein. 
Investigations of the time course of oxonol VI interaction with the particle membrane 
with the latter preparation in excess were not persued in detail because of the prohibitively 
large quantities of the membrane preparation required. 
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Fig. 7. Typical ATP pulse data. (A): An oscilloscope trace for recording primarily the 
faster process. (B): A strip-chart recorder trace for recording the corresponding slower 
process. (C): The computer fit to the data using the three-exponential form of Eq. (4). 
(D): The decomposed log plots from which the three apparent first-order rate constants 
are obtained. For the data illustrated in this figure, k1=3.90 sec 1, k2=0.26 sec 1, and 
k3=0.001 sec -x. Thus k3 is negligible compared to the remaining two rate constants. 
Medium: 0.25 M sucrose, 10mM K-HEPES at pH 7.6, 25 mM K2SO4; concentrations: 
12.5 p.M oxonol VI, 0.30 mg/ml submitochondrial particle protein, 0.1 M ATP-MgC12 (initial 

concentration) 
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that the dye concentration greatly exceeds the number of membrane 
binding sites. As the dye concentration is lowered, a region is reached 
where this condition is no longer met; the concentration of binding 
sites equals or exceeds that of the dye. Since the membrane concentration 
is not a variable, the slope becomes zero. Note that the break in the 
plot derived from N A D H  pulse experiments occurs at a lower dye concen- 
tration than that for the plot resulting from the ATP pulse case. The 
latter difference is expected since the submitochondrial particle concentra- 
tion for the ATP pulse experiments was twice that for the NADH pulse 
case. 

The third type of pulse experiment was one in which a suspension 
of submitochondrial particles in an oxonol VI solution containing NADH 
was allowed to become anaerobic in the major syringe of the rapid 
mixing device. The onset of anaerobiosis could be followed by monitoring 
the blue spectral shift of the oxonol VI spectrum, i.e., the reversal of 
the red shift induced by energization with NADH. When anaerobiosis 
was complete, oxygenated buffer was mixed with the contents of the 
major syringe and the time course of the red shift recorded. Because 
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Fig. 8. Typical oxygen pulse data. (A): An oscilloscope trace for recording the faster 
second-order process. (B) The corresponding strip-chart recorder trace illustrating that 
the slower process is not significantly developed due to the rapid depletion of the oxygen. 
(C): The computer fit to the data using a single exponential form of Eq. (4). (D): The 
decomposed log plot from which an apparent first-order rate constant of 5.66 sec 1 is 
obtained from this data. Medium: 0.25 M sucrose, 10 mM K-HEPES at pH 7.6, 25 mM 
K:SO4. Concentrations : 20 mM oxonol VI, 0.47 mg/ml submitochondrial particle protein, 
nominally 270 gM O: in medium (initial concentration). (E): A semilog plot illustrating 
the exponential decay of the probe red shift after the oxygen is consumed. The first-order 

rate constant is given in Table 1 

o f  the rapid  deple t ion  of  oxygen,  the slower process did no t  develop  

significantly in these exper iments .  The  da ta  were accord ing ly  fit by a 

single exponen t ia l  vers ion  o f  Eg. (4). Typica l  results are p resen ted  in 

Fig. 8a  e. No te  tha t  the recorder  t race r e tu rned  to the initial baseline 

as the oxygen was depleted.  The  oxygen  pulse exper iments  cou ld  thus 

be repea ted  in a regenera t ive  fashion.  The  r equ i r emen t  o f  somewha t  

higher  s u b m i t o c h o n d r i a l  par t ic le  c o n c e n t r a t i o n  in these exper iments  in 

o rder  to reach  anaerobios i s  in a reasonable  t ime per iod  (15-30 min) 

and  since the dye c o n c e n t r a t i o n  could  no t  be increased above  approxi -  

mate ly  20 MM because  o f  excessive abso rbance  a l lowed da ta  to be col lected 

over  a somewha t  n a r r o w e r  range  than  in the preceding two subst ra te  

pulse cases. The  a p p a r e n t  f i r s t -order  rate cons tants ,  however ,  exhibi ted 

a l inear  dependence  on  dye concen t ra t ion .  The  resul t ing second-o rde r  

ra te  cons tan t  was no t  statistically different  f r om those  der ived f rom 
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Fig. 9. The percentage contribution of  the fast ([]) and slower (4) processes to the total 
amplitude of the change induced by an N A D H  pulse to submitochondrial particles suspended 
at 0.15 mg/ml protein concentration in oxonol VI solutions of varying concentration plotted 
as a function of the dye-to-particle ratio. Medium: 25 mM K2SO4, 0.25 mM sucrose, 10 mM 
Na-HEPES at pH 7.6, 0.1 M N A D H  pulse (initial concentration). See text for interpretation 

the previous two experiments. The oxygen pulse plot is included in Fig. 6, 
and the numerical value is given in Table 1. The decay of the oxonol 
VI red shift shown in Fig. 8 b follows first-order kinetics with a halftime 
of about 3 sec; the first order plot is presented in Fig. 8e. The value 
of the rate constant is collected in Table 1. 

In the ATP and NADH pulse experiments, the red shift decayed 
over a period of approximately 30 min and followed complex kinetics 
which could not be fitted by a first order plot. The onset of this decay 
can be seen in Fig. 7b, but it was not routinely monitored. 

A number of control experiments were carried out using the uncoupler 
CCCP and valinomycin. At approximately 10 nmol CCCP per mg submi- 
tochondrial particle protein, the signal due to NADH pulses was virtually 
completely abolished. The addition of valinomycin greatly attenuated 
both the amplitude and rate of formation of the spectral shift resulting 
from NADH injection, but the signal was not completely abolished, 
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and the biphasic time course was still observed. The presence of valinomy- 
cin at approximately 1 #g per mg particle protein was necessary to reduce 
the signal amplitude by a factor of 5 to 10 and the rate constant by 
an order of magnitude in comparison to experiments carried out in 
the absence of the ionophore. The medium in the control experiments 
described above was as described in Table 1. 

The relative contributions of the fast and slower processes to the 
magnitude of the spectral changes induced by N A D H  pulses as the 
dye to submitochondrial  particle ratio was varied was obtained from 
the ordinate intercepts resulting from the hand analysis of  these experi- 

ments as previously described. The contribution of the slower process 
increased as the dye to particle ratio increased in experiments in which 
the dye concentration was held constant and the membrane concentration 
varied and in those in which the latter concentration was kept fixed 
and that of the dye varied. The approximate linear increase in the contri- 
bution of the slow process to the signal amplitude under the latter condi- 
tions is illustrated in Fig. 9. The plot exhibits saturation behavior at 
high dye concentrations. The significance of these findings with regard 
to possible permeation of the submitochondrial  particle membrane  by 
the dye will be considered in Discussion. 

Equilibrium Binding Investigations 

The binding of oxonol VI to energized and resting submitochondrial  
particles was also investigated under equilibrium conditions in order 
to provide additional insight into the time resolved studies. The interac- 
tion of the dye with a membrane under conditions in which the concentra- 
tion of the dye is held constant and that of the membrane varied can 
be described by Eq.(5) (Bashford & Smith, 1978a) 

c -  l = (~,,- l ) - (Kj /n)  (e,-1)/m (5) 

where m is the membrane concentration, Ka the dissociation constant, 
and n the maximum number of binding sites available to the dye. The 
quantity e is given by the ratio P/Piniti~l where P is some experimental pa- 
rameter that is monitored as the membrane concentration is varied; 
Pinitial is the value of the parameter  in the absence of membrane,  eb 
is the limiting value of e, obtained as m approaches infinity so that 
all dye is bound. Equation (5) indicates that a plot of  ~ -  1 vs. (~-  1)/m 
will be a straight line the slope of which is -Ka /n  and the intercept 
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on the ordinate eb-- 1. In titrations of oxonol VI with submitochondrial 

particles, the monitored parameter P was chosen as the dye absorbance 

at 630 nm, which is sensitive to dye binding because of the spectral 

red shift illustrated in Fig. 2. Ka/n is obtained as a membrane concentra- 

tion, the only independent variable in these titrations. Results of such 

titrations of oxonol VI with resting and ATP-MgC12 energized submito- 

chondrial particles are illustrated in Fig. 10. Note that  Ka/n is about 

an order of magnitude greater for resting particles than for the energized 

preparation. The latter observation indicates that more dye is associated 

with the energized submitochondrial particle membrane than with the 

resting preparation, although whether the enhanced binding is due to 

changes in Ka, n or both quantities cannot be determined from such 

plots. 

More detailed information on the interaction of oxonol VI with the 

submitochondrial particle membrane can be obtained from titrations 

of fixed quantities of the membrane preparation with dye. Equations 

note: for energized SMP plot (~-I) / m hos been + by I0 
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Fig. 10. Semireciprocal plots of data obtained from titrations of 2 HM oxonot VI with 
resting (�9 and ATP-energized ([]) submitochondrial particles. From Eq. (5), the slope 
of these plots gives --Kd/n and the intercept on the ordinate gb-1. Kd/n is about an order 
of magnitude larger for the resting preparation than for the energized one indicating that 
more dye is associated with the energized particles than with the resting ones. For the 
plot obtained using energized particles. (e-1)/rn has been divided by 10 for convenience 
in graphing the data. Values of Ka/n obtained from such plots are given in Table 2. Medium: 
0.25 M sucrose, 10 mM Na-HEPES at pH 7.5, 25 mM K2SO4. For the energized particle 

case, the medium contained 28 mM ATP-MgCI2 
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such as the Langmuir isotherm (McLaughlin & Harary, 1976) and the 
Scatchard relationship (Scatchard, 1949) which describe the hyperbolic 
nature of such titrations can be written in the following form 

n=s+(s /A)K a (6) 

where s is the amount of dye bound per unit membrane and A is the 
free dye concentration ; the other quantities have been previously defined. 
In developing the direct linear procedure for analyzing data described 

by a hyperbolic relationship, Cornish-Bowden and Eisenthal (Eisenthal & 
Cornish-Bowden, 1974; Cornish-Bowden& Eisenthal, 1974; Porter& 

Trager, 1977) have shown that for any experimentally observed si and 

Ai in exact agreement with Eq. (6), n and Ka will lie on a straight 
line through the points ( -A i ,  0) and (0, sz) in n--Kd space. Thus a 
pair of lines corresponding to two experimental observations sz, Az and 
sj, Aj will intercept at a point in n - K e  space and provide values for 
n and Ke. For k pairs of points there will be ~k (k+  1) such intersections. 
Since in practice, the experimental observations will contain errors, the 
intersections will occur over a finite area in n - K  a space. In the direct 
linear method, the values of n and K d which best fit the experimental 
data are the median values in the series of intersections arising from 
the several sets of data. The latter conclusion assumes only that the 
errors are as likely to be negative as positive and avoids the necessity 
of a detailed knowledge of error distribution which must be taken into 
account in fitting the various forms of hyperbolic binding equations 
by a least squares procedure. 

Since the number of data points in the dye titrations was approxi- 
mately 20, a computer routine was used to evaluate the values of n 
and Ka corresponding to the large number of intersections. A sorting 
routine was then employed to obtain the median values of n and Ka. 
Experimentally, since the total dye concentration is known as well as 
the membrane concentration, the desired quantities A and s can be calcu- 
lated if the fraction of bound dye can be determined. The latter quantity 
can be obtained from (~--1)/(~b--1) (Bashford & Smith, 1978a) where 
gb- 1 is determined from the plots described previously; e was obtained 
from the ratio of the dye absorbance at 630 nm in the presence of submi- 
tochondrial particles to that of the free dye at the same concentration. 
Typical results of the binding investigations using both types of titrations 
are summarized in Table 2. The maximum number of binding sites is 
smaller and the dissociation constant is larger for the resting membrane 
preparation than for the energized one. Note the agreement of the ratios 
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of Kd/n for the energized preparation relative to that for the resting 
one obtained from the two titration procedures. 

Table 2. Summary of results from equilibrium binding titrations using the oxonol VI sub- 
mitochondrial particle system 

State of 
submitochondrial 
particle 
preparation 

Submitochondrial particle 
titration of oxonol VI 
Kd/n (mg SMP protein/ml) 

Oxonol VI titration of 
submitochondrial particles 

K~ (gM dye) n (nmole dye) 
mg SMP protein 

Resting 0.49 13.6 16.5 

ATP-MgC12 0.058 4.4 42.5 
energized 

(Ka/n) resting/ 
(KJn) energized = 8.4 

(Kj/n) resting/ 
(Kd/n) energized = 8.0 

Medium: 0.25 M sucrose, l0 m~ Na-HEPES, pH 7.5, 25 mM K2SO4; submitochondrial 
particle concentration (dye titration): 0.087 mg protein/ml; oxonol VI concentration (submi- 
tochondrial particle titration) : 2 gM. The same stock submitochondrial particle preparation 

was used in both titrations. 

Discuss ion 

The time course of the oxonol VI spectral red shift induced by NADH, 
ATP, and oxygen pulses in suspensions of submitochondrial particles 
in dye solutions of varying concentration is distinctly biphasic for the 
N A D H  and ATP cases, whereas that for the oxygen pulse is well fitted 
by a single exponential analysis since the oxygen is consumed sufficiently 
fast that the slower process is not developed significantly. In each of 
the three cases described above, the faster process is characterized by 
a second-order rate constant of approximately 3 x 10 5 M 1 sec 1; for 
the ATP pulse experiments, the slower process is described by a first-order 
rate constant of approximately 0.3 sec-1. The decay of the spectral 
change induced by oxygen pulses is also characterized by a first-order 
process with k ~  0.2 sec-1. 

Analysis of the binding of oxonol VI to resting and energized submito- 
chondrial particles by a number of procedures has led to the conclusion 
that more dye is associated with the energized membrane preparation 
than with the resting one. The preceding observation plus the second- 
order rate law describing the faster process suggest that the rate-limiting 
step in this process is the transfer of dye from the aqueous phase to 
the submitochondrial particle membrane. 
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In contrast to the value of - 3 • l05 M t sec 1 obtained in energiza- 
tion experiments, the rate constant for the passive binding process is 
some 30 times larger, ~9  • 106 M ~ sec ~. There are at least three 

possible explanations for the difference in rate constants' (i) the concen- 
tration of the free dye in the energization experiments has been signifi- 
cantly reduced by passive association with the submitochondrial particle 
membrane prior to the introduction of substrate or oxygen; (ii) the 
concentration of the dye in the volume immediately adjacent to the 
membrane surface is lower than that of the dye in the bulk phase because 
of electrostatic repulsion due to an increased surface potential caused 
by binding of the dye prior to the injection of substrate or oxygen; 
and (iii) the intrinsic affinity of the membrane binding sites for the 
dye has been changed as a consequence of energization. The amount 
of dye bound to resting submitochondrial particles can be obtained from 
the dye titration data for fixed particle membrane concentration approxi- 
mately the same as that used in the rapid mixing experiments. At 10 btM 
total dye concentration, the lower limit for which pseudo first-order 
conditions were usually present, the amount of bound dye is less than 
30% of the total. If this percentage were valid for all the dye concentra- 
tions used in obtaining the second-order rate constant for the faster 
energization process, the revised figure would become ~ 4 •  l0 s M -1 
sec 1 which is clearly well below that for passive binding. The percent 
of bound dye will decrease, however, as the total dye concentration 
is increased due to the saturation tendency of the dye binding curve. 
Thus, the passive binding of oxonol VI prior to energization is unlikely 
to sufficiently lower the effective dye concentration to account for the 
30-fold difference in the second-order rate constants for the faster ener- 

gization process and for passive binding. 
The second possibility for the difference in rate constants is that 

passive binding of the dye anions increases the magnitude of the particle 
surface charge density a. The electrostatic potential ~o in the aqueous 
phase immediately adjacent to the membrane is related to the surface 

charge density by (McLaughlin & Harary, 1976) 

sinh (F~o/RT) = A~7/I/C (7) 

where F, R, and Thave the usual definitions; C is the electrolyte concentra- 
tion in molar units, and A is a constant dependent on temperature 
and dielectric constant. Since at equilibrium, the concentration of dye 
at the surface of the particle [D]0 is related to the bulk dye concentration 
iD] by the Boltzmann relationship 
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[D]o =[D] exp [FTo/RT] (8) 

an increase in a at constant electrolyte concentration will increase the 
magnitude of T0 which is negative of course and reduce the effective 
dye concentration [D]o. The location of the dye suggested by orientation 
studies using a model membrane system (Smith & Powers, 1978) indicates 
that the dye occupies a region near the the polar headgroup-bulk phase 
interface with the charged chromophore in likely contact with the aqueous 
medium. Such a location of the dye in the submitochondrial particle 
membrane would be expected to increase the surface charge density 
and supports the argument presented above. 

Equation (7) suggests that the electrostatic potential 7/o may be altered 
if the electrolyte concentration C is varied, provided that the surface 
charge a does not change in a compensating fashion. The second-order 
rate constant observed for the faster membrane energization process 
would be altered because of the effect of such a change on the effective 
dye concentration [D]0. The value of the second-order constant obtained 
from ATP pulse experiments in the absence of K2SO4 was only barely 
statistically different from that obtained in the presence of the salt and 
is clearly well below that for passive binding (see Table 1). However, 
since the surface charge may also decrease when the salt is removed 
from the medium because of reduced shielding of the electrostatic repul- 
sion between neighboring bound dye molecules, the two effects could 
essentially cancel leaving To virtually unchanged. The binding constants 
of oxonol VI and derivatives of it are known to be quite sensitive to 
electrolyte concentration from investigations of the binding of these oxo- 
nols to phospholipid vesicles (Smith & Powers, 1978). In a carefully 
controlled experiment, the effect of the K2SO4 on the binding of oxonol 
VI to submitochondrial particles was investigated using the procedures 
described in Results. The ratio of the maximum number of binding 
sites, n, obtained in the presence and absence of 25 mM K 2 S O  4 in a 
0.25 M sucrose, 10 mM Na-HEPES medium at pH 7.5, 2.28, was nearly 
equal to the ratio of the square root of the electrolyte concentrations, 
2.45. Since n is proportional to a, the preceding result suggests that 
To is maintained essentially constant as the electrolyte concentration 
is varied, thereby explaining the independence of the second-order rate 
constant observed in the ATP pulse experiments on the latter concentra- 
tion. Since the sulfate ion is divalent, the electrolyte concentration in 
Eq. (7) should more properly be replaced by the ionic strength. For 
the experiment described above, the ratio of the square roots of the 
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ionic strengths is 4, and the agreement with the ratio of the values 
of n becomes less satisfactory. Equation (7), however, is strictly valid 
only if the initital surface charge on the membrane is zero and if the 
distribution of the charge due to dye binding is uniform. These conditions 
are unlikely to be rigorously met in the case of the submitochondrial 
particle membrane, especially the latter one because of the highly invagi- 
nated nature of the membrane due to the protruding ATPase complex. 

In view of the preceding results, the increase in the membrane surface 
charge density due to passive dye binding remains a viable explanation 
for the difference in rate constants for the faster energization process 
and passive dye binding. It should be noted, however, that charge effects 
such as those above would be difficult to distinguish from a change 
in the intrinsic affinity of the dye binding sites as a consequence of 
membrane energization. 

Slower Phase 

The contribution of the slower process to the total amplitude of the 

optical signal caused by the spectral red shift on energization of the 
submitochondrial particle suspensions suggests a possible mechanism by 
which the process occurs. In both the N A D H  and ATP pulse experiments, 
the percentage contribution of the slow phase increases as the dye-to- 
particle ratio increases. The appearance of a slower phase has also been 
observed by Ross et al. (1977) in experiments with the giant axon from 
the squid, L. peali, when the concentration of the bathing solution was 
increased. In the N A D H  case in which the oxonol VI concentration 
was varied at constant membrane concentration (Fig. 9), the contribution 
of the slower process was observed to saturate in the 10 15 gM dye 
concentration range. A plausible but not unique interpretation of the 
slower process suggested by the saturation behavior is that the dye is 
moving through the membrane and binding to the inner surface of the 
bilayer, the binding sites of which are eventually saturated as the concen- 
tration is increased at constant membrane concentration. Evidence for 
permeation of membranes by a number of dyes of the oxonol and cyanine 
classes has been obtained. Bashford, Chance and Prince (1978a) have 
recently reported that the decay of the carotenoid band shift in Rhodo- 
pseudomonas sphaeroides chromatophores is accelerated in the presence 
of oxonol VI. Since the bandshift is an electrochromic indicator of mem- 
brane potential, the acceleration of the decay of this shift implies that 
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the potential is being reduced by movement of the negatively charged 
dye across the membrane bitayer and into the inside-positive inner volume 
of the chromatophore vesicle. Oxonol VI and derivatives of it are also 
known to permeate black membranes in proportion to the groups 
attached to the isoxazolone rings (S. Krasne, personal communication). 
Waggoner et al. (1977) have also observed that a number of cyanines 
and oxonols (of somewhat different structure than oxonol VI but nega- 
tively charged) are able to cross a black lipid membrane under the in- 
fluence of a potential gradient applied by electrodes. 

A mechanism in which the rate-limiting step is the occupation of 
sites the concentration of which exceeds that of the dye available to 
occupy them would be expected to be independent of dye concentration 
as observed for the slower process. If the occupation of such sites were 
followed by a rapid movement of the charged dye through the hydrophobic 
portion of the bilayer, a large fraction of these sites would be free at 
any given time; such a process would also avoid the accumulation of 
an appreciable concentration of the charged probe in the hydrophobic 
region which is energetically unfavorable. The increase in the contribution 
of the slower phase to the total signal amplitude as the dye to particle 
ratio increases would in this scheme result from the enhanced probability 
of occupation of the sites from which permeation of the hydrophobic 
core occurs. Whether the occupying dye species would come directly 
from the aqueous phase or from another previously occupied membrane 
binding site could not be distinguished in this model. 

Haynes and Simkowitz (1977) have discussed a mechanism for ANS 
permeation of phospholipid vesicle bilayers involving the intercalation 
of the probe between headgroups followed by rapid movement across 
the hydrocarbon phase of the bilayer. Such a mechanism would not 
be inconsistent with the information available on the slower portion 
of the oxonol VI energy-linked response in submitochondrial particles. 
The rate constant for this process in ATP pulse experiments is comparable 
to those reported by Haynes and Simkowitz for valinomycin-facilitated 
transport of ANS across the vesicle bilayer membrane. Although the 
similarity of rate constants may be coincidental, it is clearly possible 
that the shielding action of valinomycin and K-- may compensate for 
the localized charge that ANS bears whereas the negative charge of 
oxonol VI is delocalized over the conjugated system of the molecule. 
Waggoner et al. (1977) have found, for example, that in black lipid 
membranes across which a potential gradient is applied, the current 
density due to M-540 which bears a localized negative charge is much 
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lower than that of a number of cyanines and oxonols whose charges 
are delocalized. 

Recently, direct evidence for the permeation of the submitochondrial 
particle membrane by oxonol VI has been obtained. Using a time-shared 

double beam spectrometer, the time course of the oxonol VI red shift 
and the energy-requiring shift of the cytochrome c oxidase Soret band 
were monitored in hand mixing experiments in which ATP was added 
to a submitochondrial particle suspension in an oxonol VI solution. 
The halftime of the energy-linked oxidase shift was increased from ap- 
proximately 7 sec in the absence of oxonol VI to about 12 sec in the 
presence of 5 p~M dye (J.C. Smith, C.L Bashford, and M.K.F. Wikstr6m, 
unpublished). This observation indicates that a portion of the membrane 
potential developed from ATP consumption is used to pump the dye 
across the membrane. The approximately 5-sec increase in the halftime 
for the Soret band shift is about the same as the halftime for the slower 
dye process as one would expect for an energy-requiring dye permeation 
mechanism. It was also noted that the Soret band shift did not appear 
to develop until the faster process was largely complete. Whether this 
observation will require a faster permeation process than so far consid- 

ered will require additional work. 

Decay Kinetics 

The decay of the oxonol VI spectral red shift induced by an oxygen 
pulse to an anaerobic submitochondrial suspension follows a first-order 
rate law with a halftime of approximately 3 sec. The value of the rate 
constant is included in Table 1. The exponential decay of the probe 
red shift in the submitochondrial particle system is in contrast to the 

second-order nature of the time course of the decay of the dye spectral 
shift caused by light activation in chromatophores from photosynthetic 
bacteria (Bashford et al., 1978a). The second-order rate law in the latter 
case suggests that the dye is rate limiting and probably reflects the associa- 
tion of the free dye in the inner volume of the vesicle with the inner 
membrane surface followed by rapid movement of the probe across 
the bilayer. If in the oxygen pulse case oxonol VI does permeate the 
submitochondrial particle membrane following the initital binding step 
in the redistribution process, then the decay of the dye spectral shift 
appears to be limited by the rate at which the dye can move through 
the particle membrane, although contributions from other processes such 
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as the simple dissociation of bound dye from the membrane surface 
cannot be excluded from the first order decay. The difference in the 
rate laws characterizing the decay of the dye spectral shift in chromato- 
phores and submitochondrial particles suggests that the latter preparation 
may be less easily permeated by the dye than the former one. 

Oxonol Responses on a Microsecond Time Scale 

Oxonol VI and the phenyl derivative oxonol V respond to potential 
changes with a halftime of approximately 10 gsec when used in the squid 
giant axon (L.Cohen, personal communication; Chance, 1975). A number 
of other charged dyes of the oxonol, cyanine, and merocyanine classes 
are also capable of such rapid spectral responses to changes in applied 
potential in the giant axon system (Cohen et al., 1974; Ross et al., 1977; 
Cohen & Salzberg, 1978). Waggoner et al. (1977) have also been able 
to observe such rapid spectral responses to a train of voltage pulses 
applied across a black lipid membrane by electrodes in the bathing dye 
solution. 

Although such rapidly developing signals cannot be time resolved 
in the rapid mixing experiments, they should appear as vertical displace- 
ments from the baseline during the flow time. In attempts to detect 
such signals in the submitochondrial particle-oxonol VI system, the sweep 
rate of the oscilloscope was increased so that the time from start to 
the cessation of flow occupied about half the scope display. The reactant 
concentrations were increased so that a substantial signal developed dur- 
ing the flow time. The observed signal, however, was clearly time resolved 
under these conditions. Although the possibility that the small microsec- 
ond signals are masked by the much larger but more slowly developing 
signals described in this communication cannot be excluded, the instru- 
ment as routinely used in this work is capable of detecting changes 
in transmission corresponding to AA ~-10 .3 and is capable of detecting 
signals at least as small as AA = 10 4. Since the double beam spectrometer 
is capable of monitoring dye signals of comparable magnitude to those 
observed in experiments on the squid giant axon and black lipid mem- 
branes, the preceding results suggest that the microsecond signals do 
not occur in the isotropic membrane suspensions used in the present 
investigation. 

Several mechanisms have been proposed to explain the microsecond 
spectral changes observed in bilayer and excitable membrane work. Wag- 
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goner et a/. (1977) have suggested that the fast changes are due to associa- 
tion/dissociation of the dye with the bilayer from a volume of the bathing 
solution immediately adjacent to the bilayer surface. More recently, Drag- 
ston and Webb (1978) have argued that the potential-dependent microsec- 
ond changes in the M-540 fluorescence observed in experiments with 
bilayers are due to a rotation of the dye into the plane of the bilayer 
followed by the formation of a nonfluorescent dimer. Ross el al. (1974, 
1977) and Tasaki, Warashina and Pant (1976) have alternatively proposed 
that the M-540 spectral changes observed in the squid axon and in 
the crab nerve, respectively, are due to a shift in the monomerdimer  
equilibrium of the membrane-bound fraction of the dye. 

The following arguments are offered against the operation of these 
mechanisms in a submitochondrial particle suspension. Using the usual 
relationship 

In 2 = k l t l  2 (9) 

the apparent first-order rate constant that corresponds to the observed 
I0 btsec halftime can be obtained. The effective concentration of the 
dye that would lead to the second-order rate constant given in Table 1 
for passive binding of oxonol VI to submitochondrial particles can be 
calculated from Eq. (3). The value of the effective dye concentration 
so obtained is approximately 7 mM. If the second-order rate constant 
for the faster energization process is used, the required concentration 
is increased by a factor of 30. In either case, the required dye concentra- 
tion is greatly in excess of the highest bulk dye concentrations employed 
in the experiments with submitochondrial particles. Thus, a region of 
high local concentration near the membrane surface is required by Wag- 
goner's proposed mechanism. A dc bias potential was required for optical 
signal generation by the voltage pulses applied across the black mem- 
branes used by Waggoner el  al., and the excitable membrane systems 
used by Cohen et  al. also maintain resting potentials. Such potentials 
may be sufficient to lead to the formation of the required local dye 
concentration by a diffusion mechanism, but the presence of such pre- 
existing potentials in submitochondrial particles is unlikely since this 
preparation is essentially free of endogenous substrate. The latter propos- 
al is supported by the observation that the oxonol VI absorption spec- 
trum in the presence of submitochondrial particles without added sub- 
strate could be virtually completely recovered by the addition of an 
uncoupler to the energized preparation (Fig. 2) implying the absence 
of a pre-existing membrane potential. The data obtained for the passive 
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binding of oxonol VI to submitochondrial particles was the same in 
the absence and presence of the uncoupler CCCP (Fig. 4), 

The rotation-dimerization mechanism is also unlikely to be applicable 
to dyes like oxonol VI because the permanent dipole moment  of these 
probes is small due to delocalization of the charge in the conjugated 
systems. Thus such dyes would not be susceptible to appreciable torque 
when a transmembrane electric field is present. The oxonols of the type 
used in this study also show little tendency to aggregate (Smith et al., 
1976) at least when free in solution, thereby suggesting that the mecha- 
nism involving a shift in the dye monomer-dimer equilibrium in the 
membrane bilayer is also unlikely in the case of oxonol VI. Thus, the 
conditions necessary for the mechanisms proposed for the microsecond 
process to operate do not appear to be present in the oxonol VI-submito- 
chondrial particle system. An additional consideration in the discussion 
of microsecond dye kinetics in a submitochondrial particle suspension 
is that the enzyme turnover rates are unlikely to be large enough to 
allow the full membrane potential to be developed in a microsecond 
scale. 

The Effect of Valinomycin 

The magnitude and rate of development of the oxonol VI red shift 
on energization of submitochondrial particles in the presence of valino- 
mycin are much slower than in comparable experiments in which it 
is absent. The biphasic nature of the probe response to N A D H  pulses, 
however, persists with both rate constants being reduced by as much 
as an order of magnitude when the ionophore is present. These results 
suggest that the rate of dye response may be proportional to the magni- 
tude of the potential, which has beer, attenuated by the equilibration 
of the K + gradient by the ionophore before the probe response to A 7* 
can develop significantly, and once the membrane potential is reduced, 
it cannot increase significantly with time because the pH gradient, to 
which the dye is insensitive, has been increased in order to maintain 
a constant electrochemical gradient. 

The Effect of  Probe Permeation on Calibration Procedures 

Although the tendency of a number of charged probes of the oxonol 
and cyanine classes to cross the membrane of vesicular preparations 



280 J.C. Smith and B. Chance 

is unlikely to significantly affect the steady-state membrane potential 
in respiring systems since a source of energy is available to maintain 
the charge gradient, the permeation of the dyes does pose formidable 
problems when calibration of these probes is attempted using ionophore- 
induced diffusion potentials. The commonly used potassium or proton 
diffusion potentials induced by valinomycin or and uncoupler, respec- 
tively, involve transient charge separation since there is no source of 
energy present to maintain an electrical gradient. The movement of anio- 
nic probes in the same direction as the cations generating the initial 
charge separation in these calibration experiments tends to reduce the 
magnitude of the calibrating potential gradient in the process of respond- 
ing to the generation of it. The magnitude of the probe response to 
diffusion potentials when used to quantitate steady-state potentials will 
likely lead to an underestimate of the latter potentials. The calibration 
problem becomes especially acute if an anionic probe forms a complex 
with the ionophore and is transported across the membrane. Gains and 
Dawson (1975) have reported that ANS forms such a complex with 
valinomycin, and Haynes and Simkowitz (1977) have concluded that 
ANS does not respond to membrane potential because of the latter 
transport problem. The latter interpretation, however, is at variance with 
that of Bakker and van Dam (1974). The problem of calibrating potential- 
sensitive probes has been considered in greater detail by Bashford and 
Smith ( 1978 b). 

The authors have benefited from a number of discussions with Drs. C.L. Bashford 
and W.S. Thayer and from the assistance of Dr. M. Pring in the data analysis. This 
work was supported by grants NIH GM 12202-15 and NINCDS NS-10939-06. 
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