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Summary: Conjugation of pure cytochrome c with f luorescein isothiocyanate pro- 
duces derivat ives whose fluorescence in tens i ty  increases approximately 40 per 
cent between pH 6 and 7. Preparation of sonic part ic les from cytochrome c - 
depleted mitochondria in the presence of the conjugates results in the i r  incor- 
poration behind the membrane barr ier ,  as determined by inaccess ib i l i ty  to removal 
by KCI washes or to oxidation by ferr icyanide. Energization of the sonic par t i -  
cles with substrates or oxygen causes an ac id i f ica t ion of the environment of the 
probe, which is increased in the presence of valinomycin plus potassium, and 
abolished by niger ic in or uncouplers. 

INTRODUCTION 

There is considerable evidence that proton movements are associated with 

the mechanism of oxidative phosphorylation in mitochondrial membranes. Despite 

much e f fo r t ,  i t  remains undetermined whether these proton movements represent 

the primary step of energy conservation as proposed by Mitchell ( I ) ,  or are only 

a secondary process. Part of the d i f f i c u l t y  has been the absence of an unequivo- 

cal k inet ic method for monitoring proton movements in the space enclosed by the 

mitochondrial membrane. 

Mitchell and Moyle (2) reported that submitochondrial part ic les prepared 

by sonication transport hydrogen ions inward, rather than outward, as seen with 

intact  mitochondria. This is consistent with other evidence that the membranes 

of sonic part ic les are inverted with respect to the mitochondrial membrane (3, 4). 

Cytochrome o, for example, is easi ly removed from swollen mitochondria by iso- 

tonic KCl (5), while the same procedure fa i l s  for EDTA-submitochondrial par t i -  

cles, where the cytochrome is apparently behind the membrane permeability bar- 
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r ier (6). This paper reports a method suitable for monitoring both the kinetics 

and magnitude of internal pH responses in submitochondrial particles by taking 

advantage of the membrane inversion upon sonication. 

METHODS AND MATERIALS 

Preparation of fluorescein derivatives of cytochrome e. pH-sensitive fluores- 
cent derivatives of cytochrome a (Sigma, type VI) were prepared by reaction 
with a 5:1 ratio (w:w) of fluorescein isothiocyanate (Sigma, isomer I) for four 
hours at pH 7.8. The unreacted fluorescein was separated from the cytochrome 
by passage through a column of Sephadex G-25 (lO volumes). Several l : l  deriva- 
tives of fluorescein:cytochrome o were purified by chromatography on Biorex 70, 
using a linear salt gradient to elute the derivatives. The complete preparative 
procedure and characterization of these derivatives will be published elsewhere. 

Preparation of mitochondria and submitochondrial particles. Heavy beef heart 
mitochondria were prepared according to the method of L~w and Vallin (7), using 
a Brinkmann Polytron to homogenize the heart muscle mince. Mitochondria pre- 
pared by this method were found to be depleted in cytochrome o (see Figure 3B). 
The preparation of the sonic particles enriched in the cytochrome derivatives 
was essentially according to the method of Huang and Lee (8). The resulting 
submitochondrial particles were recentrifuged twice in 0.15 M KCI and once in 
lO mM tr is  acetate-290 mM sucrose to remove the excess cytochrome derivative and 
salt, respectively. 

RESULTS 

Fluorescein-cytochrome e derivatives. 

Since fluorescein isothiocyanate reacts with primary amine groups, there 

are 19 singly modified derivatives possible from horse heart cytochrome e. For- 

tunately, two lysines appear to be much more reactive with this reagent than the 

others, and these derivatives predominate in reaction mixtures having an average 

modification ratio of less than 1.5 moles fluorescein/mole cytochrome. These 

two derivatives have been purified on BioRex 70. Each has a fluorescein:cyto~ 

chrome e ratio of l .O: l ,  based on the extinction coefficient of 74,000 at 494 nm 

for fluorescent conjugates (9) and the spectrum of unmodified cytochrome e (lO). 

Both of these derivatives show one major band on polyacrylamide gel electrophor- 

esis, are enzymatically reducible, and are not auto-oxidizable (not shown). The 

absorption spectrum of one of these derivatives appears in Figure l ,  both in 

oxidized and reduced form, and is essentially identical to the other derivative. 

The fluorescence of these derivatives is not appreciably sensitive to ionic 

strength or solvent polarity, but is to pH (Figure 2). The fluorescent responses 

932 



Vol. 65, No. 3, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

120 

-~ 90. / i l l  

I 

WAVELENGTH (NM) 

Figure I. Oxidized and reduced spectra of a l : l  fluorescein:cytochrome e derivative. 
Spectra of the derivative at 7.8 uM concentration in O.l M sodium phosphate, pH 7.8, 
in the presence of 5 ~M potassium ferricyanide ( - - ) ;  in the presence of 5 mM 
sodium ascorbate ~ . . . . .  ). The spectra were measured on a Beckman DB-G s~ectrophQ- 
tometer. The extinction coefficients are based on a value of 74,000 for Tiuoresceln 
conjugates (9) and 6,300 for cytochrome o (lO) at 494 nm. 

are reversible above pH = 5, with the fluorescent chromophore having a pK of 

about 6.3. 

Figure 3A shows a typical spectrum (dithionite reduced minus oxidized) of 

submitochondrial particles in which the derivative has been incorporated. The 

cytochrome e absorption band at 550 nm is seen to dominate the spectrum. Cyto- 

chrome e to heme a ratios of 2 to 4 have been achieved by this procedure. Fig- 

ure 3B shows the spectrum resulting when the same procedure was carried out omit- 

ting the addition of the cytochrome e derivative before sonication. In this 

case, only a shoulder is seen near 550 nm, which can be attributed mainly to 

cytochrome oi. 

I t  has been reported (8, l l )  that part ia l ly  inhibitory concentrations of KCN 

added to EDTA-submitochondrial particles supplemented with oligomycin and succinate 

result in biphasic reduction kinetics of cytochrome e. The slow phase can be abol- 
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Figure 2. pH dependence of the fluorescence exc i ta t ion spectra of a I : I  f luorescein:  
cytochrome e der ivat ive.  The der ivat ive at 7 ~M concentration was i n i t i a l l y  in 0.02 
M sodium phosphate buf fer ,  pH 7.8. pH changes were accomplished by addit ions of N 
HCI. Spectra were measured on an Aminco Bowman SPF equipped with a thermostatted 
cel l  compartment, with the emission monochromator at 530 nm, 

ished by the addition of FCCP*. These particles also exhibited this behavior (Fig- 

ure 4), indicating that the cytochrome derivative functions normally in the elec- 

tron transport chain. In addition, once the cytochrome was fu l ly  reduced, fer r i -  

cyanide addition caused only about 15 per cent of the total amount of cytochrome a 

present to be oxidized (Figure 4). Cytochrome o in mitochondria under the same 

conditions ( l l ) ,  or added externally to these particles, is v i r tual ly lO0 per cent 

oxidized by ferricyanide. This indicates that the cytochrome is indeed behind the 

membrane barrier in these particles. 

These particles exhibited the energy-dependent fluorescence responses with 

ANS* typical of submitochondrial particles (Figure 5A) and opposite in direction 

to those seen with intact mitochondria (12). Succinate induced a small response, 

which was greatly enhanced by the addition of oligomycin, which is required for 

maximal coupling in these particles (3). Ascorbate plus phenazine methosulfate 

elicited a smaller response. In Figure 5B, the same sequence of additions was 

repeated in a separate experiment (minus ANS) only the fluorometer was set to mon- 

*Abbreviations: FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone; ANS, 
8-anilino-l-naphthalene sulfonate. 
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Figure 3. Dif ference spectra of submitochondrial par t ic les  prepared in the presence 
(3A) and absence (3B) of the fluorescein:cytochrome o der ivat ive.  Both reference 
and sample cuvettes contained submitochondrial par t ic les  at 1 mg/ml in 0.02 M sodium 
phosphate buf fer ,  pH 7.8, plus 0.4 per cent sodium deoxycholate. Dif ference spectra 
were recorded on a Beckman DB-G with a scale expansion accessory a f te r  the addit ion 
of sol id sodium d i t h i on i t e  to the sample cuvette. 

i t o r  the f luorescein responses (490 ÷ 560 nm). Energization in th is case induced 

a small but reproducible decrease in f luorescence, which is ind icat ive  of an ac id i -  

f i ca t ion  in the environment of the probe. This is the expected d i rec t ion for an 

i n te rna l l y  located probe in submitochondrial par t i c les ,  according to the chemios- 

motic coupling theory. FCCP removed a l l  the energy-dependent responses, although 

succinate gave a small response, regardless of the presence of uncoupler, due to 

the succinate being at a higher pH than the suspending buf fer .  Cal ibrat ion of the 

responses, obtained by adding al iquots of acid and base at the end of the experi-  
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Figure 4. Reduction kinetics and ferr icyanide access ib i l i ty  of the cytochrome o 
derivat ive in coupled and uncoupled submitochondrial part ic les.  Both reference and 
sample cuvettes contained submitochondrial part ic les at 1.4 mg/ml in 270 mM sucrose- 
50 mM t r i s  acetate, pH 7.8, plus 1.7 ~g oligomycin/ml. 1 ~M FCCP was present in 
addition in the lower curve. Other additions as indicated. 

ment, indicated that the internal pH change was less than 0.2 pH units under these 

conditions. 

The magnitude of these responses was larger when the buffer was omitted, and 

par t icu lar ly  i f  KCl plus valinomycin were present i n i t i a l l y .  In Figure 6A, anaerobic- 

aerobic t ransi t ions in an unbuffered suspension of the submitochondrial part ic les 

(containing 13 mM succinate and 30 mM KCI) were obtained by the addition of hydrogen 

peroxide in the presence of catalase. The transmembrane pH gradient in the ener- 

gized state was i n i t i a l l y  0.4 pH, but could no longer be generated af ter  the addi- 

t ion of n iger ic in.  In Figure 6B, the same experiment was repeated in the presence 

of valinomycin. In this case, the pH gradient was i n i t i a l l y  about 0.8 pH, and was 

again dissipated by niger ic in.  Responses indicating a transmembrane pH gradient 

of over 1 pH unit  have been observed in these part ic les when NADH was used to 

energize the membranes in the presence of valinomycin and KCI (not shown). 

936 



Vol. 65, No. 3, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

50 

i o 20 
T 

A. ANS Responses Antimycin 
Oligomycin ~ "  I 1.7~M Anoerobic 

5uG PMS 

3.3MM | ~  t Ascorbote | {  
ANS I t ~  ~ 6 .7  MM TJ 

==o 

_= o 
b. o~ ,¢ 

B. Fluorescein Responses 
PMS + 

80 I -  . , Ascorbote 
I^  Ohgornyc n Ant mycin I ^ . . . . .  =.;~ HCl NoOH 
Ibuccinote ~.,.~....~.~ / I ~ /  ~..o,,vu,~ O- / 

pH 7.05 

~ - - -  -.*---- pH 6 .60  

Succinote Antimycin PMS HCl 
t ~ / Oligomycin J Ascorbote 80 ~ " " " -  ' ~ - "  ' ..,.,_.~.~ 

FCC ~ ~ p H  6 .97  

70 
~,.,, p H 6 . 5 0  

Figure 5. Energy-dependent fluorescence responses of (A) ANS and (B) f luorescein-  
cytochrome c in the fluorescein-cytochrome c submitochondrial par t i c les .  The reac- 
t ion mixture consisted of 250 mM sucrose, I0 mM t r i s  acetate, pH 7.0. In A, the sub- 
mitochondrial par t i c le  concentration was 0.4 mg/ml; in B, 0.8 mg/ml. Other addit ions 
as indicated. The fluorometer was equipped with Glan polar izers on both the exci ta-  
t ion and emission monochromators to minimize scatter ing a r t i f ac t s  (15). 

DISCUSSION 

The energy-dependent pH responses seen with these der ivat ives can a l l  be in- 

terpreted in terms of the chemiosmotic theory of Mi tche l l .  Energization causes 

an internal  ac id i f i ca t i on  in submitochondrial par t i c les .  Niger ic in ,  which promotes 

a neutral exchange of H + for  K +, increases the membrane potent ial  at the expense 

of the pH gradient,  while valinomycin, which permits internal  K + to d i f fuse out 

(down the e lec t r i ca l  gradient) ,  resul ts in an increased pH gradient (13). The 

presence of both an t ib io t i cs  or of the uncoupler FCCP uncouples these par t ic les  

(13), and thus abolishes the internal pH responses. 

The exact locat ion of the fluorescein-cytochrome e der ivat ive behind the mem- 

brane bar r ie r  is unknown. These experiments do not show whether the ac id i f i ca t i on  
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Figure 6. Energy-dependent fluorescence responses of fluorescein-cytochrome o in 
the fluorescein-cytochrome e submitochondrial particles in the (A) absence and (B) 
presence of valinomycin. The reaction mixture contained i n i t i a l l y  0.55 mg/ml sub- 
mitochondrial particles in 30 mM KCI, 230 mM sucrose, 0.2 uM catalase, 1.7 ~g/ml 
oligomycin, and 7 mM sodium succinate, pH 7.0. Additions were made as indicated 
after the solution became anaerobic. Fluorometer settings identical to Figure 5. 

responses occur within the membrane boundaries, or in the enclosed water space of 

these vesicles. Since cytochrome o binds at the surface of the inner membrane in 

mitochondria, the simplest interpretation is that i t  is also at the membrane-water 

interface on the inter ior of the inverted submitochondrial particles. 

There is evidence that submitochondrial particles are not a homogeneous popu- 

lation of inverted vesicles, but rather a mixture of inverted and non-inverted ves- 

icles (8, I I ,  14). The responses presented in this paper would selectively come 

from the inverted vesicles, since the KCI washes remove the external cytochrome e 

from the non-inverted vesicles. Hence, only the cytochrome o located behind the 

membrane permeability barrier is le f t  to monitor the pH responses. Simultaneous 

measurements with a pH electrode indicate the external pH responses are opposite 

in direction to those, indicated by the fluorescent probe upon energization. 

The method presented here for monitoring internal pH responses in submitochon- 

drial particles offers a potential way for subjecting the chemiosmotic coupling 
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theory to more de f in i t i ve  test ing than has been accomplished previously. Experiments 

are in progress to determine whether the kinet ics of the internal pH responses cor- 

respond to the primary events in energy conservation. 
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