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SUMMARY 

1. Fuscln, a mould metabolite, is a colored quinonoid compound which 
reacts readily with - S H  groups to give colorless addition derivatives. 

2. Binding of fuscln to mltochondria has been momtored spectrophotomem- 
cally. Fuscin binding is prevented by - S H  reagents such as N-ethylmaleimide, N- 
methylmaleimlde, mersalyl or p-chloromercurlbenzoate. Conversely, fuscm prevents 
the binding o f - S H  reagents as shown with N-[~4C]ethylmalelmlde. Once bound to 
mltochondria, fuscin is not removable by washing of mitochondrla. 

3. High affinity-fuscln binding sites (Kd ~ 1 /~M, n ~ 4-8 nmoles/mg protein) 
are present in whole mltochondria obtained from rat heart, rat liver, pigeon heart or 
yeast ( C a n d i d a  u t d t s ) .  They are lost upon somcatlon but are still present in dlgltonln 
inner membrane + matrix vesicles. On the other hand, lysIs of mitochondria by Triton 
X-100 does not increase the number of high affinity binding sites indicating that all 
these sites are accessible to fuscm in whole mitochondria. The number of fuscin 
high affinity sites appears to correlate with the glutathlone content of mltochondnal 
preparations. 

4. Fuscin as well as N-ethylmaleimlde and avenactohde are penetrant SH- 
reagents: they react wlth intramitochondrial glutathmne. 

5. Fuscin interferes with the ADP-stlmulated respiration of mitochondrla on 
NAD-hnked substrates, several functions of the mitochondrial respiratory apparatus 
being inhibited by fuscln in a non-competitive manner, but to various extents: (a) The 
electron transfer chain (K, in the range of 0.1 raM): (b) the hpoamlde dehydrogenase 
system (K, --  5-10 pM):  (c) the transport systems of phosphate (K, ~- 20 ILM) and of 
glutamate (K~ ~ 3-5 ~LM); (d) the ADP transport, indirectly (K, ~ 10 ~LM). 

6. Like N-ethylmalelmlde, fuscm Inhibits the g lu t ama te -OH-  carrier, the 
inhibition of that carrier bringing about an apparent increase of aspartate entry in 
glutamate-loaded mitochondria by the glutamate-aspartate carrier. 

7. The mhibmon of phosphate transport by fuscin probably accounts for the 
inhibition of the reduction of endogenous NAD by succinate in intact pigeon heart 
mltochondrm. 

Abbreviations: DTNB, 5,5'-dRh~o-b~s-(2-mtrobenzolc acid), PCMB, p-chloromercurl- 
benzoate 
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8. By binding the - S H  groups of mltochondnal membrane specifically un- 
masked by addition of micromolar amounts of ADP, fuscin, like N-ethylmalelmide, 
prevents the functioning of ADP translocation. 

9. Because of their specific and analogous effects on some well defined ml- 
tochondrial functions such as glutamate transport and ADP transport, fuscm and 
N-ethylmalelmxde can be distinguished from other - S H  reagents. The lipophlhc 
nature of fuscin and N-ethylmale~mide which accounts for the accessbihty of these 
compounds to hydrophobic sites in the mitochondrial membrane or on the mamx 
side of  this membrane may be partly responsible for their characteristic ,nhiNtory 
effects on mltochondrial functions. 

I N T R O D U C T I O N  

Fuscln, a qulnonold compound t (Fig. 1) with antibacterial activity, isolated 
from the culture filtrates of  Oidiodendron fuscum Robak 2's has been reported 4'5 
to inh~bit the respiration of mitochondria. Besides an effect on the respiratory chain, 
fuscin interferes with the transport  of  some anions (phosphate, dicarboxylates, glu- 
tamate) m mammalian or yeast mltochondria, the glutamate entry being the most 
sensmve to fuscln as shown in preliminary reports 6-s.  

HO• ^ ~  cD mercopto ocetlc clcld 
L2 ~r "°r '  thioureci residues 

H0 

FUSCIN ADDITION COMPOUNDS 
(oxldlzed form) OF FUSCIN 

F~g 1 Structure o f  fuscln establ ished by Bar ton and HendrJckson t. 

Fuscln which is a colored compound characterized by a strong peak of ab- 
sorption m the 360-nm region gives colorless addition derivatives with - S H  groups 1' 2.7 
This reaction is easily monitored by a decrease in absorbance of fuscin. The de- 
coloration of fuscin has been used to estimate the amount  of fuscln which binds to 
mitochondria or mltochondrial fragments v as compared to other - S H  reagents 

This paper gives an account of the observed effects of fuscln on some mlto- 
chondmal functions (electron transport, ATPase activity, anion transport). It shows 
that fuscin competes with other - S H  reagents such as mersalyl, N-ethylmalelmlde or 
p-chloromercuribenzoate (PCMB) for binding to mitochondrla. The correlation 
between binding to - S H  groups and inhibitory effects is discussed together with the 
interrelationships between the different mltochondrial functions which are inhibited 

M A T E R I A L S  

Fuscln extracted from OMtodendron fuscum Robak was a generous gift of 
Professor D. H. R. Barton (Imperial College of Science and Technology, London). 
It was used m solution either in ethanol or in dlmethylformamide. When added to a 



FUSCIN AND SH-DEPENDENT TRANSPORT 359 

0.25 M sucrose solution the peak maximum was at 355 nm at pH 6 5, 365 nm at 
pH 7.4 and 368 nm at pH 8. The binding tests of  fuscm to mltochondrla were ge- 
nerally carried out in isotonic sucrose solution (0.25 M) buffered at pH 7.4 with 
Trls-HCI;  fuscm binding was assessed by the disappearance of the peak in the 360-nm 
region, as measured m a dual wavelength Ammco-Chanee  spectrophotometer 
using the pair 374-385 nm, to avoid interference with NAD(P)H spectrum. 

e-Glutamate, ATP, ADP, lipoamide and mersalyl were purchased from Sigma 
(St Louis, M o ,  U.S.A.); N A D H ,  yeast glutathlone reductase (EC 1.6.4.2), hpolc 
acid, llpoamJde dehydrogenase (EC 1.6.4.3) and glutathlone, from Boehringer 
(Mannhelm, Germany),  N-ethylmaleimlde and dlgitonin (A grade) from Calblochem 
(Los Angeles, Calif., U.S.A.); N-[14C]ethylmale,mide and [32p]phosphate from 
C.E.A. (Saclay, France): rotenone from Aldrich (Milwaukee, Wlsc,  U.S.A.); 2,6- 
dichloromdophenol from Fluka (Switzerland). 

Radioactivity was measured either in a gas flow counter (RA-15 Intertech- 
nlque, France) or in a scintillation counter (SL-30 Intertechnique, France). 

METHODS 

Rat liver mltochondria were isolated m 0.27 M sucrose buffered with 1 mM 
Trls-HCl,  at pH 7.4 (ref. 9). Sonicated fragments were prepared at 0 °C by sub- 
lmtting mltochondrla m 0 27 M sucrose to sonic oscillation m a Branson sonlfier 
at maximum output for periods of 30 s. Unbroken mitochondria were removed by 
centrlfugatlon at 25 000 × 9 for 15 ram. Sonicated fragments were recovered from the 
supernatant by centrifugation at 100000× 9 for 30 min. Inner membrane+mat r ix  
vesicles were obtained either according to Schnaltman and Greenawalt 10 by dlgltonln 
treatment or according to Parsons and Williams 11 by treatment with 20 mM phos- 
phate, pigeon heart and rat heart mltochondria were prepared in 0.225 M mannitol-  
0.075 M sucrose, 0.02 M Trls-HCI (pH 7.6). 0.2 mM EDTA according to Chance 
and Hagihara 12, and tested m the same buffer with EDTA omitted (MST medium), 
and yeast mltochondria (Candida utilis) according to Balcavageand Mattoonl  3. 

Reduced and oxidized glutathlone were estimated by the method of Tletze 14 
based on the catalytic action of GSH or GSSG in the reduction of Ellman reagent 
(5,5'-dlthlo-bls-(2-nltrobenzolc acid DTNB), by a mixture of N A D P H  and yeast 
glutathlone reductase. The adduct of N-[14C]ethylmaleimide and glutathlone present 
m a trlchloroacetlc acid extract of mitochondrm was isolated by thin-layer chromato- 
graphy 15 The same type of solvents can allow the separation of fuscin-glutathlone 
adduct stainable by nmhydrln. 

Dihydrolipoic acid and dlhydrohpoamlde were obtained by reduction by 
borohydrlde16: LlpOlC acid or lipoamide is dissolved in methanol, water is added m 
the ratio 1 : 1 and then sohd borohydrlde. After a few minutes at room temperature, 
the pH is brought to 1-2 by addition of HCI to destroy the excess of borohydnde and 
the solution neutralized to pH 6 with HCO 3- or NaOH. 

The rate of reduction of endogenous NAD(P)  was measured m a dual-wave- 
length spectrophotometer at 20 °C. The two wavelengths chosen (355 nm minus  
380 nm) were in a symmetrical position with regard to the maximum of the absorption 
peak of free fuscin in order to avoid optical interference of the fuscin spectrum and the 
NAD(P)H spectrum 
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RES U LTS 

ReacttviO' of fuscin towards-SH compounds Bindin9 of fuscm to mitockondrta 
In the earlier studies, fuscln had been shown to brad to -SH compounds. 

Michael 2 obtained stable crlstalline addition complexes with mercaptoacetlc acid 
m which fuscin and mercaptoacetlc acid were in equimolar amounts Blrkinshaw et 
al. 3 obtained with thlourea a compound, fuscin thlouromum chloride, which in 
contact with water decomposed rapidly into its constituents Barton and Hendnck- 
son ~, who established the quinonold structure of fuscln, gave the structure of these 
derivatives of fuscln. We have extended these studies to other -SH compounds of 
biological interest. The amount of fuscm which reacts with cysteme, mercaptoethanol, 
glutathione, dlhydrohpoamide, dlhydrolipoIc acid and dithlothreitol is most con- 
vemently assessed by measuring the disappearance of the peak in the 360-nm region 
(see Methods). When using the above mentioned -SH compounds m equ,molar 
amounts with respect to fuscm, the half time ofdecoloratlon was 30 s-I rain at 20 C, 
but on standing in an open cuvette, the 360-nm peak reappeared after a lag phase and 
at a rate which varied according to the -SH compound tested. In the case of cysteme, 
the lag period was less than I mm and the half time of recoloration was of the order of 
3 min. The decoloratlon of fuscin by dlhydrohpoamlde was stable for at least 30 mm 
allowing an easy determination of the stolchiometry of the reaction; 1 mole of dlhy- 
drohpoamlde was consumed per mole of fuscln added. The stability of fuscin deriva- 
tives with glutathione, dlthlothreltol and mercaptoethanol was intermediate, the 
lag period for partial recoloratlon of fuscln being of the order of 5-10 mm Based 
on these observations, it was assumed that decoloratlon of fuscm which occurs on 
additmn of mltochondria was due to reaction of fuscm with SH compounds present 
in mltochondrla. To test this hypothesis we carried out a titration of free mlto- 
chondnal -SH groups by fuscln in the absence and m the presence of SH reagents 
such as N-ethylmaleimlde, mersalyl, N-methylmaleimide and PCMB To avoid 
interference due to turbidity the differential absorbance change m the reaction of 
fuscin with mitochondria was measured with a dual-wavelength spectrophotometer 
using the wavelength pair 375-385 nm (see Methods). Scatchard plots of binding 
data for fuscln and for N-[t4C]ethylmalelmlde are presented in Fig. 2. Fuscln binding 
was prevented by N-ethylmaleJmide (Fig. 2A) and conversely N-[~C]ethylmaleumde 
binding was prevented by fuscm (Fig. 2B). Other typical SH reagents such as PCMB, 
mersalyl, and N-methyhnaleimlde behaved like N-ethylmalelmlde. These data afford 
evidence that fuscln bind to mltochondrlal -SH groups. Avenaclohde, an inhibitor 
of glutamate transport ~7 used m the accompanying paper ~8 comparatively with 
fuscln was also found to prevent fuscm binding to mltochondna. 

The curvature of the Scatchard plot for fuscln binding (Fig 2A) may be 
indicative of several d~fferent types of sites. Taking the minimal hypothesis of two non 
Interacting sites, the curve in Fig. 2A may be decomposed into two straight lines cor- 
lespondmg to high affimty fuscm binding sites (Ka < 1 l~M, n 6 nmoles per mg 
protein) and low affinity sites (Ka > 30 l~M), The number of high affinity sites varied 
according to mltochondrlal preparations and ranged from 4-8 nmoles per mg 
protein for rat liver, rat heart and pigeon heart mltochondna A hnear relationship 
was found between the amount of fuscm bound and the amount of protein used 
(Fig. 3) The high affinity sites were still present m &gltomn ,nner membrane 
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Fig 2 Compet i t ion  betx~een fuscJn and N-ethylmale lmide  for binding to ml tochondr la  (A)  Rat 
heart mltochondrma (2 mg protein)  were suspended in 3 ml o f  M S T E  m e d i u m  (of. Methods)  pH 7 4, 
containing  5 /¢M rotenone,  2 pg /ml  o h g o m y c m  and 0.8/~g/ml ant lmycln  at 20 ~C Successive addit ion 
of  fuscln m solution m N,  N'-dmmethylformamlde were made  at 4 mmn intervals The binding o f l u s c l n  
was assessed by measuring the disappearance o f  the co lour  o f  free fuscm at 375 n m  minus 385 nm m 
a dual -wavelength  spectrophotometer  ( C h a n c e - A m m c o )  m the absence or the presence o f  10 l iM 
N-ethy lmale lmlde  ( N E M )  The straight l ine obtained in presence o f  N-e thy lmale lmlde  v, as also 
found with other SH reagents such as mersalyl ,  PCMB,  N-methy lmale lmlde  and also with aven-  
aclohde.  (B) Rat liver ml tochondr la  (3 7 mg protein) in 0.25 M sucrose -2  m M  Trls-chlorlde,  pH 7 4 
and increasing concentrat ions  o f  N-[ l '~C]ethylmale lmlde ranging from 1.2 lt M - 5 O O l t M  were in- 
cubated for 5 mm at 20 C in a final v o l u m e  o f  5 ml W h e n  fuscm was  used, mmtochondrla were 
prelncubated for 2 rain with luscm prior to the addition o f  N-[~4C]ethylmale lmlde  [ [~4C]NEM]  
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Fig 3 Titrat ion o f  m l t o c h o n d n a  by fuscln. Same condit ions  as in F~g 2A Fuscm concentraUon 
33/ ;M.  

Fig. 4 Binding of  fuscln to yeast  ml tochondr la  (C. utths). 2 m g  protein o f  yeast  ml tochondrla  were 
suspended in 3 m[ o f  0 6 M mannl to l - I  m M  Trls-HCI,  pH 7 4 Addit ion  o f  fuscln from 0 7/~M 
to 30 ,uM Same condit ions  o f  assay as m Fig 2 
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matrix particles prepared from rat liver mltochondrla 1° but were lost in sonlcated 
fragments of  liver or heart mitochondria (from rat or from plgeon) 7 as well as in the 
inner membrane parttcles prepared according to Parsons and Wllhams 11. With yeast 
mitochondria the fuscin binding showed co-operative interactions and a saturation 
plateau corresponding to about 10 nmoles of  fuscln bound per mg protein (Fig. 4). 
Rat liver mlcrosomes displayed fewer high affinity sites for fuscin than mltochondna 
(about 2 nmoles/mg protein). The high reactivity of fuscin towards mltochondrla is 
noteworthy in view of its low reactivity towards common proteins such as serum 
albumin. For instance, bovine serum albumin exhibits only low affinity fuscin- 
binding sites (Ka = 40/~M, n - :  35 nmoles per mg protein). Lysis of mltochondna 
with Triton X-100 did not increase the total number of high affimty fuscln-binding 
sites, indicating that, m intact mitochondrm, they are accessible to fuscin. It must be 
stressed that fuscln-treated mitochondrla are not modified in their morphology as 
indicated by electron microscope controls. 

A possible candidate for binding fuscln with high affinity in mltochondrm is 
reduced glutathlone. Glutathlone which readily reacts with fuscln represents the 
main non-protein thlol in m~tochondria 19'2°. Furthermore, some correlation was 
found in titration experiments between the fuscm high affinity sites and glutathione in 
mltochondrm or in microsomes (Table I). For instance, the number of high affinity 
sites m rat liver mitochondria roughly estimated from Scatchard plots (Fig. 2)  7 

is of the same order as the amount  of reduced glutathione (4-8 nmoles per mg 
protein). In isolated inner membrane vesicles prepared according to Parsons and 
Willlams 1~ which have lost their high affinity binding sites for fuscm the content of 
reduced glutathione dropped to 0.2 nmole per mg protein. On the other hand, 
digitonin fragments retain both high affinity fuscln-bmdlng sites and reduced glu- 
tathlone. In mlcrosomes, the amount of reduced glutathlone and high affinity binding 
sItes for fuscln was 3-4 times less than m m~tochondrm. 

Proof that fuscln reacts with mitochondrml glutath~one was obtained m the 
following experiments. Rat hver mltochondrm are prelncubated w~th SH reagents 

T A B L E [  

G L U T A T H I O N E  C O N T E N T  OF S U B - C E L L U L A R  F R A C T I O N S  A N D  F U S C I N  H I G H  
A F F I N I T Y  B I N D I N G  SITES 

N D ,  not detected Values are given in nmoles /mg protein 

Ttsstte preparatton* GSH GSSG Htqh aflTntO' 
fllS£ttl blndttlq slte~** 

Rat hver 
M~tochondrla 6 4 0 4 5 
Dlg l tonm fragments  3,4 0 2 4 
Somcated fragments  0 3 0 1 N D 
Inner  memb. ~ m a t n x  vesicles 0 2 N D N D 
MIcrosomes 2 0 0 6 0 8 

Yeast  (S. cerevtstae) 
M~tochondrJa 4 0 I 5 

* ~£ Methods 
** Determined from a Scatchard plot as shown in F~g 2 
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TABLE I[ 

FREE GLUTATHIONE CONTENT OF RAT LIVER M1TOCHONDRIA TREATED WITH 
-SH REAGENTS 

Rat hver mltochondrm (28 mg protein) were incubated in 15 ml of 0.12 M KCI, 0.1 mM EDTA, 
40 mM Tns-chlorlde, pH 7.4, m the presence of 20/~M of the -SH reagents (except ferrlcyamde which 
was 2 raM), then centrifuged The pellet was washed with 5 ml of 0 27 M sucrose-2 mM Trls-HCl, 
pH 7.4 and extracted with tnchloroacetlc acid. The glutathlone content was determined m the 
tnchloroacet~c acid e,~tracts by the method of TJetze t~ N.D., not detected. 

Evpt. ln~ubatton Additions G S H  GSSG 
No. condtttons 

nmoles/mg protetn Per cent nmoles/m~q protem 

1 10mmat20 C Nil 4 7  100 0 4  
Avenaclohde I 3 28 0 1 
Fuscm 1.3 28 0 3 
N-EthylmaleJmlde 0 3 6 0 2 

2 10mmat20 C Nd 5 1 100 03 
Mersalyl 4.9 96 0.2 
Ferrlcyamde 5 1 100 0 3 
2,6- Dlchloro- 
mdophenol N D. 0 2 2 

3 30 mm at 0 ~C Nil 4.4 100 0.1 
N-Ethylmalelmide 0 3 7 0 2 
Mersalyl 4 0 91 0 1 

in isotonic condit ions,  centrifuged and their content  m reduced and oxidized glu- 
ta thione analyzed in a tnchloroacet lc  acid extract 14 (Table II). 20/~M fuscin or 
N-ethylmaleimide strikingly decreased the content  of free reduced glutathlone while 
mersalyl, PCMB or DTNB had only a slight effect related perhaps to the a m o u n t  of 
damaged m~tochondna (xf we assume that they did not  react because they could not  
reach the matrix space). Incuba t ion  with fuscin markedly diminished the a m o u n t  of 
GSH but  did not  sigmficantly modify the amoun t  of oxidized glutathione. Th~s effect 
was compared to that of two oxidizing agents, ferricyanide and 2,6-dichloromdophenol.  
2,6-dlchloroindophenol  which was most often used as oxidant  is also able to con- 
jugate  with glutathione 21'22 and with mitochondrial  membrane  thlol groups 23. As 
shown in Table lI,  2 ,6-dlchloromdophenol  penetrates the matrix space and oxidizes 
part of glutath~one whde ferricyantde does not  lower the a m o u n t  of ln t ramitochon-  
drial GSH. This is consistent with the fact that 2,6-dlchloromdophenol  being un- 
charged at neutral  pH is probably  readily penetrant  whereas ferncyanide does not 
enter mi tochondr ia  24. 

The binding of N-ethylmale~mide to mtram~tochondrlal  reduced glutathlone 
upon  incubat ion  of m l t o c h o n d n a  with N-ethylmaletmlde was confirmed by using 
N- [~ 4C ]ethylmaleimide and isolating by chromatography the adduct  product  N- [1 ~C ]- 
e thylmaleimide-gluta thione 15. The same observat ion holds for fuscin. Using the 
same chromatographic  system as for N-ethylmalelmlde-gluta thlone separation,  Jt 
was possible to isolate a compound  which is hkely the conjugate of fuscm and 
glutathione.  
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Effect offuscm on NA DH oxtdase activtO' 
As previously reported, fuscm inhibits the electron transfer m the first site 

region of the respiratory chain between N A D H  and the branching of the succmlc 
dehydrogenase 4. This is m line with the implication of several types of  - S H  groups 
in the functioning in this region of the respiratory chain 25. In the present study, a~med 
merely at defining the condit~ons m which fuscm, as an - S H  reagent, can be used to 
dissect m~tochondnal function, we were essentially interested in comparing the 
N A D H  respiratory chain to other SH-dependent mitochondrml systems for their 
reacttwty and accessibility towards fuscm. 

The effect of fuscm was tested on submitochondrial particles obtained b) 
somcatlon or dlgltonln treatment to avoid the permeabdlty barrier to N A D H  
Using digltonm inner membrane phls matrix vesicles, fuscm, at 10 nmoles per mg 
protein (final concentration 25 #M) inhibited the N A D H  oxidation by 30-50 °,,. 
Mersalyl at the same concentration brought about the same effect. When somcated 
particles from pigeon heart were used, a higher concentration of fuscin (90 pM or 
495 nmoles per mg protein) was required to bring about 50 Oo inhibition of the 02 
consumption (Table III). These observations correlate with the binding studies re- 
ported above which indicate that high affinity binding sites for fuscm were stdl 
present m dlgitonm inner membrane+mat r ix  vesicles while they were lost upon 
somcatlon. With somcated submitochondrml particles from yeast (Saecharono'ces 
cereelstae), 170 nmoles fuscm per mg protein (50 itM) had to be used to bring about 
50 ' '  inhibition of N A D H  oxidation O 

TABLE 111 

F U S C t N  I N H I B I T I O N  OF N A D H  O X I D A T I O N  BY S O N I C A T E D  P I G E O N  H E A R T  
M I T O C H O N D  RIA 

Sonlcated pigeon heart  m l t o c h o n d n a  were prelncubated at 25 C for 3 mln in 3 3 ml of  MST medium 
conta in ing 4 m M  phosphate  with fuscm at d~fferent concentra t ions  as indicated m the table Then 
0 6 mM N A D H  (final concentra t ion)  was added. The oxygen uptake  was measured with a G M E  
oxygraph equipped with a Clark  electrode 

Fascm Rate oJ respiration 

/¢ ,~1 nmoles/mff protein 02/~M,,'mm '~,, 

0 0 60 l 00 
30 166 55 92 
60 333 45 75 
9O 495 30 5O 

120 633 15 25 

In summary, the sensitivity to fuscln of N A D H  oxidation depends upon the 
type of mitochondrial particles used and seems to be hnked to the glutathlone 
content of those particles. In dlgitomn mitochondrial particles which still contain 
glutathione and have high affinity sites for fuscin (Table I) the N A D H  oxidation is 
inh~blted by low concentration of fuscin, ~t is the contrary for somcated fragments. 

Inhibition by fuscin oJ the mttochondrial oxidation oJ NAD-linked substrates 
It  was already known that in mammalian mitochondrm fuscm at concentrations 
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as low as 30/tM totally inhibits the oxidation of NAD-hnked substrates such as/4- 
hydroxybutyrate 26, pyruvate plus  malate, glutamate but not that of succinate or 
ascorbate "~. Since the respiratory chain N A D H . . .  02 per  se is not severely affected 
by fuscin at these concentrations (Table III), it was hypothesized that more reactive 
s~tes towards fuscin could be located either at the level of some substrate transport 
systems m m~tochondrml membranes or at the level of specific dehydrogenases. 

TABLE Iv 

FUSCIN INHIBITION OF ENDOGENOUS NADfP) REDUCTION BY EXOGENOUS 
S U BST RATES 

The conditions were those of F~g 5 except that malate was replaced by 0.3 mM malonate when the 
substrate was oxoglutarate and was omitted when the substrate was glutamate. The K, values were 
determined by the method of Dixon from the initial rates of endogenous NAD(P) reductton. 

Substrate added Mttochondrta K, (/t hl ) Type of  mhthttton 

Pyruvate (+malate) rat hver 5 non competitive 
rat heart 8 non competmve 

O,~oglutarate 
(4 malonate phosphate) rat heart 12 non competitive 

Glutamate rat hver 3 non competJtwe 
p~geon heart 5 non competmve 

A possible interaction of fuscin with mltochondrial NADH-hnked dehydro- 
genases has been assessed by measuring the rate of reduction of endogenous NAD(P) 
by different exogenous substrates in the presence or absence of fuscin. Fuscin in- 
hibited in a non-competmve manner the reduction of NAD(P) by pyruvate, oxo- 
glutarate and glutamate; the K, values ranged between 3 and 12 pM (Table IV). 
In a comparahve study, it was found that mersalyl was markedly less effective than 
fuscm in inhtbiting the reduction of NAD(P)  by pyruvate (Fig. 5). 

Although direct proof is not easy to obtain, it is possible that fuscm reacts 
w~th some essential -SH components of the dehydrogenase system of 2-ketoaclds; 
a hkely candidate is the system hpoamlde-hpoamide dehydrogenase. This was 
suggested by assays carried out with mltochondria lysed by Triton X-100 or with 
purified preparations of hpoamlde dehydrogenase (Fig. 6) showing an increased rate 
of the reduction of lipoic acid (or hpoamide) in the presence of fuscin, as if fuscm 
was able to trap the reduced hpoic acid formed. Mersalyl had no effect and this 
correlates with the absence of inhibition by mersalyl, of pyruvate dehydrogenation 
(Fig. 5) The sensitivity of the reduchon of endogenous NAD(P)  by glutamate 
(Table IV) ~s not explained by a direct effect of fuscin on glutamate dehydrogenation 
or transaminat~on. In fact, fuscin at 50/~M does not modify the actiwty of free glu- 
tamate dehydrogenase either when the mltochondrial glutamate dehydrogenase has 
been made free by lys~s of mitochondria with Triton X-100 or by somcatlon or 
when a crystalline preparation was used. Neither did fuscm affect the aminoaspartate 
transferase tested after lysls of m~tochondria wlth Triton X-100. 

In hne with experiments deahng with the inhibition by fuscm of the mlto- 
chondrml respiration, the effect of fuscm on the reduction of endogenous NAD(P)  
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Fig. 5. Inhibition by fuscm of  the reduction of  endogenous NAD(P)  by pyruvate Rat heart m~to- 
chondna  (2 8 mg protein) were premcubated for 5 m m  at 20 °C m 3 ml of  0.12 M KCI, 20 mM 
Trm-HCI,  5 m M  phosphate,  5 #M carbonyl cyamde p-trifluoromethoxyphenylhydrazone and fuscm 
or mersalyI at the indicated concentration Final pH 7 2 Then 10 itM rotenone ~as  added and after 
2 mm 33 FtM L-malate and 8.3 mM pyruvate The rate of  reductmn of  NAD(P)  ~as measured m a 
dual-wavelength spectrophotometer at 20 "C. 
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Fig 6 Effect of  fuscm and mersalyl on the rate and extent of  N A D H  oxidation by hpolc acid Traces 
A and B The incubation medmm contained m 3 ml, 0.08 M potassmm phosphate,  pH 5 9 1 mM 
EDTA, 2 mM N A D H ,  0 1 mM N A D  and as indicated fuscm or mersalyl. Temperature 20 'C. 
Oxldanon of  N A D H  was mmated by addmon of  10#1 of  a diluted solution of  hpoamlde dehydro- 
genase (LIPO-DH) and followed at 340 nm Trace C Same medmm as m traces A and B Purified 
hpoamlde dehydrogenase was replaced by a mltochondrlal extract (0.5 mg protein) obtained after 
somcatlon of  rat heart ml tochondna  m MST medmm and high speed cenmfugatlon 
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by succmate was investigated with pigeon heart mltochondrla. The reduction of 
endogenous N A D  upon addition of succinate z7 was found to be, m some preparations 
of pigeon heart mitochondria, strictly dependent upon the addltlon of phosphate and 
not affected by ohgomycin The rate of NAD reduction was markedly decreased when 
the concentration of added phosphate was lower. The half-maximum effect of phos- 
phate was given by a concentration of the order of 300 ILM which is m the range of the 
K M for the entry of phosphate in mltochondria 28. The effect of fuscln on the reductmn 
of endogenous NAD(P)  was tested m the presence of 330 ~M phosphate Fuscln 
delayed at 1 ~M (2.3 nmoles/mg protein) or totally prevented at 4 ~IM (9 2 nmoles/mg 
protein) the reduction of NAD(P)  by succlnate. The inhibitory effect of fuscin on the 
reductmn of NAD by succinate in a phosphate-supplemented medium can be ten- 
tatively explained in terms of an indirect action on phosphate transport (see below). 
It is known that the functioning of the respiratory chain of mitochondria is coupled 
to an efflux of protons into the surrounding medium 29. As discussed by Papa et al 30, 
the electron flow along the respiratory chain is linked to phosphate uptake through 
the flux of protons in the mltochondrml membrane and in turn phosphate uptake 
imposes an energy load on the redox pressure of the respiratory chain. Based on the 
above reasoning and on the fact that the ohgomycln-insensltlve reduction of NAD 
by sUCclnate depends on the electron flow from succlnate to Oz, it can be understood 
that a partial inhibition of phosphate uptake, as it occurs with fuscln (see below), 
can markedly affect the reduction of N A D  by succlnate. 

lnhtbition b y / u s c m  oJ amon transport 
Several methods described originally by Chappe131 are currently used to 

assess the penetration of mitochondrlal membrane by anions. They are based on: 
(1) the osmotic behavlour of mitochondria and their swelling in isotonic ammonium 
salts of permeant anions, (2) the change in the redox state of  lntramitochondrial 
mcotinamlde nucleotides depending on the accessibility of  substrate anions to their 
lntramitochondnal specific dehydrogenases, (3) the uptake of radioactively labelled 
anion. 

(a) Glutamate transport. The glutamate transporter has been studied by 
Chappell and his co-workers 31'32, by Meijer et al. 33 and in this laboratory (ac- 
companying paper18). We report here some data pertaining to the inhibitory prop- 
ertles of fuscin as compared to other inhlbltors such as avenaciolide, a specific in- 
hibitor of  glutamate transport ~7, N-ethylmalelmide a3 or mersalyl. 

By measuring photometrically the swelhng of rat hver mitochondria m 0.1 M 
ammonium L-glutamate, fuscln was shown to inhibit glutamate entry 18, the efficiency 
of the inhlbitors being, in decreasing order, avenaclohde, fuscin, N-ethylmalelmlde, 
mersalyl while the reverse order is found for the inhibition of swelling of mitochondrIa 
in 0.1 M a m m o m u m  phosphate 18. The measure of the initial rate of reduction of 
endogenous NAD(P)  by L-glutamate in a double beam spectrophotometer as described 
m ref. 7 and in legend of Fig. 7 gave, for rat liver mltochondria, the following results: 
K, r . . . . .  ~ 3 ~tM, K, N-ethylmal . . . .  de =_ 18 /~M, K~ mersabl -- 70/.tM, the Inhibition being 
non competmve with the three reagents. 

Azzl et al. 32 suggested the simultaneous presence of a glutamate-hydroxyl 
carrier and of a glutamate-aspartate carrier, exchanging 1 mole of glutamate against 
I mole of aspartate. The blocking of the first carrier should favour the second one, 
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F~g 7 lnhlbmon by fuscm of the reduction of endogenous NAD(P) by glutamate. Graphical de- 
termination of inhibitor constant by the method of Dixon. The reciprocals oflnUlal rates of NAD(P)  
reduction (expressed m nmoles NAD(P)H formed per ram) upon addition of increasing amounts 
of glutamate are plotted against fuscm concentration Rat liver mltochondna (2 mg protein) were 
prelncubated for 3 rain at 20 °C in 3 ml of 0 27 M sucrose-2 mM Trls chloride, pH 7 45, 3 p M  
carbonyl cyamde p-mfluoromethoxyphenylhydrazone with or without fuscm then 5/ tM rotenone 
was added and, after 30 s the reduction of pyndlne n ucleotldes ~ as started by addition of glutamate 

Fig. 8 The activating effect of fuscm on the oxidation of mtramltochondnal NAD(P)H by aspartate 
in the presence of glutamate. As described by Azzl et al 3z rat liver mltochondna (3.7 mg protein) 
were suspended m 3 ml of a medmm containing 1 mM phosphate, 80 mM KCI and 20 mM Tns -  
chloride, pH 7.4 After 2 ram, 2 pg antlmycln A was added and then the substrates and fuscln as 
indicated on the figure The reoxldaUon of endogenous NAD(P)H v~as measured in a dual-wavelength 
spectrophotometer using the pmr 355-380 nm to avoid interference with lUSCln absorpUon. Temper- 
ature 20 C. 

t h a t  is t he  e x c h a n g e  b e t w e e n  a s p a r t a t e  a n d  g l u t a m a t e .  U s i n g  t he  m e t h o d  o f  Azz]  
et al. 32 b a s e d  o n  t h e  m e a s u r e  o f  t he  o x i d a U o n  o f  i n t r a - m l t o c h o n d r l a l  N A D ( P ) H  

b y  a s p a r t a t e  a f t e r  l o a d i n g  t he  m i t o c h o n d r i a  w i t h  g l u t a m a t e ,  we o b s e r v e d  (Fig.  8), 

m the  p r e s e n c e  o f  fusc in ,  a s t i m u l a t i o n  o f  t he  m t r a m l t o c h o n d r x a l  N A D ( P ) H  o x i d a t i o n  

w i t h  a m a x i m a l  effect  a t  a b o u t  25 n m o l e s  f u s c m / m g  p r o t e i n .  T h i s  c a n  be  i n t e r p r e t e d  

as a s U m u l a t i o n  o f  a s p a r t a t e  e n t r y  t h r o u g h  t h e  a s p a r t a t e - g l u t a m a t e  c a r r i e r  r e s u l t i n g  

f r o m  the  b l o c k i n g  o f  the  g l u t a m a t e - O H -  c a r r i e r  by  fusc in .  M e r s a l y l  w h i c h  is a 

ve ry  p o t e n t  i n h i b i t o r  o f  p h o s p h a t e  t r a n s p o r t ,  b u t  h a r d l y  i n h i b i t s  g l u t a m a t e  t r a n s p o r t  

per  se, d id  n o t  e x h i b i t  t he  effect  s h o w n  by  fuscm.  
(b) Phosphate  transport. W h e n  a s s a y e d  by  c o n v e n t i o n a l  t e c h n i q u e s  ( s w e l h n g  
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in isotonic  a m m o n i u m  phospha te  3~, direct  up take  of  [32p]phosphate,  efflux of  
phospha te  generated by hydrolys is  of  A T P  inside mi tochondr l a  34, phospha te  t rans-  
por t  was found  to be b locked by fuscm a l though less efficiently than by mersalyl .  
A pre lncuba t ion  of  the inhib i tor  with mi tochondr i a  lower sigmficantly the a m o u n t  
of  inh ib i tor  required to br ing abou t  50 % inhibi t ion  of  the phospha te  t ranspor t .  This 
explains the appa ren t  difference in sensttivity o f  phospha te  t r anspor t  to fuscin in the 
exper iments  on [32]Phosphate  up take  repor ted  thereaf ter  where mi tochondr ia  have 
been submi t ted  to a p re incuba t ion  (Fig. 9) and in the swelhng exper iments  repor ted  
in the accompany ing  paper  18 where no pre lncuba t lon  was carr ied out. 
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Fig 9 Effect of fuscln on the uptake of [32p]phosphate in rat hver mltochondna Rat hver m~to- 
chondrm (4 mg protein) were prelncubated for 2 mln at 20 °C then for 4 mm at 0 "C w~th 2 ml of 
0 12 M KCI, 0 01 M Trls-chlorlde, 0.1 mM EDTA, 10 /~g ohgomycm and, where indicated 
5 pM rotenone and fuscln Final pH 7.2. The mcubatmn at 0 ~C was started by addmon of [32p]_ 
phosphate m 0 1 ml to a final concentration of 500/tM and stopped by addmon of 5 mM mersalyl 
mlmedmtely followed by rapid centrffugatmn at 0 'C. Control incubations were camed out where 
mersalyl was added immediately before [32plphosphate The amount of [32p]phosphate incor- 
porated m the mztochondrlal matrix was calculated after deduction of lSZp]phosphate found m 
control incubations. 

Assays on [32p]phosphate  uptake  were carr ied out  at 0 °C in the presence or  
absence of  ro tenone  as a resp i ra tory  inhib i tor  (Fig. 9). The m a x i m u m  amoun t  o f  
phospha te  incorpora ted  under  equi l ibr ium was marked ly  higher  in the absence of  
ro tenone  (approx.  10 nmoles  phospha te / rag  pro te in)  than  in its presence (4 nmoles  
phospha te / rag  protein) .  In  spite o f  this difference, the rates of  [32p]phosphate  uptake  
calcula ted f rom the first order  rate  cons tant  values were only slightly higher wi thout  
ro tenone  (10 nmoles  • m m  -1 • mg prote in  - t )  than  with ro tenone  (8 nmoles  • min -~ • 
mg p r o t e i n -  1 ) with a K,, of  abou t  0.3 mM.  In bo th  cases, fuscln was equal ly  inhib i tory  
and at  25 ItM (12 nmoles  fuscin/mg pro te in)  it inhibi ted the initial rate  o f  phospha te  
up take  up to 60-70 °o. U n d e r  the same condi t ions ,  25 t~M N-e thy lmale lmide  produced  
not  more than  5 °o inhibi t ion,  hal f  inhibi t ion  being given by 100tiM N-ethylmale imide.  
Fuscln  lnh lbmon  was no t  compet i t ive  with respect  to phospha te  The up take  of  phos-  
phate  anions,  charge-compensa ted  by an uptake  of  protons ,  ;~ s t imulated b~ the 
mi tochondr la l  respi ra t ion  and e i c e - v e r s a  s o. The inhibi t ion by rotenone of  phospha te  
accumula t ion  in ml tochondr l a  is apparen t ly  indtrect  and  results f rom the specific 
effect of  ro tenone  on the resp i ra tory  chain.  In contras t ,  fuscin which was equal ly  
active m the presence or  in the absence o f  ro tenone,  apparen t ly  blocks the t r anspor t  
o f  phospha te  by in teract ing w~th the phospha te  carr ier  ra ther  than w~th the resp i ra tory  
chain.  
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(c) ADP transport. The mltochondrml ADP transport is not sensitive pet" se to 
small concentrations of - S H  reagents. However, when m~tochondria are premcubated 
with N-ethylmalelmlde plus a minute amount of A DP, they cannot catalyse further the 
exchange of external ADP with internal adenine nucleotides 35'36. The same ob- 
servation holds for fuscin but not for other SH reagents such as mersalyl or PCMB 
As shown in Table V a preincubatlon of rat hver mltochondrm w~th as httle as 10/~M 
fuscin phts 10 ~tM ADP markedly inhibited (more than 60 Oo) the rate of ADP 
translocation whereas fuscln or ADP added separately in the preincubatlon medium 
have wrtually no effect. When ADP m the premcubatlon medium was replaced 
by other nucleotldes which are not transported m mltochondrm (UDP, CDP, GDP),  
the ADP transport  was not inhibited. The effect of  ADP m the preincubat~on medium 
was shared by ATP or by adenine analogues which are transported in mitochondrm 
adenosine methylene diphosphate or adenosine hypophosphate).  These data point to 
the nucleotide specificity and indlcate that the effect of premcubated ADP (or ATP) 
is brought about through their interactions with the ademne nucleotide carrier. As 
postulated in previous papers reporting a similar inhibition of the ADP transport 
subsequent to prelncubation with N-ethylmalelmlde and ADP 35'36, binding of 
external ADP to its specific carrier induces the unmasking of a thiol group which 
is trapped by the SH-reagent. This SH group may belong to a mobile ADP carrier 
or to membrane components close to the ADP carrier and undergoing a change of 
conformation upon the binding of ADP. Whereas fuscin inhibits the ADP transport 
system indirectly, it does not alter the couphng mechanism for ATP synthesis, nor the 
ATPase actwlty of somcated rat liver mltochondrla at 200/~M. 

Complementary experiments were carried out with [35S]atractyloslde a 
specific inhibitor of  the ADP translocation which brads to the ADP carrier or in its 

TABLE V 

S Y N E R G I C  E F F E C T  OF FUSCIN A N D  ADP ON THE ADP T R A N S L O C A T [ O N  

Rat hver naltochondNa (4 nag protena) were prenacubated na 5 ml of  l l0 mM KCI, 0 l naM EDTA 
and 10 mM Trls-sulfate, pH 7 2 for 2 naln at 20 "C with ADP,  UDP, CDP, GDP and fuscna as na- 
dlcated After cooling at 2 :C, [i 4C]AD P in 200/~1 was added to a final concentration of  200/iM 
The nacubatlon lasted for 30 s at 2 "C and v, as stopped by addition of  4 / tM carboxyatractyloslde 
followed by rapid centrffugatlon. The amount  of [14C]ADP nacorporated in the naatrlx space was 
calculated f rom the amount  of  [14C]AD P present in the pellet after correction for the [ t~C]ADP 
in the sucrose space. 

N o  Addt t tons  tn [ i '~ C ] A D P translocatton 
premcubat ton  med tum (nmoles /mm per  m9  protein)  

1 Nd 6.3 
2 10/tM ADP 6 2 
3 10/tM Fuscna 5 6 
4 40/ tM Fuscln 3 5 
5 10ttM A D P + I 0 / ~ M  Fuscna 2 2 
6 10/tM A D P + 4 0 / t M  Fuscln I 3 
7 10/tM UDP, CDP, GDP 6 0-6 6 
8 10/tM U D P + I 0 / t M  Fuscm 5.2 
9 I O l t M  C D P + I 0 / ~ M  Fuscm 5 4 

10 10/~M G D P + I 0 / t M  Fuscna 5 6 
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Fig 10 Decrease of [3SS]atractyloslde binding affimty to rat hver mttochondna upon s~multaneous 
addmon of fuscm and ADP. Rat hver mltochondNa (9 mg protein) were premcubated in 10 ml of 
110 mM KCI, 10 mM Tns-sulfate, pH 7.4, 0.1 mM EDTA, with either 50/LM fuscln or 20 pM ADP, 
or both or none of them for 2 mm at 20 ~C. After coohng at 2 ~C, [3SS]atractyloslde was added at 
concentrations ranging from zero to 0.5 #M. The incubation lasted for 45 mm at 2 °C and was ended 
by centrlfugatmn. The pellets were dmsolved m formam~de at 180 'C and the radioactivity counted 
by scmtlllauon, cyt a, cytochrome a. 

close ne ighbourhood  In the inner  membrane  37'38. As shown in Fig. 10, pre incubat lon  
of mi tochondr la  with a small concentra t ion of A D P  or of fuscin did no t  alter the 
[35S]atractyloside b inding  curve. However, when A D P  and  fuscin were present to- 
gether, they prevented [35S]atractyloside b inding  very efficiently. These data corro- 
borate those obta ined on the A D P  t ranspor t  (Table V) and may be interpreted m the 
same manner .  

(d) Transport of the Krebs cycle anions. Fuscln does no t  modify the rate of 
entry of malate 7 nor  that  of  ~SOCltrate when assayed by the reduction of in t ramlto-  
chondrial  pyridine nucleotides 26. Complementary  experiments carried out on the 
t ranspor t  of [14C]oxoglutarate in malate-loaded m l t o c h o n d n a  39 have shown that  
fuscin at 25/~M lowers by no more than 10 o the rate of oxoglutarate uptake. It 
can therefore be concluded that  the inhibi tory effect of fuscln on the oxidat ion of the 
Krebs cycle substrates is either hnked to an inhibi t ion of phosphate uptake (which is 
reqmred directly or indirectly for dlcarboxylate or tncarboxyla te  t ranspor t )  or to a 
reaction of fuscm with the hpoamide  dehydrogenase system of the c~-ketoaclds m the 
Krebs cycle. 

DISCUSSION 

Data recorded in this paper report  evidence that fuscm, a colored qmnono~d 
compound ,  reacts covalently with - S H  groups. Its colour (peak at 365 nm at pH 7.4) 
disappears when it binds to - S H  compounds :  its b inding can therefore be easily 
momtored.  

The effect of fuscin was tested on a number  of mltochondria l  funct ions in- 
volving SH groups. A m o n g  the reactive m~tochondnal  components ,  the respiratory 
chain when assayed in sonlcated mltochondrla l  fragments was found to be the least 
sensitive. Fuscin inhibits the first region of thin chain, half inhibi t ion requir ing about  
0.1 m M  fuscin as shown with sonicated mitochondrial  fragments. 
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The high reactivity of fuscln with hpoic acid or hpoamlde probably accounts 
for the inhibition of oxidation of the ~-ketoacxds of the Krebs cycle through an in- 
terference with the hpoamlde dehydrogenase system. 

The inhibitory effect of fuscln on glutamate and ADP transports is interesting 
m that, among other known SH reagents, only N-ethylmaleimide exhibits a similar 
inhibitory effect on these transports. For instance, other thiol combining reagents like 
mersalyl and PCMB although being potent inhlbltors of the phosphate transport m 
mltochondria 34'4° are much less efficient than fuscm and N-ethylmalelmlde on glu- 
tamate and ADP transports. If  the hpophihc nature which dlStlngmshes fuscm and 
N-ethylmaleimlde from other SH reagents underlies these specific effects on anion 
transport, one may wonder to what extent accesslbihty to the matrix space can ex- 
plain these differences. It is shown here (Table II) and in the accompanying paper 18, 
that avenaciolide, considered up to now as a specific inhibitor of glutamate transport 
due to its stenc analogy with glutamate 17 shares with fuscln and N-ethylmalelmlde 
the property of being a penetrant lipophihc SH reagent. 

The effect of fuscin on the ADP transport deserves some comments. This is a 
more complicated phenomenon than the action on glutamate transport Mltochondna 
must be preincubated not only wIth fuscm but with a mlcromolar amount of ADP 
(or ATP) in order that ADP transport be blocked. This may be explained by the un- 
masking of mltochondnal -SH groups upon preincubatlon with ADP (or ATP). 
These -SH groups appear to play a critical role in the functioning of the ADP carrier. 
The specificity of ADP or ATP in bringing this effect strongly suggests that pre- 
incubated nucleotides bind with the ADP carrier and that the unmasking of SH 
group(s) is a result of th~s binding. Clearly, reactivity of functional -SH groups is 
influenced by many factors affecting membrane conformation which are superimposed 
on reagent properties of solubility and structure 

Finally fuscln inhibits phosphate uptake. The effect of fuscln on phosphate 
transport is less marked than that of mersalyl. This may be due to the fact that fuscm, 
like N-ethylmaleimlde .1 inhibits only the phosphate-hydroxyl exchange while 
mersalyl inhibits both the phosphate-OH- and the phosphate-dicarboxylate carrier 41 
It may partly explain the inhibition by fuscln of the oxidation of Krebs cycle anions 
since phosphate ~s required for the transport of malate and succlnate and that in turn 
dlcarboxylates are exchanged for tncarboxylates and oxoglutarate .2. 

Fuscln has been used, in this study, in a range of concentration which did not 
allow to tltrate all the thlol content of rat liver mltochondrla estimated to be 85-100 
nmoles per mg of protein by Riley and Lehnmger 19 and Hadler et al. 23. The membrane 
functions which are impaired first by fuscin are linked to substrate-amon transport. 
The -SH groups most reactive with fuscm are located m the matrix space. The high 
affinity sites for fuscin (Kd ~ 1 /~M) are linked to matrix components which are lost 
by sonication of mitochondrla. The amount of high affinity sites correlates with the 
glutathione content of mitochondrla (Table I) and actually a premcubatlon with fuscm 
lowers the content of free glutathlone (Table I1) without altering the morphology of 
the particles as judged by electron microscope. This is a proof that fuscln is able to 
enter the matrix space of mltochondria. The same statement holds for N-ethylmalel- 
mlde which was shown to be present in the matrix space as glutathlone-N-[~4C] - 
ethylmalelmlde when N-[lgC]ethylmalelmlde was used. Although the redox po- 
tential of fuscm (Era ~ 0.107 V at pH 7.9 (ref 7)) should enable it to oxidize reduced 
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gluta thione,  g lu ta th lone  seems to form preferent ial ly  add i t ion  derivatives with fuscm; 
several lines of  evidence favor  this s ta tement :  (1) the amoun t  of  ln t r aml tochondr la l  
G S S G  is not  increased after  incubat ion  of  ml tochondr la  with fuscln (Table  II) ,  (2) 
fuscln adducts  with - S H  compounds  have been isolated 2'3, (3) a g lu ta th lone  conju-  
gate has been isolated by th in- layer  c h r o m a t o g r a p h y  (this paper) .  In the same condi-  
t ions 2 ,6-d lch loro lndophenol  also enters mi tochondr l a  but  oxidizes a large part  of  
internal  glutathione.  The accessibil i ty of  fuscin, N-e thylmale lmlde  and 2,6-dlchloro-  
indophenol  to the matr ix  space correlates  with their  l ipophlhc nature  in contras t  with 
other  - S H  reagents such as mersalyl ,  PCMB or D T N B  which are p robab ly  not  readi ly 
penetrant .  

A long  with (ref. 23) one may speculate  whether  g lu ta thmne has a role in 
protec t ing  sensitive - S H  groups located on the matr ix side o f  the inner membrane .  
In this case, the differing inhibi tory  effects of  penet rant  and non-pene t ran t  - S H  
reagents on t r anspor t  of  g lu tamate  and  phospha te  may reflect in some measure  a 
differing accessibil i ty of  the sensitive loci of  their  respective t rans locators  with respect  
to tuner and  outer  faces of  the membrane .  Thls suggestion must,  however,  be made  
tentat ively in view of  the many  other  factors relat ing to the s tereochemlstry  of  the 
reagent  and  its substrate.  

Glu ta th lone  in the ml tochondr la l  matr ix  may be a reservoir  of  reducing 
equivalents  capable  of  buffering or  preventing the effects of  oxidants  on sensitive 
- S H  groups  be longing  for instance to hpoamlde  dehydrogenase ,  anion permeases  or  
respi ra tory  chain and located on the matr ix  face of  the inner membrane .  In that  
manner  it can be unders tood  that  fuscln entering ml tochondr la  first t l t rates free 
g lu ta th lone  before react ing with less accessible - S H  groups in the inner membrane .  
Compara t i ve  exper iments  with d lamlde  43 which like 2,6-dlchlorolndopheno121-23 Is 
able to oxidize g lu ta th lone  and with 6,6 '-dlthlonicotlnlC acid 44 able to react with 
ml tochondr la l  - S H  components ,  would be of  interest.  
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