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Summary 

When FMN is added to rat liver mitochondria or mitoplasts it is reduced at 
a rate of approx. 0.2 n m o l .  min -1. mg -1 protein. Sonicated mitochondria 
do not  reduce exogenous FMN. 

The reduction depends on drainage of reducing equivalents from the respi- 
ratory chain at the level of ubiquinone. 

The net  production of reduced FMN is detectable only at oxygen concentra- 
tions less than 4--5 pM. 

The mitochondrial  ubiquinol-FMN oxidoreductase provides a mechanism 
for the coupling of  FMN-reduction to the reductive mobilization of iron from 
ferritin. 

The results are discussed in relation to the role of ferritin as a donor of iron 
to the mitochondria.  

Int roduct ion 

In vitro, iron is readily mobilized from ferritin by free dihydroflavins at a 
rate which exceeds that  obtained with other small molecular weight reductants 
[1--4]. So far, however, evidence to support flavin induced mobilization of 
iron from ferritin in situ, are scanty [5--7]. 

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; DCIP, 2,6-dichlorophenolindophenol; 
Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid; TMPD, N,N,N',N'-tetramethyl-p-phenyl- 
enediamine. 
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Recently we have shown that  isolated rat liver mitochondria  mobilize iron 
from ferritln by a mechanism which requires exogenously added flavin, a reduc- 
ing substrate and low oxygen concentrat ions (~5  pM) [8].  The results were 
interpreted to mean that external flavins were reduced by the mitochondria,  
and the dihydroflavins thus produced subsequently penetrated the channels 
of the ferritin molecules to react with the ferritin iron core. In situ the counter- 
part to our test system should be a pool  of free or non-covalently bound flavin 
of the cytosol  [4].  A cytosolic flavin pool  has so far no t  been characterized, 
although a number  of  observations support  its existence. According to Fazekas 
and Sandor [9] injection of  radioactive riboflavin into rats distributes to 
about  17% in the liver with 70--40% (decreasing with time) free in the cytosol,  
presumably en route  from the plasma to its appropriate apoproteins. Essen- 
tially the same conclusions were reached by Martinez and McCauley [10] from 
studies on the incorporation on radioactive riboflavin into flavoproteins of  the 
mitochondrial  outer  membrane,  and by Okuda et al. [11] from the exchange 
of bound flavins for free flavins in D-amino-acid oxidase. 

Reductive mobilization of  iron from ferritin has also been ascribed to speci- 
fic NAD(P)H-FMN oxidoreductases of  the cytosol  [5,6] or the microsomes 
[12].  So far, however,  these systems have not  been characterized in details, 
and their operation in situ remains uncertain. 

The present experiments were undertaken to s tudy the mechanism(s) by 
means of which isolated rat liver mitochondria  reduce exogenously added 
flavins. 

A preliminary account  of  certain aspects of  this work has already appeared 
[13].  

Materials and Methods 

Preparation of mitochondria. Rat  liver mitochondria and submitochondrial  
particles were prepared as previously described [14,15] .  Mitoplasts were pre- 
pared by the digitonin method  [16].  The mitoplasts contained >95% suc- 
cinate dehydrogenase and malate dehydrogenase activity and less than 4% 
adenylate kinase activity compared to intact mitochondria.  

Determination of FMN-reduction. Reduct ion of  external FMN was deter- 
mined at (near) anaerobic conditions from the decrease in absorbance 
A(A450n m - -Asao ,m)  = 10.3 mM -1" cm -1 [17,18].  The incubation medium 
contained in a volume of 2.5 ml: 5.5 mg protein, 0.25 M sucrose, 10 mM 
Hepes buffer (pH 7.40) and 40 ~M FMN. Further  additions or omissions 
were as described in the legends to the tables and figures. 

The incubations were carried out  either in an open cuvette, or in a Thun- 
berg cuvette on an Aminco DW 2 UV/VIS spectrophotometer .  Temperature 
37°C. The open cuvette was equipped with a vibrating platinum electrode 
for measuring the oxygen concentration.  When indicated oxygenation of  the 
medium was performed by flushing oxygen gently across the surface of  the 
incubation medium. In the Thunberg cuvette,  oxygen was removed by 
repeatedly evacuating and refluxing the cuvette with nitrogen of  high purity 
(bet ter  than 99.99%). The efficiency of  this procedure as assessed by the 
dithionite-sulphite assay (19) was bet ter  than 99.6%. 
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Other analytical procedures. Horse spleen ferritin was fractionated as pre- 
viously described [8] to give apoferritin and fractions of ferritin of  varying 
iron content .  

Respiration rates were determined in the closed and thermostated (37°C) 
chamber of  the oxygraph (YSI model  53, Oxygen Monitor). 

Photoreduct ion of FMN in Hepes buffer was carried out  by illuminating 
the incubation mixture in the chamber of  the oxygraph for the time period 
indicated (Fig. 7). The light source was a photochemotherapy  unit  PUVA 
(H. Haldmann, D722, Schwenningen, F.R.G.) containing fourteen fluorescence 
tubes (F8T5/BL PUVA Sylvania) in a bank. The light dose was 66 W • m -2 at 
a distance of 15 cm. 

Changes in the redox level of  endogenous ubiquinone and cy tochrome b 
of the mitochondria were determined from the change in absorbance 
A(A275n m --A295nm) [20] and A(A562n m --A575nm) [21].  

Malate dehydrogenase [22],  succinate phenazine methosulphate oxido- 
reductase [23],  adenylate kinase [24] and glutamate dehydrogenase [25] 
were assayed as described in the references. 

Protein was determined by the Folin-Ciocalteau reagent [26].  
Chemicals. ADP, an t imycinA,  ATP, carbonyl cyanide m-chlorophenyl- 

hydrazone (CCCP), 2,6-dichlorophenolindophenol (DCIP), FMN (grade I), 
N-2-hydroxyethylpiperazine-N-2'-ethanesulphonic acid (Hepes), methylene 
blue, phenazine methosulphate,  rotenone,  ruthenium red, N,N,N',N'-tetra- 
methyl-p-phenylenediamine (TMPD), te t raphenylboron and Triton X-100 
were obtained from the Sigma Chemical Co. (St. Louis, MO, U.S.A.). The- 
noyltr i f luoroacetone was from Merck (Darmstadt,  F.R.G.). Ferritin (equine 
spleen, A grade, twice crystallized, Cd2÷-free) was purchased from Calbio- 
chem (Luzern, Switzerland). 

Other chemicals were of  highest puri ty commercially available. Double  
quartz-distilled water was used throughout.  

Results 

Reduction of  FMN by whole mitochondria 
When rat liver mitochondria were incubated under anaerobic conditions 

in the presence of  FMN and succinate there was a decrease in the absorbance 
at 450 nm (Fig. 1, spectrum a compared to spectrum b). Upon reoxygenation 
there' was a slight downward displacement of the spectrum due to respiration 
dependent  swelling of  the mitochondria  [27,28] with an apparent incomplete 
reversion of the absorbance at 450 nm to its level at  the aerobic-anaerobic 
transition {Fig. 1, spectrum c). When the same experiments were run with 
solubilized mitochondria,  a similar spectral shift, typical of  a flavin-dihydro- 
flavin transition [17] occurred, but  now the spectrum reverted completely 
to its form at the aerobic-anaerobic transition when the medium was reoxy- 
genated (Fig. 1, inset). To circumvent the influence of swelling, generation 
of reduced FMN was determined from the decrease in absorbance A(A450nm -- 
Assonm). By this approach also the influence of  endogenous chromophores  
was negligible (Fig. 2a): in the absence of  external FMN anaerobiosis coin- 
cided with a transient increase in absorbance due to reduction of  compo- 
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Fig. I. Reduction of exogenous FMN by whole mitochondria and by solubilized mitochondria (inset). 
Whole mitochondria (or solubilized mitochondria), approx. 2.2 mg protein/rnl, were incubated in an open 
cuvette (see Materials and Methods) with succinate (1 rnM) as respiratory substrate. The spectra were 
recorded: (a) just prior to anaerobiosis; (b) after 6 rain of anaerobiosis; (c) 1 rnin after reoxygenation of 
the incubation medium. The mitochondria were solubilized by 0.05% (v/v) Triton X-100. 

nents of the respiratory chain [29], whereafter the absorbance remained 
constant. When FMN was included (Fig. 2b), anaerobiosis was followed by a 
curvilinear decrease in the absorbance corresponding to a maximum rate of 
reduction of FMN of 0.2 nmol • min -1 • mg -1 protein. When the medium was 
flushed with oxygen the absorbance rapidly reverted to its original level. As to 
be expected [1,4] with ferritin, but not  with apoferritin net  production of 
FMNH2 was markedly reduced (Fig. 2c). Steady-state equilibrium between 
FMN-reduction by the mitochondria  and its oxidation by ferritin was reached 
after 3--5 min incubation at a concentration of FMNH2 of 0.6 n m o l .  mg -1 
protein (Fig. 2c). 

No dihydroflavin was generated in the absence of mitochondria,  neither 
did FMN influence the turbidity of the mitochondria,  and there was no photo- 
reduction of FMN by the monochromatic  light of the spectrophotometer  
as assessed by the method of Radda and Calvin [30]. 

The efficiency of  the mitochondria to reduce external FMN parallelled 
the ability of the mitochondria to undergo respiration dependent  swelling, 
i.e. a 4-fold increase in the rate of FMN-reduction was found in maximally 
swollen mitochondria  compared to that  of contracted mitochondria  (Fig. 
3). During swelling and the subsequent experimental period less than 5% 
of the total glutamate dehydrogenase activity of the mitochondria leaked 
to the medium, i.e. swelling was not synonymous with lysis [31]. The 
enhanced generation of reduced flavin by swollen mitochondria was a function, 
not of energy<lissipation, but of the swelling itself (Table I). Thus, in 
uncoupled mitochondria treated with ATP plus Mg 2+ to inhibit the respiration- 
dependent swelling [27] reduction of FMN was essentially as that of tightly 
coupled rnitochondria. By contrast, when added to swollen, anaerobic mito- 
chondria in which FMN-reduction already had reached steady-state rate, 
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Fig. 2. R e d u c t i o n  of  e x o g e n o u s  FMN by  who le  m i t o e h o n d r l a .  Mi tochondr i a  were  i n c u b a t e d  as desc r ibed  
in Table  I.  (a)  c o n t r o l  w i t h o u t  FMN;  (b) w i th  4 0 / J M  FMN;  and  (c) w i th  40/~M FMN plus 0 . 2 2 / J M  fendt in  
( s a tu r a t ed  w i th  1 4 0 0  a t o m s  F E ( I I I ) / m o l  fer r i t in) .  A t  t h e  po in ts  i nd i ca t ed  (a r rows)  the  m e d i u m  was  
r e o x y g e n a t e d .  T he  o x y g e n  c o n c e n t r a t i o n  of  the  m e d i u m  is s h o w n  by  the  o x y g r a p h i c  t race  a t  the  top .  
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Fig. 3. E f f ec t  of  swel l ing o f  the  m l t o e h o n d r i a  on  the  ra te  of  r e d u c t i o n  of  e x o g e n o u s  FMN.  Mi toehondr i a ,  
app r ox .  2.2 m g  p r o t e i n / m l ,  we re  i n c u b a t e d  as desc r ibed  in FiE. 2b. (a) Swell ing of  m i t o c h o n d r i a  aged a t  
r o o m  t e m p e r a t u r e  to  a r e s p i r a to ry  c on t ro l  ra t io  (ADP )  of  8 (I)  or  <:2 ( I I ) .  Anaerob ios i s  is i nd i ca t ed  by  
azcows. (b)  R e d u c t i o n  o f  e x o g e n o u s  F M N by  m i t o c h o n d r i a  a t  v a ry in g  degrees  of  swell ing.  ~ A 5 2 0 n  m was  
d e t e r m i n e d  as in (a) .  T h e  t i m e  to  r e a c h  anaerobio~is  in  each  e x p e r i m e n t  was  k e p t  w i t h i n  2 - -5  rain.  Reduc -  
t ion  o f  F M N  w a s  d e t e r m i n e d  a s  i n  F i g .  2 .  
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T A B L E  I 

E F F E C T  OF ATP,  Mg 2+, CCCP A N D  Pi ON T H E  R E D U C T I O N  OF E X O G E N O U S  FMN BY MITO-  
C H O N D R I A  OF D I F F E R E N T  E N E R G Y  C O U P L I N G  

Mitochondr ia ,  app rox .  2 .2 m g  p ro t e in / r e , ,  ¢¢ere i n c u b a t e d  in an  open  cuve t t e  (see Materials  and  Methods)  
w i t h  1 m M  succ ina te  as subs t ra te .  The  ra te  of  F M N H  2 gene ra t i on  was d e t e r m i n e d  f r o m  the  initial  
decrease  in the  a b s o r b a n c e  A ( A 4 5 0 n  m - - A 5 3 0 n m )  (see Fig. 2). Ene rgy  diss ipat ion was  b y  s torage  at  
r o o m  t e m p e r a t u r e .  T he  c o m p o u n d s  t e s t ed  were  a d d e d  at  the  s ta r t  o f  the  e x p e r i m e n t s  (unless s ta ted  other-  
w i se ) .  T he  resul ts  are the  m e a n s  and the  ranges  (in pa ren theses )  f r o m  three  separa te  e x p e r i m e n t s .  R.C.,  
respirat ion c o n t r o l  rat io .  

Addition n m o l  F M N H  2 • ra in -1 • m g  -1 prote in  
genera ted  by  m i t o c h o n d r i a  o f  

R.C.AD P > 5 R.C.AD P < 2 

None  
1 m M  A T P  + 1 m M  MgCI 2 
1 m M  A T P  + 1 m M  MgC12 ( a d d e d  a t  anaerobios i s )  
20 #M CCCP 
10 m M  Pi (pH 7.4) 

0 .05  (0.04---0.06) 
0 .04  ( 0 . 0 3 - - 0 . 0 5 )  

0 .05  (0.04---0.06) 
0 .19  ( 0 . 1 8 - - 0 . 2 1 )  

0 .20  (0.18----0.23) 
0 .04  ( 0 . 0 3 - - 0 . 0 5 )  
0 .21  (0.19---0.22) 
0 .21  ( 0 . 1 9 - - 0 . 2 3 )  
0 .22  ( 0 . 2 1 - - 0 . 2 3 )  

ATP plus Mg 2+ had no effect. Furthermore, CCCP added to mitochondria 
with respiratory control  ratio > 5  had virtually no  effect on the reduction of 
external FMN. However, when the same mitochondria were swollen in hypo-  
tonic phosphate buffer, FMN was reduced at the same rate as in mitochondria 
swollen by aging. 

The rate of  reduction increased with the concentration of  FMN to reach 
a level of  about  0.2 nmol  • min -1 • mg -1 protein at 40 pM FMN (Fig. 4). 

Reduction of  FMN by mitoplasts and by mitochondria modified by freezing 
and thawing, treatment with Triton X-I O0 or sonication 

Mitochondria,  either intact or modif ied by freezing and thawing, or treated 
with Triton X-100 all readily reduced FMN under anaerobic condit ions (Table 
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Fig. 4 .  E f f e c t  o f  increas ing c o n c e n t r a t i o n s  o f  e x o g e n o u s  F M N  on  the  rate o f  r e d u c t i o n  o f  F M N  b y  w h o l e  
m l t o c h o n d r i a .  E x p e r i m e n t a l  c o n d i t i o n s  w e r e  as in Fig. 2b  w i t h  increas ing c o n c e n t r a t i o n  o f  e x o g e n o u s  
FMN.  
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II). Essentially similar results were obtained with mitoplasts. By contrast,  with 
sonicated mitochondria there was no net reduction of FMN following ana- 
erobiosis, neither did admixture of  sonicated mitochondria influence the rate 
of reduction by whole mitochondria  (data not  shown). 

The ability of solubilized mitochondria  to reduce FMN was about  2-fold 
that  of  intact mitochondria.  These results, however, were highly dependent  
on the time interval from the addition of Triton X-100 to the addition of 
FMN (Fig. 5). Thus, if the mitochondria  were preincubated with Triton X-100 
beyond  5 min the ability to reduce FMN was lost, and this was not  caused 
by back diffusion of  oxygen or impaired respiratory activity of the solubilized 
particles. 

Effect  o f  respiratory substrates, respiratory inhibitors, redox dyes, ruthenium 
red and tetraphenylboron on the reduction o f  FMN 

Table III summarizes the results obtained with a number of respiratory 
substrates and respiratory inhibitors. To rule out  differences in the rate of 
FMN reduction caused by different degrees of  swelling of the mitochondria  
during the experimental period (see Fig. 3), all the experiments were done on 
solubilized mitochondria.  Succinate was by far the most  effective respiratory 
substrate for the process. With succinate the reaction was virtually completely 
inhibited by malonate, less so by thenoyltr i f luoroacetone and not  at all by 
antimycin A. Pyruvate plus malate with (or without)  malonate was only half 
as effective as succinate with rotenone,  and ascorbate with TMPD was virtually 
ineffective compared to the control  wi thout  exogenous substrate. 

Reduced flavins in a protein-free solution are readily oxidized by phenazine 
methosulphate,  DCIP and methylene blue [32].  Combined with protein, how- 
ever, the acceptor  specificity of  the flavins might be quite different [33,34] .  
As seen from Fig. 6, reduced FMN was completely and rapidly oxidized by 
DCIP, less so by phenazine methosulphate and not  at all by methylene blue. 

When FMNH2 is reoxidized by molecular oxygen, oxygen radicals which 
may be deleterious to the mitochondria are generated [35,36].  However, the 

T A B L E  II  

R E D U C T I O N  OF E X O G E N O U S  FMN BY M I T O C H O N D R I A ,  MITOPLASTS0 S U B M I T O C H O N D R I A L  
P A R T I C L E S  A N D  M I T O C H O N D R I A  D I S I N T E G R A T E D  BY F R E E Z I N G  A N D  T H A W I N G  OR 
T R E A T E D  W I T H  T R I T O N  X-100  

E x p e r i m e n t a l  c o n d i t i o n s  w e r e  as in Table  I wi th  a p ro t e in  c o n c e n t r a t i o n  of  2 .0 - -2 .4  m g / m l .  The  mi to -  
c h o n d r i a  a n d  t h e  m i t o p l a s t s  w e r e  a g e d  at  r o o m  t e m p e r a t u r e  to a r e sp i r a to ry  c o n t r o l  r a t i o  (ADP)  ~ 2. 
T r i t on  X- lO0 (0 .05%.  v /v)  was  a d d e d  a t  t h e  o n s e t  of  anaerobios is .  T h e  r e s u l t s  are  t h e  m e a n s  a n d  t h e  
r a n g e s  ( i n  p a r e n t h e s e s )  f r o m  t h r e e  s e p a r a t e  e x p e r i m e n t s .  

n m o l  F M N H  2 • rain -1 • m g  -1 p r o t e i n  

M i t o c h o n d r i a  
M i t o c h o n d r i a  f o n o w i n g  f reez ing  

and t h a w i n g  
M i t o c h o n d r i a  t r e a t e d  w i t h  Tr i ton  

X-100 
M i t o p l a s t s  
S o n i c a t e d  m i t o c h o n d r i a  

0 .21 (0.17---0.24) 

0 .19  (0.16---0.21) 

0 .37  (0.34---0.39) 
0 .22  (0.17---0.25) 
0 
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Fig. 5. R e d u c t i o n  o !  e x o g e n o u s  FMN by  m i t o c h o n d r i a  p r e i n c u b a t e d  wi th  T r i t o n  X-100 .  Mi tochondr i a ,  
app rox .  2 .2 m g  p r o t e i n / m l  were  i n c u b a t e d  as desc r ibed  in Fig. 1 w i t h o u t  FMN.  A t  anaerobios is  the  mi to -  
c h o n d r i a  were  solubt l ized by  add ing  0 .05% (v /v)  T r i t o n  X-100  fo l lowed  at  the  t ime  in te rva l  ind ica ted  
b y  4 0  #M FMN.  R e d u c t i o n  o f  F M N was  d e t e r m i n e d  as in Fig. 2b. 

nature and the yield of  oxygen radicals differ, depending on the protein 
binding of  the flavins [37] .  As seen from Fig. 7, reoxygenation of  reduced 
FMN in amount  far in excess of  that produced in our system, had no effect 
on the energy coupling of  the mitochondria.  

The polycation ruthenium red [38]  at a concentration of  10 ~M, completely 
abolished the formation of  FMNH2. On the other hana~ the polyanion tetra- 
phenylboron [39]  at concentration as high as 80 ~M had no effect on the 
reduction of  FMN. Mitoplasts behaved as whole  mitochondria (data not  
shown).  

T A B L E  I I I  

E F F E C T  OF R E S P I R A T O R Y  S U B S T R A T E S  A N D  I N H I B I T O R S  ON T H E  R E D U C T I O N  OF EXO-  
G E N O U S  FMN BY S O L U B I L I Z E D  M I T O C H O N D R I A  

Mi tochond r i a ,  app rox .  2 .2 m g  p r o t e i n l m l ,  were  i n c u b a t e d  in a T h u n b e r g  cu v e t t e  w i th  the  subet~ate and  
inh ib i to r  to  be  tea ted .  The  r eac t i on  was  s t a r t e d  b y  add ing  S0 ~tM FMN an d  0 .05% (v /v)  T r i t o n  X-100  
f r o m  the  sho r t  a r m  o f  the  c uve t t e  to  the  d e a e r e t e d  m e d i u m  (see Mater ia ls  an d  Methods ) .  Th e  resul ts  
are the  m e a n s  and  the  ranges  (in pa ren these s )  f r o m  th ree  sepasa te  e x p e r i m e n t s .  T T F A ,  thenoyl tr l f luoro-  
acetone .  

A d d i t i o n  n m o l  F M N H  2 • m i n  - I  • m g  - I  p ro t e in  

N o n e  0 . 0 8  (0.06--4) .09)  
1 m M  succ ina te  

+ 8 #M r o t e n o n e  
+ 12  m M  m a l o n a t e  
+ 0 .4  m M  T T F A  
+ 2 # g / m l  a n t i m y c i n  A 

1 m M  p y r u v a t e  + 1 m M  m a l a t e  
+ 12  m M  m a l o n a t e  
+ 8 #M r o t e n o n e  

1 m M  ascorba te  + 3 #M TMPD 

0 .43  (0 .41- -O.46)  
0 .04  (0 - -O.07)  
0 .13  ( 0 . 0 9 - - 0 . 1 6 )  
0 .44  ( 0 . 4 0 - - 0 . 4 9 )  

0 .18  ( 0 . 1 2 - - 0 . 2 4 )  
0 .02  (0 - - 0 . 0 3 )  
0 .08  ( 0 . 0 6 - - 0 . 1 1 )  
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Fig. 6.  R e o x i d a t i o n  o f  F M N H  2 by  r e d o x  dyes .  M i t o c h o n d r i a  w e r e  i n c u b a t e d  as descr ibed  in Fig. I .  A t  
anaerobios i s  0 . 0 5 %  (v /v )  T r i t o n  X - 1 0 0  was  added  (arrows) .  A t  the  t i m e  ind icated  a smal l  v o l u m e  o f  
d e a e r a t e d  r e d o x  d y e  w a s  ad d e d  t o  a final c o n c e n t r a t i o n  o f  2 0  ~M.  Inset:  c o n t r o l  e x p e r i m e n t s  w i t h o u t  
F M N .  

Effect of endogenous FMN on the redox level of ubiquinone and cytochrome 
b 

The results of  Table III and Fig. 6 suggest that FMN drains reducing equi- 
valents from the respiratory chain at the level of  ubiquinone~cytochrome b. 
Ubiquinone has been characterized as a mobile carrier, shuttling reducing 

_a _b 
succ. FMN 

SUCC 

- 

hv '~3 htv " ~ / . 5  

100 nmol 02 

I I 

2 mm 
Fig. 7. E f f e c t  o f  r e o x i d a t i o n  o f  p h o t o r e d u c e d  F M N  on A D P - s t i m u l a t e d  respiza t ion  of  t ight ly  c o u p l e d  
m i t o c h o n d r i a .  M i t o c h o n d r i a ,  ap p r ox .  1 . 5  m g  p r o t e i n / m l  w e r e  i n c u b a t e d  in the  c h a m b e r  o f  the  o x y g z a p h  
in a m e d i u m  of  4 ml:  50 m M  glucose,  175  m M  sucrose ,  5 m M  MgCI2, 10  m M  KCI,  5 m M  Pi, 2 #M rote -  
n o n e  and 1 0 m M  H epe s  b u f f e r  ( pH  7 .40) .  Further  addi t ions  were :  2.5 m M  succ lna te  (succ.) ,  0 .6 m M  
ADP and  30 #M FMN.  A t  the  t i m e  p e r i o d  ind ica ted  (arrows)  the  i n c u b a t i o n  m e d i u m  was  irradiated 
as desc r ibed  (see Materials  and M e t h o d s ) .  T h e  f igures abo v e  each  trace  represent  the  respirat ion rates  
( n a t o m s  o x y g e n  • mill  - I  • m g  - I  p r o te in ) .  
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Fig. 8. E f fec t  of  e x o g e n o u s  FMN on the r e dox  level of  u b i q u i n o n e  and c y t o c h r o m e  b in whole  m i t o c h o n -  
d_ria. Mi tochondr i a ,  app rox .  0 .8  m g  p r o t e i n / m l ,  were  i n c u b a t e d  in an  open  cuve t t e  in a m e d i u m  of  0 .25  
M sucrose ,  10 m M  Hepes  b u f f e r  ( pH  7 .40) ,  2 pM CCCP and  2 m M  succinate .  R e d u c t i o n  of  u b i q u i n o n e  
was m e a s u r e d  f r o m  the  decrease  in a b s o r b a n c e  A ( A 2 7 5 n  m - - A 2 9 5 n m )  fo l lowing the  add i t i on  of  1.8 
mM cyan ide  in the  absence  (a) or  the  p resence  of  20  pM FMN (b) .  R e d u c t i o n  of  c y t o c h r o m e  b was 
m e a s u r e d  f r o m  the  increase in abso rbanee  A ( A 5 6 2 n m - - A 5 7 5 n m )  fo l lowing the  add i t ion  of  1.8 m M  
cyan ide  to  a m e d i u m  of  a pp rox .  2 .5 m g  p r o t e i n / m l ,  4 pM CCCP and  4 m M  succ ina te  in the  absence  
(c) and the  p resence  of  40  gM FMN (d) .  

equivalents between the dehydrogenases and cytochrome b [18,41]. More- 
over, ubiquinone appears to subserve a pool function,  i.e. it occurs in the 
membrane in a homogenous pool rather than as part of separate functional 
compartments [42]. From this point of view ubiquinone should be well suited 
to react with exogenous FMN, as actually found (Fig. 8): FMN reduced the 
cyanide-induced reduction of ubiquinone by about  80% and it also counter- 
balanced the effect of cyanide on the production of fumarate [20] to about 
60%. On the other hand, external FMN had no effect on the redox level of 
cytochrome b (Fig. 8, c and d). 

Discussion 

The ability of mitochondria to reduce exogenous FMN is of relevance 
to the removal of iron from ferritin [1--8]. Thus, whereas the NAD(P)H- 
FMN oxidoreductase of the cytosol has been incriminated in the mobiliza- 
tion of iron from ferritin to outside the cell [7], the mitochondrial FMNH2- 
ferrireductase may represent a linkage between ferritin of the cytosol and pro- 
duction of heme within the mitochondria [8,13,15,43]. 

Generation of FMNH2 is evident from the spectral shift (Fig. 1) which 
is that  of a flavin-dihydroflavin transition [17]. The rate of reoxidation of 
FMNH2 by ferritin equalized the rate of generation of  FMNH2 only after 
a delay of  3--5 rain (Fig. 2c). A similar delay has been found for the FMN- 
dependent mobilization of iron from ferritin [4,8,44]. The delay can not  be 
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explained by iron heterogeneities of the ferritin molecule [4,8].  More likely 
the delay reflects the building up of  FMNH2 to concentrations necessary 
to initiate iron mobilization across the electrostatic hindrance of  the ferritin 
channels [4].  This interpretation is in accordance with the results of  Crichton 
et al. [44] and by the finding that when FMNH2 is generated by dithionite 
there is no delay in the iron release process [1,8].  

According to Zaman and Verwilghen [12] the microsomal NADH-FMN 
ferrireductase operates only at strict anaerobic conditions. By comparison, 
the rate of  net product ion of FMNH2 by mitochondria suspended in an open 
cuvette  where oxygen readily diffuses into the medium (Table II) is about  
85% of the rate obtained under strict anaerobic conditions (Table III). The 
limiting concentrat ion of  oxygen for net  product ion of  FMNH2 by the mito- 
chondria is about  4--5 /~M [8] (Fig. 2), or close to the oxygen concentrat ion 
of the mitochondrial  environment in situ [45].  

Mitoplasts are as effective as whole mitochondria  to reduce exogenous 
FMN (Table II), and as for the mitochondria,  the reaction rate increases in 
parallel to the swelling of the particles. The outer  membrane is therefore 
neither a permeabili ty barrier nor a prerequisite to the operation of the mito- 
chondrial FMN-reductase. 

The inability of sonicated mitochondria  to reduce exogenous FMN readily 
explains why sonicated mitochondria  do not  mobilize iron from ferritin [8].  
Apparently structures necessary for the reduction of  FMN might be prevented 
from interacting with FMN by the inside-out topography of  the sonicated 
particles [46] ,  or they may  be released from the membrane [47] or inactivated 
by the sonication as they are by prolonged treatment  with Triton X-100 
(Fig. 5). Possible candidates are glycoproteins of the outer  surface of  the inner 
membrane [47] as supported also by the results obtained with ruthenium 
red. 

Exogenous FMN is reduced by the respiratory chain at the substrate side 
of  the antimycin A sensitive site (Table III) with ubiquinol as the most  likely 
immediate reductant:  exogenous FMN effectively counterbalances the cyanide- 
induced reduction of  endogenous ubiquinone (Fig. 8); thenoyltr i f luoroacetone 
which inhibits the reduct ion of  semiquinone to ubiquinol [48],  depresses the 
reduction of  FMN by abou t  70% (Table III) and FMN added to mitochondria  
has a more  favourable midpoint  potential  (Fig. 6) for the reduction by ubi- 
quinol than FMN in solution [32--34] .  

Consistent with this interpretation are also the concept  of  ubiquinone 
as an independent ,  diffusible redox component  in the mitochondrial  inner- 
membrane [41,42] ,  and the findings that  the polarity of ubiquinone increases 
upon reduction [40] and that  the rate of  FMN reduction increases upon 
swelling of  the mitochondria  with enhanced access of  FMN to the ubiquinol 
pool  (Fig. 3). 

As to the association of FMN with the mitochondria  it seems to be rather 
weak since FMNH2 generated by the mitochondria  readily mobilizes iron from 
ferritin [8] and therefore should easily gain access to within the ferritin 
channels. However,  the association is of sufficient strength to change the redox 
potential  of FMN linked with the mitochondria  from that of  FMN in solution 
(Fig. 6) [32--34] .  One possible way of  binding could be a reversible electro- 
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static interaction between the electrodeficient isoalloxazine ring of FMN [49] 
and negatively charged glycoproteins [47]. 

How then do the present experiments fit the concept of mobilization of iron 
from ferritin to heine synthesis in situ? Quantitatively the rate of FMN reduc- 
tion as reported here is highly sufficient to cope with the need for iron to the 
ferrochelatase of liver mitochondria [50].  The questions remain, however, 
if ferritin is on the main path of  iron from the plasma membrane to the mito- 
chondria [51,52],  and if there is a need for the mitochondria to accumulate 
iron directly from ferritin. 
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