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SUMMARY 

M~tochondrial ferrochelatase activity has been stu&ed in coupled rat liver mito- 
chondria and in ultrasonically treated rat liver m~tochondria using deuteroporphyrm 
IX and Fe(III) as the substrates. 

1. There were significant &fferences between the ferrochelatase reaction of 
intact mitochondrla as compared to sonlcated mltochondrla with respect to pFI and 
tempzrature optima, changes in substrate and protein concentration, and sensitivity to 
uncoupler and product inhibition. 

2. The translocation of  iron and deuteroporphyrm to the ferrochelatase on the 
M-side of  the inner membrane depended on an energized tuner membrane, i.e. when 
the uncoupler carbonyl cyamde m-chlorophenylhydrazone was added to a suspension 
of intact mltochondria prior to either ~ron or deuteroporphyrm, the ferrochelatase 
reaction was depressed by approx. 70 %. The uncoupler had no effect on the ferro- 
chelatase reaction of sonlcated mttochondria. 

3. I-Iermn inhibited the ferrochelatase reacUon of intact mltochondna as 
well as of sonlcated mitochondna, partly by inhibiting the catalytic activity of the 
ferrochelatase, and partly by interfering with the translocatlon of the substrate(s). 

4. When the mltochondria were incubated In a sucrose medmm, endogenously 
synthesized deuteroheme did not penetrate freely to the outside of  the tuner mem- 
brane. 

5. It is concluded that the transport of the substrates as well as the products 
across the inner membrane serves an important regulatory role in the overall ferro- 
chelatase reaction 

AbbrevlaUons. EPPS, (4-(2-hydroxyethyl)-l-plperazme propane sulphomc acid), HEPES, 
N-2-hydroxyethylp~perazme-N'-2-ethanesulphomc acid, PIPES, p~perazme.N,N'-2-bls(2-ethanesul- 
phomc acid), CCCP, carbonyl cyanide m-chlorophenylhydrazone 
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INTRODUCTION 

The localisatlon of the ferrochelatase (protoheme ferrolyase EC 4.99.1.1) to 
the inner phase of the mitochondrial inner membrane [1 ] implies that the substrates as 
well as the products, have to penetrate the mltochondrlal membranes. This contention 
raises the question whether the iron ions, the porphyrms and the heroes are freely 
permeable across the mitochondrial membranes, and if not, what are the mecha- 
nism(s) of their transport and to what extent does the transport interfere with the 
overall ferrochelatase reaction 

Findings in patients with congenital hypochromic microcytlc anemia suggest 
that in this disorder there is a defect in the transfer of Iron from plasma transferrin to 
the ferrochelatase inside the mltochondria [2]. Furthermore, In patients with erythro- 
poletic protoporphyria the accumulation of protoporphyrin in the erythroid cells has 
been ascribed to a normal, but labile ferrochelatase [3]. It has also been suggested that 
differences in membrane permeability and the existence of energy-mediated transport 
systems may explain the different porphyrln excretion pattern observed In human 
porphyrIa as compared to that of experimentally induced porphyria in rabbits [4]. 

Experimentally, there is substantial evidence in favour of a regulatory function 
of the mitochondrial membranes on the ferrochelatase reaction. Thus, the accumula- 
tion of iron by mammalian mitochondria is highly dependent on the mitochondrlal 
energy potential [5, 6], the etflux of heme from the mitochondria is regulated by 
cytosohc proteins [7, 8] and in yeast mitochondria coproporphyrinogenase and 
protoporphyrmogen oxidase catalyze and simultaneously transfer coproporphyrlno- 
gen from the cytosol, to protoporphyrinogen inside the mltochondria [9 ]. 

So far, however, more detailed studies of the regulatory functions of the mlto- 
chondrml membranes on the ferrochelatase reaction have not been undertaken. 

Recently we reported on the ferrochelatase reaction of intact rat liver mlto- 
chondria [10]. Compared to the results from experiments with sonlcated mitochon- 
drla, in tightly coupled mltochondrla the ferrochelatase reaction behaved differently to 
aeroblosis and changes in pH and concentration of substrates [1, 11, 12]. 

The present study deals with the ferrochelatase activity of sonicated rat liver 
mltochondrla and of tightly coupled rat liver mitochondrla with particular emphasis 
on the effect of factors known to interfere with the structural and functional integrity 
of the mltochondrial membranes. 

The results confirm our previous suggestions of the mitochondrial inner mem- 
brane as an important permeability barrier to the reactants of the ferrochelatase reac- 
tion [10]. 

MATERIALS AND METHODS 

Preparation of mttochondrla and submltochondnal particles 
Rat liver mitochondrial were prepared in 0 25 M sucrose/5 mM HEPES buffer, 

pH 7 40 at a concentration of approx 40 mg/ml essentially as previously described [6]. 
The functional integrity of the preparations was tested by measuring the 

respiratory control ratio with ADP (R.C.Aop) [13], using succlnate as substrate. Only 
mltochondrla with R.C.AD P values > 3 0 were used. 

Submitochondrial particles were prepared by sonlcating the mitochondrial 
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suspension 30 s × 3 using an Insonator S-model 500 Sonitier (Savant Instruments Inc.) 
operated at a meter reading of 100. The efficiency of the ultrasonic treatment was 
estimated from the release of malate dehydrogenase to a supernataat obtained after 
centrifugatlon of the sonieated mitochondria for 2 min in an Eppendorf microcentrl- 
fuge (Type 3200). Only particles releasing more than 70 ~ of the total malate dehydro- 
genase activity were used. 

Preparations o f  deuteroporphyrin 13( 
Deuteroporphyrin IX, final concentration approx. 2 mM, was prepared by 

hydrolysis of the corresponding dlmethyl ester m 7 M HCI [14]. After extraction of the 
deuteroporphyrin into ether and evaporation of the ether, the free deuteroporphyrm 
was dissolved in dilute NaOI-I (pH ~ 10). 

Assay o f  ferrochelatase activity 
The ferrochelatase activity was measured by the dual-wavelength spectro- 

photometric procedure as previously described [1, 10], using an Aminco DW-2 UV/ 
VIS spectrophotometer. The formation of deuteroheme was calculated from the 
change in absorbance AA = A(A49s--Aso9) using the extraction coefficient Ae 
(mM -1- cm -~) = 3.5 [10]. 

The mltochondna were preincubated at 25 °C for 10 roan in a medium contain- 
mg m a volume of 1.0 ml : 0.25 M sucrose/10 mM I-IEPES buffer (pI-I 7.40)/5 mM 
succinate. Further additions or omissions were as described m the legend to the 
figures. The reaction was initiated by the addition of iron or deuteroporphyrin, and 
the change m absorbance was recorded. The rate of deuteroheme formation was 
calculated from the slope of the hnear part of the progress curve [10]. 

Determination of  the intra mitochondrtal concentration of  deuteroheme 
The mltochondrla approx. 5 mg of protein were incubated as described (see 

above) and after 20 rain incubation 0.e. the time necessary to reach zero-rate deutero- 
heme formation, Fig. 1), the mitochondrlal suspension was pelleted by centrlfugatlon 
in an Eppendorf microcentrifuge (Type 3200). The concentrations of deuteroporphy- 
rin and iron were 25 #M and 50 #M respectively. Pyridlne deuterohemochrome was 
determined in the pellet and in the supernatant [1, 15]. In parallel experiments the 
dextran-impermeable space of the pellet was calculated from the distribution of 14(2_ 
labeled dextran and tritiated water [16]. Assuming that the extramltochondrial pellet 
water contained only negligible amounts of deuteroheme (see Table I), the intramito- 
chondrial concentration of deuteroheme was calculated from the amount of pyrldlne 
deuterohemochrome of the pellet dwided by the calculated matrix volume. 

Protein was determined by the Fohn-Ciocalteau reagent [17]. Malate dehydro- 
genase (EC 1.1 1.37) was determined according to Bergmeyer [18]. 

Chemicals 
ADP, 4-(2-hydroxyethyl)-l-plperazine propane sulphonic acid (EPPS), N-2- 

hydroxyethylpiperazlne-N'-2-ethanesulphonic acid (I-IEPES), (A grade), piperazlne- 
N,N'-2-bis(2-ethanesulphomc acid) (PIPES), carbonyl cyanide m-chlorophenylhydra- 
zone (CCCP) and heroin (bovine, type I) were obtained from the Sigma Chemical Co. 
(St. Louis, M o ,  U.S.A.). Deuteroporphyrm IX-&methyl ester was purchased from 
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Koch-Light Laboratories Ltd. (Colnbrook, England). Dextran carboxyl (carboxyl- 
14C), Mr ---- 75 000, and 3H20 were the products of  the New England Nuclear Corp 
(Mass. U.S.A.) and the Rad~ochemical Center (Amersham, England), respectively. 

The lonophore X537A was a gift f rom Professor T. Flatmark, Department  of  
Biochemistry, University of  Bergen. 

Other chemicals were of  highest purity commercmlly available. Double quartz 
dlstdled water was used throughout 

RESULTS 

The conclusions to emerge f rom the present study rest largely on the purity of  
the enzyme sources, ~.e. to what degree there are submitochondrial particles m the 
mltochondrial preparations and vice versa. As already mentioned (see Materials and 
Methods) the submitochondrial particles contain at least 70 ~ d~srupted mltochon- 
dria, and the mltochondnal  system, mltochondrla with R.C.AD P values > 3 (most R.C. 
values > 5), and malate dehydrogenase of the supernatant (see Materials and 
Methods) less than 5 ~o. 

To minimize d~sruptlon of the mltochondria during incubation, the tempera- 
ture of the incubation medium was reduced f rom 37 °C [10] to 25 °C. 

With these reservations in mind, the results f rom the present study refer to 

°3°7\ 

Fig. I. Time course of deuteroheme formation m intact mRochondrm (A) and m submRochondnal 
particles (B) Mltochondrla or subm~tochondrml particles, approx 8 mg protem/ml, were incubated 
as described m Materials and Methods The concentration of deuteroporphyrln IX was 40/*M At the 
points indicated 100 nmol FeC13 was added. The numbers below each trace represent the rate of 
deuteroheme formation (nmol deuteroheme ram-t mg-1 protein) m the t~me interval indicated 
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ferrochelatase acttvlty of tightly coupled rat hver mltochondrla and of  submltochon- 
drlal parUcles. 

Ferrochelatase activtty of ttohtly coupled mttochondrta and of submttoehondrtal particles 
As seen from Fig. 1 the progress curve of the ferrochelatase activity of intact 

mttochondrla differed in several ways from that of  somcated mltochondrla. Thus, m 
contrast to the almost immedtate and maximal response obtained with submltochon- 
drml parttcles, wtth intact mitochondria there was a lag phase unttl the maximal rate 
of  deuteroheme synthesis was reached. Furthermore, the maximal rate ofdeuteroheme 
synthesis as well as the total amount of  deuteroheme synthesized by intact m~to- 
chondrm were significantly below that obtained with submitochondrlal particles. 

Effect of CCCP on the ferrochelatase actwity of tiohtly coupled mitochondrla and of 
submitochondrial particles 

The uncoupler CCCP inhibits the energy-dependent accumulation of iron by 
tightly coupled rat liver mttochondria [5, 6]. Once iron is accumulated, however, 
addition of CCCP has no effect on the release of the mtramitochondnal iron [5, 19 ] 
Thus the sequence of adding iron and CCCP is of fundamental importance to the 
results. 

The effect of CCCP on the ferrochelatase acttvity is given in Fig 2. When 

CCCP Deuteroporphyrln 

A ~ ~ X537A 

c ! ! " x \  

0227 0 257 

F e ( I I I )  

- ~  ~ " - 1 ~ 5 7 ~ 0 2  
cccP ~, 

~ 269 
I ~,1A498 - A5091 = 0005 

3rnln 

Fig 2 Effect of added CCCP and X537A on the rate of deuteroheme formaUon m intact mltochon- 
drm (A, B, C and D) and ra submltochondnal  parUcles (E and F). Mltochondrla or submltochondnal  
particles, approx 4 rag protelrt, were preracubated for 5 rmn as described (see Materials and 
Methods) ra the presence of 75 #M deuteroporphyrm (C, D, E and F) Further addmons were 5 nraol 
CCCP, 75 nmol FeCI3, 40 nmol deuteroporphyrln and 50/~g X537A (arrows) The numbers above 
each trace represent the rate of  deuteroheme formaUon (nmol deuteroheme mln -  ~ • rag-  x protein) 
m the t~me interval radlcated. 
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Fig. 3. Effect o f  tempera ture  on  the  C C C P - s e n s m v e  ferrochelatase actwlty o f  intact  m i t o c h o n d n a .  
Ml tochondna ,  approx.  5 m g  protein,  were incubated  as described m Materials  and  Me thods  m the 
presence o f  40 p M  deuteroporphyrm.  The  r eac tmn  was uu tmted  by the  add l tmn  o f  75 nmo l  FeCla.  The  
figures show the ferrochelatase activity m the absence m i n u s  the  ferrochelatase act lwty in the  presence 
o f  5 p M  C C C P  (added 5 m m  prior to iron). 

tightly coupled mitochondria were preincubated with deuteroporphyrin followed by 
CCCP and iron at timed intervals, the ferrochelatase activity was reduced by 60-70 % 
(Fig. 2 traces C and D). Subsequent addition of the cation ionophore X537A [20] to 
the CCCP-treated mitochondria restored the ferrochelatase activity. Essentially simi- 
lar results were obtained when the mitochondria were preincubated with iron followed 
by CCCP prior to deuteroporphyrin (Fig. 2, traces A and B). I-Iowever, when the 
reactants were added in this sequence (iron, CCCP, deuteroporphyrin), the ferroche- 
latase activity could not be restored by X537A. 

These findings suggest that CCCP may suppress the translocation of the 
substrates, or inhibit the enzymic reaction proper. As seen from Fig. 2 (traces E and 
F), in sonicated mitochondrla CCCP had no effect on the ferrochelatase reaction 
when added prior to iron. Simdar results were obtained when CCCP was added prior 
to deuteroporphyrin (data not shown). The effect of CCCP cannot therefore be 
explained by an inhibition of the enzymic reaction. A more likely explanation is that 
CCCP, by dissipating the mttochondrial energy potential, reduced the inward move- 
ment of deuteroporphyrin and iron. This suggestion is supported also by the results 
reported in Fig. 3; i.e. when the reaction was run at increasing temperatures, there 
was a rapid decline in the CCCP-sensltive ferrochelatase activity, and simultaneously 
the mitochondria became uncoupled (data not shown). Thus, in agreement with the 
results from stu&es of the energy-dependent accumulation of iron [5, 6, 19] in intact 
mltochondrla there was a close correlation between the ferrochelatase activity and the 
mltochondrial energy potential. It should be noted that the correlation between energy 
potential and ferrochelatase activity apparently holds not only for the transfer of iron, 
but for the transfer of deuteroporphyrin as well. 

Effect of  hemin on the rate of  deuteroheme synthesis 
Heroin is known to interfere with the synthesis of heine [21, 22] as well as of 

globln and other proteins (for review, see ref. 23). Of particular interest to the present 
study are the inhibition by hemln of the ferrochelatase reaction in sonlcated rat fiver 
mltochondria [21 ] and the findings of hemm as an inhibitor of the release of iron from 



2 8 9  

transferrin at the level of  the cell surface [24] as well as at the level of the mitochondria 
[25]. To what degree the latter effect could be extrapolated to iron-donor compounds 
other than transferrin is not known. Neither is it known what are the effects of hemin 
on the uptake of porphyrins by mitochondria. The effect of exogenous hemin on the 
overall ferrochelatase activity of t~ghtly coupled m~tochondna and of submitochon- 
drial particles is outlined in Figs. 4, 5 and 6. In submitochondrial particles hemm 
inhibited the ferrochelatase reaction competitively with respect to deuteroporphyrm 
(Figs. 4 and 6) and uncompetitively with respect to ~ron (Fig. 5). In tightly coupled 
m~tochondria heroin inhibited the ferrochelatase competitively w~th respect to iron 
(Fig. 5). With respect to deuteroporphyrin, however, at a g~ven concentration of 
henun, the per cent inl~bitlon by heroin increased by increasing the concentration of 
deuteroporphyrin (Figs. 4 and 6). 
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Fig. 4. The effect of  herren on the rate of  deuteroheme formatmn at increasing concentratmns of  
deuteroporphyrm by intact n~tochondria (O), and by submltochondnal particles (O). Mitochondna 
or submltochonctnal particles approx. 4 mg protem/ml were incubated as described m Materials and 
Methods, except that the incubation medmm was supplemented w~th 10 #g heroin. The reaction 
was initiated with 75 nmol FeCIa. The per cent mh~bmon was calculated from the activity measured 
when hemin was omitted from the incubation mixture. 
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Fig. 5. Effect of heroin on the rate of deuteroheme formatxon at increasing concentratmns of FeCls 
by intact mltochondna ( 0 )  and by subnutochondnal particles (O).  Experimental conditions were 
as described (see Fig. 4) except that the concentration of  deuteroporphyrm was 25 #M and 5 pM m 
the experiments with intact mRochondna and subm~tochondnal parucles, respectlvely. The per cent 
mlubmon was calculated as described m the legend to F~g 4. 
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F~g 6 Effect of increasing concentrations of hemm on the rate of deuteroheme formatmn by intact 
mltochondrm (triangles), and by submltochondrlal particles (circles) at 40 #M (open symbols) and 
IO#M (closed symbols) deuteroporphyrm Mitochondrla or submltochondrial particles approx. 
4 mg/ml were incubated as described m Materials and Methods The reaction was mmated with 
75 nmol FeCI3 The per cent mh~bltlon was calculated as described m Fig 4 

The inhibi tory effect of hemm on the ferrochelatase react ion of submitochon-  
drlal  particles suggests that  the reduct ion m the total  a m o u n t  of  deuteroheme synthe- 
sized by intact  m i t o c h o n d n a  (Fig. 1) may be ascribed to product  inhibi t ion,  i.e. the 
ln t rami tochondr ia l  accumula t ion  of  deuteroheme to rate l imiting concentrat ions.  

As seen f rom Table I approx. 80 % of the deuteroheme synthesized dur ing 20 
m m  incuba t ion  at 25 °C was pelleted together with the m~tochondria. By increasing 
the temperature  to 30 °C, the a m o u n t  o fdeu te roheme pelleted together with the mito- 
c h o n d n a  decreased to 63.2 % and  when the experiments were r un  on  subnu tochon-  
d n a l  particles, less than  I0 % of  the deuteroheme could be pelleted. F r o m  the deutero- 
heme concent ra t ion  of the m l t o c h o n d n a l  pellet and  the dextran-impermeable space of 
the mi tochondr ia l  pellet, the m t r a m i t o c h o n d n a l  concentra t ion  of deuteroheme at 
zero rate deuteroheme format ion  was found  to be approx 200/~M (n = 4) which was 
in agreement  with the inhibi tory concent ra t ion  of exogenous hemm reported in Fig. 6. 

TABLE I 

PARTITION OF I)EUTEROHEME BETWEEN PELLET AND SUPERNATANT AFTER 
CENTRIFUGATION OF INTACT MITOCHONI)RIA AND SUBMITOCHONDRIAL PAR- 
TICLES 

Mltochondrm or subm~tochondnal parUcles, approx 6 mg proteln/ml were incubated as described 
(see Materials and Methods) at the temperature indicated m the presence of 35 #M deutero- 
porphyrm The reaction was mmated w~th 75 nmol FeCI3 After 20 ram, the suspenmon was pelleted 
m an Eppendorf m~crocentnfuge (Type 3200) Pyrldme deuterohemochrome was determined m the 
pellet and m the supernatant The data represent the means of four different experiments. 

Per cent deuteroheme in 

pellet supernatant 

Intact mltochondrla (25 °C) a 79 5 20 5 
Intact m~tochondria (30 °C) b 63 2 36 8 
Submltochondrlal particles (25 °C) c 8 7 91 3 

a.b.c The mean 100 % values were 17 1, 25 1, 25 5 nmol deuteroheme respectively 
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Effect of  changes in substrate concentratwn, pH, temperature and protein concentration 
on the reactwn rate 

The effect of mcreasmg concentrations of deuteroporphyrm on the ferrochela- 
tase activity is seen in Fig. 7. Under standard experimental conditions (see Materials 
and Methods) the maximal rate of deuteroheme formation by submltochondnal 
particles was found at a deuteroporphyrin concentration of 5/zM and half-maximal 
rate was obtained at a deuteroporphyrm concentration of approx. 2/~M. At h~gher 
concentrations of deuteroporphyrln, the reaction rate was markedly inhibited 

The maximal rate of deuteroheme synthesis by intact mitochondrm was found 
at a substrate concentration of approx. 35 #M and, as previously shown [10], at 
higher concentrattons deuteroporphyrin markedly depressed the ferrochelatase reac- 
tion. 

The effect of increasing concentrations of FeCI s on the ferrochelatase activity 
is seen in Fig. 8. K'~ obtained for the ferrochelatase of the submitochondrial particles 
was approx. 30 #M, and for the intact mltochondrla 55/~M. Pertinently, the observed 
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Fig. 7. Effect of  increasing concentrations of deuteroporphyrm on the rate of  deuteroheme formatton 
by intact mltochondrla (D) and by submltochondrlal particles (O) Mltochondrla or submltochon- 
drlal particles approx 4 mg]ml, were incubated as described in Materials and Methods section 
The reaction was mitmted with 75 nmol FeCla 
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Fig 8 Effect of  increasing concentrations of FeCI a on the rate of  deuteroherne formation by intact 
ml tochondna ( 0 )  attd by submltochondnal  particles (O) Mltochondna or submttochondnal  
particles approx 4 mg/ml were incubated as described in Materials anti Methods in the presence of  
40 # M or 5/~M deuteroporphyrm respectively The reaction was mlttated with the addttton of FeCla. 
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Fsg. 9 Effect of  pH on the rate of  deuteroheme formaUon m intact m~tochondrla (O)  and m sub- 
mltochondrml pamcles ((3). Mltoehondrm or subrmtochondnal particles, approx. 4 mg/ml were in- 
cubated as described m Matermls and Methods except that the incubation rmxture was supplemented 
with 10 mM EPPS and 10 mM PIPES buffer. The concentration of deuteroporphyrin was 40 #M. 
The reaction was imtmted with 75 nmol FeCI3. 
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F~g, 10. Effect of temperature on the rate of deuteroheme formation by intact mltochondna (Q)  and 
by submltochondnal particles (O).  Mstochondria or submitochondr]al particles, approx. 6 mg protein 
]mi, were incubated as described m Materials and Methods. The concentration of  deuteroporphyrm 
was 40/~M. The reaction was lmtmted with 75 nmol FeC13. 
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Fig. 11. Effect of increasing protein concentrations on the rate of deuteroheme formation by intact 
mitochondna (Q)  and by submltochondrial parucles (O). Experimental conchtlons were as described 
m Materials and Methods The concentrations of deuteroporphyrm and FeC13 were 40 pM and 75 
~M, respectwely. 
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K'm values were only apparent, because at pH 7.4 the concentration of free ferric ions 
was far below that given in Fig. 8 [26]. 

In sonicated mitochondria, the ferrochelatase activity showed a peak at pI-I 
approx. 7.5 and a shoulder at pH 7.3. In intact mitochondria an optimum was found 
at pH 7.2-7.6 (Fig. 9). 

The rate of deuteroheme synthesis was greatly influenced by changing the tem- 
perature of the incubation medium (Fig. 10). In agreement with previous studies [10] 
a temperature optimum at approx. 50 °C was found for the ferrochelatase activity of 
intact mltochondria. In sonicated mitochondrla the maximal activity was found at 
40-45 °C 

The effect of increasing the concentration of protein is shown m Fig. 11. The 
rate of deuteroheme synthes~s increased almost linearly up to a protein concentration 
of 5 mg/ml in both systems. With intact mitochondria the rate of synthesis declined at 
protein concentrations above 5 mg/ml. With submitochondrial particles, however, the 
actiwty parallelled the protein concentration up to approx. 15 mg/ml. 

DISCUSSION 

The present study disclosed significant differences between the ferrochelatase 
reaction of sonicated mitochondria and of intact mitochondrla. 

These related to &fferences in the substrate and protein concentration curves, 
pH and temperature optima as well as to energy requirement and sensitiwty towards 
product inhibition. 

From a functional point of view, a main finchng concerns the energy require- 
ment of the ferrochelatase reaction of tightly coupled mitochondria, and the lack of 
effect of uncoupler on the ferrochelatase reaction of sonicated mltochondria. In 
agreement with the recent finding of an energy dependent accumulation of iron by 
tightly coupled mitochondria [5, 6, 19], the ferrochelatase reaction of intact mito- 
chondria was depressed by CCCP added prior to iron (Fig. 2C). That the effect of 
CCCP reported m Fig. 2(2 did in fact reflect a depression of the influx of iron was 
supported by the observation that in de-energized mitochondna, the ferrochelatase 
actiwty was restored by the electroneutral cation inophore X537A [27, 28] (Fig. 2C). 
X537A ~s known to facilitate the transport of ferrous Ions across phosphohpid mem- 
branes [27], without having any effect on the transport of ferric ions [27]. Thus, the 
results of Fig. 2(2 not only substantiated our finding of an energy-dependent transport 
of  Iron across the inner membrane [5, 6], but in addition also supported the suggestion 
that ferric ions were reduced to ferrous ions prior to translocatlon [19, 29]. 

The energy requirement for the supply of iron to the ferrochelatase reaction 
was evident also from the observation of a rapidly decreasing CCCP-sensitlve ferro- 
chelatase activity at higher temperatures (Fig. 3). 

The results with CCCP, however, not only pointed to iron as an important 
metabolite to be transported across the inner membrane. The accumulation of deu- 
teroporphyrin as well revealed sensitivity towards the uncoupler (Fig. 2A), notably, 
however, only in intact mltochondria. Thus, in iron-loaded and uncoupled mito- 
chondna, the ferrochelatase was depressed by 60-70 ~o compared to that of iron- 
loaded and tightly coupled mltochondria (Fig. 2, A and B). Pertinently, the effect of 
CCCP could not be ascribed to a release of iron [5, 19] as shown by the lack of effect 
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of the lonophore X537A (Fig. 2A compared to Fig. 2C). Jones and Jones [21] have 
proposed that there is a unl-dlrectlonal porter system for the outward movement of 
fi-amlnolaevuhnlc acid, and as shown by Israels et al. [8] and Ponka et al. [24], the 
efflux of heme from the mltochondria depends on cytosollc proteins, the nature of 
which has not been concluswely estabhshed [8, 24, 30, 31] So far, however, a more 
detailed analysis of these transport systems IS lacking. To our knowledge, the results 
reported in Fig. 2, A and B are the first direct experimental evidence to indicate that in 
Intact m~tochondria, the accumulation of intermediates of heme biosynthesis other 
than iron depends on metabolic energy. The translocation of iron through the inner 
membrane rests on an initial reduction of the Iron Ions from the ferric to the ferrous 
form by the respiratory chain, followed by an energy-dependent Influx by a mecha- 
nism essentially as reported for Ca 2+ [29, 32, 33, 34]. With respect to deuteroporphy- 
rm, wrtually nothing ~s known about the mechanism by which ~t penetrates the mlto- 
chondnal inner membrane. A challenging hypothesis is that deuteroporphyrln, which 
is a dicarboxyllc porphyrln, present predominantly as an anion at pFI 7.40 may 
pznetrate by mechanism(s) analogous to that of the anion shuttles of the inner mem- 
brane [36]. Notably, tetraphenylboron and p-hydroxymercuribenzoate, both highly 
efficient lnhlbltors of the uptake of anions by isolated mltochondna [37, 38], inhibited 
the ferrochelatase activity of intact mltochondrla (Koller, M. E., unpublished observa- 
tions) 

From the experiments with hemin (Figs. 4, 5 and 6) the following conclusions 
emerged; (1) in Intact mitochondrla hemln interfered with the availability of iron to 
the ferrochelatase; (2) in sonicated mltochondria hemln inhibited the ferrochelatase 
competitively with respect to deuteroporphyrln and (3) endogenously synthesized 
deuteroheme &d not freely penetrate to the outside of the inner membrane. 

In agreement with prewous studies [25] xt was found that exogenous hemin 
markedly reduced the avallablhty of iron to the ferrochelatase in Intact mltochondrla. 
This inhibition was not mediated by a reduction of  the mltochondrial energy potential 
[25], nor could it b~ ascribed to an effect on the release of iron from its donor hgand 
(Le. CI-) ,  as suggested for transferrm [39]. From the uncompetmve nature of the 
effect of  hemm with respect to iron in sonicated mltochondrm, and the competitive 
nature of  the effect of hemln on iron in intact mitochondrla (Fig. 5), it is suggested 
that hemin inhibited the transport of iron from the iron-binding hgands of the outer 
mltochondrlal compartment to the ferrochelatase on the M-side of the inner mem- 
brane. This mterpretation is in agreement with the very recent proposal of Ponka et al. 
[22] on the effect of hemln on the transferrln-mitochondrial hgand complexes; i e. 
heroin functions as a feed-back regulator of the release of iron from the donor-recep- 
tor compound at the mltochondrial membrane. 

The inhibition by hemm of the ferrochelatase (Figs. 1 and 4) supports the data 
of Jones and Jones [21], but are at variance with the results of Yoda and Israels [7]. 
However, the figures in their pubhcatlon [7] show that the progress curves for the 
synthesis of h:me dewated from hnearity already after 10 mm incubation and the total 
amount of heine synthesized during 20 rain incubation in the sucrose medium were 
only 60per cent of that produced m a cell sap medium Therefore their experiments do 
not rule out an mhlbItory effect of endogenously accumulated heme The inhibition of 
the ferroch~latase reaction by hemin as shown m the present study, is evident from two 
sets of experiments; (1) in somcated mitochondrla the effect of heroin was competl- 
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tively abohshed by deuteroporphyrm and (2) in intact mitochondna the progress curve 
for the deuteroheme formation gradually leveled off as the intramltochondnal accu- 
mulation of hemin increased (Fig. 1 and Table I). 

The finding of a time-dependent mtramatochondnal accumulation of heman 
(Fig. 1 and Table I) focuses on still another aspect of the regulatory function of the 
inner membrane, namely the control of the efflux of hemm [8] and the extent of bind- 
ing of hemm [22, 24] According to Gramck et al. [40], the "free hemm" concentra- 
tion in hepatic parenchyma cells is between 50 and 100 nM. In intact mltochondna, 
we do not know the concentration of"free hemm", or the nature of the heme-blndmg 
structures [8, 22, 24, 30, 31 ] From the data reported m Table I, however, at appears 
that the hemln-bmdmg components are relatively soluble matrix and/or membrane 
structures 

In contrast to the findings with porphyrms, the transport of hemm does not 
depend on an energized inner membrane (Fig 1 and Table I) nor can it be ascribed to 
a passwe diffusion mechanism (Table I and refs. 8 and 24). Furthermore, at seems 
unhkely that the porphyrm-heme fluxes are hnked by a symport-annport mechanism 
of the amon-shuttle type [35]. With respect to cytosohc proteins, so far, neither their 
structure, nor the mechamsm(s) of their effect on the efflux of hemln have been con- 
clusively established [8, 24, 30, 31]. 

Still another effect of hemin should be mentmned; m intact mltochondna, the 
per cent lnhlbanon of exogenous hemm is hnearly related to the concentranon of 
deuteroporphyran, Le the inverse of what is found in a solubfllzed system (Fag. 4). 

From the temperature curves it as seen that the latency of the ferrochelatase in 
intact mltochondrm [1 ] apparently also represented a protection of the enzyme to 
thermal inactivation (Fig. 10). At 25 °C, however, the dafferences in the rate of 
deuteroheme synthesis an intact mltochondria compared to submitochondrlal particles 
(F~g. l) depended mainly on differences in the opnmal deuteropolphyrln/protein 
ratms of the two systems. In sonlcated mitochondrm, the opnmal deuteroporphyrln/ 
protein rano was found to be approx. 1 nmol/mg protein, whereas m intact mltochon- 
dna the ratm was approx. 9 nmol/mg protein (Fig. 7). Under opnmal condlnons, 
however, the V~zf the ferrochelatase of intact mltochondria was found te be only 60 ~,, 
of that of submitochondrlal partmles (Fig. 7). 

Thus, compared to studies on the relationship between the influx and metab- 
olism of e.g. succinate [41] or ADP [42], the results of the present study are all con- 
sistent with the tuner mitochondnal membrane as an important permeabdity barrier 
to the reactants of the ferrochelatase reactmn. 

Future experiments mm at a more detailed study of the mechanism(s) of these 
transport processes, with parhcular emphasis on their slgmficance to the rate of syn- 
thesis of heme m health and daseases. 
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