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SUMMARY

Mitochondrial ferrochelatase activity has been studied in coupled rat liver mito-
chondria and in ultrasonically treated rat liver mitochondria using deuteroporphyrin
IX and Fe(ITI) as the substrates.

1. There were significant differences bstween the ferrochelatase reaction of
intact mitochondria as compared to sonicated mitochondria with respect to pH and
tempzrature optima, changes in substrate and protein concentration, and sensitivity to
uncoupler and product mmhibition.

2. The translocation of iron and deuteroporphyrin to the ferrochelatase on the
M-side of the inner membrane depended on an energized inner membrane, i.e. when
the uncoupler carbonyl cyanide m-chlorophenylhydrazone was added to a suspension
of intact mitochondria prior to either iron or deuteroporphyrin, the ferrochelatase
reaction was depressed by approx. 70 %. The uncoupler had no effect on the ferro-
chelatase reaction of sonicated mitochondria.

3. Hemun inhibited the ferrochelatase reaction of intact mitochondria as
well as of sonicated mitochondria, partly by imnhibiting the catalytic activity of the
ferrochelatase, and partly by interfering with the translocation of the substrate(s).

4. When the mitochondria were incubated 1n a sucrose medium, endogenously
synthesized deuteroheme did not penetrate freely to the outside of the inner mem-
brane.

5. It 1s concluded that the transport of the substrates as well as the products
across the mnner membrane serves an important regulatory role in the overall ferro-
chelatase reaction

Abbreviations. EPPS, (4-(2-hydroxyethyl)-1-piperazine propane sulphonic acid), HEPES,
N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid, PIPES, piperazine-N,N’-2-bis(2-ethanesul-
phonic acid), CCCP, carbonyl cyanide m-chlorophenylhydrazone
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INTRODUCTION

The localisation 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 mitochondrial membranes. This contention
raises the question whether the 1ron ions, the porphyrins and the hemes are freely
permeable across the mitochondrial membranes, and 1f not, what are the mecha-
nism(s) of their transport and to what extent does the transport interfere with the
overall ferrochelatase reaction

Findings 1n patients with congenrtal hypochromic microcytic anema suggest
that 1n this disorder there 1s a defect 1n the transfer of iron from plasma transferrin to
the ferrochelatase inside the mitochondnia [2]. Furthermore, 1 patients with erythro-
potetic 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 explamn the different porphyrin excretton pattern observed in human
porphyria as compared to that of experimentally induced porphyria in rabbits [4].

Experimentally, there 1s substantial evidence in favour of a regulatory function
of the mitochondrial membranes on the ferrochelatase reaction. Thus, the accumula-
tion of iron by mammahan mitochondria 1s highly dependent on the mitochondrial
energy potential [5, 6], the efflux of heme from the mitochondria is regulated by
cytosolic proteins [7,8] and in yeast mitochondria coproporphyrmogenase and
protoporphyrinogen oxidase catalyze and simultaneously transfer coproporphyrmo-
gen from the cytosol, to protoporphyrinogen inside the mitochondria [9].

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

Recently we reported on the ferrochelatase reaction of intact rat liver mito-
chondria [10]. Compared to the results from experiments with sonicated mitochon-
dria, n tightly coupled mitochondria the ferrochelatase reaction behaved differently to
aerobiosis and changes in pH and concentration of substrates [1, 11, 12].

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

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

MATERIALS AND METHODS

Preparation of nutochondria and submutochondrial 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.,pp) [13], using succinate as substrate. Only
mitochondria with R.C.,pp values > 3 0 were used.

Submitochondrial particles were prepared by sonicating the mitochondrial
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suspension 30 s X3 using an Insonator S-model 500 Sonifier (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 supernatant obtained after
centrifugation of the sonicated mitochondria for 2 min in an Eppendorf microcentri-
fuge (Type 3200). Only particles releasing more than 70 % of the total malate dehydro-
genase activity were used.

Preparations of deuteroporphyrin IX

Deuteroporphyrin IX, final concentration approx. 2 mM, was prepared by
hydrolysis of the corresponding dimethyl ester in 7 M HCI [14]. After extraction of the
deuteroporphyrin 1nto ether and evaporation of the ether, the free deuteroporphyrin
was dissolved in dilute NaOH (pH ~ 10).

Assay of 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 1n absorbance 44 = A(A495—As500) using the extinction coefficient Ae
(mM™!-cm™!) = 3.5 [10].

The muitochondria were preincubated at 25 °C for 10 min 1n a medium contain-
g m a volume of 1.0 mi : 0.25 M sucrose/10 mM HEPES buffer (pH 7.40)/5 mM
succinate. Further additions or omissions were as described in the legend to the
figures. The reaction was initiated by the addition of iron or deuteroporphyrin, and
the change i absorbance was recorded. The rate of deuteroheme formation was
calculated from the slope of the linear part of the progress curve [10].

Determination of the intra mitochondrial concentration of deuteroheme

The mitochondria approx. 5 mg of protemn were incubated as described (see
above) and after 20 min incubation (1.e. the time necessary to reach zero-rate deutero-
heme formation, Fig. 1), the mitochondrial suspension was pelleted by centrifugation
in an Eppendorf microcentrifuge (Type 3200). The concentrations of deuteroporphy-
rin and iron were 25 uM and 50 uM respectively. Pyridine deuterohemochrome was
determined 1n the pzllet and 1n the supernatant [1, 15]. In parallel experiments the
dextran-impermeable space of the pellet was calculated from the distribution of 14C-
labeled dextran and tritiated water [16]. Assuming that the extramitochondrial pellet
water contained only negligible amounts of deuteroheme (see Table I), the intramito-
chondrial concentration of deuteroheme was calculated from the amount of pyridine
deuterohemochrome of the pellet divided by the calculated matrix volume.

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

Chemicals

ADP, 4-(2-hydroxyethyl)-1-piperazine propane sulphonic acid (EPPS), N-2-
hydroxyethylpiperazine-N’-2-ethanesulphonic acid (HEPES), (A grade), piperazine-
N,N’-2-bis(2-ethanesulphonic acid) (PIPES), carbonyl cyanide m-chlorophenylhydra-
zone (CCCP) and hemin (bovine, type 1) were obtamed from the Sigma Chemical Co.
(St. Louis, Mo, U.S.A.). Deuteroporphyrin IX-dimethyl ester was purchased from
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Koch-Light Laboratories Ltd. (Colnbrook, England). Dextran carboxyl (carboxyl-
14C), M, = 75 000, and *H,0 were the products of the New England Nuclear Corp
(Mass. U.S.A.) and the Radiochemical Center (Amersham, England), respectively.
The 10nophore X537A was a gift from Professor T. Flatmark, Department of
Biochemistry, University of Bergen.
Other chemicals were of highest purity commercially available. Double quartz
distilled water was used throughout

RESULTS

The conclusions to emerge from the present study rest largely on the purity of
the enzyme sources, r.e. to what degree there are submitochondrial particles m the
mitochondrial preparations and vice versa. As already mentioned (see Materials and
Methods) the submitochondrial particles contain at least 70 9} disrupted mitochon-
dria, and the mitochondrial system, mitochondria with R.C. spp values > 3 (most R.C.
values > 5), and malate dehydrogenase of the supernatant (see Materials and
Methods) less than 5 9.

To minimize disruption of the mitochondria during incubation, the tempera-
ture of the incubation medium was reduced from 37 °C [10] to 25 °C.

With these reservations in mind, the results from the present study refer to
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Fig. 1. Time course of deuteroheme formation 1n intact mitochondria (A) and 1n submitochondrial
particles (B) Mitochondria or submitochondrial particles, approx 8 mg protein/ml, were incubated
as described 1n Materials and Methods The concentration of deuteroporphyrin IX was 40 uM At the
points indicated 100 nmol FeCl; was added. The numbers below each trace represent the rate of
deuteroheme formation (nmol deuteroheme min~! mg~! protein) in the time interval indicated
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ferrochzlatase activity of tightly coupled rat liver mitochondria and of submitochon-
drial particles.

Ferrochelatase activity of tightly coupled mitochondria and of submitochondrial particles
As seen from Fig. 1 the progress curve of the ferrochelatase activity of intact
mitochondna differed in several ways from that of sonicated mitochondria. Thus, mn
contrast to the almost immediate and maximal response obtained with submitochon-
drial particles, with intact mitochondria there was a lag phase until the maximal rate
of deuteroheme synthesis was reached. Furthermore, the maximal rate of deuteroheme
synthesis as well as the total amount of deuteroheme synthesized by intact mito-
chondria were significantly bzlow that obtamed with submitochondrial particles.

Effect of CCCP on the ferrochelatase actwity of tightly coupled mitochondria and of
submitochondrial particles

The uncoupler CCCP inhibits the energy-dependent accumulation of iron by
tightly coupled rat liver mitochondria [5, 6]. Once 1ron is accumulated, however,
addition of CCCP has no effect on the release of the intramitochondnal iron [5, 19]
Thus the sequence of adding iron and CCCP 1s of fundamental importance to the
results.

The effect of CCCP on the ferrochelatase activity is given in Fig 2. When
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Fig 2 Effect of added CCCP and X537A on the rate of deuteroheme formation mn intact mitochon-
dna (A, B, C and D) and 1n submutochondrial particles (E and F). Mitochondria or submitochondral
particles, approx 4 mg protein, were preincubated for 5 mm as described (see Materials and
Methods) 1n the presence of 75 uM deuteroporphyrin (C, D, E and F) Further additions were 5 nmol
CCCP, 75 nmol FeClj, 40 nmol deuteroporphyrin and 50 ug X537A (arrows) The numbers above
each trace represent the rate of deuteroheme formation (nmol deuteroheme min~'-mg~! protein)
m the time interval indicated.
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Fig. 3. Effect of temperature on the CCCP-sensitive ferrochelatase activity of mntact mitochondria.
Mitochondria, approx. 5 mg protein, were incubated as described in Materials and Methods in the
presence of 40 uM deuteroporphyrin. The reaction was mtiated by the addition of 75 nmol FeCl,. The
figures show the ferrochelatase activity n the absence minus the ferrochelatase activity in the presence
of 5 uM CCCP (added 5 min 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). However, 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 somcated mitochondria CCCP had no effect on the ferrochelatase reaction
when added prior to iron. Similar 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 mitochondrial 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 1n the CCCP-sensitive ferrochelatase activity, and simultaneously
the mitochondria became uncoupled (data not shown). Thus, in agreement with the
results from studies of the energy-dependent accumulation of iron [5, 6, 19] in intact
mutochondria there was a close correlation between the ferrochelatase activity and the
mitochondrial energy potential. It should bz 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

Hemin is known to interfere with the synthesis of heme [21, 22] as well as of
globin and other proteins (for review, see ref. 23). Of particular interest to the present
study are the inhibition by hemin of the ferrochelatase reaction in sonicated rat liver
mitochondria [21] and the findings of hemin as an inhibitor of the release of iron from
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transferrin at the level of the cell surface [24] as well as at the Ievel of the mitochondria
[25]. To what degree the latter effect could be extrapolated to iron-donor compounds
other than transferrin is not known. Neither 1s 1t known what are the effects of hemin
on the uptake of porphyrins by mitochondria. The effect of exogenous hemin on the
overail ferrochelatase activity of tightly coupled mitochondria and of submitochon-
drial particles is outlined in Figs. 4, 5 and 6. In submitochondrial particles hemin
inhibited the ferrochelatase reaction competitively with respect to deuteroporphyrin
(Figs. 4 and 6) and uncompetitively with respect to iron (Fig. 5). In tightly coupled
mitochondria hemin inhibited the ferrochelatase competitively with respect to iron
(Fig. 5). With respect to deuteroporphyrin, however, at a given concentration of
hemun, the per cent inhibition by hemin increased by increasing the concentration of
deuteroporphyrin (Figs. 4 and 6).
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Fig. 4. The effect of hemin on the rate of deuteroheme formation at mcreasimng concentrations of
deuteroporphyrin by intact mitochondria (@), and by submutochondrial particles (O). Mitochondria
or submitochondrial particles approx. 4 mg protein/m! were incubated as described in. Materials and
Methods, except that the incubation medium was supplemented with 10 g hemin. The reaction
was 1nitiated with 75 nmol FeCls. The per cent mhibition was calculated from the activity measured
when hemin was omitted from the mcubation mixture.
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Fig. 5. Effect of hemin on the rate of deuteroheme formation at increasing concentrations of FeCl;
by intact mitochondria (@) and by submitochondrial particles (O). Experimental conditions were
as described (see Fig. 4) except that the concentration of deuteroporphyrin was 25 uM and 5 gM 1n
the experiments with intact mitochondria and submitochondrial particles, respectively. The per cent
mmhibition was calculated as described m the legend to Fig 4.
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Fig 6 Effect of increasing concentrations of hemin on the rate of deuteroheme formation by intact
mitochondria (triangles), and by submitochondrial particles (circles) at 40 uM (open symbols) and
10#M (closed symbols) deuteroporphyrin Mitochondria or submutochondrial particles approx.
4 mg/ml were incubated as described in Materials and Methods The reaction was mitiated with
75 nmol FeCl; The per cent mhibition was calculated as described in Fig 4

The inhibitory effect of hemun on the ferrochelatase reaction of submitochon-
drial particles suggests that the reduction n the total amount of deuteroheme synthe-
sized by mtact mitochondria (Fig. 1) may be ascribed to product inhibition, 1.e. the
mtramitochondrial accumulation of deuteroheme to rate limiting concentrations.

As seen from Table I approx. 80 % of the deuteroheme synthesized during 20
min incubation at 25 °C was pelleted together with the mitochondria. By increasing
the temperature to 30 °C, the amount of deuteroheme pelleted together with the mito-
chondria decreased to 63.2 9/ and when the experiments were run on submitochon-
drial particles, less than 10 9; of the deuteroheme could be pelleted. From the deutero-
heme concentration of the mitochondrial pellet and the dextran-impermeable space of
the mitochondrial pellet, the intramitochondrial concentration of deuteroheme at
zero rate deuteroheme formation was found to be approx 200 uM (n = 4) which was
1n agreement with the mhibitory concentration of exogenous hemin reported in Fig. 6.

TABLE I

PARTITION OF DEUTEROHEME BETWEEN PELLET AND SUPERNATANT AFTER
CENTRIFUGATION OF INTACT MITOCHONDRIA AND SUBMITOCHONDRIAL PAR-
TICLES

Mitochondria or submutochondrial particles, approx 6 mg protein/mi were incubated as described
(see Materials and Methods) at the temperature indicated 1 the presence of 35 uM deutero-
porphyrin The reaction was mitiated with 75 nmol FeCl; After 20 min, the suspension was pelleted
1 an Eppendorf microcentrifuge (Type 3200) Pyridine deuterohemochrome was determined in the
pellet and 1n the supernatant The data represent the means of four different experiments.

Per cent deuteroheme 1n

pellet supernatant
Intact mitochondria (25 °C)? 795 205
Intact mitochondria (30 °C)® 632 368
Submutochondrial particles (25 °C)¢ 87 913

*®¢ The mean 100 % values were 17 1, 251, 25 5 nmol deuteroheme respectively
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Effect of changes in substrate concentration, pH, temperature and protein concentration
on the reaction rate

The effect of increasing concentrations of deuteroporphyrin 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 submitochondrial
particles was found at a deuteroporphyrin concentration of 5 uM and half-maximal
rate was obtained at a deuteroporphyrin concentration of approx. 2 uM. At higher
concentrations of deuteroporphyrin, the reaction rate was markedly inhibited

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

The effect of increasing concentrations of FeCl; on the ferrochelatase activity
is seen in Fig. 8. K’ , obtained for the ferrochelatase of the submitochondrial particles
was approx. 30 uM, and for the intact mitochondria 55 uM. Pertinently, the observed
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Fig. 7. Effect of increasing concentrations of deuteroporphyrin on the rate of deuteroheme formation
by intact mitochondria (@) and by submitochondrial particlés (O) Mitochondria or submitochon-
dnal particles approx 4 mg/ml, were incubated as described in Materials and Methods section
The reaction was mitiated with 75 nmol FeCl;
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Fig 8 Effect of mcreasing concentrations of FeCl; on the rate of deuteroheme formation by ntact
mitochondria (@) and by submutochondrial particles (Q) Mitochondria or submutochondral
particles approx 4 mg/ml were incubated as described in Materials and Methods 1n the presence of
40 uM or 5 uM deuteroporphyrin respectively The reaction was mmtiated with the addition of FeCl;.
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Fig. 9 Effect of pH on the rate of deuteroheme formation in mtact mitochondria (@) and 1n sub-
mutochondral particles (O). Mitochondria or submutochondrial particles, approx. 4 mg/mi were n-
cubated as described 1n Matenals and Methods except that the incubation mixture was supplemented
with 10 mM EPPS and 10 mM PIPES buffer. The concentration of deuteroporphyrin was 40 uM.
The reaction was imtiated with 75 nmol FeCls;.
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Fig. 10. Effect of temperature on the rate of deuteroheme formation by intact mitochondna (@) and
by submitochondnal particles (O). Mitochondria or submitochondrial particles, approx. 6 mg protemn
/ml, were incubated as described in Materials and Methods. The concentration of deuteroporphyrin
was 40 uM. The reaction was 1mutiated with 75 nmol FeCl,.
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Fig. 11. Effect of increasing protein concentrations on the rate of deuteroheme formation by intact
mitochondria (@) and by submitochondrial particles (O). Experimental conditions were as described
mn Materials and Methods The concentrations of deuteroporphyrin and FeCl; were 40 uM and 75
uM, respectively.
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K’ 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 pH
approx. 7.5 and a shoulder at pH 7.3. In intact mitochondria an optimum was found
at pH 7.2-7.6 (F1g. 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 mitochondria. In sonicated mitochondria the maximal activity was found at
40-45°C

The effect of increasing the concentration of protein is shown 1n Fig. 11. The
rate of deuteroheme synthesis 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
activity parallelled the protein concentration up to approx. 15 mg/ml.

DISCUSSION

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

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

From a functional point of view, a main finding 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 mitochondria. 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 1n Fig. 2C did in fact reflect a depression of the influx of iron was
supported by the observation that in de-energized mitochondna, the ferrochelatase
activity was restored by the electroneutral cation inophore X537A [27, 28] (F1g. 2C).
X537A 1s known to facilitate the transport of ferrous 1ons across phospholipid mem-
branes [27], without having any effect on the transport of ferric 10ns [27]. Thus, the
results of Fig. 2C 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 translocation [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-sensitive ferro-
chelatase activity at higher temperatures (Fig. 3).

The results with CCCP, however, not only pointed to ron 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 mitochondria. Thus, in iron-loaded and uncoupled mito-
chondria, the ferrochelatase was depressed by 60-70 % compared to that of iron-
loaded and tightly coupled mitochondria (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 1onophore X537A (Fig. 2A compared to Fig. 2C). Jones and Jones [21] have
proposed that there 1s a uni-directional porter system for the outward movement of
d-amuinolaevulinic acid, and as shown by Israels et al. [8] and Ponka et al. [24], the
efflux of heme from the mitochondria depznds on cytosolic proteins, the nature of
which has not bzen conclusively established [8, 24, 30, 31] So far, however, a more
detailed analysis of these transport systems 1s lacking. To our knowledge, the results
reported in Fig. 2, A and B are the first direct expzrimental evidence to indicate that in
mtact mitochondria, the accumulation of mtermediates of heme biosynthesis other
than iron depznds on metabolic energy. The translocation of iron through the inner
membrane rests on an mitial reduction of the iron 1ons from the ferric to the ferrous
form by the respiratory chain, followed by an energy-dependent influx by a mecha-
mism essentially as reported for Ca®* [29, 32, 33, 34]. With respzct to dzuteroporphy-
rin, virtually nothing 1s known about the mechanism by which 1t penetrates the mito-
chondrial inner membrane. A challenging hypothess 1s that deuteroporphyrin, which
1s a dicarboxylic porphyrin, present predominantly as an anion at pH 7.40 may
penetrate by mechanism(s) analogous to that of the anion shuttles of the inner mem-
brane [36]. Notably, tetraphenylboron and p-hydroxymercuribenzoate, both highly
efficient inhibitors of the uptake of amons by 1solated mitochondria [37, 38], inhibited
the ferrochelatase activity of intact mitochondria (Koller, M. E., unpublished observa-
tions)

From the experiments with hemin (Figs. 4, 5 and 6) the following conclusions
emerged; (1) 1n intact mitochondria hzmin interfered with the availability of 1ron to
the ferrochelatase; (2) in sonicated mitochondria hemin inhibited the ferrochelatase
competitively with respect to deuteroporphyrin and (3) endogenously synthesized
deuteroheme did not freely penetrate to the outside of the inner membrane.

In agreement with previous studies [25] it was found that exogenous hemin
markedly reduced the availability of iron to the ferrochelatase in mtact mitochondria.
This inhibition was not mediated by a reduction of the mitochondral energy potential
[25], nor could 1t bz ascribzd to an effect on the release of iron from its donor ligand
(1e. CI7), as suggested for transferrin [39]. From the uncompztitive nature of the
effect of hemin with respect to 1ron 1n sonicated mitochondria, and the competitive
nature of the effect of hemin on iron 1n intact mitochondria (Fig. 5), 1t 1s suggested
that hemin ihibited the transport of iron from the iron-binding ligands of the outer
mitochondrial compartment to the ferrochelatase on the M-side of the inner mem-
brane. This mterpretation 1s in agreement with the very recent proposal of Ponka et al.
[22] on the effect of hemin on the transferrin-mitochondrial ligand complexes; 1e€.
hemin functions as a feed-back regulator of the release of 1ron from the donor-recep-
tor compound at the mitochondrial membrane.

The mhibition by hemin 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 1n their publication [7] show that thz progress curves for the
synthesis of h2mz deviated from linearity already after 10 min incubation and the total
amount of heme synthesized during 20 min ncubation 1n the sucrose medium were
only 60 par cent of that produczd 1n a czll sap medium Therefore their experiments do
not rule out an inhibitory effect of endogenously accumulated heme The inhibition of
the ferrochzlatase reaction by hemin as shown in the present study, 1s evident from two
sets of expzriments; (1) 1n sonicated mitochondria the effect of hemin was compzti-
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tively abolished by deuteroporphyrin and (2) in intact mitochondria the progress curve
for the deuteroheme formation gradually leveled off as the intramitochondnal accu-
mulation of hemin increased (Fig. 1 and Table I).

The finding of a time-depzndent intramitochondrial accumulation of hemin
(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 hemun [8] and the extent of bind-
ing of hemun [22, 24] According to Granick et al. [40], the “free hemin” concentra-
tion m hepatic parenchyma cells 1s between 50 and 100 nM. In intact mitochondna,
we do not know the concentration of “free hemm”, or the nature of the heme-binding
structures [8, 22, 24, 30, 31] From the data reported in Table I, however, 1t appezars
that the hemin-binding components are relatively soluble matrix and/or membrane
structures

In contrast to the findings with porphyrins, the transport of hemin does not
depend on an energized inner membrane (Fig 1 and Table I) nor can 1t bz ascribed to
a passive diffusion mechanism (Table I and refs. 8 and 24). Furthermore, 1t seems
unlikely that the porphyrin-heme fluxes are linked by a symport-antiport mechanism
of the anion-shuttle type [35]. With respzct to cytosolic proteins, so far, neither their
structure, nor the mechanism(s) of their effect on the efflux of hemin have bzen con-
clusively established [8, 24, 30, 31].

Still another effect of hemin should be mentioned; 1n intact mitochondria, the
per cent inhibition of exogenous hemin 1s linearly related to the concentration of
deuteroporphyrin, 1.e the mverse of what 1s found 1n a solubilized system (Fig. 4).

From the tempzrature curves it 1s seen that the latency of the ferrochelatase in
intact mitochondria [1] apparently also represented a protection of the enzyme to
thermal nactivation (Fig. 10). At 25°C, however, the differences i the rate of
deuteroheme synthesis 1n intact mitochondria compared to submitochondrial particles
(Fig. 1) depended mainly on differences mn the optimal deuteropoiphyrin/protein
ratios of the two systems. In sonicated mitochondria, the optimal deuteroporphyrin/
protein ratio was found to bz approx. 1 nmol/mg protein, whereas in intact mitochon-
dna the ratio was approx. 9 nmol/mg protein (Fig. 7). Under optimal conditions,
however, the V of the ferrochelatase of intact mitochondria was found tc be only 60 %
of that of submitochondrial particles (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 inner mitochondrial membrane as an important permeabulity barrier
to the reactants of the ferrochelatase reaction.

Future expsriments aim at a more detailed study of the mechanism(s) of these
transport processes, with particular emphasis on their significance to the rate of syn-
thesis of heme 1n health and diseases.
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