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SUMMARY 

Isolated rat liver mitochondria accumulate iron partly by an energy-dependent 
and partly by an energy-independent mechanism (Romslo, I. and Flatmark, T. 
(1973) Biochim. Biophys. Acta 305, 29-40). When the iron-loaded mitochondria 
were disrupted mechanically and the mitochondrial subfractions isolated by density 
gradient centrifugation, the iron accumulated by the energy-dependent mechanism 
was recovered mainly in the soluble matrix and intermembrane space (approx. 
50~o of the total activity) and the inner membrane (approx. 30~o). A negligible 
contribution to the total iron content of the soluble fraction by intermembrane space 
was revealed by the preparation of'mitoplasts'. On the other hand, most of the energy- 
independent iron accumulation was confined to the outer and inner membranes 
(approx. 35 % of the total activity in each). 

INTRODUCTION 

In previous studies from this laboratory, an energy-dependent accumulation 
of iron by isolated rat liver mitochondria has been described [1, 2]. Our studies so 
far point to the presence of a carrier-mediated transport of iron across the inner 
membrane similar to that of Ca 2+ [3-5]. Thus, the energy-dependent accumulation 
of iron was inhibited by uncouplers, La 3+, ruthenium red and Ca 2+ [6]. Further- 
more, iron had a marked influence on the oxidative metabolism of the mitochondria, 
inducing a transient stimulation of State 4 as well as State 3 respiration which was 
proportional to the amount of iron added [7, 8]. Concomitant to the stimulation of 
respiration, an increase in the rate of oxidative phosphorylation was observed, 
although the P/O ratio was slightly reduced [7, 8]. Furthermore, iron induced a 
transition of the redox state of the cytochrome b complex towards oxidation, a low- 
ering of the respiratory control ratio with ADP and an increase in the Mg 2 +-stim- 
ulated ATPase [8]. 

Abbreviation: HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid. 
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The present paper deals with the submitochondrial localization of the iron 
accumulated by the two processes. Data are given which indicate that the iron ac- 
cumulated by the energy-dependent mechanism is recovered in the matrix and inner 
membrane fractions, whereas the iron accumulated by the energy-independent 
mechanism is confined to the outer and inner membranes. 

A preliminary account of this work has already appeared [8]. 

MATERIALS AND METHODS 

Preparation of mitochondria and iron accumulation experiments were per- 
formed as previously described [6]. 

Isolation of the mitochondrial subfractions 
To study the submitochondrial localization of the iron accumulated, the iron- 

loaded mitochondria were subjected to density gradient centrifugation essentially 
as described [2]. The mitochondrial band thus obtained was sucked off, resuspended 
in the incubation medium and re-centrifuged at a time integral of (rev./min) 2 equal to 
270 • 107 • min-1 in the swinging-bucket HB-4 rotor of Sorvall RC 2-B refrigerated 
centrifuge (Rmax and Rmi, were 13.9 and 6.1 cm, respectively). The final pellet was 
fractionated by two different procedures. 

Procedure A. The mitochondria were fractionated essentially as described by 
Wojtczak and Sottocasa [9]. Following the osmotic shock, the mitochondrial sus- 
pension (20-30 mg of protein per ml) was subjected to ultrasonic vibration. The 
sonifier (Branson Sonifier, Model S-75) was operated at a current output of 4 A 
using a rosett cooling cell (vol. 6 ml) cooled in ice water, thus keeping the temperature 
in the cell always below 11 °C (on an average below 6 °C). At these conditions a 
sonication time of 90 s (three times for 30 s) was required to ensure optimal dis- 
integration and purity of the mitochondrial subfractions. The sonicated mitochondria 
were diluted with an equal volume 0.15 M KCI, and 15 ml of the suspension thus 
obtained were layered on a discontinuous density gradient of sucrose (from bottom 
to top: 5 ml 1.6 M sucrose with 5% (w/v) Ficoll, 7 ml of 1.17 M sucrose and 5 ml 
of 0.75 M sucrose) and centrifuged at a time integral of (rev./min) 2 equal to 
104.109. min -1 in a swinging bucket rotor (Spinco SW 25). The soluble inter- 
membrane space and matrix constituents were found in the upper suspension medium. 
Outer membranes, in part contaminated by soluble intermembrane space and matrix 
constituents, were recovered as two separate bands, i.e. one faint band at the inter- 
phase suspension medium-0.75 M sucrose and the main outer membrane fraction at 
the interphase 0.75-1.17 M sucrose. The inner membranes were recovered at the 
interphase 1.17 M -1.60 M sucrose. Insoluble iron polymers were recovered at the 
bottom of the tube (<  2 ~  of the total amount of iron applied on the gradient). 
The fractions were sucked off [2] and diluted with appropriate volumes of the incu- 
bation medium for counting of radioactivity [2], enzymic assays and protein de- 
termination (see below). 

Procedure B. The iron-loaded mitochondria were fractionated following an 
incubation with digitonin essentially as described by Chan et al. [10], except that the 
concentration of digitonin in most experiments was higher, i.e. 0.2-4-0.05 mg per mg of 
mitochondrial protein. After removal of the outer membrane and the intermembrane 
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space constituents with digitonin (fraction La) , the 'mitoplasts' (inner membranes plus 
matrix) were further fractionated with Lubrol WX (0.16 mg detergent per mg of 
protein) in inner membrane fraction (Hd) and matrix fraction (So) [10]. 

Enzymic assays 
Amine oxidase (EC 1.4.3.4) was assayed as described by Aas [11 ], cytochrome c 

oxidase (EC 1.9.3.1) as described by Yonetani and Ray [12], malate dehydrogenase 
(EC 1.1.1.37) as described by Bergmeyer [13] and adenylate kinase (EC 2.7.4.3) 
as described by Schnaitman and Greenawalt [14]. When fractionated according to 
Chan et al. [10], all enzymic assays were performed in the presence of Lubrol WX 
[141. 

Protein was determined by the Folin-Ciocalteau reagent [15] after appropriate 
dilution of the fractions to avoid interference by sucrose in the assay [16]. 

Chemicals 
ADP, digitonin, Lubrol WX, NADP (sodium salt), NADH (disodium salt, 

grade III), hexokinase (Type III from yeast) and glucose-6-phosphate dehydrogenase 
(Type XV from baker's yeast) were obtained from the Sigma Chemical Co. 
(St. Louis, Mo., U.S.A.). N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid 
(HEPES) (A grade)was purchased from Calbiochem (Luzern, Switzerland), 59FEC13 
was obtained from Institutt for Atomenergi, Kjeller, Norway, and [1-14C]tyramine 
hydrochloride from the Radiochemical Centre, Amersham, England. 

Other chemicals were of the highest purity commercially available. Double 
quartz distilled and deionized water was used throughout. 

RESULTS 

Two methods have been employed to isolate subfractions of iron-loaded 
mitochondria. Both methods, i.e. that based on chemical disruption with digitonin 
and that based on mechanical disruption had to be slightly modified from the original 
procedures [9, 10]. Thus, the digitonin concentration required for the removal of the 
outer membrane was approx, two times higher than that required for native mito- 
chondria (0.10-0.12 mgdigitoninper mg of protein). This increased resistance towards 
digitonin is probably due to changes imposed on the outer membrane by the ac- 
cumulation of iron (as iron-sucrose complex(es) [6]). Unfortunately, this rather 
high digitonin concentration resulted in slight damage to the inner membrane as 
revealed by a leakage of matrix enzymes e.g. malate dehydrogenase (Fig. 2). Further- 
more, it should be noted that the iron-loading slightly changes the sedimentation 
profile of the membrane fractions on density gradient centrifugation as compared to 
those of native mitochondria (Slinde, E., unpublished). 

Enzyme characterization of  mitochondrial subfractions 
The total and specific activities of the chosen marker enzymes in the various 

mitochondrial subfractions, obtained by mechanical disruption, are shown in Table I 
and Fig. 1. As expected, the adenylate kinase and malate dehydrogenase activities 
were recovered mainly in the soluble fraction (S=), whereas the eytochrome c oxidase 
activity was confined to the inner membrane fraction (H=). The amine oxidase 
activity was recovered in two fractions (L~I and LmII). The minor fraction (LmI), 
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TABLE I 

PROTEIN CONTENT, TOTAL ACTIVITIES AND SPECIFIC ACTIVITIES OF M A R K E R  
ENZYMES IN MITOCHONDR1AL SUBFRACT1ONS 

Rat  liver mitochondria were disrupted mechanically (swelling, shrinking and sonication) and the 
subfractions were isolated by discontinuous density gradient centrifugation (for details, see Materials 
and Methods). S,,, soluble fraction (matr ix+intermembrane space) recovered in the upper part ot 
the density gradient; Lml, light membrane fraction (outer membrane) recovered at the interphase 
incubation medium-0.75 M sucrose; LmII, light membrane fraction (outer membrane) recovered at 
the interphase 0.75 M-l .17 M sucrose; Hm, heavy membrane fraction (inner membrane) recovered 
at the interphase 1.17 M-1.60 M sucrose. The result represent the mean of four experiments. 

Enzyme Total activity in fractions (%)* Specific activity in fractions 
(nmoles/min per mg protein) 

Sn, LmI Lmll H .  Recovery Sm LmI LmlI Hm Total** 

Amine oxidase 9.9 23.6 40.0 22.2 95.7 2.9 46.8 69.8 10.8 15.5 
Malate dehydrogenase 69.2 3.6 1.1 21.6 95.5 2271 845 220 1271 1635 
Cytochrome c oxidase 8.1 5.9 9.6 71.4 95.0 255 1312 1840 3900 1690 
Adenylate kinase 68.6 9.4 5.8 3.6 87.4 48.5 45.7 25.0 4.45 37.8 
Protein 50.1 7.3 8.4 28.2 94.0 

* 100 % represents the values of the mechanically disrupted mitochondria prior to gradient 
centrifugation. 

** Mechanically disrupted mitochondria prior to gradient centrifugation. 
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Fig. 1. Distribution of iron in mitochondrial subtractions of rat liver mitochondria in relation to 
marker  enzymes. The mitochondrial subfractions (for symbols, s ~  Table I) were obtained by the 
combined swelling-shrinking and sonication procedure followed by discontinuous density gradient 
centrifugation. Abcissa: the percentage of the total protein content in each subfraction presented as 
cumulative values. Ordinate: the relative specific activity (on a protein basis) of the various fractions 
taking the specific activity of the iron loaded and mechanically disrupted mitochondria as 1. For 
experimental details, see Materials and Methods section. The experimental values represent the mean 
of  four different experiments. Recoveries as given in Tables I and II. 
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TABLE II 

SUBMITOCHONDR1AL LOCALIZATION OF IRON IN IRON-LOADED RAT LIVER MITO- 
CHONDRIA 

For experimental details and symbols, see Materials and Methods and Table [. The results represent 
the mean of four experiments. 

Fraction Energy-dependent iron accumulation 

Total activity* Specific activity 
(%) (nmoles Fe/mg protein) 

Energy-independent iron accumulation 

Total activity* Specific activity 
(%) (nmoles Fe/mg protein) 

Sm 49.9 5.4 
LmI 9.0 6.7 
LmII 0.9 0.6 
lira 30.7 5.9 
Swollen, 
contracted and 
sonicated 
mitochondria 100 5.8 
Recovery 90.6 

13.9 8.6 
11.0 46.9 
35.5 131.5 
34.4 38.0 

100 33.0 
94.8 

* 100 % represents the values of mechanically disrupted mitochondria prior to density gradient 
centrifugation. 
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Fig. 2. Distribution of  iron in mitochondrial subfractions of rat liver mitochondria in relation to 
marker enzymes. The mitochondrial subfractions were obtained by the digitonin-Lubrol WX proce- 
dure. La, light fraction (outer membrane+in termembrane  space), Sd soluble fraction (matrix) and 
Ila, heavy fraction (inner membrane). Abscissa: percentage of  total protein content in each subfrac- 
tion presented as cumulative values. Ordinate: relative specific activity (on a protein basis) of the 
various fractions taking the specific activity of  the iron loaded and digitonin-treated mitochondria as 1. 
Experimental details as described in Materials and Methods. The figures repr'~=~nt the mean of  two 
experiments. Mean recoveries; protein 93.0 %, amine oxidase 86.2 %, adcnylate kinase 81,6 %, cyto- 
chrome c oxidase 92.3 Yo, malat¢ dehydrogenas¢ 94.6 %, energy-dependent iron accumulation 88.6 %, 

energy-independent iron accumulation 91.0 %. 
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observed as a faint band at the interphase suspension medium-0.75 M sucrose, has 
only occasionally been mentioned in the literature [18], and in order to exclude in- 
sufficient centrifugal effect in our standard procedure, the time integral of (rev./min) z 
was increased 2-fold. However, this change did not alter the sedimentation profile 
whether or not mitochondria were preincubated in the presence of iron. 

Distribution of 59Fe following preincubation of mitochondria with 59Fe(llI)-sucrose 
From Table II it is seen that approx. 50% of the iron accumulation by an 

energy-dependent process was recovered in the soluble matrix and intermembrane 
space, whereas approx. 30% was recovered in the inner membrane. Only 10% of the 
energy-dependent accumulation could be attributed to the fractions containing outer 
membrane (Lm I and LmlI ). On the other hand, these fractions revealed a significant 
energy-independent iron accumulation. It should also be noted that the inner mem- 
brane appears to accumulate iron (probably as iron(III)-sucrose complex(es) [6]) 
by an energy-independent process as well. 

To exclude the possibility of a significant accumulation of iron in the inter- 
membrane space, the distribution of iron in 'mitoplasts' (inner membrane plus 
matrix), outer membranes and the intermembrane space was studied (Fig. 2). At a 
digitonin concentration of approx. 0.2 mg per mg of protein, less than 3 % of the 
energy-dependent and 43 % of the energy-independent iron accumulated was re- 
covered in a fraction (Ld) containing 53.5 % of the total amine oxidase activity and 
69.5% of the total adenylate kinase activity. However, from the amount of protein 
and the activities of malate dehydrogenase and cytochrome c oxidase, this fraction 
was significantly contaminated with matrix. 

Binding of SgFe to mitochondrial membranes following incubation with 59Fe(II1)-- 
sucrose complex(es) 

Mitochondrial outer and inner membranes, prepared by mechanical disruption 
and density gradient centrifugation, were incubated with 59Fe(III)-sucrose (0.2 mM 
of iron) and re-centrifuged on the standard discontinuous density gradient. Again, 
the outer membranes revealed the highest capacity for the passive binding of iron. 
The specific activities were; outer membrane, 88.6 nmoles of iron per mg of protein 
(range 63.2-92.2, n : 4) and inner membrane, 32.5 nmoles of iron per mg of protein 
(range 27.8-55.6, n = 4). 

DISCUSSION 

In previous studies from this laboratory [1, 2, 6-8], rat liver mitochondria 
were shown to accumulate iron partly by an energy-dependent and partly by an 
energy-independent mechanism. Furthermore, the mitochondria were shown to 
possess two classes of iron binding sites with high and low affinity, respectively, where 
the high-affinity binding sites were linked to the energy-dependent accumulation of 
iron [6]. In the present study, evidence is presented that this accumulation represents 
an energy-dependent matrix as well as inner membrane loading with iron. 

Although the standard procedures of isolating mitochondrial subfractions 
do not give absolutely pure preparations due to cross contamination [14, 18], it is 
important to reduce structure-dependent losses and redistributions of the con- 
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stituents of the various compartments, including the iron accumulated. In the present 
study (Table I) the isolated subfractions were not absolutely pure probably due to 
insufficient separation of the membranes and the soluble phases by the density 
gradient centrifugation. On the other hand, the yields of the enzymic activities were all 
in the range 87-95 Y/oo, ruling out inactivation to any significant extent. Thus, on aver- 
age, both the yields and purities of the mitochondrial subfractions compare favorably 
with those previously reported in the literature [14, 19]. Furthermore, redistribution 
of the iron is probably of minor quantitative significance. First, essentially similar 
results were obtained by disrupting the iron-loaded mitochondria by chemical and 
mechanical means (Figs 1 and 2). Secondly, by incubating isolated outer and inner 
membranes with iron, these membranes accumulated iron at amounts which are 
equivalent to those of intact mitochondria. Finally, less than 2 ~o of the iron thus 
accumulated precipitated as insoluble hydroxides when the iron-loaded mitochondria 
were layered on a discontinuous sucrose gradient and centrifuged as described (see 
Materials and Methods). 

From the data presented in Figs 1 and 2 it is unlikely that the mitochondrial 
compartments containing amine oxidase and adenylate kinase activities are involved 
in the energy-dependent accumulation of iron since 80~o of the iron thus accumulated 
was recovered in the soluble matrix (approx. 50~o) and inner membrane fractions 
(approx. 30~o). 

As far as divalent cations are concerned, the energy-dependent accumulation 
of Ca 2 + [20, 21], Sr 2 + [22] and Ba 2 + [23 ] takes place as granules located in the mito- 
chondrial matrix, and these granules have been shown to be cation-phosphate com- 
plexes [20-24]. On the other hand, in the present study it is shown that iron cannot 
be accumulated in the matrix as insoluble phosphate complexes, but in a highly 
soluble and stable form. As to the nature of the binding sites and storage form of 
iron in the different mitochondrial compartments, no conclusive experimental data 
are yet available. However, from studies on the structure of the outer membrane [25], 
the proposed mechanism of action of digitonin [17], the reactivity of iron with serine 
derivates [26, 27] and the increased resistance of iron-loaded mitochondria to dig- 
itonin, it would be tempting to suggest that iron somehow reacts with cholesterol 
and/or phosphatidylserine molecules in the outer membrane, making this structure 
less susceptible to disintegration by digitonin. The molecular events underlying the 
further binding and transport of iron to the inner compartments of the mitochondria, 
are not yet known. From studies with rat liver cytosol phosphoproteins, Moret and 
co-workers [27, 28] have suggested that phosphoproteins may act as iron carriers, 
at least to the level of the inner membrane. On the other hand, from studies on the 
structure and distribution of the mitochondrial Ca 2 +-binding glycoproteins [29, 30], 
and the similarities between the accumulation of Ca 2 + and Fe 3 + [6], the roles played 
by cytosolic and mitochondrial components in the iron accumulation process are far 
from settled. 
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