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SUMMARY

Bovine adrenal cortical mitochondria may be stored for as long as 7 days at
—20 °C without loss of citrate, malate or succinate transport activities. Storage in a
medium containing 159, dimethyl sulfoxide, 19, bovine serum albumin and isotonic
sucrose results in least loss of transport and respiratory activities. The tricarboxylate
transport properties of these mitochondria differ from those of rat liver mitochondria
with respect to the efficacy of the dicarboxylic acids on stimulation of citrate uptake.

INTRODUCTION

It has been reported that cryoprotective agents such as dimethyl sulfoxide and
glycerol protect against decrease in respiration and oxidative phosphorylationinisola-
ted rat liver and plant mitochondria when stored below freezing temperatures'—>. No
studies have appeared on retention of transport properties in stored mitochondria.
In recent years, an increasing amount of effort has been devoted to measuring the
fluxes of substrates, particularly the tricarboxylic acid cycleintermediates, acrossthe
rat liver mitochondrial membrane®’. Adrenal cortical mitochondria present and
added complexity because these mitochondria, besides having quite different morpho-
logical fine structure®, contain a second electron transport chain responsible for steroid
hydroxylation reactions in addition to the normal respiratory chain® !!. Recently, we
have shown that isolated beef adrenal cortical mitochondria are capable of transpor-
ting di- and tricarboxylic acids and that they possess distinctive transport properties
not associated with other mammalian mitochondria'?-13,

In this communication we wish to report that we have been able to store beef
adrenal cortical mitochondria for several days —20 °C without substantial loss of tri-
and dicarboxylate transport activity. In addition the preparation of mitochondria
retains some controlled respiratory activity. To the best of our knowledge this is the
first report of citrate transport activity in adrenal cortical mitochondria and that trans-
port activity can be fully retained in stored mammalian mitochondria. The details of
the different anion translocations in bovine adrenal cortical mitochondria will be
described in a subsequent publication.
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METHODS

Beef adrenals, obtained from a local slaughter house, were cleaned of adhering
fat, bissected and the adrenal medulla cut away cleanly with sharp scissors. The
cortex wasscraped from the capsule with a spatula and homogenized in the following
manner.

The minced adrenal cortex was suspended in a medium containing 0.25 M
sucrose, S mM MgCl, and 5 mM Tris—HCIL, pH 7.4, and homogenized for 20 s with
a Polytron homogenizer (Kinematica G.M.B.H., Lucerne, Switzerland) with the
resister setting at 3. The homogenate was subjected to differential centrifugation as
described by Crammer and Estabrook'*.

Mitochondria were incubated at 20 °C for 10 min with labelled metabolites in
a medium containing 80 mM NaCl, 80 mM sucrose, 10 mM KCl, 5 mM MgCl, and
20 mM Tris—HCI, at 7.4, in the presence of 1 ug/ml rotenone and/or 1 ug/ml antimy-
cin A, final volume being 1.5 ml. Both rotenone and antimycin A were added as etha-
nolic solutions. The experiments were started by adding mitochondria (approx. 5 mg
mitochondrial protein per ml incubation medium) and terminated by filtration under
suction, using glass fiber filters (grade 934 AH Reeve Angel, N.J.). The filtration was
followed by a wash with 10 ml of ice-cold incubation medigm. Radioactivity retained
on the filters was determined by liquid scintillation counting. Protein was determined
by the method of Lowry et al.!® on the original mitochondrial suspension. Matrix
space was determined routinely with 3H,0 and ['*C]sucrose'®.

Measurements of respiration'” were carried out polarographically in a medium
described by Crammer and Estabrook'*, using a Clark oxygen electrode (Yellow
Springs Instrument Company, Yellow Springs, Ohio) with a closed reaction vessel of
3.0-ml volume.

Swelling experiments were conducted according to the procedure of Chappell’.

To determine whether the added carboxylic acid is converted to other substan-
ces, the carboxylates were extracted from the mitochondria with 609, HCIO, and
neutralized with concentrated KOH at 0 °C. The clear supernatant of the neutralized
extract was applied to silica gel G 254 thin-layer chromatographic plates and separated
in a solvent system consisting of diethyl ether—formic acid—water (18:5:9, v/v/v)'8,
or chromatographed on Whatman No. 1 filter paper with terz-butanol-formic acid-
water (76:5:19, v/v/v)!?. All radioactive materials which were taken up by the mito-
chondria migrated as discrete spots in both systems and were identified by cochroma-
tography with authentic standards.

All radioisotopes except malate were purchased from New England Nuclear
Corp., Boston, Mass. Rotenone was obtained from Sigma, St. Louis, Mo., and anti-
mycin A was purchased from Schwarz/Mann, Orangeburg, N.Y. All other chemicals
used were of reagent grade. *C-Malate was purchased from Amersham/Searle,
Arlington Heights, 111., U.S.A. _

The following activities were measured: (1) oxygen utilization, including respi-
ratory-control ratio; (2) citrate transport; (3) malate and succinate transport.

RESULTS

The data in Table 1 show that after storage in 19, albumin and 15%, dimethyl
sulfoxide, at —20 °C for 24 h, beef adrenal mitochondria retain some coupled respi-
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TABLE I

STABILITY OF THE CITRATE TRANSPORT SYSTEM IN BOVINE ADRENAL COR-
TICAL MITOCHONDRIA UPON STORAGE IN VARIOUS MEDIA AT -20°C

The citrate accumulation values represent the means + S.D. of 4 experiments. Details as described
in the text.

Storage medium Citrate accumulation in matrix space (mM)  Respiratory

and time stored control ratio

(days) — Succinate + Succinate with succinate
(I mM) as substrate

(I) Buffered sucrose

0 0.6+0.1 4.0+0.3 2.4

1 0.5+0.05 1.0+0.1 1.1
(II) +bovine serum albumin (1%)

0 0.7+0.1 4.0+0.2 23

1 0.6+0.1 20+0.1 1.6
(I1I) + dimethy! sulfoxide (15%)

0 0.7+0.1 3.8+04 2.5

1 0.7+0.1 1.5+0.2 2.0

(IV) +bovine serum albumin (1%)
+ dimethyl sulfoxide (15%)

0 0.5+0.1 3.6+0.4 2.4
1 0.6+0.1 3.7+£03 1.9
2 0.6+0.1 3.6+03 1.7
7 0.6+0.1 3.5+04 1.5
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Fig. 1. Citrate accumulation in fresh and stored mitochondria. The experimental details are given
in the text. The values given are means of four experiments. The vertical bars represent the S.D.
The concentrations of all carboxylic acids was 1 mM. Succ, succinate; fum, fumarate; o-keto,
a-ketoglutarate; pyr, pyruvate; isocit, isocitrate.
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ratory activity. It should be noted that even with our best and freshest preparations,
the respiratory control is 2.4 which is considerably less than the value obtained with
other mammalian mitochondria. These data are consistent with previous observations
on the low respiratory control ratio of adrenal cortical mitochondria!* and may reflect
the presence of two discrete electron transport chains.

More striking, however, is the fact that dicarboxylate-stimulated citrate uptake
is maintained after seven days storage without any significant decrease in activity
(Fig. 1 and Table I). The only consistent difference in behaviour that we have observed
between fresh and 7-day stored mitochondria is that the matrix space (the space
impenetrable by sucrose) increased by about 10%upon storage, suggesting that there
may be some changes in permeability. This conclusion was made earlier concerning
plant and rat liver mitochondria stored at — 18 °C and — 15 °C, respectively'**. That
transport of other anions is also maintained upon storage is shown in Table II with
malate and succinate whose uptake is unimpaired after 48 h at —20 °C.

TABLE 11

STABILITY OF THE SUCCINATE AND MALATE TRANSPORT SYSTEM IN BOVINE
CORTICAL MITOCHONDRIA UPON STORAGE AT —-20 °C

Time stored™ Accumulation in matrix space (nM)**
(days) -
Succinate Malate
0 5.7+0.3 5.0+0.4
2 5.4+0.4 5.1+0.3

* Mitochondria were stored in a medium containing 159% dimethyl sulfoxide, 19, bovine
serum albumin and buffered sucrose. Succinate and malate added at 1 mM.
** The dicarboxylate accumulation values represent the means + S.D. of 4 experiments.

It may be noted that with adrenal cortical mitochondria, succinate stimulates
the uptake of citrate to a greater extent than does malate (Fig. 1). Indeed our data
show that fumarate and succinate are equally effective and stimulate uptake by nearly
509, more than does malate at equivalent medium concentrations. This result is in
direct contrast to the data with rat liver mitochondria where it is believed that malate
is the primary dicarboxylate exchanger with the citrate carrier®”. Our data show that
at concentrations from 0.5 to 3 mM succinate and fumarate stimulate citrate uptake
by nearly 50% more than does L-malate at any equivalent concentration in that range.
(Concentrations of succinate greater than 5 mM are inhibitory.) Since these experi-
ments were conducted in the presence of rotenone and antimycin A at a concentration
sufficient to block over 90%, of the respiratory activity?, it is unlikely that the succi-
nate could have been converted to malate to bring about the increased uptake.

Since these data are different from those anticipated with rat liver mitochondria,
we carried out swelling experiments in isotonic ammonium citrate, malate and succi-
nate with mitochondria from the two sources to verify the difference in behaviour.

The results in Fig. 2 show that in adrenal cortical mitochondria there is no
swelling in ammonium citrate unless a small amount of succinate (malate or fumarate)
is added. As before, rotenone and antimycin A were present. Addition of P; was not
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required. Preliminary results have shown that absence of a requirement for added P,
may be due to the presence of sufficient intramitochondrial P;,. Measurement of P,
content after incubation in presence and absence of malate shows that the dicarboxy-
late causes a decrease in mitochondrial P;. (Preliminary observations have also shown
that these mitochondria swell in ammonium phosphate indicating the presence of a
phosphate transtocator.)
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Fig. 2. The swelling of isolated bovine adrenal cortical mitochondria suspended in 75 mM am-
monium citrate or 100 mM ammonium succinate. Mitochondria (0.1 mg of protein) were sus-
pended at 20 °C in 1 ml of the ammonium salt, containing 5 mM Tris—HCl (pH 7.4). Swelling
was monitored at 610 nm using a Beckman DB spectrophotometer. In all cases, respiration was
blocked with rotenone (1.0 ug/ml) and antimycin A (1.0 ug/ml). Where indicated succinate was
added at a final concentration of 2 mM. BM—M, ammonium citrate+2 mM succinate; @—@,
ammonium succinate or malate. Similar results were obtained with addition of malate or fumarate
(data not shown) to ammonium citrate.

Fig. 3. Swelling of isolated rat liver mitochondria in ammonium citrate (75 mM), malate (100 mM)
or succinate (100 mM). Conditions as for Fig. 2. At the points indicated malate, succinate or
phosphate were each added at a final concentration of 2 mM. B—Ml, ammonium citrate + succinate
(2 mM); O—0, ammonium citrate + malate (2 mM); @—@, ammonium succinate; O—O, am-
monium malate.

In contrast, in rat liver mitochondria (Fig. 3), malate, but not succinate, induced
swelling with ammonium citrate and addition of P; was required to obtain swelling
in either ammonium citrate + malate or ammonium malate. The results are consistent
with those in Fig. 1 and indicate that the transport properties of adrenal cortical
mitochondria are different from those of rat liver.

The results of the swelling experiments and the stimulated uptake of citrate with
fumarate suggest that fumarate also may be transported by adrenal cortical mitochon-
dria. However, the possibility that some of the action of fumarate may be due to
conversion to malate through contaminating fumarase is not eliminated.

The data of Chappell” indicated that malate was specific amongst the dicar-
boxylic acids in stimulating an exchange with citrate in rat liver mitochondria. Fer-
guson and Williams*4 showed some years ago that a number of structural analogues of
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malate would stimulate citrate uptake. The effect of succinate was ascribed, at least
in part, to its conversion to malate. It has recently been reported that other dicarboxy-
lates including succinate willstimulate exchange with citrateinratliver mitochondria®!
and in beef heart mitochondria??. The data of Kleineke er al*' suggest that the
specificity for thedicarboxylate in liver is rather low,with malate being bestexchanged.

Although some biochemical properties of the mitochondria appear to be retain-
ed upon storage, the actual appearance of the mitochondria under the electron micros-
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cope is different from that of a fresh preparation (Fig. 4). First, the dense matrix
appears to disappear. Second, the cristae are less evident and third, the external mem-

N

Fig. 4. Electron microscope micrographs of fresh and stored bovine adrenal mitochondria. The
mitochondria were fixed in 29 glutaraldehyde in phosphate buffer, pH 7.4, isotonic with our
incubation medium and then treated with 19, OsO4. Lead citrate was used as the contrast agent.
A, freshly isolated mitochondria; B, mitochondria stored for 7 days before fixation. Magnifi-
cation approx. 90000 x .
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brane appears discontinuous in many areas. We do not know whether these changes
in appearance are reversible.

Despite the histological alterations, the functional activity of the anion transport
system is maintained. It would appear that the outer membrane does not contribute
greatly to the regulation of anion transport activity in these mitochondria. This
possibility is currently under investigation.

Thus our findings suggest that adrenal cortical mitochondria contain functional
di- and tricarboxylate carriers and that the tricarboxylate carrier shows different selec-
tivity than rat liver mitochondria for dicarboxylic acids.

ACKNOWLEDGEMENTS

The decision to try a mixture of albumin and dimethylsulfoxide to store the
mitochondria was based on a suggestion by Miss Mary Ong?3, working with Dr A, R.
Wasserman, Department of Biochemistry, McGill University. This work was suppor-
ted by a grant from the Medical Research Council of Canada. One of us (D.T.) is a
holder of a J. B. Collip Scholarship awarded by the Faculty of Medicine, McGill
University.

REFERENCES

Lusena, C. V. (1965) Can. J. Biochem. 43, 1787-1798

Lusena, C. V. and Dass, C. M. S. (1966) Can. J. Biochem. 44, 775-781

Greiff, D. and Myers, M. (1961) Nature 190, 1202-1204

Dickinson, D. B., Misch, M. J. and Drury, R. E. (1967) Science 156, 1738-1739

Walton, K. G., Kervina, M., Fleischer, S. and Dow, D. S. (1970) J. Bioenerg. 1, 3-8

Klingenberg, M. (1970) Essays Biochem. 6, 119-159

Chappell, J. B. (1968) Br. Med. Bull. 24, 150-157

Allman, D. W., Wakabayashi, T., Korman, E. F. and Green, D. E. (1970) J. Bioenerg. 1, 73-86

Harding, B. W. and Nelson, D. H. (1966) J. Biol. Chem. 241, 2212-2219

Omura, T., Sanders, E., Estabrook, R. W., Cooper, D. Y. and Rosenthal O. (1966) Arch.

Biochem. Biophys. 117 660-673

11 Suzuki, K. and Kumura, T. (1967) J. Biol. Chem. 242, 485-491

12 Tsang, D. and Johnstone, R. M. (1972) Fed. Proc. 31, 288

13 Tsang, D. and Johnstone, R. M. (1972) Can. Fed. Biol. Sci. 15, 678

14 Crammer, W. and Estabrook, R. W. (1967) Arch. Biochem. Biophys. 122, 721-734

15 Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. (1951) J. Biol. Chem. 193,
265-275

16 Werkheiser, W. C. and Bartley, W. (1957) Biochem. J. 66, 79-91

17 Estabrook, R. W. (1967) in Methods in Enzymology (Estabrook, R. W. and Pullman, M. E.,
eds), Vol. 10, pp. 41-47, Academic Press, New York

18 Radecke, H. R. (1963) Pharmazie 18, 402-405

19 Gamble, J. L., Jr. (1965) J. Biol. Chem. 240, 2668-2672

20 Slater, E. C. (1967) in Methods in Enzymology (Estabrook, R. W. and Pullman, M. E., eds),
Vol. 10, pp. 48-57, Academic Press, New York

21 Kleineke, J., Sauer, J. K. W. and Soling, H. D. (1973) FEBS Lett. 29, 82-86

22 Scott, K. M., Jurkowitz, M. and Brierley, G. P. (1972) Arch. Biochem. Biophys. 153, 682-694

23 Ong, M. (1970) M. Sc. Thesis, McGill University

24 Ferguson, S. M. F. and Williams, G. R. (1966) J. Biol. Chem. 241, 3696-3700

OO0 AW P W =



