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Abstract—Isolated rat liver mitochondria rapidly bound the !*C-labeled organic cations spermidine, a
physiologically important polyamine, and methylglyoxal-bis(guanylhydrazone) (MGBG), an anticancer
drug. This rapid, Mg?*-sensitive, respiration-independent binding is assumed to involve adsorption to
anionic surface groups. A slower progressive uptake of the organic cations exhibited respiration
dependence, indicating that it involves transport across the inner mitochondrial membrane into the
matrix compartment. Addition of digitonin, to lyse the outer mitochondrial membrane, caused an
increase in the mitochondrial content of the organic cations and enhanced the rate of progressive,
respiration-dependent cation uptake. The data are consistent with the interpretation that the outer
mitochondrial membrane limits access of the organic cations, spermidine and MGBG, to the inner
mitochondrial membrane. This conclusion is supported also by published data indicating that outer
membrane lysis enhances inhibitory effects of the organic cations on mitochondrial respiration. The
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uptake of spermidine by mitochondria was inhibited by MGBG.

The anticancer drug methylglyoxal-bis(guanylhydra-
zone) (MGBG), which is structurally similar
to the physiologically important polyamine sper-
midine, blocks cellular synthesis of spermidine
and the related polyamine spermine, by inhibiting
enzymic decarboxylation of S-adenosylmethionine
{1]. Various organic cations, including antitumor
drugs such as MGBG and adriamycin, the poly-
amines spermidine and spermine, and alkyl guan-
idines, inhibit respiratory chain activities of isolated
mitochondria [2~-10]. Cytotoxic effects of the cati-
onic drugs have been attributed in part to in-
hibitory effects on oxidative phosphorylation
[3,4,8,11]. In addition to directly inhibiting res-
piration, MGBG inhibits carnitine-dependent oxi-
dation of long chain fatty acids [12].

At submillimolar concentrations, spermine par-
tially restores respiratory control and stimulates state
3 respiration in heat-aged mitochondria [13]. Sperm-
ine also alters kinetics of Ca®* transport into and
out of mitochondria [14-16], and activates ATPase
activity in submitochondrial particles [17]. Slow,
respiration-dependent uptake of [!*C]spermine by
rat liver mitochondria, accompanied by enhanced
uptake of P;, has been demonstrated [18, 19].

Lysis of the outer mitochondrial membrane via
treatment with digitonin or osmotic shock has been
found not to affect significantly the integrity of the
inner membrane, although slight uncoupling has
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been demonstrated [9, 20-23]. Mitoplasts prepared
by digitonin lysis of the outer membrane retain most
of their endogenous K* [23]. Pretreatment of rat
liver mitochondria with digitonin or osmotic shock
increases their susceptibility to respiratory inhibition
by cationic drugs and polyamines [9].

Voltage-dependent, high conductance channels
have been identified in, and purified from, outer
membranes of mitochondria from a variety of tissues
and species, including rat liver [24-27]. Estimates of
the diameter of the open channel range from about
2 to 4 nm [25-28]. The reconstituted channels exhibit
gn]eater permeability to anions than to cations [24-
27).

The present studies examined the effects of digi-
tonin and the respiratory chain inhibitor antimycin
A on the uptake of 1*C-labeled spermidine and
MGBG by rat liver mitochondria. Some of this work
has been presented in abstract form [29], and a brief
meeting report has summarized related studies [30].

MATERIALS AND METHODS

Mitochondria were isolated from rat liver by stand-
ard procedures, in medium containing 225 mM man-
nitol, 75 mM sucrose, and 2mM sodium EDTA,
pH 7, supplemented during the initial stages of prep-
aration with 0.1% bovine serum albumin (fatty acid
free, Sigma Chemical Co.). Mitochondrial protein
was measured by the biuret procedure [31]. Mito-
chondria (5.6 to 7.0 mg protein/ml) were incubated
at 20° in medium containing, unless specified other-
wise, 240 mM mannitol, 9 mM KCl, 4.4 or 24.4 mM
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MgCl,, and 9mM P; plus 22mM succinic acid
(adjusted to pH7.0 with NaOH). Radioisotope
tracers added were *H,O (about 1.5 uCi/ml, NEN
Products), and [!*C]spermidine (about 0.3 uCi/ml,
NEN Products or Amersham Corp.) or [*CIMGBG
{about 0.4 uCi/ml, Amersham Corp.). For some
samples in some experiments, [“Clsucrose or {1*C-
carboxyldextran (NEN Products) was substituted for
the labeled cation. Media included 5 mM spermidine
and/or MGBG (Sigma Chemical Co.). These con-
centrations may be considered close to physio-
logically relevant levels, based on reports of the
spermidine contents of animal tissues and the known
ability of cells to concentrate polyamines and MGBG
[e.g. see Refs. 6 and 32-38]. When added, digitonin
(Fisher Scientific Co.) was at 0.1 mg/mg protein, and
antimycin A (Sigma Chemical Co.) at 0.2 ug/ml (31—
35 ng/mg protein).

Mitochondria were separated from the incubation
medium by centrifugation through silicone into 15%
HCIO, [39], using Eppendorf or Beckman micro-
centrifuges. Where incubation time is specified, it
refers to the time when the microcentrifuge was
started. The actual time of separation of mito-
chondria from the incubation medium would be 15—
30 sec later. Radioisotopes were assayed by liquid
scintillation counting. The distribution space of each
labeled compound was calculated from the counts in
the acid layer and the supernatant specific activity,
as in previous studies [40]. Distribution spaces pre-
sented correspond to 0.2-ml samples of the incu-
bation mixture, or 1.1 to 1.4mg protein. About
20% of [CIMGBG counts sedimenting with the
mitochondria were found to adhere to the denatured
membranes pelleted below the HCIO,. Therefore
each pellet, as well as the acid extract, was counted
to determine the total uptake of MGBG. The other
labeled compounds were found not to bind to the
denatured membranes in the presence of HCIO,. In
some experiments, the K* content of mitochondrial
samples was determined by atomic absorption analy-
sis of the HCIO, extracts. For the values reported,
K* in the sucrose penetrable space was subtracted
from the total K* sedimenting with the mito-
chondria.

RESULTS AND DISCUSSION

The data of Table 1 show rapid initial binding of
each of the labeled cations, spermidine and MGBG,
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followed by additional uptake during the subsequent
4 min of incubation. Spermidine and MGBG distri-
bution spaces equalled or exceeded the distribution
space of *H,O under all conditions tested.
[**C]Sucrose, which is sometimes used as a marker
for the fluid space external to the mitochondrial
matrix [39], was found to penetrate approximately
70% of the water space under the conditions of these
experiments. [C-carboxy]Dextran, in the size range
50,000-70,000 daltons, used as a marker for en-
trained medium external to the outer mitochondrial
membrane, was found to penetrate approximately
40-45% of water sedimenting with the mitochondria
under equivalent conditions. Distribution ratios
greater than 1.0 for the organic cations could result
from accumulation against a gradient and/or
adsorption to membrane surfaces. The rapidity and
lack of respiration dependence (see below) of the
initial uptake of each organic cation are consistent
with the interpretation that this uptake, in excess of
that in the entrained medium, is at least partly due
to adsorption to anionic membrane groups.

These studies have, in part, been aimed at testing
whether enhanced uptake of the organic cations,
corresponding to penetration of the outer mito-
chondrial membrane, results following lysis of the
outer membrane with digitonin, as predicted by
earlier findings [9]. The space between the inner and
outer membranes corresponds to about 30% of the
total water space under the conditions studied. The
ability to detect uptake into this space is limited by
the background of surface binding of the labeled
cations. The electrophoretic mobility of mito-
chondria is altered by polyamines and MGBG, sug-
gesting binding of these organic cations to negative
surface charges [6,7]. Experiments such as those
shown in Table 1 have examined whether the sen-
sitivity of the uptake assays could be increased by
decreasing surface adsorption via addition of inor-
ganic cations to compete with the organic cations for
binding to anionic membrane groups. As shown in
Table 1, increasing the Mgz‘* content of the medium
decreased both the initial and progressive uptakes of
spermidine and MGBG. In most of the remaining
experiments, media were used containing the higher
concentration of Mg?*.

As shown in Fig. 1, addition of digitonin, at a
concentration sufficient to make the outer mito-
chondrial membrane permeable to cytochrome ¢ [9],
caused an additional uptake of labeled spermidine.

Table 1. Effect of increased Mg?* on uptake of the organic cations spermidine and MGBG

Labeled Mg Cation uptake Cation space

Expt. cation {mM) min {nmol/mg protein) Water space
A Spermidine 4.4 0.5 145+ 0.7 1.31 £0.02
4.4 5.0 20.4+ 0.6 1.71 £ 0.03

24.4 0.5 95+05 1.03x0.01

24.4 5.0 11.0+0.1 1.13£0.04

B MGBG 4.4 0.5 242+ 0.6 2.31+0.07
4.4 5.0 41.8 %37 3.64 = 0.08

24.4 0.5 17.4 0.6 1.82 +0.03

24.4 5.0 249+1.1 248 =0.13

Values shown are means of three determinations = SD.
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Fig. 1. Effect of digitonin addition on spermidine uptake.

The medium contained 24.4 mM Mg**. The distribution

spaces of [*Clspermidine and *H,O are plotted as a func-

tion of incubation time. The values shown are means of

three determinations = SD. Symbols: (@) control samples;
and (O) digitonin was added at 1 min.

The slower increase in spermidine content, which
followed the initial rapid binding, was also enhanced
after digitonin addition. The observed increase in
the total water space may result from an increase in
entrained medium, as the cristae become everted
following digitonin treatment [20]. The matrix
volume, estimated from the difference between
3H,0 and [*C]sucrose distribution spaces, showed
no significant change with the digitonin treatment.
In the experiment of Fig. 1, the matrix volume cor-
responding to a 1.12 mg protein sample, after S min
of incubation, was 0.68 to 0.74 ul for control mito-
chondria and 0.72 to 0.75 ul for digitonin-treated
mitochondria. Measurements of K* sedimenting
with the mitochondria indicate retention of endogen-
ous K* following the digitonin addition, consistent
with earlier studies [23]. In the experiment of Fig.
1, after 5min of incubation the mitochondrial K*
content was 61 = 5Snmol/mg protein for control
samples and 70 = 7 for digitonin-treated samples.
Thus, the inner mitochondrial membrane per-
meability to both sucrose and K* does not appear to
be grossly altered by the digitonin treatment under
the conditions of these experiments.

When the change in the average spermidine distri-
bution space was compared to the change in the
average water space, it was apparent that there was
a greater increase in the spermidine space. This
difference may be interpreted as reflecting pen-
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Fig. 2. Effect of digitonin addition on MGBG uptake. The
medium contained 24.4 mM Mg?*. Distribution spaces of
[“CIMGBG (O, ®) and *H,O (O, B) are plotted as a
function of incubation time. The values shown are averages
of distribution spaces determined in three separate exper-
iments = SD. The solid symbols (@, B) represent control
samples, whereas the open symbols (O, O) depict samples
to which digitonin was added at 1 min.

etration of spermidine into the space between the
inner and outer membranes, and perhaps binding to
now accessible membrane sites facing this com-
partment. A similar effect of digitonin on the uptake
of MGBG is shown in Fig. 2.

Tables 2 and 3 examine the effect of the respiratory
chain inhibitor antimycin A on uptake of spermidine
and MGBG, in the presence and absence of
digitonin. Spermidine and MGBG themselves cause
only partial inhibition of respiration (less than 50%)
under the conditions tested [9]. Antimycin A blocked
the progressive uptake of each of the organic cations
in the absence of digitonin and prevented the
enhanced rate of uptake following digitonin addition.
A similar effect of the uncoupler carbonyl cyanide m-
chlorophenylhydrazone in inhibiting the progressive
uptake of spermidine has been observed {30].
Activity of the respiratory chain, which is localized
in the inner mitochondrial membrane, is associated
with outward transport of protons [41]. The resulting
electrical gradient is considered to be the driving
force for accumulation of permeant cations in the

Table 2. Effect of antimycin A on spermidine uptake in the presence and absence of digitonin

Spermidine Water ASp. space AW space
space space + digitonin + digitonin
Additions min (ul) (u) (ul) (ul)
None 1 2.13+0.12 1.89 = 0.05
5 2.31+0.10 2.00 £0.07
Digitonin 1 3.45x0.15 2.68+0.14 1.32 0.79
5 4.15+0.05 293 +0.11 1.84 0.93
Antimycin A 1 2.04 £ 0.06 1.88 £ 0.03
5 2.05 +0.05 1.89 + 0.08
Anti. A + Dig. 1 3.27x0.16 2.75+0.12 1.23 0.87
5 325+0.16 2.77+0.13 1.20 0.88

All reagents were present in the medium from zero time. The Mg?* concentration was 24.4 mM.
Values shown are means of three determinations + SD.
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Table 3. Effect of antimycin A on MGBG uptake in the presence and absence of digitonin

MGBG Water AMGBG space AW space
space space + digitonin + digitonin
Additions min (ul) (ub) (ul) (ul)
None 1 4.55+0.15 2.40 +0.08
5 6.13 £ 0.06 2.52 £0.06
Digitonin 1 5.61 034 3.09x0.18 1.06 0.69
5 7.58 £0.38 3.21x0.10 1.45 0.69
Antimycin A 1 428 +0.17 247 £0.18
5 440 £0.22 2.49+0.35
Anti. A + Dig. 1 516 +0.18 3.01£0.34 0.88 0.54
5 5.47+0.10 3.15+0.15 1.07 0.66

All reagents were present in the medium from zero time. The Mg?* concentration was 24.4 mM.
Values shown are means of four determinations + SD.

matrix compartment, in accordance with the
chemiosmotic model [41]. Thus, the respiration
dependence of the progressive uptake of organic
cations indicates that this uptake involves transport
across the inner mitochondrial membrane into the
matrix compartment.

The increased rates of uptake following lysis of
the outer membrane with digitonin may be explained
as resulting from increased access of the organic
cations to transport sites on the outer surface of the
inner mitochondrial membrane. The slow pro-
gressive uptake of the organic cations in the absence
of digitonin may be attributable to a subfraction
of the isolated mitochondria having damaged outer
membranes (found to vary from 10 to 40% in a
previous study [9]) or to slow penetration of the
outer membrane channels. Published studies have
shown that spermine uptake by mitochondria
exhibits respiration dependence and sensitivity to
inhibition by Mg?* [18], as does the uptake of sper-
midine and MGBG described here. However, in the
published studies of spermine uptake [18], effects of
digitonin were not tested, and experiments were not
designed to evaluate whether the outer membrane
permeability barrier might be limiting rates of sperm-
ine uptake.

Table 4A shows the effect of MGBG on uptake
of spermidine, present in the medium at the same
concentration, while Table 4B summarizes similar
observations of the effect of spermidine on uptake of
equimolar MGBG. The relatively high distribution
spaces obtained in these experiments relate, in part,
to the fact that the medium contained a lower con-
centration of Mg?* (5 mM) than was used in most of
the other experiments presented in this paper. As
shown in Table 4A, MGBG decreased the rapid
binding of spermidine, both in the presence and
absence of digitonin. The progressive uptake of sper-
midine, which was enhanced in the mitochondria
with lysed outer membranes, was diminished in the
presence of MGBG. Thus, MGBG appears to inhibit
both adsorption of spermidine to the mitochondrial
membranes and transport of spermidine into the
matrix compartment. The small decrease in the aver-
age 5-min uptake of MGBG caused by equimolar
spermidine, which is apparent in Table 4B, was
within the range of variability of the data. Whether
the difference in degree of cross inhibition by the
two organic cations may reflect different affinities of
these compounds for binding and transport sites
requires further study.

The mechanism(s) by which: spermidine and

Table 4. Effect of MGBG on spermidine uptake and effect of spermidine on MGBG uptake

Distribution space ASpace

(ul) (u)

Labeled

cation Additions 1 min S min 1-5 min
A Spermidine None 84+12 10.1 0.9 1.8+0.3
Digitonin 122+1.1 172+25 50+1.4
MGBG 4.7+0.4 6.1+0.6 1.4+0.2
Dig. + MGBG 74%1.0 102+ 1.1 2904
B MGBG None 9.1+0.9 12.0 = 0.6 2907
Digitonin 12.2+0.8 173+14 5109
Spermidine 8.1x0.6 10.9 £ 0.9 2.8x0.6
Dig. + Sperm. 11.2+£1.0 14.8+1.5 36+1.4

The incubation medium included 300 mM mannitol, 10 mM KCl, 10 mM KP;, 5 mM MgCl,, and
12 mM succinic acid, and was adjusted to pH 7.0 with NaOH. All reagents were present from zero
time. In A the medium included 5 mM spermidine with [*C]spermidine, and 5 mM MGBG was
present only as indicated. Distribution spaces shown are means of average values determined in
three experiments * SD. In B the medium included 5 mM MGBG with ["*CJMGBG, and 5 mM
spermidine was present only as indicated. Distribution spaces shown are means of five to six
determinations pooled from two separate experiments + SD,
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MGBG penetrate the inner mitochondrial mem-
brane remains to be determined. Transporters medi-
ating uptakes of the inorganic cations Ca?* [42], K*
[43], and Mg?* {44, 45], and the cationic amino acids
ornithine and lysine [40, 46-50] by rat liver mito-
chondria have been characterized to varying degrees.
Plasma membranes of various cell types contain a
specific transport system which mediates cellu-
lar accumulation of the polyamines and MGBG
[34-38, 51]. It remains to be determined whether the
inner mitochondrial membrane contains a trans-
porter specific for the polyamines and related
compounds.

Published evidence has been interpreted as indi-
cating that the outer mitochondrial membrane limits
access of the anionic solutes, adenine nucleotides
and glyceraldehyde-3-phosphate, to enzymes within
or facing the intermembrane space [52]. Results of
the present studies are consistent with the inter-
pretation that the outer mitochondrial membrane
may limit access of the organic cations spermidine
and MGBG to the inner membrane. This conclusion
is also supported by metabolic studies indicating that
outer membrane lysis enhances inhibitory effects of
organic cations on mitochondrial respiration [9]. The
ability of the outer mitochondrial membrane to act
as a barrier to penetration of spermidine and MGBG
would appear to be physiologically significant, con-
sidering the concentrations of these organic cations
which may exist within mammalian cells under nor-
mal or clinically relevant conditions [6, 32-38], and
the known inhibitory effects of these compounds on
mitochondrial function [2-12].

Acknowledgements—This work was supported in part by
Grant GM-20726 from the National Institutes of Health
and by Grant DMB-8315666 from the National Science
Foundation, U.S.A.

REFERENCES

1. A. Corti, C. Dave, H. G. Williams-Ashman, E. Mihich
and A. Schenone, Biochem. J. 139, 351 (1974).
. B. C. Pressman, J. biol. Chem. 238, 401 (1963).
. M. Gosalvez, M. Blanco, J. Hunter, M. Miko and B.
Chance, Eur. J. Cancer 10, 567 (1974).
4. K. Mailer and D. H. Petering, Biochem. Pharmac. 25,
2085 (1976).
5. R. R. J. Chaffee, R. M. Arine, R. H. Rochelle and C.
D. Walker, in Advances in Polyamine Research (Eds.
R. A. Campbell, D. R. Morris, D. Bartos, G. D. Daves
and F. Bartos), Vol. 2, p. 123. Raven Press, New York
(1978).
6. J. Z. Byczkowski, W. Salamon, J. P. Harlos and C. W.
Porter, Biochem. Pharmac. 30, 2851 (1981).
7.J. Z. Byczkowski, L. Zychlinski and C. W. Porter,
Biochem. Pharmac. 31, 4045 (1982).
8. H. Muhammed, T. Ramasarma and C. K. R. Kurup,
Biochim. biophys. Acta 722, 43 (1982).
9. C. A. Mannella, N. Capalongo and R. Berkowitz,
Biochim. biophys. Acta 848, 312 (1986).
10. H. Porumb and I. Petrescu, Progr. Biophys. molec.
Biol. 48, 103 (1986).
11. R. P. Warrell and J. H. Burchenal, J. clin. Oncol. 1,
52 (1983).
12. P. Nikula, H. Ruohola, L. Alhonen-Hongisto and J.
Janne, Biochem. J. 228, 513 (1985).
13. J. E. Phillips and R. R. J. Chaffee, Biochem. biophys.
Res. Commun. 108, 174 (1982).

w N

14. K. E. O. Akerman, J. Bioenerget. Biomembr. 9, 65
(1977).

15. C. V. Nicchitta and J. R. Williamson, J. biol. Chem.
259, 12978 (1984).

16. S. Lenzen, R. Hickethier and U. Panten, J. biol. Chem.
261, 16478 (1986).

17. G. Solaini and B. Tadolini, Biochem. J. 218, 495 (1984).

18. A. Toninello, F. DiLisa, D. Siliprandi and N.
Siliprandi, Biochim. biophys. Acta 815, 399 (1985).

19. A. Toninello, F. DilLisa, D. Siliprandi and N.
Siliprandi, Archs Biochem. Biophys. 245, 363 (1986).

20. C. Schnaitman and J. W. Greenawalt, J. Cell Biol. 38,
158 (1968).

21. D. F. Parsons, G. R. Williams and B. Chance, Ann.
N.Y. Acad. Sci. 137, 643 (1966).

22. M. Saint-Macary, M. Laine and B. Foucher, Biochim.
biophys. Acta 547, 170 (1979).

23, H-S. Chang and J. J. Diwan, Biochim. biophys. Acta
681, 220 (1982).

24. M. Colombini, Nature, Lond. 279, 643 (1979).

25. M. Colombini, J. membr. Biol. 53, 79 (1980).

26. N. Roos, R. Benz and D. Brdiczka, Biochim. biophys.
Acta 686, 204 (1982).

27. V. DePinto, M. Tommasino, R. Benz and F. Palmieri,
Biochim. biophys. Acta 813, 230 (1985).

28. C. A. Mannella, A. Ribeiro and J. Frank, Biophys. J.
49, 307 (1986).

29. J.J. Diwan, C. A. Mannella and H. H. Yune, Biophys.
J. 49, 94a (1986).

30. J. J. Diwan, C. A. Mannella, T. Haley, R. Bawa and
H. H. Yune, in Advances in Membrane Biochemistry
and Bioenergetics (Eds. C. Kim, H. Tedeschi, J. Diwan
and J. Salerno), Plenum Press, New York, in press.

31. E. Layne, Meth. Enzym. 3, 447 (1957).

32. H. G. Williams-Ashman and J. Seidenfeld, Biochem.
Pharmac. 35, 1217 (1986).

33, C. W. Tabor and H. Tabor, A. Rev. Biochem. 45, 285
(1976).

34. M. Field, 1. B. Block, V. T. Oliverio and D. P. Ralli,
Cancer Res. 24, 1939 (1964).

35. J-L. Mandel and W. F. Flintoff, J. Cell Physiol. 97, 335
(1978).

36. P. Seppanen, L. Alhonen-Hongisto and J. Janne,
Biochim. biophys. Acta 674, 169 (1981).

37. C. A. Rinehart and K. Y. Chen, J. biol. Chem. 259,
4750 (1984).

38. J. J. Feige and E. M. Chambaz, Biochim. biophys.
Acta 846, 93 (1985).

39. E. J. Harris and K. VanDam, Biochem. J. 106, 759
(1968).

40. D. L. Aronson and J. J. Diwan, Biochemistry 20, 7064
(1981).

41. P. Mitchell, Science 206, 1148 (1979).

42. D. Nicholls and K. Akerman, Biochim. biophys. Acta
683, 57 (1982).

43, J. J. Diwan, J. membr. Biol. 84, 165 (1985).

44, E. Kun, Biochemistry 15, 2328 (1976).

45. J.J. Diwan, M. Dazé, R. Richardson and D. Aronson,
Biochemistry 18, 2590 (1979).

46. J. J. Diwan and J. P. Aram, Biophys. J. 14, 805 (1974).

47. 7. Bryla and E. J. Harris, Fedn Eur. Biochem. Soc.
Lert. 72, 331 (1976).

48. J. D. McGivan, N. M. Bradford and A. D. Beavis,
Biochem. J. 162, 147 (1977).

49. F. A. Hommes, L. Kitchings and A. G. Eller, Biochem.
Med. 30, 313 (1983).

50. F. A. Hommes, A. G. Eller, B. A. Evans and A. L.
Carter, Fedn Eur. Biochem. Soc. Lett. 170, 131 (1984).

51. C. W. Porter, P. F. Cavanaugh, N. Stolowich, B. Ganis,
E. Kelly and R. J. Bergeron, Cancer Res. 45, 2050
(1985).

52. D. Brdiczka, Hoppe-Seyler’s Z. physiol. Chem. 359,
1063 (1978).



