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EFFECT OF POLYAMINES ON OXYGEN AND METABOLITE
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Summary. The effect of various polyamines (PA) on O2 and succinate up-
take by mitochondria, bacteroids and symbiosomes isolated from Galega
orientalis nodules was investigated. Bacteroid respiration was characterized
by a low endogenous rate of O2 uptake which was stimulated by addition of
succinate. Maximum O2 uptake occurred when Galega bacteroids and sym-
biosomes were incubated with various PA at concentration of 50 µM and
mitochondria at concentration of 10–50 µM. Diamines, putrescine (Put) and
cadaverine (Cad) markedly increased permeability of the mitochondrial and
symbiotic membranes to succinate and to O2, while spermidine (Spd) and
spermine (Spm) showed a lower stimulating effect. Addition of 400 µM Ca2+

which usually exerted an inhibitory effect on Put and Cad uptake by mito-
chondria, reduced O2 uptake to the control level. Oxygen consumption was
also inhibited by 100 mM K+ which decreased Spd and Spm transport. It
might be suggested that the physiological role of PA in nitrogen fixation may
be to a large extent associated with their effect on metabolite and O2 transport
across mitochondrial and symbiotic membranes.
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Introduction

Most of the biological functions of PA are attributed to their polycationic nature (Tak-
eda et al., 1983). As polycations, they bind noncovalently to negatively charged phos-
pholipids and many types of proteins which directly modulate membrane permeability
and play an important role in the maintenance of membrane integrity (Altman et al.,
1977; Srivastava and Smith, 1982).

Little is known about the interaction between PA and plant mitochondria (Tor-
rigiani at al., 1986). Pistocchi et al. (1990) demonstrated that PA, in addition to their
binding to the membrane, can be actively transported into the mitochondria isolated
from tubers of Helianthus tuberosus. The same authors clearly indicate that this trans-
port is dependent on both respiration and membrane potential.

In the present study we provide data demonstrating that exogenous PA alter perme-
ability of mitochondrial and symbiotic membranes to dicarboxylates and to O2 that may
serve as the basis for revealing the potential significance of PA in the root nodules.

Materials and Methods

Plant material and bacterial strain

Goat’s rue (Galega orientalis) seeds were scarified, surface sterilized with 70%
ethanol (v/v) for 60 min and germinated for 5 days on buffered water agar plates
(pH 7.0) at 22°C. Sterile seedlings were transferred to plastic growth pots (2 l) 10 plants
per pot and cultivated on Hellriegel’s solution and micronutrients (Hoagland and Arnon,
1950) with 21 mg.l–1 nitrogen in a naturally illuminated greenhouse. Galega seedlings
were inoculated with Rhizobium galegae strain HAMBI 540 (HAMBI=The culture
collection at the Department of Microbiology, University of Helsinki) using inocul-
ant dose of 108 viable cells. The strain was cultivated and maintained on yeast-man-
nitol (YM) medium (Vincent, 1970) at 28°C. Nodules were harvested 40 days after
planting and were used immediately.

Isolation procedures

Intact symbiosomes were isolated from Galega nodules using a modification of the
technique for isolating soybean symbiosomes (Day et al., 1989). Eight to 10 g of nod-
ules were crushed in 30 ml of cold homogenisation buffer (450 mM mannitol, 10 mM
EGTA, 10 mM MgSO4, 5 mM dithiothreitol, 1% (w/v) BSA, 1% PVP-40, 20 mM as-
corbate, 25 mM MES-KOH buffer, pH 7.0). The homogenate was filtered and cent-
rifuged on a Percoll step gradient (30, 60 and 80%) in a swing-out rotor at 4000×g
for 30 min at 4°C. The symbiosome fraction was located at the interface between 30
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and 60% Percoll and a small pellet of free bacteroids was obtained at the bottom of
the tube. The symbiosome fraction was collected with Pasteur pipette, diluted with
wash buffer (450 mM mannitol, 25 mM MES buffer, pH 7.0, 3 mM MgSO4) and
pelleted at 500×g for 5 min at 4°C to exclude Percoll. Symbiosomes were then
resuspended in wash buffer to the desired concentration.

Free bacteroids were obtained by vigorously vortexing symbiosome suspension
for 4 min to rupture PBM.

Mitochondria were purified from nodules by the method of Day et al. (1986).
The degree of purity of the preparations was regularly monitored by electron mic-

roscopy (Price et al., 1987)

Oxygen uptake measurements

Oxygen uptake was measured using a Clark-type electrode DW 1 (Hansatech, Eng-
land) in 2 ml of reaction medium with 0.7 mg mitochondrial, bacteroid or symbiosome
protein at 25°C.

Protein was estimated by the method of Lowry et al. (1951).

Transport studies

The silicone oil filtration technique (Palmieri and Klingenberg, 1979) was used to meas-
ure the uptake of [14C] labelled compounds into symbiosomes and bacteroids. The
reaction mixture contained isolated organelles in wash buffer (450 mM mannitol, 25 mM
MES buffer, 3 mM MgSO4, 0.5 mM CaCl2, titrated to pH 7.0 with 1M 1,3-bis[tris-
(hydroxymethyl)methylamino]propane), [2,3-14C] succinate (1.55 GBq.mmol–1) or
[U-14C] sucrose (20 GBq.mmol–1), and where indicated, Put, Cad, Spd or Spm (hydro-
chloride form) at concentration of 10, 50 or 100 µM. The reaction mixture (0.5 ml)
was layered in 2 ml Pyrex glass tubes on top of a silicone oil layer (0.6 ml) which was
layered on 0.4 ml of 1.6 M HClO4. The reactions were initiated by applying labelled
substrate to the reaction mixture. After the desired time interval, the reaction was term-
inated by pelleting isolated organelles through the silicon oil into the acid at 12000×g.
Bacteroids were centrifuged for 15 s and symbiosomes for only 5 s (the shorter time
preventing most of any contaminating free bacteroids from pelleting). The organelle
pellet was removed by suction, dispersed by shaking and the radioactivity was counted
in a scintillation counter. When PA were used, they were added to the reaction medium
1min prior to addition of the [14C] substrate. Silicone oil AR-200 was used undiluted.

Reagents

Silicone oil AR-200 (density 1.04 g.l–1) was purchased from Wacker Chemical Co.
(Munich, Germany). All other chemicals were from Sigma Chemical Co. (St. Louis,
Mo, USA).
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Results and Discussion

Electron microscopic observations (data not presented) on mitochondria, bacteroids
and symbiosomes isolated from G. orientalis nodules revealed a very slight (less than
2.5%) contamination by each other.

Typical O2 uptake obtained with
Galega nodule mitochondria, bacteroids
and symbiosomes is shown in Fig. 1 and
Table 1. Bacteroid respiration was charac-
terized by a low endogenous rate of O2 up-
take which could be stimulated by addi-
tion of succinate (Fig. 1a1 and 1a2). This
fact could be related to the low content of
endogenous reserves of PHB in Galega
bacteroids. Intact bacteroids did not res-
pond to added NADH (Fig.1a3), indicat-
ing that mitochondrial contamination was
negligible; generally, plant mitochondria
oxidized exogenous NADH rapidly (Fig.
1b3). The endogenous rates of symbios-
ome O2 uptake was 28% lower than that
occurring in free bacteroids (Table 1). Ad-
dition of succinate as respiratory substrate
stimulated O2 consumption of symbios-
omes by 89% compared to their endogen-
ous O2 uptake (Table 1).
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Fig. 1. Oxygen uptake by bacteroids (a) and
mitochondria (b) isolated from Galega orient-
alis nodules. The reaction medium contained
0.45 M sorbitol, 5 mM MgCl2, 10 mM phosph-
ate buffer (pH 7.2), 10 mM TES buffer. (1), en-
dogenous O2 uptake rate. In (2), 10 mM Na-
succinate was added; in (3), 10 mM Na-suc-
cinate and 1 mM NADH were added. Data are
expressed as means (±SE) of four replicates.

Table 1. Oxygen consumption by symbiosomes and bacteroids isolated from Gal-
ega orientalis nodules in the presence of various polyamines at concentration of
50 µM. Endogenous O2 uptake rates: symbiosomes, 6.5±0.3 nmol.min-1.mg-1

protein; bacteroids, 7.8±0.4 nmol.min–1.mg–1 protein. Data are expressed as means
± SE, n=3.

Treatments
O2 consumption (nmol.min–1.mg–1 protein)

symbiosomes bacteroids

Succinate (control) 12.3±0.5 14.1±0.3
Succinate+Put 31.3±0.9 31.1±0.4
Succinate+Cad 29.4±1.0 28.8±0.4
Succinate+Spd 17.4±0.4 18.5 ± 0.2
Succinate+Spm 16.2±0.2 16.9±0.3
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Oxygen uptake as function of PA concentrations

Maximum O2 consumption occurred when
bacteroids were incubated with 50 µM of
different PA (Fig. 2). Greatest stimulatory
effect on the O2 uptake of mitochondria
was observed at lower external PA concen-
trations (10–50 µM) (Fig 3). It should be
noted that the rate of O2 uptake by the bac-
teroids and mitochondria after treatment
with Spd and Spm was slower than that fol-
lowing Put and Cad (Fig. 2 and 3).

Under our experimental conditions,
the PA were most effective in stimulating O2
uptake of symbiosomes, whose rates reach-
ed approximately to those of free bactero-
ids. This is in contrast with the controls,
where O2 uptake of symbiosomes was 40%
lower than that of free bacteroids (Table 1).
It should also be noted that the stimulatory
effect of diamines, Put and Cad on O2 up-
take by symbiosomes was again greater
than that of Spd and Spm.

Polyamine-stimulated oxygen uptake
as a function of K+- and Ca2+-concen-
trations

Polyamines are positively charged at physi-
ological pH (Takeda et al., 1983). For this
reason, positively charged ions are expec-
ted to inhibit the PA uptake by mitochon-
dria since they compete for the same bind-
ing sites on the membrane. This expecta-
tion was verified for Mg2+ and K+ ions,
whereas Ca2+ did not have any significant
effect on Spd uptake (Pistocchi et al., 1990).
Notably, the concentrations of cations used
were very close to these measured intra-
cellularly (Pistocchi et al., 1990). Relativ-
ely rapid inhibition of Put transport in

Fig. 2. Effect of increasing concentrations of
Put (a); Cad (b); Spd (c); Spm (d) on the O2
uptake by bacteroids isolated from Galega ori-
entalis nodules. The reaction medium contain-
ed 0.45 M sorbitol, 5 mM MgCl2, 10 mM phos-
phate buffer (pH 7.2), 10 mM TES buffer and
10 mM Na-succinate. Each point represents
the mean value (±SE) of four replicates.
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Fig. 3. Effect of increasing concentrations of
Put (a); Cad (b); Spd (c); Spm (d) on the O2
uptake by mitochondria isolated from Galega
orientalis nodules. The reaction medium was
as in Fig. 2. Each point represents the mean
value (±SE) of four replicates.
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roots of intact maize seedlings by Ca2+,
Mg2+ and La3+ have also been observed
(DiTomaso et al., 1992). We have inves-
tigated PA-stimulated O2 uptake of mito-
chondria in connection with the uptake of
K+ and Ca2+. As shown in Fig. 4, after ad-
dition of 400 µM CaCl2 the stimulatory ef-
fect of Put and Cad on mitochondrial O2
uptake was completely inhibited. Stimul-
atory effect of Spd and Spm was reduced
when 100 mM KCl was added (Fig. 5).
Therefore, the presence of inorganic cati-
ons in reaction medium completely abol-
ished PA-stimulated O2 uptake that may be
due to the inhibiting effect of these ions on
the transport of PA into mitochondria (Pis-
tocchi et al., 1990; DiTomaso et al., 1992).
Clearly, further studies are needed to iden-
tify possible control mechanisms.

Succinate utilization

The rates of [14C] succinate uptake into
symbiosomes were increased substantially
by addition of various PA to symbiosome
suspension (Fig. 6). Diamines, Put and Cad
appeared to be the most effective in stimul-
ating succinate uptake (4.0- and 3.6-fold,
respectively) while Spd and Spm showed
a lower stimulating effect (by 2.3- and 2.0-
fold, respectively). Succinate uptake into
bacteroids was also stimulated by PA, but
to a lesser extent than that into symbios-
omes. Addition of Put and Cad to bactero-
id suspension resulted in an increase of
radioactivity by 2.8- and 2.4-fold, while
Spd and Spm enhanced succinate utiliza-
tion 1.6- and 1.3-fold.

Our data on the high activity of suc-
cinate uptake strongly support the general
assumption that dicarboxylates are the
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Fig. 4. Effect of Ca2+ on the O2 uptake by mito-
chondria isolated from Galega orientalis nod-
ules. The reaction medium was as in Fig. 2. In
(a), 50 µM Put was added; in (b), 50 µM Cad was
added; in (c), and (d), at the solid arrow,
400 µM CaCl2 was added. Each point repres-
ents the mean value (±SE) of four replicates.
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Fig. 5. Effect of K+ on the O2 uptake by mito-
chondria isolated from Galega orientalis nod-
ules. The reaction medium was as in Fig. 2. In
(a), 50 µM Spd was added; in (b), 50 µM Spm
was added; in (c) and (d), at the solid arrow,
100 mM KCl was added. Each point represents
the mean value (±SE) of four replicates.
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most probable substrates supplied to bacteroids in vivo in legume nodules (Udvardi
et al., 1997). In contrast to the rapid uptake of succinate, uptake of sucrose was very
slow, suggesting that transport of this substance across the symbiotic membranes of
Galega nodules is via passive diffusion.

The symbiosomes succinate uptake was from 50 to 67% slower than that of bac-
teroids one, but the uptake of symbiosomes was stimulated to a greater extent by PA.
As a result, the rates of succinate uptake in symbiosomes supplied with PA were simil-
ar to those obtained in bacteroids. One possible explanation of the stimulant effect
of PA is that they may alter membrane permeability and play a role in maintenance
of membrane integrity (Srivastava and Smith, 1982). Most of the experimental results
demonstrating the stabilizing effect of PA have been conducted with wall-less exper-
imental systems such as protoplasts and organelles (Pistocchi et al., 1990). Polyamines
selectively rigidify membrane surface and stabilize protoplasts against post-isolated
lysis (Altman et al., 1977). It seem reasonable to assume that exogenously applied
PA could cause similar stabilizing effect on the mitochondrial and symbiotic memb-
ranes, which improves the properties and increases the capacity of the transporters for
succinate on these membranes. On the other hand, it is established that PA were very
active in the process of releasing calcium from suspension-cultured Glycine max cells
(Young and Kauss, 1983) which might also be a reason for increased membrane per-
meability to succinate. In addition, formation of an electrical potential across the PBM
can stimulate the uptake of the dicarboxylate anions (Ou Yang et al., 1990). Roberts

0 1 2 3 4 5
0

10

20

30

40

50

60

70

f
e

d
c

b

a

Symbiosomes
U

pt
ak

e 
(n

m
ol

.m
in

–
1 .m

g–
1  p

ro
te

in
)

Time (min)
0 1 2 3 4 5

f

e

d
c

b

a

Bacteroids

Fig. 6. Time-dependent uptake of [14C] sucrose (a) and [14C] succinate (b) by sym-
biosomes and bacteroids isolated from Galega orientalis nodules. To the reaction
medium containing succinate as carbon substrate were supplied spermine (c), sper-
midine (d), cadaverine (e) and putrescine (f) at concentration of 50 µM.l–1. Succinate
and sucrose were added at concentration of 1 and 5 mM, respectively. Symbiosomes
and bacteroids were suspended in a reaction medium containing 25 mM MES, pH
7.0, 450 mM mannitol, 3 mM MgSO4, and 0.5 mM CaCl2.
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et al. (1986) found that PA raised the polarization value for membranes. Thus, addi-
tion of PA to the isolated organelles may be responsible for the higher energization
of mitochondrial and symbiotic membranes that may lead to the stimulation in succi-
nate uptake.

The data of Table 1 and Fig. 1–6 show that Put and Cad, which have two amino
groups, had significantly greater stimulating effect on succinate and O2 uptake than
Spd and Spm. The reason for this effect might be that the three- and tetraamines are
more capable to rigidify the membranes than the diamines (Roberts et al., 1986) which
would decrease their stimulating effect on succinate transport and O2 uptake.

Conclusions

The observed correlation between increased supply of carbon and increased O2 uptake
after PA treatment indicates a specific action of these substances on the permeability
of the mitochondrial and symbiotic membranes, which can play an important role in
the regulation of nodule nitrogen fixation. It is difficult to explain the mechanism of
PA-mediated stimulation of succinate and O2 uptake into mitochondria, bacteroids
and symbiosomes from G. orientalis nodules; but it seems appropriate to postulate that
the PA physiological role in nitrogen fixation might be associated to a large extent
with the changes of metabolite and O2 transport across mitochondrial and symbiotic
membranes.
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