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Two major pathways of electron transport to oxygen were identified in intact cells of Dictyostelium 
discoideum, a cyanide-sensitive pathway and a cyanide-insensitive, salicylhydroxamic-acid-sensitive pathway. 
The extent to which each pathway contributed to the total respiratory activity was shown to change during 
exponential growth and throughout development. During exponential growth both pathways appear to be 
utilized to varying degrees dependent on culture age, during late exponential growth the activity of the 
salicylhydroxamic-acid-sensitive pathway would seem to be almost totally lost. During development the 
cyanide-sensitive pathway appears to be dominant up to the aggregation stage, but both pathways are active 
in pseudoplasmodial cells. It is also suggested that the presence of iron in the growth medium may be 
essential directly or indirectly, for the maintained activity of the salicylhydroxamic-acid-sensitive pathway 
late in exponential growth. 

Introduction 

Cyanide-resistant respiration involving the pres- 
ence of a cyanide resistant cytochrome oxidase is 
widespread [1,2] and has been reported in a wide 
range of microbes  such as the p ro tozoa  
Trypanosoma brucei [3], Acanthamoeba castellanii 
[4], the bacteria Azotobacter vinelandii [5], Pseudo- 
monas aeruginosa [6], Paracoccus denitrificans [7] 
and in many  plants [8]. The oxidases involved in 
the cyanide resistant respiration of T. brucei [3] 
and the plant Arum maculatum [9,10] have also 
been extensively characterized. 

A major advance in understanding the value of 
cyanide insensitive respiration was the discovery 
that the pathway can be inhibited by substituted 
benzhydroxamates (salicylhydroxamic acid) [11] 
and this led to a large number  of publications 

which claimed that the cyanide insensitive, sali- 
cylhydroxamic acid sensitive alternative oxidase 
has a role in a variety of intact cells [12]. 

Limited work with Dictyostelium discoideum has 
also indicated that vegetative cells are not totally 
inhibited by cyanide [13]. In this organism, the 
addition of cyanide to both dormant  and 
germinating spores also revealed the presence of a 
second pathway for oxygen uptake which was 
inhibited by salicylhydroxamic acid, although the 
inhibition of the salicylhydroxamic acid sensitive 
pathway did not result in spore destruction [14]. 

This paper  describes the effect of specific in- 
hibitors of mitochondrial electron transport on the 
respiration of D. discoideum during growth and 
development. 

Methods 

* Present address: Department of Molecular and Cellular Biol- 
ogy, National Jewish Hospital and Research Center, 3800 
East Colfax Avenue, Denver, CO 80206 (U.S.A.) 

Organism and growth conditions. Dictyostelium 
discoideum AX-2 amoebae were grown as previ- 
ously described [15]. Cells were counted in a 
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Fuchs-Rosenthal haemocytometer shde (Weber 
and Sons, Lancing, Sussex, U.K.). 

Measurement of oxygen uptake rates. Oxygen 
uptake rates were measured polarographically with 
a Clark oxygen electrode [16]. Measurements were 
made on 1 or 2 ml of undiluted suspensions of 
cells in growth medium at 22°C. Potassium 
cyanide, sodium arsenite and sodium malonate, all 
at pH 7.4, were used as aqueous solutions. Anti- 
mycin A, rotenone and salicylhydroxamic acid 
were used as ethanolic solutions and additions 
were made so that the final ethanol concentration 
was not more than 1.0% (v/v). 

Development conditions. Development was ini- 
tiated by washing and plating approx. 5 • 107 cells 
on a Millipore filter (AABP047) supported on a 
Millipore absorbent pad, which was saturated with 
a solution containing 50 mM phosphate buffer 
(pH 6.4) and 1.5 g KC1, 0.5 mg MgC12 per 1. A 
second method was to spread cells on 2% w / v  
agar plates. In all cases incubation was at 22°C, 
which resulted in mature fruiting body formation 
after a period of between 24 and 30 h. 

Results 

Sensitivity of cells to respiratory inhibitors 
Initial experiments to investigate the effect of 

the respiratory inhibitors, cyanide, salicylhydro- 
xamic acid and antimycin A on whole cell respira- 
tion showed that at different stages of exponential 
growth cells showed varying responses. The re- 
sponses of cells to all three inhibitors in the early 
exponential phase of growth (cell density, 3-105 
cells/ml) are shown in Fig. 1. Cyanide stimulated 
respiration up to a concentration of 3 mM with 
maximum stimulation of 40% at 0.7 mM cyanide. 
Stimulation also occurred in the presence of sali- 
cylhydroxamic acid alone. Antimycin A caused up 
to 50% inhibition of respiration at a concentration 
of 80 nmol/106 cells, and at no concentration 
tested did it cause stimulation of respiration. 
Cyanide and salicylhydroxamic acid added to- 
gether always resulted in greater inhibitions of 
respiration than that produced with either inhibi- 
tor alone. Antimycin A would appear not be be as 
effective an inhibitor as cyanide, with or without 
the presence of salicylhydroxamic acid. 

At later stages of exponential growth (Fig. 2) 
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Fig. 1. The effect of respiratory inhibitors salicylhydroxamic 
acid, cyanide and antimycin on whole-cell respiration of D. 
discoideum. Inhibition or stimulation of respiration expressed 
as a percentage of inhibitor titre; the controls (0%) were the 
respiration rates in the absence of inhibitor. Cells were from a 
culture of cell density 3.105 cells/ml. (a) Effect of cyanide 
alone (O) or with 1 mM sallcyihydroxamic acid (e). (b) Effect 
of salicylhydroxamic acid (SHAM) alone (O) with 1 mM KCN 
(O) or antimycin A, at a concentration of 50 nmol per 106 
organisms (12). (c) Effect of antimycin A alone (O) or with 1 
mM salicylhydroxamic acid (O). 

the stimulatory effect of cyanide which had been 
observed with early exponential cells was lost. At a 
culture density of 9-105 cells/ml slight stimula- 
tion occurred at very low concentrations of cyanide 
but 8% inhibition occurred at high concentrations. 
With late exponential phase cells, cyanide became 
an effective inhibitor of respiration with up to 95% 
inhibition occurring at 2.5 mM. Similarly, Anti- 
mycin A became more effective with increasing 
culture age (Fig. 2). However, the effect of sah- 
cylhydroxamic acid was different with a con- 
centration of 1 mM, causing 40% inhibition at a 
cell density of 9.0.105 cells/ml, but showing 20% 
stimulation when the cell density had increased to 
6 .0-10 6 cells//ml. Once again cyanide and sali- 
cylhydroxamic acid together resulted in greater 
inhibition than either inhibitor alone. 
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Fig. 2. The effect of respiratory inhibitors on whole-cell respira- 
tion during later stages of exponential growth. Cells were from 
cultures of cell density 9.0.105 ceUs/ml (a, c and e) or 6-106 
cells/ml (b, d and f). (a, b) Effect of cyanide alone (O) or with 
1 mM salicylhydroxamic acid (SHAM) (O). (c, d) Effect of 
salicylhydroxamic acid alone (O), with 1 mM cyanide (O) or in 
the presence of antirnycin A, at a concentration of 50 nmols per 
106 organisms (D). (e, f) Effect of antimycin A alone (O) or 
with 1 mM salicylhydroxamic acid (0). 

As salicylhydroxamic acid and antimycin A were 
administered as ethanolic solutions the effect of 
ethanol on respiration was studied as a control. In 
all experiments, the total ethanol concentration 
was less than 1% which gave rise to slight stimula- 
tion of respiration with exponentially growing cells. 
With late exponent ia l /s ta t ionary phase cells, how- 
ever, slight inhibition up to a maximum of 2% was 
evident. 

Changes in the effect of 0.5 mM salicylhydroxamic 
acid and 1 mM cyanide during exponential growth 

D u e  to the  d i f f e r e n t  r e sponses  s h o w n  in  the  

p r e v i o u s  e x p e r i m e n t s  the  e f fec t  o f  f ixed  c o n c e n t r a -  
t i ons  o f  s a l i c y l h y d r o x a m i c  ac id  a n d  c y a n i d e  

t h r o u g h  the  en t i r e  g r o w t h  p h a s e  to  s t a t i ona ry  p h a s e  

was  fo l lowed .  Cel l  n u m b e r s  i n c r e a s e d  e x p o n e n -  

t ia l ly  wi th  a g e n e r a t i o n  t ime  o f  app rox .  9.0 h, 

a l o n g  wi th  a pa ra l l e l  i nc rease  in  r e s p i r a t i o n  rate .  

T h e  s t a t i ona ry  p h a s e  p o p u l a t i o n  was  r e a c h e d  a f te r  

a p p r o x .  80 h. 

Addition of 1 mM cyanide initially (at time 
t = 0; cell density, 1 .0 .10  s cel ls /ml)  inhibited res- 
piration by about 20%, but this effect was lost as 
the culture grew and respiration of older cells was 
stimulated by cyanide with a peak of stimulation 
occurring at 20 h (3 .5 .105 cells/ml).  After 28 h 
(7 .0 .105 cel ls /ml)  whole cell respiration became 
increasingly more sensitive to cyanide until the 
maximum inhibitory effect was observed after 60 h 
(9 .0 .106 cel ls /ml)  of growth (Fig. 3a). Addition 
of 0.5 mM salicylhydroxamic acid showed a pat- 
tern markedly different from that of cyanide. Res- 
piration was stimulated slightly up until 15 h; then 
a progressive increase in inhibition occurred reach- 
ing a peak at 30 h. This was followed by a de- 
crease in inhibition until stimulation once again 
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Fig. 3. Changes in sensitivity of whole-cell respiration to sali- 
cylhydroxamic acid and cyanide during exponential growth. (a) 
Effect of 1 mM cyanide alone (O), effect of 0.5 mM salicyl- 
hydroxamic acid alone (O) ( i )  results of two separte experi- 
ments). (b - Effect of both 0.5 mM salicylhydroxamic acid and 
1 mM cyanide on cell respiration, (O) salicylhydroxamic acid 
added first, (o) cyanide added first. 



occurred after 50 h and persisted up to 60 h of 
growth of the culture. 

Respiration in the presence of 1 mM cyanide 
and salicylhydroxamic acid together was inhibited 
by 40% after 10 h growth and, as growth pro- 
ceeded, the inhibitory effect increased reaching 
96% after 35 h (Fig. 3b). No difference was ob- 
served when the order of addition of inhibitors 
was reversed. This would suggest that any dif- 
ferential flow of electrons resulting from blockage 
of one pathway does not result in any significant 
change in effectiveness of the inhibitors on the 
remaining pathway. 

The effects of malonate, rotenone and arsenite 
were also investigated during exponential growth. 
Malonate and arsenite inhibited respiration by as 
much as 50% at concentrations of up to 20 mM 
and 50% inhibition occurred at 0.6 mM rotenone. 
In all cases there was little difference in inhibitory 
effect with increasing inhibitor concentration or 
when ceils at various stages of growth were used 
for the experiments. 

Growth in the presence of salicylhydroxamic acid 
and Antimycin A for prolonged periods 

The effects of respiratory inhibitors on growth 
were also studied. Increasing the concentration of 
antimycin A in the growth medium from 20-40 to 
80 nmol antimycin A per ml resulted in up to a 
48% decrease in the exponential growth rate, fol- 
lowed by a reduction of at least 50% in the final 
cell density reached as compared with non anti- 
mycin A treated cells. With antimycin A at a 
concentration of 80 nmol /ml ,  a lag period for up 
to 35 h was observed before exponential growth 
was initiated. Growth in the presence of 2 mM 
salicylhydroxamic acid resulted in an exponential 
growth rate similar to that of the control (Genera- 
tion time 9.0 h), but as with antimycin-A-treated 
cultures, the final stationary phase population was 
greatly reduced. The morphological appearances 
of cells grown with antimycin A were unchanged 
compared with the control cells, but cells grown 
with salicylhydroxamic acid appeared to be smaller 
than cells which had not been exposed to the 
inhibitor. Cells incubated in the presence of both 
inl~bitors (2 mM salicylhydroxamic acid 40 
nm o l / m l  antimycin A) showed no increase in cell 
numbers after 140 h. 
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Changes in sensitivity to salicylhydroxamic acid and 
cyanide through development 

Cells at various stages of development were 
harvested from Millipore filters or agar plates and 
resuspended in distilled water at cell density of 
6 .106  cells/ml. Aggregates were then gently dis- 
rupted and samples quickly transferred to the 
oxygen electrode. The cell suspension was stirred 
sufficiently vigorously to maintain an aggregate 
free suspension and the effects of cyanide and 
salicylhydroxamic acid evaluated (Fig. 4). With 
preaggregating cells (approx. 3 h into develop- 
ment) and aggregating cells, cyanide caused the 
highest inhibition of respiration (95%) at a con- 
centration of 0.7 mM. With pseudoplasmodial cells 
only 60% inhibition occurred at this concentration, 
and an increase in inhibitor concentration had 
little effect. With salicylhydroxamic acid (6 mM) 
the respiration of pseudoplasmodial cells was in- 
hibited by 50% while preaggregating cells showed 
only 20% inhibition, respiration of aggregating 
cells was stimulated by up to 12%. The concentra- 
tion of cyanide required to cause 95 % inhibition of 
respiration in the presence of 4 mM salicylhydro- 
xamic acid also varied during development with 
pseudoplasmodial cells requiring 25 mM, whereas 
preaggregating cells required only between 0.3 and 
0.6 mM. 

Prolonged exposure to salicylhydroxamic acid and 
antimycin A during development 

Cultures were grown in the absence of inhibi- 
tors until they attained a density of 5 • 106 cells per 
ml when they were transfered to Millipore filters 
resting on support pads which were saturated with 
up to 80 nmol /ml  antimycin A a n d / o r  up to 4 
mM salicylhydroxamic acid. In all cases, fruiting- 
body formation occurred but in the presence of 
salicylhydroxamic acid abnormally small fruiting 
bodies, about one-fifth of the normal size, were 
obtained. Sahcylhydroxamic acid-treated cells 
formed fruiting bodies after the same time as 
untreated cells but antimycin-A-treated cells took 
up to 3 days to form fruiting bodies. Cells in- 
cubated in the presence of both inhibitors, how- 
ever, also eventually completed fruiting body for- 
mation, indicative of the failure of the inhibitor(s) 
to gain access to the cells from the support medium 
effectively. 
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Fig. 4. Changes in the effects of salicylhydroxamic acid (SHAM) 
and cyanide at different times in development of D. discoideum. 
Inhibition expressed as a percentage of inhibitor titre, the 
control (0%) was the respiration rate in the absence of inhibi- 
tor. Amoeba were collected at various stages of development, 
gently disrupted, and resuspended at cell density of 6.0.10 6 
cel ls /ml in distilled water in the oxygen electrode reaction 
vessel. The cell suspension was stirred sufficiently vigorously to 
maintain an aggregate-free suspension. (a) Effect of cyanide 
alone, (b) effect of salicylhydroxamic acid alone. Cells types 
were (C)) preaggregating amoeba; (0) aggregating amoeba and 
(12) amoebae which had reached the pseudoplasmodial stage. 

Necessity of iron for the alternative pathway 
As it has been suggested that iron may be a 

necessary factor for cyanide-insensitive respiration 
of Acanthamoeba castellanii [17] addition of iron 
to the normal growth medium of D. discoideum 
was investigated. Addition of 30 # M  FeSO a or 
FeC13 to the growth medium resulted in an in- 
crease of between 50-80% in the final cell popula- 
tion compared with the control cultures. Addition 
of 30/~M Na2SO a under the same conditions did 
not produce this effect, indicating that it was 
Fe 2~3+) and not SO 2 -  which produced the stimu- 
lating effect on growth. 

The effect of cyanide and salicylhydroxamic acid on 
iron-grown cells 

C e l l s  g r o w n  w i t h  a d d i t i o n a l  i r o n  (30  v M  F e S O 4 )  

again showed the stimulatory effect of cyanide 
which was apparent with early exponential phase 
cells. With iron-grown cells, however, the stimula- 
tion of respiration only occurred at very low 
cyanide concentrations (up to 0.2 mM) and was 
followed by inhibition (up to 60% at 4 mM cyanide) 
which was not seen in cells grown without addi- 
tional iron (Fig. 5a). 

In older cultures ( (6-8) .  106 per ml) cyanide 
was less inhibitory to respiration (Fig. 5b) with 
50% inhibition at 2 mM cyanide compared with 
88% inhibition with non-iron grown cells. With 
salicylhydroxamic acid there was a change from 
inhibition to stimulation in older cultures and at 
low salicylhydroxamic acid concentrations. In all 
cases the effect of both inhibitors together was 
similar with both cell types. 

A significant difference in the responses to 
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Fig. 5. The effects of cyanide and salicylhydroxamic acid 
(SHAM) on respiration of cells grown in the presence of 30 vM 
FeSO 4. Inhibition of respiration is expressed as a percentage of 
inhibitor titre. (a and c) cell density 6.0.105 cells/ml; (b and d) 
6.0.106 cells/ird; (e and f) 1.0.107 cells/ml. (a) Cyanide alone 
(O)  or in the presence of I mM salicylhydroxamic acid (e). (b) 
Cyanide alone (O),  cyanide alone at cell density 8.0-106 
cel ls /ml (e) or in the presence of I mM salicylhydroxamic acid 
(ll). (c and d) salicylhydroxamic acid alone (©); or in the 
presence of 1 mM cyanide (e). (e) Cyanide alone on cells 
grown without 30 p M  FeSO 4 (O);  cyanide alone (e). (f) 
salicylhydroxamic acid alone on cells grown without FeSO 4 
((i)); salicylhydroxamic acid alone (e). 



cyanide was found with stationary phase cells. 
Iron-grown cells showed a decrease in inhibition 
by cyanide (Fig. 5e) with 3 mM cyanide showing 
52% inhibition, whereas control cells showed prac- 
tically complete inhibition at this concentration of 
cyanide. In order to investigate whether the addi- 
tion of iron can restore this insensitivity to cyanide 
30 #M FeSO 4 was added to two cultures growing 
without iron, one in late log growth, A (8 • 106 cells 
per ml) and one in the stationary phase of growth, 
B (1.8-107 cells per ml). Immediately after the 

addition of 30 #M FeSO 4 (time, 0.1 h) 1 mM K C N  
inhibited cellular respiration of culture A by 75% 
and of B by 94%, thereafter a steady decrease is 
the effectiveness of cyanide on respiration was 
observed in both cultures. After 4 h of incubation, 
the lowest level of inhibition by cyanide was re- 
ached with 45% for culture A, and 79% for B. 
Further incubation up to 6.0 h showed no further 
reduction in the effectiveness of cyanide. 

The results reported above were not due to the 
FeSO 4 merely neutralizing the inhibitory effect of 
cyanide, as cyanide in solution with 80 #M FeSO 4 
still inhibited the respiration of cyanide-sensitive 
cells which had not been grown with additional 
iron. 

Discussion 

The results indicate the existence of a salicyl- 
hydroxamic acid-sensitive, cyanide-insensitive al- 
ternative electron transport system to oxygen in D. 
discoideum. The changes in the responses to inhibi- 
tors suggest that the control, or availability, of the 
alternative system changes during growth and de- 
velopment. These changes may be due to the loss 
of the alternative salicylhydroxamic acid sensitive 
oxidase or a change in the control mechanism 
involved in determining the route of electron 
transport. 

Throughout  exponential  growth both the 
cyanide-sensitive and salicylhydroxamic acid-sen- 
sitive pathways appear  to be utilized to varying 
degrees which are dependent on culture age (Fig. 
3). During development the cyanide sensitive path- 
way appears to be dominant up to the aggregation 
stage, but both pathways are functional in pseudo- 
plasmodial cells. The interpretation of these 
changes are complicated by the fact that two cell 
types, those destined to become stalk or spore 
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cells, may be present in the population, so that the 
observed changes may be due to a change in one 
particular cell type or a change in the whole popu- 
lation. Previous work [14] with germinating spores 
also indicated that both electron transport path- 
ways were functional during germination. 

We have considered the possibility that the 
permeability properties of the plasma membranes 
may have controlled the effects of the inhibitors 
on the amoebae, however, in the cases of the 
inhibitors cyanide and salicylhydroxamic acid the 
response upon their addition was immediate (i.e., 
within 15 s) suggesting no permeability effects are 
involved. 

The cyanide-stimulated respiration of early 
log-phase cells does not appear to be common but 
has been found in A. castellanii, an organism 
whose cytochrome components are similar to D. 
discoideum [15]. Cyanide insensitivity, however, has 
been found to be present in many organisms such 
as T. brucei [3], Euglena [18], Trypanosomes [19] 
and in A. castellanii [4]. 

The presence of iron on the alternative salicyl- 
hydroxamic acid-sensitive pathway during late ex- 
ponential growth may partially explain why the 
pathways'  activity is greatly reduced. It appears 
that iron is growth-limiting in the later stages of 
growth and that the presence of iron, either di- 
rectly or indirectly, is essential for the function of 
the alternative electron transport system. Alterna- 
tively, the presence of iron may merely have 
stiinulated a final round of cell division, by some 
unknown mechanism and not be involved directly 
with the electron transport system; however, this 
appears unlikely. 

It has been reported [20] that for the yeast 
Saccharomycopsis lypolitica, Fe In was necessary 
for the appearance of the alternative respiratory 
pathway, while Fe xI was not effective. This is not 
the case in D. discoideum or A. castellanii [17] in 
which stimulation of the alternative pathway in 
late growth was obtained with the addition of Fe n 
or Fe In. Iron deficiency in yeasts has also been 
found to result in a 20-fold decrease in the iron- 
sulphur content of the cells [21]. If  a similar limita- 
tion occurs in Dictyostelium this may interfere 
with systems requiring FeS centres, such as elec- 
tron transport. The action of cyanide with cyto- 
chrome oxidase is well studied [22-25], it is also 
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known, however, to inhibit other enzymes such as 
catalase [26] alkaline phosphalase [27] and other 
metallo enzymes [28,29]. Likewise hydroxamates 
also inhibit other enzymes such as peroxidase [30] 
and tyrosinase [9]. These unexamined effects may 
contribute to the cell's inability to undergo normal 
development in the presence of inhibitors and the 
observed reduction in cell population attained dur- 
ing growth. 

The inhibition of exponentially growing cells by 
rotenone is indicative of the presence of site 1 of 
oxidative phosphorylation. This contrasts with 
work with A. castellanii, in which an absence of 
sensitivity to rotenone has been suggested as indi- 
cating the absence of site 1 [31] or a by-pass 
mechanism of site 1 which is thought to operate 
when cells are growing under optimal conditions 
[4,33]. The insensitivity to antimycin A also sug- 
gests that if the alternative oxidase branches from 
the main respiratory chain, it must occur before 
cytochrome b. 

The nature of the alternative oxidase in D. 
discoideum has not yet been identified but non- 
haem, iron-sulphur proteins have been implicated 
in the cyanide resistant pathways in other 
organisms, especially plants [11,33]. There is also 
increasing evidence that ubiquinone and flavin 
molecules may be involved in supplying electrons 
to the oxidase [8,10,34,35]. 
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