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This review summarises the current knowledge on the biochemical and physiological
events that directly or indirectly alter the engagement of the cyanide-resistant alternative
respiratory pathway in the cephalosporin C producer filamentous fungus Acremonium
chrysogenum. Particular emphasis is placed on the role this activity plays in the overpro-
duction of antibiotic, and also on the critical fermentation technology background that

supports its operation.
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Introduction

More than seven decades have passed since the ob-
servation of Genevois (1) on the inability of cytochrome
¢ oxidase inhibitors like cyanide, azide or carbon-mono-
xide to completely suppress plant respiration. The phe-
nomenon is accounted for by the presence of a single
mitochondrial respiratory enzyme, the alternative oxida-
se (AOX). Plants (2), fungi (3,4) and protists (5) are
known to possess this cyanide-resistant, salicylhydroxa-
mic acid (SHAM) sensitive (6), non-phosphorylating
and, therefore, energy-dissipating alternative respiratory
route in their inner mitochondrial membrane in addition
to the phosphorylating, cytochrome-dependent respira-
tory pathway (Fig. 1). Though resistance against cyanide
was also observed in procaryotes, no matching sequen-
ces to the otherwise highly conserved fungal or plant
AOX gene / protein are available in the databases, ren-
dering the putative »bacterial AOX« nonexistent so far.

In thermogenic plants the heat that is dissipated
during AOX activity is used to volatilise amines to at-
tract pollinating insects (7). However, the widespread

presence of the enzyme suggests that the AOX has a
more general physiological role. It appears that the AOX
is important under conditions where cytochrome path-
way activity is somehow impaired. Reversely, the AOX
allows Krebs-cycle turnover when the energy charge of
the cell is high (8). Apart from thermogenesis, AOX is
involved in the maintenance of the mitochondrial electron
transport at low temperatures, and it may also take part
in the stabilisation of the redox state of the ubiquinone
pool in the inner mitochondrial membrane, thereby pre-
venting the intracellular accumulation of harmful free
oxygen radicals (9-11).

In plants, the intensity of the alternative route will
depend on the amount of oxidase present and on the ratio
of reduced ubiquinone to the total ubiquinone pool (12).
Activity of the oxidase in plant mitochondria is in-
creased upon reduction of an intersubunit disulphide
bridge, yielding a non-covalently linked homodimeric
protein. The reduced enzyme is further activated by py-
ruvate, which has been shown to react with a protein-
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Fig 1. Cyamide resistant alternative respiratory route in the in-
ner mitochondrial membrane

-derived sulphydryl moiety, most likely to form a thio-
hemiacetal (13-16). A conserved cysteine residue near
the N-terminus of the protein is responsible for both di-
sulphide bond formation and organic acid activation of
the AOX. Engineering the AOX by replacing this cystein
with a serine residue resulted in a permanently mono-
meric enzyme that was specifically stimulated by suc-
cinate but not by pyruvate (17).

Being an extremely conserved protein, it was a dis-
covery of high significance that, in contrast to plant en-
zymes, fungal AOX displays the very features of the in
vitro modified protein, e.g. it is permanently monomeric
and is not activated directly by pyruvate. It was also re-
vealed that a domain of about 40 amino acids responsi-
ble for the establishment of the disulphide bond in the
plant enzyme is missing in fungal sequences. The fungal
AOX is therefore stimulated by succinate rather than
pyruvate, and also by purine nucleotides like ADP,
AMP and GMP (18).

The possession of a functional AOX by the filamen-
tous fungus Acremonium chrysogenum, producer of the
commercially important cephalosporin C (CPC) antibi-
otic has been described independently by Telesnina et al.
(19) and Kozma et al. (20). In this review, the factors regu-
lating the activity of the alternative respiratory pathway
in submerged A. chrysogenum cultures and the contribu-
tion of this route to CPC production will be summarised
and discussed.

Time-Profile of the Alternative
Respiratory Activity

Alternative respiration of A. chrysogenum displays a
characteristic time-profile in submerged cultures. Cyani-
de-resistant oxygen uptake sharply increases during fast
growth and gets lower as cultures reach stationary phase

(21). Expression of these values as a percentage of the
total uninhibited respiration, however, displays a differ-
ent picture: overall respiratory activity (cytochrome-de-
pendent and alternative combined) decreases much faster
than that of the AOX alone (22). Consequently, the con-
tribution of AOX to the total mycelial oxygen uptake
significantly increases towards the end of cultivation.

Stationary phase cultures are largely carbon-depleted,
with little potential left for further biomass production.
In order to see whether the switch to the alternative re-
spiratory route is due to a decrease in the specific
growth rate or rather to the exhaustion of the carbon
source, glucose-limited chemostat cultures were made,
where dilution rate (specific growth rate under steady-
-state conditions) could be independently modified (23).
Results revealed that A. chrysogenum AOX activity is in
fact growth rate dependent, and high metabolic turn-
over can stimulate it even under glucose limitation.
Conversely, most of the carbon sources with a slow up-
take and/or catabolism (with the noteworthy excepta-
tion of plant oils, see later) resulted in decreased AOX
activity (23).

Alternative Respiration and Aeration

AOX activity of various organisms including plants
and fungi have long been described to require »high«
dissolved oxygen tensions, though very few quantitative
data are available in this respect (3,24,25). Studies where
oxygen input of submerged A. chrysogenum cultures was
manipulated to yield dissolved oxygen concentrations in
the range of 1-50 % of saturation (26) revealed that un-
inhibited respiratory activities above 5 % of saturation
were independent of the actual oxygen tensions (22). To
the contrary, AOX activity was found dependent on oxygen
up to 30 % of saturation. Growth of the cultures with
different oxygen supply were comparable, thus ruling
out that the varying AOX activity could be the result of
differences in the growth rate, but the carbon source
(glucose) consumption was progressively and pro-
foundly more rapid with increasing aeration (22). This
could well be explained by the enhanced activity of the
non-phosphorylating AOX, which is able to lower sig-
nificantly the amounts of carbon without ATP produc-
tion (27). As a consequence of its improved operation,
more carbon had to be catabolised to restore the neces-
sary ATP yield.

The activity of AOX depends on the availability of
its main substrates, oxygen and NADH. Remarkably,
time-course of both NADH and NAD*-concentrations
was largely independent of the aeration (22). In addition,
highest AOX activity values coincided with a progres-
sively decreasing NADH-concentration, indicating that
the electron overflow hypothesis, e.g. that AOX acts to
handle an excess of NADH which would exceed the ca-
pacity of the main cytochrome pathway, is not always
valid, and that the alternative pathway, could also be
active when the cytochrome route is not saturated (22,23).

Respiratory control, e.g. availability of ADP for oxi-
dative phosphorylation did not influence AOX activity
either, as proved by uncoupling substances that were
otherwise taken up by A. chrysogenum mycelia (22). In-
organic phosphate (see later) was abundant in the me-
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dium, thus modified dissolved oxygen tensions remained
considered as the obvious regulator of AOX activity (22).

The production of reactive oxygen species (ROS),
such as O,.0 and H,0O,, is an unavoidable consequence
of aerobic metabolism. Mitochondrial electron transport
chain is a major site of ROS production. The capability
of the alternative respiratory pathway to prevent the
production of ROS has been proposed by several studies
(28-31). Indeed, intracellular peroxide (IP) levels of my-
celia proved to be aeration-dependent, while their in-
crease caused by elevated oxygen input could be counter-
acted by the presence of the lipid peroxyl radical scav-
enger DL-a-tocopherol, and vice versa. Accordingly, the
effect of oxygen on the cyanide-resistant alternative re-
spiratory activity is mediated via changes in the size of
the IP pool. Since a lipid peroxyl radical scavenger could
hinder the IP production, an overwhelming majority of
these molecules were suggested to be of lipophylic char-
acter. The primarily produced ROS are water-soluble,
thus a secondary, tertiary, etc. production of peroxides
due to the propagation of lipid peroxidation by peroxyl
radicals was supposed to take place. These results were
in good agreement with those obtained when peroxides
were directly supplemented to A. chrysogenum cultures,
or when catalase activities in vivo were inhibited by sa-
licylic acid (32). Both treatments caused a substantial in-
crease in the levels of IP and coincided with a stimula-
tion of the AOX activity.

Alternative Respiration and CPC Production

Similarly to the activity of AOX, biosynthesis (and also
the industrial production) of CPC by A. chrysogenum re-
quires extensive aeration. In order to prove a causal re-
lationship between AOX activity and CPC production, a
multi-reactor system with gradually increasing oxygen
tensions was used for the cultivation of the fungus (26).
It was found that both AOX activity and CPC produc-
tivity increased progressively, yielding a correlation co-
efficient of over 0.9 and therefore suggesting a strong,
although indirect evidence for the case. A direct eviden-
ce was served by the addition of SHAM into the culture
medium. Specific inhibition of the alternative respirato-
ry pathway reduced the CPC production rate practically
to zero without inhibiting biomass production, indi-
cating the crucial role of the AOX activity in CPC pro-
duction (22).

In the course of CPC fermentation by A. chrysoge-
num, activities of the cytochrome-dependent respiratory
enzymes decrease, whereas the activity of the AOX in-
creases (21). The physiological function of this non-pro-
tonmotive respiration was suggested to be the removal
of the reducing equivalents in excess. The synthesis of
CPC requires a high rate of carbon catabolism, which
will result in NADH production and subsequently, ATP
generation. However, ATP consumption is limited by
the absence of biosynthetic processes of equivalent ca-
pacity, resulting in a high energy charge and an overall
decrease in catabolism. A switch from cytochrome-de-
pendent respiration to the alternative route would enable
the fungus to reoxidise its NADH without concomitant
ATP production, allowing carbon catabolism to ensue.

The experiments described above were performed
using a cultivation medium that supports CPC overpro-
duction. Consequently, final CPC concentrations were
comparable to those of the final biomass. When the ex-
periments were repeated using a minimal medium with
glucose and ammonium as a sole carbon and nitrogen
source, respectively, final CPC concentrations became
negligible to the biomass produced (23). Under such
conditions, addition of SHAM into the culture medium
(specific inhibition of the alternative respiratory path-
way) exhibited no effect on the production of CPC. It
was concluded, therefore, that CPC overproduction rather
than CPC biosynthesis itself requires the operation of
the alternative respiratory pathway, and that under non-
producing conditions the relationship between AOX ac-
tivity and CPC production is lost.

Alternative Respiration and
Plant Oil Catabolism

To produce CPC by A. chrysogenum on an industrial
scale, the fungus was cultivated in a complex medium
with glucose (dextrane) and different plant oils as major
carbon sources (33,34). Biochemical background of the
beneficial effect of oils on CPC production is still not
clear. It was therefore questioned whether the addition
of soybean oil may also influence the activity of the al-
ternative respiratory pathway.

The addition of soybean oil had no effect on the to-
tal respiratory rate. However, the respiratory activities
of the soybean-oil-supplemented and non-supplemented
cultures were differently affected by the addition of
KCN, since soybean-oil-containing culture showed
about twofold activity of the AOX when compared to
the controls (35). In order to test whether there was a di-
rect relationship between the presence of soybean oil
and the formation of the AOX, its activity was also as-
sayed in mycelia growing in the presence of different
concentrations of soybean oil and glucose. Data showed
that the activity of the SHAM-sensitive pathway indeed
increases with the increase of soybean oil concentration
(35).

Metabolism of soybean oil can involve the glyoxa-
late cycle. Growth in the presence of increasing concen-
trations of soybean oil indeed led to correspondingly in-
creased activities of its key enzyme isocitrate lyase. In
order to find out whether succinate, the product of the
glyoxalate cycle, may stimulate the alternative respira-
tory pathway, thenoyltrifluoroacetone (TTFA) was used,
which specifically inhibits succinate dehydrogenase (36).
TTFA addition indeed had a more dramatic effect on re-
spiration in mycelia growing in the presence of soybean
oil. TTFA also appeared to specifically block the alterna-
tive respiratory activity, since further addition of KCN
blocked respiration completely in both cultures (35).

As mentioned earlier, fungal AOX is stimulated by
succinate at concentrations of 1-5 mM (18). These con-
centrations are likely to be physiologically relevant, since
succinate, produced within the mitochondrial matrix via
the glyoxalate cycle as described above, can reach con-
centrations as high as that. Data obtained using isolated
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A. chrysogenum mitochondria confirmed that succinate is
in fact a stimulator of the AOX activity.

Stimulation of the AOX by succinate may also pro-
ceed, similarly to the effect of oxygen, by increased IP
production. The addition of glucose and soybean oil, re-
spectively, to carbon-depleted A. chrysogenum cultures
enhanced IP levels differently: glucose caused an approx.
6-fold, while soybean oil an almost 17-fold increase. On
the other hand, both cyanide-resistant respiration and
the IP levels were effectively suppressed by the lipid pe-
roxyl radical scavenger DL-a-tocopherol. Importantly,
CPC overproduction could also be hindered by DL-a-to-
copherol. Inhibition of the oxidative metabolism of suc-
cinate by TTFA also resulted in a decrease of both the
alternative respiration and the IP levels, but considera-
bly more severely on soybean oil than on glucose. These
results suggest that in addition to the stimulatory effect
of succinate per se, succinate dehydrogenase and the cy-
anide-resistant alternative respiratory pathway may also
be functionally connected via changes in the size of the
IP pool.

Alternative Respiration and
Phosphate Concentrations

The alternative respiratory pathway is uncoupled, i.e.
electron flow via AOX is not hindered by the generation
of a proton gradient, and thus it is not attached to the
phosphorylation of ADP. In suboptimal concentrations,
ADP and inorganic phosphate can both limit respiratory
electron flow. It was hypothesized that under phosphate
limiting conditions (which happen during such impor-
tant commercial fermentations like citric acid or penicil-
lin production), electron flow would switch from the cy-
tochrome-dependent pathway to the alternative route. To
test this hypothesis, A. chrysogenum mycelia were pre-
grown in a standard medium, and were then transferred
into ones that contained phosphate in the concentration
range of 0.1-5 g/L. Biomass production as well as over-
all respiratory activity started to decline below a phos-
phate concentration of 1 g/L. In contrast, alternative
route has become progressively more engaged, and
comprised almost 75 % of the total oxygen uptake at the
lowest examined phosphate concentration.

Conclusions

Similarly to all other fungi studied to date, A. chry-
sogenum also possesses a cyanide-resistant alternative re-
spiratory pathway in its mitochondria. It was shown
that its activity can be stimulated by succinate rather
than pyruvate, thereby indirectly confirming the establi-
shed difference between plant and fungal AOX. A. chry-
sogenum AOX responds primarily to processes that in-
volve the generation of ROS, including increased aeration,
catabolism of certain carbon sources and ageing. It was
proven that AOX activity plays a crucial role in CPC
overproduction by removing the redundant reducing
equivalents, and thus allowing the carbon catabolism to
proceed. Under non-producing conditions, this relation-
ship is lost. However, inhibition of the generation of ROS
would inevitably result in decreased AOX activity and a

subsequently reduced CPC production, irrespective of
the technological background applied.
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Reguliranje alternativnog respiratornog puta
otpornog na cianid u gljivi Acremonium chrysogenum

Sazetak

U radu su prikazane postojeée spoznaje o biokemijskim i fizioloskim procesima koji
direktno ili indirektno mijenjaju djelovanje alternativnog respiratornog puta otpornog na
cianid u filamentoznoj gljivi Acremonium chrysogenum proizvodacu cefalosporina C. Osobi-
to je istaknuta uloga koju ova aktivnost ima pri prekomjernoj proizvodnji antibiotika, kao

bitna osnova ovog fermentacijskog postupka.



