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Abstract

The energetic consequences of strict oxyconformity in the intertidal worm S. nudus were studied by characterizing the
Po dependence of respiration in mitochondria isolated from the body wall tissue. Mitochondrial respiration rose in a2
Po range between 2.8 and 31.3 kPa from a mean of 56.5 to 223.9 nmol O mg protein�1 h�1. Respiration was sensitive2

Ž .to both salicylhydroxamic acid SHAM and KCN. Po dependence remained unchanged with saturating and non-2
Ž .saturating substrate levels malate, glutamate and ADP . A concomitant decrease of the ATP�O ratio revealed a lower

ATP yield of aerobic metabolism at elevated Po . Obviously, oxyconforming respiration implies progressive uncoupling2
of mitochondria. The decrease in ATP�O ratios at higher Po was completely reversible. Addition of 90.9 �mol H O2 2 2
l�1 did not inhibit ATP synthesis. Both observations suggest that oxidative injury did not contribute to oxyconformity.
The contribution of the rates of mitochondrial ROS production and proton leakiness to mitochondrial oxygen
consumption and uncoupling was investigated by using oligomycin as a specific inhibitor of the ATP synthase. The
maximum contribution of oligomycin independent respiration to state 3 respiration remained below 6% and showed a
minor, insignificant increase at elevated Po , at a slope significantly lower than the increment of state 3 respiration.2
Therefore, Po dependent mitochondrial proton leakage or ROS production cannot explain oxyconformity. In2
conclusion Po dependent state 3 respiration likely relates to the progressive contribution of an alternative oxidase2
Ž .cytochrome o , which is characterized by a low affinity to oxygen and an ATP�O ratio similar to the branched
respiratory system of bacteria. The molecular nature of the alternative oxidase in lower invertebrates is still obscure.
� 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Most intertidal invertebrates, especially the in-
fauna, have to cope with highly fluctuating am-
bient oxygen conditions. In intertidal areas oxy-
gen tensions in surface waters vary from almost 0
kPa at night to hyperoxic levels during daytime
Ž .Fenchel and Finlay, 1995 . These high Po levels2
may cause increased oxygen concentrations in the
burrows of intertidal species linked to an eleva-
tion of oxidative stress. The respiration rate of
the intertidal worm Sipunculus nudus is strongly
dependent on oxygen levels in the ambient water
Ž .Henze, 1910; Portner et al., 1985; Riefke, 1994 .¨
This Po dependent respiration is called oxycon-2
form and has been found in many marine inverte-

Ž .brates Mangum and van Winkle, 1973 . In con-
trast, most if not all vertebrates maintain a
constant rate of oxygen consumption under vary-

Žing Po , and are termed oxyregulators Prosser,2
.1991; Portner and Grieshaber, 1993 . In general,¨

both oxyconformers and oxyregulators show a
rapid decrease in oxygen uptake below a critical

Ž .Po level P , Dejours, 1981 which marks the2 CŽI.
Žonset of anaerobic metabolism Portner and¨

.Grieshaber, 1993 . Many intermediate patterns
between extreme oxyconformity and oxyregula-

Žtion have been described Mangum and van
.Winkle, 1973 . In some cases aerobic oxycon-

formity only occurs in a low to medium range of
Po above which respiration becomes saturated2

Žand oxyregulation prevails Portner and¨
Grieshaber, 1993; Fritzsche, 1995; Abele et al.,

.1998 .
Isolated cells and mitochondria of oxyregulat-

ing animals also display Po independent respira-2
Žtion above P Jobsis, 1974; Wilson et al., 1979;¨CŽI .

Jones and Kennedy, 1982; Wilson et al., 1988;
.Portner and Grieshaber, 1993 . The reason for¨

Žthis is the high oxygen affinity of cyt a�a cyto-3
.chrome c oxidase, EC 1.11.1.7 in the inner mito-

chondrial membrane, which becomes saturated at
Žlow Po Oshino et al., 1974; Jones and Kennedy,2

.1982 . Accordingly, a constant maximal oxidation
of cyt c was measured above the critical Po with2

Žincreasing Po Oshino et al., 1974; Sugano et al.,2
.1974; Jones et al., 1985 . These relationships have

not been investigated in oxyconforming animals.
We hypothesized that a mitochondrial mechanism
may form the basis of the strong oxyconformity of

Ž .S. nudus. Portner and Grieshaber 1993 dis-¨
cussed the possibility of an alternative mitochon-

drial electron pathway, known from bacteria, as
an explanation for oxyconformity in marine inver-
tebrates. This pathway is predicted to be charac-
terized by a lower phosphorylation efficiency dur-
ing O reduction, and will therefore yield lower2
P�O ratios than the classical pathway.

The present paper aims at elucidating the mito-
chondrial background of oxyconformity in S.
nudus. The first objective was to analyse whether
mitochondria displayed Po dependent oxygen2
uptake and to investigate the energetic conse-
quences. Are higher levels of oxygen consumption
at elevated Po correlated to a higher ATP yield2
and turnover? The second aim was to investigate
the possible contribution of proton leakiness or

Ž .ROS reactive oxygen species formation to the
expected progressive uncoupling of mitochondrial
respiration at high ambient Po . The present2
data are discussed in the context of a companion
study which compared Po dependent respiration2
in mitochondria of the bivalve Arctica islandica,
the nereid worm Nereis pelagica and the bovine

Ž .heart Tschischka et al., 2000 .

2. Material and methods

2.1. Animals

ŽSpecimens of Sipunculus nudus 4�9 g body
.weight were collected in March and April from

intertidal sandy beaches close to Morgat, in the
vicinity of the Biological station of Roscoff, Brit-
tany, France. After transport to the Alfred We-
gener Institute in Bremerhaven, animals were
kept in tanks with a 10�15 cm layer of sand from
the original habitat and recirculated filtered natu-
ral full strength sea water at temperatures
between 11 and 15�C.

2.2. Isolation of mitochondria

Mitochondria were isolated at 0�3�C from body
wall muscle tissue following a procedure modified

Ž . Ž .after Riefke 1994 . Muscle tissue 8�18 g was
Ž �1rinsed with isolation buffer 0.8 mol glycine l ,

0.172 mol sucrose l�1, 0.5 mmol EGTA l�1, 10
�1 .mmol HEPES l and 0.2% BSA , cut into small

pieces and washed twice with isolation buffer.
Tissue pieces were homogenized in a motor-driven

Žglass-Teflon homogenizer Heidolph, Kelheim,
. Ž .FRG in isolation buffer w�v �1:20 . The ho-
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mogenate was filtered through gauze and cellular
Ždebris was removed by centrifugation 3500�g,

.10 min . The resulting supernatant was filtered
through gauze again. After repeated centrifuga-

Ž .tion two times at 3500�g, 10 min the combined
supernatants were centrifuged at 16 000�g for
30 min. The final supernatant was discarded and

Ž .the upper mitochondrial layer of the pellet was
carefully resuspended in 150 ml isolation buffer

Ž .and centrifuged again 16 000�g, 30 min . The
mitochondrial pellet was resuspended in 2�4 ml

Ž �1of respiration buffer 0.55 mol glycine l , 0.25
mol sucrose l�1, 0.5 mmol EGTA l�1, 10 mmol
HEPES l�1, 5 mmol MgCl l�1, 5 mmol K HPO2 2 4
�1 .l and 0.2% BSA .

For the comparison of the methods, the con-
tent of mitochondrial protein was measured ac-

Ž . Žcording to Bradford 1976 and Biuret Kresze,
. Ž �1 .1983 using BSA 1�10 mg ml as a standard.

Ultrasonic treatment or freezing of mitochondrial
samples verified that protein extraction from mi-
tochondria was complete. Mitochondrial protein
concentrations when determined with the Brad-
ford-assay resulted as 2303�0.523 mg ml�1 and
as 5.02�1.17 mg ml�1 with the Biuret-method.
Glycine interferes with the analysis according to

Ž .Biuret Rehm, 1996 and personal observations ,
therefore, protein concentrations determined ac-
cording to Bradford were used throughout.

2.3. Analyses

2.3.1. Chemicals
ŽChemicals were obtained from FLUKA De-

.isenhofen, FRG , unless stated otherwise and with
the exception of hydrogen peroxide and MgCl ,2

Žwhich were purchased from Merck Darmstadt,
.FRG , glycine, EGTA, HEPES, DMSO, BSA and

Ž .ATP from SIGMA Deisenhofen, FRG and ADP
Ž .from Boehringer Mannheim, FRG . Mitochon-

Ž .drial substrates glutamate, malate, ADP as well
1 5 Ž .as ATP and P , P -Di- adenosin-5� -pentaphos-

pate were dissolved in deionized water, at neutral-
ized pH if necessary. Oligomycin and CCCP were
dissolved in a solution containing 40% DMSO.
Added volumes of DMSO had no measurable
effect on mitochondrial respiration.

2.3.2. Mitochondrial respiration
Mitochondrial respiration was measured using

Ž .a Clarke type electrode Eschweiler, Kiel, FRG
in an assay containing 0.5�0.9 ml of a mitochon-

drial suspension mixed with 1�1.3 ml respiration
buffer at 14.5�0.3�C in a closed glass chamber.
The substrates malate and glutamate were added
at variable concentrations. Po levels in the res-2

Žpiration buffer were adjusted by tonometry model
.237, Instrumentation Laboratory, Milan, Italy us-

ing mixtures of pure N , O and CO prepared2 2 2
Ž .by a Multi-Gas-Controller MKS, Munich, FRG .

After stable readings of state 2 respiration, state
3 respiration was elicited by the addition of ADP
to a level of 0.2 or 0.6 mmol l�1. Owing to

Žoxyconformity rates are given for the mean value
.of a Po range �0.5 kPa a clear transition to2

state 4 respiration could not be identified. There-
fore, respiratory control coefficients were calcu-

Žlated by dividing state 3 respiration respiration
.with glutamate, malate and ADP by state 2 respi-

Žration respiration with glutamate and malate
. Ž .without ADP according to Volkel 1992 and¨

Ž .Riefke 1994 . The effect of KCN and salicylhy-
droxamic acid on mitochondrial respiration was
studied at levels of 10 �mol l�1 or 3 mmol l�1,
respectively.

2.3.3. ATP-synthesis
ATP-synthesis was determined using a lu-

Žciferin-luciferase assay Bio Orbit 1243-102 ATP
.Monitoring Kit, Turku, Finland and a Lumines-

Žcence Spectrometer Perkin Elmer LS 50B, Han-
.nover, FRG following the rationale of Wibom et

Ž .al. 1990 . Maximal inhibition of adenylate kinase
Ž .EC 2.7.4.3 was achieved by the addition of 50

1 5 Ž . �1�mol P , P -Di- adenosin-5� -pentaphosphate l .
ATP production and O consumption were mea-2
sured in the same mitochondrial assay. ATP pro-
duction was recorded during state 3 res-
piration for 0.6�1.5 h in 2�3 samples, removed
from respiration chambers. If necessary, mito-
chondrial samples were diluted in respiration
buffer. P�O ratios were calculated as the molar
quantity of ATP produced per mol of atomic

Ž .oxygen consumed O . The acute influence of
external H O on mitochondrial ATP synthesis2 2
was monitored after the addition of H O di-2 2
rectly to the online measurement of ATP produc-
tion in the luciferin-luciferase system.

2.3.4. Mitochondrial H O production2 2
Mitochondrial H O production in state 2 and2 2

state 3 respiration was analysed by two methods,
firstly by fluorimetric analysis, using scopoletin
Ž .7-hydroxy-6-methoxy-2 H-benzopyran as a fluo-
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rescence indicator dye in a peroxidase catalyzed
Žreaction in potassium phosphate buffer 100 mmol

�1 . Ž .l , pH 7 according to Pamatmat 1990 . A lumi-
Žnescence spectrometer Perkin Elmer, Hannover,

.FRG was used at a wavelength of 365 nm for
excitation and 490 nm for emission recordings.
The second method determined oxygen consump-
tion with and without the addition of catalase.
Mitochondrial oxygen consumption was moni-
tored and 10�20 �l of a catalase solution were
added. H O production was evaluated from the2 2
reduction in oxygen depletion due to O produc-2
tion by catalase.

Mitochondrial oxygen uptake linked to trans-
membrane H� leakage or ROS formation was
quantified after the addition of ADP and then,

Ž �1 .oligomycin 20 �mol l , thereby eliciting firstly
phosphorylation and then maximal inhibition of

ŽATP synthesis. Finally, CCCP was added 15 �mol
�1 .CCCP l to investigate the Po dependence of2

uncoupled respiration.
In initial experiments centrifugation periods

and buffer composition were optimized for the
preparation of a nominally catalase free mito-
chondrial suspension. Determinations of catalase
activity in mitochondrial preparations according

Ž . Žto Aebi 1985 confirmed that catalase EC
.1.11.1.6 activity remained below detection limits.

ŽStudies in another marine worm Arenicola ma-
.rina had demonstrated, that in marine inverte-

brates catalase is mainly located in the peroxiso-
mal compartment, as it is known for mammals
Ž .Buchner et al., 1996 .

2.3.5. Calculation and statistics
Data are given as individual values or means�

Ž .standard deviations S.D. . Differences between
means were evaluated by Student’s t-test at a
significance level of 5%. The significance of re-
gressions was evaluated by analysis of variance

Žand F-test Stat View II, Abacus Concepts Inc.,
.Berkley CA, USA .

3. Results

3.1. Oxyconformity and energetics

Mitochondrial respiration was measured at
different substrate concentrations. In a first ap-
proach malate and glutamate levels were both set
to 5 mmol l�1 and ADP to 0.6 mmol l�1 following

Ž .Riefke 1994 . In contrast to the pattern of Po2
independent respiration we saw with bovine heart

Ž .mitochondria Tschischka et al., 2000 , S. nudus
mitochondria displayed a linear and significant
increase in oxygen consumption as a function of

Ž .rising Po 2.8�31.3 kPa from a mean of2
�1 �1 Ž .56.5�223.9 nmol O mg protein h Fig. 1 . For

comparison, ‘physiological’ substrate concentra-
Ž �1tions 0.1 mmol malate and glutamate l and 0.2

�1 .mmol ADP l did not change the maximum
Žrespiration rate or its dependence on Po n�3,2

.data not shown . ‘Physiological’ substrate concen-
trations were used according to the levels of
malate and free ADP in the whole body wall

Ž .tissue as determined by Portner et al. 1984 and¨
Ž .Zielinski and Portner 1996 .¨

ŽRespiration rates without ADP state 2, sub-
.strates included seemed equally Po dependent2

Ž .as respiration with ADP state 3 , the exact de-
termination being compromised by low respira-
tion rates in state 2. In consequence and indepen-
dent of the substrate concentrations applied ris-
ing Po did not lead to any changes in RCR2
which remained at a mean level of 3.74�1.08.

Mitochondrial ATP synthesis rose significantly
in a Po range between 10.1 and 31.3 kPa from a2
mean of 187�279 nmol ATP mg protein�1 h�1

Ž .Fig. 2 . Nonetheless, the P�O ratio decreased
significantly from a mean of 2.08�1.07 at elevated

Ž .Po between 10.1 and 31.3 kPa Fig. 3 . Similar to2
Ž .findings by Riefke 1994 maximal inhibition of

mitochondrial respiration at normoxic Po oc-2
curred by 83% with KCN and by up to 60% with
SHAM.

3.2. Oxyconformity and mitochondrial integrity

Oxidative injuries of mitochondria could pro-
vide a possible explanation for decreasing P�O
ratios at rising Po . The effect of external H O2 2 2
was checked by the addition of 0�90.9 �mol
H O l�1 to well coupled mitochondria. The2 2
maximal level of 90.9 �mol H O l�1 is 4.6-fold2 2
higher than the H O concentration formed in2 2
coelomic fluid of S. nudus under normoxic condi-

Žtions T. Buchner, D. Abele, H.O. Portner, un-¨
.published . Addition of up to 90.9 �mol H O2 2

l�1 to the mitochondrial assay even led to a small
Žnon-significant increase of ATP synthesis 119.5

.�30%, n�3 compared with the level of ATP
production without the addition of H O .2 2

In a second experiment respiration rates and
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Fig. 1. State 3 respiration in well coupled isolated mitochondria from S. nudus body wall muscle as a function of ambient Po after the2
addition of 5 mmol glutamate l�1 , 5 mmol malate l�1 and 0.6 mmol ADP l�1 . One symbol is used for each mitochondrial preparation
Ž . �same symbols as in Figs. 2 and 3 measured at different Po levels, n�16. P�0.01 indicates the significance level of linear2
regression.

Fig. 2. ATP synthesis at different Po levels in well coupled mitochondria of S. nudus after the addition of 5 mmol glutamate l�1 , 52
�1 �1 Ž .mmol malate l and 0.6 mmol ADP l . One symbol is used for each mitochondrial preparation same symbols as in Figs. 1 and 3

measured at different Po levels, n�7. � P�0.05 indicates the significance level of linear regression.2
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Fig. 3. Mitochondrial P�O ratios as a function of ambient Po . P�O ratios were calculated from dividing ATP production by2
Ž . Ž .consumed oxygen O . One symbol is used for each mitochondrial preparation same symbols as in Figs. 1 and 2 measured at different

Po levels, n�7. � P�0.05 indicates the significance level of linear regression.2

ATP synthesis were studied first at high O ten-2
Ž .sions 26.26�0.79 kPa and then repeated at

Žlower O levels 16.16�1.97 kPa, still above in2

vivo intracellular Po values of approx. 9 kPa ex-2
pected under normoxia, Portner and Grieshaber,¨

.1993 .

Fig. 4. Reversibility of mitochondrial respiration, ATP production and P�O ratio first determined at high Po followed by analysis at2
lower Po in the same mitochondria. Values are given as means�S.D., n�4. � P�0.05, significant difference between the two Po2 2
values, paired sample t-test. For more details see text.



( )T. Buchner et al. � Comparati�e Biochemistry and Physiology Part B 129 2001 109�120 115

These mitochondria consumed 160.04�69.02
nmol O mg protein�1 h�1 and produced 162.32�
42.12 nmol ATP mg protein�1 h�1 at high Po .2
When O levels were reduced, the same mito-2
chondria respired 86.98�23.36 nmol O mg pro-
tein�1 h�1 and synthesized ATP at 160.31�14.53
nmol ATP mg protein�1 h�1. These data resulted
in a low P�O ratio of 1.14�0.39 at high and a
significantly higher ratio of 1.98�0.53 at low Po2
Ž .Fig. 4 . Moreover, the P�O ratio observed at
16,16 � 0,39 kPa was the same as in experiments

Ž .without prior hyperoxic treatment Fig. 3 . These
data demonstrate that high respiration rates and
decreased P�O ratios at high oxygen tensions are
completely reversible.

3.3. Mitochondrial proton leakiness and ROS
formation

Mitochondrial ROS formation consumes O2
consumption without contributing to ATP synthe-
sis. In the inner membrane of vertebrate mito-
chondria oxygen is reduced at complex I and the

Ž .ubiquinone-pool Turrens et al., 1982a,b . An-
other O consuming process is associated with2
mitochondrial proton conductance. Here protons
undergo back diffusion without contributing to
phosphorylation. Oligomycin inhibits the ATP
synthase. Thus, residual oxygen uptake under

oligomycin is a consequence of proton leakiness
at high mitochondrial membrane potentials
Ž .Brand et al., 1994 and also includes ROS forma-
tion. If one or both mechanisms were primarily
responsible for the Po dependence of respira-2
tion and P�O ratios, inhibition by oligomycin
should be minor and respiration under oligomycin
should show the same degree of oxyconformity as
oxygen consumption without oligomycin.

In the range between 8.7 and 26.4 kPa, there
was a small, non-significant increase in oligomycin

Ž .insensitive oxygen uptake with rising Po Fig. 5 .2
However, the Po dependent increase in oxygen2
consumption of the same mitochondrial sample
without oligomycin was 6.7-fold and, therefore,

Ž .significantly higher Fig. 5 . Moreover, oligomycin
insensitive respiration occurred at a rate which
contributed a maximum of 6% to state 3 respira-
tion. Addition of the uncoupler CCCP after the
addition of oligomycin, re-established the Po2
dependent increase in oxygen consumption.

These results lead to the conclusion that both
mitochondrial proton leakiness and ROS produc-
tion can only account for maximally 13% of the
observed oxyconformity such that the major part
of the phenomenon has to be explained by other
mechanisms. In support of these conclusions,
mitochondrial H O formation at several levels2 2

Ž .of Po 5.06�39.45 kPa occurred below the de-2

Ž . Ž . �1Fig. 5. Mitochondrial state 3 respiration with filled symbols and without open symbols 20 �mol oligomycin l . Each symbol
Ž .represents one mitochondrial preparation measured at different levels of Po , n�7. Slopes are significantly different P�0.05 .2
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tection limits of the two methods used and con-
firmed that ROS formation is small and does not
significantly contribute to oxygen consumption in
S. nudus mitochondria.

4. Discussion

4.1. Mitochondrial respiration as the reason for
oxyconformity?

Mean mitochondrial oxygen consumption per
mg mitochondrial protein of S. nudus under nor-
moxia is approximately 80-fold lower compared

Žwith rat and pigeon mitochondria Barja et al.,
.1994 , and approximately 40% lower than mito-

chondrial oxygen uptake of the lugworm Areni-
cola marina, another intertidal invertebrate
Ž .Volkel and Grieshaber, 1996 . The low mito-¨
chondrial respiration rate in S. nudus relates to
the low respiration rate of the whole animal
Ž .Portner and Grieshaber, 1993 .¨

Mitochondria isolated from the body wall tissue
of S. nudus displayed strictly oxyconform respira-

Ž .tion between 2.8 and 31.3 kPa Fig. 1 . This range
covers and extends beyond the values of intracel-
lular Po in vivo calculated by Portner and¨2

Ž .Grieshaber 1993 for the range between hypoxia
and hyperoxia. The Po induced increase of oxy-2
gen uptake is the same for the whole animal, for

Žisolated body wall tissue Portner et al., 1985;¨
.Riefke, 1994 as well as for isolated muscle cells

Žand coelomic cells Portner and Grieshaber, 1993;¨
.Riefke, 1994 . Mean respiration rate of the whole

animal nearly doubles at a Po increment of2
13.15 kPa, similar to the increase in mitochon-
drial respiration seen in this study. All of these
findings suggest that a mitochondrial mechanism
causes oxyconformity in S. nudus. This conclusion
is also supported by the finding of decreased
NADH levels at high Po in isolated body wall2

Ž .muscle fibres of S. nudus Riefke, 1994 . Such a
drop can be explained by the Po driven rise in2
oxygen turnover and, thus, NADH demand of
mitochondria.

Mitochondrial oxyconformity was also found in
Žnereid and bivalve mitochondria Tschischka et

.al., 2000 . In contrast, cells and mitochondria of
oxregulators respire at a constant rate above a

Žcritical Po Jobsis, 1974; Jones and Kennedy,¨2
1982; Jones et al., 1985; Hummerich et al., 1988;
Wilson et al., 1988; Rumsey et al., 1990; Portner¨

.and Grieshaber, 1993; Tschischka et al., 2000 .
This observation can easily be explained by the
high oxygen affinity of cyt a�a , which is satu-3

Žrated above a critical Po of 0.1 kPa Oshino et2
.al., 1974; Jones and Kennedy, 1982 .

The Po dependence of mitochondrial respira-2
tion might be influenced by the levels of
mitochondrial substrates. However, our data de-
monstrate that the pattern of oxyconforming res-
piration remains unchanged at ‘physiological’ as
well as at saturating substrate concentrations.

4.2. Energetic consequences of oxyconformity

Oxyconformity strictly coupled to ATP produc-
tion would imply a drastic increase in energy
turnover at high Po . Maintenance of ATP2
turnover despite oxyconforming respiration re-
quires partial or complete uncoupling of ATP
production from mitochondrial oxygen uptake. In
the case of S. nudus the mitochondrial P�O ratio

Ž .declined linearly with rising Po Fig. 3 , i.e. the2
Po dependent rise in ATP synthesis occurred at2
a much slower rate than the increase in oxygen
consumption. In contrast, rat brain mitochondria
operate at constant ADP�O ratios between 3.95

ŽkPa and approximately 20 kPa Khazanov et al.,
. Ž1992 . In a companion study Tschischka et al.,
.2000 , we also found constant ADP�O ratios in

Žbovine heart mitochondria despite high Po 302
.kPa , whereas oxyconforming nereid and bivalve

mitochondria displayed a drop in P�O ratios.
In the present study the calculation of mito-

chondrial P�O ratio used ATP quantities anal-
ysed by luminometry in the respiratory assay. In
contrast, the ‘classical’ calculation of P�O values
uses the amount of ADP added and the total
amount of oxygen consumed during state 3 respi-
ration. ADP is assumed to be completely phos-
phorylated to ATP when state 4 respiration starts
Ž .Chance and Williams, 1956 . Some authors em-
phasized problems with this ‘classical’ approach
of determining P�O ratios. Especially Hinkle and

Ž .Yu 1979 found that up to 10% of the added
ADP had not been converted to ATP at the point
of transition of state 3 to state 4 respiration.

The highest mean P�O ratio found at a Po of2
10.1 kPa was 2.08 and a low value of 1.07 was
found at 31.3 kPa. Assuming a linear increase of
the P�O ratio with declining Po , the expected2
P�O ratio at 0.26 kPa would be 2.55. This is close
to a P�O ratio of 2.3 expected for NADH oxida-
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tion in the classical electron transport chain
Ž .Hinkle, 1995 . These considerations support the
hypothesis that an alternative oxidase of low oxy-

Ž .gen affinity see below may contribute to mito-
Žchondrial respiration at high Po Portner and¨2

.Grieshaber, 1993 .

4.3. Mitochondrial dysfunction at high Po ?2

As an alternative explanation high Po might2
lead to ROS formation, oxidative damage of
mitochondrial membranes and in consequence
uncoupling of oxygen uptake from ATP synthesis.
In rat mitochondria, addition of ROS led to de-
creased P�O ratios, probably due to peroxidation

Žof mitochondrial membrane lipids Nohl et al.,
.1978 . Elevated H O concentration in the co-2 2

elomic plasma of S. nudus under hyperoxic condi-
Ž �1 .tions 40.77 kPa: 29.02�3.21 �mol H O l2 2

Žcompared with normoxia 20.25 kPa: 19.92�2.19
�mol H O l�1, T. Buchner, D. Abele and H.O.2 2

.Portner, unpublished indicate Po dependent¨ 2
ROS formation in this species in vivo. However,
an inhibitory effect on ATP synthesis was not
found, when mitochondria were exposed to H O2 2
concentrations chosen equivalent to coelomic lev-
els under normoxia or even threefold higher.

Irreversible damage by Po induced produc-2
tion of reactive oxygen species has been described

Žfor vertebrate mitochondria Boveris and Chance,
1973; Loschen et al., 1973; Turrens et al., 1982a,

.Barja et al., 1994 . Pathophysiological peroxida-
tive mitochondrial membrane damage by hyper-
oxic exposure has been described by Nohl et al.
Ž .1981 for heart cells of rats. In S. nudus oxycon-
formity and Po dependent P�O ratios were2

Ž .found to be completely reversible Fig. 4 , thereby
excluding mitochondrial damage by ROS forma-
tion during the time course of the experiments.

4.4. Mitochondrial mechanisms behind
oxyconformity

Po dependent proton leakiness or ROS for-2
mation would also explain declining P�O ratios
at higher Po . Po dependent ROS formation2 2
has been described for pigeon heart and porcine

Ž .lung mitochondria Turrens et al., 1982a,b . How-
ever, the high degree of inhibition by oligomycin
in S. nudus mitochondria suggests that mitochon-
drial respiration includes only a small fraction of
proton leakage or ROS formation. Therefore, any

contribution of proton leakiness or ROS produc-
tion to oxyconformity in S. nudus would be mi-
nor.

Groups of bacteria, e.g. species of Acetobacter,
Azotobacter, Paracoccus and Escherichia coli pos-
sess a branched respiratory system, also postu-
lated to exist in mitochondria of endoparasitic

Žnematodes and helminths Cheah, 1967; Paget et
.al., 1988 . One of the final oxidases is cytochrome

Žo Smith, 1961; Matsushita et al., 1984; Moat and
. ŽFoster, 1988 . Cytochrome o also termed as cy-
. Žtochrome bo is a b-type cytochrome White,

.1995 . Some bacteria, like the facultative anaer-
obe Staphylococcus albus, use only cytochrome o

Ž .as the final oxidase Smith, 1961 . In E. coli this
Žcytochrome displays a low oxygen affinity Schle-

.gel, 1992 and leads to oxyconforming respiration
Ž .of the cell Daniel, 1970 comparable with oxy-

conformity of S. nudus mitochondria. Electron
flux through the cytochrome o pathway is charac-
terized by a reduced number of phosphorylation
sites, compared to the classical respiration chain

Ž .terminated by cyt a�a Sone, 1990; White, 1995 .3
In our view the presence of a similar branched
respiratory chain is a possible explanation for
oxyconformity in S. nudus mitochondria and their
progressive uncoupling at high Po .2

A cytochrome o controlled pathway is also
discussed for other infaunal marine invertebrates
ŽPortner and Grieshaber, 1993; Tschischka et al.,¨

.2000 . Moreover, an alternative oxidase is sug-
gested to be involved in H S oxidation in marine2

Ž .invertebrates Volkel and Grieshaber, 1996 . The¨
predominant evidence for cytochrome o in many
studies is the presence of KCN insensitive, SHAM
Ž .salicylhydroxamic acid sensitive mitochondrial
respiration. SHAM is used as an inhibitor of the
alternative oxidase. This evidence is not unequiv-
ocal, however, since some studies indicate, that
SHAM not only inhibits the alternative oxidase
but also the ‘classical’ electron transport chain
Ž .Siedow and Bickett, 1981 . According to these
authors SHAM might act as a competitive inhibi-
tor of electron transfer from ubiquinone to the
alternative oxidase. In bacteria KCN inhibits
cytochrome c oxidase as well as cytochrome o, in
contrast to the KCN resistance of cytochrome d,

Ž .another bacterial final oxidase Sone, 1990 char-
acterized by reduced phosphorylation efficiency
Ž .Jones, 1977 . Inhibition by KCN as well as by
SHAM was found in oxyconforming mitochon-
drial preparations of this study and a companion
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Ž .paper Tschischka et al., 2000 . These findings
support the existence of a branched respiratory
system in S. nudus and other marine oxycon-
formers.

The endproduct of oxygen reduction by cy-
tochrome o is not quite clear. Some studies sug-
gested that mitochondria produce H O during2 2
respiration via cyt o in nematodes and helminths
Ž .Cheah, 1967; Paget et al., 1988 . However, in-
creasing H O production due to elevated Po2 2 2
also occurs in oxyregulating vertebrate mitochon-

Ž .dria Turrens et al., 1982a . In the nematode
Ž .Nippostrongylus brasiliensis Paget et al. 1987

found that H O formation does not involve cy-2 2
tochrome o, but rather a side reaction of the
classical mammalian-like electron transport path-
way. Determination of the NADH�O ratio in2
groups of E. coli with and without cytochrome o
led to the conclusion, that this bacterial cy-
tochrome o does not produce H O , but H O as2 2 2

Žin the ‘classical’ electron transport chain Elstner,
. Ž . Ž .1990 . Matsushita et al. 1984 and Sone 1990

also described H O to be the only end product of2
bacterial cyt o. In our study H O formation was2 2
not detectable in the Po range between 5.26 and2
39.45 kPa in well coupled mitochondria of S.
nudus, suggesting that H O is not produced in2 2
high enough quantities to be the final end product
of the cytochrome o reaction in S. nudus. Accord-
ingly, the alternative oxidase of this oxyconformer
should produce H O rather than H O .2 2 2

4.5. Ecophysiological implications

Ž .Portner and Grieshaber 1993 hypothesized¨
that an alternative electron transport chain might

Žnot only be present in parasitic helminths Bryant
.et al., 1989 but also in invertebrates from hypoxic

environments as an ancient mechanism of protec-
tion from toxic oxygen. High rates of oxygen
consumption might be used to reduce excessive

Ž .ambient oxygen respiratory protection in closed
environments like the animals’ burrow. Model

Ž .calculations by Portner and Grieshaber 1993¨
indicate that, owing to elevated oxygen consump-
tion, the Po gradient between coelomic fluid2
and mitochondria increases at high ambient Po2
such that the rise in intracellular Po induced by2
hyperoxic exposure is less than at constant
metabolic rates. Nonetheless, these calculations
still reveal an increase in intracellular Po during2
hyperoxia. This increase is responsible for the

pattern of oxyconforming respiration observed in
vivo.

In vertebrates reoxygenation after ischaemic
conditions leads to increased ROS production
Ž .Elstner, 1990 . Presumably, oxyconformity pro-

Žtects S. nudus from such oxidative stress respira-
.tory protection . In fact the levels of antioxidant

enzymes in S. nudus are low, compared to verte-
Žbrates, but also to other marine invertebrates T.

Buchner, D. Abele and H.O. Portner, unpub-¨
.lished . This finding is presumably related to the

low respiration rate of the animal, but protection
against ROS formation in mitochondria by an
alternative, branched electron pathway could also
be one reason. For plant mitochondria Popov et

Ž .al. 1997 observed that H O production is2 2
strongly stimulated by inhibition of the alterna-
tive oxidase and concluded that an alternative
oxidase contributes to antioxidant defence. A pro-
tective effect against oxygen toxicity was shown
for the branched respiratory system in the bac-
terium Azotobacter �inelandii, which possesses an
extremely oxygen sensitive nitrogenase. In this
case cytochrome d is used to deplete oxygen in

Žthe vicinity of the enzyme Jones, 1977;
Gottschalk, 1986; D’Mello et al., 1994; Bertsova

.et al., 1997 . All of these considerations cor-
roborate the conclusion that the alternative elec-
tron pathway contributes to oxygen detoxification
under the variable O conditions of the habitat of2
oxyconforming animals.
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