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Abstract

The scope of anaerobic metabolism of Sipunculus nudus L.
was assessed from the maximal activities of some enzymes
of the intermediary metabolism and from the concen-
tration of some metabolites accumulated during enhanced
muscular activity and during prolonged experimental
hypoxia.

(1) Maximal enzyme activities demonstrate that the
scope of anaerobic glycolysis, as indicated by maximal
activities of glycogen phosphorylase (0.84 U g™ fresh wt),
far exceeds the aerobic capacity, which is assumed not to
surpass the activity of succinate dehydrogenase (0.09 U g™
fresh wt). Three pyruvate reductase activities (alanopine-,
strombine- and octopine dehydrogenase) can possibly
terminate anaerobic glycolysis.

(2) During muscular activity, energy is provided by the
degradation of phospho-L-arginine and by anaerobic
glycolysis. Octopine is the major endproduct during func-
tional anaerobiosis while the formation of strombine is less
pronounced.

(3) During exposure to a nitrogen atmosphere, several
anaerobic endproducts are found to accumulate. An-
aerobic glycolysis is terminated by strombine synthesis.
This opine accumulates in concentrations much higher
than octopine. In addition the concentrations of succinate,
propionate and acetate are found to increase in tissues,
and/or in the coelomic fluid and the incubation water.

(4) The relative contribution of energy by the different
anaerobic metabolic pathways are estimated during func-
tional and environmental hypoxia.

* The initial part of the study was performed at the Lehrstuhl fur
Tierphysiologie, Zoologisches Institut, Westfalische-Wilhelms-
Universitit; D-4400 Miinster, Germany (FRG)

Introduction

Numerous investigations of invertebrates have revealed
two different modes of metabolic adaptation to the various
types of hypoxia:

(a) “Functional hypoxia”, which originates during
excessive muscular activity, exploits energy from the trans-
phosphorylation of a phosphagen as, for example from
phosphocreatine or phospho-L-arginine, and from anaero-
bic glycolysis characterized by the accumulation of lactate
and/or opines (Grieshaber, 1982; Livingstone, 1982);

(b) “Environmental hypoxia” can arise in animals.that
live in habitats which are periodically exposed to hypoxia
as, for example in intertidal flats, in the hypolimnion of
freshwater lakes or in shallow ponds. During hypoxia most
species of these biotops are capable of supplying their own
energy requirements from the degradation of a phospha-
gen, from anaerobic glycolysis, and from anaerobic degra-
dation of glycogen along the succinate-propionate-
pathway. The switch to these metabolic pathways leads to
an immediate increase in the concentrations of lactate
and/or opines as well as of succinate. If environmental
hypoxia occurs for long time periods, succinate is further
metabolized to propionate. The latter accumulates within
the tissues and is also released from the animal into the
environment (de Zwaan, 1977; Zebe, 1977; Schottler,
1980).

The sipunculid worm Sipunculus nudus L. provides
some interesting features of comparative studies of the
anaerobic metabolism of marine invertebrates. In contrast
to some other members of the intertidal infauna (e.g
Arenicola marina L.), S. nudus lies buried in the sand
without building an elaborate burrow. A small funnel in
the substratum above the anterior part of its body pro-
vides access to water for respiration (Hérubel, 1907).
When the water recedes during low tides, however, irriga-
tion becomes impossible. Alternative provision of oxygen
from the interstitial water is unlikely, due to a low partial
pressure of oxygen and negative redox potentials of the
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substratum  (Wells and Warren, 1975; Wieser, 1975;
Gillandt, 1979). These hypoxic conditions would be
detrimental to S. nudus, if the worms were incapable of
changing to oxygen-independent energy metabolism.

Furthermore, Sipunculus nudus shows irregular periods
of burrowing activity in the substratum for translocation
or feeding. The worm may also be forced to dig rapidly
after being flushed out from the sand by wave action.
Usually the amount of energy required for such pro-
nounced muscular activities exceeds aerobic energy pro-
duction, and an alternative anaerobic energy metabolism
is required.

In order to evaluate the scope of anaerobic metabolism
of Sipunculus nudus, relative maximal activities of some
enzymes of the intermediary metabolism were estimated,
and the concentrations of several metabolites, which are
characteristic of certain catabolic pathways, were deter-
mined in individuals after muscular exhaustion, and in
individuals exposed to environmental hypoxia for various
time periods.

Material and methods
Worms

Sipunculus nudus were dug out from the intertidal flats of
Brittany, France. Large individuals (20 to 40 g) were found
near Loquémeau and small ones (5 to 12 g) were collected
near Morgat. They were kept for several weeks in an
aquarium containing a bottom layer of sand (10 to 20 cm)
from the worm’s original habitat. The tanks were circulat-
ed with well aerated artificial seawater with a temperature
of 15°CE1C°.

Experimental procedure
Functional hypoxia

This metabolic state was elicited by removing the worms
from the substratum and putting them on top of the sand
in normoxic sea water. They immediately started to dig
into the sand. When they had almost completely dis-
appeared (one digging cycle), the same worms were
removed from the sand repeatedly in order to induce as
many digging cycles as possible. Usually the worms were
exhausted after about 45 min, which is the approximate
duration of 15 digging cycles. Controls were taken directly
out of the sand.

Environmental hypoxia

Twenty-four hours before an experiment was started,
individuals were placed in darkened tanks which con-
tained normoxic, artificial sea water (34%o S; 15°C), but
no sand. Thereby digging movements of the worms were
prevented. Hypoxic incubation (Pg, < 3 Torr) for 2, 6, 12

or 24 h respectively, was performed in darkened bottles
containing 500-ml artificial sea water which was flushed
with pure nitrogen 30 min prior to and 30 min after
inserting the worms. During the incubation period the
bottles were completely closed.

Preparation of perchloric acid extracts

At the end of each experiment the worms were dissected
as quickly as possible. Body wall tissue and introvert
retractor muscle were freeze clamped (Wollenberger et al,
1960). Coelomic fluid was collected in cooled plastic tubes
and immediately centrifuged for 1 min at 1000Xxg. The
supernatant, which is equivalent to the coelomic plasma,
was deproteinized by the addition of a tenth of its volume
of 6 N perchloric acid.

After mixing and centrifugation, the extracts were
neutralized using 5 M KOH. The resulting precipitate was
discarded, and the supernatant used for the determination
of metabolites.

The body wall, which consists mainly of muscle tissue,
was extracted according to Beis and Newsholme (1975).
Small-sized samples, as for example retractor muscle, were
extracted following the procedure of Pette and Reichmann
(1982).

Determination of metabolite concentrations

The concentrations of the metabolites ATP, ADP, AMP,
L-lactate, L-alanine, D-alanine, L-aspartate and malate
were estimated enzymatically using standard procedures
(Bergmeyer, 1974). The concentration of succinate was
measured as described by Michal er al. (1976). Determina-
tions of phospho-L-arginine, L-arginine and octopine
followed the procedure of Grieshaber e al (1978). Gly-
cine content was measured with an amino acid analyzer
(Liquimat III, Kontron, D-8000 Miinchen, FRG) using
Dionex DC-6A resin and a lithium citrate buffer. The con-
centrations of strombine and alanopine were estimated by
high pressure liquid chromatography (Siegmund and
Grieshaber, 1983). Propionate and acetate were first
separated from acidified perchloric acid extracts by water
vapor destillation, and then quantified by high pressure
liquid chromatography. Volatile fatty acids were chro-
matographed using Bio-Rad Resin Aminex HPX-87 (Bio-
Rad, D-8000 Miinchen, FRG; column size 300X 7.8 mm)
and 4 mM H,SO, as the eluant at a flow rate of 0.6 ml
min~!, a column temperature of 20°C, and a pressure of
50 bar. Propionate and acetate were detected monitoring
their absorbance at 210 nm. Their retention times were
16+ 0.5 min and 19+0.5 min for acetate and propionate
respectively.

Extraction of enzymes

Large specimens of Sipunculus nudus were used for the
preparation of enzyme extracts. Approximately 1g of
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body wall tissue and introvert retractor muscles were cut
into small pieces and resuspended in a 5 to 10 fold volume
of buffer appropriate for the respective enzymes. Tissues
were homogenized for 3X30s with a mechanical Ultra-
Turrax homogenizer (Janke and Kunkel, D-7813 Staufen,
FRG) and centrifuged at 43000Xg for 15min. The
supernatant was passed through a Sephadex G-25 column
(Deutsche Pharmacia, D-7800 Freiburg, FRG) to remove
low molecular weight compounds.

The sediment obtained from the muscle extract was
again resuspended in 50 mA/ potassium phosphate buffer
(pH 7.2) and used to assay succinate dehydrogenase.

A homogenisation medium containing 50 mM tri-
ethanolamine (pH74), 1mM EDTA, 2mM MgCl,,
30 mM mercaptoethanol (Zammit and Newsholme, 1976)
was used to extract the following enzymes: arginine kinase
(EC2.73.3), hexokinase (EC2.7.1.1), phosphoenol-
pyruvate carboxykinase (EC4.1.1.31), lactate dehydro-
genase (EC1.1.1.27/28), octopine  dehydrogenase
(EC1.5.1.11), glycerol-3-phosphate dehydrogenase
(EC 1.1.1.8), succinate dehydrogenase (EC 1.3.99:1), ma-
late dehydrogenase (EC 1.1.1.37), malic enzyme (malate
dehydrogenase, oxaloacetate decarboxylating, NADP*;
EC 1.1.1.49), glyceraldehyde-phosphate dehydrogenase
(EC 1.2.1.12), strombine dehydrogenase (N-carboxylmeth-
yl-D-alanine: NAD* oxidoreductase, EC 1.5.1.7) and ala-
nopine dehydrogenase (meso-N-(1-carboxyethyl) alanine:
NAD* oxidoreductase, EC 1.5.1.7).

The homogenisation medium for phosphofructokinase
(EC2.7.11) was chosen from Zammit and Newsholme
(1976), the one used for pyruvate kinase (EC 2.7.1.40)
from Zammit eral (1978), and for citrate synthase
(EC4.1.3.7) as well as for isocitrate dehydrogenase
(NAD*, EC 1.1.1.41; NADP*, EC 1.1.1.42) from Alp et al.
(1976). Phosphorylase (EC 2.4.1.1) was homogenized in
50 mM triethanolamine (pH 7.0) containing 5 mM EDTA
and 20 mM NaF.

Determination of enzymatic activities

The following enzymes were assayed by standard proce-
dures reported in the literature: arginine kinase (Gries-
haber etal, 1978), citrate synthase (Alp eral, 1976),
glyceraldehyde-3-phosphate dehydrogenase (Bergmeyer
et al, 1974a), glycerol-3-phosphate dehydrogenase, hexo-
kinase, phosphofructokinase, lactate dehydrogenase
(Zammit and Newsholme, 1976), malate dehydrogenase
(Mehler et al, 1948), malic enzyme (carboxylating) (de
Zwaan and van Marrewijk, 1973), phosphoenolpyruvate
carboxykinase (carboxylating) (Utter and Kurahashi, 1954),
pyruvate kinase (Zammit et al, 1978), octopine dehydro-
genase (Haas eral, 1973)-and succinate dehydrogenase
(Brdiczka et al., 1968). '

NADP-dependent isocitrate ~dehydrogenase was
assayed according to Alp et al. (1976), modified as follows:
70 mM tris-HCl pH 7.5, containing 1.13mM DL-iso-
citrate, 7.5 mM citrate, 0.5 mM NADP, 2 mM MnCl,, and
8 mM MgCl, .

The reaction mixture of glycogen phosphorylase con-
tained 40 mM potassium phosphate buffer pH 6.8, 0.1 mM
EDTA, 0.3 mM NADP, 4 uM glucose-1,6-bisphosphate,
25 mM MgCl,, 0.1 U ml™ phosphoglucomutase, 0.1 Uml™
glucose-6-phosphate dehydrogenase. The reaction was
started by the addition of 2 mgml™ glycogen. Glycogen
phosphorylase was activated by adding 0.5 mM 5-AMP
(Bergmeyer et al., 1974 b).

Alanopine dehydrogenase as well as strombine dehy-
drogenase activities were determined using a buffer which
contained 100 mA/ imidazole/HCI (pH 7.0), 10 mM pyru-
vate, and 0.25 mM NADH. The reaction was started by
the addition of the amino acid substrate which was
200 mM L-alanine or 200 mM glycine for alanopine or
strombine dehydrogenase respectively.

Results
Enzyme activities

The activities of some enzymes catalyzing the energy
metabolism in the body wall and the introvert retractor of
Sipunculus nudus are compiled in Table 1. Glycogen
phosphorylase extracted from the body wall could be
activated about 6-fold to 0.84Ug™ fresh wt by the
addition of AMP, while the same enzyme from the
introvert retractor showed only a small and insignificant
increase in the presence of 5'-AMP. Hexokinase had low
activities in both tissues. Comparing the enzymes of the
Embden-Meyerhof pathway, phosphofructokinase demon-
strated an approximately 8-fold greater activity than
activated phosphorylase. As expected, glyceraldehyde-3-
phosphate dehydrogenase and pyruvate kinase showed the
highest activity of this group, the enzymes of the body wall
musculature being twice as active as those of the introvert
retractor.

The reduction of pyruvate could be catalyzed by
three enzymatic activities (Table 1): firstly, by octopine
dehydrogenase, which showed the highest activity; second-
ly, by alanopine dehydrogenase whose activity was esti-
mated to be 49 and 30 U g™ fresh wt in body wall and
introvert retractor respectively; thirdly, the lowest activity
was determined for strombine dehydrogenase, which was
also the only pyruvate reductase found to be more active
in the introvert retractor than in body wall tissue.

Arginine kinase activities were high, showing values of
437 and 687 U g™* fresh wt from body wall and introvert
retractor respectively.

Malate dehydrogenase had approximately the same
activity as glyceraldehyde-3-phosphate dehydrogenase
while glycerol-3-phosphate dehydrogenase was very low.

Carboxylation of phosphoenolpyruvate to oxaloacetate
by phosphoenolpyruvate carboxykinase was extremely
low. The enzymatic activity could hardly be measured. In
contrast, the second enzyme catalyzing the fixation of CO,
without concomitant consumption of ATP, malic enzyme,
could readily be assayed in the direction of malate
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Table 1. Sipunculus nudus. Activities of some enzymes catalyzing the energy metabolism in muscle tissues. A unit of activity is defined as
the disappearance or formation of 1 umol NAD(P)H in 1 min at 25 °C. Specific activity (mean values+ SD; n=4) is expressed as enzyme

units per g fresh weight

Enzyme Enzyme activities Metabolic function
Body wall Introvert re-
musculature tractor muscle
Phosphorylase 0.14%+ 0.04 023+ 0.20 Mobilization of glycogen
Phosphorylase (AMP activated) 0.84% 0.11 037+ 0.14
Hexokinase 0.08+ 0.04 0.04% 0.02 Phosphorylation of glucose
Phosphofructokinase 595+ 1.44 6.09+ 1.25 - Embden-Meyerhof pathway
Glyceraldehyde-3-phosphate dehydrogenase 302 £ 67 133 £ 1.9
Pyruvate kinase 58.6 £11.8 238 £ 23
Lactate dehydrogenase < 0.05 < 0.05 Terminal reactions of anaerobic
Alanopine dehydrogenase 493 +159 299 * 4.1 glycolysis (reduction of pyruvate)
Octopine dehydrogenase 4454 1+63.3 2282 589
Strombine dehydrogenase 920t 2.28 129 £ 1.5
Arginine kinase 436.7 £55.6 687.1 £77.6 Phosphagen utilization
Malate dehydrogenase 30,0 £ 33 234 + 54 Enzymes possibly involved in
hydrogen transport from the cytosol
to the mitochondria
Glycerol-3-phosphate dehydrogenase 075+ 0.07 073+ 0.24
Phosphoenolpyruvate carboxykinase < 0.05 < 0.05 . Fixation of CO, upon phosphoenol-
Malic enzyme (carboxylating) 048+ 0.06 026+ 0.03 pyruvate or pyruvate rendering
oxaloacetate or malate
Citrate synthase 0.53% 0.06 0.46% 0.01 Enzymes of the tricarbonic acid cycle
Isocitrate dehydrogenase (NADP-dependent) 0.20% 0.01 0.13+ 0.02
Succinate dehydrogenase 0.09+ 0.01 0.04% 0.0l

formation. Its activity was 0.48 and 0.26 U g™* fresh wt in
body wall tissue and introvert retractor, respectively.
Citrate synthase and isocitrate dehydrogenase had less
than 1 U g™ fresh wt and succinate dehydrogenase activity
was usually lower than 0.1 U g™ fresh wt in both tissues.

Functional hypoxia during digging movements

Sipunculus nudus was forced to dig by removing the
animal from the sand. During this enhanced locomotory
activity the concentrations of adenylates and the energy
charge changed only slightly (Table 2a). Phospho-L-argi-
nine, however, was reduced from 30 to 17 umol g™ fresh
wt and from 12 to 7 umol g™* fresh wt in body wall tissue
and introvert retractor respectively.

The concentrations of the endproducts of anaerobic
glycolysis (Table 2b) were found to be increased in the
case of octopine by 8 ymolg™ fresh wt in body wall

musculature and 1 gmol g™ fresh wt in introvert retractor -

muscles. Strombine seemed to accumulate in both tissues
but the concentration within the body wall was highly
variable. Neither alanopine nor (D+L)-lactate could be
demonstrated in muscle tissue of fatigued Sipunculus
nudus.

Of the amino acids investigated (Table 2¢), L-arginine
concentration changed from 9 to 16 umol g™ fresh wt in
body wall tissue and L-aspartate decreased from 1.7 to
0.9 umol g fresh wt in the introvert retractor.

Estimation of carbonic acids (Table 2d) demonstrated
a small increase of succinate and malate concentrations.

Environmental hypoxia during N,-application

Individuals of Sipunculus nudus were subjected to extreme
hypoxia by incubation in sea water with an oxygen partial
pressure close to zero (Po, < 3 torr) for various periods of
time. Within 24 h this treatment did not result in a
significant change of the adenylate concentrations and
energy charge. Only the phosphagen content decreased
from 34 to 21 umol g™ fresh wt within the body wall tissue
(Table 3a).

The endproducts of anaerobic glycolysis accumulated
in the body wall from 1 to 8 umol g™ fresh wt and from
0.1 to 0.6 umol g™ fresh wt in the case of strombine and
octopine respectively (Table 3b). No D- or L-lactate could
be found and only a very small increase of alanopine was
substantiated after 12 and 24 h of anoxia.

The concentration of aspartate (Table 3 ¢) decreased by
1.1 and 1.4 umol g™ fresh wt in the body wall tissue and
in the introvert retractor respectively. The alanine con-
centration rose almost stoichiometrically, however, the
increase was statistically insignificant. No changes of
glycine concentrations could be found. In contrast, L-
arginine rose from 6 to 17 umol g™ fresh wt in the body
wall and from 10 to 12 umol g™ fresh wt in the introvert
retractor.
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Table 2. Sipunculus nudus. The concentrations of metabolites extracted from body wall musculature (BWM) and introvert retractor mus-
cle (IRM) after extensive digging movements lasting for approximately 45 min. Concentrations are given in umol g™ fresh weight as mean

values £ SD (n=5)

Phospho-L- ATP ADP AMP Energy charge
Arginine
(a) Phosphagen control BWM  30.58%2.28 2421051 0.41£0.15 0.05+0.03 0.91£0.01
and adenosine IRM 12201 1.34 2.29%0.62 0.37+£0.18 0.08+0.06 0.90+0.05
phosphates
workin BWM  17.22+6.42 260%+0.77 0.23£0.04 0.04+0.01 0.95£0.02
& IRM 7.181+2.01 2.24%0.56 0.46+0.18 0.23+0.28 0.84+0.08
D-and Strombine Alanopine Octopine
L-Lactate
(b) End products control BWM <005 1.57+1.07 <0.05 0.971+0.71
of anaerobic IRM <0.05 1.05+0.70 <0.05 0.11£0.09
glycolysis
vorkin BWM <0.05 4.961+4.78 <0.05 9.071+2.55
WOTKIIE IRM < 0.05 3.61£0.07 <0.05 1.0940.39
L-Aspartate Glycine (L+D)-Alanine L-Arginine
(¢) Amino acids trol BWM 1.35£0.18 15129 6.71+3.64 9.1411.09
involved in ContIol IRM  1.66£0.26 211%12 531+ 1.08 9.91+0.39
energy metabolism
worki BWM 1.18%£0.19 159+ 9 7.49+2.09 15.88+2.71
PEIRM 0.91£0.39 195+24 5.11£1.56 12.10+2.37
Succinate Acetate Propionate Malate
(d) Carbonic acids control B 0.11£0.02 0.66+0.17 0.16+0.07 0.15+0.03
involved in oMol IRM 0.08£0.03 2.97+0.83 0.48+£0.10 0.05+0.02
environmental hypoxia
working BWM 0292003 0.59+0.18 0.1740.06 0.46+0.18
OTXINE TRM 0.30+0.13 2.18£0.51 0424022 0.19£0.02

The carbonic acid anions succinate and propionate
accumulated continuously from the onset of anaerobiosis
within body wall tissue and introvert retractor (Table 3d).
After 6 h of anaerobiosis, propionate was released into the
coelomic plasma and into the ambient sea water (Table 4).
Acetate concentrations remained virtually unchanged in
muscle tissues but increased in the coelomic plasma and in
the incubation medium. Malate rose during the first two
hours of anaerobiosis from 0.1 to 0.3 umol g7 fresh wt
within the body wall.

Discussion

Scope of aerobic and anaerobic energy metabolism as
estimated by oxygen consumption and maximal enzyme
activities

The energy metabolism of body wall musculature and
introvert retractor muscles of Sipunculus nudus was first
assessed by the determination of relative maximal enzyme
activities of the intermediary metabolism. Table 1 shows
that the degradation of glycogen in the body wall can be

increased at least 6-fold by the AMP-dependent activation
of glycogen phosphorylase. The capacity of AMP-activat-
ed phosphorylase is about 10-fold higher than hexokinase
activity indicating that during enhanced energy demand
more glycosyl-residues can be contributed by glycogeno-
lysis than by the phosphorylation of glucose. Maximal
activities of phosphofructokinase, glyceraldehyde-3-phos-
phate dehydrogenase and pyruvate kinase are much
greater than the activity of AMP-activated phosphorylase.
This last enzyme, therefore, can be considered to catalyze
the flux limiting reaction of the Embden-Meyerhof-path-
way.

It is important to note that maximal activities of the
three assayed enzymes of the Krebs-cycle are lower than
the value estimated for AMP-activated phosphorylase.
Succinate dehydrogenase (0.09 Ug™ fresh wt) possibly
catalyzes the flux limiting reaction. The capacity of the tri-
carbonic-acid-cycle could even be lower assuming 2-
oxoglutarate dehydrogenase as the control element (Read
et al., 1977; Cooney et al, 1981). Unfortunately the deter-
mination of this enzyme’s activity proved to be impossible.

Maximal enzymatic activities determined in vitro and,
therefore, in the absence of cellular control elements
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Table 4. The concentrations of carbonic acids within the coelomic plasma (CP) and the incubation
water (IW). Concentrations are given in yumol ml™ plasma and in umol g™ fresh weight for the incu-

bation water as mean values £ SD (n=4)

Time of hypoxic Succinate Acetate Propionate
incubation (h)
CP W Cp Iw CP Iw

0 0.06£0.02 0 0.24+0.11 0 0.03£0.02 0

2 0.09£0.01 0 0.1740.04 0.05 0.0540.03 0.02
6 0.11£0.02 0 0.20£0.09 0.11 0.10£0.05 0.02
12 0.194+0.07 0 0.66+0.37 0.64 0.73+0.22 0.14
24 0.22+0.04 0 0.77£0.19 0.49 0.9210.12 0.40

usually cannot be expected to reflect actual cellular flux
rates. The consumption of oxygen (Mop,), however, is
closely correlated to actual aerobic metabolic rates.

Isolated body wall musculature of Sipunculus nudus
consumes 0.86 umol O, h™ g™ fresh wt at 15°C (Portner,
1982), which corresponds to a glycolytic flux rate of
0.14 umol glycosyl-residues h™ g™ fresh wt with glycogen
as the only substrate. For comparison, enzyme activities
measured at 25 °C had to be calculated for 15°C applying
a value of 2 for Q,, (Zammit and Newsholme, 1976). A
metabolic rate of 0.14 umol glycosyl-residues h™ g™ fresh
wt equals 3.4% of the glycolytic flux as controlled by non-
activated phosphorylase (4.2 umol h™ g™ fresh wt) and
0.6% of the maximal glycolytic flux as controlled by AMP-
activated phosphorylase activity (25.2 umol h™ g™ fresh
wt). When Mg, of the body wall is compared to the
maximal activity of succinate dehydrogenase (2.7 umol
h™ g™ fresh wt), it is obvious that the Krebs cycle spins
with 11% of its capacity. Thus, with regard to the Krebs
cycle, the aerobic energy metabolism could be increased at
most tenfold, but the anaerobic rate could be raised by a
factor of 178. The low scope of aerobic metabolism is in
accordance with a low number of mitochondria in the
muscle tissues of S. nudus (de Eguileor and Valvassori,
1977).

The glycolytic flux may increase considerably during
enhanced energy demand. If more than 1.35umol
glycosyl-residues h™ g™ fresh wt are supplied through the
Embden-Meyerhof pathway, the maximal flux of the
Krebs cycle is achieved as indicated by the maximal
activity of succinate dehydrogenase. This rate, however,
corresponds to only 5.4% of the maximal glycolytic flux as
calculated from AMP-activated phosphorylase. Therefore,
an increase of the flux of the Embden-Meyerhof pathway
above 5.4% of its maximal rate would lead to an increase
in the concentration of NADH and to an accumulation
of pyruvate.

Reduction of pyruvate by opine dehydrogenase

Pyruvate can be metabolized via the Krebs cycle, or it is
substrate for anaplerotic reactions. During hypoxia, lactate
dehydrogenases catalyze the reduction of pyruvate to L- or
D-lactate. In many molluscs and annelids, several opine

dehydrogenases catalyze the reductive condensation of
pyruvate with various amino acids. Glycolytically formed
NADH serves as cosubstrate for lactate dehydrogenases as
well as opine dehydrogenases, thereby replenishing
NAD* for the continuous oxidation of glyceraldehyde-3-
phosphate.

In body wall tissue as well as in introvert retractor
muscles of Sipunculus nudus three opine dehydrogenases
were found. Octopine dehydrogenase (having L-arginine
as second substrate) shows the highest activity and has
been known in this worm for a long time (Haas efal,
1973). Surprisingly, S. nudus also possesses alanopine
dehydrogenase (with L-alanine serving as amino acid
substrate) and strombine dehydrogenase (reacting with
glycine). The latter enzymes, however, have considerably
lower activities than octopine dehydrogenase. Since all
enzymes were assayed from extracts which had only their
low molecular compounds removed, it cannot be decided
yet, whether these opine dehydrogenases are three distinct
proteins of different activities or one single polypeptide
unspecific with regard to its amino acid substrate.

In the presence of CO, and NADPH, cytosolic pyru-
vate can also be reduced to malate by the malic enzyme.
This enzyme has a much lower activity than the other
pyruvate reductases. Finally, in Sipunculus nudus lactate
dehydrogenase was beyond detectable limits.

Energy metabolism during functional hypoxia

The significance of this enzymatic pattern for the an-
aerobic provision of energy was demonstrated in indi-
viduals of Sipunculus nudus which were forced to dig until
exhaustion, thereby provoking functional hypoxia. Subse-
quent analysis of the introvert retractor and the body wall
musculature revealed that the energy charge remained
virtually unchanged (Table 2). In contrast to other species
(e.g. Chlamys opercularis; Grieshaber, 1978), sufficient
energy is provided to balance the expenditure of ATP
during enhanced muscular activity.

The contribution of aerobic metabolism during multi-
ple digging cycles is probably limited (Portner, 1982), but
there is a pronounced anaerobic synthesis of ATP in
worms digging for approximately 45 min. Phospho-L-
arginine provides 44 and 49% of the total amount of
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anaerobic ATP in the body wall and introvert retractor
respectively (cf. Table 2a). The rate of transphosphoryla-
tion (approximately 17.8 umol ATPh™ g™ fresh wt) can
be catalyzed by arginine kinase, whose maximal activity is
about 740-fold greater than the rate of ATP synthesis.

More than half of the total amount of ATP is provided
by anaerobic glycolysis (cf. Table 2b). Octopine, which is
the major endproduct of this pathway in body wall
musculature, increased by 8.1 umol g™ fresh wt corre-
sponding to 12.2 umol ATP g™ fresh wt (39.7%). Strom-
bine accumulated by 3.4 umol g™ fresh wt contributing
5.1 umol ATP g™ fresh wt (16.6%). Both compounds were
never found to be released into the coelomic plasma.

Introvert retractor muscles show a much lower an-
aerobic generation of ATP than body wall musculature.
There is also more strombine accumulated than octopine.
These data, however, vary between different experiments.
In-vitro studies using isolated introvert retractor muscles,
which were contracting isometrically, always revealed a
higher accumulation of octopine than of strombine
(Kreutzer, Portner and Grieshaber, unpublished results).

As expected, maximal activities of the three opine
dehydrogenases are far in excess when compared to the
rate of opine synthesis. Kinetic parameters of octopine
dehydrogenase suggest (Haas er al,, 1973) that an increase
of the concentrations of either pyruvate or NADH pro-
mote synthesis of octopine.

An increase of the contents of pyruvate or NADH
probably also promotes the catalytic activity of both
strombine and alanopine dehydrogenase. Assuming that
the apparent ky, values for the respective amino acids are

as high as those derived from these enzymes of other
species (Fields and Hochachka, 1981; Baldwin and Eng-
land, 1982), then the concentration of glycine (Table 2c¢),
which is about 20-fold higher than the alanine content,
would favour synthesis of strombine.

It should be mentioned that aspartate is also metabol-
ized and that succinate as well as malate accumulate in
both tissues during functional hypoxia, indicating either
an incomplete spinning of the Krebs cycle due to lack of
oxygen or the reduction of fumarate by fumarate re-
ductase. Their contribution of ATP, however, is negligible.
Despite the increase of succinate concentrations, an accu-
mulation of acetate or propionate was never found during
functional hypoxia.

Energy metabolism during environmental hypoxia

In a second set of experiments, Sipunculus nudus was
placed in N,-equilibrated water in order to simulate
environmental hypoxia. During 24 h of anaerobiosis the
adenylate pool did not change significantly and the energy
charge remained virtually unchanged in body wall muscu-
lature and introvert retractor muscle (Table 3a). The
anaerobic metabolism of Sipunculus nudus is obviously
efficient enough to cover energy requirements during
hypoxia periods continuing much longer than those
usually occurring in the habitat which last between 2 to
6 h.

In muscle tissue of Sipunculus nudus, at least four
different metabolic sources could replenish ATP during
environmental hypoxia (Table 5):

Table 5. Sipunculus nudus. Anaerobic generation of ATP from different metabolic sources after 24 h of experimental hypoxia. In a simpli-
fied model the body wall musculature (BWM) was assumed to comprise the total tissue (instead of 75%) corresponding to 48% of the total
body weight and the coelomic plasma (CP) representing the remaining 52% (Portner, 1982). In order to calculate the total changes of
metabolites (umol g™ fresh wt of body wall musculature), metabolites released into the coelomic plasma and to the incubation water (IW)
become diluted and must, therefore, be corrected by the factors 1.08 (52%:48%) and 2.08 (100%:48%) respectively

Metabolic source of energy Concentration changes of metabolites Total changes of  Equivalents of ATP
metabolites
BWM Cp w
(umol g™* (umol mI™)  (umolg™ (umol g™* (umol g* % of total
fresh wt) body wt) fresh wt of BWM)  fresh wt of BWM)  ATP generation
Transphosphorylation
of the phosphagen
— A[phospho-L-arginine]  13.13 0 0 13.13 13.13 304
Anaerobic glycolysis
+ 4 [strombine] 6.77 0 0 677 10.16 } 153
+ 4 [octopine] 0.51 0 0 0.51 0.77 ’
Succinate-propionate pathway
+ 4 [malate] 0.15 0 0 0.15 0.23
+ 4 [succinate] 1.36 0.16 0 1.53 3.83 349
+ 4 [propionate] 1.04 0.89 0.40 2.83 11.00
Formation of acetate
+ A [acetate] 0 0.53 0.49 1.60 4.00 9.3
Total 43.12 99.9
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Firstly, the transphosphorylation of phospho-L-argi-
nine provided 13.6 umol ATP g™ fresh wt during 24 h of
anaerobiosis. This amount, which was turned over during
the first 12 h of anaerobiosis, accounted for 30.4% of the
total yield of anaerobic energy.

Secondly, anaerobic glycolysis delivered 10.9 umol
ATP g™ fresh wt (25.3%), as calculated from the amount
of strombine and octopine synthesized during 24h of
anaerobiosis. The accumulation of the opines seems to be
more pronounced during the beginning of anaerobiosis.
This indicates a high energy demand during the first few
hours of anaerobiosis as can be derived from the initial
conversion of the phosphagen as well.

The accumulation of octopine was minor in most of
the experiments contributing no more than 1 to 2 umol
ATP g™ fresh wt. It can be generalized, therefore, that
during environmental anaerobiosis strombine, and not
octopine, is the major endproduct of anaerobic glycolysis.

The third source of anaerobic energy is the succinate-
propionate pathway. Its contribution of ATP is indicated
by an increase of the cellular concentrations of succinate
and propionate which commenced right from the begin-
ning of anaerobiosis (Table 3d). The carbonic acids were
also released into the coelomic plasma, but only pro-
pionate was released into the ambient sea water (Table 4).
During the beginning of anaerobiosis, aspartate is degrad-

ed, its carbon chain possibly being channelled into succi-
nate and its amino group into alanine (Schottler, 1980;
Zandee et al., 1980).

Fourthly, ATP can be provided from the formation of
acetate via acetyl-CoA (Wienhausen, 1981). The concen-
tration of this volatile fatty acid increases within the
coelomic plasma and it is also released into the ambient
sea water (Table 4).

The latter two metabolic routes, which are located
within the mitochondria, synthesize ATP more efficiently
than anaerobic glycolysis. For reasons of redox balance,
¥ of the total amount of both succinate and propionate
synthesized must originate from the citric acid cycle via
citrate, isocitrate and 2-oxoglutarate, the typical reaction
sequence during aerobic metabolism (Schottler, 1980;
Zandee etal, 1980). The remaining % are formed via
the fumarate reductase reaction. Both pathways join into
succinyl-CoA, the first intermediate of propionate forma-
tion (Schroff and Zebe, 1980; Schulz and Kluytmans,
1983). Since propionate is already formed at the very
beginning of anaerobiosis, it is unlikely that succinyl-CoA
synthesized via 2-oxoglutarate is converted first into suc-
cinate instead of being metabolized directly into pro-
pionate.

On the basis of these assumptions, the yield of ATP
was calculated from concentrations of the respective

glycogen
aspartate 1 05 ATP
~NH, / triose - Phosphcte [lactate]
ITP § = ATP [strombine)
¥ % [alanopine]
oxaloacetate - phosphoenolpyruvate loctopine]
€02 —» ATP
15x [ malate) pyruvate {alanine] x 15
-NH; (asp)
ATP
malate pyruvate ——eacetyl-CoA ——L»{ccetcte]x 25
oxaloacetate
d
fumarote citrate
ATP-a—

25 x[succinate)
GTP—~
succinyl-CoA

ATP@-'

propionate g

1 (| succinate]+ [propionate])x 5

[ propionate] -6 ([succinote}*[propionatel)} x35

Fig. 1. Sipunculus nudus. Scheme of an-
acrobic energy metabolism starting from
aspartate and glycogen. The quantitative
formation of ATP, which accompanies the
accumulation of the respective intermediary
products and endproducts, is indicated by
numbers associated with the respective
metabolites. For propionate, the yield of
ATP is given assuming redox balance during
synthesis of succinate and propionate. The
dots indicate metabolites which are not
shown. (For details see text)



metabolites as follows (umol ATP per umol metabolite):
acetate 2 2.5; succinate & 2.5; propionate formed via 2-
oxoglutarate & 5; propionate originating from  suc-
cinate 2 3.5. Metabolisation of aspartate into succinate
will not diminish the yield of ATP if there is a concomi-
tant net synthesis of alanine which derives its carbon chain
from glycolysis (Fig. 1).

From the amounts of malate, succinate, propionate
and acetate accumulated, a total yield of 19.1 ymol ATP g™
fresh wt was calculated which corresponds to 44% of
anaerobically provided energy (Fig. 1 and Table 5).

The analysis of the energy metabolism during 24 h of
anaerobiosis clearly demonstrates that like Cardium tuber-
culatum (Gade, 1980), Sipunculus nudus exploits both
anaerobic glycolysis and the succinate-propionate pathway
to produce ATP. The contribution of energy via anaerobic
glycolysis is clearly indicated by the pronounced accu-
mulation of strombine, which occurs at the beginning of
anaerobiosis.

Previously, synthesis of ATP via anaerobic glycolysis
may have been underestimated during environmental
hypoxia, since the concentrations of the endproducts
alanopine and strombine could not be determined. Only
de Zwaan and Zurburg (1981), and Zurburg ef al. (1982)
quantified the concentration of strombine which they
found to accumulate in the adductor muscle of Mytilus
edulis during the initial phase of hypoxia and during
postanaerobic recovery (de Zwaan er al., 1983).

From Gide’s (1980) data, and those reported here, it
might be predicted that during the first 2 to 6 h of environ-
mental hypoxia, several invertebrate species may supply
their energy requirements mainly from anaerobic glycoly-
sis, leading to the accumulation of lactate and/or a specific
opine. This time period of anaerobiosis is similar to that
normally occurring in the intertidal habitat. It can be
concluded, therefore, that during low tide, at least in some
species, anaerobic glycolysis might be more important for
the provision of energy than the succinate-propionate
pathway.

Acknowledgements. We thank Dr. C. Bridges for stimulat-
ing discussions, C. Sunder PlaBmann for expert technical
help, and R. Wiesner for the estimation of glycine.
Supported by Deutsche Forschungsgemeinschaft Gr.
456/9-2.

Literature cited

Alp, P. R, E. A Newsholme and V. A. Zammit: Activities of .

citrate synthase and NAD7-linked and NADP*-linked iso-
citrate dehydrogenase in muscle from vertebrates and in-
vertebrates. Biochem. J. 154, 689-700 (1976)

Baldwin, J. and W. R. England: The properties and functions of
alanopine dehydrogenase and octopine dehydrogenase from
the pedal retractor muscle of Strombidae (Class Gastropoda).
Pac. Sci. 36, 381-394 (1982)

Beis, J. and E. A. Newsholme: The contents of adenine nucleo-
tides, phosphagens and some glycolytic intermediates in
resting muscles from vertebrates and invertebrates. Biochem.
J. 152, 23-32 (1975)

- 246 H.-O. Pértner et al.: Metabolic adaptation of S. nudus to functional and environmental hypoxia

Bergmeyer, H. U.: Methoden der enzymatischen Analyse, 3. Auf-
lage Bd. I, pp 1-1170; Bd.1I, pp 1171-2353, Weinheim: Ver-
lag Chemie 1974

Bergmeyer, H. U., K. Gawehn und M. GraBl: Enzyme als bio-
chemische Reagenzien:  Glycerinaldehyd-3-phosphat-De-
hydrogenase. In: Methoden der enzymatischen Analyse,
3. Aufl. Bd. I, pp 595-596. Hrsg. H. U. Bergmeyer. Weinheim:
Verlag Chemie 1974a

Bergmeyer, H. U., K. Gawehn und M. GraBl: Enzyme als bio-
chemische Reagenzien: Phosphorylase a. In: Methoden der
enzymatischen Analyse, 3. Aufl. Bd. I, 539-541. Hrsg. H. U.
Bergmeyer. Weinheim: Verlag Chemie 1974b

Brdiczka, D., D. Pette, G. Brunner und F. Miller: Kompartimen-
tierte Verteilung von Enzymen in Rattenlebermitochondrien.
Europ. J. Biochem. 5, 294304 (1968)

Cooney, G. J., H. Taegtmeyer and E. A. Newsholme: Tricarb-
oxylic acid cycle flux and enzyme activities in the isolated
working rat heart. Biochem. J. 200, 701-703 (1981)

Eguileor, M. de and R. Valvassori: Studies on the helical and
paramyosinic muscles. VII. Fine structure of body wall mus-
cles in Sipunculus nudus. J. submicrose. Cytol. 9, 363372 (1977)

Fields, J. H. A. and P. W. Hochachka: Purification and properties
of alanopine dehydrogenase from the adductor muscle of the
oyster, Crassostrea gigas (Mollusca, Bivalvia). Eur. J. Biochem.
114, 615-621 (1981)

Gide, G.: The energy metabolism of the foot muscle of the
jumping cockle, Cardium tuberculatum: sustained anoxia ver-
sus muscular activity. J. comp. Physiol. 137, 177-182 (1980)

Gillandt, L.: Zur Okologie der Polychaeten des Helgolander
Felslitorals. Helgoldnder wiss. Meeresunters. 32, 1--35 (1979)

Grieshaber, M. K.: Breakdown and formation of high energy
phosphates and octopine in the adductor muscle of the
scallop, Chlamys opercularis (L.), during escape swimming and
recovery. J. comp. Physiol. 126, 269276 (1978)

Grieshaber, M. K.: Metabolic regulation of energy metabolism.
In: Exogenous and endogenous influences on metabolic and
neural control, pp 225-242. Ed. by A. D. F. Addink and N.
Spronk. Oxford and New York: Pergamon Press 1982

Grieshaber, M. K., E. Kronig and R. Koormann: A photometric
estimation of phospho-L-arginine, arginine and octopine using
homogeneous octopine dehydrogenase isozyme 2 from the
squid, Loligo vulgaris Lam. Hoppe-Seyler’s Z. physiol. Chem.
359, 133136 (1978)

Haas, S.; F. Thomé-Beau, A. Olomucki et N. van Thoai: Puri-
fication de Poctopine déshydrogénase de Sipunculus nudus.
Etude comparative avec 'octopine déshydrogénase de Pecten
maximus. C. R. Acad. Sci. Paris 276, 831-834 (1973)

Hérubel, M. A.: Récherches sur les sipunculides. Mém. Soc. zool.
Fr. 20, 107-418 (1907)

Livingstone, D. R.: Energy production in the muscle tissues of
different kinds of molluscs. /n: Exogenous and endogenous
influences on metabolic and neural control, pp 257-274. Ed.
by A. D. F. Addink and N. Spronk. Oxford and New York:
Pergamon Press 1982

Mehler, A. H., A. Kornberg, S. Grisolia and S. Ochoa: The
enzymatic mechanism of oxidation-reductions between malate
or isocitrate and pyruvate. J. biol. Chem. 174, 961-977 (1948)

Michal, G., H. O. Beutler, G. Lang and U. Guenter: Enzymatic
determination of succinic acid in foodstuffs. Z. anal. Chem.
279, 137-138 (1976)

Pette, D. and H. Reichmann: A method for quantitative extrac-
tion of enzymes and metabolites from tissue samples in the
milligram range. J. Histochem. Cytochem. 30, 401-402 (1982)

Portner, H. O.. Biochemische und physiologische Anpassungen
an das Leben im marinen Sediment: Untersuchungen am
Spritzwurm  Sipunculus nudus L. Dissertation, Universitdt
Disseldorf 1982

Read, G., B. Crabtree and G. H. Smith: The activities of 2-
oxoglutarate dehydrogenase and pyruvate dehydrogenase in
hearts and mammary glands from ruminants and non-rumi-
nants. Biochem. J. 764, 349355 (1977)



H.-O. Portner et al.: Metabolic adaptation of S. nudus to functional and environmental hypoxia 247

Schéttler, U.: Der Energiestoffwechsel bei biotopbedingter An-
aerobiose: Untersuchungen an Anneliden. Verh. dt. zool. Ges.
1980, 228240 (1980)

Schroff, G. and E. Zebe: The anaerobic formation of propionic
acid in the mitochondria of the lugworm Arenicola marina. J.
comp. Physiol. /38, 35-41 (1980)

Schulz, T. K. F. and J. H. Kluytmans: Pathways of propionate
synthesis in the sea mussel Mytilus edulis L. Comp. Biochem.
Physiol. 758, 365-372 (1983)

Siegmund, B. and M. K. Grieshaber: Determination of meso-
alanopine and D-strombine by high pressure liquid chromatog-
raphy in extracts from marine invertebrates. Hoppe-Seyler’s Z.
Physiol. Chem. 364, 807812 (1983)

Utter, M. F. and K. Kurahashi: Mechanism of action of oxal-
acetic carboxylase. I. biol. Chem. 207, 821-840 (1954)

Wells, R. M. G. and L. M. Warren: The function of the cellular
haemoglobins in Capitella capitata (Fabricius) and Notomastus
latericeus Sars. (Capitellidae: Polychaeta). Comp. Biochem.
Physiol. 514, 737-740 (1975)

Wienhausen, G.: Anaerobic formation of acetate in the lugworm
Arenicola marina. Naturwissenschaften 68, 206 (1981)

Wieser, W.: The meiofauna as a tool in the study of habitat
heterogeneity: Ecophysiological aspects. Cah. Biol. mar. I6,
647-670 (1975)

Wollenberger, A., O. Ristau und G. Schoffa: Eine einfache
Technik der extrem schnellen Abkiihlung groBerer Gewebe-
stiicke. Pfliigers Arch. 270, 399-412 (1960)

Zammit, V. A, . Beis and E. A. Newsholme: Maximum activities
and effects of fructose bisphosphate on pyruvate kinase from
muscles of vertebrates and invertebrates in relation to the
control of glycolysis. Biochem. J. 174, 989-998 (1978)

Zammit, V. A. and E. A. Newsholme: The maximum activities of
hexokinase, phosphorylase, phosphofructokinase, glycerol
phosphate dehydrogenases, lactate dehydrogenase, octopine

dehydrogenase, phosphoenolpyruvate carboxykinase, nucleo-
side diphosphatekinase, glutamate-oxaloacetate transaminase
and arginine kinase in relation to carbohydrate utilization in
muscles from marine invertebrates. Biochem. J. 160, 447-462
(1976)

Zandee, D. L, D. A. Holwerda, A. de Zwaan: Energy metabolism
in bivalves and cephalopods. /n: Animals and environmental
fitness, Vol. 1, pp 185-206. Ed. by R. Gilles. Oxford: Perga-
mon Press 1980

Zebe, E.: Anaerober Stoffwechsel bei wirbellosen Tieren. Rhei-
nisch-Westf. Akademie der Wissensch. Vortrage N 269, 51-73

- (1977)

Zurburg, W., A. M. T. de Bont and A. de Zwaan: Recovery from
exposure to air and the occurrence of strombine in different
organs of the sea mussel Mytilus edulis L. Mol. Physiol. 2,
135-147 (1982)

Zwaan, A. de: Anaerobic energy metabolism in bivalve molluscs.
Oceanogr. mar. Biol. Ann. Rev. 15, 103-187 (1977)

Zwaan, A. de, A. M. T. de Bont, W. Zurburg, B. L. Bayne and D.
R. Livingstone: On the role of strombine formation in the
energy metabolism of adductor muscle of a sessile bivalve. J.
comp. Physiol. /49, 557-563 (1983)

Zwaan, A. de and W. J. A. van Marrewijk: Intracellular locali-
zation of pyruvate carboxylase, phosphoenolpyruvate carboxy-
kinase and “malic enzyme” and the absence of glyoxylate
cycle enzymes in the sea mussel (Mytilus edulis L.). Comp.
Biochem. Physiol. 44 B, 10571066 (1973)

Zwaan, A. de and W. Zurburg: The formation of strombine in the
adductor muscle of the sea mussel Mytilus edulis L. Mar. Biol.
Lett. 2, 179-192 (1981)

Date of final manuscript acceptance: January 19, 1984.
Communicated by O. Kinne, Hamburg



