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Spermatozoa: models for studying regulatory aspects of energy metabolism
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Abstract. Spermatozoa are highly specialized cells, and they offer advantages for studying several basic aspects of
metabolic control such as the role of adenosine triphosphate-(ATP)-homeostasis for cell function, the mechanisms
of fatigue and metabolic depression, the metabolic channelling through the cytoplasm and the organization and
regulation of glycolytic enzymes. Spermatozoa of four species with different reproductive modes are introduced and
the first results are presented: Spermatozoa of the marine worm Arenicola marina are well adapted to external
fertilization in sea water with fluctuating oxygen tension: they are motile for several hours in oxygen-free sea water,
even when the ATP level is dramatically reduced. Anaerobic ATP production occurs by alanine, acetate and
propionate fermentation probably by the same pathways known from somatic cells of this species. Under aerobic
conditions the phosphagen system might function like a shuttle for energy-rich phosphate from mitochondria to the
dynein-ATPases. Storage of turkey and carp spermatozoa for several hours without exogenous substrates and
oxygen results in the degradation of phosphocreatine and ATP to inorganic phosphate and adenosine monophos-
phate (AMP), respectively. Despite low energy charges, stored spermatozoa of both species are capable of
progressive movements. In carp spermatozoa fatigue of motility is not accompanied by the dramatic acidosis one
discusses as an important effect in muscle fatigue. Energy metabolism of boar spermatozoa is typically based on
glycolysis consuming extracellular carbohydrates and producing lactate and protons. The sperm seem to tolerate
low intracellular pH ( <6.5). The lack of a phosphagen system (no energy shuttle from mitochondria to the distal
dynein-ATPases) is probably compensated by a high glycolytic ATP-production in the mitochondria-free piece of
the flagellum.
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Introduction ods, may be very useful for a better understanding of

Lohmann*® discovered ATP in 1929 but it was in 1941 metabolic regulaugn. .
. 33 . . Spermatozoa provide one example of such an experimen-
that Lipman®® proposed its universal role as an energy

‘currency’, and in 1962 that Cain and Davies' demonst. tal system. These cells offer many advantages for studying

rated the breakdown of ATP during a single muscle basic aspects Of. met}at?ohc control suc'h as the rf)le of
. . ATP-homeostasis for different cell functions (e.g. biosyn-
contraction. It is now generally accepted that the central

role of ATP in all living cells is that of cellular energetic ;ZZS‘Z; ;‘;?ertfsgfill’i‘:";n‘g‘;‘gning’ liti’ze“lr?hf‘zs;“i. of
transfer, and ATP-producing pathways and the various & Y ctabo pression during

. . . cell conservation, the metabolic channelling in the cyto-
ATP-consuming reactions are well known. Interest is now lasm and the organization and reeulation of lveolvtic
focused on the control mechanisms involved in ATP-pro- p & & glycoly

) . . enzymes:
duction and -consumption (ATP-homeostasis). - .
Metabolic fluxes are brought about by the catalytic (1) Spermatozoa pass through distinct metabolic states.

.. . . During spermiogenesis (cell proliferation and differentia-
activity of enzymes. Various mechanisms have been | ; . . .
e tion) they require energy mainly for biosynthetic pro-
demonstrated to modulate enzyme activities in vitro but g
. ) . . cesses but not for motility. On the other hand, mature
in many cases their relevance for metabolic control in . . .
. T . e e spermatozoa have lost their biosynthetic potential, the
vivo is still controversial (cf. other reports in this issue). . .
. ) nucleus is condensed and the Golgi-apparatus has been
The problems are mainly based on the complexity of . . .
. LT . extruded together with most of the endoplasmic reticu-
metabolic processes in vivo including a network of . . .
: . . - lum. Hence, ATP-demand has shifted from biosynthesis
regulatory interactions and on the difficulty to imitate to motility. These two periods be ted b
parts of them in vitro under physiological or at least Y pe S may be separatec by a

. . .. . ) riod of cell i hich i i
near-physiological conditions. Comparative studies on pe cell conservation which is characterized by a

cells with highly specialized metabolism, and hence a very low meta}bolic ratz.e: ) In. various. s-pecies of different

lower degree of complexity, using non-invasive meth- phyla (bats, birds, reptiles, msect.s) ! tis well known that
sperms can also be conserved within the female.

(2) The polarity of spermatozoa, with the mitochondria

* Corresponding author. being located behind the DNA-containing head and in
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front of the tail with the contractile apparatus, suggests
that metabolic channelling may have developed to im-
prove the intracellular transport.

(3) Spermatozoa can be partially demembranized with-
out loss of motility?>*° and in some cases without loss
of glycolytic enzymes (sec below). This enables kinetic
studies on enzymes and metabolic pathways to be car-
ried out without destruction of the physiological assem-
bly of enzymes.

(4) Semen usually contains high sperm concentration
allowing the continuous observation of metabolic
changes by the non-invasive techniques of NMR-spec-
troscopy. Determination of the NADH/NAD™ ratio by
fluorescence analysis and other techniques of cell biol-
ogy (e.g. fluorescence probes, patch clamp or laser
tweezers) are also applicable. Motility can be analyzed
by computer-assisted microscopy.

(5) The animal kingdom presents a multitude of repro-
ductive modes, to which the sperms of different species
are adapted. This gives us the opportunity to select the
appropriate type of sperm cell for investigating a spe-
cific question.

We have selected spermatozoa from four species with
different reproductive modes in order to analyse how
motility is affected by ATP-homeostasis.

Reproductive processes and specialization of spermatozoa

Sexual reproduction is based on fusion of gametes after
meiotic division of the genome. Bisexual differentiation
of the gametes to spermatozoa and oocytes occurred
during the evolution of marine organisms, with a trend
from external to internal fertilization®, the latter being a
prerequisite for the evolution of terrestrial life. An inter-
esting evolutionary stage between external and internal
fertilization is found in some marine polychaetes® or in
mouthbreeding fish*!, in which sperms and eggs are
released into the water but fertilization takes place
inside the female’s mouth (or fertilized eggs are taken
up into the mouth). Fresh water species show both
internal and external- fertilization though if the latter
takes place, mechanisms are needed to avoid untimely
cell lysis due to the entry of watet by osmosis.

A general problem of sexual reproduction is that of
synchronization, i.e. mature sperms and eggs must be
available at the same time. To solve this problem differ-
ent strategies have been developed, including male and
female sexual behaviour patterns, seasonal rhythms, or
storage of mature spermatozoa either in the males (e.g.
in the epididymidis in mammals) or in females (e.g. in
the receptaculum seminis of molluscs, in the reproduc-
tive tract of female bats and in the utero-vaginal crypts
of birds and reptiles).

Motility of spermatozoa is essential for fertilization.
Movement can be achieved by passive transport, how-
ever, and aflagellate spermatozoa do exist (e.g. among
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arthropods®). Flagellate spermatozoa can also be trans-
ported passively, for example by propulsive contrac-
tions of the female reproductive tract (internal
fertilization)*>*® or by water currents (external fertiliza-
tion). Passive transport reduces the energy needed by
flagellate spermatozoa to reach an egg. The composition
of the ambient fluid (e.g. the viscosity) and the hydro-
dynamic structure of the spermatozoa can also influence
the energy demand of sperm transport.

In external fertilization spermatozoa are restricted to
their own cellular energy fuels. With internal fertiliza-
tion, however, spermatozoa can utilize fuels supplied by
the seminal plasma which is composed of secretions of
the testis, epididymis, excurrent ducts and the accessory
glands. After insemination the seminal plasma may be
complemented by secretions from the utero-vaginal sys-
tem®’. Seminal plasma is species-specific and, as shown
for mammals, very complex in its chemical composi-
tion?®3%, The physiological function of many com-
pounds contained in seminal plasma is still under dis-
cussion, but it appears that only a few of them are used
as fuels.

The species selected for our investigation belong to
different phyla and show appreciable differences, espe-
cially in sperm motility:

(1) The lugworm, Arenicola marina (Annelida), is a
marine polychaete which lives almost like a sessile ani-
mal in the intertidal zone where it has to withstand
periods of hypoxia during low tide (facultative anaer-
obe). Spermatid proliferation and differentiation occur
in the large body cavity (coelom) of the worms, from
which mature spermatozoa and sperm clusters in differ-
ent stages of development (fig. 1, a—-c) can easily be
obtained. Although spawning is synchronized within a
population — along the German North Sea coast it
takes place in September — spermatozoa still need to
survive for several hours in seawater to maximize their
chance of meeting an ovum. Duncan'® found that on a
tidal flat epidemic spawning takes place during low tide
and concluded that female worms can irrigate their
burrows, drawing in a suspension of highly concen-
trated spermatozoa (passive movement). Accordingly
most eggs seem to be fertilized in the female burrows
even under hypoxic conditions. The adaptation to fluc-
tuations in oxygen tension to guarantee a continuous
development of spermatids in the coelomic cavity dur-
ing low tide and a prolonged motility of the matured
spermatozoa in hypoxic secawater have been investi-
gated.

(2) The carp, Cyprinus carpio, provides spermatozoa
which are characterized by a separation of the mito-
chondria from the flagellum (fig. 2, a and b) and the
lack of an acrosome?. The spermatozoa show no for-
ward motility until diluted with fresh water or hypoos-
motic medium?, when fast movement is immediately
activated. Oocytes must be fertilized within a few min-
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Figure 1. Scanning electron micrographs of the development of lugworm spermatozoa. Spermatogonial clusters (¢ 2000 x)
proliferate between May and July in the coelomic cavitiy of lugworms. Subsequently flagella develop (b 3000 x) until mature
spermatozoa (¢ 30,000 x ) are released in September.

Figure 2. Transmisson electron micrographs of carp (a and b),turkey (c and d) and boar (e and f) spermatozoa. (c) and (e) show the
connection between the sperm midpiece and tail. (b), (d) and (f), transverse sections through the flagellum distal to the midpiece.
Mitochondria (mi) of carp spermatozoa (a) are separated from the axoneme while midpieces of turkey (c) and boar (e) spermatozoa
show the typical aggregation of mitochondria along the axoneme. A fibrous sheath (fs) is visible in the tail of boar spermatozoa (e and
/). Magnifications: a} 30,600 x ; b) 91,500 x ; ¢) 25,000 x ; d) 85,500 x ; e) 30,300 x ; f) 118,000 x .
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Table. Enzyme activities in spermatozoa.
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CK GAPDH LDH o) HOADH
Mammals rat 12412 (6) 4547 (6) 54+ 11 (5) 644 (4) 1£04 (3)
stallion 1.9+ 1.3 (8) 55321 (9) 1343 (8) 1£0.5 (8) 0.5+0.1 (4)
bull <0.1 (3) 48+ 37 (10) 3117 (9 41424 (9) 0.5+ 0.1 (9)
boar <0.1(3) 9% 8 (16) 452 (8) 0.2+ 0.1 (8) 0.3+0.2 (9)
Bird turkey 700 + 143 (3) 16+ 3 (3) 15+4 (3) 19+4 (3) 642 (3)
Fish carp 40 £ 12 (5) 8+ 1(5) 16 +4 (5) 331 (5) 2+04 (5)
Echinoderm sea urchin 382 % 123 (3) 1£1(3) <0.1(3) 3349 (3) 36+ 16 (3)
Annelid lugworm 64£9 (3) 28+4(3) 98 +2 (3) 18404 (3) 1544 (3)

The activities are expressed in pumol min~' g=! cell wet weight (25°C) and are means +S.E.M. with the number of independent

observations in parentheses.

CK = creatine kinase (EC 2.7.3.2); GAPDH = glyceraldehyde-3-phosphate dehydrogenase (EC1.2.1.12); LDH = lactate dehydrogenase
(EC 1.1.1.28); CS = citrate synthase (EC 4.1.3.7); HOADH = hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35); ® = alanopine dehydro-

genase.

utes because motility of carp spermatozoa is restricted
to about three minutes**. As shown for trout spermato-
zoa, cessation of motility is not caused by cell lysis since
it also occurs in isoosmotic solutions®'>. A study was
made to investigate, whether ATP depletion®’, or phe-
nomena similar to muscle fatigue'®-**%, bring about the
rapid loss of motility in carp spermatozoa.

(3) Spermatozoa of the common turkey (Meleagris gal-
lopavo, fig. 2, ¢ and d), like sperm from other birds,
show prolonged motility (several hours). They are fer-
tile when they leave the efferent ducts of the males, in
contrast to mammalian sperms which need capacitation
in the oviduct®**. Furthermore, the excurrent ducts of
male birds have no accessory glands so that the compo-
sition of the seminal fluid is different from that in
mammals'-*'. An interesting feature of turkey spermato-
zoa is their longevity in the female oviduct. Stored in
crypts of the utero-vaginal junction, spermatozoa main-
tain their fertilization potential for several weeks. The
molecular mechanisms bringing about this natural form
of conservation of sperm are not known®. We will
examine the metabolic adaptations required for long
term storage of the spermatozoa.

{4y Boars, Sus scrofa, produce large volumes of ejacu-
late (0.15-0.5 1) with the relatively low sperm density of
25,000 to 300,000 spermatozoa per pl*® (for comparison
about 7,000,000 per pl in turkey semen, 20,000,000 per
ul in carp semen). The seminal plasma of mammals
consists of secretions of the epididymidis, the bulbo-ure-
thral gland and the seminal vesicle®’. For artificial in-
semination boar semen can be conserved at 16 °C in
buffered solutions containing high glucose concentra-
tions without considerable loss of motility up to two
days. At 16 °C the cells become immotile which reduces
the energy demand. The metabolic changes during cell
conservation are investigated.

Boar sperm contain several mitochondria in the middle
piece (fig. 2€) but no phosphocreatine*® (PCr) and no
creatine kinase (CK) activity (cf. table). Hence, trans-
port of energy-rich phosphate from the mitochondria to
the distal dynein-ATPases by the phosphagen-system,
as proposed to be important for spermatozoa of various

species (see below), is not necessary for boar sperm
motility. In addition, spermatozoa of boars and other
mammals show an unusually tight binding of glycolytic
enzymes to cell structures®. The compartmentation and
the assembly of the different glycolytic enzymes as well
as the significance of metabolic transport systems have
been investigated.

Pathways of energy metabolism in spermatozoa and their
compartmentation

Carbohydrates and fat are common fuels for motility in
spermatozoa as they are in muscles. Fatty acids can
only be utilized aerobically, while carbohydrate can also
be used for ATP-production under anaerobic condi-
tions, but has the disadvantage of producing an approx-
imately 18-fold lower yield of ATP per mol glucose. As
far as we know, lactate is the main end-product in the
spermatozoa of vertebrates and most invertebrates®
under anaerobic conditions, though lugworm spermato-
zoa produce alanopine, strombine, succinate, acetate
and propionate instead of lactate, in accordance with
the metabolic situation in the somatic tissues'”.

ATP can also be regenerated from phosphagens inde-
pendently of oxygen, but only for a short period of time
due to the small amounts present in the intracellular
stores and the 1:1 ratio of the phosphagen to ATP
stoichiometry. PCr has been demonstrated to be
the phosphagen in spermatozoa of various species of
vertebrates and invertebrates, but spermatozoa of
arthropods and molluscs contain phosphoarginine
(PArg)**#, In the presence of oxygen the phospha-
gen system can also function as a shuttle for transport-
ing energy-rich phosphate from mitochondria to the
dynein-ATPase’*!. Undergoing conformational chang-
es during ATP-hydrolysis, dynein, like myosin in mus-
cle, generates the bending of the flagellum (chemo-
mechanical coupling). In this situation, creatine replaces
adenosine diphosphate (ADP) as the acceptor of en-
ergy-rich phosphate (» ~ P). The cytoplasmic concentra-
tion of ADP is extremely low (creatine concentration in
muscles is more than 1000 fold higher than that of
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Figure 3. 3'P-NMR spectra of spermatozoa from carp, turkey and lugworm. (4) Immotile carp spermatozoa of undiluted semen after
3 h incubation at 0 °C. The inset shows the whole signal for inorganic phosphate in relation to other peaks. (B) Turkey spermatozoa
washed with extender (30 mM HEPES, 20 mM KCl, 5 mM MgCl,, 125 mM NaCl, pH 7.4) and monitored without air supply (hypoxic
conditions). (C) Turkey spermatozoa from the same sample as (B), but intermittently aerated and containing 20% Fluosol (Alpha
Therapeutic) as oxygen carrier. The spectrum is based on acquisition cycles each consisting of: 2 min aeration —0.5 min pause —5 min
recording. (D) Freshly prepared lugworm semen obtained in September when most of the spermatozoa are mature. (£) Lugworm semen
stored for 6 hours at 12 °C with air supply and (F) without aeration. Spectra were recorded as described by Kamp and Juretschke?’
using a Bruker 360 MHz machine with a maximum recording time of about 30 min. P; = inorganic phosphate; PCr = phosphocreatine;

PDE = phosphodiester; PME = phosphomonoester; SEP = serine
H,PO, =0 ppm.

ADP?Y), and could therefore be a limiting factor in the
transport of *~P over the long distance from the
mitochondria to the distal part of the flagellum. Flagel-
lum lengths of about 22 yum in porcupine sperms, or
2270 pum in the amphibian Discoglossus®* 18, give rise to
much longer distances than those between mitochondria
and myofibrils in muscles.

Evidence for a phosphagen shuttle to overcome diffu-
sion-limitation exists for spermatozoa of humans and

cthanolamine phosphodiester; external-calibration with 85%

chickens®*>, sea urchins®® , horseshoe crabs? and lug-
worms?. In contrast, spermatozoa of bulls and boars
do not contain phosphagen systems*>*’. Sperms of stal-
lions and rats display only very low CK activities,
whereas non-mammalian spermatozoa do show the
high CK activity (table) that is typical for cells with a
phosphagen system.

As an alternative to a phosphagen shuttle, a shuttle in
which AMP replaces ADP has been proposed?'. For
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most cells and tissues this shuttle is certainly of low
significance because the cytoplasmic AMP concentra-
tion is rather lower than the ADP concentration. In
spermatozoa, however, the cytoplasmic AMP level ex-
ceeds the level of ADP under hypoxic conditions. This
was clearly demonstrated by >'P-NMR spectroscopy for
intact turkey and carp spermatozoa (fig. 3, A, B and see
below). Nevertheless it remains doubtful whether the
elevated AMP concentration is sufficient to replace cre-
atine in spermatozoa.

Another alternative to a phosphagen shuttle derives
from the observation that spermatozoa without or with
only low CK activities have relatively high activities of
glycolytic enzymes, such as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and lactate dehydrogenase
(LDH), but low activities of enzymes representing aero-
bic pathways such as hydroxyacyl-CoA dehydrogenase
(HOADH) and citrate synthase (CS). On the other
hand, CK-rich spermatozoa show considerable capac-
ities for oxidation (turkey, carp and lugworm spermato-
zoa). Sea urchin spermatozoa appear to be completely
dependent on mitochondrial ATP production from fat
(low GAPDH and LDH activities, high HOADH and
CS activities*®3?) and show high CK activities. An adap-
tation in carbohydrate metabolism possibly substitutes
for a shuttle in some spermatozoa. If ATP in the distal
part of the flagellum were preferentially produced gly-
colytically, an energy shuttle from the mitochondria
would not be necessary. This organization would, how-
ever, require the regeneration of glycolytic NADH in the
distal part of the flagellum because, owing to the low
concentration of NADH, the transport of NADH to the
mitochondria would be subject to the same problem as
were described for ADP. In addition to the typical
shuttle systems for the reoxidation of cytosolic NADH
(glycerolphosphate shuttle, malate/aspartate shuttle),
mammalian spermatozoa seem to contain another sys-
tem. In several mammalian spermatozoa, a mitochon-
drial-specific LDH-C, (in previous reports called LDH
X) has been found*?°. It appears that lactate produced
in the distal part of the flagellum is transferred to the
mitochondria where pyruvate plus NADH are formed
which can be oxidized in the mitochondria®. Due to the
lower ATP yield of glucose fermentation (2Mol ATP/
Mol glucose) compared to the complete oxidation of
glucose (38 Mol ATP/glucose), aerobic lactate accumu-
lation is to be expected if glycolytic ATP-production
accounts for more than 5% of total. Indeed, several
vertebrate spermatozoa reveal a high rate of aerobic
lactate production (aerobic glycolysis)?*.

In this context it may also be of interest that gly-
colytic enzymes of boar and other mammalian sper-
matozoa show unusual binding to cell structures while
spermatozoa of non-mammalian species do not*. For
example, 90% of the GAPDH activity was found in
the sediment after centrifugation of disintegrated boar
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spermatozoa. Neither changes of buffer ion concentra-
tion or composition nor addition of various detergents
were successful in solubilizating the enzyme. A brief
incubation with trypsin, however, detached large
amounts of the enzyme from cell fragments and corre-
spondingly the total GAPDH activity increased sever-
alfold (unpubl. results). It is likely that glycolytic
enzymes are associated with a special structure of
mammalian spermatozoa, the fibrous sheath, that runs
along the distal part of the flagellum close to the
dynein ATPases (fig. 2e, f). A localization of glycoly-
sis at this special cell structure could explain how
sufficient ATP can be supplied in the distal part of
the flagellum. Immunocytochemical studies are in pro-
gress to verify this suggestion.

ATP-homeostasis during motility

In mammalian spermatozoa sugars seem to be used for
ATP production but not glycogen stores?, and conse-
quently motility depends to some extent on exogenous
fuels*®. In the presence of glucose and oxygen, motility
and ATP levels of boar spermatozoa decrease only
marginally during 5 hours’ incubation at 34 °C (unpubl.
results). Nevertheless *'P-NMR spectra of intact boar
spermatozoa show no signals for ATP, although ATP
can easily be detected in spectra of perchloric acid
extracts®, Similar phenomena were also found for sper-
matozoa of other mammalian species (ram, goat and
bull)®. The authors conclude that the binding of ATP
to cell structures might result in a broadening of NMR-
signals, rendering ATP ‘invisible’. NMR also failed to
detect PCr*, and the absence of the phosphagen has
been confirmed using biochemical methods (Brooks®
and unpubl. results).

Exposure of boar spermatozoa to hypoxia at 34 °C in
the presence of glucose resulted in a decrease in motility
and a concomitant drop in the content of ATP to below
30% of control values within 5.5 h as well as in an
intracellular acidosis (pH; < 6.5), as was detected using
in vivo *'P-NMR spectroscopy (unpubl. results). After
reoxygenation for 30 min foliowing hypoxia, motility
and the ATP level were only slightly improved, and the
total concentration of all adenylate nucleotides was
reduced by up to 50% of that in normoxic boar sperma-
tozoa. Probably, AMP is preferentially degraded to
urea during reoxygenation if oxygen availability enables
the reaction catalysed by xanthine oxidase to occur. It is
likely that posthypoxic AMP degradation contributes to
the intolerance of boar spermatozoa to hypoxia. The
acidosis during hypoxia seems to be less harmful, be-
cause boar spermatozoa which were kept immotile in a
commonly used diluent for two days at 16 °C could be
reactivated by warming up without significant loss of
motility though they also showed a marked acidosis
{unpubl. results).
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Carp spermatozoa showed a 50 to 80% drop in the
ATP level™* after progressive movements, and there-
after the spermatozoa appeared to be fatigued. Fatigue
is accompanied by a dramatic increase of inorganic
phosphate (P;) and a corresponding decrease of PCr, but
no decrease of pH; was observed by *'P-NMR (unpubl.
results). Trout spermatozoa show similar changes in
phosphorus metabolites, but the pH; does decrease®s.
These results suggest that motility depends on consump-
tion of PCr and ATP. On the other hand, motility could
also be iitiated in carp spermatozoa after storage of
undiluted semen on ice for four hours, although these
cells showed low intracellular concentrations of PCr and
ATP compared with the high P, level(fig. 3A). A phos-
phomonoester (PME) identified as AMP is also visible in
NMR-spectra of sperms that are able to swim. The fact
that initiation of motility is still possible at relatively low
ATP and high P, levels suggests that dynein ATPases
function over a wide range of the free energy change of
ATP hydrolysis.

Turkey and lugworm spermatozoa remain motile for
several hours even if exogenous substrates and oxygen
are wanting, Motile lugworm spermatozoa incubated
without exogenous substrates but with a continuous air
supply are able to keep their ATP level approximately
constant for several hours. Hypoxia, however, results in
a loss of PCr and in a marked drop in the ATP level, as
measured by biochemical analysis (not shown) and in the
case of PCr by in vivo-*'P-NMR-spectroscopy (fig. 3,
D-F). In hypoxic turkey spermatozoa (fig. 3B) AMP
was identified by NMR as the main product of ATP
breakdown'?, Re-aeration induced the appearance of the
PCr signal and, simultaneously with an increase in ADP
and ATP resonances, the AMP resonance disappeared
(fig. 3, B and C).

Spermatozoa from horseshoe crab* (Limulus poly-
phemus), sea urchin'* (Strongylocentrotus purpuratus)
and trout (Salmo gairdneri)*® also show the typical high
levels of phosphagen in fresh, quiescent spermatozoa but
lack PCr and ATP resonances after motility or hypoxia.
In 'P-NMR spectra of rooster'! and human semen®, no
phosphagen was detected. The authors assumed that
these spermatozoa lack a phosphagen shuttle*> but this
was disproved by Wallimann et al.>*%%. Possibly the
NMR experiments were performed under hypoxic condi-
tions, which would explain the discrepancy.

The motility of hypoxic turkey and lugworm spermato-
zoa seems to be unaffected by a considerable decrease in
the ATP level and a concomitant increase in the P, level.
This suggests that the free energy change of ATP hydrol-
ysis remains sufficient for sperm movement even when
the ATP level is low and the P, level is high. These results
agree with Brown’s'® hypothesis that ion transport and
muscle contraction or cell motility are less sensitive to the
ATP/ADP ratio than ‘less immediately essential pro-
cesses’ such as protein synthesis and glyconeogenesis
(processes not found in mature spermatozoa).
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Outlook

Our first comparative investigations on spermatozoa of
species from different phyla suggest general and species-
specific features in sperm energy metabolism. One gen-
eral feature might be the ability of spermatozoa to
perform flagellar beats with unusually low ATP levels
and high AMP, ADP and in some cases high P; concen-
trations. This raises questions about the significance of
ATP-homeostasis for cell functions (contractility, ion
and metabolite transport or biosynthesis) and for ATP-
production (e.g. control of hexokinase or 6-phospho-
fructokinase activities). Biochemical, fluorometric and
NMR-spectroscopic techniques have been used for de-
terminations of the cytoplasmic concentrations of im-
portant regulatory metabolites and ions, so that possible
effects on the kinetics of the enzymes involved can be
examined. The kinetic parameters of structure bound
glycolytic enzymes in boar spermatozoa will be com-
pared with those of the purified enzymes, to make a
contribution to the general question of enzymologists:
how far does enzyme assembly in intact cells affect
kinetic properties?

Boar spermatozoa provide an interesting model for
studying other aspects of the compartmentation and
control of glycolysis. Immunocytochemical investiga-
tions are in progress to examine whether a ‘job sharing’
in ATP supply exists, between glycolysis in the distal part
of the flagellum and mitochondria in the middle piece.
This might also be of general interest because ‘job
sharing’ in ATP supply is one possible explanation of the
phenomenon of aerobic glycolysis*.
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