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Abstract Herring (Clupea harengus) shows the unique
behavior of reproductive biology in which spermatozoa
remains in the surrounding media for extended periods.
It is an excellent model for studying the malic enzyme
(ME) and creatine kinase (CK) biochemical properties
because of their high activity and variability of molecu-
lar isoforms. The specific activity of NAD-preferring
ME in herring spermatozoa is the highest among other
fish spermatozoa and is localized in its large mitochon-
drion. Two different CK isoforms, dimer and octamer,
were detected in herring spermatozoa. It has already
been shown that CK isoforms play an important role
in energy homeostasis by catalyzing a reversible transfer
of the phosphate of ATP to creatine to yield ADP and
creatine phosphate (CP) (creatine/CP circuit). Two lac-
tate dehydrogenase (LDH) isoenzymes were also shown
in herring spermatozoa, LDH-B4 and LDH-A2B2. In
this mini-review, the role of ME and energy transport
system with easily diffusible creatine and CP in herring
spermatozoa is discussed.
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Introduction

Earlier studies suggest that the characteristics of pro-
gressive forward motility of spermatozoa were related to
their fertilizing capacity and the sperm motility which
was dependent on ATP content (Christen et al. 1987;
Perchec et al. 1995). ATP provides energy for sperma-
tozoa movement, and this energy is utilized by the
dynein ATP-ase that is localized within the flagellar
motile apparatus, the axoneme (Inaba et al. 1999;
Inaba 2008). There is no doubt that maintenance of high
level of ATP in spermatozoa is important for modulating
flagellar motility. It is well established that ATP deple-
tion causes decrease of rainbow trout (Salmo gairdneri)
and carp (Cyprinus carpio) spermatozoa movement
(Christen et al. 1987; Perchec et al. 1995) and that
creatine phosphate (CP) can stimulate sperm motility
in the rainbow trout spermatozoa (Saudrais et al. 1998).
ATP concentration in semen of Chinook salmon (Onco-
rhynchus tshawytscha) and steelhead trout (Oncorhyn-
chus mykiss), kept in the absence of oxygen, decreased
to approximately 10% of initial values within 8 h and
remains unchanged through the following 64 h (Bencic
et al. 1999a, b). Taken together, these results suggest that
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experimental conditions can influence ATP concentra-
tion and motility of fish spermatozoa. Fish spermatozoa
contain glycolytic pathway, Krebs cycle (tricarboxylic
acid cycle) and oxidative phosphorylation as key path-
ways contributing to ATP production (Mansour et al.
2003). Recently, all metabolic processes as glycolysis,
mitochondrial respiration, and oxidative phosphoryla-
tion were confirm in carp spermatozoa by electrophore-
sis and liquid chromatography (not native methods)
connected with mass spectroscopy (Dietrich et al.
2014, 2016) and rainbow trout (Nynca et al. 2014).
More details about metabolism of fish spermatozoa
was reviewed earlier (Lahnsteiner 2008).

Very little is known about the enzymes and their
biophysical and kinetic properties in fish spermatozoa
as compared to activity and expression in somatic tis-
sues. High creatine kinase (CK) activity was observed in
herring spermatozoa, where two isoforms displayed dif-
ferent electrophoretic mobility than the isoforms present
in its skeletal muscle (Grzyb et al. 2003). The two
different CK isoforms were detected to be a character-
istic feature of herring spermatozoa, octamer, and dimer
and these isoforms are not expressed in other herring
tissues (Grzyb and Skorkowski 2006). Two lactate de-
hydrogenase (LDH) isoenzymes were shown in herring
spermatozoa, LDH-B4 and LDH-A2B2 (Gronczewska
et al. 2003). The spermatozoa from herring show the
presence of twomolecular forms ofmalic enzyme (ME),
higher activity of the NAD-preferring ME and low
activity of the NADP-specific ME (Niedźwiecka and
Skorkowski 2013). Specific activities of enzymes in-
volved in the total generation of NADPH [isocitrate
dehydrogenase (IDH),ME and glucose-6-phosphate de-
hydrogenase (G-6-PDH)] are higher in herring sperma-
tozoa than in carp (Cyprinus carpio) and catfish
(Clarias gariepinus) spermatozoa (Gronczewska et al.
2003).

Mitochondria of eukaryotic cells play a fundamental
role in metabolism and ATP synthesis through oxidative
phosphorylation. The fine structure of the fish sperma-
tozoa showed that Clupeid possess the head surrounded
by one large mitochondrion and demonstrates that there
is a considerable similarity in spermatozoan ultrastruc-
ture in these fish (Gwo et al. 2006; Ulloa-Rodriguez
et al. 2017). The consistency in the general morphology
of clupeid sperm indicates that the order is a cohesive
unit (Gwo et al. 2006; Ulloa-Rodriguez et al. 2017).
Piomboni et al. (2012) did not show participation of
ME in review about the role of mitochondria in

bioenergetics of mammalian spermatozoa. They also
did not show participation of the energy transport sys-
tem with easily diffusible creatine/creatine phosphate
circuit that was described earlier by Tombes and
Shapiro (1987) for sea urchin spermatozoa and
Schlegel et al. (1990) for chicken heart tissues. This
mini-review will discuss the role of some enzymes
involved in bioenergetics of herring spermatozoa.

Malic enzyme (ME)

ME catalyzes the reversible decarboxylation of malate
to form pyruvate in the presence of coenzyme NADP or
NAD and the divalent cation Mn2+ or Mg2+:

Malateþ NAD Pð Þ !Mn2þ
Pyruvateþ CO2 þ NAD Pð ÞH

Various molecular forms of ME are classified based
on relative affinity for coenzymes and their ability to
decarboxylate oxaloacetate. The full name according to
nomenclature and classification of enzyme is: NAD(P)
oxidoreductase (decarboxylating), (EC 1.1.1.38,
1.1.1.39, 1.1.1.40). Depending on the species and type
of tissue ME may occur in the cytosol, mitochondria or
both cellular compartments simultaneously (Frenkel
1975). Enzymes isolated from the two subcellular com-
partments have different catalytic and biophysical
properties.

With very few exceptions, the ME of mammals is
NADP-dependent. The first to show that mitochondria
isolated from calf adrenal gland and rabbit heart have
two different molecular forms ofME, NADP-dependent
and other that use NAD and NADP as coenzyme (Sauer
1973; Lin and Davis 1974). The mitochondria of cod
(Gadus morhua) and brown trout (Salmon trutta) hearts
along with herring skeletal muscle, liver, and testicular
tissues have two forms of ME (Skorkowski et al. 1984,
1985; Biegniewska et al. 1990) with properties like the
enzymes present in the mitochondria of rabbit heart (Lin
and Davis 1974). The lower molecular weight form is
selectively specific for NADP as the coenzyme, whereas
the higher molecular weight form uses both coenzymes
but shows a higher activity in the presence of NAD (thus
called NAD-preferring). The native forms of the two
mitochondrial enzymes can also be separated by elec-
trophoresis on polyacrylamide gels (Skorkowski et al.
1985). Both mitochondrial forms migrate towards the
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anode but the NADP-specific form is the slower migrat-
ing enzyme.

Separation by PAGE of the three MEs from the
herring skeletal muscle under native conditions is shown
in Fig. 1. The two mitochondrial MEs migrated as
distinct single bands towards the anode, slower migrat-
ing enzyme being the NADP-specific form. These re-
sults agree with the fact that the higher ionic strength
was required for the elution of NAD-preferring enzyme
from the DEAE-Sephacel then for the elution of NADP-
specific enzyme (Biegniewska et al. 1990). The cytosol
NADP-specific ME is the slowest migrating enzyme.

Molecular forms of ME present in the cell had dif-
ferent biophysical properties. Some of the biophysical
properties and reversibility of the reaction catalyzed by
three different forms of ME in the heart of the salmon
trout (Salmo trutta) are listed in Table 1 (Skorkowski
1988). Of note is the ability of ME to catalyze the
pyruvate carboxylation reaction. The NADP-specific

mitochondrial ME (Biegniewska and Skorkowski
1987) readily catalyzes this reaction but this property
is lacking in the NAD-preferring mitochondrial enzyme.
The results presented here suggest fish mitochondria
having two forms of ME, one NADP-specific and other
NAD-preferring. NADP-specific ME in mitochondria
has comparable properties to cytosol NADP-specific
ME, e.g., electrophoretic mobility (Fig. 1), catalytic
properties and reductive carboxylation of pyruvate to
malate (Table 1). The possible role of pyruvate carbox-
ylation by the mitochondrial ME in the fish heart may
aid in the synthesis of the Krebs cycle intermediates
during the oxidation of fatty acids (Bilinski 1974).

In herring tissues, various molecular forms of ME
may occur, both in the cytosol and mitochondria (Fig.
1). Herring spermatozoa exhibit a higher specific
activity of ME than salmon, trout, carp, and catfish
spermatozoa (Niedźwiecka and Skorkowski 2013).
The spermatozoa from herring show the presence of
two molecular forms of ME. Both ME forms were
separated from herring spermatozoa by chromatogra-
phy on DEAE-Sepharose. Herring spermatozoa
contained higher activity of the NAD-preferring ME
and low activity of the NADP-specific ME (ratio
about 33:1) (Niedźwiecka and Skorkowski 2013).
High activity of ME suggests adaptation of herring
spermatozoa to metabolism at high oxygen tension
for herring spawn.

Table 2 presents the specific activity of ME in mito-
chondria isolated from various species. It is worth not-
ing that the activity of ME in aquatic animals is much
higher than in terrestrial animals. The distribution ofME
activity in mitochondria isolated from different herring
tissues and spermatozoa in the presence of the coen-
zyme NADP and NAD are shown in Table 2. The
highest specific activity per milligram mitochondrial
protein is found in the testes of herring—256 nmol/
NADPH/min per mg and is comparable to the muscle
of the American crayfish. The activity of NAD-
preferringME in herring spermatozoa is about 356 nmol
NADH/min per mg (Niedźwiecka and Skorkowski
2013). The activity ofME inmitochondria isolated from
ovaries was the lowest of herring tissues. Mitochondria
isolated from herring testes had high specific activity of
ME. The specific activity of ME per mg of testis mito-
chondrial protein was more than 30 times higher than
that of ME in ovarian mitochondria and more than three
times that of ME activity in liver and skeletal muscle
mitochondria (Table 2).

Fig. 1 Polyacrylamide gel electrophoresis of three forms of malic
enzyme from herring (Clupea harengus) skeletal muscle: cytosol
NADP-specific ME (1); mitochondrial NAD-preferring ME (2),
and mitochondrial NADP-specific ME (3). Sample of purified
enzymes were applied in 10 μl aliquots to each gel. Electrophore-
sis was run for 10 h at 2 °C. All gels were stained for malic enzyme
activity as described (Skorkowski et al. 1985)
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Localization of ME in mitochondria is important
because these organelles are involved in energy produc-
tion by oxidative phosphorylation (Fig. 2). NAD-
preferring ME from herring spermatozoa was localized
in the mitochondrion by an antibody raised in rabbit
against NAD-preferring ME isolated from herring sper-
matozoa (Niedźwiecka et al. 2017). ATP was found to
decrease the rate of NAD reduction of NAD-preferring
ME from herring spermatozoa with respect to malate as
was shown earlier. Two-millimolar ATP reduces the rate
of NADH formation to about 10% compared to control
conditions (NAD-preferring ME without inhibitor

addition) in the presence of 5 mMmalate (Niedźwiecka
et al. 2017). On the other hand, fumarate was very
effective in reversing ATP inhibition of NAD-
preferring ME from herring testicular tissue and in the
presence of 2 mM fumarate, ATP inhibition was re-
versed to about 70% of the activity in the absence of
ATP (Skorkowski and Storey 1990). Inhibition of NAD-
preferring ME could be overcome by fumarate and in
consequence could adjust spermatozoa metabolism to
changing levels of ATP and fumarate (Niedźwiecka
et al. 2017). Previously, it has been shown that ATP is
an effective inhibitor of both NAD- and NADP-linked

Table 1 Physico-chemical properties and reversibility of the reaction catalyzed by three forms of malic enzyme from salmon trout (Salmo
trutta) heart (Skorkowski 1988)

Enzyme Molecular weight Isoelectric point pH % of forward reaction

Mitochondrial NADP-specific
EC 1.1.1.40

190,000 5.85 6.5
7.0
7.5

376
100
13

Mitochondrial NAD preferring
EC 1.1.1.39

280,000 5.45 6.5
7.0
7.5

0
0
0

Cytosol NADP-specific
EC 1.1.1.40

290,000 5.1 6.5
7.0
7.5

800
162
35

Table 2 Identification of mitochondrial malic enzyme activities from various species

Specific activity (nmol/min per mg mitochondrial protein)

Source of mitochondria NADP-dependent NAD-dependent References

Crayfish (abdomen muscle) 230 N.D. Skorkowski et al. (1977)

Cod (heart) 160 26 Skorkowski et al. (1984)

Salmon trout (heart) 90 54 Skorkowski et al. (1985)

Herring (skeletal muscle) 74.8 37 Biegniewska et al. (1990)

(ovaries) 8.4 N.D. Biegniewska et al. (1990)

(liver) 70.7 62 Biegniewska et al. (1990)

(testes) 256.3 387 Biegniewska et al. (1990)

(spermatozoa with large mitochondrion) 213 356 Niedźwiecka and Skorkowski (2013)

Rabbit (heart) 13 49 Skorkowski et al. (1984)

Rat (heart) 40 N.D. Skorkowski et al. (1984)

(skeletal muscle) 30 N.D. Świerczyński (1981)
(liver) 0.5 N.D. Moreadith and Lehninger (1984)

(hepatoma) 32 N.D. Moreadith and Lehninger (1984)

Mouse (hepatoma) 82 N.D. Moreadith and Lehninger (1984)
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reaction by NAD(P)-ME frommammals and fish (Sauer
1973; Lin and Davis 1974; Skorkowski and Storey
1988, 1990; Żołnierowicz et al. 1988).

Creatine kinase (CK)

Creatine kinase (EC 2.7.3.2) isoforms play important
role in energy homeostasis, by catalyzing the reversible
transfer of the phosphate of ATP to creatine to yield
ADP and creatine phosphate (CP) (Jacobus and
Lehninger 1973). In the sea urchin spermatozoa and in
most mammalian tissues, cytosolic dimeric CK is
coexpressed with an octameric mitochondrial isoform
and together with high intracellular concentrations of
easily diffusible creatine and CP; these isoenzymes
maintain a cellular energy buffer and energy transport
system (creatine/CP-circuit) (Tombes and Shapiro 1987;
Schlegel et al. 1990). The rainbow trout (Salmo
gairdneri) spermatozoa showed a very high cytosolic

CK activity which was purified and characterized as a
main testicular protein (Saudrais et al. 1996). Earlier
results showed only one cytosolic CK isoform for tele-
ostean fish spermatozoa (Tombes and Shapiro 1989;
Saudrais et al. 1996).

High CK activity was also observed in herring sper-
matozoa, where two isoforms displayed different elec-
trophoretic mobility than the isoforms present in its
skeletal muscle (Grzyb et al. 2003). The two different
CK isoforms were detected to be a characteristic feature
of herring spermatozoa and these isoforms are not
expressed in other herring tissues (Grzyb and
Skorkowski 2005, 2006). Isolation and purification pro-
cedures allowed obtaining purified enzymes with spe-
cific activity of the 345 μmol/min/mg protein for
octameric CK and 511 μmol/min/mg protein for dimeric
CK. Native molecular weight of the octamer and dimer
determined by gel permeation chromatography was
about 330,000 and 90,000, respectively (Grzyb and
Skorkowski 2006).

Fig. 2 A schematic mitochondrion and role of malic enzyme
(ME) and creatine kinase (CK) in energy buffering in herring
spermatozoa. Mitochondrial octamer and cytosolic dimer isoforms
of CK are associating with ATP-providing and ATP-consuming
(e.g., the dynein ATP-ase) processes. NADP-ME carboxylate py-
ruvate to malate. NAD-ME decarboxylate malate to pyruvate and

generate NADH. NAD-ME is competitively inhibited by ATP.
Fumarate reversed ATP-dependent inhibition of NAD-ME. ATP
level and in consequence ME activity is under control of creatine
kinase. OX, oxidative phosphorylation; CP, creatine phosphate;
RC, respiratory chain
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Most mitochondrial CK isoforms investigated so far
(bovine, chicken, pig, pigeon, rabbit, and rat) form
octameric molecules that are composed of eight identi-
cal subunits with a molecular weight of about 43 kDa
each (Wyss et al. 1992). The molecular weight of CK1
(homooctamer) and CK2 (homodimer) subunits from
herring spermatozoa were: about 42 and 43 kDa, respec-
tively (Grzyb and Skorkowski 2006). Similar molecular
weight of dimer and octamer subunits is present in
spermatozoa of polychaete (Ellington et al. 1998) and
herring skeletal muscle (Grzyb and Skorkowski 2005).

Fast dissociation of mammalian octamers within
hours and minutes is induced by TSAC (Transition State
Analogue Complex), an artificial dimerization complex
(Schlegel et al. 1988). The oligomeric transitions of
herring spermatozoa octamers could be determined by
gel filtration chromatography. The herring spermatozoa
octamers incubated with TSAC also caused octamer
destabilization and almost all of octamers dissociated
into dimers within 8 h at 4 °C (Grzyb and Skorkowski
2006).

Herring tissues represent very high and variable ex-
pression of CK isoforms. Most of them are negatively
charged and migrate towards anode during native elec-
trophoresis. These CKs isoforms have putative cytosolic
origin and form dimeric structures. In herring skeletal
muscle, cytosolic CK band migrated towards anode and
mitochondrial one towards cathode (Grzyb and
Skorkowski 2005). The cytosolic CK from herring skel-
etal muscle looks very similar in native electrophoretic
mobility to higher vertebrates muscle-type CKs (Ishida
et al. 1991) and to CK-A from green sunfish (Fisher and
Whitt 1978). The muscle-type CK has a wide distribu-
tion in herring tissues and was also found in the herring
eye, stomach, gill, and heart (Grzyb and Skorkowski
2006). In the herring brain and eye extract, we detected
the most anodal isoform from all cytosolic CKs, it is
probably brain-type CK and the other isoform which is
suggested to be heterodimer consisted with muscle-type
and brain-type monomers (Grzyb and Skorkowski
2006). We also noted a significant activity of positively
charged CK isoforms. These isoforms were found in
spermatozoa, eye and stomach as well as in skeletal
muscle. These positively charged CK isoforms are mi-
tochondrial octamers.

The CK activity is the highest in spermatozoa (Grzyb
et al. 2003) and the two different CK isoforms, octamer
and dimer, were detected that are characteristic for
sperm only and not expressed in other herring tissues.

It was shown earlier that cytosolic CK from trout sper-
matozoa is different from that ones in somatic tissues
(Saudrais et al. 1996). These findings make these iso-
forms an interesting model for studies of the fish CK
biochemical properties.

It is known that CK isoforms differ in amino acid
sequence and immunological properties (Roberts and
Grace 1980). Using our polyclonal anti-CK2 antisera
(herring sperm homodimer CK), a positive response
was obtained only with pure CK2 protein (Grzyb and
Skorkowski 2006). No response was detected with
octameric CK protein neither from herring spermatozoa
nor with pure cytosolic dimer and mitochondrial
octamer from herring skeletal muscle (Grzyb and
Skorkowski 2006). These results correspond with spe-
cific staining for CK activity (Grzyb et al. 2003; Grzyb
and Skorkowski 2006) and support the assumption that
octameric CK1 and dimeric CK2 are spermatozoa-
specific proteins.

Lactate dehydrogenase (LDH)

In fish spermatozoa during motility and during immotile
storage, glucose levels decreased. When respiratory ac-
tivity is inhibited, the levels of lactate increase
(Lahnsteiner et al. 1992, 1993). Pyruvate is formed
during glycolysis and from catabolism of some amino
acids. It has been shown that pyruvate could stimulate
spermatozoa motility and viability when added as sub-
strate to the incubation medium (Lahnsteiner et al.
1999). The authors also noticed that respiration and
glycolytic rates increase significantly during motility.
In fish and other vertebrates, lactate dehydrogenase
(EC 1.1.1.27) is a tetramer consisting of subunits coded
by three independent loci. This enzyme catalyzes the
interconversion of pyruvate and lactate. LDH isoen-
zymes differ from each other and exhibit distinct tissue
expression (Markert et al. 1975; Ziętara and Skorkowski
1993). It was shown earlier that there are only two LDH
isoenzymes in herring spermatozoa, LDH-B4 and LDH-
A2B2. These two isoenzymes are also present in herring
heart. These isoenzymes possess different biophysical
properties, pH optima for substrates, different thermo-
stability (Gronczewska et al. 2003). The presence of the
LDH-B4 and LDH-A2B2 isoforms normally suited bet-
ter for aerobic conditions conforms well to the
Lahnsteiner et al. (1992, 1993, 1999) findings. The
activity of LDH in herring spermatozoa was very low.
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On the other hand, LDH activities in spermatozoa of
carp (Cyprinus carpio) and catfish (Clarias gariepinus)
living in less anaerobic water were about 14 and 10
t imes h igher than in her r ing spermatozoa
(Gronczewska et al. 2003). It was shown also that
spermatozoa from African catfish (Clarias gariepinus)
during long-term storage at 4 °C in the presence of
lactate is the most favorable substrate to maintain ATP
concentration and physiological level of adenylate en-
ergy charge (Ziętara et al. 2004; Gronczewska and
Skorkowski 2019 accepted for publication).

Role of ATP in fish spermatozoa motility

The duration of fish spermatozoa motility in the natural
environment varies greatly among fish species from
seconds to days. This large difference probably depends
on the capacity of the spermatozoa to restore intracellu-
lar ATP and creatine phosphate (CP) concentrations.
Fish spermatozoa during motility have very high energy
turnover and consuming large amounts of ATP to main-
tain gradients between mitochondria and the flagella.

The adenylate energy charge (AEC = [ATP] + 1/2
[ADP]/[ATP] + [ADP] + [AMP]) has been proposed as
the marker of energy store in the adenine nucleotide
pool of living cells (Atkinson 1968). Many papers have
confirmed that the physiological AEC of somatic cells
and spermatozoa ranges from 0.8 to 0.95 (Atkinson
1977; Dreanno et al. 1999; Smoleński et al. 1990;
Ziętara et al. 2004). It has been shown that after activa-
tion of rainbow trout and turbot spermatozoa, the intra-
cellular ATP concentration decreased rapidly and ADP
andAMP concentrations increased (Christen et al. 1987;
Dreanno et al. 1999). Simultaneously, the AEC value
declined from 0.95 before motility initiation and contin-
ued to decrease during spermatozoa swimming and after
60 s the AEC value is about 0.5. Already 10 min after
spermatozoa activation, CP disappeared in turbot sper-
matozoa (Dreanno et al. 1999). It has been shown that
African catfish spermatozoa possess a rather low AEC
(approximately 0.55) and display a relatively high rate
of adenine catabolism which leads to ATP depletion
(Mansour et al. 2003; Rurangwa et al. 2002; Ziętara
et al. 2004). In contrast, AEC value of carp spermatozoa
kept at identical conditions was 0.96 indicating that carp
spermatozoa showed a remarkable capability for stabi-
lizing the AEC value (Rurangwa et al. 2002;
Biegniewska et al. 2010).

ATP formed in mitochondria by oxidative phosphor-
ylation can transfer its terminal high-energy phosphoryl
group to form chemical compounds of relatively similar
high-energy character like CP. This process is catalyzed
by mitochondrial CK octamer according to the reaction:
ATP + creatine → ADP +CP (Fig. 2). When intracellu-
lar concentration of ATP decreases, cytosol CK dimer
catalyzes the reaction: ADP + CP→ATP + creatine, to
prevent further decrease of ATP concentration and/or to
restore ATP level close to physiological value. In this
way, CK plays a key role in energy metabolism of many
cells. It is well established that CP can support rainbow
trout sperm motility (Saudrais et al. 1998). Recently, in
review about cellular compartmentation of local energy
circuit of ATP generated by oxidative phosphorylation
and consumption, more attention were directed to role of
CK isoforms (Schlattner et al. 2016). In mitochondria,
ATP generated by oxidative phosphorylation is associ-
ated with CK octamer enabling the direct transfer of
energy from ATP to creatine and form CP. The major
part of ATP utilization is linked to dynein, precisely the
dynein ATP-ase localized within the flagellar motile
apparatus, the axoneme (Inaba et al. 1999; Inaba
2008). This suggests that CK also plays an essential role
in fish spermatozoa energetic metabolism. The mito-
chondrial CK isoform is functionally coupled with an
ATP-providing process in oxidative phosphorylation
and with easily diffusing CP through the voltage-
dependent anion channel at outer mitochondrial mem-
brane could support cytosol ATP-consuming processes
(for review, see Schlattner et al. 2016). Interestingly, the
ATP concentration is several folds lower than that of CP
in fish spermatozoa (Rurangwa et al. 2001). CP is an
alternative energy carrier and compared to ATP is much
smaller in molecular size and is significantly more dif-
fusible than ATP.

Discussion

Upon spawning, Pacific herring (Clupea pallasii) sper-
matozoa show the unique behavior of reproductive bi-
ology in which male fish spawn first, with spermatozoa
remaining in the surrounding media for extended pe-
riods, followed by the spawning of females (Vines et al.
2002). The optimum salinity for fertilization in
C. pallasii from San Francisco Bay peaked at 16 ppt
salinity and from Aristo Sound, Turku, Baltic Sea of
C. harengus was about at 8 ppt salinity (Griffin et al.
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1998). Pacific herring spermatozoa motility is initiated
in the presence of sperm motility initiation factor
(SMIF), a 105-kDa glycoprotein that is localized to the
micropylar region of the herring egg (Griffin et al.
1996). Motility of Pacific herring spermatozoa also
could have been initiated by herring sperm-activating
peptide (HSAP, molecular mass about 8 kDa) that is
released from the eggs at spawning (Oda et al. 1995,
1998). It is likely that this mechanism has evolved in
herring C. pallasii spermatozoa for regulation of motil-
ity initiation until contact with the ligand released from
eggs (Vines et al. 2002; Inaba 2008).

Especially high CK-specific activity was observed in
herring spermatozoa, where two isoforms displayed a
different electrophoretic mobility from the cytosolic
homodimer and mitochondrial homooctamer present in
its skeletal muscle (Grzyb et al. 2003; Grzyb and
Skorkowski 2005, 2006). High activity of CK, and its
subcellular localization and regulation by polymeriza-
tion and depolymerization suggest that CK plays a key
role in energetic metabolism of herring spermatozoa
(Grzyb and Skorkowski 2006). Tombes and Shapiro
(1987) showed that energy produced in mitochondria
is required for motility of sea urchin (Strongylocentrotus
purpuratus) sperm where mitochondrial CK isoenzyme
was found. In the sea urchin spermatozoa and in most
mammalian tissues, cytosolic dimeric is coexpressed
with an octameric mitochondrial isoform of CK. To-
gether with high intracellular concentrations of easily
diffusible creatine and CP, these isoenzymes maintain a
cellular energy buffer and energy transport system (cre-
atine/CP-circuit) (Tombes and Shapiro 1987; Schlegel
et al. 1990). Rainbow trout (Salmo gairdneri) sperma-
tozoa showed a very high cytosolic CK activity, which
was purified and characterized as a main testicular pro-
tein (Saudrais et al. 1996). Earlier results showed only
one cytosolic CK for teleostean fish spermatozoa
(Tombes and Shapiro 1989; Saudrais et al. 1996). The
role of phosphagens in metabolic regulation in cells
displaying high and variable rates of aerobic energy
synthesis at evolutionary context was reviewed earlier
(Ellington 2001).

Localization of ME in mitochondria is important
because these organelles are involved in energy produc-
tion. In herring spermatozoa, mitochondrial NAD-
preferring ME was inhibited by ATP and fumarate re-
versed this inhibition (Niedźwiecka et al. 2017). The
physiological concentration of ATP (2–3 mM) in the
matrix of respiring mitochondria is sufficient to

completely inhibit NAD-preferring ME when ATP is
reasonably high, the inhibitory effect of ATP must be
overcome. Regulation of NAD-preferring ME activity
in vivomight depend on an increase in the concentration
of mitochondrial fumarate and also could be activated
by creatine or ADP by the CP/creatine ratio and in
consequence stimulate respiration in mitochondria. Mi-
tochondrial CK present in herring spermatozoa (Grzyb
and Skorkowski 2006) could perform a key role on ATP
recycling mechanism and could control of NAD-
preferring ME activity (Fig. 2). During the depletion of
ATP when fish spermatozoa stop swimming (Christen
et al. 1987), inhibition of ME could be also overcome
and in consequence metabolism in spermatozoa is en-
hanced to restore ATP level.

In herring spermatozoa, ME activity is the highest
among the NADP-dependent enzymes present in this
cell. Main form of ME from herring spermatozoa uses
both coenzymes, NAD and NADP, but preferring NAD
as coenzyme (Niedźwiecka and Skorkowski 2013). It
was suggested that fish mitochondria utilize malate as
respiratory fuels and ME may function in the provision
of intramitochondrial pyruvate (Skorkowski et al.
1984). ME is particularly interesting since it uses pyru-
vate as a substrate and provides an alternative route for
pyruvate metabolism in fish muscle during active mo-
bilization of protein as an energy source or support
gluconeogenesis in the liver. ME showed stability in
activity during spawning migration of sockeye salmon
(Oncorhynchus nerka) (Mommsen et al. 1980;
Mommsen 2004).

Two LDH isoenzymes present in herring spermato-
zoa—LDH-B4 and LDH-A2B2 catalyzes interconver-
sion of pyruvate and lactate (Gronczewska et al.
2003). The presence of the LDH-B4 and LDH-A2B2

isoforms suite better for aerobic conditions agrees well
with the adaptation of herring spermatozoa to unusual
behavior during spawning.

Conclusion

Only limited information is available about the proper-
ties of purified native enzymes from fish spermatozoa
involved in energetic metabolism. Herring (Clupea
harengus) is an excellent model for studying the fish
ME and CK biophysical properties because of high
activity and variability of molecular isoforms of en-
zymes existing in its tissues. Three different molecular
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forms of ME occur in herring skeletal muscle, one
cytosol specific for NADP only as the coenzyme and
two in mitochondrion one specific for NADP only and
the other utilizing both coenzymes but preferring NAD.
High NAD-preferring ME activities were identified in
mitochondrial fractions isolated from herring skeletal
muscle, liver, testes, and spermatozoa. NAD-preferring
ME has allosteric properties. This creates numerous
possibilities for metabolic regulation for this form of
the enzyme which as opposed to the cytosolic form is
also controlled by ATP. The regulation of NAD-
preferring ME activity in vivo might depend on the
increase in the concentration of mitochondrial fumarate
and also could be activated by creatine or ADP by the
CP/creatine ratio and in consequence stimulate respira-
tion in mitochondria (Fig. 2). Herring spermatozoa pos-
sess two forms of creatine kinases different that in
somatic tissues, cytosol dimer, and mitochondrial
octamer which are responsible for creatine/CP circuit.
CK isoforms and diffusible CP are cellular energy
buffers between ATP generation and consumption with-
in cell. Lactate dehydrogenase and malic enzyme both
utilized pyruvate as a substrate. The findings discussed
in this mini-review give a better understanding of mo-
lecular adaptation of herring spermatozoa to unusual
behavior during spawning.

Acknowledgments We are indebted to Professors T.P. Momm-
sen and M.S. Ziętara for critical reading and discussion of the
manuscript.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

References

Atkinson DE (1968) The energy charge of the adenylate pool as a
regulatory parameter. Interaction with feedback modifiers.
Biochemistry 7:4030–4034

Atkinson DE (1977) Cellular energy metabolizm and its regula-
tion. Academic Press, New York

Bencic DC, Krisfalusi M, Cloud JG, Ingermann RL (1999a) ATP
levels of chinook salmon (Oncorhynchus tshawytscha)
sperm following in vitro exposure to various oxygen ten-
sions. Fish Physiol Biochem 20:389–397

Bencic DC, Krisfalusi M, Cloud JG, Ingermann RL (1999b)
Maintenance of steelhead trout (Oncorhynchus mykiss)
sperm at different in vitro oxygen tension alters ATP levels
and cell functional characteristics. Fish Physiol Biochem 21:
193–200

Biegniewska A, Skorkowski EF (1987) Mitochondrial NADP-
dependent malic enzyme of cod heart. Rate of forward and
reverse reaction. Comp Biochem Physiol B 86:731–735

Biegniewska A, Skorkowski EF, Storey KB (1990) Tissue speci-
ficity of the mitochondrial forms of malic enzyme in herring
tissues. Comp Biochem Physiol B 95:817–820

Biegniewska A, Ziętara MS, Rurangwa E, Ollevier F,
Swierczynski J, Skorkowski EF (2010) Some differences
between carp (Cyprinus carpio) and African catfish
(Clarias gariepinus) spermatozoa motility. J Appl Ichthyol
26:674–677

Bilinski E (1974) Biochemical aspects of fish swimming. In:
Malins DC, Sargent JR (eds) Biochemical perspectives in
marine biology, vol 1. Academic Press, New York, pp 247–
288

Christen R, Gatti JL, Billard R (1987) Trout sperm motility. The
transient movement of trout sperm is related to changes in the
concentration of ATP following the activation of the flagellar
movement. Eur J Biochem 166:667–671

Dietrich MA, Arnold GJ, Frohlich T, Ciereszko A (2014) In-depth
proteomic analysis of carp (Cyprinus carpio L) spermatozoa.
Comp Biochem Physiol 12B(4):10–15

Dietrich MA, Dietrich GJ, Mostek A, Ciereszko A (2016)Motility
of carp spermatozoa is associated with profound changes in
the sperm proteone. J Proteome 138:124–135

Dreanno C, Cosson J, Suquet M, Seguin F, Dorange G, Billard R
(1999) Nucleotide content, oxidative phosphorylation, mor-
phology, and fertilizing capacity of turbot (Psetta maxima)
spermatozoa during the motility period. Mol Reprod Dev 53:
230–243

Ellington WR (2001) Evolution and physiological roles of
phosphagen systems. Annu Rev Physiol 63:289–325

Ellington WR, Roux K, Pineda AO (1998) Origin of octameric
creatine kinases. FEBS Lett 425:75–78

Fisher SE, Whitt GS (1978) Evolution of isoenzyme loci and their
differential tissue expression. Creatine kinase as a model
system. J Mol Evol 12:25–55

Frenkel R (1975) Regulation and physiological function of malic
enzyme. In: Horecker BL, Stadtman ER (eds) Current topics
in cellular regulation, vol 9. Academic Press, London, pp
157–181

Griffin FJ, Vines CA, PillaiMC, Yanagimachi R, Cherr GN (1996)
Sperm motility initiation factor is a minor component of the
Pacific herring egg chorion. Develop Growth Differ 38:193–
202

Griffin JF, Pillai MC, Vines CA, Kaaria J, Hibbard-Robbins T,
Yanagimachi R, Cherr GN (1998) Effects of salinity on
sperm motility, fertilization and development in the Pacific
herring (Clupea pallasii). Biol Bull 194:25–35

Gronczewska J, Skorkowski EF (2019) Lactate dehydrogenase in
fish spermatozoa and its role in sperm cell bioenergetics.
Indian J Exp Biol (accepted for publication)

Gronczewska J, Ziętara MS, Biegniewska A, Skorkowski EF
(2003) Enzyme activities in fish spermatozoa with focus on
lactate dehydrogenase isoenzymes from herring Clupea
harengus. Comp Biochem Physiol 134B:399–406

Fish Physiol Biochem (2019) 45:1615–1625 1623



Grzyb K, Skorkowski E (2005) Characterization of creatine kinase
isoforms in herring (Clupea harengus) skeletal muscle.
Comp Biochem Physiol B 140:629–634

Grzyb K, Skorkowski EF (2006) Purification and some properties
of two creatine kinase isoforms from herring (Clupea
harengus) spermatozoa. Comp Biochem Physiol B 144:
152–158

Grzyb K, Rychłowski M, Biegniewska A, Skorkowski EF (2003)
Quantitative determination of creatine kinase release from
herring (Clupea harengus) spermatozoa induced by tributyl-
tin. Comp Biochem Physiol 134C:207–213

Gwo JC, Lin CY, YangWL, Chou YC (2006) Ultrastructure of the
sperm sprat, Spratelloides gracilis; Teleostei, Clupeiformes,
Clupeidae. Tissue Cell 38:285–291

Inaba K (2008) Molecular mechanisms of the activation of flagel-
lar motility in sperm. In: Alavi SMH, Cosson JJ, Coward K,
Rafiee G (eds) Fish Spermatology. Alpha Science
International Ltd, Oxford, pp 267–279

Inaba K, Kagami O, Ogawa K (1999) Tctex2-related outer arm
dynein light chain is phosphorylated at activation of sperm.
Motility. Biochem Biophys Res Commun 256:177–183

Ishida Y, Wyss M, HemmerW, Wallimann T (1991) Identification
of creatine kinase isoenzymes in the guinea-pig. Presence of
mitochondrial creatine kinase in smooth muscle. FEBS Lett
283:37–43

Jacobus WE, Lehninger AL (1973) Creatine kinase of rat heart
mitochondria. Coupling of creatine phosphorylation to elec-
tron transport. J Biol Chem 248(13):4803–4810

Lahnsteiner F (2008) Energy metabolism and respiration in fish
spermatozoa. In: Alavi SMH, Cosson JJ, Coward K, Rafiee
G (eds) Fish Spermatology. Alpha Science International Ltd,
Oxford, pp 241–266

Lahnsteiner F, Patzner RA, Weismann T (1992) Monosaccharides
as energy resources during motility of spermatozoa in
Leuciscus cephalus (Cyprinidae, Teleostei). Fish Physiol
Biochem 10:283–289

Lahnsteiner F, Patzner RA, Weismann T (1993) Energy resources
of spermatozoa of the rainbow trout (Oncorhynchus mykiss)
(Pisces, Teleostei). Reprod Nat Dev 33:349–360

Lahnsteiner F, Berger B, Weismann T (1999) Sperm metabolism
of the teleost fishes Chalcalburnus chalcoides and
Oncorhynchus mykiss and its relation to motility and viabil-
ity. J Exp Zool 284:454–465

Lin RC, Davis EJ (1974) Malic enzyme of rabbit heart mitochon-
dria. J Biol Chem 249:3867–3875

Mansour N, Lahnsteiner F, Berger B (2003) Metabolism of
intratesticular spermatozoa of a tropical teleost fish (Clarias
gariepinus). Comp Biochem Physiol 135B:285–296

Markert CL, Shaklee JB, Whitt GC (1975) Evolution of a gene.
Multiple genes for LDH isozymes provide a model of the
evolution of gene structure, function and regulation. Science
189:102–114

Mommsen TP (2004) Salmon spawning migration and muscle
protein metabolism: the August Krogh principle at work.
Comp Biochem Physiol B 139:383–400

Mommsen TP, French CJ, Hochachka PW (1980) Sites and pat-
terns of protein and amino acid utilization during the
spawning migration of salmon. Can J Zool 58:1785–1799

Moreadith RW, Lehninger AL (1984) Purification, kinetic behav-
iour and regulation of NAD(P)-malic enzyme of tumor mi-
tochondria. J Biol Chem 259:6222–6227

Niedźwiecka N, Skorkowski EF (2013) Purification and properties
ofmalic enzyme from herringClupea harengus spermatozoa.
Comp Biochem Physiol B 164:216–220

Niedźwiecka N, Gronczewska J, Skorkowski EF (2017) NAD-
preferring malic enzyme: localization, regulation and its po-
tential role in herring (Clupea harengus) sperm cells. Fish
Physiol Biochem 43:351–360

Nynca J, Arnold GJ, Frohlich T, Otte K, Ciereszko A (2014)
Proteomic identification of rainbow trout sperm proteins.
Proteomics 14:1569–1573

Oda S, Igarashi Y, Ohtake H, Sakai K, Shimizu N, Morisawa M
(1995) Sperm-activating proteins from unfertilized eggs of
the Pacific herring, Clupea pallasii. Develop Growth Differ
37:257–261

Oda S, Igarashi Y, Manak K, Koibuchi N, Sakai-Sawada M, Sakai
K, Morisawa M, Ohtake H, Shimizu N (1998) Sperm-
activating proteins obtained from the herring eggs are homol-
ogous to trypsin inhibitors and synthesized in follicle cells.
Dev Biol 204:55–63

Perchec G, Jeulin C, Cosson J, Andre F, Billard R (1995)
Relationship between sperm ATP content and motility of
carp spermatozoa. J Cell Sci 108:747–753

Piomboni P, Focarelli R, Stendardi A, Ferramosca A, Zara V
(2012) The role of mitochondria in energy production for
human sperm motility. Int J Androl 35:109–124

Roberts R, Grace AM (1980) Purification of mitochondrial crea-
t i ne k inase . B iochemica l and immuno log i ca l
characteryzation. J Biol Chem 255:2870–2877

Rurangwa E, Biegniewska A, Świerczyński J, Ollevier F,
Skorkowski EF (2001) Adenylate energy charge in fish sper-
matozoa: influence of pituitary hormones? In: Goos HJTh,
Rastogi RK, Vaudry H, Pierantoni R (eds) Perspective in
comparative endocrinology: Unity and Diversity. Monduzzi
Editore, Sorrento (Napoli), Italy, p 1203–1208

Rurangwa E, Biegniewska A, Słomińska E, Skorkowski EF,
Ollevier F (2002) Effect of tributyltin on adenylate content
and enzyme activities of teleost sperm: a biochemical ap-
proach to study the mechanism of toxicant reduced sperma-
tozoa motility. Comp Biochem Physiol 131C:335–344

Saudrais C, Garber AT, McKay DJ, Dixon GH, Loir M (1996)
Creatine kinase in trout male germ cells: purification, gene
expression, and localization in the testis. Mol ReprodDev 44:
433–442

Saudrais C, Fierville F, Loir M, Le Rumeur E, Cibert C, Cosson J
(1998) The use of phosphocreatine plus ADP as energy
source for motility of membrane-deprived trout spermatozoa.
Cell Motil Cytoskeleton 41:91–106

Sauer LA (1973) Mitochondrial NAD-dependent malic enzyme: a
new regulatory enzyme. FEBS Lett 33:251–255

Schlattner U, Klaus A, Rios SR, Guzun R, Kay L, Tokarska-
Schlattner M (2016) Cellular compartmentation of energy
metabolism: creatine kinase microcompartments and recruit-
ment of B-type creatine kinase to specific subcellular sites.
Amino Acids 48:1751–1774

Schlegel J, Zurbriggen B, Wegmann G, Wyss M, Eppenberger
HM, Wallimann T (1988) Native mitochondrial creatine ki-
nase forms octameric structures. I. Isolation of two intercon-
vertible mitochondrial creatine kinase forms, dimeric and
octameric mitochondrial creatine kinase characterization, lo-
calization, and structure-function relationships. J Biol Chem
263:16942–16953

Fish Physiol Biochem (2019) 45:1615–16251624



Schlegel J, Wyss M, Eppenberger HM, Wallimann T (1990)
Functional studies with the octameric and dimeric form of
mitochondrial creatine kinase. J Biol Chem 265:9221–9227

Skorkowski EF (1988) Mitochondrial malic enzyme from crusta-
cean and fish muscle. Comp Biochem Physiol B 90:19–24

Skorkowski EF, Storey KB (1988) Mitochondrial NAD(P)-malic
enzyme from herring skeletal muscle. Purification and some
kinetic and regulatory properties. Fish Physiol Biochem 5:
241–248

Skorkowski EF, Storey KB (1990) Mitochondrial NAD(P)-depen-
dent malic enzyme from herring testicular tissue: purification,
kinetic behaviour and regulatory properties. Fish Physiol
Biochem 8:475–484

Skorkowski EF, Świerczyński J, Aleksandrowicz Z (1977) High
activity of NADP-dependent malic enzyme in mitochondria
from abdomen muscle of the crayfish Orconectes limosus.
Comp Biochem Physiol B 58:297–301

Skorkowski EF, Aleksandrowicz Z, Ścisłowski PWD,
Świerczyński J (1984) Evidence for the role of malic enzyme
in the rapid oxidation of malate by cod heart mitochondria.
Comp Biochem Physiol B 77:379–384

Skorkowski EF, Biegniewska A, Aleksandrowicz Z, Świerczyński
J (1985) Malic enzyme of salmon trout heart mitochondria:
separation and some physicochemical properties of NAD-
preferring and NADP specific enzymes. Comp Biochem
Physiol B 80:901–907

Smoleński RT, Lachno DR, Ledingham SJM, Yacoub MH (1990)
Determination of sixteen nucleotides, nucleosides and bases
using high-performance liquid chromatography and its appli-
cation to the study of purine metabolism in hearts for trans-
plantation. J Chromatogr 527:414–420

Świerczyński J (1981) Dissimilarity of cytosol and mitochondrial
mal ic enzyme f rom ra t skele ta l muscle . In t J
BioChemiPhysics 13:843–850

Tombes RM, Shapiro BM (1987) Enzyme termini of phosphocre-
atine shuttle: purification and characterization of two creatine
kinase isoenzymes from sea urchin sperm. J Biol Chem 262:
16011–16019

Tombes RM, Shapiro BM (1989) Energy transport and cell polar-
ity: relationship of phosphagen kinase activity to sperm func-
tion. J Exp Zool 251:82–90

Ulloa-Rodriguez P, Figueroa E, Diaz R, Lee-Esteves M, Short S,
Farias JG (2017) Mitochondria in teleost spermatozoa.
Mitochondrion 34:49–55

Vines CA, Yoshida K, Griffin FJ, Pillai MC, Morisawa M,
Yanagimachi R, Cherr GN (2002) Motiliti initiation in her-
ring sperm is regulated by reverse sodium-calcium exchange.
Proc Natl Acad Sci 99:2026–2031

Wyss M, Smeitnik J, Wevers RA, Wallimann T (1992)
Mitochondrial creatine kinase: a key enzyme of aerobic
energy metabolism. Biochem Biophys Acta 1102:119–166

Ziętara MS, Skorkowski EF (1993) Purification and properties of
the heart type lactate dehydrogenase of the cod (Gadus
morhua) from the Baltic Sea: comparison with LDH-A4

and LDH-C4. Comp Biochem Physiol B 105:349–356
Ziętara MS, Słomińska E, Świerczyński J, Rurangwa E, Ollevier

F, Skorkowski EF (2004) ATP content and adenine nucleo-
tide catabolism in African catfish spermatozoa stored in
various energetic substrates. Fish Physiol Biochem 30:119–
127

Żołnierowicz S, Świerczyński J, Żelewski L (1988) Purification
and properties of the NAD(P)-dependent malic enzyme from
human placental mitochondria. Biochem Med Metab 39:
208–216

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

Fish Physiol Biochem (2019) 45:1615–1625 1625


	Bioenergetics of fish spermatozoa with focus on some herring (Clupea harengus) enzymes
	Abstract
	Introduction
	Malic enzyme (ME)
	Creatine kinase (CK)
	Lactate dehydrogenase (LDH)
	Role of ATP in fish spermatozoa motility
	Discussion
	Conclusion
	References


