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Asthenozoospermia is the most frequent sperm motility disorder, but there are other more extreme sperm motility disorders,
namely oligo-astheno-teratozoospermia (OAT) and necrozoospermia. There are several cellular mechanisms known for OAT and
necrozoospermia, but there are limited data on dynein ATPase and
ATPases associated with various cellular activities (AAA+).

AAA1 is involved in ATP hydrolysis, while AAA2 is entangled in
ATP-binding pocket. This study was conducted to investigate the
role of dynein ATPase activity and quantification of AAA dynein.
Spermatozoa from 14 men with OAT, 11 men with necrozoospermic and 17 men with normoozspermic samples were used in this
study. Makler chamber was used to determine sperm concentration and motility, while Papanicolaou stained semen smears using
World Health Organization-fifth edition criteria was performed to
determine sperm morphology, and dynein ATPase was quantified
by calculation of released inorganic phosphate. AAA was quantified by enzyme-linked immunosorbent assay, whereas the distribution was determined by immunocytochemistry. This study
showed that the dynein ATPase activity in OAT and necrozoospermia was lower than in the normozoospermic group (2.68±0.76,
1.01±0.31, 7.22±1.08 µmol Pi/mg protein/h, respectively,
P<0.05), as well as the amounts of AAA1 and AAA2. In addition,
staining for AAA in the sperm tail paralleled the dynein ATPase
activity and quantity of AAA, being the highest in sperm from
normozoospermic samples, lower in sperm from OAT samples,
and almost undetectable in sperm from necrozoospermic samples.
The structure and function of damaged sperm dynein may
alter dynein ATPase activity and levels of AAA1 and AAA2.
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Abstract

This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License (by-nc 4.0) which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

Introduction

The axonemal structure of the sperm tail plays an important
role in sperm motility.1 The axoneme consists of nine peripheral
microtubules doublets with two single central microtubules (9+2),
which are composed of dynein.2,3 Moreover, dynein comprises
one outer arm and one inner arm, which permits sliding of the
microtubules resulting in sperm motility.4 Therefore, dynein is a
protein motor in the sperm axoneme.1,4
Furthermore, the heavy chain structure of dynein is responsible
for all the motor activities, namely ATP hydrolysis (dynein ATPase),
ATP-sensitive microtubule binding and microtubule shifts. In other
words, dynein ATPase is an enzyme confined to the dynein arms of
the axonemal microtubules.5,6 Dynein uses energy from the hydrolysis of ATP for axonemal beating. Besides the dynein ATPase, there
are ATPases associated with various cellular activities (AAA+)
which are assembled in a ring structure at the head of dynein. There
are six domains of AAA+, namely AAA1-AAA4 which contain
nucleotide binding sites and AAA5-6 which contain fewer sites.7,8
According to a study by Kardon, AAA1 is mostly involved in
axoneme – sperm motility as an ATP hydrolysis site, whereas AAA2
supports sperm motility by providing the structure for an ATP-binding pocket.9 Abnormalities in sperm motility are male factors
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Modification of the Olson method was applied to isolate the
axonemal fraction of spermatozoa.14 Centrifuging at 1,000 xg for
10 min at 4°C was performed to centrifuge semen diluted in Olson
A solution (0.05 M Tris-HCl; 0.1 M NaCl, pH 7.4). After that, centrifuging the pellet in Olson B solution (10 mM Tris-HCl; 0.5 mM
EDTA, pH 7.4; protease inhibitor cocktail composed of 0.5 mM
phenylmethylsulfonyl fluoride, 5 mM benzamidine, 1 µg/mL leupeptin, 1 µg/mL pepstatin A) at 1,000 xg for 10 min at 4°C was
performed. An Ultra Turrax homogenizer at 13,000 rpm for 5 s was
used to homogenize the supernatant obtained. Then, the suspension was placed on a gradient of sucrose solution (20% (w/v)
sucrose with 25 mmol/L Tris-HCl (pH 7.4) and 50% (w/v) sucrose
with 25 mmol/L Tris-HCl in pH 7.4). After a final centrifugation at
17,000 xg for 30 min the obtained pellet was added to Olson B
solution. 2% (w/v) sodium dodecyl sulfate and 1% (w/v) bovine
serum albumin were added to the pellet to remove the membrane
component from the axonemal fraction. The protein content of the
axonemes was determined by the Bio-Rad micromethod of
Bradford15 before further analysis.

Dynein ATPase activity assay

The Vivenes method was implemented to define dynein
ATPase activity.4 A solution (5 mmol/L MgCl2, Tris-base, 10 mM
ouabain and 1 µM thapsigargin and 1 mM vanadate) in 9 mL was
mixed with 1 mL of the axoneme fraction. Then, 3 mmol/L
Na2ATP was added to start the ATPase reaction and 1 mL 15%
(w/v) trichloroacetic acid was added later to terminate this process.
Centrifugation at 1100 xg for 10 min produced the pellets and then
a colorimetric method against KH2PO4 standards was used to
[page 78]
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Approval from the Ethics Committee of the Faculty of
Medicine, University of Indonesia, was obtained before this study
began. Semen samples were obtained after an abstinence of 3-5
days. After semen was gained from masturbation and liquified,
semen analysis was performed by using Makler chamber for sperm
concentration and motility, and Papanicolaou staining for sperm
morphology. OAT is defined as all three sperm parameters being
below the lower reference values: <15 million/mL for sperm concentration, <40% for progressive motility and <4% for normal sperm
morphology, while necrozoospermia is determined if more than 60%
of spermatozoa in semen are dead or immotile.11-13 In this study, the
necrozoospermic samples were 100% immotile. The eosin Y staining (0.5% wt/vol) was implemented to assess viability of sperms,
then the viable sperms (unstained) were counted in percentage.

Quantification of AAA1 in spermatozoa was performed by
using an enzyme-linked immunosorbent assay (ELISA) kit sandwich (Human Dynein Heavy Chain 1, Axonemal (DNAH1) ELISA
Kit MBS928073, My Bio Source, San Diego, California, USA.
Available from: https://www.mybiosource.com/prods/ELISAKit/Human/dynein-axonemal-heavy-chain1/DNAH1/datasheet.php?products_id=928073) which can measure
the AAA1 concentration at 23.5–1500 pg/mL. Various concentrations (1500, 750, 375, 187.5, 94, 47 and 23.5 pg/mL) of standard
solutions were prepared first. Protein quantification of the samples
was adjusted to 15 µg in 100 mL of samples. Then, the wells were
covered with specific monoclonal antibody to AAA1, which was
continued by the addition of 100 µL standard solution and 100 µL
sample. After that, the solution was put in into wells which then kept
at 37°C for 2 h. After removing the solution, 100 µL biotin antibody
was placed in the wells, and incubated at 37°C for 1 h. Next, the
plate was rinsed with buffer four times and held for 2 min.
Streptavidin-Horseradish Peroxidase was added to the wells and
incubated at 37°C for 1 h. Then, tetramethyl-benzidine (TMB substrate) was added to the wells and incubated at 37°C for 30 min. The
reaction was stopped by 50 µL Stop Solution and the absorbance
measured in an ELISA reader at a wavelength of 450 nm. AAA1
quantification was then defined by comparing the optical density
(OD) value of the sample with the standard curve. Similar to those
of AAA1, the AAA2 levels were examined by ELISA kit (Human
Dynein Heavy Chain 2, Axonemal (DNAH2) ELISA Kit
MBS9342693, My Bio Source, San Diego, California, USA) which
can detect AAA2 levels in the concentration range 3.12-100 ng/mL.
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Materials and Methods

determine released inorganic phosphate (Pi) from the pellet.16
Finally, the Pi content in the two reactions with and without 1mM
vanadate was defined as dynein ATPase activity. Vanadate was
added as a dynein ATPase inhibitor, whereas ouabain and thapsigargin were used as the inhibitor of Na+, K+-ATPase and Ca2+ATPase enzymes.4,17,18
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responsible for some cases of male infertility.10 Besides asthenozoospermia as the most frequent abnormality in sperm motility,
other more severe and rare abnormalities are oligo-astheno-teratozoospermia (OAT) and necrozoospermia. There are several known
cellular mechanisms that cause OAT and necrozoospermia such as
ultrastructural defects of the axoneme, centriolar abnormalities,
mitochondrial defects, abnormal antioxidant systems, various genetic defects, etc., but there are still limited data about the dynein
ATPase and its AAA+. In this study, the main interest was to investigate the role of dynein ATPase activity and dynein AAA1-2 quantification in severe male factor infertility.

Immunocytochemistry of AAA isoform

Spermatozoa in semen were centrifuged first at 2,407 xg for
10 min before immunocytochemistry. The pellet obtained was
mixed with Biggers, Whitten and Whittingham medium after
the supernatant was discarded. Another centrifugation at 2,407
xg for 5 min followed. 0.2% (v/v) Triton X-100 and the poly-Llysine-coated slides with 4% (v/v) formaldehyde were prepared
for permeabilization and fixation, respectively. DNAH1 and
DNAH2 goat polyclonal antibodies (Santa Cruz, San Diego,
California, USA) as primary antibodies were prepared at 1:200
dilution at 4°C overnight for incubation, while donkey anti-goat
Ig G antibody as secondary antibody was applied to fluorescein
isothiocyanate (Santa Cruz) to define reactions. Detection of
the AAA1 and AAA2 signals obtained were analyzed in a confocal microscope (Zeiss, Oberkochen, Germany).

Statistical analysis

In this study, the 22nd version of SPSS was conducted to
analyze data. The Kruskal-Wallis test was implemented to analyze differences between dynein ATPase activity and quantification of AAA proteins of OAT and necrozoospermia compared
with normozoospermia group. P<0.05 was considered statistically significant.
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The dynein ATPase activity was significantly lower in the OAT
and necrozoospermic groups than in the control (normozoospermic
group), and the necrozoospermic group showed the lowest activity
of dynein ATPase (P<0.05, Table 2). This study showed a similar
trend with Na+, K+-ATPase and Ca2+-ATPase activities, as dynein
ATPase activity was significantly lower in OAT and necrozoospermic than the normozoospermic group.

Quantification of AAA protein

The amount of AAA1 protein was significantly lower in OAT
and necrozoospermia than in normozospermia, and the necrozoospermic group had the lowest amount of AAA1 protein
(P<0.05, Table 3). Similar to AAA1, the amount of AAA2 protein
was also significantly lower in OAT and necrozoospermia than in
normozospermia, whereas the necrozoospermia group showed the
lowest amount of AAA2 protein (P<0.05, Table 3).

Distribution of AAA protein

Several studies have proven that the cause of OAT and necrozoospermia are infections and toxic substances, with the underlying cellular mechanisms such as ultrastructural defect of the
axoneme, centriole abnormalities, mitochondrial defects, abnormal antioxidant systems, various genetic defects and so on.19-28
Furthermore, our recent previous study demonstrated that there is
disruption of Na+, K+-ATPase, Ca2+-ATPase activities and Na+,
K+- ATPase α4 and PMCA4 isoform expression in OAT and
necrozoospermic sperm samples.29 However, there are limited
data about the role of dynein ATPase and AAA isoforms in OAT
and necrozoospermia, as examples of extreme sperm motility
disorders. This is the first study that analyze dynein ATPase
activity and AAA protein quantification in OAT and necrozoospermia.
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In the normozoospermic samples, AAA1 was located in the
entire sperm tail and weak staining in the sperm head. In contrast,
the AAA1 in the OAT samples was weak staining in the sperm tail,
and in necrozoospermic samples it was almost undetectable
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Activity of dynein ATPase
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The semen profiles of this study are shown in Table 1.
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Semen analysis profile

(Figure 1). In addition, the AAA1 in the OAT samples was week
staining in the sperm head, compared to in the necrozoospermic
samples. Similar to the AAA1 protein, the AAA2 was also located
in the whole tail and head of sperm in normozoospermic samples,
while in OAT samples was located weak staining in the tail of
sperm and almost undetectable in the sperm head. Furthermore, in
necrozoospermic samples, the AAA2 was almost undetectable in
tail of sperm (Figure 2). Uniquely, even though AAA is component
of the sperm axoneme, both proteins were also located in the membrane of sperm head.
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Results

Table 1. Mean values of semen parameters in normozoospermia, oligo-astheno-teratozoospermia (OAT), and necrozoospermia.
OAT
(n=14)

Necrozoospermia
(n=11)

7.2
Pearl white
99.4±6.2a
62.2±5.1a
18.6±2.5b
74.2±6.6a

7.2
Pearl white
15.4±5.5a
21.4±1.3a
1.5±0.2b
52.5±5.4a

7.0
Pearl white
2.5±0a
0
5.1±1.2b
11.2±2.4a
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Semen pH
Semen color
Sperm count (million)
Sperm motility (%)
Normal sperm morphology (%)
Sperm viability (%)

Normozoospermia
(n=17)

om

Parameter

n, number of samples. Values are given as the mean ± standard error of the mean. Values with a in superscript are significantly different, while those with b in superscript are not significantly different; P<0.05.

Table 2. Activity of dynein ATPase in the normozoospermic, oligo-astheno-teratozoospermia (OAT) and necrozoospermic groups.
ATPase activity
(µmol Pi/mg protein/h)
Dynein ATPase

Normozoospermia
(n=17)

OAT
(n=14)

Necrozoospermia
(n=11)

7.2±1.1a

2.7±0.8a

1.0±0.3a

Values are given as the mean ± SEM; values with the same superscript are significantly different; P<0.05.

Table 3. The sperm protein concentration of the normozoospermic, oligo-astheno-teratozoospermic (OAT) and necrozoospermic
groups.
Protein concentration (ng/mL)
AAA1
AAA2

Normozoospermia

OAT

Necrozoospermia

5.2±0.5a
4.2±0.6a

3.7±0.5a
2.3±0.53a

1.9±0.2a
2.0±0.6a

Values are given as mean ± SEM; values with the same superscript are significantly different; P<0.05.
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Quantification of AAA protein

This study is the first to show a decline on AAA in OAT and
necrozoospermia. The results of this study are in line with the Na+,
K+-ATPase α4 isoform and PMCA4 expression in OAT and necrozoospermia.30 They are also in accordance with the Na+, K+ATPase α4 expression, which is crucial for ion homesostasis for
cell surface tension, and PMCA4 expression, which is important
for maintaining Ca2+ level in cell.43-45 Besides membrane disruption, there is also dynein disruption in sperm motility disorder. The
result of this study confirmed that there was alteration in AAA
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Dynein ATPase located in the dynein arms of the sperm microtubule doublet acts by hydrolyzing ATP to slide adjacent axonemal
microtubules and generate sperm motility. In this study, dynein
ATPase activity was significantly lower in OAT and necrozoospermia than in normozospermia, whereas the necrozoospermic group
showed the lowest dynein ATPase activity. This study confirms the
results of Vivenes et al., who proved that dynein ATPase activity in
asthenozoospermia was lower than in the normozoospermic
group.4 In addition, this study also agrees with levels of other
ATPases in our previous study, such as Na+, K+-ATPase and Ca2+ATPase activities in the same group (OAT and necrozoospermia),
although it is contrast to Ca2+-ATPase activity in the asthenozoospermia group.29,30 Na+, K+-ATPase in the sperm membrane
permits influx of Na+ and efflux of K+, which maintains ion homeostasis and cell surface tension. It seems that Na+, K+-ATPase and
dynein ATPase work together in similar way for sperm viability.
On the other hand, Ca2+-ATPase works differently by exporting
intracellular Ca2+, which maintains intracellular Ca2+ level to prevent cell toxicity.
In OAT, there are three sperm disorders, namely lower sperm
count, reduced sperm motility and abnormal morphology. Sperm
morphogenesis especially ultrastructure occurs in a crucial phase
in the spermatogenesis process, namely spermiogenesis, so the
abnormality of ultrastructure is a consequence of a disruption in
spermiogenesis.31,32 There are hundreds of genes coding for sperm
synthesis, including microtubules with dynein.33 An example is
immotile-cilia syndrome, which is characterized by disruptions of
microtubules, such as the absence of dynein arms or the 9+0
axonemal microtubule. The ultimate diagnosis is by electron
microscopy, which can reveal the absence of dynein arm or nine
outer microtubules completed with dynein arm but lacking the two
central microtubules.34
Sperm disorders in OAT are recognized as the etiology of reactive oxygen species (ROS) production in sperm cells.35 If the ROS
level is present in high amounts, it will cause oxidative stress.23
Spermatozoa in OAT are also involved in oxidative stress in spermatozoa.36-38 The more severe the disorder, the more the damage

to spermatozoa from ROS production. This phenomenon could
explain why dynein ATPase activity in OAT is lower than normozoospermia.
In necrozoospermia, the disorder is more severe than in OAT
since there are both sperm motility and viability disorders.
Nevertheless, Talebi showed that there is damage of many sperm
organelles such as plasma membrane, acrosome, mitochondrial
membranes
and
microtubules
in
necrozoospermia.39
Necrozoospermia can be caused by infection (male accessorygland infection, prostatitis, epididymitis), antisperm antibodies,
retarded ejaculation, testicular carcinoma, old age and exposure of
toxins.40 It is essential to classify the source of necrozoospermia
and to manage treatment by performing the history taking, urogenital examination, semen analysis, urine culture, antisperm antibody
test, transrectal ultrasonography and testicular biopsy.41 If the
source of necrozoospermia is the epididymis, the cause is an inimical milieu or innate disruption of ultrastructure of sperm.28 In this
situation, ROS can infiltrate into the sperm cell and generate deteriorating processes in nucleus producing DNA damage.42 In addition, other authors have assumed the apoptotic process in spermatozoa is related their prolonged sojourn in male genital tract.41
Again, the more severe the disorder, the more damaged the
spermatozoa are. This phenomenon may explain why in necrozoospermia dynein ATPase activity is lower than in OAT. This is
the first study demonstrating the declining of dynein ATPase activity in sperm motility disorder, especially in OAT and necrozoospermia.
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Activity of dynein ATPase

Figure 1. Immunocytochemical analysis shows the localization of
AAA1 isoforms in spermatozoa. A) AAA1 isoform is located in the
whole sperm (head and tail) in normozoospermic samples; B)
AAA1 isoform in oligo-astheno-teratozoospermic samples was
weak staining in the sperm head and tail compared to necrozoospermic and normozoospermic samples, respectively; C)
AAA1 isoform in necroozoospermic samples is almost undetectable in the sperm tail.

[page 80]

Figure 2. Immunocytochemical analysis shows the localization of
AAA2 isoforms in spermatozoa. A) The AAA2 isoform is located
in the whole sperm tail in normozoospermia; B) the AAA2 isoform in oligo-astheno-teratozoospermic samples is weak staining
in the sperm head and tail compared to necrozoospermia and normozoospermic samples, respectively; C) the AAA2 isoform in
necrozoospermic samples is almost undetectable in the sperm tail,
even though it still present in the sperm head.
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This is the first study that measures the expression of AAA
protein in spermatozoa with extreme motility disorders. There was
less expression or distribution of AAA1 and AAA2 protein in the
tail of spermatozoon, whereas the distribution in necrozoospermia
was less than in OAT. These results are in line with the Na+, K+ATPase α4 and PMCA4 expression in the membrane of sperm
head.30 Nevertheless, there were also unique results of both studies, since the expression of AAA was compact in the tail of sperm
compared to sperm head, while the expression of Na+, K+-ATPase
α4 and PMCA4 was compact in the head of sperm compared to in
membrane of sperm head. Finally, disturbances in dynein ATPase
activity and AAA quantification/expression may impair the sliding
mechanism of flagellum, involved in sperm motility. Dynein
ATPase activity and AAA expression data might be an indicator of
a sperm motility disorder.
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The damaged sperm dynein structure and function may alter
the dynein ATPase activity and the quantification of AAA1 and
AAA2, therefore it will lead to sperm motility disorder. Moreover,
additional studies are necessary to expose the other cellular regulation in sperm motility.
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