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Introduction

The axoneme is a structure located within the 
sperm tail, composed of more than 250 proteins, 
and responsible for the generation of sperm mo-
tility (Inaba, 2003). Electron microscopy images 
show a typical arrangement of 9 pairs or doublets 
of peripheral microtubules surrounding 2 central 
microtubules (9 + 2), an arrangement character-
istic of the axoneme of most mammals (Afzelius, 
1959). Dyneins work as intracellular motors that 
project from the peripheral doublets of the ax-
oneme, in an arm-like fashion. Each doublet has 
two arms: an outer dynein arm and an inner dy-
nein arm, which have a crucial role in the tubular 
sliding that generates sperm motility. Sperm mo-
tility is proportional to the number of force-gen-
erating dynein molecules present in the axoneme 
(Lindemann, 2003). Absence of the dynein arms, 
as seen in some syndromes, leads to impairment 

of sperm motility and male infertility (Neesen et 
al., 2001).

Gibbons (1965, 1974) has shown that dyneins 
exhibit an Mg2+-dependent ATPase activity, which 
has been proposed to function as follows (Oiwa 
and Sakakibara, 2005). As soon as ATP binds to 
dynein, this protein is released from the microtu-
bules and there is a conformational change. ATP 
is then hydrolyzed and there is a rebinding of 
dynein to the microtubules. The products of ATP 
hydrolysis, i.e. phosphate and ADP, are released 
from dynein slowly, and the release of ADP is 
the rate-limiting step of the whole process. The 
rebinding of dynein to the microtubules acceler-
ates the ADP release (Omoto and Johnson, 1986). 
The dynein-ADP intermediate is thought to be in-
volved in the interaction of dynein with the mi-
crotubules and the resultant force generation.

Only a few reports have tried to correlate the 
dynein-ATPase activity in the human sperm with 
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the effect of different drugs on the sperm motil-
ity (D’Cruz et al., 2000; Romac et al., 1994). One 
of the main problems with these studies arises 
from the fact that the isolation and ATPase as-
say of the dyneins require lengthy and laborious 
steps of purifi cation. Furthermore, the biochemi-
cal identifi cation of the dynein-ATPase activity 
can be masked by the presence of several Mg2+-
dependent phosphatase activities, e.g., the plasma 
membrane Na+/K+- and Ca2+-ATPases, the sar-
coplasmic/endoplasmic reticulum Ca2+-ATPase 
(SERCA), the secretory pathway Ca2+-ATPase 
(SPCA1), the calmodulin kinase IV (CaMKIV), 
the H+-ATPase from the mitochondrial mem-
brane, the alkaline phosphatase from the plasma 
membrane, and other unspecifi c phosphatases. 
In the present work, in light of the fact that the 
dynein-ATPase activity is inhibited by micromo-
lar amounts of vanadate (Gibbons and Gibbons, 
1987; Shpetner et al., 1988) and that this inhibi-
tion is reversed by norepinephrine (Omoto and 
Moody, 1988), we developed an easy way to bio-
chemically identify the dynein-ATPase activity in 
axoneme-containing fractions of human sperm.

Material and Methods

Semen samples

Semen samples were obtained by masturba-
tion into a sterile plastic container from healthy 
donors with either normal semen parameters or 
with asthenozoospermia, in agreement with the 
guidelines of the World Health Organization 
(WHO, 1999) and in accordance with the ethi-
cal standards established by the Declaration of 
Helsinki, as revised in Tokyo in 2004. The study 
protocol was approved by the Bioethics Commit-
tee of IVIC, Caracas, Venezuela, and all donors 
gave informed signed consent. The subjects were 
requested to have 3 – 4 d of abstinence before the 
collection. The median abstinence time was 3.0 d. 
The semen samples were analyzed with respect 
to semen volume, sperm motility and sperm con-
centration as soon as the ejaculates had liquefi ed 
(within 45 – 60 min), and then used to isolate the 
axoneme-containing fractions. The sperm concen-
tration and motility were determined by CASA 
(Hamilton Thorne, Beverly, MA, USA). All the 
chemicals and reagents used in the present work 
were of analytical grade and were purchased 
from Sigma Chemical Company (St. Louis, MO, 
USA).

Isolation of axoneme-containing fractions

Axoneme-containing fractions were obtained by 
a modifi cation of a method previously described 
(Olson et al., 1987). After liquefaction, the semen 
samples were resuspended with 9 ml of buffer A 
[50 mM 2-amino-2-(hydroxymethyl)propane-1,3-
diol (Tris), pH 7.4, 4 °C; 100 mM NaCl]. The sus-
pension was then centrifuged at 59,764 × g for 
10 min at 4 ºC with a SW41Ti rotor in a Beck-
man Ultracentrifuge. The supernatant was dis-
carded and the pellet was resuspended in buffer 
B (10 mM Tris, pH 7.4, 4 °C; 0.5 mM EDTA; and 
a protease inhibitor cocktail composed of 0.5 mM 
phenylmethylsulfonyl fl uoride, 5 mM benzami-
dine, 1 μg/ml leupeptin, 1 μg/ml pepstatin A). The 
suspension was then homogenized twice using a 
high-performance disperser Ultraturrax T-25 in-
strument (IKA) at 13,500 rpm for 5 s with an 
S25N-18G dispersing element. 3 ml of the sus-
pension were placed on top of a discontinuous 
gradient of sucrose (3 ml 50% and 3 ml 20%). 
The gradient was centrifuged at 111,132 × g for 
60 min with a rotor SW41Ti in a Beckman ultra-
centrifuge. The resulting pellet was washed, re-
suspended in buffer B, and utilized to assay the 
dynein-ATPase activity.

SDS pretreatment of the sperm fraction

In order to avoid the presence of membrane 
vesicles, the sperm fractions were pretreated with 
a mixture of 2% sodium dodecyl sulfate (SDS), 
1% bovine serum albumin (BSA) and 25 mM 
imidazole, pH 7.2, 37 °C, as previously described 
(Marín et al., 1986). A 240-μl aliquot of the frac-
tion (approx. 0.4 mg protein/ml) was pretreated 
with SDS/BSA/imidazole to give a fi nal content 
of 0.050% SDS, 0.025% BSA, 0.625 mM imidazole, 
pH 7.2, at 37 °C. The fractions were incubated for 
20 min at 37 °C, and then assayed for ATPase 
activity. Protein was determined by the Bio-Rad 
micromethod based on Bradford (1976).

Incubation media for ATPase assays

The Na+/K+-ATPase activity was assayed with 
the following incubation medium (fi nal concen-
trations): 50 mM Tris, pH 7.0 at 37 ºC; 2 mM MgCl2; 
100 mM NaCl; 20 mM KCl; 2 mM Tris-ATP; with 
and without 2 mM ouabain. The Na+/K+-ATPase 
activity was calculated as the difference between 
the amounts of phosphate liberated in the test 

NC_9_10_2009.indb   748NC_9_10_2009.indb   748 06.10.2009   13:04:3306.10.2009   13:04:33



C. Y. Vívenes et al. · Dynein-ATPase Activity of Human Sperm 749

tubes in the presence and absence of ouabain, an 
inhibitor of this enzyme.

The Ca2+-ATPase activity was assayed with 
the following incubation medium (fi nal concen-
trations): 50 mM Tris, pH 7.4, 37 ºC; 3 mM MgCl2; 
0.1 mM ouabain; 80 mM NaCl; 15 mM KCl; 0.1 mM 
EGTA; 2 mM ATP; and 0.1 μM calmodulin; with 
and without 55 μM CaCl2 (0.1 µM free Ca2+). The 
Ca2+-ATPase activity was calculated as the differ-
ence between the amounts of phosphate liberated 
in the test tubes in the presence and absence of 
0.1 µM free Ca2+.

The dynein-ATPase activity was assayed with 
the following incubation medium (fi nal concen-
trations): 150 mM Tris, pH 8.0, 37 ºC; 2 mM MgCl2; 
2 mM Tris-ATP; 2 mM ouabain; 1 μM oligomycin; 
1 μM thapsigargin (Sigma-Aldrich, St. Louis, MO, 
USA). The dynein-ATPase activity was calculated 
as the difference between the amounts of phos-
phate liberated in the presence and absence of 
10 μM vanadate (as sodium orthovanadate). The 
inhibitory effect of vanadate on the ATPase ac-
tivity was completely blocked by the presence of 
1 mM norepinephrine in the incubation medium.

ATPase assays

The ATPase assays were determined as fol-
lows. An 180 μl-aliquot of the specifi c incubation 
medium was prewarmed at 37 °C for 2 min. The 
reaction was started by addition of 20 μl of the 
sperm fraction (0.1 – 0.2 mg protein ml−1) previ-
ously treated with SDS. After 30 min of incuba-
tion, 300 μl of a stop solution containing (fi nal 
contents) 0.72% SDS, 0.48% molybdic acid, 2.8% 
ascorbic acid, and 2.18% hydrochloric acid were 
added to the test tubes, which were placed on ice 
for 10 min, and then mixed with 500 μl of a solu-

tion containing (fi nal contents) 2% sodium arsen-
ite, 2% sodium citrate, and 2% acetic acid. The 
tubes were then rewarmed at 37 °C for 10 min, 
and the developed colour was measured in a 
Sunrise (Tecan) spectrophotometer at 705 nm. 
All samples were run in quadruplicate. Activity 
was expressed as nmol of Pi liberated per mg of 
protein per min, after subtraction of a blank run 
in parallel without the sperm suspension, which 
was added after the reaction was stopped. For the 
used incubation time (30 min), the ATPase activ-
ity was time-linear for all the samples assayed 
(Marín et al., 1986; Proverbio et al., 1986).

Statistics

The results are expressed as means ± standard 
error for the number of indicated assays with dif-
ferent preparations in each case. The standard er-
rors of the differences were calculated for paired 
data. Data analysis was performed with the Stu-
dent’s t test, “n” being the number of repeated 
assays with different preparations. Only probabil-
ities < 0.05 were accepted.

Results and Discussion

Axoneme-containing fractions from human 
sperm were tested for possible cross-contamina-
tion with plasma membranes. This was assessed 
by assaying the activity of well-known enzyme 
markers of the sperm plasma membrane such as 
the Na+/K+- and the Ca2+-ATPase (Koçak-Toker 
et al., 2002; Schuh et al., 2004). The results of 
these assays are shown in Tables I and II. The ax-
oneme-containing fractions show a Mg2+-ATPase 
activity and neither Na+/K+-ATPase (Table I) nor 
Ca2+-ATPase (Table II) activities. This is a clear 

Table I. Na+/K+-ATPase activity in axoneme-containing fractions of human sperm.

Incubation  medium ATPase activity
[nmol Pi/mg prot · min] 

Na+/K+-ATPase activity
[nmol Pi/mg prot · min] 

a) Mg2+ + ouabain 117 ± 5
b) Mg2+ + Na+ + K+ 123 ± 6 6 ± 3 (b–a)
c) Mg2+ + Na+ + K+ + ouabain 122 ± 5 1 ± 3 (b–c)

The ATPase assay was carried out as follows (fi nal concentrations): (a) 150 mM Tris-HCl, pH 7.0, 37 ºC; 2 mM MgCl2; 
2 mM Tris-ATP; 2 mM ouabain; (b) 50 mM Tris-HCl, pH 7.0, 37 ºC; 2 mM MgCl2; 100 mM NaCl; 20 mM KCl; 2 mM 
Tris-ATP; (c) 50 mM Tris-HCl, pH 7.0, 37 ºC; 2 mM MgCl2; 100 mM NaCl; 20 mM KCl; 2 mM Tris-ATP; 2 mM ouabain. 
Na+/K+-ATPase activity was calculated by subtracting either the activity value in row (b) minus the one in row 
(a) or the value in row (b) minus the one in row (c). Values are expressed as means ± standard error, n = 6. The 
standard error for the Na+/K+-ATPase activity was calculated for paired data. There are no signifi cant differences 
among the activity values of groups a, b, and c.
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indication that the axoneme-containing fractions 
from human sperm are practically free of plasma 
membranes.

The Mg2+-ATPase activity of the axoneme-con-
taining fractions was partially inhibited by vanad-
ate, reaching maximal inhibition at a concentra-
tion of 5 μM (data not shown). Vanadate has been 
shown to be a potent inhibitor of P-type ATPases 
(Carafoli, 1992), myosin-ATPase (Goodno, 1979), 
SERCA (O’Neal et al., 1979), and dynein-AT-
Pase (Gibbons et al., 1978; Kobayashi et al., 1978; 
Shimizu and Johnson, 1983). Since vanadate in-
hibits the dynein-ATPase and also the sperm fl ag-
ellar motility (Gibbons et al., 1978; Kobayashi et 
al., 1978), the vanadate-sensitive Mg2+-ATPase ac-
tivity of the axoneme-containing fractions shown 
in our results might represent the dynein-ATPase 
activity of the human sperm. The remaining 
vanadate-insensitive Mg2+-ATPase activity of the 
preparations is probably the result of the activity 
of different ATPases and phosphatases present in 

the human sperm (Harper et al., 2005; Tomes et 
al., 2004).

The Mg2+-dependence of the vanadate-sensitive 
ATPase activity of the axoneme-containing frac-
tions was studied, and the results, shown in Table 
III indicate clearly that the vanadate-sensitive 
ATPase activity is Mg2+-dependent. The optimum 
ATP concentration for the dynein-ATPase activ-
ity was found to be between 1 and 2 mM, with a 
Km value around 150 μM (data not shown).

Fig. 1 shows the effect of the pH value of the 
incubation medium on the Mg2+-ATPase activity 
of the axoneme-containing fractions, in the pres-
ence and absence of 10 μM vanadate. The vana-
date-sensitive Mg2+-ATPase activity shows an 
optimal pH value at around 8.0, which is in agree-
ment with the optimal alkaline pH value found 
for dynein-ATPases of bull, sea urchin, and trout 
sperm (Belles-Isles et al., 1986; Gatti et al., 1989; 
Gibbons and Fronk, 1979).

Table II. Ca2+-ATPase activity in axoneme-containing fractions of human sperm.

Incubation medium ATPase activity
[nmol Pi/mg prot · min] 

Ca2+-ATPase activity 
[nmol Pi/mg prot · min] 

a) Mg2+ 127 ± 4
b) Mg2+ + Ca2+ 128 ± 5 1 ± 2 (b–a)
c) Mg2+ + Ca2+ + calmodulin 128 ± 4 1 ± 3 (c–a)

The ATPase assay was carried-out as follows (fi nal concentrations): (a) 150 mM Tris-HCl, pH 7.4, 37 ºC; 3 mM 
MgCl2; 0.1 mM ouabain; 0.1 mM EGTA; 2 mM ATP; (b) 50 mM Tris-HCl, pH 7.4, 37 ºC; 3 mM MgCl2; 0.1 mM ouabain; 
80 mM NaCl; 15 mM KCl; 0.1 mM EGTA; 2 mM ATP; 55 μM CaCl2 (0.1 µM free Ca2+); (c) 50 mM Tris-HCl, pH 7.4, 
37 ºC; 3 mM MgCl2; 0.1 mM ouabain; 80 mM NaCl; 15 mM KCl; 0.1 mM EGTA; 2 mM ATP; 55 μM CaCl2 (0.1 µM free 
Ca2+); 0.1 μM calmodulin. Ca2+-ATPase activity was calculated by subtracting either the activity value in row (b) mi-
nus the one in row (a) or the value in row (b) minus the one in row (c). Values are expressed as means ± standard 
error, n = 6. The standard error for the Ca2+-ATPase activity was calculated for paired data. There are no signifi cant 
differences among the activity values of groups a, b, and c.

Table III. Vanadate-sensitive ATPase activity in axoneme fractions of human sperm in the presence and absence 
of MgCl2.

Addition ATPase activity
[nmol Pi/mg prot · min]

Vanadate-sensitive ATPase activity
[nmol Pi/mg prot · min]

 – vanadate + vanadate

a) None 104 ± 3 78 ± 3 26 ± 2*
b) EDTA   5 ± 2  2 ± 2 3 ± 2

The ATPase assay was carried out as follows (fi nal concentrations): (a) 150 mM Tris-HCl, pH 8.0, 37 ºC; 2 mM MgCl2; 
2 mM Tris-ATP; 2 mM ouabain; (b) 50 mM Tris-HCl, pH 8.0, 37 ºC; 2 mM Tris-ATP; 2 mM ouabain; 1 mM EDTA. The 
ATPase assay was carried out in the presence and absence of 10 µM vanadate. The vanadate-sensitive ATPase activ-
ity was calculated by subtracting the activity value in the presence and absence of vanadate. Values are expressed 
as means ± standard error, n = 6. The standard error for the vanadate-sensitive ATPase activity was calculated for 
paired data.
* p < 0.001 vs. vanadate-sensitive ATPase activity in the absence of Mg2+ (row b).
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The vanadate-sensitive Mg2+-ATPase activity 
of the axoneme-containing fractions from human 
sperm was tested for several ATPase inhibitors: 
2 mM ouabain [Na+/K+-ATPase inhibitor (Koçak-
Toker et al., 2002)], 1 μM oligomycin [mitochon-
drial Mg2+-ATPase inhibitor (Erkkila et al., 2006)], 
1 μM thapsigargin [SERCA inhibitor (Lawson 
et al., 2007)] and LiCl [dynein-ATPase inhibitor 
(Gibbons and Gibbons, 1984)]. The results, shown 
in Table IV, indicate that only LiCl, an inhibitor of 
dynein-ATPase, produced an important inhibition 
of the vanadate-sensitive Mg2+-ATPase activity of 
the axoneme-containing fraction. All the other 
tested inhibitors had no effect on the ATPase 
activity. This result is very important, since it is 
in agreement with the fi nding that low concen-
trations of Li+ reversibly inhibit the microtubule-
based movement of reactivated sea urchin sperm 
fl agella through inhibition of the dynein-ATPase 
activity (Gibbons and Gibbons, 1984).

It has been shown that norepinephrine effec-
tively impedes and reverses the vanadate inhibi-
tion of the dynein-ATPase by reducing vanadate 
(+V) to oxovanadium (+IV) (Omoto and Moody, 
1988). Consequently, the effect of 1 mM norepine-
phrine on the Mg2+-ATPase activity of our prepa-

rations was assayed in the presence and absence 
of 10 µM vanadate. The results are shown in Fig. 2. 
It can be seen that the inhibition of the Mg2+-AT-
Pase activity by vanadate is completely abolished 
by the presence of norepinephrine in the assay 
medium.
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Fig. 1. Effect of the pH value of the incubation medium on the Mg2+-ATPase activity of axoneme-containing frac-
tions of human sperm. The Mg2+-ATPase activity was assayed in the following medium: 150 mM Tris-HCl, pH 8.0, 
37 ºC; 2 mM MgCl2; 2 mM Tris-ATP; with and without 10 µM vanadate. Values are expressed as means ± standard 
error for n = 17. The vanadate-sensitive Mg2+-ATPase activity was calculated as the difference of Mg2+-ATPase 
activity in the presence and absence of 10 µM vanadate. The standard errors of the differences were calculated for 
paired data. Data analysis was performed with Student’s t test. * p < 0.001 vs. vanadate-sensitive ATPase activity 
at the indicated pH.

Table IV. Effect of various inhibitors on the vanadate-
sensitive Mg2+-ATPase activity in axoneme-containing 
fractions of human sperm.

Inhibitor Vanadate-sensitive Mg2+-
ATPase activity 

[nmol Pi/mg prot · min]

None 25 ± 4
Ouabain (2 mM) 26 ± 2
Oligomycin (1 µM) 24 ± 3
Thapsigargin (1 µM) 25 ± 3
LiCl (6 mM) 7 ± 2*

The Mg2+-ATPase, was assayed in the following medium 
(fi nal concentrations): 150 mM Tris-HCl, pH 8.0, 37 ºC; 
2 mM MgCl2; 2 mM Tris-ATP. The vanadate-sensitive 
Mg2+-ATPase activity was calculated as the difference 
of Mg2+-ATPase activity in the presence and absence 
of 10 µM vanadate (see Fig. 1). Activity values are ex-
pressed as means ± standard error, n = 6.
* p < 0.001 vs. no addition.
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To the best of our knowledge, there are two 
other works reporting dynein-ATPase activ-
ity determination in human sperm preparations 
(D’Cruz et al., 2000; Romac et al., 1994). However, 
in the fi rst one D’Cruz et al. (2000) did not assay 
the effect of the different inhibitors of the ATPase 
activities. In the other one Romac et al. (1994) 
did not explore the effect of norepinephrine on 
the dynein-ATPase activity inhibited by vanad-
ate, the effect of thapsigargin or the sensitivity 

of the enzyme to the pH value of the incubation 
medium. In the present work we considered only 
the vanadate-sensitive, ouabain-insensitive, oli-
gomycin-insensitive, thapsigargin-insensitive, and 
Li+-sensitive Mg2+-ATPase activity of axoneme-
containing fractions as the dynein-ATPase ac-
tivity, while Romac et al. (1994) considered the 
ouabain-insensitive and oligomycin-insensitive 
Mg2+-ATPase activity of demembranated sperma-
tozoa as the dynein-ATPase activity.

The developed dynein-ATPase assay is a 
straightforward test and it can be used to identify 
pathological forms of motility that are associated 
with changes in the dynein-ATPase activity. In 
fact, we used the test to assay the activity of this 
enzyme in samples from asthenozoospermic do-
nors, and we found it to be lower than that from 
normozoospermic donors [(11 ± 2) nmol Pi/mg 
protein · min versus (25 ± 3) nmol Pi/mg protein 
· min, respectively]. This dynein-ATPase assay 
can be used to test the effect of new drugs that 
could inhibit this ATPase activity and therefore 
the sperm motility.
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