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Mouse Spermatozoa Contain a Nuclease That Is
Activated by Pretreatment With EGTA and
Subsequent Calcium Incubation

Segal M. Boaz, Kenneth Dominguez, Jeffrey A. Shaman, and W. Steven Ward*

Institute for Biogenesis Research, John A. Burns School of Medicine, University of Hawaii at Manoa,
Honolulu, HI

Abstract We demonstrated that mouse spermatozoa cleave their DNA into �50 kb loop-sized fragments with
topoisomerase IIB when treated with MnCl2 and CaCl2 in a process we term sperm chromatin fragmentation (SCF). SCF
can be reversed by EDTA. A nuclease then further degrades the DNA in a process we term sperm DNA degradation (SDD).
MnCl2 alone could elicit this activity, but CaCl2 had no effect. Here, we demonstrate the existence of a nuclease in the vas
deferens that can be activated by ethylene glycol tetraacetic acid (EGTA) to digest the sperm DNA by SDD. Spermatozoa
were extracted with salt and dithiothreitol to remove protamines and then incubated with EGTA. Next, the EGTA was
removed and divalent cations were added. We found that Mn2þ, Ca2þ, or Zn2þ could each activate SDD in spermatozoa
but Mg2þ could not. When the reaction was slowed by incubation on ice, EGTA pretreatment followed by incubation in
Ca2þ elicited the reversible fragmentation of sperm DNA evident in SCF. When the reactions were then incubated at 378C
they progressed to the more complete degradation of DNA by SDD. EDTA could also be used to activate the nuclease, but
required a higher concentration than EGTA. This EGTA-activatable nuclease activity was found in each fraction of the vas
deferens plasma: in the spermatozoa, in the surrounding fluid, and in the insoluble components in the fluid. These results
suggest that this sperm nuclease is regulated by a mechanism that is sensitive to EGTA, possibly by removing inhibition of a
calcium binding protein. J. Cell. Biochem. 103: 1636–1645, 2008. � 2007 Wiley-Liss, Inc.
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During somatic cell apoptosis, DNA is first
degraded by topoisomerase II which cleaves the
DNA into �50 kb loop-sized fragments [Gro-
mova et al., 1995; Li and Liu, 2001]. This
fragmentation can be reversed by treatment
with EDTA and probably occurs on the nuclear
matrix at the site of DNA attachment. Sub-
sequently, a set of nucleases that may interact
directly with the topoisomerase irreversibly
degrades the DNA [Durrieu et al., 2000; Widlak
et al., 2000]. We have previously demonstrated
that there exists a similar mechanism for

chromatin degradation in spermatozoa that
requires both MnCl2 and CaCl2 for full activity
[Shaman et al., 2006]. When treated with MnCl2
and CaCl2 mouse spermatozoa cleave their
DNA into �50 kb loop-sized fragments with
nuclear topoisomerase IIB (TOP2B) in a pro-
cess we term sperm chromatin fragmentation
(SCF). Like somatic cell TOPII-induced DNA
cleavage, SCF can be reversed by EDTA. A
nuclease then further degrades the DNA in a
process we term sperm DNA degradation
(SDD). MnCl2 alone can elicit this activity, but
CaCl2 had no effect. When spermatozoa were
extracted with salt and dithiothreitol (DTT), the
DNA degradation was more complete. Recently,
we demonstrated that the nuclease activity was
present in much higher amounts in the
vas deferens spermatozoa than in the epididy-
mis [Yamauchi et al., 2007a].

The ability of spermatozoa to thoroughly
degrade its own DNA is unexpected because
its role is to protect the paternal genome in order
to deliver a pristine copy of the father’s DNA to
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the embryo. To accomplish this, mammalian
sperm chromatin is so tightly compacted that it
is resistant to nucleases. The histones that
organize somatic cell DNA are replaced by
protamines [Pogany et al., 1981; Zirkin et al.,
1982; Clarke, 1992], which condense the DNA
into tightly packed toroids [Allen et al., 1995;
Hud et al., 1995]. This highly compact sperm
DNA is also organized into loop domains [Risley
et al., 1986; Ward et al., 1989], similar to somatic
cells [Pardoll et al., 1980; Jackson and Cook,
1986]. Each protamine toroid contains about
50 kb [Allen et al., 1995; Hud et al., 1995], and
represents a single DNA loop domain [Sotolongo
et al., 2003]. The protamine toroids are con-
nected by toroid linker chromatin, which
attaches the loop domain to the nuclear matrix.
This linker is DNAse I sensitive, and may
contain residual histones. The toroid linker
region is probably the site of sperm nuclease
initiation, as well as the initiation of sperm DNA
replication after fertilization [Shaman et al.,
2007].

Despite the unexpected presence of nucleases
in fully mature spermatozoa, several laboratories
have reported their existence. At least two groups
have proposed that nucleases prevent spermato-
zoa from absorbing foreign DNA [Maione et al.,
1997; Carballada and Esponda, 2001]. This could
explain their presence in mature spermatozoa—
their function is to protect the paternal DNA. On
the other hand, several groups have suggested
that spermatozoa can undergo apoptosis or
apoptotic-like events [Baccetti et al., 1996;
Blanco-Rodriguez and Martinez-Garcia, 1998;
Lin et al., 1999; Sakkas et al., 1999; Anzar et al.,
2002]. In the hamster epididymis, defective
spermatozoa are wrapped in a ‘‘death cocoon’’
whichmay protect thehealthyspermatozoa in the
same region from destruction by enzymes
released from dying spermatozoa [Olson et al.,
2004]. We have demonstrated that when sperma-
tozoa are induced to activate the initial DNA
fragmentation through SCF, and then injected
into mouse oocytes, the paternal DNA is degraded
6-h later at the initiation of DNA synthesis
[Yamauchi et al., 2007a,b]. These reports suggest
that mammalian spermatozoa are associated
with a variety of nucleases that may serve
different functions.

Here we show that a nuclease with activity
similar to that in SDD can be activated with
CaCl2 alone if spermatozoa are pretreated with
ethylene glycol tetraacetic acid (EGTA). The

sequence of this reaction is important because
while EGTA is required to activate the nuclease,
it must subsequently be removed and CaCl2
then added before DNA degradation occurs.
Nucleases exist that are dependent on MgCl2
and CaCl2 [Kyprianou et al., 1988; Yakovlev
et al., 2000], and there are other nucleases that
are active in the presence of EDTA [Pohlman
et al., 1993; Przykorska et al., 2004]. But as far
as we are aware, there are none that are first
activated by EGTA and then require CaCl2. This
sequence implies a specific regulation of the
nuclease, and of SCF and SDD.

MATERIALS AND METHODS

Animals

Male B6D2F1 (C57BL/6J X DBA/2) mice were
obtained from National Cancer Institute
(Raleigh, NC). Mice were fed ad libitum and
kept in standard housing in accordance with the
guidelines of the Laboratory Animal Services at
the University of Hawaii and those prepared by
the Committee on Care and Use of Laboratory
Animals of the Institute of Laboratory Resour-
ces National Research Council (DHEF publica-
tion no. [NIH] 80–23, revised 1985). The
protocol for animal handling and the treatment
procedures were reviewed and approved by the
Institutional Animal Care and Use Committee
at the University of Hawaii.

Sperm Chromatin Fragmentation and Sperm
DNA Degradation

Plasma from the caudal epididymides and vas
deferens of �9-week-old mice was extracted
separately and collected in 25 mM Tris, pH 7.4,
150 mM KCl buffer (TKB) on ice. The final
concentration of spermatozoa was roughly
108 spermatozoa/ml. The suspension was mixed
with agarose to a final concentration of 1% and
poured into molds to make 5-mm thick plugs
which were used for all assays unless noted
otherwise. Each plug contained 75 ml of sperm
suspension.

For the SCF assay, half of the plugs were
preincubated in 30 mM EGTA for 15 min at
room temperature, and then all plugs were
incubated in TKB with no cations, 10 mM
MnCl2, 10 mM CaCl2, or 10 mM of each cation
at 378C for 1 h. To test for the reversibility of the
fragmentation, plugs were then incubated in
50 mM ethylenediamine tetraacetic acid
(EDTA) for 30 min at 378C.
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The EGTA–SDD assay involves the complete
degradation of the sperm chromatin. Agarose
plugs of sperm suspension were first incubated
in 2 M NaCl, 2 mM DTT for 1 h at 378C in order
to remove the protamines. The plugs were then
incubated in 30 mM EGTA for 15 min at room
temperature, and finally all plugs were incu-
bated in TKB or TKB with 10 mM MnCl2 and/or
CaCl2 at 378C for 1 h. The reactions were
stopped by incubating the plugs in digestion
buffer (10 mM Tris, 5 mM EDTA, pH 7.8,
100 mM NaCl, 0.5% SDS, and 20 mM DTT) at
558C for at least 30 min before they are placed in
a 1% agarose gel for field inversion gel electro-
phoresis (FIGE).

To determine if the nuclease responsible for
the EGTA–SDD DNA degradation was located
in the sperm cell, as opposed to in the surround-
ing fluid, we ran the EGTA–SDD assay using
isolated sperm cells centrifuged at 700g and
washed five times with TKB, and finally
resuspended in TKB. This solution was then
made into agarose plugs. The EGTA–SDD
assay, as described above, was then carried
out on these plugs instead of the plugs with the
neat, sperm-containing, plasma.

Plasmid-Based Nuclease Assay

Plasma from the vas deferens of �9-week-old
mice was extracted and collected in 25 mM Tris
and 150 mM KCl buffer (TKB) on ice. This was
centrifuged with a small tabletop centrifuge
(Sigma–Aldrich Micro Centrifuge 100 VAC) for
2 min at 1,500g to separate the plasma (super-
natant) from the sperm cells (pellet). The
supernatant was aspirated and ultra-centri-
fuged at 36,000g (20,000 rpm, in an Allegra 64R
tabletop ultracentrifuge from Beckman/Colter
using an F2402 rotor) for 30 min at 48C. The
supernatant (Luminal Supernatant) and the
pellet (Luminal Pellet) were resuspended in
TKB and both used in this assay. The sperm cell
pellet was then washed three times with TKB at
room temperature and resuspended in TKB.
Triton X-100 (TX), a non-ionic detergent, was
added to the sperm-TKB solution to a final
concentration of 0.25%. This was centrifuged at
700g, and the supernatant (Sperm Extract)
used for this assay. Each solution—the Luminal
Supernatant, Luminal Pellet, and the Sperm
Extract—was pretreated with nothing or with
30 mM EGTA for 15 min at room temperature.
Then, 3 ml of each solution (with or without
EGTA pretreatment) was added to 20 ml of TKB,

containing 1.25 mg of plasmid DNA, and either
no cations, 10 mM MnCl2, 10 mM CaCl2, or
10 mM of each cation for 1 h at 378C. The
solutions were applied to a 1% agarose gel and
were electrophoresed.

RESULTS

The Epididymis and Vas Deferens Sperm Have
a Nuclease That Is Activated by EGTA,
That Requires CaCl2 and Salt Extraction

As we have recently reported [Yamauchi
et al., 2007a], the SCF nuclease activity in the
vas deferens is much greater than in the
epididymides. Spermatozoa treated with both
MnCl2 and CaCl2 digest their DNA to about
50 kb (Fig. 1A, lanes 4,12). There is some SCF
activity detectable with only MnCl2 in vas
deferens (Fig. 1A, lane 10), but CaCl2 alone
has no effect on DNA degradation in spermato-
zoa isolated from either the epididymis or vas
deferens (Fig. 1A, lanes 3,11). We next extracted
the plugs with salt and DTT first to remove the
protamines, exposing the sperm DNA, and
while this alone did increase the nuclease
digestion with MnCl2 and CaCl2 (Fig. 1B, lanes
4,12), CaCl2 still had no effect on the reaction by
itself (Fig. 1B, lanes 3,11). However, when the
plugs were incubated with EGTA just after the
salt treatment, all combinations of cations
induced marked increase in DNA degradation,
in both epididymides and in vas deferens
(Fig. 1B, lanes 6–8,14–16). CaCl2 alone had
just as strong an effect as MnCl2 or as MnCl2
and CaCl2 combined. This activation of the
nuclease by Ca2þ alone, after EGTA treatment,
is the hallmark of EGTA–SDD. In fact, this is
the first time we detected any nuclease activity
in SDD with CaCl2, alone. EGTA alone after salt
had no effect (Fig. 1B, lanes 5,13), indicating
that the nuclease still required a divalent cation
to digest DNA. The same assay was tested with
EDTA in place of EGTA, and we found that
EDTA can also be used, but EGTA works at a
slightly lower concentration (Fig. 2).

These data demonstrate that the epididymal
and vas deferens plasma contain a nuclease that
is activated by treatment with EGTA, but that
then requires the addition a divalent cation for
DNA digestion.

Cation Specificity of EGTA–SDD

We next tested the cation specificity for
the EGTA-activated nuclease. Our results in
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Figure 1 suggested that EGTA–SDD can be
activated with either MnCl2 or CaCl2, so we
tested two additional divalent cations for activ-
ity. We chose Mg2þ because many nucleases use
this cation as a cofactor, and found that the
EGTA–SDD nuclease could not use this cation
at all (Fig. 3, lanes 2,7). We also tested Zn2þ as it

has been shown to inhibit many nucleases
[Giannakis et al., 1991; Widlak and Garrard,
2001], and found that in this case, it appeared to
serve as a cofactor for DNA digestion by the
EGTA–SDD nuclease (Fig. 3, lanes 5,10).

Even though Ca2þ appeared to work as a
cofactor for the EGTA-activated nuclease, Mn2þ

was more active than Ca2þ. In the EGTA–SDD
assay, even as low as 2 mM CaCl2 had some
effect after EGTA, but without EGTA, even the
highest concentration we tested, 10 mM, had no
effect (Fig. 4A). MnCl2 was much more active in
initiating the nuclease activity. With EGTA,
MnCl2 digested the sperm chromatin com-
pletely even with only 1 mM (Fig. 4B). Without
EGTA, MnCl2 initiates partial chromatin diges-
tion even at a concentration of only 1 mM,
reminiscent of SCF. Under these conditions, the
sperm DNA was all fragmented to loop-sized
fragments (Fig. 4B, lane 7). These data indicate
that MnCl2 can activate the nuclease even
without EGTA, but that EGTA stimulates the
nuclease with MnCl2 much more. It also
suggests that the EGTA-activated nuclease is
much more specific for MnCl2 than CaCl2.

EGTA Activated Nuclease Is Present in the Sperm
Cell, and in the Luminal Fluid Compartments

In the assays described above, the entire
luminal plasma was used. This includes the
sperm cells as well as the fluids and vesicles that
surround the spermatozoa. We next tested
whether the EGTA activated nuclease was

Fig. 1. EGTA stimulates sperm DNA degradation after salt treatment. A: Total plasma from the epididymis
(lanes 1–8) or vas deferens (lanes 9–16) was embedded in agarose plugs and then treated with or without
30 mM EGTA, as indicated. All plugs were then treated with or without 10 mM MnCl2 and/or with or without
10 mM CaCl2 as indicated, and as described in ‘‘Materials and Methods’’ section.The reactions were stopped
with SDS, and the DNA analyzed by field inversion gel electrophoresis (FIGE). B: As in (A) except that all
plugs were treated with 2 M NaCl, 2 mM DTT prior to EGTA and divalent cation treatment.

Fig. 2. Concentration dependence of EGTA and EDTA in SDD.
Total plasma from the vas deferens was embedded in agarose
plugs. These were then extracted with 2 M NaCl and 2 mM DTT,
and then treated with 0–30 mM EGTA (lanes 1–5) or EDTA (lanes
6–10), and finally with 10 mM CaCl2, alone. The reactions were
stopped with SDS, and the DNA analyzed by FIGE.
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Fig. 3. Ion specificity of EGTA–SDD. Epididymal (lanes 1–5) or vas deferens (lanes 6–10) total plasma was
embedded in agarose plugs, extracted with 2 M NaCl, 2 mM DTT, and then treated with 30 mM EGTA. The
plugs were then placed in either TKB alone, or 10 mM MgCl2, MnCl2, CaCl2, or ZnCl2. The reactions were
stopped with SDS, and the DNA analyzed by FIGE.

Fig. 4. Comparison of the relative activities of EGTA–SDD with Ca2þ and Mn2þ. Vas deferens total plasma
was embedded in agarose plugs, extracted with 2 M NaCl and 2 mM DTT, and then treated with or without
30 mM EGTA, as indicated. The plugs were then placed in either TKB alone, or various concentrations of
CaCl2 (A) or MgCl2 (B). The reactions were stopped with SDS, and the DNA analyzed by FIGE.
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present within each of these three components.
We first isolated sperm cells by washing them
with repeated centrifugation and then we tested
whether MnCl2 and CaCl2 could activate the
degradation of DNA in these isolated sperma-
tozoa by SCF. We had previously reported that
isolated spermatozoa did not have the ability to
degrade their DNA [Shaman et al., 2006], but
this was before we discovered that spermatozoa
from the vas deferens have a much higher SCF
activity than epididymal spermatozoa [Yamau-
chi et al., 2007a]. In our previous report, we used
a mixture of spermatozoa from both sources.
Here, we found that isolated epididymal sper-
matozoa were not able to degrade their DNA
when incubated with MnCl2 and CaCl2 (Fig. 5A,
lanes 1–7), but spermatozoa isolated from the
vas deferens did (Fig. 5A, lanes 8–14). We then
isolated spermatozoa from both organs and
tested for their ability to digest DNA after
EGTA and subsequent CaCl2 treatment, we
found that both epididymal and vas deferens
spermatozoa degraded their DNA, although
once again the latter exhibited much greater
degradation (Fig. 5B).

To test for nuclease activity in the luminal
fluid from which the spermatozoa were isolated,
we developed an assay to screen for the nuclease
using a plasmid, rather than sperm chromatin,
as the nucleic acid target [Shaman et al., 2006].
Spermatozoa were isolated and the subsequent
vas deferens fluid was separated into two

fractions: a soluble, extracellular portion, the
‘‘fluid supernatant’’ and an insoluble, high-
speed pellet, the ‘‘fluid pellet’’. Spermatozoa
were extracted with 0.25% TX and then centri-
fuged; the supernatant of this treatment,
‘‘sperm extract,’’ was used in the plasmid-based
nuclease assay. We found that an EGTA-
activatable nuclease was in all three fractions.
None of these required salt or DTT, suggesting
that salt extraction is only required to expose
the sperm chromatin in SDD, not to enhance the
EGTA activation mechanism. The existence of
the nuclease in the fluid pellet suggests that it is
present in vesicles. This is supported by the fact
that TX was required to release the nuclease
from the pellet. We also found a nuclease in the
luminal fluid that could digest the plasmid DNA
in the presence of MnCl2 or in MnCl2 and CaCl2,
even without EGTA pretreatment (Fig. 6A,
lanes 2,4). This Mn2þ/Ca2þ nuclease activity
was not present in either the luminal pellet
(Fig. 6B) or the sperm extract (Fig. 6C).

EGTA–SDD Progresses Through
a Reversible Step

We previously demonstrated that MnCl2 with
CaCl2 can activate spermatozoa to cleave its
DNA to loop-sized fragments and that this
process can be reversed with EDTA [Shaman
et al., 2006]. We suggested that this reaction
proceeds by first activating TOP2B, and
then activating a nuclease. SDD resulting from

Fig. 5. Mn2þ/Ca2þ SCF and EGTA–SDD in isolated spermato-
zoa. A: Spermatozoa were washed of fluid and treated with
10 mM MnCl2 and 10 mM CaCl2 for 0–4 h, as indicated. Half of
the plugs were then treated with EDTA to test for the ability of the
DNA fragmentation to religate. The reactions were stopped with
SDS, and the DNA analyzed by FIGE. B: Spermatozoa from
caudal epididymides or vas deferens were separated from the
luminal fluid components by repeated low-speed centrifugation.

The spermatozoa were then embedded in agarose plugs. The
agarose plugs were extracted with 2 M NaCl and 2 mM DTT, and
then treated with 30 mM EGTA. The plugs were then incubated
with 10 mM CaCl2, alone, for 0–4 h, as indicated. Half of the
plugs were then treated with EDTA to test for the ability of the
DNA fragmentation to religate. The reactions were stopped with
SDS, and the DNA analyzed by FIGE.
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EGTA–SDD was not reversible by EDTA
(Fig. 5B, lanes 6,8,12,14, and 16). This sug-
gested that either EGTA–SDD progressed too
quickly through the activation of the TOP2B to
be detected, or that EGTA–SDD does not
activate TOP2B to fragment sperm DNA before
DNA digestion. To discriminate between these
two possibilities, we started the EGTA–SDD
reaction on ice to slow it down. The spermatozoa
were molded into 1% agarose plugs, as described
above, and were subsequently incubated with
NaCl and DTT at 378C and then with EGTA at
room temperature. They were then incubated
on ice with CaCl2 for 15 min or 1 h and then the
reactions were moved to a 378C water bath. At
each step, some of the plugs were treated with
EDTA to religate and TOP2B breaks. The
results show that EGTA-activated sperm DNA
digestion was reversible when the reaction
proceeded at 48C (Fig. 7, lanes 2,4) and that
further incubation at 378C rendered the reac-
tion irreversible (Fig. 7, lanes 6,8). These data
suggest that EGTA-activated sperm DNA diges-
tion progressed through a reversible phase
before advancing to the irreversible step.

DISCUSSION

In this work, we demonstrated the existence
of a nuclease that is activated by EGTA and then
requires a divalent cation to digest DNA. To our
knowledge, this is the first time a nuclease that
is activated by EGTA has been described. We
have also demonstrated that both the reversible
SCF of DNA to loop-sized fragments and
the more complete SDD that we previously

Fig. 6. A nuclease that is activated by EGTA and then requires a
divalent cation exists in the vas deferens luminal fluid and
extractable component of the sperm cell. A: Luminal fluid was
prepared from the vas deferensas described in the Methods. One-
sixth volume of the luminal fluid was added to the nuclease assay
buffer containing either no cation (lane 1), 10 mM MnCl2 (lane 2),
10 mM CaCl2 (lane 3), or both 10 mM MnCl2 and 10 mM CaCl2

(lane 4). Alternatively, the fluid was treated with 30 mM EGTA
before one-sixth volume was placed into the nuclease buffer
under the same conditions (lanes 5–8). B: As in (A), except that
the high-speed, luminal pellet was used. C: As in (A) except the
sperm extract was used. All samples were analyzed by conven-
tional agarose electrophoresis.

Fig. 7. EGTA–SDD progresses through a reversible step. Total
epididymal plasma was embedded in agarose plugs and
extracted with 2 M NaCl and 2 mM DTT, and then treated with
30 mM EGTA. The plugs were then placed in 48C TKB with
10 mM CaCl2 and incubated for either 15 min (lanes 1,2,5, and 6)
or 1 h (lanes 3,4,7, and 8) on ice. Four plugs were subsequently
placed in a 378C water bath for 1 h (lanes 5–8). At the end of each
reaction, the plugs were either placed directly into SDS digestion
buffer to stop the reaction (lanes 1,3,5, and 7) or first incubated in
50 mM EDTA to test for fragmentation reversal (lanes 2,4,6, and
8) before being placed into SDS digestion buffer. The DNA
analyzed by FIGE.
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described [Shaman et al., 2006] can also be
activated by EGTA. This suggests that the
EGTA-activated nuclease may be involved in
both processes.

Several different nucleases that degrade
DNA have been described with widely varying
dependencies on divalent cations. The list, by no
means exhaustive, includes DNAse I that
requires Mg2þ [Suck, 1994; Kishi et al., 2001],
an endonuclease that requires Mg2þ or Mn2þ

but not Ca2þand is inhibited by Zn2þ [Kawabata
et al., 1997], and a series of Ca2þ/Mg2þ depend-
ent nucleases [Stratling et al., 1984; Yakovlev
et al., 1999; Durrieu et al., 2000]. DNAse II does
not require any divalent cations [Evans and
Aguilera, 2003], and some nucleases are active
in the presence of EDTA [Pohlman et al., 1993;
Przykorska et al., 2004]. However, to our
knowledge, there has not been a nuclease that
has been described with this particular activ-
ity—it requires EGTA and subsequently either
Mn2þ, Ca2þ, or Zn2þ, but not Mg2þ, to digest
DNA.

The sequence of this reaction suggests the
possibility that a calcium binding protein is first
dissociated from a regulator protein, or the
nuclease, itself, and the nuclease then uses the
divalent cation as a cofactor to digest the DNA.
Calcium binding proteins are well known
effectors in many different cell-signaling path-
ways [Grabarek, 2006; Ikura and Ames, 2006].
In most cases, however, the calcium binding
protein activates an enzyme in the presence of
Ca2þ by binding to it, as in the calmodulin
dependent protein kinases [Chin, 2005]. There
is at least one precedent for a calcium binding
protein inhibiting an activity which is released
by the removal of Ca2þ. Recoverin prevents the
binding of rhodopsin to a membrane bound
kinase in the presence of Ca2þ, and EGTA
allows the kinase to bind to rhodopsin [Ames
et al., 2006]. Our data are consistent with, but
do not yet prove, a regulation of the nuclease in
which a calcium binding protein prevents its
activation. One candidate for this calcium
binding protein is calmodulin, which is present
in high concentrations in the male reproductive
tract [Ignotz and Suarez, 2005].

These data also suggest that there are two
ways to induce the degradation of sperm DNA
through SDD. The first is by incubation of the
spermatozoa with MnCl2 combined with CaCl2,
or MnCl2 alone, as reported previously [Shaman
et al., 2006], and repeated in this work (Figs. 1

and 5). This MnCl2/CaCl2 or MnCl2 activation of
SDD is not dependent on salt extraction, and is
more concentrated in vas deferens spermatozoa
than in epididymal spermatozoa. CaCl2 alone
cannot activate SDD with or without salt
extraction. The second method is the one
reported here, pretreatment with salt and DTT,
then EGTA. This EGTA–SDD can be activated
by CaCl2 alone, but is stronger with MnCl2.

The relationship between these two pathways
for nuclease activation is not yet clear. For
example, using our plasmid based nuclease
assay (Fig. 6), only the luminal fluid contains a
Mn2þ/Ca2þactivatable nuclease. This activity is
not present in the luminal pellet, nor is it
extractable from spermatozoa. However, it is
clear that the spermatozoa do contain a nucle-
ase that is activated by Mn2þ/Ca2þ (Fig. 5A),
which is apparently not extractable. We are
currently testing the hypothesis that the in vivo
mechanism for activating the nuclease is a two-
step process that requires an ‘‘activator’’ which,
in the presence of Mn2þ, dissociates a calcium
binding protein from inhibiting the nuclease,
either directly or indirectly. This releases a
nuclease that can employ Mn2þ, Ca2þ, or Zn2þ,
but not Mg2þ, as a cofactor to digest DNA. In
vitro, EGTA would dissociate the calcium bind-
ing protein without the need of the activator.
Finally, in the spermatozoa, the activator must
be sequestered within the spermatozoa and
cannot be extracted with TX, while the nuclease
can. It is also possible that the two pathways
activate two different nucleases, and further
work will have to be done to clarify this.

The presence of both the EGTA activated
nuclease and its regulatory pathway in all three
components of the vas deferens plasma bears
some consideration. The epididymis contains
vesicles, called epididymosomes, that provide
new proteins and other components to the
maturing spermatozoa emerging from the testis
[Rejraji et al., 2006]. These vesicles fuse with the
sperm cell membrane providing new proteins
that were synthesized in the epididymal epi-
thelium. Our data, particularly the fact that the
nuclease can be pelleted by high-speed centri-
fugation are consistent with the nuclease being
present within similar vesicles. It is possible
that the epithelium of the vas deferens or the
cauda epididymis provides the nuclease to
the spermatozoa after they are fully mature.

Finally, our experiments provide the first
direct link between the reversible fragmentation
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of sperm DNA in SCF and the more complete,
irreversible degradation of DNA by a nuclease in
SDD. In our previous report, we demonstrated
that spermatozoa could fragment their DNA to
loop-sized fragments by SCF, or completely
degrade them by SDD [Shaman et al., 2006].
We postulated that SCF progressed on to SDD,
but could not demonstrate it directly. In this
report, when salt extracted spermatozoa were
treated with EGTA, then with CaCl2 on ice, the
DNA was only cleaved to loop-sized fragments,
and these breaks could be religated by treatment
with EDTA (Fig. 7). This is identical to SCF that
we had previously described. When the same
samples were then moved to a 378C incubator,
the reaction progressed to the irreversible
digestion of DNA, characteristic of SDD. Thus,
we demonstrated that EGTA activated SDD does
progress through SCF.

Reversal of double stranded DNA breaks with
EDTA is a hallmark of topoisomerase II cleav-
age [Champoux, 2001; Wang, 2002] and our
previous data have demonstrated that TOP2B
is involved in mouse sperm SCF [Shaman et al.,
2006]. However, in these EGTA–SDD experi-
ments we were not able to completely inhibit the
reaction with topoisomerase inhibitors (data
not shown) possibly because the reaction was
too quick or the salt extraction interfered with
the inhibition [Oestergaard et al., 2004].
Whether or not TOP2B is involved, the data
clearly indicate that the EGTA–SDD pathway
for sperm DNA digestion progresses through a
reversible loop-sized fragmentation of the chro-
matin before the nuclease digests the DNA. This
is reminiscent of DNA degradation in apoptosis
which begins with topoisomerase II cleavage of
the DNA and is followed by a series of nucleases
that further degrade the DNA [Gromova et al.,
1995; Li and Liu, 2001].

It is important to note that the work pre-
sented here does not contradict the recent
evidence that EGTA and EDTA protect sperma-
tozoa from degrading their DNA [Kusakabe
et al., 2001]. EGTA, alone, does not activate the
nuclease, and if no additional divalent cation is
supplied, EGTA would still be expected to
inhibit a host of other nucleases known to be
present in the male reproductive tract.

We do not currently know the function of the
EGTA-activated nuclease, but it may be part of
an apoptotic mechanism that ensures that only
the best sperm make it through the reproduc-
tive tract [Olson et al., 2004; Ward and Ward,

2004]. The activation by EGTA suggests that
the nuclease is tightly regulated by a signal
transduction mechanism that involves a cal-
cium binding protein. Such a regulation would
be necessary to protect normal, healthy sper-
matozoa from inadvertently being destroyed or
damaged by nucleases. What is clear, however,
is that spermatozoa absorb a nuclease during
their maturation through the male reproduc-
tive tract. It will be important to understand its
role and how to inhibit its activity.
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